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Abstract

Phosphate glasses are excellent candidates for several advanced photonics
applications, thanks to their tailorable properties. During the present research,
different compositions of phosphate glasses have been synthesised and successfully
employed either in active, bioresorbable, or antibacterial optical applications. These
materials can be drawn in fibre form, which provides enhanced potentialities in the
photonics sector. A customised extrusion technique is here proposed to reshape the
glasses into preforms, that are subsequently drawn into standard 125-pm fibres. This
technique has been seldom used for glass processing but offers several advantages for
the production of high-quality optical fibres, related to the possibility of varying the
preform design, reaching also non-symmetrical configurations, to the adaptability to
different glass compositions and various shapes, and also to the enhanced surface
quality of the results that averts time-consuming polishing procedures. These
favourable features promote high design flexibility. The drawbacks of the glass
extrusion technique, associated with preform distortions, are addressed during the
current work. Solutions are proposed by using a simulation-aided approach along with
several experimental strategies, allowing for an effective minimisation of the

disturbances and optimisation of the results.

Three case studies are presented within the current thesis. The first is related to active
fibre: phosphate glasses doped with active lanthanides are employed as optical fibre
amplifiers systems to obtain compact high-power lasers. The extrusion technique was
here applied for the production of the active fibre preform. The target device is a
LIDAR system that can be mounted on a small flying drone and used for
environmental monitoring applications. This part of the study was performed in
collaboration with several international academic institutions. The second case study
is related to bioresorbable microstructured phosphate glass fibres, employed as
sensors or as light/drug delivery systems in biomedicine. Two separate fibres are

studied, a solid-core hollow-cladding microstructure and an asymmetric double-

i



channel design. These optical systems are thoroughly described along with the
technique adopted for their optimisation. Computational fluid dynamics resulted as a
powerful tool to study the behaviour of glass during extrusion of a complex-shaped
preform. Finally, the third case study is related to antibacterial glasses, synthesised by
adding several antimicrobial ions to a bioresorbable phosphate glass composition. The
thermo-mechanical and optical properties are analysed together with preliminary tests
of antibacterial and cytotoxicity assays performed on a Cu-doped glass. External
partners were involved in the biological tests. The interesting results achieved so far

encourage further studies in this field.
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Chapter 1.

Introduction

1.1 Aims and motivation

Photonics is a wide discipline embracing several aspects of physics and offering great
possibilities of research. Studies in the field of photonics, as the present, are deeply
linked with their target applications. Indeed, the course of the research in this sector
is often driven by requirements related to the specific application. This calls for a
multidisciplinary way of thinking, that starts from the development of new and more
performing materials for innovative applications. In particular, glass-based photonics
is the key element for the development of new materials as well as innovative
processing technologies for fibre optics research. In this context, the present work is
focused on the synthesis of phosphate glasses employed as optical materials and their
use in glass extrusion for the production of optical fibres. This approach has produced
interesting results and found applications in areas such as: light amplifiers for
LIDARs, bioresorbable optical fibres for light and drug delivery, and
antibacterial/antiviral applications. To achieve these goals, we combined knowledge
of the following different disciplines:

(i) glass manufacturing and characterisation;

(ii) technological expertise, aimed at either designing and controlling customised
laboratory equipment, handling different materials especially at high
temperature, developing technical solutions to optimise the performances of
complex systems, etc.;

(iii) development of structural models to study and optimise the behaviour of
dynamic systems such as the glass extruder;

(iv) computational fluid dynamics studies of a high viscosity fluid (i.e. softened
glass);

(v) optical fibres production and characterisation along with their applications in

different environments.
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The effective synergy between all these disciplines has been supported by a deep
investigation into the scientific literature of different research fields.

In the following sections, an overview of soft glasses fabrication and preform
extrusions will be given and, finally, the structure of the chapter will be presented.

1.2 Soft glasses fabrication

The concept of soft glasses is employed to describe many different types of glasses.
The term soft is related to the low softening temperature which is a special feature of
these glasses compared to silica glass. The actual definition of soft glasses is not
unique since some authors prefer to include also the standard soda-lime-silicate glass
[1], [2], while others consider soft glasses only the glasses with a lower softening
point than soda-lime-silicate [3]. Yet, this expression is often used in scientific papers
to refer to glasses that show lower processing temperature and often also lower
mechanical properties than pure silica [4]-[7]. These glasses may belong to different
families, among which it is possible to cite lead-silicate, chalcogenide, tellurite,
phosphate, borate, and fluoride glasses. The composition, as well as the chosen
processing technique, may cause a variation of several orders of magnitude in the

properties of the materials.

Among the different soft glasses, the present thesis focuses on phosphate glasses.
These glasses have potential use in a huge number of applications given the vast range
of permitted compositions. In the following pages, we will demonstrate the possibility
of synthesising, on the one hand, chemically inert active phosphate glasses employed
as lasing media and on the other hand soluble glasses that are designed to easily
dissolve inside the human body. These bioresorbable glasses can also release specific
ions such as antibacterial or therapeutic agents, that may inhibit the proliferation of

unhealthy microorganisms.

All these glasses are obtained by melt-quenching starting from powder reagents and,
during casting, they can be formed into the most diverse shapes. Forming these
materials into bulk substrates can be used to directly produce the glass for the final
application (as for antibacterial surfaces) or can be the starting point for preform
fabrication for the production of fibre optics.

1.3 Extrusion of preforms for optical fibres

In several industries, extrusion is a well-consolidated technique. From the processing
of aluminium components to ceramic brick production, from thermoplastic polymers
to long-shaped reinforced composite profiles, extruded products are present almost
everywhere. Yet, glass extrusion is still at a research stage and strong research interest
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is present either about the choice of the right material or the development and
consolidation of the production process, or about the characterisation of the properties
associated with extruded glass products. The development of extruders to process
glass is carried out by a few research groups. At the moment, our extruder is the only
example of a glass extrusion system in Italy.

The process consists of forcing a softened glass to pass through a specifically designed
hole. To reach the softening point the glass must be heated to the right temperature.
After passing through the extrusion die, the temperature is lowered so that the
extrudate is frozen with its new shape. A big advantage of extrusion, compared to
other preform-production techniques, is that the same extruder may be employed to
produce preforms with various shapes by simply substituting the extrusion die. The
die is the core of the extruder and its design can present different issues depending on
the desired extrudate’s shape. The present work is partly dedicated to understanding
the physical aspects of the extrusion process and offering solutions to some of the
problems that may be encountered during the extrusion of a soft-glass fibre preform.
The complexity of the system arises from the fact that the average working
temperature is usually above 500 °C which leads to a glass viscosity in the order of
107 — 10 Pa-s, processed under an applied load of a few kN. Distortions of the
extrudate may occur and must be addressed. Also, at these temperatures, the firmness
of the whole system must be ensured. Furthermore, the stability of the glass against
crystallisation, or devitrification, is mandatory for optical applications.

Several aspects have to be considered with a systemic approach, to reach a better
knowledge of this process. Due to its high scalability, advancements in this topic may
lead to substantial progress in the field of glass manufacturing. The present work
focuses on the main aspects of soft glass extrusion to achieve flexible solutions that
may be employed to overcome the limitation of such technique making it easier to
adopt it as a widespread tool for advanced and complex fibre drawing. This could
open up new possibilities letting the fibre research advance steadily in many novel
applications.

1.4 Structure of the chapters

The thesis can be divided into two parts: a theoretical introduction and the
experimental section dedicated to three main applications. The former is covered by
Chapters 2 and 3, while the latter is reported in Chapters 4, 5, and 6. In more detail,
we can say that Chapter 2 is focused on Material Science and deals with the phosphate
glass formation and the control and measure of the glass properties. Chapter 3 is
dedicated to Material Technology: the glass processing techniques are reviewed with
a specific focus on soft glass extrusion and fibre drawing. After these introductory
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chapters, Chapter 4 focuses on the synthesis of phosphate glasses used in the
production of active fibre amplifiers and lasers. These glasses are characterised and
processed using the extrusion technique to obtain both single- and multi-mode fibres.
Chapter 5 is dedicated to the design and production of microstructured bioresorbable
fibres. The bioresorbable glass fibres described in Chapter 5 are obtained by
processing custom phosphate glasses with the extrusion technique followed by fibre
drawing. Furthermore, we investigated the use of the extrusion to produce complex
microstructured fibres and we proposed innovative solutions by adopting a
simulation-aided approach. In this framework, we developed a double-channel
preform that can be used in the production of bioresorbable glass fibres for
simultaneous drug delivery and light propagation. Chapter 6 describes another feature
of the bioresorbable glass: the ability to carry and release into the body therapeutic
agents such as antibacterial ions. We synthesised new phosphate glass compositions,
by doping a bioresorbable glass with several antibacterial ions. The properties of these
bioresorbable glasses are investigated and the preliminary results of antibacterial and
cytotoxicity tests are presented. Finally, in Chapter 7, we draw conclusions on the
thesis work and we present further perspectives.
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Chapter 2.
Phosphate glasses

2.1 Introduction

2.1.1 Glassy state, soft glasses, oxide glasses

History of glass

Fig. 2.1. Examples of natural glasses and ancient glass products: (a) fragment of obsidian glass;
(b) Globular obsidian Jar of King Merneferre Aya, Egypt, 1700 -1676 B.C.E. (Metropolitan
Museum of Art, New York, NY, USA); (c) Roman glass bowl found in Steinfort, Luxembourg, 400
C.E., (Metropolitan Museum of Modern Art, New York, NY, USA); (d) Stained glass window in
the choir of Chartres cathedral, France, 1100-1200 C.E. Images available under Creative Commons
CCO0 1.0 Universal Public Domain Dedication.
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Natural glasses have existed since the oldest ages of planet Earth. Because of volcanic
eruptions, rocks rich in quartz, alkali feldspar, and iron oxide can melt and solidify in
the form of obsidian glass (Fig. 2.1a). These glasses, at the early stage of human
development, were worked to form the first knives well before the Iron Age [1].
Archaeological evidence of obsidian cutting tools, plates, and other wares like mirrors
was found in each continent (an example, although not so ancient is visible in Fig.
2.1b). The actual discovery of modern glass-making may be attributed to different
populations and with great uncertainty on the time.

Fig. 2.2. Examples of modern glass products: (a) camera lenses with different coatings [author:
Victor Gorelov] ; (b) single-mode glass optical erbium-doped fibre being illuminated by green laser
light (the coil contains about 30m of fibre) [author: Ximeg]; (c) examples of usage of architectural
glass in the Torino Porta Susa train station [author: Michele D’Ottavio]. Images adapted and
reproduced under the Creative Commons Attribution-Share Alike 3.0 Unported license.

According to the Roman author Pliny the Elder, the first glass manufacturing can be
dated back to 5000 B.C.E., when Phoenician merchants accidentally discovered how
to produce glass by melting nitrate stones with silica sand [2]. However, historians do
not agree about this rather fascinating legend, and some evidence shows even more
ancient glass products, like small statues or amulets, belonging to the Badarian Age
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in Egypt, around 12000 B.C.E. [3]. Nevertheless, all the sources agree that since
around 1500 B.C.E., several ancient populations, like Egyptians, Greeks, and
Romans, learned how to manipulate glass for the production of vessels or jewellery.
Even the invention of glass blowing dates back to the beginning of the Christian Era
(a Roman glass bowl is shown in Fig. 2.1c). During the Middle Age, the first evidence
of a deeper knowledge of the glass-manufacturing technique started to be visible due
to the usage of different raw materials. This allowed to control the colour of glasses;
great examples can be found in several cathedrals (see, for example, Fig. 2.1d) [1].

In the subsequent centuries, the technical approach to glass science and production
allowed for the creation of complex handcrafts with various colours, and even with
full transparency. Since the discovery of transparent glass, according to some authors
[4], humankind has entered a new epoch: the Glass Age. Transparent glass has led to
the diffusion of windows, spectacles, lenses for telescopes and microscopes, mirrors,
urban building and skyscrapers, photography, motion picture, television, optical
fibres, smartphones, and so on (some of these are shown in Fig. 2.2). A popular
science journalist even argued that “A world without glass would strike at the
foundation of modern progress” [5]. Despite this fascinating but also simplistic
approach, there is no doubt that the discovery of glass allowed huge steps forward in
human knowledge.

Definition of “glass”

An intriguing point about glass, despite its evolution during all these centuries, is that
a fully accepted answer to the rather simple question “what is glass?” has not been
given yet. The intuitive idea of what the word glass means can be understood by most
people (and a schematic representation is given in Fig. 2.3) but the common meaning
is often incomplete, not to say misleading. To get a quick comprehension, surfing the
internet it is possible to find several definitions of glass:

¢ A hard, brittle substance, typically transparent or translucent, made by fusing sand
with soda, lime, and sometimes other ingredients and cooling rapidly. It is used to
make windows, drinking containers, and other articles'.

e Any of the various amorphous materials formed from a melt by cooling to rigidity
without crystallization?.

e A hard, brittle, non-crystalline, more or less transparent substance produced by

fusion?.

! https://www.lexico.com/definition/glass
2 https://www.merriam-webster.com/dictionary/glass
3 https://www.dictionary.com/browse/glass
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¢ The standard definition of a glass (or vitreous solid) is a solid formed by rapid melt
quenching. However, the term "glass" is often defined in a broader sense, to
describe any non-crystalline (amorphous) solid that exhibits a glass transition
when heated towards the liquid state®.

@ Cation Simplified
@ Anion tetrahedral unit

Fig. 2.3. Schematic examples of (a) the random network of glass and (b) the regular network of a
crystalline solid.
This quick review gives a hint that the concept of glass is rather difficult to define.
Besides, most of the definition listed above carry also misleading or inappropriate
meanings. In fact, during the 20™ century, the scientific debate has overcome several
obstacles to reach an accepted definition of glass. The modern scientific discussion
has begun in 1932 with a paper by Zachariasen. He stated that “It must be frankly
admitted that we know practically nothing about the atomic arrangement in glasses”
[6]. At that time the glass-network theory, which will be illustrated in a while, was
being formulated. One of the first contributions related to a proper definition of glass
was given by Tamman in 1933, who asserted that “glasses are undercooled solidified
melts” [7]. This definition appears today to be inadequate, because it neglects all the
non-melted glasses, such as the ones obtained via the sol-gel method or vapour
deposition techniques. However, it was accepted until 1973, when Doremus proposed
a similar definition: “a material formed by cooling from the normal liquid state which
has shown no discontinuous change in properties at any temperature, but has become
more or less rigid through a progressive increase in its viscosity” [8]. Almost at that
time, Cooper & Gupta tried to give a technical explanation, by affirming that “Glass
is an isotropic material with relaxation time > 10° s and y ~1”, where y is a normalized
correlation range, which is zero for a dilute gas and close to 1 for a normal liquid or a
glass [9]. While this definition is formally correct, it could be hard to grasp its full
significance, especially for a non-scientific reader. Because of this, the sentence of

4 https://en.wikipedia.org/wiki/Glass
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Doremus was further extended by Wong and Angell in 1976 who started to consider
the concept of crystallinity, claiming that “Glass is an X-ray amorphous material that
exhibits the glass transition. This being defined as that phenomenon in which a solid
amorphous phase exhibits with changing temperature (heating) a more or less sudden
change in its derivative thermodynamic properties such as heat capacity and
expansion coefficient, from crystal-like to liquid-like values” [10] In the same year a
similar sentence, but more compact, was suggested by Mari, who defined glasses as
“Amorphous solids that are obtained by fast cooling a molten mass averting its
crystallization” [11]. During the ‘80s and ‘90s some scientist started to distinguish
between glasses and amorphous solids. In fact, Zarzycki in 1982 defined the glass as
“A non-crystalline solid that presents the phenomenon of glass transition” [12] and
Gupta in 1996 clarified this distinction by considering that a non-crystalline solid
(NCS) must satisfy two main rules derived from the Zachariasen’s conditions for glass
formation [6]: a system is a good NCS former if (i) the short-range order (SRO) of the
crystal is indistinguishable from the SRO of NCS and if (ii) it is topologically
disordered. Among all the material that satisfy these two rules, i.e. all the NCS, only
the ones that satisfy a third rule can be properly called glasses: (iii) a glass must show
the same SRO at the solid state and after melting. If this latter condition is not satisfied,

the corresponding material should be simply considered as an amorphous solid [13].

Scientists and researchers kept trying to find a compact and simple definition and, in
2002, Rao claimed that glass is “A solid obtained by supercooling a liquid and that is
X-ray amorphous” [14]. This sentence distinguishes the general concept of
amorphous solid from X-Ray amorphous material, also avoiding the usage of the
concept of glass transition which should be therefore defined. It is worth noting that,
although glass products have been present all over our lives for centuries, the glass
definition was still debatable even in the last twenty years. Shelby, in 2005, tried to
overcome the issue by splitting the definition into two sentences: a glass is “An
amorphous solid completely lacking in long-range order, periodic atomic structure,
and exhibiting a region of glass transformation behaviour”, or, in other words, “Any
material, inorganic, organic, or metallic, formed by any technique, which exhibits
glass transformation behaviour” [15]. However, while some authors still tried to take
advantages of complex concepts arguing that “Glasses are thermodynamically non-
equilibrium kinetically stabilized amorphous solids, in which the molecular disorder
and the thermodynamic properties corresponding to the state of the respective under-
cooled melt at a [generic] temperature T* are frozen-in.” [16], others revert the point
of view by affirming that “Glass is a solid having a non-crystalline structure, which
continuously converts to a liquid upon heating” [17].

This latter definition, published in 2010 and adopted also since the second edition of
the book “Fundamentals of Inorganic Glasses” by Varshneya [ 18], was fully accepted
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until 2017 when Zanotto & Mauro further extended the debate by giving two
definitions: a simpler one for the general public: “Glass is a nonequilibrium, non-
crystalline state of matter that appears solid on a short time scale but continuously
relaxes towards the liquid state”; and a more complex one for the scientific
community: “Glass is a nonequilibrium, non-crystalline condensed state of matter that
exhibits a glass transition. The structure of glasses is similar to that of their parent
supercooled liquids (SCL), and they spontaneously relax toward the SCL state. Their
ultimate fate, in the limit of infinite time, is to crystallize” [19]. This latter concept of
instability was a subject of a fervent discussion published in the Journal of Non-
Crystalline Solids. In particular, Popov proposed a less radical definition of a
metastable state of matter [20], while Zanotto & Mauro confirmed their hypothesis
which considers glass as an unstable material [21]. The two sentences of Zanotto &
Mauro appear to be the most detailed, complete, and comprehensible definitions of
glass available to date. At the same time, these phrases also leave the implicit idea
that even though glass can be seen as a solid and immutable material, it is not more
than a liquid, if looked through a long (almost infinite) timescale. For the sake of
completeness, in 2019 the last definition, to date, was proposed by Rajaramakrishna
& Kaewkhao, who argued that “Glass is an amorphous solid which exhibits glass
transition temperature by arresting the kinetics below supercooled liquid region when
bypassed crystallization” [22]. However, this latter definition neglects the
consideration of the unstable nature of glass matter and introduces concepts that
should be explained to a non-scientific reader. For this reason, the definition of
Zanotto & Mauro is still preferred and has been also included in the third edition of
the book from Varshneya, published in 2019, with Mauro as co-author [23].

Glass chemistry

A detailed essay on the chemistry of glass formation is beyond the scope of the present
thesis and further information regarding the theory of glass networks can be found in
the books by Vogel [24] or Varshneya [23]. However, the concepts detailed by the
Zachariasen-Warren network theory will be briefly introduced. This theory does not
cover all the possibilities of glass formation, especially omitting some unconventional
glass melts that could be obtained with particularly stringent cooling rates. Some other
criteria were proposed and are only mentioned herein. One was suggested by Sun who
considered that the process of glass-forming should be related to the ability (or, better,
the inability) of molecular bonds to rearrange in the liquid state, during crystallisation.
He proposed that a higher bond strength would correspond to a better glass-forming
ability [25]. While this theory is well suited for most of the glass systems, it does not
explain the glass formation for covalently bonded solids, such as chalcogenides, for
which the so-called Phillips topological constraint hypothesis holds. For a better
comprehension of this concept, the reader may refer to [26]. The most comprehensive
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theory of glass formation is the so-called kinetic theory. According to this theory the
glass formation can occur, under special conditions, for materials of any composition,
bonding, or structural type [23], [24]. However, its description goes beyond the scope
of the present work.

The Zachariasen-Warren network theory relies on some basic principles [24]:

e A compound tends to form a glass if it easily forms polyhedral groups as the
smallest building units.

e Polyhedra should not share more than one corner.

¢ Anions should not bind more than two central atoms of a polyhedron. Thus, in
simple glasses anions form bridges between two polyhedra.

e The number of corners of polyhedra must be less than 6.

e At least three corners of a polyhedron must connect with neighbour polyhedra.

These rules apply to different types of glasses, where the anions are usually O*, S*,
or F~. The dimensions and coordination numbers of the related cations define the role
of the compound in glass formation. The cations used in glass manufacturing can be
divided into three main groups: (i) glass network formers, such as Si, B, P, Ge, As,
Be, etc., with coordination number generally 3 or 4; (ii) glass network modifiers, such
as Na, K, Ca, Ba, etc.,, with coordination numbers generally ~ 6; and (iii)
intermediates, like Ti, Zn, Al, Pb, etc., which may either reinforce the network
(coordination number 4) of further loosen the network (coordination numbers 6-8),

but cannot form a glass per se.

To better highlight the different families of glasses formed by cooling a melt, some
information, derived from Doremus [8] and described also by Varshneya [23], are
adapted in Table 2.1. This list represents only a partial catalogue of the possible glass
systems, but it is useful to clarify the contest of the present work.

When dealing only with oxide systems, it is possible to reformulate the rules for glass
formation listed above into four compact and simple rules [23]. In fact, besides being
the subject of the present work, those systems are the most common kinds of glass.
Considering a compound formed by an anion A and the oxygen O with the
stoichiometry AmOn, it will form a glass if:

¢ An oxygen atom is linked to no more than two atoms of A.
e The oxygen coordination around A is small, say 3 or 4.
e The cation polyhedra share corners, not edges or faces.

e At least three corners are shared.

11
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There are some exceptions to these rules, represented by compounds like MoO3, P20Os,
As203, V205, SboOs, or NboOs that do not fully satisfy the rules by themselves but can

form glasses in combination with other oxides that act as stabilising agents.

Table 2.1. A partial list of glass systems

ELEMENTS OR COMPOUNDS

FAMILY
ELEMENTAL
GLASSES S, S¢, Te, P
B203, SiOz, G602, PzOs, ASZO}, Sb203, In203, T1203, SIIOz,
OXIDES PbO,, SeO,
not alone but in binary or multicomponent mixtures: TeO,,
MOO3, WO3, Bi203, A1203, Ba203, V205, SO3
SULFIDES As3S3, Sb,S3, CS»
SULFIDES various compounds of B, Li, Ga, In, Te, Ge, Sn, N, P, Bi
SELENIDES various compounds of T1, Sn, Pb, As, Sb, Bi, Si, P
TELLURIDES various compounds of T1, Sn, Pb, As, Sb, Bi, Ge
BeF,, AlF3, ZNCIs, Ag(Cl, Br, I), Pb(Cl,, Br,, 1), and multi-
HALIDES 2 AlFs, ZNCL, Ag( )» Po(CL, Brz, 1) o
component mixtures
KNO;-Ca(Nos); and many other binary mixtures containing
NITRATES alkali and alkaline-earth nitrates
SULFATES KHSO; and other binary and ternary mixtures
CARBONATES K>CO3-MgCOs;
O-Terphenyl, toluene, 3-methyl hexane, 2,3-dimethyl ketone,
SIMPLE diethyl ether, isobutyl bromide, ethylene glycol, methyl
ORGANIC alcohol, ethyl alcohol, glycerol, glucose
COMPOUNDS As droplets only: m-xylene, cyclopentane, n-heptane,
methylene chloride
POLYMERS polyethylene, polycarbonate, poly(methyl methacrylate), and
many others
AQUEOUS . . .
h
SOLUTIONS acids, bases, chlorides, nitrates, and others
METALLIC . : . .
ALLOYS (high cooling rates) AusSi, PdsSi, Tex-Cuzs-Aus, and others
Glass industry

Among all the glass systems, oxide glasses are by far the most important in terms of
the amount of global production. In the present paragraph, a few data about glass
production in Europe are reported to underline the global importance of glass
manufacturing as one of the most widespread and commercially fundamental sectors

of material processing.
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Handcraft and artistic glasses are still diffused in some contexts, see for example the
glass district of Murano (Venice, Italy), but the transition towards a scalable
production is something that occurred in the 20" century and the actual technologies
employed for glass manufacturing are adopting advanced control to reach high
productivity with precise repeatability.

Others (2.43%)
Fibres (2.28%)
Tableware (3.78%)

Flat sheets (30.06%)

Containers (61.45%)

Fig. 2.4. Pie chart reporting the different sectors of glass production in 2018 in the EU-28 countries

(data are taken from the latest statistical report of Glass Alliance Europe®).
According to the latest statistical report of Glass Alliance Europe®, the glass
production in 2018 in the EU-28 countries has reached a volume of 36.5 million
tonnes, with the leading sector of glass containers production responsible for more
than 60% of the total glass production (i.e. around 21 million tonnes of bottles and
jars produced only in 2018), followed by basic flat sheets (~30% or ~10 million
tonnes); the remaining products are glass tableware (<4% i.e. slightly above 1 million
tonnes), continuous filament glass fibres with less than 2.3% (~800 thousand tonnes),
and almost the same for other glasses including special glasses. All these data are
reported in the pie chart of Fig. 2.4. This huge amount of glass, which is produced,
consumed, and partially recycled every year, is essentially composed of the so-called
soda-lime silicate glass. It features silica as the glass-network former. The main
network modifiers are soda and lime that react at high temperature to form Na,O and
CaO. Some other oxides are added to the melt, among which it is possible to cite
ADlOs3, K20, MgO, FexOs, TiO2, and SOs. Each one of these network modifiers and
intermediates has a specific function in the glass preparation, and the actual recipe is

5 i.e. the European Alliance of Glass Industries
(https://www.wko.at/branchen/industrie/glasindustrie/statistical-data-global-glass-sector.pdf)

13


https://www.wko.at/branchen/industrie/glasindustrie/statistical-data-global-glass-sector.pdf

Chapter 2. Phosphate glasses

a trade secret of every glass producer. Eventual variations depend on the final
application and the composition of the available raw materials. As the data about glass
manufacturing highlight, special glasses, i.e. non-silicate oxide or non-oxide glasses
are a small portion of the total amount of industrial production. Nevertheless, they
represent an interesting field of research. As will be clearer in the following
paragraphs, many intriguing properties of glasses are being discovered in recent years
and there are still a lot of compositions as well as processing techniques to be
explored.

Phosphate glasses

During this thesis’ work, the attention has been focused on the oxide glass system
containing phosphorus pentoxide (P2Os) as the main glass former. When cooled from
the molten state, this compound can quite easily form a glass: P2Os is an excellent
glass former per se. Moreover, the addition of other oxides to the composition can
vary the properties of the obtained glass within a wide range. In this way, different
types of compounds may form [27] and some of those will be described in the
following lines.

The first important difference that may be noted when comparing phosphorus
pentoxide with the widely employed silicon dioxide is that if the latter has a high
melting point that requires the addition of other components to reduce its processing
temperatures, with P>Os the opposite is true: since this compound is very reactive, the
inclusion of other oxides in the glass melt can increase its durability [28]. As an
example, phosphate glasses show the unique properties of being completely soluble
in aqueous media, thus favouring their usage in biomedical applications [29]-[32].
However, their solubility may be altered using different modifier oxides, to the point
that lead-iron-phosphate glasses have been proposed and employed as stable nuclear

waste containers [33].

The main unit of phosphate glasses is the P-tetrahedron PO4 [27], [28], [34], [35] that
is sketched in Fig. 2.5. The presence and the number of bridging-oxygen atoms in the
glass network is one of the main responsible for the different properties that phosphate
glasses may show. The O/P ratio is determined by the amount and kind of oxides that
are added to the melt (forming with P.Os either binary, ternary, quaternary,
quintenary, or even more complex systems). By varying the O/P ratio, it is possible to
take into consideration the different types of phosphate glasses. Adopting the compact
Q' notation described in Fig. 2.5, where i denotes the number of bridging-oxygen
atoms per tetrahedron, the main structural differences that arise by changing the O/P
ratio can be highlighted.
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ultraphosphate metaphosphate pyrophosphate orthophosphate
P> <0* @Na* @Ca> @Mg* OK |

Fig. 2.5. Representation of the basic Q' units of the phosphate tetrahedron and related matrix network

corresponding to different O/P ratios. The coordination numbers (CN) of the ions in the lower part

of the figure do not correspond to actual CN values.
Pure P>Os can be obtained in glass form, but it is highly hygroscopic and has poor
mechanical properties compared to silica, which limited its diffusion [36]. By
focusing on the basic binary composition (xM20-(1-x)P20Os), where M is an alkali
metal ion, other structures can be formed (note that almost the same concepts can be
detailed with a divalent cation like Ca*" or Mg®"). In this condition, in which 0 < x <
0.5 and the ratio O/P is in the range 2.5 < O/P < 3, the network is formed of Q* units
with three oxygen atoms shared between adjacent tetrahedra; these compounds are
named ultraphosphate glasses and show the structure of a complex 3D network (see
the left part of Fig. 2.5). Starting from the ultraphosphate compositions, by increasing
the amount of M,O some Q? units, i.e. middle units able to share only two oxygen
atoms, start to show. Until x = 0.5 and no Q> units are present anymore; this is the
case of metaphosphate glasses that show a chain-like structure with O/P = 3, and the
stoichiometry of the tetrahedron is PO3".

When some of the chains end with a Q! tetrahedron (which is the terminal or end
unit), the value of x exceeds 0.5 and the ratio O/P becomes 3 < O/P < 3.5; in this
condition, we are dealing with a polyphosphate chain structure. By further boost the
number of cations until x = 0.67, the chains reduce to dimers structures, composed of
only Q! tetrahedron. In these conditions, glass formation is still possible but there is
not the standard random network described also by Zachariasen; the structure takes
the name of invert glass and contains almost isolated or small molecular fragments of
tetrahedra linked through non-bridging oxygens by cations; these glasses are called
pyrophosphate and show O/P = 3.5, with P,O7* being the chemical formula of the
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tetrahedron. A final increment of the amount of M>O (or MO) is possible, but the
connected Q' tetrahedra almost disappear, leaving only isolated Q°. This is the case
of an orthophosphate structure, with O/P= 4 due to a set of detached PO4>" tetrahedra
[34], [36]-[38].

The above considerations can be extended to more complex systems composed of
more than two oxides. In fact, as general rules, alkali metal oxides (M,O with M=Li",
Na', K*, Rb", and Cs") can be added to the glass in order to increase the stability
during melting while alkali-earth oxides (MO with M=Mg?>*, Ca**, Sr*" and Ba>")
allow to prevent devitrification and to improve the chemical durability; also network
intermediates (M203 with R=B*" and AI**) can enhance the chemical durability and

decrease the solubility in water [39].

In this framework, the composition-related properties of phosphate glasses make them
suitable for diverse applications: in terms of chemical stability it is possible to range
from degradable [40] to stable [33], [41] materials; the relatively high thermal
expansion coefficient allows their usage for glass-to-metal seals [42]; the good
electrical conductivity, i.e. fast ionic conduction [43], [44], is important for solid
electrolytes and fuel cells materials; above all, the low characteristic temperatures, if

compared to silica, aid the whole material processing.

Only one substantial aspect of phosphate glasses has been neglected so far, i.e. their
withstanding optical properties that are described in detail in the next paragraph.

2.1.2 Applications of phosphate glasses in photonics

Concerning the optical properties of phosphate glasses, they can show high refractive
index [45], moderately low dispersion [46], superior UV transparency due to the high
energy of excitation of the bridging and non-bridging oxygen orbitals [47]. An
example of the possible compositional variations of phosphate glasses may be seen in
Fig. 2.6. In recent years, phosphate glasses have attracted increasing attention as laser
glasses. Their very high solubility for rare-earth ions and high photodarkening
resistance are of great importance for laser applications. Also, the high cross-sections
for stimulated emission, high gain, low concentration quenching, low up-conversion
losses, and the absence of clustering effect make phosphate glasses useful as host
materials for active laser ions [48], [49].
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Fig. 2.6. Examples of phosphate glass products obtained with different compositions and in different
shapes.

This capability of hosting active ions, i.e. various rare-earth ions (like Er**, Yb**,
Nd**, Tm?", etc), together with the high transparency of phosphate glasses and the
possibility of drawing into fibre-form, allows using phosphate glasses as materials to
produce fibre lasers. This is a fast-growing photonic technology, that can be applied
to different industrial sectors, from material processing to semiconductor device
manufacturing, as well as biomedical devices and remote sensing. One of the key
advantages of fibre lasers is that a whole resonator can be realised using all-fibre
components, such as fibre Bragg gratings and fibre couplers, thus avoiding the need
for optical-to-electrical converters and free-space optics. Such a configuration,
combined with the high solubility of active ions shown by phosphate glasses, allows
reducing the dimensions of the device, preserving the emitted power. To gain a better
idea of the potential reduction in weight and dimension of these devices, further details
will be given in Chapter 4, which is focused on active fibres and deals also with
sensing applications of phosphate fibre lasers designed to be mounted on unmanned
aerial vehicles (UAV). While being attractive for many reasons, the fibre laser also
shows some drawbacks, related to the shape of the fibre itself, that is responsible for
the occurrence of some non-linear effects, such as stimulated Raman scattering (SRS),
stimulated Brillouin scattering (SBS), and self-phase modulation (SPM). Those
effects are mainly due to the confinement of the laser radiation in a small area (a few
um within the core of the fibre) and represent the main restriction of RE-doped fibre
laser systems, to date [50], [51].
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Another important sector in which phosphate glasses have been widely used and are
recently showing interesting photonics properties is the biomedical field. Here, the
possibility of guiding light for example to a target inner tissue of a patient, and to
sense or stimulate the reaction of a drug, or of the tissue itself, is opening several
routes. On the one hand, phosphate glasses are already employed as scaffolds for bone
and tissue engineering and phosphate glass fibres without optical properties are used
for dental, maxillofacial, and orthopaedic implants [34]. On the other hand, optical
phosphate glass fibres could be used to connect and drive the growth of muscle-
precursor cells ex vivo and then implanted to replace the injured tissue. Furthermore,
optics can allow orientating the cells along the axis of the fibres to grow myotubes ex
vivo [52]. Also, some studies show the possibility of using such fibres to drive a nerve
conduit [53] and regeneration [54], and others suggest useful wound-healing
applications [55].

In recent times, new photonics technologies are being developed every year and
phosphate glass optical fibres offer great chances for advanced biomaterial research.
In this framework, a new glass composition that is not only transparent on a wide
spectral range, i.e. from ultraviolet (UV) to near-infrared (NIR), but is also
biodegradable into the body without releasing any harmful component has been
developed by our research group [56]. In the present thesis, this special glass
composition is used to produce microstructured fibres with the preform extrusion
method. This topic will be treated in Chapter 5.

Furthermore, a bioresorbable phosphate glass composition with the addition to the
glass melt of a small percentage (1 mol%) of some well-known antibacterial oxides
like CuO, CeO, ZnO, etc., can avoid bacterial growth on the glass surface. These
glass compositions are also explored in the present work to study the behaviour of
antibacterial bioresorbable phosphate glasses for photonics applications. This aspect
will be examined with more details in Chapter 6.

The next paragraphs will introduce the glass preparation method employed in the
present thesis along with the thermophysical and optical characterisations techniques
of glass samples.

2.2 Bulk glass preparation

The present section is focused on glass preparation, characterisation, and post-
processing techniques. Even though some aspects are introduced herein, to be
discussed in detail in the dedicated chapters, the purpose of the present section is to
analyse the glass forming technologies and the possibilities that glass designers,
researchers, and manufacturers have to prepare, reshape, and analyse a high-quality
glass product.
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2.2.1 Glass formulation

The properties of phosphate glasses depend upon several aspects related to their
composition and fabrication technique. Choosing the right composition involves
multiple optimisation steps. Several studies have been published in the recent past,
dealing with the composition-properties relationship of glass products. Yet, in glass
science, the reproducibility of the glass composition in different environmental
conditions, starting with different precursors, or changing some of the processing
steps, can be quite difficult. Nevertheless, the present work is carried out within a
research group that has been working on the optimisation of phosphate glass
compositions for more than 10 years, and deep knowledge of all the details of the best
process for a reproducible glass formation has been achieved. Thanks to this, we had
the chance to work on the thorough characterisation and processing optimisation of
some glass compositions that were designed before the beginning of the present thesis

as well as to develop some new promising glass formulations.

The main component of each glass employed in the present work is P>Os, with an
amount that is typically around 50 mol%. In this way, we are confident that a
metaphosphate or, in some case, a polyphosphate structure develops giving stability
to the glass. This high P2Os content guarantees glass formation, avoiding
crystallisation, without requiring excessive cooling rates. Furthermore, aiming at
advanced functionalities, the produced glasses are formed by even six, seven, eight,
or nine compounds, and the high P,Os content is mandatory to ensure compositional
homogeneity, mechanical stability, and high glass-forming ability. More information
about the chosen compounds are given in the following paragraph and will be further
examined in the dedicated sections of Chapters 4, 5, and 6.

Three main target applications are considered for the formulated phosphate glasses in
the present thesis: active optical fibres, bioresorbable optical fibres, and antibacterial
optical glass. For active fibre production, a core and a cladding are needed to obtain
the light guiding and optical amplification properties. The core must be doped with
one or more active ions: in our case, we use either Er** or a combination of Er** and
Yb**. The quantity of active ions introduced is between 1.0 mol% and 5.25 mol%
depending on the specific glass. On the other side, the cladding must be free of active
ions, so they are replaced by other lanthanides, like Gd**. All the other components of
the core and the cladding glasses for the active fibre are added to both compositions,
to give the required properties to the mixture and minimise the compositional
difference for better compatibility in fibre drawing. Regarding the different glass
components, a high percentage of P2Os ensures good glass formation; K20 and SiO»
favour stable melting conditions; BaO prevents devitrification; Al,O3, B2O3, and PbO
guarantee the chemical durability of the product; lanthanides, like Gd>O3 and La;Os,
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balance the refractive index variation, which is needed between core and cladding for
proper light-guiding properties, but they show no optical activity in the spectral
regions of our applications.

The bioresorbable glasses for optical fibres are synthesised with fewer components,
1.e. P20s, CaO, MgO, NaxO, B20s, and SiO;. A detailed study on the composition-
related properties of these glasses can be found in [56], where the effect of the
substitution of CaO with MgO is investigated. For most of the bioresorbable glasses
employed in the present work, the chosen amount of MgO is 23 mol%. In these
conditions, several properties of the glass (temperature working-window, refractive
index, dissolution time in physiological conditions) are more stringent, thus
representing a worst-case condition. The successful handling of this glass directly
implies the ability to manage less-demanding compositions.

Finally, for the antibacterial compositions, the same compounds are employed but a
different bioresorbable glass is selected as a base material, i.e. the BPh2 glass
presented in [56]. This is a more robust glass, in comparison with the non-antibacterial
bioresorbable composition previously mentioned. It contains a lower amount of MgO
(8 mol%) which corresponds to a higher amount of CaO (25 mol%). Starting with this
composition, we decided to add 1 mol% of different oxides, to prove their antibacterial
effect and cytocompatibility, along with the resulting glass properties. The chosen
antibacterial ions are CeO;, CuO, Ga203, SnO, and ZnO.

Fig. 2.7. The dry box employed for the weighting of the powder reagents.
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Due to its physicochemical properties, handling phosphorus pentoxide is a delicate
task. The reagent in powder form is highly hygroscopic and corrosive. All the
weighting of the components needed for each glass batch must be carried out in a
controlled-atmosphere environment with low relative humidity and low oxygen
content. This controlled environment is achieved inside a dry box (shown in Fig. 2.7).
Furthermore, special care must be taken on the cleaning of the employed tools and
vessels.

The dry powders are mixed together and then heated up to melting temperature. If the
powders incorporate some OH™ groups, the final quality of the glass is negatively
affected. Indeed, besides a physical issue, i.e. the powders tend to agglomerate and it
becomes very difficult to obtain a good mechanical mixing of the different reagents,
there is also another very important aspect, especially in active fibres applications: the
presence of hydroxyl groups (OH") is the main cause of unwanted radiation absorption
in the IR spectrum at wavenumbers of around 3000 cm™! [48]. Since this absorption is
responsible for an increased attenuation loss in the infrared band, the content of OH"

ions must be minimised.

2.2.2 Melting, casting, annealing

Melting and casting is a well-consolidated technique for glass manufacturing. The
prepared powders are mixed and heated up to the melting temperature inside crucibles,
which can be made of high-density alumina, pure quartz, or platinum/rhodium alloy,
depending on the quantity of the reagents, the heating process, and the required purity.
A couple of examples are given about the crucible selection: alumina crucibles are not
used for biomedical glasses to avoid any possible contamination of the glass batch
with alumina, which is not biocompatible; on the other side, our platinum crucibles
cannot hold more than a volume of 40 cm?, so the selection of the right crucible also
depends on the amount of glass powder that has to be melted.

The casting and melting temperatures vary between 1200 and 1400 °C mainly
depending on the glass composition and the amount of glass to be processed, i.e. the
dimension and number of crucibles. These temperatures have to guarantee the
complete fusion and a fully-developed reaction of all the compounds, as well as a
thorough homogenisation of the formed glass mixture. The glass melt is cast on a cold
plate (melt-quenching) or into a preheated mould (made either of brass or stainless
steel). The mould must be preheated to a precise temperature (which depends on
casting temperature, thermal properties of the casted glass, and dimensions of the
mould itself) in order to avoid cracking of the glass or sticking to the mould surface.
Furthermore, except for melt-quenching products, the cast samples must be annealed,
i.e. re-heated to a temperature close to the glass transition temperature 7, of the cast

material, left at that temperature for a time long enough to relieve any internal stress
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due to thermal contraction, and then slowly cooled down to room temperature to avoid
thermal shock. This procedure must be quickly carried out after the casting. If the
glass samples are not properly annealed, no further processing can be carried out

without the risk of breakage of the samples and/or personal injuries.

Although other glass preparation routes could have been followed, like sol-gel
techniques that reduce the high-temperature procedures, the attempt to focus the
attention on subsequent glass processing approaches as well as on advanced glass
characterisation techniques has led to the choice of the most simple and stable method
for basic glass production.

2.2.3 Glass characterisation

Among the several techniques used to characterise glasses for different properties,
some are employed to analyse the thermal and thermomechanical behaviour of the
produced glasses, like Differential Thermal Analysis (DTA) and dilatometry or
thermal expansion coefficient (CTE) measurement. Furthermore, the latter may also
be extended to derive an indirect measurement of the viscosity in a range of great
interest for the proposed applications. Other techniques are more focused on the
optical behaviour of glass, like Ultraviolet-visible-Near Infrared (UV-vis-NIR) or
Fourier-Transform Infrared (FTIR) spectroscopies, and refractive index
measurement. Finally, surface properties are also measured, like surface roughness,
to assess the quality of the produced glasses as well as of the polishing procedures. In
the following paragraphs, it is possible to find a description of all these techniques.

DTA

DTA | «
signal

exo Tx(peak)

Temperature

Fig. 2.8. Typical DTA curve showing the characteristic temperatures: the glass transition
temperature Ty at the inflexion point, the onset and the peak of the exothermic crystallisation (75"
and 7,%°¥) and the endothermic melting temperature T},.
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The thermal behaviour of glasses is of great importance for the manufacturing and
post-processing steps, but also for their employment in practical applications. For this
reason, a Differential Thermal Analysis is carried out, to determine the temperature
working window i.e. the difference between the temperature 7. at which the onset
of crystallisation occurs and the glass transition temperature 7,. The characteristic
temperatures that can be extracted from a DTA curve are reported in Fig. 2.8. The
tested samples are annealed before the measurement and around 50 mg of bulk glass
is loaded into a platinum crucible of a NETZSCH DTA/TG STA 2500 Regulus
equipment. The sample is heated with a heating rate of 5 K/min under constant
nitrogen flux. The obtained data show the difference of temperature between the glass
sample and a reference crucible which is left empty. The typical DTA curve shows a
point of inflexion at the glass transition temperature of the material, an exothermic
peak at the crystallisation temperature, and eventually, an endothermic peak when
melting occurs. Sometimes, if the crystallisation is not fully developed, it is possible
to see a continuous rise in the exothermic signal with no definite peak. Yet, during the
processing of our glasses, we want to prevent the formation of the very first nucleus
of crystals, thus the onset of the crystallisation is more important than the temperature
at which the full development of the phenomenon occurs. For this reason, we assume

this onset value as our reference for the crystallisation temperature.

Dilatometry
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Fig. 2.9. Example of a dilatometric curve extended above the softening temperature to measure the
temperature-viscosity relationship for viscosities in the range 10® — 10* Pas. In the inset, the
parameters obtainable from the standard dilatometry are highlighted.
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Dilatometric measurement is of great interest when dealing with every class of
material. The linear expansion of the material during heating (and consequent
contraction during cooling) is responsible for thermal stresses and it is a frequent
cause of failure of glasses in common applications. Especially during some processes
like the drawing of a preform into a fibre, the matching of the CTEs of the involved
glasses (in the basic case a core and a cladding, but sometimes there could be more
than two materials involved) is a crucial aspect to avoid breakage. In our laboratory,
we employed a NETZSCH 402 DIL Expedis with horizontal set-up for some of the
measurements and a SETARAM—SETSYS Evolution with a vertical set-up for some
others. In both cases, the instrument is uploaded with a cylinder of glass (nominally 4
mm diameter and 6 mm height) and heated at 5 K/min. The system records the
micrometric movement of the loading piston which is due to the thermal expansion of

the sample.

The slope of the curve is constant and represents the CTE of the glass. At the glass
transition temperature, the slope of the curve increases (the sample expands much
faster when the mobility of the constituent molecules is higher, i.e. at temperatures
above the Ty). Then, when the temperature reaches the softening of the glass Ty, the
piston starts to compress the glass, which is no longer capable of bearing the load. At
that time, the usual dilatometry is interrupted but the measurement can be extended,
with the instrument featuring the vertical set-up, to measure the viscosity/temperature
dependence in the range 10® — 10* Pa's, as will be described in the next paragraph.
The distinction between these two separate measurements is depicted in Fig. 2.9,

along with the information acquired from a standard dilatometry curve.

Derived viscosity measurement

As detailed in the ASTM Standard C1351M-96 Standard Test Method for
Measurement of Viscosity of Glass Between 107 Pas and 10° Pa's by Viscous
Compression of a Solid Right Cylinder, the viscous compression of the sample can be
measured. We carried out this measurement by employing the Thermo-mechanical
analyser (TMA, model SETARAM—SETSYS Evolution) with a vertical set-up
shown in Fig. 2.10, and extending the recording to a temperature above the Ts. The
viscosity of the glass can be derived by measuring the variation of the height of the
sample during heating, and then applying the following formula:

_, Mgh®
= “T30V(dh/dt)(2nhd + V)

n

where M is the applied load, g is the acceleration due to gravity, V is the specimen
volume, and h is the specimen thickness at time ¢t.
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Fig. 2.10. A schematic representation of the sample holder (left) and a picture of the instrument

employed for viscosity measurement (right).
This is an indirect measurement of viscosity which still is quite simple and useful. It
covers a range of high viscosities which is often neglected in usual laboratory tests,
(considering that viscosity of gases, liquids and most common polymers of industrial
or research interest are usually well below these values, which in turn are near the
lower limit of solid elastic behaviour [57], [58]). In our case, the sample employed for
the dilatometric measurement is heated well above the softening temperature,
measuring the decrease in the height of the sample. The glass cylinder (with nominally
4 mm diameter and 6 mm height) is placed inside a small steel container and covered
with a protective cap (see Fig. 2.10). The piston exerts its load on the cap and it moves
down until it reaches its maximum distance (i.e. 2 mm). During this time, the sample
starts to deform filling the available space in the container, but do not get into contact
with the container’s wall. The resulting curve may be compared with calculated
viscosity data.

UV-vis/NIR spectroscopy

The glasses that are studied in the present thesis are substantially transparent in the
visible region. Yet, to get a deep knowledge of the optical behaviour of the produced
glasses, which is of great importance when dealing with materials for optical
applications, we carried out UV-visible-Near infrared spectroscopy on the glass
samples. This measurement allows quantifying the absorbance of the glass at different
wavelengths in the ultraviolet, visible, and in the first portion of the infrared spectrum
regions. We cut and polished a thin piece of bulk glass (with a thickness of around
1 mm) on both sides to reach optical quality polishing. Then, we inserted the sample
into a Shimadzu UV-visible-NIR spectrophotometer 2600-2700 and scanned in
wavelength in single-beam configuration to measure the transmittance spectrum. The
schematic set-up of the instrument is reported in Fig. 2.11.
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Fig. 2.11. Schematic of the UV-vis-NIR spectrophotometer.
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Fig. 2.12. Example of FTIR spectra. (a) The peak attributed to the stretching of the OH" groups can
give an estimation of the quantity of water in the sample. (b) The characteristic peak of Er3* is centred
around 6350 cm! (i.e. at a wavelength of 1535 nm).
The Fourier Transformed Infrared (FTIR) spectroscopy has been used to characterise
glass samples for optical applications. In our case, the presence of hydroxyl groups,
which is of great importance for some optical applications, can be quantified by
measuring the absorption peak at a wavelength of around 3300 nm, i.e. for
wavenumbers of around 3000 cm™ [59]. To get a quantitative value, the measurement

has to be carried out in transmittance mode. This technique can be also useful to
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determine the characteristic absorptions of different ions like the rare-earths. Typical
portions of FTIR spectra for samples with different concentrations of specific ions are
reported in Fig. 2.12. Furthermore, Attenuated Total Reflection (ATR) FTIR can be a
valid method to perform structural analysis. It could be used to identify the nature of
P-O-P bonds in a phosphate glass since it allows distinguishing the different
transitions related to the Q°, Q!, Q?, or Q° bonds [60].

Refractive index measurement

The precise measurement of the refractive index is carried out using a Metricon 2010
prism-coupled system, equipped with five lasers at different wavelengths (633, 825,
1061, 1312, and 1533 nm). The mechanism of signal detection is depicted in the
sketch of Fig. 2.13a, while the typical signal measured with the detector is reported in
Fig. 2.13b. The laser beams are launched through a prism on the polished surface of
a glass sample. The sample is cut from the manufactured glass and is polished only
on one side, i.e. the one which is brought into contact with the prism.

The scanning of the angle of incidence of the light onto the sample allows determining
the total-internal-reflection angle with the formula 6. = arcsin (n/n,), where n is the
refractive index of the sample, 7, is the refractive index of the prism, and 6. is the
critical angle. By measuring 6., the system calculates and returns the value of the

refractive index of the glass.

Laser light Detector Detector

intensity

n Bulk glass

Coupling head

(a) (b)

Fig. 2.13. The prism-coupling technique employed to measure the refractive index of glasses. (a)
Schematic of the measurement and (b) typical signal detected, that allows measuring the critical
angle 6..

Surface roughness determination

Surface roughness is an important parameter for several applications, especially in the
optical field. We adopted different techniques to measure the surface properties of the
produced glasses. We employed a contact profilometer (model Taylor Hobson Intra
Touch 3D) to estimate the surface roughness and a BRUKER Innova Atomic Force
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Microscopy (AFM) to go into details in the characterisation of the surface. The main
limitation of the contact profilometers, related to the inaccuracy of the measurement
in the situations described in Fig. 2.14, may be overcome with the AFM. Both
measurements were conducted either on flat or on concave/convex samples. In the
latter cases, post-processing was needed to subtract a curved profile from the
measured data, allowing for the evaluation of conventional roughness parameters like
the R,. The determination of the R, has been done according to the international
standard UNI EN ISO 4288:2000 Geometrical Product Specifications (GPS) —
Surface texture: Profile method — Rules and procedures for the assessment of surface
texture.

-

v

fI777777 777

Fig. 2.14. The contact profilometer may have low accuracy. The dimension of the contact probe can
influence the quality of the measurement.

2.2.4 Cold reshaping

Glass is commonly treated as such a fragile material that the possibility of cold-
working is considered to be limited if not completely absent. However, with some
careful attention, it is possible to reshape a bulk glass piece with almost the same
conventional methods employed for metals. The following paragraphs present the
most common techniques, employed also during the current work.

Drilling

Some of the analyses described above are carried out on a cylindrical glass sample,
which is obtained by drilling a bore with an Optimum BF20 Vario vertical drill. The
bore is carried out using core diamond-coated drills with an internal diameter of 6
mm, under a constant water flux on the drilling surface. In this way, both the heat and
the debris are removed from the working area and a cylindrical sample with a diameter
of 4 mm is obtained. The speed of the drill must be selected depending on the
dimension of the bore, with a small hole, like in our case, corresponding to higher
speed whereas a bigger hole requires lower speed.
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Polishing

The polishing of a glass sample is a crucial aspect of glass manufacturing for optical
applications. The cast glass shows a rough surface that must be polished — often by
hand — to obtain the desired surface finish. This is carried out using standard SiC
polishing papers with different textures, starting from the rougher. Furthermore, as
explained above for some of the optical measurements, the requirement of the surface
optical quality is mandatory. To achieve this on flat samples, with lateral dimension
in the order of a 10 — 20 mm maximum and thickness of around 1 mm, a semi-
automatic polishing machine (model Logitech PM 5) is employed. The samples are
mounted on a sample holder using molten wax and the sample holder is inserted into
a system that has an analogic indicator of the worn material. In this ways, it is possible
to limit the wearing to the prescribed amount. Different polishing materials are used
on the polishing machine, made of powder of alumina diluted into water (with powder
fineness ranging from 9 um to 1 pm) or of diamond paste, the latter assuring the best

quality of the results.

Cutting

The necessity of cutting glass samples arise for different reasons. The most common
one is the removal of an unwanted part from the final product, e.g. the suction cone
formed during cooling from the melt, at the end of the conventional process of fusion,
casting into a mould, and annealing. This effect is due to standard shrinkage of the
material upon cooling and, in glass manufacturing, unlike metals, it is not avoidable
using special mould design, such as sprues. In the case of the casting of a glass
cylinder, the suction cone must be removed to obtain an even bulk object.
Furthermore, several samples employed in the standard analyses described above, or
in other techniques like the ones described in Chapter 6, are obtained by cutting thin
discs from the cast glasses. The cut is performed with a Bruehler IsoMet cutting
machine, using a diamond-coated saw with oil as a lubricant. The speed of the cut is
kept slow at both the beginning and the end of the cut, to avoid unwanted cracks.

2.2.5 Hot reshaping

Processing at high temperature is the most common technique for reshaping glass
products. In the case of the present thesis, the employment of phosphate glasses allows
reducing the working temperature in comparison with standard silica glass. Both the
T, and the 7, of these glasses are always below 600 °C. However, to have a
homogeneous product, the casting of the glasses must be carried out at higher
temperature (i.e. 1000-1400 °C, still well below the standard melting temperature of
pure silica, but comparable with the processing temperature of soda-lime silicate
glasses [1]).
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Hot forming

The melting, casting, and annealing are among the most important aspects of glass
manufacturing. A picture of the glass casting with a Pt/Rh crucible is reported in Fig.
2.15. The weighted reagents in powder-form and/or the pieces of the already cast glass
are heated to the melting temperature, which is selected on the base of the glass
composition. The facilities of our lab comprise a Nabertherm (max. temperature
1600 °C) and two vertical furnaces (maximum temperature 1400 °C) for glass
melting. The molten glass can undergo two different treatment: if no definite shape of
the product is needed the glass is melt-quenched on a cold flat plate. However, if there
is the need for casting into a mould, the mould is pre-heated at a temperature that
depends on the casting temperature, the shape of the mould, and the glass composition.

Fig. 2.15. Casting from a Pt/Rh crucible.

The casting operation must be carefully performed to avoid the formation of bubbles.
Right after the casting, the mould with molten glass inside is placed into a furnace
which is heated at a temperature around the 7, of the glass, left at that temperature for
a few hours (usually between 2 and 5 hours depending on the size of the cast product),
and then slowly cooled down to room temperature, so that any thermal stress is
relieved. This process, called annealing, can be carried out in our lab in one of the
following furnaces: Carbolite-Gero CWF 1200, Manfredi Warmy 9 muftle furnace,
or Carbolite-Gero LHT 6-60. According to the formal definition, the annealing point
is positioned at the temperature at which 95% of the internal stresses are relieved in
15 min [23]. The glass viscosity at that temperature is 10'? Pa-s, which is sometimes
defined as the viscosity at the 7. Besides, at the strain point the stress release occurs
within around 6 h and the glass viscosity is 10'3° Pa-s. Since we carry out the
annealing at a temperature near the 7, we prefer to extend the duration of this thermal
treatment, to be sure that all the internal stresses have been relieved.
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Extruding

The extrusion process will be explained in detail in Chapter 3 and its application to
glasses is one of the main subjects of the whole thesis. Here it is introduced as one of
the hot forming techniques that may be employed for glass reshaping. In general,
extrusion consists of forcing a softened material to pass through a matrix, called die,
and then hardening the obtained product to fix its shape. In the case of interest within
the present work, extrusion is carried out by heating a bulk glass piece, squeeze it into
the die, and then cool it down to harden the obtained extrudate. In comparison with
glass melting and casting, the extrusion is carried out at a lower temperature since the
glass must not flow under its own weight. However, the glass must also be soft enough
to be forced to pass through a die. The actual extrusion temperature is determined,
according to the shape of the die, by knowing the thermal behaviour of the glass — i.e.
its characteristic temperatures (7, T, and 7x©®”) and the viscosity-temperature
relationship. About these temperatures, some details must be specified: the softening
point is defined as the temperature at which a fibre, 0.55 — 0.75 mm diameter and
23.5 cm long of which the top 10 cm is heated at a rate of 5 K/min when suspended
vertically in a furnace of specified characteristics, elongates under its own weight at
a rate of 1 mm/min. This definition was formulated by Littleton [61] and is employed
also by ASTM C338 - 93(2019) Standard Test Method for Softening Point of Glass.
Furthermore, in our case, we measure the so-called Dilatometric Softening Point
(DSP), which is the temperature at which a glass specimen starts to deform under a
specific weight, i.e. a lower temperature compared to Littleton’s softening point. For
this reason, the extrusion trials are carried out at a temperature slightly higher than the
measured DSP.

Drawing

The drawing of a preform is the final step in the realisation of a fibre. In optical
applications, the preform must be designed and manufactured with specific attention
to avoid contamination. Furthermore, the preform is often obtained as an assembly of
different materials. The most common situation involves two glasses: a core and a
cladding, i.e. glasses with respectively higher and lower refractive index, and with
several dimensional, thermal, and optical requirements. However, also a combination
of three or even more materials with diverse shapes can be adopted, thus obtaining
multi-material fibres. During the work for the present thesis, several fibres have been
made, using the drawing tower facility present inside the LINKS Foundation
laboratories. In this brief introduction, we can describe a drawing tower as an
apparatus consisting of a preform holder, whose movement is controlled via a
micrometric screw, a heating element, and a winding drum. The preform is fed into

the heated portion of the system, and the heating temperature must be above the 7§ of

31



Chapter 2. Phosphate glasses

the glass but still at a lower temperature than the one required during casting. In this
way, the glass starts falling under its own weight, and the filament that is formed is
quickly cooled and woven on the winding drum. The special characteristic of a drawn
fibre is that it retains the geometrical proportions of the preform, scaled down by a
factor of 10> — 10* This is a great option to miniaturise the product and achieve
optical, electrical, and mechanical properties that are all related to its micrometric
features.

2.3 Conclusions

In the present chapter, phosphate glasses have been introduced in terms of their
peculiar properties, applications, and characterisation techniques. The main
processing technologies employed during the current work have also been considered
and will be further analysed in the next chapters. The potential impacts and
applications of the designed, produced, and studied glasses are quite broad and will
be discussed in detail within the dedicated paragraphs of the next sections. However,
as a result of an applied research thesis, the three main glass compositions introduced
in the current chapter, and the acquired knowledge that was necessary to manufacture,
handle, and characterise them, represent a milestone in the educational path of a
material scientist. Working with oxide glasses, as emerged in the current chapter but
will be even clearer in the following, does not only mean learning how to handle the
glass itself, but requires a complex awareness of the interaction of this material with
other substances, which can be another glass, a different solid (metal, ceramic, or
polymer), an organic/inorganic liquid, or a gas. Furthermore, post-treatment
techniques were required, either at ambient temperature or with heating involved, and
proficiency in the phenomena of wear, corrosion, fracture mechanics, and general
mechanical behaviour has been necessary and well addressed during the course of the
present research. Among the aims of the present thesis, there is not only to develop
new materials but also to learn how to forge them, and post-process them, as well as
study their behaviour through advanced modelling, in order to match the requirement
of the final applications, which must be kept in mind at all time. For this reason, the
next chapter deals with the main glass processing techniques adopted in the present

work to transform a material with interesting properties into a usable device.
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Chapter 3.

Glass extrusion and fibre drawing

3.1. Introduction

In the current chapter, we will focus on the two main glass processing technologies
adopted in the framework of the present thesis: extrusion and fibre drawing. These
techniques were already introduced in Chapter 2.

The next paragraphs will deal with an introduction about some common techniques
adopted in glass manufacturing together with their evolution; afterwards, some
fundamentals of process control and data recording will be introduced. Finally, the
two main topics will be explained in detail in two dedicated sections, specifying all
the steps that can lead to the optimisation of the extrusion process and the subsequent
drawing of the extruded preform into an optical fibre.

3.1.1. Glass processing technologies

Glass production is currently a worldwide fundamental field of manufacturing,
involving several industrial processes and requiring profound expertise. The greatest
part of glass production has shifted, in the last century, towards the industry. Molten
glass is usually reshaped by standard blowing, pressed in a mould (hot-pressing),
directly cast from the melt into the desired final shape, with eventual final steps of hot
“fire” polishing or cold mechanical finishing, etc. One great example of the recent
(r)evolution of the glass sector is the manufacturing of flat glass, which has passed
from a complex and heavy handcrafted job that yielded low-quality products to an
automated, scalable, and exceptionally productive industrial process. In fact, for
several centuries, the flat glass used for windows has been produced by two main
routes: the Crown process and the cylinder processes [1], [2].

37



Chapter 3. Glass extrusion and fibre drawing

Fig. 3.1. Illustration showing the process of Crown flat glass production, taken from Encyclopédie
ou Dictionnaire raisonné des sciences, des arts et des métiers. XVIII sec (France). Image available
in the public domain. (b) Bull's-eye windowpane window from Albrecht Diirer's house in Nuremberg
(Bavaria, Germany) [Author: Wolfgang Sauber]. Image adapted under Creative Commons
Attribution-Share Alike 4.0 International license.
The first one is illustrated in Fig. 3.1a and consists of blowing an almost spherical
glass globe and putting it under rotation, so to produce a flat glass disc thanks to the
centrifugal effect. In this way, several rounded glass discs were produced and mounted
together on a metal grid to obtain a semi-transparent window (the so-called stained
glass), shown in Fig. 3.1b; while it seems easy to explain the principle of this process,
it requires great skills and know-how, and the result has poor quality. The cylinder
process is even more complex because it involves the blowing of a huge cylinder (Fig.
3.2a) which is then split open and flattened by reheating; besides a deep and
unconventional mastery, this latter technique is also labour-intensive and requires
great physical strength; furthermore, the obtained piece is uneven (see Fig. 3.2b), and
its flatness only relies upon the artisan skills.
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Fig. 3.2. (a) Glass made by the cylinder process had to be split and flattened for windows, adapted
from [3]. (b) An old window made from soda-lime flat glass; the distorted reflections of a tree
indicate the uneven surface of the glass. Image available in the public domain.

Several other processes have been developed during the 20" century to produce flat
glass: the Fourcault flat glass drawing process, the Colburn-Libbey-Owens flat drawn
process, the Corning fusion draw, and the Boudin continuous double-roll process, to
give some examples [2]. Going into details of these processes is outside the scope of
the present thesis, although it is worth underlining the progress that allowed to reach
the best-quality glass products.

The decisive solution had come from a simple and brilliant idea finally developed in
the ‘50s and explained in detail a few years later in a paper by Sir Alastair
Pilkington [3]. A schematic representation of the so-called Pilkington or float glass
process was included in that paper and is shown in Fig. 3.3. This is an automatic
process that allows producing high-quality and low-distortion glass sheet with
virtually no limitations in dimensions. This process takes advantage of the buoyancy
of the molten glass over a tin bath; the glass floats on the tin bath and two highly
uniform surfaces are obtained, one in contact with the metal and the other with a
reducing atmosphere. The introduction and the subsequent refinements of the float
glass process have revolutionised the glass industry [4]. Almost all the flat glass
produced nowadays is obtained with the Pilkington process [5].

The previous example shows how the glass industry has changed during the current
technological revolution. Yet, especially in the research field and in the art-glass
manufacturing, the basic processes involved are not so different from the most ancient
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Fig. 3.3. Diagram of the float process, reproduced from [3].

ones: melting and casting from a crucible, blowing, drawing, or moulding, cold
reshaping with hard diamond tools, to cite a few. Still, during the last fifty years, a
tremendous improvement in the understanding of the physics and chemistry
underneath the glass production has been experienced, due to the constant work of
glass manufacturers and researchers. This growing knowledge is modifying how we
perceive the glassy state and its applications. As it is clear from the debate on the
formal definition of the word glass in the scientific community, illustrated in
Chapter 2, the progress in glass science and technology is still ongoing, despite the
art of making glass is something that humankind has learned since its civilisation.

After the Industrial Revolution, and especially along the 20" century, the increasing
demand for glass product manufacturing — and related process control and
automation — has pushed the scientific sector to question the nature of glass and its
behaviour. Moreover, some of the modern discoveries, such as, in the technological
field, electron microscopies or molecular spectroscopies, but also extensive
measurement devices and related data analyses, or advanced simulation tools provided
by the constantly increasing computing power of PCs, allowed to unveil aspects of
the glass science that were unexpected beforehand. In glass science, like in the whole
material science, there is still a lot to be discovered, starting from the material
compositions and processing, but also moving further and investigating the interaction
of different materials for the production of multi-material multifunctional devices [6].
Focusing on glass science, as suggested by Morse & Evenson [7] there is the need to
reveal the great capabilities, versatility, and potential impacts of new discoveries to
the widest public. The same authors also suggest that bridges are needed in the global
glass community to create deep collaborations between corporations, universities, and
professional associations so to obtain a supply of funding from government agencies
and the private sector, ensuring both the greatest benefits to society and career
opportunities for glass scientists and engineers. Finally, Morse & Evenson argue that
“we need to invest in the science of glass processing as well as glass composition

because that is how we turn innovative compositions into useful objects” [7].
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In the optics field, Bach & Neuroth, affirm that “Glass has been and will continue to
be the material of choice for imaging optics” [8]. And they also think that new
applications of glass in optics and optoelectronics are numerous and among those, it
is possible to mention substrate glass, micro-lenses, gradient index optics, precision
moulding of optical glass, integrated optics, glasses for light modulation, etc [8].

A process like the drawing of glass fibre can have (and already had in the recent past)
great importance in the development of modern devices. In fact, as a vision for the
near future, some also suggest the possibility of having smart fabrics and textile, that
“hear, sense and communicate” [9]. The power of this idea is disruptive. Furthermore,
if we focus on optical fibres for telecommunication it is worth noting that their
employment had a terrific growth: the theoretical background for light guiding was
established in the 1850s by Tyndall, or, as recently demonstrated, even a few years
before by Daniel Colladon [10]. Then, Bell’s Photophone had shown the feasibility of
optical communication, back in 1880 [11]. Yet, the first modern optical fibres for
telecommunication were started to be laid in the late 1970s, and since then, with the
worldwide spreading of the internet, the rate of growth is exponential [12]. Some
information is here reported to give an idea of the global optical fibres demand: the
estimated length of submarine optical cables (composed of a huge bundle of multiple
glass fibres) in service at the moment is 1.2 million km®, i.e. enough to wind up the
equator 30 times. Furthermore, the International Cablemakers Federation in 2016 has
estimated the global consumption of optical fibres’ beyond 400 million km: more than
five trips to Mars! This tremendous increase in the global need for glass fibres for
optical telecommunications was allowed also by the high scalability of the drawing
process: the drawing of telecom fibres from preform allows to produce more than
one km of ready-to-use product each minute®, and for 1 kg of preform material, nearly
32 km of fibre are obtained’.

The present thesis is focused on two strictly related glass manufacturing processes,
1.e. preform making and fibre drawing. In particular, we will deal with novel optical
fibres made of soft glasses and intended to be used for applications in biomedicine or
environmental sensing. Some introductory aspects were described herein, but our
glasses are neither similar to the common containers and windows glasses nor to the
standard telecom optical fibres glass; and our process of fibre drawing is comparable,
for some aspects, to the industrial drawing of silica fibres but also shows remarkable
differences.

® TeleGeography: https://www.submarinecablemap.com/
7 Intl. Cablemakers Federation: https://www.icf.at/news/icf-news-78-2017-apr/raw-materials-update/
8 The Fiber Optics Association Inc.: https://www.thefoa.org/tech/fibr-mfg.htm
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(d) microstructured
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Fig. 3.4. The main techniques employed in preform making: (a) core production, (b) cladding
production, (c) core/clad preform, (d) microstructured preform, () multi-material preform. In detail:
a core rod (a-1) can be obtained either through (a-2) extrusion, (a-3) casting, (a-4) thermal drawing,
or (a-5) hot pressing. A cladding tube (b-1) can be formed by (b-2) extrusion, (b-3)-(b-4) direct
casting or (b-3)-(b-5) rotational casting, as well as (b-6) hole drilling. A core/cladding preform (c-
1) can be produced by (c-2) direct core/cladding co-extrusion, (c-3) rod-in-tube assembly, or (c-4)
rod-in-tube casting. A microstructured preform (d-1) can be obtained via (d-2) direct microstructured
extrusion, (d-3) stack-and-draw, or (d-4) hole drilling. Finally, a multi-material preform (e-1),
composed of core/cladding glasses and polymer jacket, can be formed either with (e-2) direct multi-
material co-extrusion or (e-3) polymer film rolling.[13].
The glass-preform making, at a laboratory level, usually always start with mould
casting, a simple yet effective and widely adopted system. For the basic preform, i.e.
arod, this method can be self-sufficient. However, to obtain more complex structures,
several routes can be followed: the cast rod can be reshaped by drilling, coring, and
polishing, but it can also be fused with different materials with a rolling technique
[13], [14] or combined with other rods or tubes, thus obtaining multi-material fibres
[6], [15], [16]. A pictorial overview of the most important methodologies employed

for preform production is presented in Fig. 3.4.
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The simplest structure for optical confinement of light is the core/cladding structure
of a standard optical fibre, which can be obtained by drawing from crucible [17], co-
extrusion [18], [19], as well as a straightforward method like the rod-in-tube technique
[20]-[22]. This latter process consists of directly inserting the casted rod into a tube,
to obtain a preform. Despite its simplicity, it can allow forming structures with a high
level of complexity [23], [24], by combining several rods, which can be made of
different materials, with a tube that can be produced with several holes.

Mechanical or ultrasonic drilling of a tube was demonstrated for polymer materials
[25], as well as for glasses [26]. This technique can lead to interesting results, but the
cleaning of the preform to obtain a polished surface can be rather difficult [27], [28].

In general, the main advantage of glass in comparison with other crystalline materials
is the possibility of the transition from the liquid-like to the highly viscous behaviour,
and finally to the solid-state without degradation. This explains why the methods that
involve reshaping at high temperature are substantially more powerful when dealing
with glass, even if sometimes low-temperature mechanical processing is unavoidable
(one important example of this latter aspect is the production of high-quality lenses,
where cold polishing is mandatory [8]). In the field of industrial tube production, the
power of glass reshaping from the molten state is demonstrated with the continuous
casting for the fabrication of long tubes, which are used in many common
applications, from pipes to neon lights [2]. On a lab-scale, a technique often employed
is rotational casting, which consists of casting the molten glass into a high-speed
rotating mould, so to produce a hollow structure due to the centrifugal effect. This
method has been widely employed in our research group with interesting results [29]—
[35] but it has limited flexibility in terms of dimensional ratio, which indeed hinders
both the design flexibility and the option to scale up the process.

In the framework of the present thesis, the chosen method to produce complex and
hollow structures is extrusion. This is a highly flexible, scalable, and powerful
technique [36]—{41]. It allows producing preforms with arbitrary shapes, by purposely
designing the extrusion die. The disadvantages are related to the unwanted preform
distortions, which may be overcome with some expedients that will be discussed in
the next paragraphs and chapters. The combination of preform extrusion and fibre
drawing is a great option to investigate: two adaptable techniques that, together, offer
potential interests either for a research project or in an applied manufacturing field.

In the following sections, the two techniques are presented along with the methods
employed for their control and analysis. After a brief introduction about the
fundamentals of process control, and the importance of significant data collection
during experiments, the extrusion system developed during the present thesis is
analysed, detailing all the aspects of the extrusion process. The choices that have been
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made during the design of the current extruder are explained, also with the support of
systems analysis and modelling tools employed to achieve optimal control of the
process. Then, the soft glass drawing tower is described and some of the results are
presented.

3.1.2. Automatic process control

Every industrial or laboratory process that involves two or more variables like the
ones described herein, could be the subject of a standalone work focused on process
control. Both the techniques of preform extrusion and fibre drawing involve
simultaneous heating and the application of a force, either by pushing or pulling the
glass material. The design of a system to continuously track and even control these
two variables together is fundamental. In the present paragraph, these two processes
will be considered separately for the sake of clarity and without loss of generality.

Motor
Load
cell
Ram
Furnace
Glass
Die billet

(a) (b)

Fig. 3.5. The extrusion system. (a) Picture of the extruder together with the controlling unit, situated

within the LINKS Foundation laboratories; (b) cutaway 3D drawing highlighting the main extruder

components.
The vertical extrusion systems, like the one described herein, need a partially viscous
material. In our case, the optimal glass viscosity result to be in the range between 10’
—10° Pa-s. With these viscosity values, the glass is sufficiently soft to be pushed inside
the extrusion die but not too fluid to lose the imposed shape because of elongation due
to gravity. The heat necessary to soften the material is supplied through an electrical
heating system. The control of the heating is provided with a thermocouple, which
must be near the glass itself but cannot get into contact with it, to avoid contamination
of the product and sticking of the glass to the thermocouple. In the case of the extruder
built during this thesis, the controlling thermocouple is positioned at the base of the
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extrusion die, and the heating elements surround the whole glass-holding metal
supports. A picture of the extruder is reported in Fig. 3.5, while more detailed
representations are provided in the next sections. The electrical heating resistances are
controlled through a Eurotherm 3216 PID (Proportional-Integral-Derivative)
controller, which has been calibrated on purpose. In this way, a stable temperature
value can be reached and maintained, with minimum overshooting. Furthermore, the
temperature can be changed rapidly during the extrusion process, according to the
specific need. The other controlled element of the extruder is the ram, which is
connected to a Maxon motor (model. DCX35L GB KL 24V equipped with planetary
gearhead and speed sensor controlled by an ESCON 70/10 servo controller) with a
calibrated digital-to-analogue conversion. The moving ram is also connected to a load
cell that measures the load exerted on the heated glass piece. The load cell allows
having a feedback control on both the speed of the motor and the temperature of the
furnace. As will be further explained in the next paragraphs, the shape of the load
curve when the piston encounters the glass gives an indication about the tendency of
this latter to flow (i.e. about the viscosity of the glass) thus the eventual need of

modifying the temperature or the motor speed.

The extruder employed in the present work is currently situated in the LINKS
Foundation laboratories. Some of its components were built before the beginning of
the present PhD, but its current shape is the result of several substantial interventions,
carried out as part of the current project, that allowed for a thorough optimisation of
the system. Also, to obtain a more functional and reliable extrusion system, we
improved the control of the system, starting with the replacement of the simple on/off
furnace controller with a more accurate device. Furthermore, no solution was
developed to simultaneously control and monitor the temperature of the glass, the
speed of the piston, and the applied load. On the contrary, the current set-up features
an integrated system that allows to track, control, and log data about each of the

mentioned variables.

One of the aims of the present thesis was to achieve better control of this system. We
implemented a LabVIEW-based code to handle the motor speed and the temperature,
recording at the same time the measured load and logging all the data. This latter
aspect is crucial and will be discussed in the next paragraph. As for the controlling
system, an attempt has been made to automate the whole process, either by speed
control or load control.

The load control is based on a simple idea: it should be possible to carry out the
extrusion at a given load by adjusting both the speed and the temperature accordingly.
If we fix the temperature (i.e. the glass viscosity) then, by moving the ram, the load
will increase. With automatic control, the system could be programmed to keep the
ram movement until a certain load is reached and then control the pushing speed to
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avoid load variations. However, the full automation of the system has demonstrated
to be very difficult to achieve, mainly because of some small changes — e.g. in the
position of the thermocouple, in the alignment of the piston, in the die shape, or even
in the thermal behaviour of the glass — that can lead to large differences in the
measured load, thus affecting in several aspects the final product quality, like its shape
retention, surface quality, tendency to crystallise, etc.

However, while load control has demonstrated to be quite difficult to reach, the
automatic speed control was easier to achieve. The motor speed can be set to reach
the desired value by small speed increments and to further increase only if the system
reacts in the desired way— i.e. if the load smoothly increases when the glass is
squeezed into the die. This level of automation has been partially achieved, even
though the presence of a human operator is still essential at the moment, to double-
check the system behaviour.

Furthermore, the implementation of a web-based platform to keep control of the
extruder even if not in physical presence is also mandatory. This option has also been
studied during the present thesis, employing a Python-based code that should
guarantee a more robust way of handling this complex system. At present, the first

tests are ongoing to finalise its development.

Preform

Furnace

Diameter
measurement

Winding
drum

Fig. 3.6. The preform drawing: scheme of the main components of a drawing tower.
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The drawing tower is even a more complex system. A scheme of the tower is visible
in Fig. 3.6. To achieve a good drawing, the preform, which is mounted on a proper
device on the top of the tower, must be moved into the heated region. A finely
controlled screw moves the preform holder to insert the preform into the heated
region. The formed fibre is wound up on a drum that is positioned at the bottom of the
drawing tower, 1.e. nearly three meters below the heated region. Both the feeding rate
and the winding speed are crucial aspects. Overall, in this system, we have to deal
with two moving elements (the feeding mechanism of the preform from above and the
winding drum that pulls the fibre from below) and a heated furnace. All these three
variables contribute to the realisation of the fibre. The heating needs to be properly
chosen so that the preform can be soft enough to form a fibre and the fibre must be
thin enough to be able to coil up on the winding drum without breaking. Once reached
this step, the feeding speed must provide a continuous flow of material to the pulled
fibre which has to be correctly wound. An automatic controlling mechanism is
provided in our drawing tower through an optical diameter measurement, positioned
below the heated region. This system can measure the diameter of the fibre and, by
using a feedback loop provided by a LabVIEW code, the system can adjust both the
feeding of the preform and the winding speed of the fibre accordingly.

3.1.3. Recording experimental data

An effective controlling mechanism must be coupled with a continuous system for
data monitoring and recording. While the global social debate on the importance of
data (see for example [42], where datafication is defined as “the process whereby life-
processes must be converted into streams of data inputs for computer-based
processing”) is moving towards unpredicted directions, there is no doubt that,
especially in the scientific and research fields, the possibility of registering
information and data about a process or an event is the basis of the experimental
method. Data recording gives the chance to think about all the aspect of the evolution
of a system and often leads to a better understanding of the investigated phenomenon.
It is with this idea that data collection during all the extrusion experiments is here
considered crucial and the optimisation of the system has passed through several
observations all derived from the analysis of the collected data. For this reason, the
LabVIEW designed software that enables to control the extruder also allows to
constantly record the information about the measured load, the applied motor speed,
and the temperature, as well as all the details about both dimensions and shape of the
extruded product.
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3.2. Soft glass extrusion

The main method chosen during the present work to produce soft glass preform is
extrusion. As mentioned, there are several other techniques to produce glass preforms:
rod-in-tube or stack-and-draw techniques both require the production of rods and
tubes which can be achieved for example, by direct, continuous, or rotational casting,
as well as drilling; furthermore, the preforms for telecom optical fibres need such level
of purity that only Chemical Vapour Deposition (CVD) techniques can be employed.

The glass extrusion method is particularly interesting since it allows great flexibility
in terms of the product dimensions also supporting the design of preforms with
complex features. Although some distortions, which represent the main issues
encountered today in the production of preforms by extrusion, this method is here
proposed for phosphate soft glass preforms both with simple shapes, i.e. rods and
tubes with a wide range of diameters, and for more complex non-symmetric
structures. Several solutions are proposed in the next sections and chapters to
overcome the present limitations of the technique.

3.2.1. Bulk extrusion vs. powder extrusion

The extrusion facility employed in the present work is partially inspired by the design
presented by Roeder [43]. In 1971, Roeder proposed a method for the extrusion of
glass starting from powders. The first powder extrusion results had several defects
like inclusions and crystallites [43]. Indeed, besides the interesting and ground-
breaking idea at that time, powder extrusion shows several issues related to
inhomogeneities. Thus, in our extrusions, as well as in most of the extrusion
experiments carried out by other research groups, bulk glass is preferred as the starting
material [37], [44]-[46]. The glass homogeneity can be controlled by choosing high-
purity powder reagents and performing the casting with special care, to avoid the
presence of bubbles and inclusions in the glass billet. Furthermore, crystallisation can
be shifted to higher temperatures by avoiding the interaction among grain powders
during the extrusion process. This behaviour was reported by several works [47], [48],
which studied the influence on the crystallisation kinetics for glasses with different
particle sizes. These studies were conducted with glass powders with micrometric size
and had demonstrated that the crystallisation peak can be increased by more than
20 °C by varying the average particle sizes by a factor of 10. Thus, when moving from
powders to bulk billets, this shift might be further enhanced.

We were particularly interested in studying the behaviour of single material extrusion.
In fact, phosphate glass extrusion has been seldom studied [49]-[55]. We wanted to
assess the performances of our custom glasses employed either in active laser fibre
production or in biomedical applications. Especially in this latter field, we will study
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the possibility of producing a single-material solid-core microstructured bioresorbable
fibre, which offers intriguing perspectives for sensing applications in biomedicine.
Some techniques like simultaneous core/clad extrusions have been proposed starting
from stacking of glasses with different properties [19], [56]-[59]. For chalcogenide
glasses, several stacking techniques have been studied, like multilayer preform
production for either all-solid [60] or hollow-core [61] photonic bandgap fibres, disc-
to-fibre approach [62], or the recently emerged Isolated Stacked Extrusion (ISE) [63]—
[66] and the peeled-off ISE technique [67]-[69]. These techniques are summarised in
Fig. 3.7. On the contrary, only a few works can be found on core/cladding co-extrusion
of phosphate glasses [38], [70]. Yet, in these studies, the control of the dimensions of
the preform have demonstrated to be rather difficult and preforms for highly
multimode fibres were often obtained. Instead, for reasons that will be clearer in the
next chapters, we were interested in exploring the possibility of direct extrusion either
of preforms for single-mode fibre or of microstructured preforms. Both these kinds of
preforms cannot be achieved by core/cladding extrusion.

Multilayer Disk-to-fibre ISE Peel-off ISE

Fig. 3.7. Schematic illustration of some co-extrusion methods. From top to bottom, the initial
stacking, the extrusion-in-progress, and the related preform cross-section are shown for each
method. From left to right, the multilayer extrusion used for photonic bandgap fibres [60], [61], the
disk-to-fibre approach [62], the Isolated-Stacked-Extrusion (ISE) with traces of debris at the
core/cladding interface [63]-[66] and the peel-off ISE [67]-[69].

Due to all the above-mentioned reasons, the extrusion experiments carried out in the
present work are all performed starting from single-material bulk glass billets,
obtained via the melting and mould casting technique illustrated in the previous
chapter.
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3.2.2. Extruder set-up

The extruder set-up can be seen in Fig. 3.8. The system is composed of an aluminium
frame that holds in place a furnace and a moving part, i.e. the ram. A motor is placed
on the top of the system and is driven by a dedicated controller: Through a designed
mechanism of gearwheels, the motor’s circular movement is converted into a linear
shift of the piston. A load cell (OMEGA model LCM411-1K-USBH) is placed
between the two parts of the ram, one connected to the motor mechanism, and the
other in contact with the glass billet. In this way, it is possible to measure the force
that the ram exerts on the glass.

Load
cell

Ram

Furnace [«—

Glass

)

Extruded product

(a) | (b)

Fig. 3.8. Detailed 3D drawing of the extruder set-up. (a) Lateral view of the whole system and (b)

cross-section of the core of the extruder with highlighted the main components.
The glass itself is held in place inside the furnace within an Inconel holding element,
able to deliver the heat with minimum distortion and reduced oxidation. Below the
glass billet, a specific die is inserted, according to the desired shape of the extrudate.
The furnace controlling temperature is measured at the bottom of the die, using an
external thermocouple. However, during each extrusion experiments, other
thermocouples are placed in different positions to monitor the temperature distribution
all over the system, near the hot region but also on the load cell, which must not be
heated above 80 °C. Below the die, a hollow quartz cylinder is positioned to protect
the emerging extrudate from thermal shocks. All the components, i.e. the furnace and
the motor controller, as well as the load cell and the external monitoring
thermocouples, are connected to a PC positioned nearby and able to control and check
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the system evolution (see Fig. 3.5). Furthermore, close to the extrusion apparatus,
another furnace (Carbolite-Gero model LHT 6-60) is employed at the end of the

process to anneal the extrudate.

3.2.3. Process control: fundamental parameters

During the extrusion process, the controlled variables are the speed of the ram and the
temperature of the glass. Alongside, an important parameter that is measured during
the extrusion is the force that the ram exerts onto the glass. Fig. 3.9 shows an ideal
load curve during extrusion together with a real one. In these curves it is possible to
see the three-regions behaviour: an initial increase called start up, with some
fluctuations due to the settlement of the whole system, a nearly constant intermediate
region (defined as the steady state), and a final sharp increase due to the contact
between the ram and the die, when the softened glass has all flowed into the die and

the temperature is raised to allow for the neck-down.
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Fig. 3.9. Load measurement during an extrusion trial, in the ideal case (upper part, black curve) and
real case (lower part, red curve). The curves show three distinct regions: the start up, the steady state
and the neck-down region.
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When the ram starts to force the glass to pass through the die, the response of the
system, i.e. the measured load, is correlated to the viscosity of the glass and the speed
of the ram. The extrusion should be carried out when the glass has a viscosity of
around 107 — 10° Pa-s [71]-[73].

However, the desired speed of the ram cannot be predicted a priori for all the systems,
because it depends on the dimensions of the die as well as on other aspects, such as
the glass tendency to crystallise and the glass/metal interaction within the die. With a
viscosity in the above-mentioned range, the glass behaves like a viscous fluid, while

at a lower temperature, i.e. for higher viscosity, it is more similar to a rigid elastic
body.

Load behaviour
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Fig. 3.10. Load response to a small speed variation (0 — 10 um/s) at different temperatures: in blue

a rigid response, obtained at a low temperature (high viscosity) and in red a damped response, due

to the sufficiently high temperature (low viscosity).
The glass composition, the rate of deformation, and the shape of the die can also
influence the response of the system to the pushing of the ram: the response can vary
between an elastic behaviour, i.e. a sharp and linear increase of the load, to the perfect
flow of a viscous fluid, in which the load may even show a reduction with the
increasing ram speed. The optimal extrusion condition is usually in-between these two
extreme situations and is represented by the damped response illustrated in Fig. 3.10.
By looking at the shape of the measured load, the temperature can be adjusted

according to the need.

In other words, if we apply a fixed movement to the ram, at a certain temperature and
for a defined glass composition, the load measure provides an estimation of the
viscous behaviour of the glass: if the curve is too steep, the temperature (viscosity) is
too low (high); if, on the contrary, the curve shows a small increase or even a decrease,
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the temperature may be too high or the glass viscosity too low; in this latter condition,
the material is flowing under its own weight and will not retain the shape imposed by
the die.

The speed of the moving ram and the load could be both employed in principle as the
main controlled variable. An attempt has been made, at the beginning of the present
work, to implement a load control. The idea is to decide at which load the extrusion
must be performed and set it up. Then, through an automatic controller (PID or other),
the speed of the ram should be adjusted to reach and maintain that load. Yet, two main
issues arise: the first one is related to the process controlling system, and the second

is connected to the physical phenomena occurring during the extrusion.
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Fig. 3.11. Step response: when the set load (black curve) is varied, the measured load (red curve)

varies accordingly, showing some oscillations (overshoot and undershoot) that are damped within a

settling time.
To properly set-up an automatic control system, there is the need to adjust the
parameters of the controlling unit to find their optimum combination. In other words,
we needed to verify and refine the system reaction in the case of a variation of the
controlled variable, described by the so-called step response, illustrated in Fig. 3.11.
In our case, this means that we may set up a load, let’s say 1 kN, and the extruder’s
ram starts to move and push the glass until the set load is reached. According to the
slope of the load curve, the speed of the ram should be adjusted to reach that load in
a reasonable time, slightly exceed that value (see the overshoot in Fig. 3.11) and then,
within a few small oscillations that last for the settling time, finally maintain the
desired load. However, to react accordingly, the system should be calibrated for every
different glass composition and each die. And even in the presence of such

54



Chapter 3. Glass extrusion and fibre drawing

calibrations, the eventual misalignment of some portions, or a small temperature
variation could have dramatic effects since the automatic controller would not be able
to react properly, which may cause system breakage.

Die channel Free surface

Parabolic Constant
flow profile flow profile

Fig. 3.12. The phenomenon of die swelling. On the left of the figure, the die channel, where, in the
presence of friction between the glass and the die walls, the velocity profile is parabolic. On the
right, the glass flow, out of the die, shows a constant velocity profile but an increased cross-section
compared to the dimension of the die.
The second aspect that can compromise the load control is the relation between the
extrusion speed and the phenomenon of die swelling. In polymer science, but also in
general fluid dynamics, the die swelling (sometimes known as the Barus effect) is a
well-known issue: when a fluid passes through an orifice, its cross-section after the
exit of the hole is distorted (usually is bigger than the hole itself). A representation of
this effect is reported in Fig. 3.12, where it can be seen that the velocity profile of a
fluid that flows inside a channel is almost parabolic (left part of Fig. 3.12) having a
null velocity near the wall of the channel and a maximum at its centre. This is caused
by the friction between the fluid and the channel walls, i.e. the molten glass and the
die: the so-called no-slip condition. This latter concept is derived from Computational
Fluid Dynamics (CFD) and will be explicitly considered in Chapter 5. At a
microscopic level, the phenomenon of friction arises from both physical and chemical
interactions at the interface, depending on the materials involved. Indeed, it is known
that some die materials, like e.g. stainless-steel, cause sticking of the glass while
others, like graphite or boron nitride, let the glass slip over the die surface [43], [74].
By choosing the right die material and/or treating the die surface with specific
processes we can partially control this phenomenon. Once the fluid has passed through
the exit of the channel, the velocity profile becomes constant all over the section (right
part of Fig. 3.12) and the final shape of the extrudate is consolidated. If we look at the
transition region at the die exit, near the channel walls, the balances of mass and
momentum must consider the velocity of the fluid v, which is zero before the die exit

55



Chapter 3. Glass extrusion and fibre drawing

and equal to the constant speed of the whole fluid afterwards. With some calculations,
it is possible to derive that the ratio of the fluid diameter downstream Dyand upstream
Dy from the die exit is related to the Reynolds number (Re = pvD /u, where p is the
density, v is the fluid speed, D is the channel diameter, and u is the viscosity) [75].

In the case of Newtonian fluids, Middleman & Gavis have demonstrated both
experimentally and analytically that for small Re the maximum ratio Dy /Dy = 1.12,
while for high Re the minimum ratio is Ds /Dy = 0.87 [75], [76]. For non-Newtonian
fluids, the relations are way more complex involving also the elastic strain recovery,
and the effective section increase can have a ratio Dy /Dy >> 2 [77]-[79]. If we fix the
material and the die shape, the amount of the swelling is related to the fluid speed, i.e.
in our case to the applied ram speed. The oscillations of the ram speed introduced by
the attempted load control resulted to have a negative influence on the die swelling

phenomenon.

Finally, considering the concepts detailed in Section 2.1 about the glass network, with
phosphate glasses it is possible to have a polymer-like response related to the
percentage of O'-chain structures. This phenomenon depends on the glass composition
and is particularly evident when dealing with polyphosphate glasses. For this reason,
the die swelling cannot be neglected when working with complex die shapes and
especially with some phosphate glass compositions (showing O/P ratio 3 < O/P <
3.5) since their behaviour may be non-Newtonian. Thus, we decided to handle this
issue by avoiding the load control and preferring a gradual increase in the speed to
reach a specific value and then try to avoid further variation of the speed. Once again,
the target speed value depends on the glass composition and the die shape. In this way,
during the steady-state portion of the extrusion, we can allow some load variations
that usually are reduced to + 10% of the average load value during the steady state.
To achieve and maintain the steady-state load is not always easy and small
adjustments of the speed and the temperature may be done during the experiments to
obtain the best results.

3.2.4. Thermo-mechanical modelling

Besides load and speed, the temperature distribution inside the extruder is a crucial
aspect to properly control the system behaviour. Indeed, the temperature is not
constant all over the glass billet and there is a temperature gradient between the upper
punch and the lower die. To investigate this aspect, a temperature measurement
campaign was set up. The first temperature measurements were carried out with a
single thermocouple (Fig. 3.13) moved along the extruder. This led to an inaccurate
measurement of temperature because the huge portion of air volume surrounding the

thermocouple leads to measurements always below the furnace controller value.
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Fig. 3.13. The temperature measurement inside the extruder with a single thermocouple inserted
from below. On the left a sketch of the extruder’s lateral cross-section; on the right the temperature
measured at corresponding heights for furnace temperatures of 600 °C and 700 °C. The
measurements are carried out without any glass piece.
An improved measurement setup was implemented by inserting a set of five
thermocouples into a reshaped glass billet (as depicted in Fig. 3.14a and Fig. 3.14b)
that allowed measuring the temperature distribution along its section. In this way, the
temperature values resulted to be more reliable since they experimentally include the
thermal inertia of the glass. Furthermore, by measuring five values across the billet
section and computing the average, it was possible to reduce the influence of the
measurement error. As shown in Fig. 3.14c, the controlling temperature measured
with the furnace thermocouple is comprised between the temperature on the top and
on the bottom of the glass piece (these latter are average values).

These experiments were carried out at a low temperature, i.e. during heating from
ambient temperature to 100 °C. Thus, the actual temperature differences during
extrusion that typically occurs at above 500 °C are probably smaller, due to the higher
thermal conductivity of the softened glass.

57



Chapter 3. Glass extrusion and fibre drawing

Vertical cross-section view Horizontal cross-section view

Glass billet

[Thermocou ples|

A 4 & 4 &

_ Support
(a) I3 s cylinders (b)

120 Temperature distribution during heating

110
100+
a0 -
80+
70 -

60 -

Temperature [°C]

50 -
40

30 -

20 :
0 30 60 20
(c) Time [min]

Fig. 3.14. The temperature measurement inside the extruder with a set of five thermocouples inserted
from below. (a) Sketch of the extruder’s vertical cross-section; (b) a sketch of the extruder’s
horizontal cross-section (top) and a picture of the glass billet prepared for the measurements
(bottom), with the indication of the position of each thermocouple; (c) a plot of the average
temperature measured on the upper (Typ) and lower (Taown) part of the glass billet in comparison with
the furnace controller temperature at the base of the die (Tr); the measurement is carried out during
heating from ambient temperature to 100 °C, until full stabilisation.

These results allowed us to determine the importance of the dwell time, highlighted
in several works [80], [81], and gave an indication of the time required for temperature
stabilisation in the die as detailed hereafter.
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Fig. 3.15. The temperature evolution inside the glass billet is plotted against time for the different
thermocouples depicted in Fig. 3.14. The colour variation shows the cooler region in yellow and the
hotter region in blue. After a dwell time of more than one hour, the temperature difference is
stabilised within =1 °C.
During extrusion, the temperature controller receives feedback from a thermocouple
placed in contact with the lower part of the die. The controller is programmed to reach
and maintain that temperature. However, when the furnace thermocouple has reached
the target temperature, this is not homogeneous over the whole system, and a dwell
time is required to uniform the temperature. This can be noted in Fig. 3.15, where the
temperature evolution inside the glass billet (i.e. for the five different thermocouples
of Fig. 3.14) is plotted vs. time. Concerning the temporal evolution, we can identify a
start-up period in which the temperature difference between the surface and the centre
of the billet (12-mm distance) is higher than 20 °C.

As the temperature stabilises, i.e. after nearly 70 minutes, the temperature difference
becomes lower than +1 °C. This aspect evidences how it is crucial to wait enough time
to let the glass temperature homogenise before starting to exert a load with the punch.
Regardless of the temperature, the glass has a low thermal conductivity (compared to
metal, for example) and since a small temperature variation can cause a huge
difference in the glass viscosity, the achievement of a uniform temperature is of great
importance. Since the die has generally a complex three-dimensional shape, we
performed the temperature measurement over the whole extruder, and we carried out
a thermo-mechanical simulation to determine the overall temperature 3D distribution
also in regions where the direct measurement is not possible.

By performing such calculations, it has been also possible to have an estimation of the
eventual deformations that can occur on the system. The thermo-mechanical model
has been implemented using the SimScale® open-source web platform and is shown,
together with some of the results, in Fig. 3.16 and Fig. 3.17. This simulation is a partial
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result since it accounts only for the conductive heat transfer and no convection or
irradiation are computed. Furthermore, the resistance filaments are approximated to
small cylinders and the coefficients of heat conduction of the different materials are
taken from the literature and not directly measured. Nevertheless, this tool can provide
a qualitative and to a certain extent quantitative insight into the die configuration,
highlighting the critical aspects such as unwanted heat wells, load concentrations, or
excessive deformations that could compromise the performances of the extrusion.
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Fig. 3.16. The set-up of the thermomechanical simulation of the extruder. 3D view of the whole

simulated system, with temperature distribution after 10 minutes of heating. In the inset, the different

materials employed are shown (i.e. glass, different metals, and the thermal insulator of the furnace).
The tool employed has the advantage of being compatible with OnShape®, i.e. the
Computer-Aided Design (CAD) software employed for most of the 3D drawings
required for the present work. Furthermore, with a free academic account, the
SimScale® platform provides the user with some free hours of calculation on their
servers. Thanks to this tool, several simulations have been run and could be easily
reproduced with the aim of building a new extrusion facility with improved
performances, to check the system behaviour before finalising the design.
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Fig. 3.17. Vertical and horizontal cross-sections of the simulated extruder showing: from left to
right, the detail of the employed mesh, the temperature distribution after 400 s, and after 800 s.

3.2.5. Extruder optimisation

Taking advantage of all the steps described in the previous paragraph, the extrusion
system has been thoroughly optimised. In particular, the controlling unit was the first
optimisation step to be carried out, by adopting a precise speed control and by
continuously monitoring the load variation, to track any misbehaviour. To implement
a more automatic process, we developed a LabVIEW code that allowed us to control
all the fundamental parameters (motor speed, temperature, etc.), monitor the load, and
continuously log the acquired data.

Furthermore, the temperature measurement, along with the thermo-mechanical
simulation of the whole system are other steps towards the optimum management of
the extrusion facility. With these tools, we achieved knowledge of the temperature
distribution inside the extruder, which allowed us to redesign the position and the
dimensions of the so-called spider-die [82], [83]. In this way, an enhanced length of
the welding chamber, i.e. the portion of the die below the arms of the spider, is
suggested, as a way to reduce the influence of the arms on the glass flow [73], [84].
The evolution of a few models of the designed dies is presented in Fig. 3.18. The
improvements in the quality of the extrudates, in terms of prediction of distortions,
reduction of surface and bulk defects, control of the swelling and the bending of the
preform, are all results of the described optimisation steps.
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Fig. 3.18. Examples of extrusion dies for the production of tubes. On the upper part, a few 3D
sketches of the extrusion dies are presented to highlight the evolution in the design from the oldest
(on the top of the figure) to one of the newest. A real picture of this latter die is shown on the lower
part of the figure.

3.3. Fibre drawing

The process of fibre drawing is of fundamental importance for optical
telecommunication, a fast-growing sector. Optical fibres have also a great application
potential in many other fields like sensing in biomedical, automotive, aerospace, or
environmental applications to cite a few. Although there is not a precise definition of
the minimum dimension with which a thin rod can be called fibre, usually, fibres made
of several glass systems are not easy to bend with diameters higher than 200 — 300 pm.
During the present work, we obtained several fibres, with diameters usually ranging
from 100 to 200 pum, and starting from preforms with diverse shapes and a maximum
external diameter of 12 mm. A general overview of the system employed for fibre
drawing is presented in the next paragraphs.
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3.3.1. Preform drawing

In optical glass manufacturing, there are two main methods employed for fibre
production: drawing from crucible (or the double crucible method) and preform
drawing. The former has been used for the first core/cladding fibre production but has
several limitations [2], [85]. In fact, only certain dimensions are achievable, and
nothing but fibres with cylindrical symmetry can be obtained. On the other hand, the
drawing from a preform is a highly flexible technique, which converts into
micrometric or sub-micrometric features all the details of the produced preform.
Improved results can be obtained by combining the extrusion facility that allows
producing different kinds of preforms, with the drawing tower that can convert them

into flexible fibres.

3.3.2. Soft glass drawing tower

When dealing with soft glasses, the drawing tower can be a simpler structure than the
ones designed for pure silica drawing. In our case, within the facilities of LINKS
Foundation, there is a soft glass drawing tower, through which the drawing of several
kinds of phosphate and tellurite glasses have been successfully performed. A picture
of the drawing tower is visible in Fig. 3.19a.

The tower is composed of an induction system designed to deliver power ranging from
150 W to 250 W. In this way, the temperature of the heated region can be varied. A
graphite ring is placed in the centre of the inductor and this allows the delivery of
localised heating to the preform. After the first step, called neck-down, in which the
glass is softened until a drop of material is formed and starts to fall from the lower
part of the preform, the fibre is collected on a rotating drum placed at the bottom of
the tower. The overall tower height, from the top of the feeding system to the winding
drum, is around 4 m. By controlling the winding speed of the drum and the feeding of
the preform into the heated region, it is possible to set the desired fibre diameter. A
conservation law can be applied to the system with the equation D, - v, = Dy - vy,
where D, and Dy are the preform and fibre diameters, and v, and vy are their
velocities, respectively. By rearranging this equation, the fibre diameter can be
calculated: Dy = Dy, - v, /vy. This latter equation is used to control the diameter of the
drawn fibre with a tolerance of £3 um, using an automatic controlling system designed
with a LabVIEW code (a screenshot of the control window is visible in Fig. 3.19b).

Furthermore, the system is equipped to work under N> flux and some improvement
can allow also to draw fibres under pressurisation. Between the heated region of the
preform and the winding drum, an optical diameter control device is installed, and a

UV-curing system for the polymer coating can be mounted according to the needs.
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(d)

Fig. 3.19. The fibre drawing: (a) picture of the drawing tower facility situated within LINSK
Foundation laboratories, (b) a screenshot of the LabVIEW code used to control the drawing process,
(c) a core/cladding preform after the neck-down, and (d) a picture of a fibre that can be easily bent.

3.3.3. Experimental results

Several fibres have been obtained during the three years of the current work. A picture
of a core/cladding preform after the drawing process is visible in Fig. 3.19¢, while
Fig. 3.19d shows a portion of a fibre that can be easily bent. We carried out several
drawings for active fibre production to be used as laser fibres for environmental
sensing. In this case, a tube is extruded with precise dimensions and, through the rod-
in-tube technique, is combined with an active core obtained through the stretching of
a cast rod. Further information about this topic can be found in Chapter 4. We also
demonstrated the feasibility of the drawing of bioresorbable phosphate glass preforms
made by extrusion. Two or more extruded preforms are usually combined using rod-
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in-tube or stack-and-draw techniques. Then, the preforms are mounted onto the holder
of the drawing tower. Employing the feeding-mechanism controller, the preform is
inserted into the furnace and heated to the drawing temperature. As soon as the fibre
is formed, it is spun on the winding drum and several meters of fibre are collected,
adjusting the diameter according to the needs. Details about these bioresorbable
phosphate glasses and the obtained fibres are presented in Chapter 5. Finally, we
hypothesise the possibility of coating the bioresorbable glass with a bioresorbable
antibacterial phosphate glass. This latter experiment is at a proof-of-concept stage and,
even though preliminary studies of the glass composition and its properties are
ongoing, the fibres have not been obtained during the present work. Nevertheless,
details about the design of this system are given in Chapter 6.
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Chapter 4.

Active fibres for optical applications

Active fibres are one of the main subjects of the present work. Production and
characterisation of these fibres were supported by the collaboration with LINKS
Foundation. There is a long-lasting interaction between GLANCE (Glasses, Ceramics
and Composites) group belonging to the Institute of Material Physics in the
Department of Applied Science and Technology of Politecnico di Torino and LINKS
Foundation. In recent years, fruitful teamwork involved our research group, which is
focused on glasses for photonics, and the LINKS’ PhotonLab. Some of the
experiments described in the present chapter have been conducted inside the LINKS
Foundation laboratories. These latter are equipped with the facilities to produce,
characterise and post-process different kinds of active fibres, especially the ones made
of soft glasses. On the other hand, in the labs at Politecnico di Torino, there is the
equipment to design, produce, and process different kinds of glasses. Among these,
chalcogenide and phosphate glasses are the best candidates for the design of optical
amplifiers and lasers since they show a high solubility for rare-earth (RE) ions. For
laser applications, the capability of highly doping the glass with RE ions allows
increasing the concentration of active elements per unit volume. This, in turn, has
fostered the design of compact devices even for high-power applications overcoming
the main limitations of RE doped silica-based glasses. The possibility of designing
miniaturised devices such as optical amplifiers may be useful in several applications.
Thus, in the present thesis, phosphate glasses have been chosen and successfully
employed to manufacture optical amplifiers with different characteristics and
performances targeted at different optical design requirements coming from projects
developed by the LINKS Foundation. Indeed, LINKS Foundation collaborates with
Politecnico di Torino in several research projects involving international partners, like
the Laser Zentrum of Hannover e.V. (LZH), the Tampere University of Technology
(TUT), the Ben-Gurion University of the Negev (BGU), the United States Army
Research Laboratory (U.S.ARL). Some of these projects are also supported by
external funding such as the NATO — Science for Peace and Security Programme.

73



Chapter 4. Active fibres for optical applications

The present chapter is focused on the work realised in the framework of these projects
in which glass extrusion has been used as one of the steps in the production of active
fibres.

The main goal concerning this part of the thesis work was to realise novel and custom
active fibres for optical amplifiers. The requirements of these amplifiers were the
compactness and the capability of working in high-power applications. Such target
devices have driven the choice of the material towards phosphate glass fibres doped
either with ions of Er’* or with a combination of Er** and Yb’.

4.1 The design of active fibres for optical applications

Both the design and the production of glass fibres for optical applications are complex

tasks, involving multidisciplinary knowledge, indeed:

(i)  some aspects are related to material science and chemistry, like the selection,
synthesis, and characterisation of the employed materials (glasses for the fibre,
polymer for the coating, metals or ceramics for the processing equipment);

(ii) some aspects are more focused on the physics of light propagation and optical
measurements and simulations;

(iii) the electronic system must be considered as well, either for the material
processing or for the fibre characterisation;

(iv) technological and software design skills are also needed, in particular for the
design of the extrusion and the control of the process during all the fabrication

steps.

During the current chapter, we will also present the results that we achieved with an
active phosphate glass fibre (made with a partially extruded preform) co-doped with
Er’* and Yb*' and tested in a Master Oscillator Power Amplifier (MOPA)
configuration [1]. This is a standard configuration for optical amplification. The
system is composed of two stages: a laser seed stage, where a laser pulse is generated
and may be modulated according to the needs, and a proper amplification stage. A
simplified sketch of the system is reported in Fig. 4.1. The main advantage of this
system is the ability to decouple the high-power section from all the other
components; this allows increasing the system flexibility. In our case, the
amplification stage has been designed with a custom fibre, obtained by drawing a
preform obtained using extrusion. The active fibre lengths were in the order of a few

centimetres.
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High-power
signal

Low-power
seed signal

Master oscillator — Isolator Power amplifier

Fig. 4.1. Simplified scheme of a MOPA system. The power amplifier is the component specifically
developed during the present work.

The high doping level (3.86 x 10?° ions/cm® of Yb** and 1.93 x 10% ions/cm? of Er’**)
allowed reaching high gain (10.9 dB) within only 14 cm of fibre. This is a great
advantage compared to usual silica fibres that typically achieve a gain in the order of
2-3 dB/m [1]. The high amplification obtained with our phosphate fibre allows using
a weak power seed signal and designing a device featuring high performances with
reduced dimension. This can be useful for a portable laser system, that can be mounted
on a flying drone, like the one required in the CompAct eye-safe Lldar source for
airBorne lasER scanning (CALIBER) project, to which both LINKS Foundation and
Politecnico di Torino are participating. This international project is aimed at the
analysis of the integration of a phosphate glass-based LIDAR system into a small to
medium unmanned aerial vehicle (UAV). Such a system finds wide applications and
is intended to be employed for monitoring strategic sites. As mentioned, Politecnico
di Torino has contributed to the project in the design and fabrication of the fibre for
the amplification stage.

In this framework, the employment of the extrusion technique for the realisation of
part of the preforms offered several advantages, the main one being related to the
preforms’ dimension. In particular, the ratio between the internal and external
diameters is a special feature of our extruded preforms. Especially the preforms
produced for single-mode active fibres show a very small core diameter. Except for
vapour deposition techniques, preforms for these kinds of fibres are usually obtained
with a double cladding assembly, to allow for the required core dimensions [2]—[4].
One of the main methods to produce lab-scale glass tubes is the rotational casting
technique. This technique has substantial limitations in terms of the allowed
core/cladding ratio. In fact, during casting the molten glass adheres to the mould
surface due to the centrifugal effect, and a hole is formed in the middle. The hole
dimensions are related to glass viscosity and speed of rotation and, despite the efforts
to vary these parameters, the core/cladding ratio of a rotational cast preform in the
case of phosphate glasses cannot exceed the values of 0.4 — 0.6 [5]. Thus, a double-
cladding technique was often employed: the core/1* cladding assembly is stretched to
fit into the hole of a 2™ cladding. This allows for a more flexible core/external
cladding ratio, but it is a time-consuming technique since both the tubes and the core
rod have to be polished by hand. On the contrary, the extrusion process allows
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removing all these steps and directly obtaining the final shaped tube, with more
flexibility in terms of hole dimension. The minimum core/cladding ratio obtained
during the present work with the preform extrusion technique is around 0.1.

In this scenario, to achieve the desired efficiency for the fibre amplifier, the main steps

can be summarised as follow:

(i) define a suitable glass composition and production techniques;

(ii) characterise the glass and calculate the related NA, based on the refractive index
difference between the core and cladding glasses;

(iii) use the NA to calculate the required fibre core diameter that leads to single-
mode light propagation;

(iv) calculate the desired die dimensions based on the required core/cladding ratio,
also taking into account the flexibilities of both the extrusion and drawing
process;

(v) design and produce the extrusion die;

(vi) produce the core by casting, polishing, and stretching the active glass

(vii) produce the cladding by casting and extruding the passive glass;

(viii)assembly core and cladding with the rod-in-tube-technique, thus obtaining the
final preform;

(ix) draw the preform into a fibre;

(x) characterise the fibre and test it into the final configuration of the device.

During this thesis’s work, a contribution was given in all the mentioned fields, except
for fibre characterisation, conducted by Dr Nadia G. Boetti and her collaborators in
the PhotonLab at LINKS Foundation as well as in BGU laboratories.

In the next paragraphs, the target applications will be described first. Then, details
about the theoretical background are provided together with the practical results of
glass synthesis, processing, as well as the design, production, and characterisation of
active fibres.

4.1.2 Laser Imaging Detection And Ranging (LIDAR)

Also called LIght Detection And Ranging in analogy with its ancestor, i.e. the radar
(RAdio Detection And Ranging), in recent times the LIDAR technology represented
a great advance especially for topographic investigation and physical detection. The
idea has been developed in the early days of the laser, at the beginning of the 1960s,
with the name Colidar, where the prefix co- was used to highlight the coherence of
the emitted light.
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Fig. 4.2. Working principles of LIDAR. (a) Rendering of the mechanism of a LIDAR system
mounted on a UAV. (b) Example of a LIDAR image of a forest (image in the public domain, taken
from the United States Department of Agriculture). (¢) Sketch of the main components of a LIDAR
system; the laser amplifier, subject of the present work, is highlighted with a bold font (image
adapted from [6]).
The basic mechanism of the LIDAR is intuitive: a laser signal, usually pulsed, is
emitted through the environment under study and the reflected signal is collected by
a photodetector. Depending on the wavelength of the emitted signal and on the type
of scattering that is detected, the processing of the reflected signal can provide lots of
information. The rendering of Fig. 4.2a illustrates the behaviour of a LIDAR system
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mounted on a UAV, while Fig. 4.2b is an example of a LIDAR image and Fig. 4.2¢
shows a scheme of the main components of a typical LIDAR. By now, the system is
employed in a wide variety of fields. It is worth showing a list of the main applications
to have an idea of their diversity: geology, topology, astronomy, archaeology,
atmospheric measurements (clouds, aerosols, gases, wind, temperature, pollution),
agriculture, biology and forest conservation, automotive (obstacle and road
environment recognition for autonomous vehicles but also speed detection for traffic
enforcement), military, forensic, mining and rock mechanics, etc. A research on the
database of Web of Science for the word “LIDAR” gave more than 40k results. Fig.
4.3 shows the trend in publications for this search key. The first scientific paper
appeared in 1965 [7] and, since then, the growth in the number of publications per
year fit an exponential curve. Furthermore, as the inset in Fig. 4.3 shows, the list of
Web of Science Categories, i.e. the main topics of the publications, is also quite long:
178 different topics can be connected to the word “LIDAR”. Among these topics, the
most important are Remote Sensing, Optics, and Meteorology, followed by Electrical
& Electronical Engineering, Geoscience, and Imaging Science. Yet, only 14 topics
show more than one-thousand publications each, 93 topics have between one-
thousand and ten publications each and 71 topics have less than ten publications each.
From this broad distribution, it is possible to see the diversity of applications that
involve LIDAR as the main subject.
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Fig. 4.3. A plot of the number of publications during the last fifty years regarding “LIDAR”. The
inset shows a semilogarithmic plot of the distribution of categories associated with each publication.
The most recurrent topics are Remote Sensing, Optics and Meteorology, but the tail of the
distribution comprises also 71 topics with 10 or fewer publications each.

Within the CALIBER project, a LIDAR system was designed to be mounted on a
UAYV for environmental monitoring of specific areas. Thus, the target application
required to work in normal conditions (ambient temperature and pressure). To reach
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the desired laser power, an optical amplifier is needed, which must work at specific
wavelengths (all in the eye-safe range, around 1.5 pm) and is required to sustain a
nearly single-mode propagation. The proposed solution satisfied the requirement of
the project and is now further investigated to finalise the device.

4.1.3 Optical amplifier

An optical amplifier is a device in which the gain medium may be an active glass fibre
and the signal to be amplified is coupled with a pump signal into the core of the fibre.

The contribution of the present work to this subject has been related to the
development of a phosphate glass doped with Er,Os3 or a combination of Yb>O3 and
Er 03, to produce the active core of optical fibres. The extrusion process was then
employed to realise hollow structures required for the cladding of the fibre preforms.
Indeed, the cladding of the fibre must be made of a passive glass in which the active
ions have been replaced by other lanthanides oxides (such as La;03 or Gd203). Several
billets of such passive glasses have been produced and characterised in terms of their
refractive index and thermal behaviour. The billets were then extruded with a die
specifically designed for each application. The extruded tube was assembled with a
stretched rod made of the active glass, and the preform, obtained with this rod-in-tube
technique, is drawn to a 125 — 250 pum fibre.

Active fibre principles

In active fibres, the core, i.e. the region in which the light is confined, is typically
made of a glass doped with active ions. When the light travels inside the fibre, if the
incoming radiation has the proper wavelength, the active ions may absorb and release
some energy (not all, due to non-radiative decays) by emitting a photon at a slightly
higher wavelength. This process is called stimulated emission and is the fundamental
phenomenon involved in the generation of laser light and optical amplification. The
wavelength of the incoming light is of crucial importance, since each ion shows a
different absorption spectrum, with characteristic peaks at specific wavelengths. In
Fig. 4.4 the absorption spectrum of Er’* is plotted for wavelengths ranging from 300
to 1700 nm. The most interesting absorption peaks for laser applications are
highlighted with red arrows. The inset of Fig. 4.4 shows the model of a 2- or 3-level
laser system, with the indication of the associated transitions. The peaks around 1500
nm are particularly relevant for environmental LIDAR applications since these
wavelengths belong to the so-called eye-safe range. The interaction of the human
retina with light at wavelengths of 1.4 — 1.8 um is negligible, thus allowing for laser

shine in an open environment without the risk of personal injuries.

79



Chapter 4. Active fibres for optical applications

3
25- 10 7 L] 1
E
L | —
—_ 2 = T | 132 ]
= = 1535 nm
@, = 1480 nm
o) 2
S 15/ w 980 nm
@
2 Y “lsa|
o
2
< 1
0.5¢ S0 rim 1480 nm
ok I L
200 400 600 800 1000 1200 1400 1600 1800

Wavelength [nm]

Fig. 4.4. Absorbance spectrum of Er*" ions acquired with a UV-vis-NIR spectrophotometer. The red
arrows highlight the most important absorption peaks employed for laser emission (adapted from
[8]). In the inset, the 2- or 3-levels laser schemes are reproduced, showing the main transitions of
Er’*: the absorptions at 980 nm or 1480 nm are represented with arrows pointing up, the emission at
1535 nm with a downwards arrow and the non-radiative transfer between the levels *I112 and “I13,2
with a dashed arrow. (Energy levels are taken from [9])
Indeed, to generate laser light, the stimulated emission is not sufficient by itself but
there is the need for some amplification (the word laser is the acronym of Light
Amplification by Stimulated Emission of Radiation). To get amplification, we need a
cavity, i.e. a confined structure that allows multiple reflections of the incoming light.
To build a laser, which is a confined optical amplifier, an active medium has to be
shined with two optical signals: the pump signal is used to create the so-called
population inversion, i.e. to have enough ions in the excited energy state; then, the
ions illuminated by another optical signal can decay to the lower energy state by
emitting a photon, which is in phase with the incoming signal. This description
represents the working mechanism of an optical amplifier. The second signal is the
one that is amplified, and the pump signal is the one providing the energy for the
amplification. If the radiation travels many times in the active region, because of
confinement at the ends of the fibre provided by mirrors (or, better, by fibre Bragg
gratings), the amplification is increased, and we are finally able to generate coherent
laser light.

In the near-infrared region (0.7 — 3 um) most of the lanthanides, or rare-earths ions,
exhibit several transitions. These ions can be added in the form of oxides to the core
glass composition. During the glass fabrication for the core, they are dissolved into
the glass matrix and become part of the glass network.
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Fig. 4.5. Laser scheme of a Yb-Er co-doped system. The pump signal excites the Yb*" ions to the
high-energy level, the *Fs; level. The energy is transferred with non-radiative processes to the “I112
level and then to the “Ij3» level of Er’* ions, from which laser emission finally occurs, with a
wavelength of 1535 nm.
In this way, in a system doped with a single active ion, i.e. Er’**, the pump radiation
excites the ions to the lasing level (i.e. the “Ii32 level of Fig. 4.4) and the signal induces
the transition with the emission of the amplified radiation. Er** ions can be excited
either at 1480 nm or at 980 nm. In both cases, the emission peak is centred at 1535
nm. In an Er¥*/Yb*" co-doped glass, each different active ion has its role. Fig. 4.5
shows the energy level diagram of such systems. The 2Fs; level of Yb*" ions is
populated due to the absorption of pump radiation. Usually, the pump wavelength is
980 nm due to the high availability of light sources operating at that wavelength, such
as semiconductor laser diodes. Yet, the absorption spectrum of Yb** is quite wide and
extends down to 900 nm and up above 1000 nm. The ions in the populated high-
energy state of Yb>" may transfer their energy to the *I;12 level of Er**, from which
the “I1312, i.e. the usual lasing level of Er**, is filled through nonradiative decay. For
this mechanism to be efficient, the transfer of energy should proceed only from Yb>"
to Er’* and not in the opposite direction. This can be controlled by minimising the
lifetime of ions that populates the *I;1/> state of Er**. In this way they directly tend to
transition to the *I13/2 level by nonradiative decay, thus the back-transfer from Er** to
Yb>* ions is minimised. Furthermore, the lifetime of the *Fs. level of Yb** should be

long enough to allow the transfer to Er** and avoid spontaneous Yb>" emission. The
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interaction of the Er** and Yb*" ions has been extensively studied in both alkali silicate
glasses and phosphorus-doped silica but it was demonstrated to be more effective in
phosphate glasses [10].

If the proper quantity of active ions is added to the core glass composition, a uniform
cloud of active elements is formed inside the core. When the light is forced to
propagate inside the core, the higher the active ions content, the higher is the
probability of light/ion interactions. This explains the research interest in using
phosphate glasses since they offer the possibility to increase the doping level above
the values usually employed with silica.

4.1.4 Active glasses

Bulk active glasses have appeared in the early 1960s [11] and, within a few years, also
active glass fibres were demonstrated [12]. In the following decades, several studies
on the optical properties of different lanthanides ions dissolved into various glass
matrixes have been conducted [10]. The importance of active fibres has further
increased when Erbium Doped Fibre Amplifiers (EDFAs) have been developed.
Those are optical amplifier made with an Er’**-doped silica fibre (the glass
composition may contain also GeOz, AlOs3, P20s, B203) [13]. In optical
communications, the possibility of the employment of an all-optical amplifier has
been a fundamental upgrade, that allowed avoiding the double conversion of optical

signals to electrical and vice versa.
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Fig. 4.6. A plot of the number of publications during the last fifty years for a combination of different
search keys. The search keys for each curve are detailed in the legend, with the number of results
shown in parentheses. To better highlight the trend of publications over time also for the less
common results, a semilogarithmic plot of the same quantities is shown in the inset. Data are taken
from the Web of Science online database.
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Fig. 4.6 shows a trend of the number of publications for different search keys. The
data are derived from the Web of Science online database °. The increasing interest in
the research about “fibre optic” is demonstrated by more than 217k papers on the
subject with more than 10k publications each year in the last five years.

Furthermore, from the inset of Fig. 4.6, it is possible to note how also the topics of
“active fibre”, “phosphate fibre”, “phosphate glass fibre”, and “phosphate glass
optical fibre” show a trend similar to “fibre optic”, whereas for a lower total number
of papers. Also, the topics of “phosphate fibre”, “phosphate glass fibre”, and
“phosphate glass fibre optic” are quite recent, since only a few publications were
available before 1990. The inventions of optical amplifiers and EDFA, together with
other discoveries and studies in the field of optical communication, are the main ones
responsible for the sharp increase in the published works in all the fields that occurred
in the last decade of the 20" century. The other interesting information in this graph
is evidenced by the gap between “phosphate glass fibres”/“phosphate glass fibre
optic” and general “phosphate fibre”, accounting for the research of fibres-related
topics concerning biomedical or mechanical applications of fibrous non-optical
material. In recent times, this gap is narrowing due to the growing interest in optical

applications.

Phosphate glasses are excellent candidates for active glass fibres applications. One of
the main reasons is the high solubility of RE ions that may reach levels of
102! ions/cm?, typically 50 times higher than standard silica glass [2]. Furthermore,
phosphate glasses show the largest cross-section for stimulated emission among the
oxide glasses, with values up to 4.8 102° cm? [14]. A high cross-section means that
high optical gain can be achieved. Unfortunately, the counter effect is usually a
reduction of the fluorescence lifetime value, which is typically one-half of silicate
glasses [14]. The optical properties of Er**-doped or Er**/Yb>" co-doped phosphate
glasses are the subject of several studies [2], [8] [15]. In some of these works [8], the
attention is focused on the occurrence of concentration quenching. This phenomenon
takes place at high concentrations of RE elements. In fact, at sufficiently low
concentrations (the specific value varies with the host glass composition), the RE ions
immersed in the glass matrix can be thought of as isolated or not influenced by the
environment. Yet, above a certain concentration of active RE, that is specifically
related to the host material, these ions are not fully coordinated by the bridging and
non-bridging oxygens present in the glass network: they also interact with one another
and tend to cluster together. This proximity causes the RE ions at the ground level and
at the excited state to exchange some energy, causing non-radiative cooperative
relaxation phenomena [10]. Phosphate glasses can host a higher amount of Er** ions
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than silicate glasses, due to the specific electronic environment that is locally created.
However, it is reported how a maximum amount of Er*" of 10.5 mol% showed a
reduced lifetime for the *I;3/ transition of nearly 2 ms, compared with the value of 7
ms obtained for the glass with 1.0 mol% of Er’*" ions [8]. Diminished emission
performances, or as in this case, a reduction of the lifetime, can be related to different
absorption phenomena. In the case of the cited work, the influence of the OH™ groups

absorption may also be significant.

In pure silica, Er’* ions tend to cluster even at a concentration below 1 mol% [16].
The co-doping of silica with aluminium helps to reduce the concentration quenching
phenomenon [13]. Many other glasses have been tested as hosts for RE ions. Among
them, fluoride (fluorozirconate) and chalcogenide glasses show another important
property which is low phonon-energy. This feature helps in controlling the rate of
multiphonon nonradiative relaxations. Those events may reduce the population of the
excited state, thus hindering the emission performances. Another well-known issue is
the presence of OH™ ions in the glass composition [10], [14]. The coupling of the rare-
earth states with the high-energy vibrations (around 3000 cm™) of OH" can induce
nonradiative decay. The contribution of this latter phenomenon to the overall
nonradiative decay is considered to be larger than that of the multiphonon relaxation
process [10]. Furthermore, the stretching vibration of OH™ groups is responsible for
the absorption around 3.0 pm that limits the applications at that wavelength [14]. The
excited-state absorption (ESA) is also an unwanted phenomenon that affects laser
behaviour. ESA happens when an ion in a metastable state is excited to a higher energy
level, usually followed by nonradiative decay back to the starting level. As an
example, in tellurite glasses, co-doping with Ce** reduced the excited state absorption
from the 1112 level of Er** and allowed improving the gain of the laser [17].

These and other phenomena contribute to the decrease of efficiency of lasing
performance and are mainly related to the host glass composition. The efficiency of
amplification is not the only aspect to consider when designing an amplifier. The
competition between gain and fluorescence lifetime sometimes promotes intermediate
candidates [8].

One of the most critical aspects in the fabrication of phosphate glasses for active fibres
is the presence of OH™ groups that are not easy to remove during the glass synthesis.
The negative effect of the OH™ groups is not only limited to radiation absorption, but
they may also interact with the RE ions inducing nonradiative emissions. The presence
of the OH™ groups can be detected by FTIR spectroscopy and is visible in the FTIR
spectra reported in Fig. 4.7. In that figure, FTIR measurements are compared for
glasses with different concentration of Er** ions. The peak around 6500 cm’, i.e.
centred at a wavelength of 1535 nm, is associated with Er** emission and, as expected,

becomes more intense by increasing the amount of Er2O; in the glass composition.
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The broad peak at around 3000 cm™! gives evidence of the presence of OH" groups. In
the case of the curves shown in Fig. 4.7, the OH" absorption peaks show a reduced
intensity, related to the reduced water content in the glass. Yet, some small differences
between the samples doped with a different amount of Er*" are present and are
ascribable to tiny variations in the process conditions. In detail, the sample with the
lowest Er** concentration resulted to have slightly higher water content.
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Fig. 4.7. A plot of FTIR spectra of different phosphate glasses with different Er,O3 mol%. The

absorption peaks related to Er** ions and OH- groups are highlighted (data are adapted from [8]).
Due to this high sensitivity to external conditions, during glass fabrication, constant
attention is dedicated to the minimisation of humidity inside the working
environment. The weighting of the reagents is carried out in a controlled N>
atmosphere environment, with relative humidity lower than 0.1%. During each step
of the process, the powders are preserved from any contact with humid air. The
melting process 1s also designed to remove any residual moisture: a controlled
atmosphere is kept inside the furnace for the whole fusion process, thus forcing the
residual H>O to evaporate.

To satisfy the requirements of the different projects, we synthesised several custom-
made phosphate glass compositions. The specific choice of each component of the
glass matrix, and its quantity, influences the thermal, mechanical, chemical, and
optical properties of the glass. This is the reason why we modified an already known
composition, adapting it to the specific needs of each application. During the current
work on active fibres, we prepared, characterised, extruded, drawn, and tested several
slightly different glass systems all based on P>Os as the main network former. The
prepared glasses also contained different portions of K->O, Li,O, BaO, B>0s, PbO,
Si0,, La;03, Gd20s. The selection of phosphate glasses is also supported by technical
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considerations: our available facilities, like the extruder and the drawing tower, are
designed to work with soft glasses and could not operate at higher temperatures, like
the ones used in the processing of silica. Tellurite or chalcogenide glasses could be
also good alternatives in terms of processing temperatures, but they are less
performant in terms of RE solubility, chemical stability in environmental conditions,
and processability (tellurite glasses have a steep viscosity-temperature curve often
accompanied by a high tendency to devitrification [18], [19])

4.2 Active glass and passive billet fabrication

The preparation of an active fibre by rod-in-tube technique requires at least two
glasses: an active core and a passive cladding. In the present work, the core is made
by stretching a rod of phosphate glass doped with active RE ions. At the same time,
the cladding is made by billet extrusion of passive phosphate glass. The cladding hole
and core rod dimensions are calculated to meet the project specifications. The
extrusion process allowed obtaining tubes with a sufficiently small central hole, to
match the project needs that are related to light-guiding properties, as further detailed
in the following paragraphs.

4.2.1 Glasses preparation and characterisation

Suction cone
(cutaway)

Usable
portion

Fig. 4.8. Example of a glass billet with highlighted the usable portion and the suction cone, which

has to be removed before the extrusion.
Syntheses of the glasses are realised as described in Chapter 2. The powder reagents
are mixed in a controlled atmosphere environment, to avoid contamination with
external agents, especially environmental humidity. During the core glass preparation,
also some compounds of active elements such as Er.O3 and Yb,O3 are added to the
mixture. The amount of RE ions that is introduced is calculated for the specific
application, according to the desired performances. In the present research projects,
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the amount of Er,O3 is varied between 0.75 mol% and 1 mol%, and eventually, Yb20O3
is added with a ratio Er:Yb ranging between 1:2 and 1:4. The glass batch is melted in
a furnace at 1200 °C. The melting is carried out in alumina or Pt/Rh crucibles. Part of
the cast glass is melt-quenched on a cold metal surface for laboratory analysis and
quality control, e.g. to detect any compositional inhomogeneities and to carry out
some preliminary measurements such as DTA. Instead, the rod for the core is obtained
by casting the molten glass into a preheated cylindrical mould with a diameter of 12
mm and 150-mm height. The cast rod is then annealed to release internal stresses.

After casting and annealing the rod must be polished by hand, with polishing papers
of different grades. In this way, it is possible to smooth all the signs of the mould and
then gradually refine the surface to remove any scratch visible to the naked eye and
reach an R, lower than 100 nm. The polished core rod is then mounted onto the
drawing tower and heated until it stretches to a diameter between 1 and 2 mm,
according to the size required by the specific preform that varies for each application.

The glass synthesis for the cladding preparation differs from the core one only
concerning the absence of active elements since all the weighting, mixing, melting,
and casting are carried out in the same way. Besides, the employed mould for cladding
has the shape of a billet, i.e. a 25-mm diameter, 50-mm height cylindrical mould in
our case. After casting and annealing, the obtained billet is cut to remove the suction
cone (see Fig. 4.8) and then is inserted into the furnace of the extruder. By employing
the proper die, the cladding tube is then formed via billet extrusion.
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Fig. 4.9. Dependence of the refractive index on the wavelength, for different glass compositions.
Different cladding glasses have been prepared by varying the glass compositions. The high refractive
index of the core glass is obtained by adding rare-earth oxides (both passive and active ions).
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The optical characterisation of the cast glass is carried out with UV-vis-NIR
spectroscopy (see Fig. 4.4) and refractive index measurement. The influence of the
glass composition on the refractive index of the glass is visible in Fig. 4.9. By varying
the relative amount of SiO» and lanthanides (either passive La;O3 and Gd»Os for the
cladding or active Er,O3 and Yb2Os for the core), the refractive index of the cladding
may be varied to match the required parameters. The value of the refractive index is
of great importance for the guidance and mode characteristics of the fibre and it is
fundamental for the fibre design, thus the measurement is usually repeated several
times in different positions of the sample, to verify the homogeneity of the glass and
to reduce the sources of systematic error.

The thermal characterisation is also important, and DTA or DSC curves are acquired
for each glass. Furthermore, by using dilatometry, the coefficient of thermal
expansion during heating is also registered, together with the dilatometric softening
temperature, and the viscosity-temperature relationship of the glass.
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Fig. 4.10. Dilatometry of an active phosphate glass doped with Er** and Yb3*. The slope of the curve
in the linear range (up to 460 °C) represent the Coefficient of Thermal Expansion acte. The inflexion
point of the curve represents the 7, and the peak evidences the dilatometric softening temperature
Ts. The measurement is conducted with a heating rate of 5 °C/min.
The dilatometric curve of an active phosphate glass co-doped with Er** and Yb*" is
shown in Fig. 4.10, while DSC associated with viscosity measurement is plotted in

Fig. 4.11.
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Fig. 4.11. Thermal behaviour of the Er:Yb co-doped active glass. The viscosity is measured with the
cylinder compression test over the temperature ranges of extrusion and fibre-drawing (dark-green
dots). The measured values fit a Vogel-Fulcher-Tamman exponential curve (dashed black line)
intercepting the T (red star) for a viscosity of 10'2 Pa-s. The results of a DSC measurement are also
reported (light-blue line), with the indication of glass transition temperature 7 at the inflexion point
(red star) and both the onset and the peak of crystallisation temperature 7 (blue crosses).

The investigation of optical and thermal properties of the glass has also the goal of

enlarging the spectrum of knowledge on the behaviour of different glasses as well as

on the influence of both the composition and the processing on glass properties.

4.2.2 Preform design for single-mode active fibre

Light propagation properties in the fibre are of paramount importance and are
determined by the geometric characteristic of the core/cladding and the refractive
index of the materials employed. Optical properties can be designed by considering
these factors and studying the propagation of modes inside the fibre. Indeed, when the
electromagnetic field is calculated by applying Maxwell’s equations to a confined
space, like the core of an optical fibre, the solutions can be considered in terms of
transverse modes, travelling with specific propagation constant [20]. As represented
in Fig. 4.12a, the fibre is considered as an infinite medium in the z-direction, or the
direction of propagation, while the symmetry of the system is circular on the x-y plane.

When applying Maxwell’s equations to this geometry, the solutions take the form of
the so-called Helmholtz’s wave equation. Only the light waves that satisfy
Helmbholtz’s equation can propagate inside the fibre. These propagating waves are
described as a superposition of transverse modes. The fundamental mode, represented
by a Gaussian beam with its maximum in the centre of the fibre core, is present even
for very small core diameters (the minimum allowed dimension for the core also

depends on the wavelength of the radiation, as explained next). By increasing the core

89



Chapter 4. Active fibres for optical applications

(a)

11 21

Fig. 4.12. Fibre propagation properties: (a) sketch of the fibre; (b) Hermite-Gauss and (c) Laguerre-
Gauss transverse mode patterns assumed by the propagating light in the core of the fibre [author of
(b) and (c): Bob Mellish]. Images available under the Creative Commons Attribution-Share Alike
3.0 Unported license.
radius or the refractive-index difference between core and cladding, high-order modes
are allowed to propagate. The shape of these higher-order modes can be measured,
and analytically derived, for each specific system. From a mathematical point of view,
the shape of the mode can be calculated as a combination of the Gaussian beam
solution with higher-order polynomial functions (such as Bessel’s, Laguerre’s, or
Hermite’s polynomials). All the higher-order modes have more than one off-centred
maximum [20]. The shape of Hermite-Gauss and Laguerre-Gauss modes 1s depicted
in Fig. 4.12b and Fig. 4.12c respectively.

To avoid mode dispersion and other detrimental effects due to multimode
propagation, the single-mode regime is preferred when working with optical
amplifiers. Indeed, it is demonstrated that the gain of the amplifier can be increased
in single-mode devices [1].

The mode propagation properties inside the fibre can be predicted by computing the
V number. This quantity is also called the normalised frequency and is expressed by
the equation:

V= 27taNA
)

where a is the core radius, 4 is the wavelength of the propagated light and N4 is the
numerical aperture, which is related to the refractive index difference between the

core and the cladding (NA = \/Ncore? — Nergaaing?)-
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Fig. 4.13. Dispersion curves of the Linearly Polarised (LP) modes in step-index fibres (adapted

from [21]).
The propagation modes in a step-index fibre can be observed through the dispersion
curves, reported in Fig. 4.13. Without going too much into details, these curves
represent the dependence of the propagation constant from the normalised frequency
and are obtained by solving the dispersion equation applied to a step-index fibre [21].
The curves highlight an important property of the V number: if V<2.405, the only
mode available is the linearly polarised LPo; mode, 1.e. the fundamental mode. In this
condition, the fibre is single-mode. If, on the contrary, V>2.405, the fibre is
multimodal since several high-order modes may also propagate (LPi1, LP2i, etc.).
During the glass characterisation and the design of fibre dimensions, the V number
helps in predicting the behaviour of the fibre. After the refractive index measurements
of core and cladding glasses, the maximum fibre radius allowing for single-mode
propagation can be calculated through the V number. In the case of the produced
fibres, the core diameter is ranging between 9 and 100 um the wavelength is around
1.5 um and the N4 is varying between 0.07 and 0.11.

In the designed amplification systems, multimodal propagation is detrimental since it
leads to a low level of collimation and high intermodal dispersion. To switch from
multimode to single-mode, we can work either on the glass composition or on the
radius of the core. The wavelength is determined by the emission spectrum of the
active ions (Er’" in our case, with its emission peak centred at 1535 nm). Even small
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variations in the glass composition can lead to a change in the refractive index of the
glasses (see Fig. 4.9). By refining the glass processing procedure, we were able to
limit the variations of the refractive index below + 1-10* between different batches of
glasses with the same compositions.

Fig. 4.14. Cross-section of an extruded preform. The green-shaded area represents the portion of the

preform that has been cut. The red dashed line highlights the central hole for the core which is

preserved from contact with the lubrication oil.
To measure the refractive index of the glasses, a small sample (~10x10x2 mm) is
obtained by cutting a portion of both glasses: the rod for the core and the billet for the
cladding. The difference of refractive indexes between the core and the cladding
allows calculating the NA and, with that, the maximum fibre core diameter to get a
single-mode fibre can be obtained by fixing the value of the V number. In this way,
also the required dimensions for the cladding preform are derived. The cladding glass
is cast into a billet and the billet is extruded through a dedicated die. The die must
show proper dimensions, that account also for the distortions due to the die swelling
phenomenon described in Chapter 3. Our effort, during the present research, was
aimed at reducing the possible sources of error through the employment of automatic
calculations for the dimensions of the extruder dies. Furthermore, the adoption of
some strategies to control the side effects (before, during, and after the extrusion)
allowed us to obtain interesting results.
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The main employed techniques are:

0

(ii)

(iii)

pre-treat the extrusion dies by polishing, cleaning, and thermally pre-oxidise
the stainless-steel pieces before extrusion;

set the temperature and speed control during extrusion to fulfil the dimensional
requirement and limit the presence of extrudate distortions as well as of flow
lines inside the bulk of the product;

replace the standard cutting procedure of the extruded tube (which used to
cause the contamination of the preform with lubrication oil and the subsequent
requirement of complex cleaning procedures) with a direct indentation-cut that
allows preserving especially the internal surface from unwanted
contaminations (Fig. 4.14). This procedure consists of producing an
indentation on the surface of the tube and then forcing the crack to propagate

by applying flexural stress.

These design and control strategies are further detailed in the next paragraphs.

4.2.3 Active core production

To match the needs of different applications, and to study the effect of the addition of

RE elements to the phosphate glass composition, we prepared core glasses with

different dopants and different doping levels.

Fig. 4.15. Different steps of the projects. (a) The stretched single material thin rods can be employed
as single-material waveguides; their average diameter is 1 mm. (b) The transmission optical
microscope image of the bare single-material fibre. (c) A RE-doped active core rod after casting and
polishing.
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Some studies have been conducted on Er**-doped glass containing 1 mol% of Er,0:s.
These works are part of international projects involving several academic and
technical institutions (LZH, U.S.ARL). To test the glass for drawing, a single-material
125-um diameter fibre is drawn from a 12-mm polished core rod. The obtained bare
fibre has shown to be homogeneous and no sign of crystallisation during drawing is
present (see Fig. 4.15).

Table 4.1. Details of the produced fibres with an Er:Yb ratio of 1:2 (data adapted from [1]). The
production techniques for the cladding are reported for each fibre as R.C. (rotational casting) or Extr.
(extrusion); ncore and neq are the refractive indexes of the core and cladding glasses; NA is the
numerical aperture of the fibre.

Fibre 1 2 3 4 5

Production technique R.C. R.C. R.C. Extr. Extr.

(cladding)

Core 100 78 50 20 12
Diameters [um]

Clad 230 178 125 125 125
Rcore 1.5661 1.5661 1.5661 1.5681 1.5661
Rclad 1.5620  1.5620  1.5620  1.5636  1.5639
NA 0.11 0.11 0.11 0.12 0.08

Attenuation Losses [dB/cm] 0.036 0.036 0.036 0.022 0.020

V number 23.13 18.04 11.57 4.85 2.03
Optimum length [cm] 4 4 4 14 16

Average output power [mW] 24.5 315 48 246 147
Peak power [KW] - - 1.6 8.25 4.93
Energy per pulse [uJ] - - 1.2 6.15 3.67
Amplification [dB] - - 3.8 10.9 8.67

Another study, developed in collaboration with BGU and TUT, was related to the
interaction between Er’* and Yb*' within a co-doped system. In this case, the
composition of the core glass was fixed with an Er:Yb ratio of 1:2, and the diameter
of the fibre was varied to investigate the influence of the fibre dimension on the light
propagation. Table 4.1 shows a summary of the produced and tested fibres with the
cited ratio of active elements. The calculation of the V number shows that only the
fibre with the smallest-core can be considered a pure single-mode fibre. As expected,
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in practical conditions, this fibre showed the lowest attenuation loss. The
amplification results obtained with these fibres are also reported in the table and will
be discussed in the final section of this chapter.

In all the above-mentioned cases, the core is obtained by casting an active glass into
a cylindrical rod mould (with a diameter of 12 mm and 150-mm height). After
annealing and polishing, the core rod is stretched, to match the desired dimensions for
fibre drawing. This is done within the drawing tower facility by setting a temperature
lower than the one used during the proper drawing process. The heat is forcing the
glass to slowly flow under its own weight, thus forming a thin rod, i.e. the stretched
core which may be employed for preform production via the rod-in tube technique.
After the stretching process, long portions of the active core rod are obtained, with
diameters ranging between 0.8 and 2 mm. The obtained thin rod is inspected, and a
region showing a useful and homogeneous diameter is cut and inserted into the tube
for the final drawing.

4.3 From glass extrusion to fibre drawing

(€)

Fig. 4.16. The components of the die. (a) A picture of the three main elements that form one of the
dies employed in the production of cladding preforms for active fibres, i.e. from left to right: the top
part, the spider-die, and the bottom part; (b) a 3D rendering of the designed die and (c) a section
view along the shaded plane in (b).
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The core rod production is a straightforward and well-consolidated process. On the
contrary, cylindrical tubes are more complex to obtain. Although rotational cast tubes
are also employed for some tests (for example fibre #1 — 3 in Table 4.1), the preform
specifically produced for the present work are made by extrusion. These latter tubes
are obtained by casting the cladding glass into a billet mould. The billet is then
extruded to form the cladding tube.

In our design, three main elements compose the die (see Fig. 4.16): a fop part, to direct
glass flow, a central part, i.e. the spider die (also called bridge or porthole die) [22],
[23], that gives the proper shape to the hole, and a bottom part, the welding chamber,
in which the external diameter of the tube is finally shaped. The spider die consists of
a 3- or 4-arms suspended pin that allows forming a hole in the extrudate. All the die
components are made of machined AISI 310 stainless steel.

Tubes with external diameters ranging from 10.8 to 12 mm have been produced,
featuring a central hole with dimensions comprised between 1.2 mm and 2.2 mm. The
final dimensions of the tube do not precisely correspond to the designed die
dimension, due to the die swelling phenomenon. The swelling causes the external
diameter of the preform to increase and the hole in the preform to decrease, compared
to the respective die dimensions. The effective variation is in the ratio of core/cladding

diameters of the die and the preform. This ratio between core and cladding can be

calculated both for the die (RCC(Die) = %), considering the dimensions of the pin
Die

Rcc (Extr) _ PHole

(¢pin) and of the die aperture (¢p;.), as well as for the extrudate ( " ,
Tube

measuring the preform’s hole dimension (¢y,;.) and the average external preform
diameter (¢rype). These ratios are Rq.?*® > R..E¥™™  The core/cladding ratio is
lower in the extrudate compared to the die since the numerator and the denominator
are diverging, due to the swelling phenomenon.

In the die design phase, compensation for the swelling to obtain extrudates with
satisfactory tolerances must be adopted and the proposed strategies are described in
the following section. After extruding and annealing, the tube is cut, to remove the
terminal parts; in fact, only the central straight and homogeneous portion of the tube
can be employed, since the beginning of the tube is usually bent, and the end is
elongated (pictures of extruded tubes are reported in Fig. 4.20)

The cladding tube and the core rod are assembled and held in position using Teflon

tape. The assembled preform is then mounted onto the drawing tower, to finally form
a fibre.
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4.3.2 Precision cladding extrusion

A picture of two billets is presented in Fig. 4.17, reporting the difference between the
as-cast billet and the ready-to-extrude billet, which has been cut, polished and washed
with a mild solvent.

Fig. 4.17. Two glass billets employed for the extrusion of cladding tubes. On the left of the picture,

a billet just after casting: the suction cone is visible at the top. Before extrusion, the suction cone is

cut. A roughly polished and washed billet is shown on the right of the picture.
Despite the many advantages of the extrusion of preforms, one issue of the process is
related to the small distortions that can affect the extrudate such as bending [24] and
tapering phenomena [25], die swelling [26]-[29], shape distortion for non-
symmetrical or multi-holes structures [30]-[33], and striae in the bulk of the glass,
also called shear bands or mandrel lines, related to the glass flow perturbation exerted
by the spider-die arms [23].

In the present paragraph, we demonstrate how some of these distortions can be
avoided, while others can be partially controlled and minimised. All these phenomena,
and the adopted strategies to cope with them, are summarised in Table 4.2.

The bending phenomenon is always present during glass extrusion since it is related
to unavoidable pressure or temperature inhomogeneities during the process [34]. In
particular, this phenomenon is evident in the first part of the extrudate which typically
emerges from the die with a high bending, or equivalently a small curvature radius.
However, as soon as the extrusion proceeds, the bending is reduced and, during the
steady part of the process, the extrudate recovers an almost rectilinear shape. Since
the first portion is sacrificial and is cut and discarded, our attention has been focused
on reducing bending during the steady-state.
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Table 4.2. Distortions during extrusion

Type of distortion Description Solution
Bending Macroscopic curvature of Add a weight to the
the extrudate extrudate’s tip or precisely
control temperature and
load
Tapering Elongation and thickening ~ Constantly increase speed
of the extrudate and slightly reduce the
temperature
Die swelling Enlargement of the section  Account for swelling during

of the extrudate (and related the design of the die
reduction of the section of =~ components

the holes)
Holes distortion Non-circularity of the holes  Negligible in a symmetrical
structure
Mandrel lines Striae in the bulk of the Increase temperature and
extrudate reduce speed

One solution to the distortions due to bending has been proposed by Stokes [24], who
suggests applying a small weight to the end of the preform to force the extrudate on a
straight path. Although effective, this approach can have also a detrimental effect, i.e.
the tapering of the preform. A simpler way of reducing the bending is avoiding load
distribution inhomogeneities and controlling the temperature during the whole process
with a tolerance of less than + 1 °C. Simulations performed with polymers melt
demonstrate the effectiveness of this approach [34].

Distortions due to bending are inversely related to the ones associated with tapering.
This latter is a phenomenon that starts to be relevant when the extrudate is already
partially formed and begins to exert weight on the softened glass. The glass may then
flow under its own weight and the tube’s external and internal dimensions are reduced,
causing the extrudate to taper. The phenomenon has been studied in detail [35] and
we adopted some expedients to control it. Two solutions have been found to mitigate
this effect: increasing the speed of the extrusion and lowering the extrusion
temperature. In general, we prefer to avoid temperature variation during extrusion,
since it may show a delayed response due to the thermal inertia of the glass. However,
the speed increase has also some drawbacks, since it causes an increased die swelling
and can also favour extrudate bending and striae formations in the bulk. For these
reasons, a combination of the two solutions is adopted: the speed is slightly increased,
until the load remains below a specific value, with the maximum being 5 kN, the
safety limit of the system; at the same time, when the extrudate has exceeded its half,
the temperature is gradually reduced of a few degrees, while always looking at the
load variation. Fig. 4.18 illustrates these concepts. The tapering is substantially limited
with this solution, without causing other major problems.
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Fig. 4.18. Partial report of an extrusion trial. Each curve represents a different quantity, but all the
curves are related to each other: when the temperature is reduced (- 2 °C), the load increases
(+ 0.9 kN) without any apparent correlation with the speed; when the temperature stabilises, a further
small speed increase (+ 10 pm/min) causes only a small load increment (+ 0.1 kN).
Die swelling is almost unavoidable when working with stainless-steel dies, due to the
sticking of the glass to the metal surface, as explained in Chapter 3. Several studies
have been made to replace stainless steel with graphite or boron nitride (BN) [36],
[37]. These materials introduce other problems in terms of contamination of the
preform and/or machinability. Thus, we decided to work with stainless steel dies and
try to cope with the effects of the swelling phenomenon.

Fig. 4.19 shows the resulted external extrudate diameters for two tubes, processed at
different loads, and associated speed. All the other extrusion variables (i.e. glass
composition, die dimensions, and temperature) are kept constant. In Fig. 4.19, the die
diameter is compared with the extrudates external dimensions, highlighting the
influence of the extrusion load on the final diameter of the product.

The die swelling effect may be described with a single parameter S, obtained as the
difference between the extrudate’s diameter ¢ 1, and the diameter of the die ¢p;,,
normalised with ¢p;., and usually expressed in per cent values: S = (Prype —
®pie)/Ppie - 100. For lower extrusion loads, the swelling is assessed between 3% and
5%, while with higher loads, the swelling may be around 15 — 16%. In some
conditions (i.e. extremely high speed and load during extrusion), the swelling may
reach 20%. In Fig. 4.19 there is a difference of more than 1 mm between the external
diameters of the two experiments, and this value may have a strong impact on the

ratios of the core/cladding preform and, consequently, of the fibre.

99



Chapter 4. Active fibres for optical applications

12.5 T T T T T I
Average load ~ 2.8 kN
——Average load =~ 1.1 kN
12 ";— —F —— o S - —= =
B
£
i 1.5
@ \
5
) I \
T x
g 1
2
>
w
05 I’,‘l_.‘
___________________________________ Dle dlameter b ieicceeeaNeeen-d
10 | | | | |
0 2 4 6 8 10 12 14 16

Preform Length [em]

Fig. 4.19. Measured external diameters of extruded tubes. The red line is the result of an extrusion
performed at a high average load (= 2.8 kN) which leads to a high swelling. On the contrary, the
blue line result is obtained by extruding at a lower average load (= 1.1 kN). The measurement is
performed twice at 90° for each point, and the error bars are reported in the graph. The average error
in the measurement is +0.04 mm for the 2.8 kN curve and +0.02 mm for the 1.1 kN curve.
For the project described in the present chapter, the die swelling phenomenon is
particularly important since the dimensions and the refractive index difference must
be tightly adjusted to obtain the desired fibre properties. To reduce the effect of the
swelling, we had to find the proper extrusion load and speed for a given glass/die pair
and then we replicated the optimised extrusion conditions. In this way, the swelling
can be controlled and directly compensated in the design of the die. Thus, when
designing the die, the outer die diameter is decreased of a quantity related to the
expected swelling, and the pin diameter is increased to compensate for the reduction
of the preform hole.

To account for the swelling phenomenon and calculate the required diameter of the
spider-die pin (¢p;,) to obtain a specific fibre core diameter (¢cpre = 2a), an
equation has been derived:
Doe(143)

Pripre(1 —5)

Here, ¢ripre is the diameter of the fibre, S = (Grupe — Ppic)/Ppie is the predicted

die swelling (expressed in decimal units), and the diameter of the core is written in
VA

2m-NA

bpin = 2

terms of the core radius a, obtained from the V number equation: a =

A simple computational tool has been developed using Microsoft Excel and then has
been improved by writing a Python script. With this latter tool, it is possible to select
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the diameter of the die aperture, the dimensions of the fibre, the expected die swelling,
the working wavelength, and the refractive indexes of both the core and the cladding
glasses. When all the parameters are provided, the script calculates the diameter of the
pin that allows obtaining the biggest core diameter in the single-mode region (i.e. for
V=2.405).

Other distortions that occur during extrusion are related to the non-circular shape of
the preform holes. This effect is particularly evident in the presence of preforms
featuring non-centred holes. As deeply investigate by Trabellsi et al. [30]—[33], the
position of the hole in the cross-section of the preform influences its distortion.
However, this effect is minimised when dealing with a simple core/cladding structure,
featuring a single hole located in the axial centre of the preform. Thus, it is neglected
in the present study, but will be considered for the production of multi-holes preform,

as described in Chapter 5.

Fig. 4.20. Some of the tubes obtained with the extrusion of phosphate glasses. The ruler shows a cm

scale.
The phenomenon of striae formation due to inhomogeneity of glass flow is also
evaluated [23]. The presence of these striae, also called mandrel lines, is attributed to
the shear rates present within the glass flow during extrusion. This issue is more
pronounced for relatively higher load, higher speed, and lower temperature and its
impacts may be significant especially on the optical performances of the fibre leading
to high scattering losses. The presence of these striae can be limited by reducing the
strain rates, which means increasing the extrusion temperature or reducing both the
extrusion load and speed.
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In conclusion, obtaining an extrudate completely free of distortions can be
challenging, and the best performances are obtained with a compromise between
conflicting needs. Some of the tubes obtained in this portion of the present work can
be seen in Fig. 4.20. The main point to be addressed is the need to find optimal
extrusion conditions for each glass/die pair. This allows to compensate for any
eventual distortion and finally obtaining a good matching between the design and the
results. Thanks to the proposed solutions, we achieved good extrusion results with a

semi-automatic control system.

4.3.3 Preform assembly

The assembly of the preform has some aspects to be addressed. The shape of the
assembled preform is directly responsible for the final fibre features. The assembly
operations must be carried out in a clean environment since any kind of contamination
of the interface between the core and the cladding can act as a strong scattering centre.
The core rod is obtained via a stretching aided by gravity, thus, it is perfectly straight
(£10 pm over 200 mm). The insertion of the core rod into the cladding tube should
avoid contact of the core rod with the tube walls, to minimise surface flaws, even if
the glass/glass interaction is not dangerous as metal/glass interaction in terms of
scratches. One way to reduce the rubbing of the core rod onto the internal cladding
wall has been found: the cladding preform is designed to show a slightly bigger hole
than the core rod. This tolerance T (usually T < 0.5 mm) substantially improved the
ability to couple the core and the cladding preforms. Attention must be paid to the gap
between core and cladding: during the drawing stage, this gap may not collapse, and
an air void can be still present in the fibre. This air gap at the interface between core
and cladding may act as a scattering centre inducing high propagation losses. Thus,
the presence of this air region must be avoided. An optimal combination of

dimensional tolerance and air suction during drawing can lead to the best results.

In the previous paragraph, a computational tool for swelling accounting has been
described. This tool is further improved by introducing the tolerance T due to the rod-
in-tube technique. The equation for the calculation of the diameter of the pin can be
rewritten accordingly:

Ppie(1+95)
Privre(1 =)

This tool allows for a straightforward calculation of the required die dimensions to

¢’Pin = 2a

achieve single-mode operation, also considering the tolerances of both the extrusion
and of the rod-in-tube technique.

When the core rod has been inserted into the cladding tube, the assembled preform is
ready to be mounted into the clamping system of the drawing tower. Teflon tape is
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employed to fasten together the core and the cladding and to mount the preform onto
the drawing tower feeding stage. The Teflon tape also avoids the contact between
glass and metal that could cause cracking due to mechanical or thermal stresses.

4.3.4 Single-mode active fibre drawing

Fig. 4.21. A close picture of the induction coil, with a heated preform visible at its centre. A scheme
of the drawing tower may be found in Fig. 3.6, and a full picture in Fig. 3.19a.
At the beginning of the process of fibre drawing, the preform has one end fastened to
the clamping support and the other pending in the centre of the induction coil, i.e. in
the hot region of the drawing tower. A close view of this part of the drawing tower
may be seen in Fig. 4.21, while more general representations are reported in Fig. 3.6
and Fig. 3.19. When heated, the preform starts to neck-down and the fibre is formed
and coiled up on the winding drum as described in Chapter 3.
Table 4.3. Details of the produced single-mode Er**-doped phosphate fibre obtained by cladding

extrusion; neore and neqq are the refractive indexes of the core and cladding glasses; NA is the numerical
aperture of the fibre.

Fibre diameters Core 12
[nm] Clad 125
Preform Core 0.98
diameters [mm]| Clad 10.30
Rcore 1.5709
Rclad 1.5684
NA 0.09
V number 2.154
Optimum length [cm] 60

103



Chapter 4. Active fibres for optical applications

For the different active fibres produced, several parameters were varied during the
drawing process. Both single and multimode fibres with different core/clad ratios or
different NA were produced. The best results obtained with an Er**-doped fibre are
reported in Table 4.3. This fibre showed a small doped core, suitable for single-mode
propagation (see Fig. 4.22).

4.3.5 Fibre properties and laser characterisation

The produced fibres are firstly analysed by visual inspection eventually under a
transmission optical microscope. This allows us to detect not only some geometrical
aspects, like the dimension and symmetry of the core, but also to have a preliminary

guess about light-guiding properties and homogeneity of the fibre (see Fig. 4.22).

50Em

Fig. 4.22. Cross-section of a single-mode Er**-doped phosphate fibre observed with a transmission

optical microscope.
The fibre propagation properties may then be investigated using the cut-back
technique. This is a standard laboratory test, in which some light is launched into the
core of the fibre and the power is measured at the end of the fibre at different lengths
(P(x1), P(x5), ...). In this way, the attenuation of the fibre can be evaluated as the ratio
of the power at the points x; and x,. Results of this kind of measurement are visible
in Fig. 4.23.

The detection of the confinement of the light into the fibre core allows us to predict
the actual fibre performances. We carried out this test by launching some light on one
fibre end and acquiring an image of the opposite end. To do this measurement we used
a butt-coupled fibre pigtailed laser diode source emitting at a wavelength of 1300 nm.

To find the best conditions we tested different fibre lengths. For the produced fibres,
obtained by drawing preforms made by combining extruded tubes and stretched active
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Fig. 4.23. Fibre loss measured with the cut-back technique on Er:Yb co-doped fibre. The
measurement is performed on a 20-pum core fibre (i.e. sample #4 of Table 4.1).
rods, the light was found to be partially confined inside the core for a length of 1-2 m.
Some light may leak into the cladding and the overall performances of the fibres may

then be very poor.

The bad light confinement may be explained either with inhomogeneities inside the
core glass, or with defects at the core/cladding interface, or even with the presence of
bulk striae inside the cladding glass, which may be effective especially when bending
the fibre. This latter hypothesis seems to be valid since the light confinement was very
poor in the case of a bent fibre. Yet, by decreasing the fibre length below 60 cm, the
light was found to be well confined inside the core of the fibre. Thus, an amplifier
produced with this fibre should have an active fibre section in the order of 0.5 m. This
length is compatible with the common needs of amplification. Some of the acquired
near field images are reported in Fig. 4.24.

Furthermore, some of the fibres produced by extrusion have been tested in operative
conditions as described in [1]. These Er:Yb active fibres are used for the amplification
stage of a MOPA system. This configuration allows obtaining a high-power laser
source by amplifying a laser seed signal. The set-up of the experiment is shown in
Fig. 4.25. The seed signal is provided by a CW single-mode semiconductor laser
diode. The diode is controlled through an on/off gain switching system that allows
emitting short light pulses (with sub-nanosecond length). Two multimode laser diodes
were employed for the pump, one at the front and one at the rear facet of the active
fibre. The output signal of the amplification stage is filtered (to remove pump signal
and Amplified Spontaneous Emission) and is sent to measuring devices (such as
power meter, photodiode, or optical spectrum analyser). To maximise the gain, several
core diameters and fibre lengths were tested. The dimensions of the tested fibres and
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)

Fig. 4.24. Pictures of the near-field light propagation for the single-mode fibre described in Table

4.3. (a) The light was not properly confined in the core for longer fibres. (b) With a shorter fibre, i.e.

below 60 cm, the light was found well confined in the core.
their performances are reported in Table 4.1. For each fibre core/clad ratios, it was
possible to find an optimum length showing the higher amplification. In fact, in the
small-core, single-mode fibres, absorption is homogeneous all over the fibre and a
higher length may be employed, thus increasing the overall amplification. The fibre
with 20 pm core and 14 cm length has shown the best performances with a maximum
peak power of 8.25 kW, with a pulse duration of 0.7 ns and repetition rate of 40 kHz,
corresponding to a net gain of 10.9 dB [1].
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Fig. 4.25. Experimental set-up of the power amplifier with Er:Yb co-doped phosphate fibre (adapted
from [1]).

A picture of the cross-section of some of these fibres is shown in Fig. 4.26. All the
fibre lengths employed in the case of phosphate glass active fibres are substantially

shorter than the ones that are needed for silica-doped fibres without a reduction in the

-
(b) (c)

Fig. 4.26. Cross-section of the Er:Yb co-doped phosphate fibres described in Table 4.1. (a) Fibre #2,
(b) fibre #4, and (c) fibre #5.

managed power [1].

4.4 Conclusions

The present chapter provides an overview of both materials and techniques employed
to design, fabricate, and characterise phosphate active fibres. The fibres are obtained
by drawing different preforms all realised via the rod-in-tube technique with an active
core rod and a passive extruded cladding tube. The glasses are synthesised starting
from high purity reagents, that are weighted in a controlled atmosphere environment.
The glass powders, either for active or passive glasses, are melted and cast into
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specific moulds for core and cladding, respectively. After casting, the core is polished
with meticulous handwork, while the cladding is extruded to obtain a hollow tube.
The extrusion technique has been employed for the first time to produce preforms for
phosphate glass active fibres and it has demonstrated to be an effective process. In the
production of the preform cladding, i.e. hollow tubes, the main advantage of extrusion
compared to other soft glass preform production techniques is the ability to obtain
unusual ratios of inner to outer diameters. We were able to produce preforms for
single-mode active fibres featuring extremely small cores. The preforms for these
fibres were obtained with a single step extrusion, which is a great advantage compared
to the laborious double-cladding procedure necessary to achieve similar results with
conventional techniques like rotational casting. The main drawbacks of extrusion are
also analysed and their effect on the propagation properties of the fibres is considered.
Also, some tools have been developed to account for the possible distortions of the
extrudate. The effective minimisation of the die swelling, as well as tapering, bending,
and shear bands of the preform are important advancements. The quality of the
extruded preforms has been substantially improved using the proposed strategies. The
extruded preforms allowed to obtain fibres with different dimensions. Several single-
mode active fibres were also produced. These fibres have been observed using optical
microscopy and near-field propagation images. With these analyses, the optimum
length of the fibre has been derived. The obtained dimensions are particularly suitable
for the design of compact devices for optical amplifiers. A MOPA configuration was
also tested and allowed to achieve amplification of several kW with sub-nanosecond
pulse duration and high-optical gain within a short fibre.

References

[1] O. Moschovitz et al., ‘Characterization of sub-nanosecond pulsed laser
amplification with Er: Yb co-doped phosphate glass fibers’, Optics Letters, vol. 45,
no. 18, pp. 5291-5294, 2020, doi: https://doi.org/10.1364/OL.402575.

[2] N. Boetti, D. Pugliese, E. Ceci-Ginistrelli, J. Lousteau, D. Janner, and D.
Milanese, ‘Highly Doped Phosphate Glass Fibers for Compact Lasers and Amplifiers:
A Review’, Applied Sciences, vol. 7,n0. 12, p. 1295, 2017, doi: 10.3390/app7121295.

[3] G. C. Scarpignato, D. Milanese, J. Lousteau, N. G. Boetti, and E. Mura,
‘Fabrication and characterization of a high-gain Yb-Er codoped phosphate glass
optical amplifier’, Journal of Engineering (United Kingdom), vol. 2013, 2013, doi:
10.1155/2013/858341.

[4] D.J. Richardson, J. Nilsson, and W. A. Clarkson, ‘High power fiber lasers: current
status and future perspectives [Invited]’, Journal of the Optical Society of America B,
vol. 27, no. 11, p. B63, 2010, doi: 10.1364/josab.27.000b63.

[5] D. Gallichi-Nottiani, D. Pugliese, N. Giovanna Boetti, D. Milanese, and D. Janner,
‘Toward the fabrication of extruded microstructured bioresorbable phosphate glass

108



Chapter 4. Active fibres for optical applications

optical fibers’, International Journal of Applied Glass Science, no. June, pp. 1-9,
2019, doi: 10.1111/ijag.14652.

[6] P. McManamon, Field guide to lidar. Bellingham, WA: SPIE Press, 2015.

[7] R. T. H. Collis, ‘Lidar observation of cloud’, Science, vol. 149, no. 3687, pp. 978—
981, 1965, doi: 10.1126/science.149.3687.978.

[8] D. Pugliese et al., ‘Concentration quenching in an Er-doped phosphate glass for
compact optical lasers and amplifiers’, Journal of Alloys and Compounds, vol. 657,
pp. 678-683, 2016, doi: 10.1016/j.jallcom.2015.10.126.

[9] G. H. Dieke and S. Singh, ‘Absorption and fluorescence spectra with magnetic
properties of ErCI3’, The Journal of Chemical Physics, vol. 35, no. 2, pp. 555-563,
1961, doi: 10.1063/1.1731968.

[10] M. Yamane and Y. Asahara, Glasses for photonics. Cambridge, UK: Cambridge
University Press, 2004.

[11] E. Snitzer, ‘Optical maser action of Nd+3 in a barium crown glass’, Physical
Review Letters, vol. 7, no. 12, pp. 444-446, 1961, doi: 10.1103/PhysRevLett.7.444.

[12] C. J. Koester and E. Snitzer, ‘Amplification in a Fiber Laser’, Applied Optics,
vol. 3, no. 10, p. 1182, 1964, doi: 10.1364/20.3.001182.

[13] A. Méndez and T. F. Morse, Optical Specialty Fibers Handbook. San Diego, CA:
Academic Press, 2007.

[14] H. Bach and N. Neuroth, The Properties of Optical Glass. Heidelberg, Germany:
Springer International Publishing, 1998.

[15] Y. Hu et al.,, ‘Performance of high-concentration Er 3+-Yb 3+-Codoped
phosphate fiber amplifiers’, IEEE Photonics Technology Letters, vol. 13, no. 7, pp.
657659, 2001, doi: 10.1109/68.930405.

[16] E. Snoeks, G. N. van den Hoven, and A. Polman, ‘Optimization of an Er-Doped
Silica tical Waveguide Amplifier’, IEEE Journal of Quantum Electronics, vol. 32, no.
9, pp. 1680-1684, 1996.

[17] E. A. Anashkina, ‘Laser sources based on rare-earth ion doped tellurite glass
fibers and microspheres’, Fibers, vol. 8, no. 5, 2020, doi: 10.3390/FIB8050030.

[18] J. S. Wang, E. M. Vogel, and S. E., ‘Tellurite glass: a new candidate for fiber
devices’, Optical Materials, vol. 3, pp. 187-203, 1994, doi: 10.1016/0022-
3093(90)90274-P.

[19] A. Belwalkar, W. Z. Misiolek, and J. Toulouse, ‘Viscosity study of the optical
tellurite glass: 75Te02-20Zn0O- 5Na20’, Journal of Non-Crystalline Solids, vol. 356,
no. 25-27, pp. 1354-1358, 2010, doi: 10.1016/j.jnoncrysol.2010.03.011.

[20] R. Noé, Essentials of Modern Optical Fiber, 2nd ed. Heidelberg, Germany:
Springer International Publishing, 2016.

[21] K. Okamoto, Fundamentals of optical waveguides, 2nd ed. San Diego, CA:
Academic Press, 2006.

109



Chapter 4. Active fibres for optical applications

[22] S. Kainth, Die Design for Extrusion of Plastic Tubes and Pipes - A practical
guide. Munich, Germany: Carl Hanser Publishing, 2017.

[23] A. Belwalkar, H. Xiao, W. Z. Misiolek, and J. Toulouse, ‘Extruded tellurite glass
optical fiber preforms’, Journal of Materials Processing Technology, vol. 210, no. 14,
pp.- 2016-2022, 2010, doi: 10.1016/j.jmatprotec.2010.07.018.

[24] Y. M. Stokes, ‘Bending in extrusion of optical fibre preforms’, ANZIAM Journal,
vol. 51, no. December 2009, p. 124, 2016, doi: 10.21914/anziamj.v5110.2334.

[25] C. A. G. Kalnins, K. J. Bachus, A. Gooley, and H. Ebendorff-Heidepriem, ‘High
precision extrusion of glass tubes’, International Journal of Applied Glass Science,
vol. 10, no. 2, pp. 172-180, Apr. 2019, doi: 10.1111/ijag.13092.

[26] E. Roeder, ‘Flow Behaviour of Glass During Extrusion’, Journal of Non-
Crystalline Solids, vol. 7, pp. 203-220, 1972, doi: 10.1016/0022-3093(72)90290-6.

[27] T. C. Papanastasiou, D. G. Kiriakidis, and T. G. Nikoleris, ‘Extrudate swelling:
Physics, models, and computations’, Applied Mechanics Review, vol. 48, no. 10, pp.
689695, 1995, doi: 10.1115/1.3005050.

[28] A. B. Seddon, D. Furniss, and A. Motesharei, ‘Extrusion method for making fiber
optic preforms of special glasses’, in SPIE, 1998, no. September 1998, p. 32, doi:
10.1117/12.323398.

[29] E. T. Y. Lee and E. R. M. Taylor, ‘Two-die assembly for the extrusion of glasses
with dissimilar thermal properties for fibre optic preforms’, Journal of Materials
Processing Technology, vol. 184, no. 1-3, pp. 325-329, 2007, doi:
10.1016/j.ymatprotec.2006.11.115.

[30] M. Trabelssi and P. F. Joseph, ‘Hole distortion and drift in extruded
microstructured optical fiber glass preforms: Part I — Sensitivity analysis’, Journal of
Non-Crystalline Solids, vol. 481, no. July 2017, pp. 208-224, 2018, doi:
10.1016/j.jnoncrysol.2017.10.045.

[31] M. Trabelssi and P. F. Joseph, ‘Hole distortion and drift in extruded
microstructured optical fiber glass preforms: Part II — Optimization’, Journal of Non-
Crystalline Solids, vol. 481, no. July 2017, pp. 412-423, 2018, doi:
10.1016/j.jnoncrysol.2017.11.021.

[32] M. Trabelssi, H. Ebendorff-Heidepriem, K. A. Richardson, T. M. Monro, and P.
F. Joseph, ‘Computational modeling of hole distortion in extruded microstructured

optical fiber glass preforms’, Journal of Lightwave Technology, vol. 33, no. 2, pp.
424-431, 2015, doi: 10.1109/JLT.2015.2388733.

[33] M. Trabelssi, ‘Numerical Analysis of the Extrusion of Fiber Optic and Photonic
Crystal Fiber Preforms Near the Glass Transition’, PhD Thesis, Clemson University,
Clemson, SC, 2014.

[34] G. Barakos and E. Mitsoulis, ‘Non-isothermal viscoelastic simulations of
extrusion through dies and prediction of the bending phenomenon’, Journal of Non-
Newtonian Fluid Mechanics, vol. 62, no. 1, pp. 55-79, 1996, doi: 10.1016/0377-
0257(95)01385-7.

110



Chapter 4. Active fibres for optical applications

[35] H. Tronnolone, Y. M. Stokes, H. T. C. Foo, and H. Ebendorff-Heidepriem,
‘Gravitational extension of a fluid cylinder with internal structure’, Journal of Fluid
Mechanics, vol. 790, pp. 308-338, 2016, doi: 10.1017/;fm.2016.11.

[36] E. Roeder, ‘Extrusion of glass’, Journal of Non-Crystalline Solids, vol. 5, no. 5,
pp. 377-388, 1971, doi: 10.1016/0022-3093(71)90039-1.

[37] H. Ebendorff-Heidepriem and T. M. Monro, ‘Analysis of glass flow during
extrusion of optical fiber preforms’, Optical Materials Express, vol. 2, no. 3, p. 304,
2012, doi: 10.1364/0me.2.000304.

111



112



Chapter S.
Microstructured fibres for

biomedicine

Materials for biomedical applications have gained increasing attention over the past
two decades, and several related emerging technologies are contributing to reshaping
the whole medical sector. The integration of optical fibres in biomedicine represents
a fundamental milestone for applications like surgery, diagnostic, and therapy
administration, among others. Nowadays, the use of biocompatible optical fibres in
the medical field is a consolidated habit. The main application is related to endoscopes
that allow for minimally invasive surgical procedures. Furthermore, in the field of
diagnostic, the chance to visualise alive human tissues with an increasing image
resolution allows collecting data avoiding dangerous and invasive systems [1]. The
sensing capabilities of an optical fibre are not limited to imaging, but several kinds of
bioresorbable sensors can be implemented for, e.g., temperature, oxygenation, and
neural activity monitoring [2] or the detection of several analytes, such as glucose,
urea, ammonia, etc. [3]. Also, the simple but powerful possibility of using a thin
capillary to deliver a drug directly onto an internal tissue, avoiding systemic drug
assumption with associated side effects, has been a great advancement. Furthermore,
laser light at different wavelengths is also employed for therapeutics or tissue ablation
and can be delivered using glass fibres. Finally, materials with the ability to dissolve
inside the body without consequences, are one of the new frontiers of the medical
practice [4]. Their employment is widely accepted since it allows reducing surgery
and hospitalisation.

The present work is aimed at demonstrating that peculiar features like imaging,
sensing, stimulating, and carrying either liquid or gas can be combined into a new idea
of optical fibre for biomedicine. A device that is not only a light carrier but can also
interact with the environment to sense or deliver drug topically. At the same time,
from the material perspective, this device is made by a combination of pure oxides
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that are readily dissolved inside the body after a tailorable amount of time. This allows
merging both therapeutic and diagnostic actions potentially avoiding the removal of
the implant. A whole procedure, that would probably require several surgeries and
invasive analysis, is collapsed into a thin filament, strong enough to be inserted into
the body through a mini-invasive cut but thin enough to be resorbed within reasonable
times. The power of this idea has moved our research group during the last years
through joint projects, scientific publications, international conferences, and
dissemination events. Furthermore, a patent related to the microstructured
bioresorbable fibre for the simultaneous delivery of light and drug, developed by our
research group, has been recently approved by the Italian Patent Office [5].

We explored the potential of the proposed technology also verifying the interest of the
healthcare personnel about it in several group meetings, interviews, and surveys also
prepared by a group of students from the Engineering and Management MSc course
of Politecnico di Torino. We acquired opinions from urologist, gastroenterologists,
and oncologists, as well as from the medical staff of the Candiolo Cancer Institute
IRCCS, a specialised centre for oncological therapy. Thanks to these interactions, we
reinforced our research interest toward a multifunctional microstructured

bioresorbable fibre, which can offer solutions to several medical issues.

Many projects on biomedical materials are supported by private companies, that may
sustain the costs for the whole process, from the development of the idea to the
production of the device. This process may be summarised in five steps:

(i)  the basic material research;

(i)  the design of the device;

(iii) the production of a prototype and the conduction of standard in vitro and in
Vvivo tests on animals;

(iv) the pilot production and the tests on humans;

(v)  the scale-up and marketing of the products.

All these steps require diverse skills and the overall process can take more than ten
years. The present study aims at investigating the potential fabrication techniques and
applications of a new kind of device. We focused on material development as well as
on the technical aspects connected to the design of the device and the preliminary
tests. The details about marketing, sale, and related topics are carried out through
industrial partnerships currently under development.

In this framework, we employed the tube extrusion for producing optical
bioresorbable microstructured phosphate glass fibre for several biomedical
applications. A new bioresorbable phosphate glass composition has been developed
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by our research group during the last years. Yet, the possibility of extruding a tube to
obtain a preform and then draw it into an optical fibre has not been demonstrated with
this bioresorbable glass. This constitutes the subject of this portion of the thesis work:
consolidating the control of the extrusion process to be able to extrude a high-quality
glass preform, thus producing a multifunctional bioresorbable optical fibre that
overcomes the limitations of standard silica optical fibre in biomedicine. Details about

the work carried out in these directions will be given in the following sections.

5.1 Bioresorbable glasses in biomedicine

Materials with a wide variety of properties are employed in the medical sector and are
generally named biomaterials. A further classification of biomaterials can be given by
their behaviour when in contact with human tissues or fluids. Indeed, they can simply
be biocompatible, i.e. inert materials that do not cause any inflammatory response of
the organism, or bioactive, which means that they somehow interact with the body
[6]. Different materials may produce different effects depending on their shape and
on the local conditions (such as temperature, humidity, pressure, pH, etc.). Besides,
some of them can also release some therapeutic element when being in contact with
body fluids. Bioactive materials can be sensitive to the action of biological agents
(enzymes or microbes), in which case they are named biodegradable. Especially for
bioactive polymers, there is a further distinction between bioabsorbable and
bioresorbable materials. The former are materials that dissolve or disperse in
biofluids, but their constituents (such as small polymeric chain fragments) are
eliminated and do not interact with the living tissues. On the contrary, bioresorbable
materials are completely dissolved into the body and metabolised by the organism [6].

A thorough description of the evolution of biomaterials over the years has been
provided by Hench & Polak [7]. They distinguished the first generation of
biomaterials, which was discovered in the 1960s and was mainly composed of
biocompatible inert materials; then the second generation, formed by bioactive
materials capable either of eliciting some reaction from the organism or, in some
cases, of dissolving. Finally, the third generation of biomaterials came out at the
beginning of the present century and comprises bioactive materials designed to
stimulate a specific cellular response [7]. Furthermore, in recent years, bioactivity is
not anymore divided from bioresorbability since bioactive materials are also
bioresorbable. Nowadays, sensors or flexible electronic components are often
developed using bioresorbable materials [2], [8].

It is worth noting the importance of bioresorbable glasses for biomedicine. The main
applications of biomedical glasses are the production of scaffolds for bone

reconstruction and the reinforcement of bioresorbable polymeric matrixes. A well-
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known bioactive glass is the 45S5 Bioglass® discovered at the University of Florida
in 1969 [9]. This glass has been thoroughly studied, thanks to its complex interaction
with biofluids. Due to its positive response to the tests, the 45S5 Bioglass® has been
approved by the Food and Drug Administration (FDA) already in 1985. Nowadays is
mainly employed in orthopaedic applications [10]. The dissolution kinetic, the apatite-
forming ability for bone regeneration, the production of scaffolds for drug
delivery [11], and the possibility of including dopants to stimulate the regrowth of
specific tissues or to add, e.g., antibacterial properties (see Chapter 6) are only some
of the aspects developed during the years [9]. Furthermore, a great number of
bioactive glass compositions have been investigated, belonging to the silicate, borate,
and phosphate glass families. The possible applications of these materials are diverse.
A quick overview of these applications allows understanding the vastness of the field:
ocular implant, peripheral nerve repair, wound healing, antibacterial bone/dental
cement, lung tissue engineering, skeletal, muscle, and ligament repair, cardiac tissue

engineering, spinal cord repair, etc. [12].

Bioresorbable phosphate glasses are employed to produce bare unclad fibres used as
a reinforcing agent for polymeric materials [13]—[17]. These fibres, and the related
composites, show extremely good mechanical properties [18], and tailorable
dissolution [19], [20]. Furthermore, advanced optical fibres made of different
materials have been engineered into multifunctional sensors [21]. For various
materials, the implementation of a sensor on the fibre tip has been demonstrated as
well as the exploitation of its elongated geometry to get linearly distributed
sensing [22]. However, except for a few works [1], [23]-[25], the optical behaviour
of bioresorbable phosphate glasses has not been investigated in detail. Some of the
cited studies have been conducted with the bioresorbable phosphate glasses
synthesised in our laboratory [24], [25]. Among the studies conducted at Politecnico
di Torino, a hollow core bioresorbable phosphate glass fibre has also been reported,
for fluid transfer supported by capillary force [26]. Light transmission was
demonstrated through the cladding of the fibre [26]. The same bioresorbable
phosphate glass composition has passed preliminary in vivo tests and no inflammatory
response has been detected after subcutaneous implantation in mice [27].

To summarise, bioresorbable glass fibre can be either a load-bearing element, a
medium to transmit light, a medium to transport fluid, or a sensor. Our idea is to try
to combine some of these features in a single device. In this way, a capillary can
become an optical sensor, or a fibre intended to be used as a reinforcement in
composite materials can transmit optical signals. Also, an optical fibre developed to
be inserted into the body and shine a specific area can, at the same time, deliver a drug
to that area and monitor the therapy. This may be an improvement in Photodynamic
Therapy (PDT), a treatment that involves the usage of a photosensitive drug, locally
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activated by light. All the described features can be combined into a bioresorbable
fibre, that is implanted and does not need to be explanted, since it simply dissolves
within a reasonable time, and its constituents are metabolised by the patient’s
organism. Besides avoiding surgery for the explant, the bioresorbability may be
effective also in another scenario: in the unfortunate case of breaking the fibre inside
the body, the sharp tips of the broken fibre will quickly become rounded and will
dissolve within a short time, in the case of a bioresorbable fibre. On the contrary,
conventional silica fibres may introduce a serious risk of injuries due to their

prolonged stability.

Indeed, the topic is wide and has numerous potential implications. Some of them are
addressed in the following sections that will describe, at first, the processes of design
and fabrication of standard core/clad bioresorbable optical fibre preforms. Then, the
topic of multifunctional bioresorbable fibres is addressed, and two main concepts of
multifunctional optical fibres are presented: a double-channel fibre and a
microstructured fibre.

The double-channel preform is an asymmetric structure, featuring two off-centred
holes with different sizes. One of the holes is intended to be filled with a core glass
and used to propagate light. The other one is meant to remain hollow and can be used
as a pipe to transport fluid, i.e. a drug. The production of such a complex preform
presented several challenges that are analysed in the current chapter. A great
contribution to face these challenges has been given by Computational Fluid
Dynamics (CFD) simulations that allowed to improve the design of the extrusion die
and get better control on the preform distortions. Although some authors have also
tried to simulate the behaviour of softened glass flow using plasticine at ambient
temperature [28], [29], this process still presents many unknowns regarding its
applicability to glass extrusion. Thus, we preferred to employ a more robust CFD
simulation approach that will be described below.

Once the extrusion process was assessed and optimised by CFD and experiments, a
microstructured fibre was developed. The preform has been obtained by extrusion of
tubes followed by stacking-and-drawing of an assembled preform. This preform
features an array of holes that surrounds the core. Light confinement in the core is
sustained by the presence of air voids in the cladding. This is an interesting feature.
By filling the holes of the cladding with a gas or a liquid, the refractive index around
the core will change, and this is going to affect the interaction of the light guided into
the core with the evanescent field penetrating the cladding [30]. So, we may obtain a
multifunctional device, able to produce a therapeutic action and, at the same time,
sensing the local variation of some quantity. Details about microstructured fibre
production and characterisation are provided in the final part of the present chapter.
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5.2 Bioresorbable phosphate glass optical fibres

Phosphate glass fibres with specific dissolution properties in vivo are the subject of
several studies, mainly related to their capability of interacting with damaged tissues
(muscles, nerves, etc.), thus stimulating and directing their regrowth [31]. When in
fibre form, these glasses are employed for both hard- and soft-tissue engineering [32].
Yet, biomedical glass fibres are seldom developed to exploit their optical properties.
These glasses are often opaque both in the visible and in the NIR wavelength regions.
Light absorption can be due to the presence of specific compounds in the glass
composition (e.g. Fe2O3, used to enhance the mechanical properties of the fibres, is
known to induce strong absorption [33]) or to the presence of impurities that can act
as scattering centres [1]. These impurities are mainly due to the fabrication method.
To obtain good glasses for optical applications it is mandatory to use high-purity
reagents and to work in a tightly controlled atmosphere. Only a low level of defects
allows enhancing the optical properties of the glass. A few ppm of the wrong
component may dramatically alter the optical behaviour. For this reason, great care
has been taken during all the manufacturing process of the glass, to minimise

contamination.

Bioresorbable glass has been produced and characterised in our research laboratories.
A proof of principle study of the biocompatibility of the phosphate glass composition,
together with its fibre-forming ability, was conducted in 2011 [34]. In this work,
phosphate glass compositions containing different amount of TiO» are characterised
for their physical and dissolution properties. Furthermore, all the tested glasses were
easily processed to draw fibres from bare unclad preforms. Subsequently, in 2016,
another research was published, regarding the relation of both the thermal and the
optical properties, as well as the dissolution of the glass, with the amount of MgO
added to the composition [25]. The study investigates the optical properties of the bulk
glasses: these glasses show a wide transparency window, ranging from UV
wavelengths up to the NIR region. Moreover, a core/cladding optical fibre has been
produced with two different bioresorbable glasses and showed values of attenuation
similar to the typical loss values of standard optical fibres made of non-bioresorbable
phosphate glasses [24], [25]. The same glass composition has been also analysed to
show the possibility of inscribing Fibre Bragg Gratings (FBGs) in the core of the fibre,
using an excimer laser radiation [35]. These gratings represent a valid and robust
solution to obtain sensing capability in an optical fibre. In biomedical applications,
they are interesting as temperature sensors and can also be employed for strain
measurement. Furthermore, the study shows the selective dissolution properties of the
grating in simulated body fluid, thus demonstrating its sensitivity to specific
conditions (e.g. the local variation of pH) [35].
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5.2.1 Bioresorbable phosphate core/cladding glasses

The glass composition employed for the extrusion experiments described in the
present chapter contains 50% P20s5 —23% MgO — 11.5% Na,O — 10% CaO — 3% SiO»
— 2.5% B20s. This is a high-MgO bioresorbable composition proposed by Ceci-
Ginistrelli et al. [25]. The presence of a high level of MgO, which is added in place of
CaO0, essentially affects the thermal properties, the dissolution rate and the refractive
index (for details, see Table 5.1). The composition of the glass for the core of the fibre
can be obtained, starting from the cladding composition, by replacing part of the MgO
with CaO. In this way the refractive index of the glass is raised as depicted in Fig. 5.1,
thus leading to a light-guiding structure. The core glass is expected to show also a
higher dissolution rate, which is beneficial since the core will be exposed to the
external environment only after the complete dissolution of the cladding, i.e. when the
device has ceased to work properly. The core glass would also show lower processing
temperatures and higher temperature working window. This reduces the chance of
crystallisation of the core glass during fibre drawing that could dramatically alter the
light propagation.
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Fig. 5.1. Refractive index (measured @ 633 nm) for different bioresorbable glass compositions with
varying amount of CaO and MgO (data are taken from [25]).
The glass preparation is carried out as already explained by weighting powders of
high-purity reagents inside a controlled atmosphere environment. The oxide powders
are then mixed and melted at 1200 °C in pure silica or Pt/Rh crucibles. The glass is
cast into preheated moulds, according to the needs. After the casting, the glass samples
are annealed at 440 °C for 5 h.
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The core glass mould is a cylindrical rod mould, with 8 or 12 mm in diameter and 150
mm in height. The cladding glass is cast into a billet mould, which has 25 mm in
diameter and 50 mm in height. The surface finishing of the core rod is extremely
important since any defect at the interface between core and cladding can act as a
scattering centre and reduce the light propagation performances of the fibre. For this
reason, the polishing is carried out using polishing papers with different grades until
an optical-quality is obtained. Then, the core rod is stretched to the desired diameter
in the drawing tower facility at LINKS Foundation as detailed in Chapter 3.

The annealed cladding glass billet is mounted on a cutting tool to remove the suction
cone. Then, the billet is washed with isopropanol and inserted into the extruder. After
extrusion, the preform is annealed again, to remove any thermal stress. Before
assembling the preform, the extruded tube must be cleared of the distorted ends. This
is done by indentation-cutting, avoiding the contact between the lubricating oil of the
cutting tool and the internal surface of the tube, as described in Chapter 4. After a final
cleaning procedure using isopropanol with anti-scratch tissues, the cladding tube is
ready to be assembled in a preform with the stretched core glass rod.

5.2.2 Glass characterisation

The main properties of the bioresorbable glasses with different magnesium content
are reported in Table 5.1.

Table 5.1. Effect of the compositional variation of bioresorbable glasses. The table reports the MgO
and CaO mol% variation, and the associated glass transition temperature (7,), the onset of
crystallisation (7./*"), the temperature working window (AT = T,*-T,), the dilatometric softening
temperature (7y), the coefficient of thermal expansion (CTE), the density (p), the refractive index n
(measured at a wavelength of 633 nm), and the decrease in the diameter 4D of 150 + 6 pm fibres after
immersion in PBS for 21 days. Data are reported from [25]

MgO CaO T, T.Y AT T, CTE p n AP
mol% mol% °C °C °C °C 10°°C! gem? pm
3 30 435 658 223 467 126 2606 1527 89
8 25 435 628 193 471 122 2600 1525 82
15 18 442 632 190 471 120 2598 1523 42
23 10 444 625 181 477 122 2589 1520 31

By observing all these properties, we decided to proceed with the study of the high-
MgO content composition. This composition represents the strictest choice in terms
of both extruding and fibre-forming ability since it shows the lowest difference
between the onset of crystallisation and the glass transition temperature (AT =

Tx(on) — Ty). The proximity of these temperature implies a higher risk of crystallisation
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during glass processing. We opted for this composition to demonstrate the
processability of the glass: if the working window of temperature is sufficiently wide
to process this glass, compositions with lower MgO content are expected to show
higher tolerance in terms of working conditions.

Texo Tip” =~ 725°C
0 P2 = g79°C

DTA signal [;:V/mg]

TE = 454 °C Tiﬂn) = 623 °C

100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Fig. 5.2. DTA measurement of the bioresorbable phosphate glass employed in the present chapter.
The characteristic temperatures (the glass transition temperature Ty, the onset of crystallisation 7,
and the two crystallisation peaks, T.?” and T,%?) are reported in the graph.
To further investigate the thermal behaviour of the chosen glass, we performed a DTA
measurement that is visible in Fig. 5.2. From the curve, it is possible to detect a 7, of
454 °C and two separate crystallisation peaks (related to two crystalline phases)
respectively centred at 725 °C and 879 °C. The onset of the lower temperature
crystallisation may be located at 623 °C.

The small difference of the glass transition between the tested glass and the one
described by Ceci-Ginistrelli et al. [25] may be due to measurement parameters, like
the quantity of sample, the presence of a reference, and, most of all, the speed of the
temperature increase during the measurement. The value of the 7, is very sensitive to
this latter aspect. On the contrary, the measured value of the 7" is consistent with
the previous value reported in Table 5.1 for a glass with the same amount of MgO.

As reported in Table 5.1, the dissolution behaviour of bioresorbable phosphate glasses
was also investigated by Ceci-Ginistrelli et al. [25]. The glass samples in fibre form
have been soaked in Phosphate Buffered Saline solution (PBS), in physiological
conditions (37 °C, pH = 7.4). The tested fibres are single-material fibres with a
diameter of 150 + 6 um. Both the weight and diameter reduction of the fibres were
measured at different intervals for 21 days. These tests allowed to demonstrate that,
by adding MgO and subtracting CaO, the dissolution time of the glasses can be varied
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according to the needs. The low-MgO samples can be considered completely
dissolved within 30 days, while the high-MgO glasses require a longer dissolution

time.

The viscosity-temperature dependence of bioresorbable phosphate glasses is another
aspect that was not investigated before. For the extrusion experiments, this
information is crucial. To get to know the influence of temperature on the glass
viscosity, the usual dilatometric measurement has been extended to higher
temperatures, well above the softening temperature 75 of the glass, as described in
Chapter 2. By acquiring the rate of deformation of the sample with increasing
temperature under a steady load, a derived measurement of the variation of the
viscosity during heating is obtained. A plot of the result of the measured viscosity is
shown in Fig. 5.3 and fits an exponential model that may be described by the standard
Vogel-Fulcher-Tamman (VFT) equation:

_ )
W= o e T, (1)

a

In this equation po = prg - e(T‘T9>, where pr = 102 Pas is the viscosity of the

material at the glass transition temperature 7,, while a and T}, are the VFT parameters.
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Fig. 5.3. The viscosity of bioresorbable phosphate glass measured with a cylinder compression test
and fitted to a VFT exponential model.

The accuracy of the VFT model with a viscosity at 7 equal to Hr, is assumed to be

enough for the present work, although some more accurate viscosity models have been
developed, like the Adam-Gibbs equation or the Mauro-Yue-Ellison-Gupta-Allan
(MYEGA) equation that take into account also the configurational entropy of the
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liquid [36]. We used the Greek letter u to describe the viscosity, in place of the more
common 7 notation, to make a coherent choice adopting the CFD notation for the
glass viscosity. In this field, the viscosity is usually considered either in terms of the
dynamic viscosity u or the kinematic viscosity v = u/p, where p is the fluid density.

To further test the optical properties, flat glass samples are obtained by cutting and
polishing a glass rod. The polishing is carried out on a semi-automatic polishing
machine using alumina paste with different grain size to obtain an optical quality
surface. Both the faces of the samples were free of any visible scratch before the
measurement. Light absorbance is measured at different wavelengths with a UV-vis-
NIR spectrophotometer.

The result of the UV-vis-NIR measurement of the bioresorbable glass with the highest
MgO content is plotted in Fig. 5.4. The broad transparency of the glass is visible from
this plot.
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Fig. 5.4. The absorbance of a bioresorbable phosphate glass measured with a UV-vis-NIR

spectrophotometer for a wide range of wavelength.
As already mentioned, the same bioresorbable glass compositions have been
employed to produce optical fibres, by combining two glasses with different MgO
content to get the required refractive index difference [25]. Several lengths of these
fibres were tested with the cut-back technique to determine the propagation loss,
reported in Fig. 5.5. The fibres were tested using two laser diode sources operating at
633 and 1300 nm and showed attenuation loss coefficients of 4.7 and 1.9 dB/m,
respectively. These results are comparable to typical loss values associated with
conventional phosphate glass fibres [24], [25].
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Fig. 5.5. Attenuation loss of a bioresorbable phosphate optical fibre measured with the cut-back
technique at 633 nm and 1300 nm (data are taken from [25]).

5.2.3 Preform design and fabrication

The maximum length of the fibre for in-body monitoring or drug delivery is a few
tens of cm. Also, the transmitted power is usually lower than the one employed with
active fibres described in Chapter 4. These aspects reduce the risk of the occurrence
of non-linear side effects. The light confinement in the core can be obtained by
selecting the proper couple of core/cladding glasses or by designing advanced
microstructured fibres, as will be described in the next paragraphs.

In this scenario, we decided to explore all the possibilities of the extrusion system.
Instead of trying to reduce the ratio between internal and external diameters of the
extrudate, i.e. the core/cladding ratio R..E**™, as we did for single-mode active fibre
production, we decided to increase it, aiming at a tube with a big central hole. In this
condition, the wall of the tube becomes increasingly thinner presenting a
technological challenge. After many experimental trials, we reached an important
result by reducing the wall thickness of the tube to = 1 mm. Table 5.2 shows a
summary of the produced bioresorbable tubes.
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By performing these extrusion trials it was possible to tune the extrusion parameters
(such as extrusion load, speed, and temperature) until the optimal conditions for the
processing of this bioresorbable glass composition were established.

Table 5.2. Summary of extrusion trials for bioresorbable phosphate glass tubes with different

dimensions. The parameter R, &*"

external diameters of the extrudate.

is the ratio between core and cladding, i.e. between internal and

External Internal Wall
Extrusion '
) diameter diameter R B thickness

trial
[mm] [mm] [mm]
#1 11.90 7.98 0.67 1.960
#2 10.23 5.98 0.58 2.125
#3 11.95 7.90 0.66 2.025
#4 10.42 7.68 0.74 1.370
#5 10.27 5.85 0.57 2.210
#6 10.33 5.75 0.56 2.290
#7 12.08 9.92 0.82 1.080

In particular, once the extrusion temperature has been determined, the maximum load
during extrusion can be estimated for each die by observing the RCC(Extr). To extrude
a tube with a thin wall, i.e. with R..E*™ ~ 1, the process must be carried out at high
load (> 1 kN) and low speed (< 100 pum/min). On the contrary, if the wall of the
extrudate is thicker, i.e. if the preform hole is small and the glass flow is abundant,
the extrusion can be carried out at a lower load and higher speed. It is intuitive to
expect that in the presence of a strong obstacle to the flow of the softened glass, i.e.
for thin-wall extrudate, the load required to squeeze the glass into the desired shape
can be higher.

These results were found heuristically but can also be explained with a basic fluid
dynamics approach that considers the reduction in the glass section from the area of

A

the billet Ag =

P2
43 to the area of the extrudate A4, = %((pﬁxt — @Z,). In these

formulas the diameter of the billet, @, is constant (®5 = 25 mm) while the external
and internal diameters of the extrudate, respectively @, and ¢;,;, may vary from
case to case. For the most demanding die, i.e. the one that produces the smallest A4,,
we have @, = 12 mm and @;,,; ® 10 mm (i.e. die #7 of Table 5.2). To satisty the
volume flow conservation law, the product of each section and the average flow
velocity over that section must remain constant, or Ag - vg = A, - v,, where vy and
v, are the average velocities of the flows of the billet and the extrudate, respectively.
To avoid uncontrolled distortions, v, is usually kept in the range of 1 — 10 mm/min.
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This means that if we reduce A, but we want a constant v,, then vz must be decreased
since Ag is constant. In other words, the movement of the billet must decrease if the
area of the extrudate is reduced; otherwise, the speed of the extrudate cannot remain
constant. The extrusion speed also influences the die swelling phenomenon as well as
the overall extrudate distortion. For this reason, the maximum speed of the billet is
always kept below 0.2 mm/min. In each extrusion trial, the other parameters will vary
accordingly. These considerations are valid for fixed glass composition and extrusion
temperature. In fact, by increasing the temperature, the glass viscosity is reduced (see
Fig. 5.3) and the velocity of the glass flow may then be increased.
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Fig. 5.6. AFM topographic image reconstruction of a portion of the inner surface of an extruded

tube.
To assess the quality of the extruded preforms, different kinds of surface roughness
measurements are performed especially on the inner surface of the glass cylinder. This
measurement can be quite challenging. Since optical profilometry may give unreliable
results with transparent glass samples, in the present work, two other characterisation
techniques have been employed: Atomic Force Microscopy (AFM) and Contact
Profilometry (CP). The AFM technique measures the force of interaction of the tip of
a cantilever with the surface atoms of the sample when the probe is put in the
proximity of the surface (at least a few nm or, better, A). The AFM can detect very
small features, reaching atomic resolution in particular conditions (i.e. extremely
sharp cantilever tips, sensitive instrumentations, etc.). The main limit of the AFM
measurement is the small area that can be investigated (a few pm? at the most). On
the contrary, CP measurements are performed by scanning a probe that is physically
put in contact with the surface. As explained in Chapter 2, the resolution of the CP
measurement is also affected by the probe dimension. Yet this technique may be
employed to scan surfaces up to a few cm?. We performed both these measurements
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on a small portion of the surface of an extruded sample investigating with special
attention the inner surface of the tube. This is the most challenging area since it is
often physically inaccessible. Moreover, the surface quality of this area of the preform
is fundamental for optical applications and may affect light propagation. For both
AFM and CP techniques, the measurement with the instrument probe on the concave
surface of the tubes can be difficult. Furthermore, the concave profile must be
subtracted from the measured curves during post-processing, to be able to detect the
roughness of the sample. In the performed AFM measurement, the area under
investigation was small (0.90 x 0.90 um), and a very low roughness value of
R.=0.37 nm is obtained. Results of the AFM measurement are shown in Fig. 5.6.
Yet, even if the profile of the tube is scanned for more than 2 mm, like in the case of
the CP measurement shown in Fig. 5.7, the overall roughness remains low, showing
R, = 6.4 nm. By combining the results of these two techniques we investigated both

the small-scale features and the average value of the whole sample.

These roughness measurements allowed confirming the capabilities of the extrusion
technique in terms of surface quality. These results are not surprising since it has been
demonstrated elsewhere that the extrusion process induces a fire-polishing on the
surface of the extrudate [37]-[40]. Due to the high-temperature, the surface of the

glass at the exit of the die is smoothed, and the eventual asperities are flattened.
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Fig. 5.7. CP scanning acquired along a line on the inner surface of an extruded tube.

A visual comparison between cast and extruded products is presented in Fig. 5.8.
Here, a rotational cast tube, a directly cast rod, a polished rod, an extruded tube, and
a stretched rod are placed side by side.
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Fig. 5.8. Cast vs. extruded product. The high roughness of the cast products is visible to the naked
eye, while the extruded tube and the stretched rod show a fire-polished surface. The surface finishing
of the polished cast rod may be enhanced with time-consuming handwork.

The fire-polished surface obtained with the extrusion process is similar to the surface
of the stretched rod which has undergone a thermal process in the drawing tower at a
temperature well above the 7. On the contrary, after standard or rotational casting,
the surface of the product is highly rough, as is visible in the picture.

Only in some cases, defects have been found on the surface of the extrudate,
particularly in the form of bubbles. These bubbles, trapped in the glass billet either
during the casting process or during extrusion, are fragmented and aligned according
to the glass flow direction (see Fig. 5.9). These bubbles may introduce a disturbance
in the flatness of the surface, and their effect is most evident if they do not collapse
during the drawing stage. An air bubble at the interface between the core and the
cladding of the fibre acts as a strong scattering centre, diffracting the light and causing
high propagation losses. Great care has been taken to avoid bubble formation during
billet casting.
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Fig. 5.9. Analysis of the defects on the internal surface of an extruded tube. (a) Pictures of the
longitudinally cut tube acquired with an optical microscope at different magnifications; (b) AFM
topographic image reconstruction: the presence of a small bubble below the surface was detected.

5.3 Multifunctional bioresorbable fibres

The extrusion process of tubes with different dimensions has shown to be a reliable
technique. To exploit the full power of the glass extrusion process, two
microstructured bioresorbable phosphate fibres have been designed and fabricated.
Details of the obtained preforms, along with the solution proposed to overcome the

issues encountered during their realisation, are presented in the next paragraphs.

The first example of a multifunctional fibre is a double-channel fibre. The design of
the cladding of such a fibre features two off-centred holes of different sizes. Both the
relative position and the size of each hole determine the variation of the glass flow
distribution, which affects the distortions of the preform. In the case of a strongly
uneven preform cross-section, the distortions might be so high that the desired
preform could be difficult to obtain. To deal with complex and challenging geometries
of the preform, we developed a CFD model that can predict the distribution of glass
flow inside the die. This allowed to test the performance of the designed die and
optimise the glass distribution before the actual production of the stainless-steel piece,
which is an expensive and time-consuming process.

The other microstructured bioresorbable fibre produced during the present work is a
hollow-cladding preform, featuring a solid core surrounded by an array of air holes,
all contained into an external cladding. The core and cladding of the fibre are made
with the same glass, thus the light confinement is obtained with the presence of a
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periodic structure in the cladding. To obtain this kind of preform we adopted a multi-
step process, which consisted of:

(i)  extruding the preform external cylinder;

(ii)  extruding the tube that will be used for the internal cylinders;

(iii) stretching the latter tube to obtain thin capillaries with a fixed diameter;

(iv) casting, polishing, and stretching to the desired dimension the solid rod used
as the core of the fibre;

(v)  assembling the external cladding, with the internal cladding tubes, and the solid
core;

(vi) mounting the stacked preform onto the drawing tower and draw it into a fibre

with a specific diameter.

5.3.1 Double-channel fibre

The design of a double-channel fibre became of interest when medical practice started
to need punctual drug delivery accompanied by localised light irradiation. The idea of
using light to stimulate therapeutic action dates back to ancient times. The Nobel Prize
in Medicine and Physiology in 1903 has been won by Niels R. Finsen, for the
discovery of the beneficial action of the heat-filtered light of a carbon-arc lamp (the
Finsen lamp) in the treatment of lupus vulgaris, a tubercular condition of the skin [41].
This is considered the invention of Photodynamic Therapy (PDT), whereas also
ancient Egyptians had discovered the therapeutic action of the ingestion of some
plants combined with the exposure to sunlight [42]. Up until recent days, the ongoing
discovery of a huge variety of photosensitive molecules, together with the
development of different light sources, allowed the PDT to become a robust medical
technique. Nevertheless, the most common practice requires the exposure of the body
of the patient to a standard (i.e. external) light source, which can have detrimental
effects on the exposed tissues. The working mechanism on which PDT is based
exploits the destructive potential of singlet oxygen and other radical species that are
produced during the photosensitive molecule degradation caused by light exposure.
To make an example, photosensitive drug molecules can be accumulated onto some
diseased cells like the lung of a patient affected by cancer, and, after light exposure,
the localised formation of active radicals can contribute to the destruction of the
unhealthy tissue. Furthermore, in the case of the treatment of several localised
diseases, the photosensitive drug is usually administered systemically by intravenous
perfusion and the selective accumulation onto the diseased tissue may require some
time (in the order of a few hours up to a few days). During this time the drug is not
harmful to the body since the molecule is not activated, provided that no light source
is present. An improper light exposure, e.g. before the completion of the process of
accumulation onto the specific tissue, can cause the production of active radicals and
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singlet oxygen near vital organs that may be accidentally damaged. Of course, this is
not a comfortable condition for the patient that needs to be protected from light and,
if exposed, might develop reactions all over the body.

One simple way to bypass the waiting time for the drug accumulation onto the target
tissue is to employ a topical treatment by directly delivering the drug to the specific
site with, e.g., an endoscopic fibre capillary. Furthermore, to avoid the exposure of
healthy tissues to the therapeutic radiation, the light can be focused on the target using
an optical fibre. These two separate solutions have already begun to be implemented
in common medical practice. Interstitial photodynamic therapy (I-PDT) is adopted for
several therapies. It has been demonstrated that I-PDT present minimal side effects
(compared to surgery and radiation exposure) in the treatment of prostate cancer [43].
On the other hand, a drug delivery system, based on the bioresorbable glass developed
by our research group, has been presented some years ago [26]. This system is
composed of a bioresorbable capillary with an external diameter of 220 um. The
capillary could be also employed as a hollow waveguide: light propagation in the
cladding was successfully demonstrated. These results are encouraging since light
propagation within these kinds of devices occurs in a contained length of the fibre
(usually below 2 m), thus posing less stringent requirements on the fibre losses.
Moreover, also high power laser propagation has been demonstrated in fibre produced
with the same glasses [44]. Despite these and other researches on the separate topics
of light and drug delivery, the possibility of integrating these two features into a single
device has been seldom explored yet [21], [45], [46]. Furthermore, the proposed

solutions are not bioresorbable.

In our experiment to produce fibres for simultaneous light and drug delivery, we
employed the high-MgO bioresorbable phosphate glass already described. The glass
is extruded into a double-channel preform, by using a specially designed die. Other
techniques were also available to produce a double core preform, all involving the
staking of different pieces together. Several studies have been conducted to produce
a double-core optical fibre, in which the two cores can be either on symmetric
positions [47], [48] or one in the middle and the other off-centred [49]. All these
techniques have intrinsic limitations due to the accuracy of stacking and to the
presence of interfaces and inhomogeneities. For this reason, we adopted the extrusion
process, which, in principle, should allow us to directly obtain a preform with the

designed dimensions.

Direct double-channel preform extrusion

The first step to develop a double-channel preform was to design an extrusion die with
an external diameter of 12 mm and internal holes diameter of 1.5 mm and 3 mm.
A sketch of the cross-section at the die exit is visible in Fig. 5.10a. The centres of the
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two holes are equally distanced from the median line of the cross-section. Once
preform dimensions and hole positions have been fixed, we tested two different
concepts of spider-dies, respectively shown in Fig. 5.10b and Fig. 5.10c. The first
type, named //-arms die, features a reticulum of supporting structures that hold the
die pins in position. The second one, called multi-holes die, represents a different
solution for sustaining the pins: the die features a planar solid structure with an array
of holes distributed over the cross-section. The available area for glass flow represents
only ~38% of the cross-section. The design of this latter kind of die is present in
several works on glass extrusion [38], [S0]-[52]. The 11-arms die shows a more open
structure, with around 54% of the area of the cross-section available for glass flow.

(a) (b)

Fig. 5.10. Design of the first types of double-channel extrusion dies. (a) The cross-section at the die
exit (the steel parts are represented in dark and the glass in a light colour), (b) the design of the 11-
arms and (c) of the multi-holes spider-dies.
The general flow theory says that the multi-holes solution should be interesting since
it would favour a more laminar and homogeneously distributed glass flow. If long
enough, the array of holes can transform almost any kind of turbulence into a perfect
laminar flow [53]. Considering our case, the presence of laminar flow inside the die

can be taken for granted in any condition. Indeed, the transition between laminar and

turbulent flow can be observed through the value of the Reynolds number Re = %,

where p = 2600 kg/m?3 is the glass density, v = 100 um/min is the average speed
of the flow, R = 4 — 6 mm is the radius of the die hole, and p = 108 Pa- s is the
dynamic viscosity typically used during extrusion. By simply inserting these numbers
in the Reynolds number equation, it is possible to see that in our case we are dealing
with Re « 1. Usually, Re < 1500 is associated with laminar flow, while for higher
Re, the regime becomes turbulent [53]. Thus, during glass extrusion, the laminar
condition is always satisfied.
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(b)

Fig. 5.11. Cross-section of the extruded preforms using the non-optimised double-channel dies. (a)

The preform obtained with the 11-arms die and (b) the one with the multi-holes die. The red arrows

highlight the defects associated with the glass flow through the multi-holes die.
In Fig. 5.11a and Fig. 5.11Db it is possible to see the results of two preform extrusion
respectively carried out with the dies of Fig. 5.10b and Fig. 5.10c. The red arrows in
Fig. 5.11b highlight the presence of several defects that form a honeycomb structure.
These defects are related to the features of the multi-holes die. Furthermore, due to
the derived value of Re reported above, the array of holes is not expected to offer any
benefit. The laminar condition is already granted by the combination of density,
viscosity, speed of flow and radius of the die. On the other hand, Fig. 5.11b
demonstrates that the presence of higher shear rates (related to the stronger
impediment to the glass flow offered by the multi-holes die compared to the 11-arms
die) and the formation of several glass/air interfaces after the transit of the glass inside
the multi-holes structure can lead to the appearance of shear bands and
inhomogeneities in the preform cross-section.

Apart from the aforementioned defects introduced by the specific features of the die,
the overall preform quality appeared to be very poor. In fact, both in the case of 11-
arms and of multi-holes die, the distortion of the preform section is pronounced.

The limited space between the bigger hole and the preform external wall creates a
substantial glass flow distortion. This affects the cross-section of the preform that has
a cuspid shape in place of a circular section. The roundness of the holes is also
compromised. Finally, non-homogenous glass flow influenced the longitudinal
preform distortions. During these extrusion experiments, the preform bending had to
be manually corrected several times since the high distortion was forcing the preform
against the extruder’s frame. Fig. 5.12 shows the manufactured dies with the
associated distorted preforms in a longitudinal view.
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Fig. 5.12. The first versions of the manufactured double-channel dies and the associated preforms
obtained. In (a) and (c) pictures of both the bottom and top views of the 11-arms die and the multi-
holes die are shown, along with the obtained preforms respectively reported in (b) and (d). The
longitudinal pictures of the preforms have a 90° rotational difference: in (b) the two channels are
overlapping, while in (d) they are visible on the upper and lower part of the preform.
The results of these first extrusion experiments with a double-channel design are not
satisfactory. Moreover, the cost of the whole experiments in terms of both materials
processing (the complex spider-dies are obtained by Electrical Discharge Machining

of stainless steel) and hours of work are significant.

Moved by these thoughts, we decided that a new route was needed to allow for the
prediction of the extrusion results with reduced costs. We needed to develop a model
to simulate the glass flow inside the die and somehow forecast the possible distortions.
Thus, we decided to employ an open-source CFD analysis tool as OpenFOAM® that
allows solving the Navier-Stokes equations for the distributions of different quantities
(usually pressure, velocity, and temperature) on a specific die geometry. The mesh
creation allows building a map of the whole fluid volume and, by applying specific
boundary conditions to the mesh contours, simulate the evolution of the system after
an initial stimulus. We are dealing with an incompressible flow of Newtonian fluid,
which is computed through the icoFoam solver. This is a temperature-independent
transient solver, so energy conservation is not considered. Since the source code of
the software is editable, we also modified the solver and developed an improved
model, that we named thermolcoFoam, intended to be used with incompressible flows
of Newtonian fluids in the presence of heat and an exponential viscosity-temperature
dependence derived by the VFT equation.

Our model computes the effect of any temperature variation on the distribution of
pressure and flow velocity over the whole glass volume. In detail, for each time step,
the model calculates the value of pressure and velocity over the whole mesh by solving

134



Chapter 5. Microstructured fibres for biomedicine

the so-called momentum predictor and carrying out the PISO-loop!’. In mathematical
form, the momentum equation can be written as:

ou

E+V-(<pU)—V-vVU—VU-VV=—Vp. (2)
Here, U is the flow velocity, p is the pressure, v = u/p is the kinematic viscosity,
and ¢ is the volumetric flux of velocity on the cell faces for constant-density flows
calculated as

(p=ﬁ€ U - ds. (3)

The left term of Equation ( 2 ) is the so-called velocity-equation written with implicit
derivatives, i.e. in which dependent variables rely on the value of one another from
the current time step. On the contrary, the pressure gradient on the right is an explicit
term (the pressure value is derived either from the previous time step or from an initial

guess at the first time step).

In our customised model, the viscosity v is temperature-dependent and is calculated
for each time step according to the VFT model with the equation:

a
v = v,eT-To), (4)

The values of temperature T are derived from the previous iteration (and ultimately
from the boundary conditions) while the values of the constants (v, a, and Ty) are
derived by fitting the VFT model (Equation ( 1 ) or ( 4 )) to the measured dynamic
viscosity, eventually normalising the values with the measured glass density p. At
each time step, Equation ( 2 ) is rewritten in a synthetic matrix form as MU = —Vp
which allows extrapolating the diagonal coefficients A of matrix M, thus dividing the
equation into a diagonal portion multiplied by U and a non-diagonal velocity-
dependent portion H: MU = AU — H(U) = —Vp. The non-diagonal terms are taken
into account through specific correctors but the matrix of diagonal coefficients A is
invertible and this allows obtaining a new equation for the velocity:

U=A"H—-A"1vp (5)

This equation leads to the calculation of the continuity equation V-U =0 in a
convenient form:

10 https://openfoamwiki.net/index.php/PISO
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V-(A"vp) = V- (471H). (6)

This is the so-called pressure-equation and is initially composed of an implicit term
on the left and an explicit term on the right (in the latter, dependent variables rely on
the value of one another from the previous time step). After several iterations, the
pressure values converge, and the velocity is then calculated using only explicit terms.
This ends the calculation of the PISO-loop and the obtained values of pressure and
velocity are used for the calculation of the subsequent time step.

Furthermore, our model also calculates the temperature-equation (i.e. the Navier-

Stokes’ energy equation) according to:

aT
E+V-(¢T)=V-DTVT. (7)
Here, ¢ takes into account the dependence of temperature T from flow velocity and

the term DT is the thermal diffusivity, which has the units of a diffusion coefficient

[m?/s] and is calculated as DT = a = p%, where A is the thermal conductivity and C,,
14

is the heat capacity at constant pressure. The calculated value of temperature for each
time step is updated over the whole mesh to derive the value of dynamic viscosity
employed in the velocity-equation.

Finally, regarding the boundary conditions, we usually adopted:

(i)  a fixed speed on the inlet of the flow, i.e. we assumed that the glass billet is
pushed at a constant speed;

(ii)  azero-gradient condition for the pressure at the outlet, which means that there
is no pressure drop when the glass exits the die;

(iii) a no-slip condition at the die walls, related to the presence of friction between
the glass and the die surface, that creates a layer of static fluid near the die
walls;

(iv) an optional temperature difference on the outer die wall, that can be linked to
the temperature variation imposed by the extruder furnace.

This model can be an interesting tool to detect the influence of the temperature
distribution over the whole glass flow. Fig. 5.13 shows some results of these
simulations. The modelled volume represents a section of the whole glass volume
inside the die. In this case, we wanted to detect the effect of the obstacles on the glass
flow at the die exit. The reliability of the model is confirmed by the validation of the
results, obtained by deriving the solutions of the standard case of the flow inside a
circular pipe and verifying the results with tabulated data.
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Fig. 5.13. Preliminary results of the simulations conducted with OpenFOAM® custom-designed
solver. The 3D design is shown in the top-left part of the image, but the flow of the glass is only
computed on a 2D section, evidenced with a green box. The results of the simulations may be
observed over the whole meshed region either in terms of the temperature evolution (top) or of the
glass flow velocity (bottom). The flow may be analysed also with vectors or flow-lines
representation (black box).
Despite the interesting and reliable results of the OpenFOAM® model that we
developed, the computational costs of the simulations increase with the mesh
complexity, and the application to a 3D geometry can require a huge computational
power. The calculations for the results reported in Fig. 5.13 have been performed on
an internal server and a full 3D calculation with a high-quality mesh, particularly in
the case of a complex die structure, would need a more powerful computational
infrastructure. Moreover, in our case, the design of the die is easily accomplished by
different CAD software (Onshape®, Solidworks®, Fusion360®) but the conversion
into an acceptable foam mesh can present different obstacles. For the presented results
we employed the OpenFOAM®’s default BlockMesh utility. Yet, using this tool to
obtain a mesh design of a 3D curvilinear structure like the ones considered herein is
very difficult since every single point has to be defined separately. Some external tools
like Gmsh (an opensource 3D finite-element mesh generator with a built-in CAD
engine and post-processor) have been tested.

Our main objective while developing these kinds of tools was to improve and simplify
the process of designing the extrusion die. But each of the complex and powerful CFD
tools just described requires specific training and their usage may be not
straightforward. Furthermore, the need for dedicated intense work for implementing
the 3D mesh after each die design is also a contradiction of the purpose of facilitating
and speeding up the die design. For this reason, we kept searching for other, simpler
solutions. And we finally came up with a web-based computer-aided engineering
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(CAE) software named Simscale®, able to perform 3D CFD simulations as well as
static and dynamic finite element analysis. One of the main advantages of this
platform is its full integration with the Onshape® CAD design software, which we
employed for the die design. The Simscale® system exploits the capabilities of
dedicated cloud computing, which enables to avoid any local need for computational
sources. The platform provides a free academic account with limited performances or
the option to buy a one-year subscription. Details about the results of the simulation
performed using Simscale® are provided in the next paragraphs.

Computational Fluid Dynamics: preform optimisation

sz
Y N\

Fig. 5.14. Steps of the 3D flow simulation. From the die design (3D object shown in blue in the left

part of the image), the volume of flow is derived (shown in yellow in the middle). A zoomed view

of the tetrahedral mesh is visible on the right.
The requirement for a fast and simple tool to predict the extrudate’s distortions led us
to the exploration of different methods to simulate the glass flow. The most affordable
tool in terms of time consumption, reliability of the results, and acceptable complexity
of the preform is the on-line platform Simscale®. This software offers a friendly web-
based user interface. Once imported the geometry from the Onshape® library, the
mesh can be generated. We opted for a Tet-dominant meshing algorithm with the best
available mesh fineness. This is an automatic meshing algorithm embedded in
Simscale® which builds a 3D mesh composed of tetrahedral cells. It is also possible
to set a refinement factor to get a higher level of detail, i.e. smaller cells, in particular
areas of the mesh, e.g. at the border of the die inlet or near the spider-die arms, as
visible in Fig. 5.14. While the mesh is generated, the other parameters can be set, i.e.
boundary conditions, material properties, simulation control parameters. The
boundary conditions are straightforward: there is a fixed velocity of inlet flow, the
absence of a pressure gradient at the outlet, and a no-slip condition on all the lateral
walls. These boundary conditions are similar to the ones described for the
OpenFOAM® simulations, except for the temperature gradient. The only material
properties specified are the viscosity and the density, while the thermal dependence is
here neglected.
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The calculations are performed on dedicated servers and the results can be either post-
processed online or downloaded for subsequent independent post-processing using
separate software like ParaView®. The amount of work needed for preparing a
simulation is substantially reduced compared to the previous model and the results of
the calculations are usually available within a few minutes/hours (the effective time
consumption depends on the number of employed CPUs as well as the mesh
complexity and fineness). This allowed testing several die designs, at first with simple
tube structures. The results of the first simulations are visible in Fig. 5.15, where the
flow velocity over a vertical cross-sectional plane is visible. Then, with the double-
channel configuration, the relative positions and dimensions of the holes have been
varied to see the effects on the glass distribution. This process can be effectively
integrated into everyday practice, as an improved die design technique.

Fig. 5.15. Calculated flow velocity over a vertical cross-sectional plane of the meshed region shown
in Fig. 5.14.
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The meshed geometry consists of the volume contained inside the die as depicted in
Fig. 5.14. The most interesting aspect to analyse is the glass distribution at the die
exit. One of the major sources of preform distortions may be connected to an uneven
glass distribution over the die section, particularly in the proximity of the generation
of the preform interface. As is visible in Fig. 5.16c the glass distribution over the exit
section of the first design of double-channel fibre is not uniform, and a strong
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reduction of the glass flow velocity appears in the same region where a related
distortion can be effectively found on the preform. Thus, it is possible to correlate the
cuspid-shape of the preform (see Fig. 5.11) to the reduced glass flow in the region
between the big hole and the external preform diameter, which is also responsible for
a dramatic longitudinal preform bending. By using the described computational tool,
we performed different simulations and compared their results, trying to optimise the
glass distribution at the die exit. We varied both the position and the dimensions of
the holes since both are responsible for the homogeneity of the glass flow.
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Fig. 5.16. Sketch of the cross-section of the manufactured dies and results of the flow simulations.
(a) The first die design, detailed in Fig. 5.10 and (b) the optimised design, with the blocking elements
shown in blue and the glass in yellow. The results of the glass flow velocity for the two
configurations are respectively shown in (c) and (d).
The optimised die design, shown in Fig. 5.16b features a couple of holes that are not
equally distanced from the central axis. The holes are respectively 2 and 3 mm in
diameter and their distance from the external wall is kept constant (2.5 mm). This
appeared to be the best configuration among the performed tests, and the resulting
glass distribution (shown in Fig. 5.16d) demonstrates substantial improvements

compared to the previous design (Fig. 5.16a).
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Re-designing the extrusion die

Thanks to the results of the simulations of the improved double-channel die, a new
die has been fabricated and tested for extrusion with the same glass composition.
Apart from the positions of the holes, the new die design also features a lighter
structure, with only 5 holding arms and an area of 73% of the cross-section available
for the glass flow (Fig. 5.17).

(@) (b)

Fig. 5.17. The optimised extrusion die. (a) Sketch of the design and (b) picture of the manufactured

stainless-steel die.
The resulted preform features a more circular external section. A comparison of the
resulting preforms obtained with the first design and with the optimised design is
shown in Fig. 5.18. Small distortions of the shapes of the holes are still visible as also
evidenced by the reduction of the speed of the glass flow between the two holes (Fig.
5.16d). Yet, the longitudinal distortions that were present with the first die design
resulted to be drastically reduced.

On average, the optimised design allowed a great improvement in the preform quality.
The tool has a great potential in helping the work of the designer by suppressing the
trial production of the components and consequently shortening the time required to
produce a high-quality extrusion die, even with complex shapes.
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Fig. 5.18. Comparison of the produced double-channel preforms obtained with (a) the first die
designs shown in Fig. 5.10 and (b) the optimised die of Fig. 5.17.

5.3.2 Microstructured fibre

One of the limitations of conventional core/cladding structures in sensing applications
is that, to achieve distributed sensing capabilities, cumbersome post-processing
techniques are needed to expose the core to the external environment. On the contrary,
the employment of a hollow-core capillary may allow a continuous overlap between
the fluid sample (gas or liquid) and the light. However, in this latter configuration,
light propagation is effective only if the refractive-index difference between the glass
and the fluid show specific values. In some cases, the multimodal propagation shown
by the hollow-core fibres may be detrimental for precise chemical sensing [30].

Another way to achieve light confinement is the use of microstructured fibres. Many
complex designs have been proposed but they can be summarised into two main
categories: hollow-core photonic-bandgap fibres (HC-PBGs) [54] and solid-core
photonic-crystal fibres (SC-PCFs) [55]. We focused our attention on the latter where
an array of holes acts as the cladding, with features showing dimensions comparable
to the wavelength of light, and provides a guiding structure for the travelling modes
in the central core. Small variations in the refractive index of the cladding structure
may affect the light propagation. This means that the microstructured fibre may act as
a distributed sensor [56]. The holey cladding structure may be filled with a gas or a
liquid. Capillary action would force the fluid to flow inside the holes of the cladding
and the presence of this fluid will vary the refractive index around the core, thus
affecting the evanescent field of the propagating mode.

Often, this kind of microstructured fibre shows a centre-hole omitted triangular lattice
(COT) [57]. In other words, the fibre shows a solid core, surrounded by a geometric
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distribution of holes that can be filled with different fluids. Yet, it is not the refractive
index difference between core and cladding, but the presence of an array of holes that
determines the light-propagation properties. Thus, the sensing capabilities of this kind
of structure are enhanced compared to the hollow-core capillary. Furthermore, single-
mode propagation is easier to achieve with these designs [30].
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Fig. 5.19. The designed solid-core PCF preform. (a) Sketch of the cross-section of the design and
(b) the preform refractive index variation along the red dashed line; in this example, the holes are
filled with air (n.;- =1), but light propagation will be sensitive to the variation of the refractive index
of the fluid within the holes.
We present here the design, modelling, and realisation of a microstructured fibre,
obtained using the extrusion system to produce the preform components. The target
design that we wanted to produce is composed of an external cladding that contains
4 rings of holes (i.e. 60 tubes) surrounding the solid core in the middle (see Fig. 5.19a).
By looking at the plot in Fig. 5.19b it is possible to see the effective refractive-index
variation that surrounds the core. The variation in the refractive index of the cladding
material influences the propagation properties of the fibre. This microstructured holey
fibre may be then used for biochemical gas or liquid sensing [58]. Sensor with high
sensitivity and accuracy may be obtained with this design [59]-[61]. Furthermore, the
fibre obtained with this preform should have a large mode area, which is beneficial
for the reduction of nonlinearities, also allowing for intense light pulses propagation
[62], [63].

Preform extrusion and stretching

The behaviour of the extruder has been optimised to work with the bioresorbable
cladding glass composition. The extrusion temperature is set to 520 °C and the
maximum applied load varies for each extrusion trials conducted with a different die
as already explained. We needed to produce two preforms, one employed for the
external cladding and the other for the internal tubes. In the following lines, we will
refer to the external cladding with the letter £ and to the inner tubes with the letter 7.
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The external cladding must show the biggest possible dimensions to contain the whole
(E) (E)
of

microstructure. We can vary both the outer diameter ¢, ; int

and inner diameter ¢

the external cladding. The aim is to insert all the capillaries that form the cladding
(E)

together with the solid core into the external cladding, so the bigger ¢, ;, the easier

(E)

will be the stacking of all the parts. Furthermore, ¢,,;

is limited by technological

aspects such as the diameter of the preform-clamping system on the top of the drawing
(E)

tower. For this reason, the need for increasing qol(ft) without changing ¢, ;

may lead

to a reduction in the wall thickness. The ratio RE = (pl(f ) / (p(E) must be as high as

t out

possible, approaching its upper limit of RE ~ 1. On the other hand, the thickness of
the walls of the cladding capillaries does not need to be so low. The capillaries that
will form the holey portion of the cladding are obtained by stretching an extruded
tube. After the stretching, the thin capillaries are cut to the desired length and inserted

into the preform stacking.

Fig. 5.20. Examples of some bioresorbable glass extruded tubes.

To proceed with these operations, the tubes are handled in a controlled atmosphere
environment to avoid sample contamination, and they must possess enough
mechanical strength to avoid cracking during the stacking procedure. Stretched
capillaries with thin walls may break at lower stress compared to the thicker ones. On
the other hand, in the case of thick walls, i.e. of small-hole tubes, the pressurisation of
the holes during drawing may be difficult. With tubes featuring small holes, the
surface tension during drawing may force the holes to collapse. For these reasons, an
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optimum ratio RT = (pl(g / (pg)t between the cladding tubes inner diameter (pgt) and

outer diameter (p(T) is found to be RT ~ 0.4. Finally, to get the solid core, a rod of the

out
(1)

same glass is stretched to obtain a diameter close to @, ;.

Table 5.2 reports details about the extrusion trials conducted to optimise the system
parameters for the production of the different parts of a microstructured assembled
bioresorbable phosphate glass solid-core/holey fibre. Fig. 5.20 also shows some
examples of extruded tubes

Preform assembly and fibre drawing

The stack-and-draw method for producing a preform is a multi-step process. Once all
the components have been prepared, the stacked preform is manually prepared. The
whole assembly operation is conducted in a cleanroom environment, wearing all the
required personal protection to avoid preform contamination, especially among the
inner parts After stretching the tubes for the holey cladding, the diameter of all the
stretched portions is measured with a digital calibre, with a resolution of 0.01 mm.
The measurement is taken at regular intervals (of 1 cm) along the whole length of the
stretched rod and tubes. The average diameter of the tubes is 0.85 + 0.02 mm and the
portions showing the least diameter variation are selected and cut into pieces with a
length of 15 cm. The final preform length is around 10 — 15 cm. The cut is performed
with a cleaving tool, and after cutting the glass pieces are cleaned with ethanol using
an anti-scratch tissue, to remove any eventual debris. To allow for effective drawing
without the risk of hole collapse, the tubes are sealed on both ends by quickly heating
their tips with a flame. In this way, the air remains trapped inside the tubes also during
the drawing stage. During drawing, to favour a good attachment of all the involved
parts, a suction system removes the air and force all the pieces to glue together. To
obtain a holey fibre some air must remain inside the cladding tubes until complete
solidification of the fibre. One route to get this result is the one that we followed.
Another option, currently being implemented on our system, is to handle the
pressurisation of the tubes, forcing a controlled flow of air or N> inside the fibre during
drawing. This could allow us to increase the dimension of the holes and to reduce the
thickness of the tube walls, without compromising their mechanical strength during
the assembly operations. Furthermore, the control of hole pressurisation allows
reducing the distortions in the dimension and shape of the microstructure that may
affect the quality of the fibre [38], [51], [52], [64]-[67].

Some steps during the preform assembly are shown in Fig. 5.21. At first, the extruded
tubes are cut to remove the distorted ends Fig. 5.21a. Then, the inner tubes and the
core rod are stretched to the desired diameters Fig. 5.21b. All the pieces are mounted
together to form the final preform Fig. 5.21c. Once completed the assembly, the
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preform is mounted onto the drawing tower feeding system. The fibre drawing is
conducted in the same way as a standard core/clad fibre, by heating the preform at a
temperature above 600 °C. The neck-down of the assembled preform during drawing
is visible in Fig. 5.21d.

Fig. 5.21. Steps during the preform assembly: (a) the usable portion of the external tube is cut; then

all the internal and external tubes shown in (b) are assembled; an intermediate step of the assembly

is reported in (c). Finally, the assembled preform is mounted onto the drawing tower and, upon

heating, the neck-down occurs (d). All the scale bars are equal to 10 mm.
After the preform neck-down, the fibre is rolled up onto the winding drum. Several
tens of meters of fibre have been obtained and the speed of drawing has been varied
to get different external diameters. We tuned the optimal drawing conditions to
produce a 125 um fibre, to match the most common standard of fibre diameter. The
shape of the fibre cross-section is measured at regular intervals along the fibre length.
The geometry of the fibre is conserved all over the fibre length, thus demonstrating
the viability of the process.

Fibre characterisation

Fig. 5.22a shows an image obtained with a transmission optical micrograph of the
fibre cross-section. Despite some efforts to get a homogeneous capillary diameter,
some tiny disturbances may be present in the dimension and straightness of the parts.
Compared to the designed structure of Fig. 5.19, the produced external cladding

showed a slightly reduced (pl(ft) . This explains why only 42 hollow elements (in the
place of 60) plus the solid core are employed to obtain the preform. The symmetry of
the structure may be highly affected by these irregularities. The importance of the
geometrical homogeneity of the holey tubes, as well as of the accurate prediction and
control of the die swelling phenomenon during extrusion may become more evident,
in the light of these aspects. The tools that we developed to reduce preform distortions
may allow us to get more precise results for the next trials.
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Fig. 5.22. The microstructured bioresorbable fibre. (a) Cross-section of the microstructured fibre
(picture acquired with a transmission optical microscope); (b) and (c) are images of the light
emerging at one end of the fibre for a core mode and a cladding-guided mode respectively.

A complex stacking has been produced which represent a preliminary but successful
result of obtaining a bioresorbable phosphate glass microstructured fibre with the
technique of preform extrusion. The performances of the obtained fibre have also been
characterised. A near-field light guidance test has been conducted on the produced
fibre. The acquired images are shown in Fig. 5.22b and Fig. 5.22c. A laser diode with
a wavelength of 1300 nm is coupled on one end of the fibre either in the core or in the
cladding. The guided modes are visible both in the core and in the cladding of the
fibre. This result further highlights the potential impact of this system, paving the way
for the production of a bioresorbable photonic crystal fibre.

Direct microstructured extrusion

To fully exploit the advantages of the extrusion system, the direct production of a
preform for microstructured fibre could be carried out. Preform extrusion of glass is
particularly suitable in the case of complex structure design. The extrusion die design

is more complex than the ones presented, and preliminary tests were necessary.

The analysis of the positions, dimensions, and related distortions of the holes over the
cross-section of multi-holes extruded preform has been thoroughly studied [51], [52],
[65]. The distortions of the extruded preform can affect the propagation properties;
thus, their analysis and prediction are important aspects for the design of a
microstructured fibre. A combination of surface tension and viscosity plays a major
role in determining the final shape of the holes. Just after leaving the die, the glass is
still highly deformable, since its temperature is still above the 7. The formation of
the extrudate occurs when the softened glass appears at the exit of the die. The
interface between the softened glass and the stainless steel of the die is replaced by
the interface between preform and air, i.e. the free surface of the preform. At that
point, both the shape and relative position of the holes rearrange to accommodate for
the variation of the flow due to the changed degrees of freedom. Thus, the distortion
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of both shapes and positions of the holes cannot be avoided but only minimised. One
of the ways to minimise these distortions is to redefine the position of the holes to
obtain the most uniform glass distribution over the whole cross-section. The
uniformity of the glass distribution means that, on average, both the space between
the holes and the distance between the blocking elements and the external diameter of
the die must be almost constant all over the die cross-section.

Preliminary simulations with an extrusion die for microstructured fibre production
showed that the direct extrusion of this kind of preform needs a big die aperture (> 20
mm) to be able to force the glass flow into the interstices of the die. In our case, both
the extruder and the drawing tower present technological limitations to deal with
preform diameters bigger than 14 mm. Thus, considering also the die swelling
phenomenon, the maximum allowed diameter of the die aperture is around 12 mm.
Hence, direct preform extrusion with the target multi-holes shape seemed to be very
difficult with our system. Several simulations have been carried out on different
microstructured designs. We tried to reduce the number of holes in the preform to see
if the simulation gave better results. Some of these results are presented in Fig. 5.23.
The comparison between the two structures presented in Fig. 5.23 allows confirming
the need for a design of the die that would favour a homogeneous distribution of both
the glass flow and the die features. One simple consideration on the hydrodynamic of
the system may be helpful: the glass flow is favoured where less hydraulic resistance
is present. If there are regions over the die cross-section showing an ample free space
for the glass flow, and other areas presenting only subtle passages fitted between
blocking elements, the flow will be more abundant in the first regions, and only a
limited (or null) amount of glass would flow in the bottlenecks. In the design of Fig.
5.23a, which is similar to the target design that we wanted to produce (shown in Fig.
5.19), the presence of the blocking elements condensed in the centre of the preform
strongly limits the glass flow in that region, as is visible in the flow simulation at the
die exit of Fig. 5.23c. On the contrary, the homogeneous distribution of the die
features presented in Fig. 5.23b allows for a more homogeneous glass flow
distribution, as it is possible to see in Fig. 5.23d. The production of this optimised
preform would require a surrounding cladding. However, our target was to produce a
4-rings design featuring a higher number of holes than the one described by these
calculations. More simulations or substantial modifications of our extrusion system

may be needed to achieve this result by direct extrusion.
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Fig. 5.23. Design of two SC-PCF extrusion dies and results of the glass flow simulations. The cross-
sections of the simulation domains at the die exit are represented in (a) for the basic microstructured
design and (b) for the optimised microstructured die, with the glass shown in a light colour and the
blocking elements shown in a dark colour. The glass flow velocity resulting from the simulations
computed on the structures sketched in (a) and (b) are respectively shown in (c) and (d).
In summary, one solution to obtain a complex preform by direct extrusion may be to
reduce the external cladding thickness and increase the dimension of each hole of the
preform, to have a more open structure, like in the design shown in Fig. 5.23d. This
preform can be eventually stretched to fit the required dimension for drawing. Despite
the promising results of these simulations, the production of such a die has been
postponed. More data about both the extrusion and the drawing conditions of these
complex structure are needed. As a first attempt, we preferred to proceed with a more
straightforward route. Yet, the quality of the preliminary results achieved by extrusion
followed by stack-and-draw demonstrates the potential benefits of this technique in
microstructured fibre production.
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5.4 Conclusions

Microstructured multifunctional bioresorbable fibres have been designed and
successfully fabricated in the framework of the present thesis. The objective was to
demonstrate the possibility of realising complex-shaped preforms through the
extrusion technique applied to bioresorbable phosphate glasses. These preforms are
intended to be used for biomedical optical fibres production. We performed a
thorough characterisation of the glass, in terms of both thermal and optical
measurement. We also studied the dependence of the viscosity of the glass from the
temperature, which is an important parameter for extrusion trials. We also performed
several extrusions with bioresorbable phosphate glasses and we characterised the
surfaces of the extruded product, demonstrating the extremely low roughness
achievable with this system.

We propose a new preform design featuring a couple of non-symmetric unequal holes.
The design is intended to be used for the simultaneous delivery of drug and light. The
surgical procedures for photodynamic therapy could be substantially simplified by
producing this kind of fibre with a bioresorbable glass. Preliminary results
demonstrate the interesting perspectives provided by the extrusion process in this
context. Furthermore, we developed a method to optimise the production of extrusion
dies allowing for a straightforward design that avoids a huge waste of time and energy.
This method involves standardised CFD tools and leads to a simple but effective
optimisation of the process. The reduction in the distortion of the extruded products
after this optimisation step demonstrates the applicability of the method.

We also reported the fabrication of a new microstructured bioresorbable fibre
designed to be used as a sensor in biomedicine. A complex preform was obtained by
assembly a stacking of extruded tubes. This preform was drawn to a 125 um fibre and
the effective light propagation of this fibre was demonstrated. Such design opens
several possibilities for the development of bioresorbable optical sensors.
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