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Gallium lanthanum sulfide (GLS) with the addition of selenium (Se) glasses, have

been proven as a reliable medium to transmit light in the range from the visible

to the longwave infrared (LWIR). This family of chalcogenide glasses offer a broad

transparency window depending on the composition. Their optical, mechanical

and thermal properties have been exploited in their bulk form. Increasing inter-

est in chalcogenide photonics research includes sensing for the civil, medical and

military areas, as the molecular fingerprint region is within the GLS-Se glass trans-

mission window. These application areas exploit the GLS-Se characteristics in an

optical fibre geometry. The aim of this work was to explore the feasibility of ob-

taining glass rods and structured preforms from GLS-Se glass that could be drawn

into optical fibres. For this, the extrusion process is explored by emphasizing the

need to maintain the desirable glass characteristics throughout the entire process,

from the glass melting to the fibre drawing. For this purpose, each step was stud-

ied and defined to maximise the exploitation of the equipment and the materials

involved. For the first time it is shown that GLS-Se glasses can be extruded with

a minimum alteration of their optical, thermal and mechanical properties. The

amorphous phase was maintained, and corroborated by refractive index measure-

ments, Raman spectroscopy and XRD. Several challenges were arisen during this

work, using each of them to fully complete and develop a methodology to be able

to obtain optical fibres. Further work might include reducing the losses of the

optical fibres using this process.
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Chapter 1

Introduction

1.1 A short review of “modern” optical fibres

On May 27th, 1879 Dr Otto Schott wrote a letter to Professor Dr Abbe with some

exciting news: “I recently produced a glass. . . ” [7], this short letter contained an

inherent excitation that can be perceived in each word. Dr Schott was certain that

his achievement could mean the start of a new phase in the production of glasses

with unique optical properties, a breakthrough event which occurred after the 93rd

trial melt. After moving to Jena in 1884 the Glastecnsisches Laborarorium Schott

und Genossen was established, with the help of Ernst Abbe, Carl and Roderick

Zeiss. This team work obtained its success in 1886, a year that is considered the

start if the age of glass science [8] as the publication of 44 optical glasses was

listed in the first ever catalogue, and since then a now renowned glass industry

has grown remarkably.

To be honest no one knows what was in their mind, I do not believe they thought

those tenths of failures and increasingly number of achievements would mean a

new era in materials science, technology and engineering. What we can know

is that their first steps they did back in 1884, lead them to start understanding

and predicting glass behaviour through the assimilation of its properties and the

characteristics of its components [9, 10]. The team in Jena started a revolution

in glass, scientific and industrial applications as long as further optical properties

were extensively studied and the knowledge started to spread [11].

1
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Figure 1.1: Otto Schott, Ernst Abbe and Carl Zeiss

Their constant work and experiments motivated them to overcome technical dif-

ficulties such as thermal shock, mechanical, and chemical durability. One of the

glasses they introduced to the world was borosilicate glasses containing up to 15%

of boric oxide, which lead to a very low coefficient of thermal expansion, good

stability against thermal shock, both strong needs at that time for the gas lamps

and lanterns [8, 12, 13]. As history has showed us, once someone shows the path

the others start to follow, maybe not necessarily as followers but as competitors.

Therefore, on the other side of the world Corning Research Laboratory, established

in 1908, invented NONEX (non-expansion glass) that resisted sudden changes in

temperature [14], this new glass showed that these combinations produced materi-

als that could be used for applications that needed to apply heat (i.e. glassware for

laboratories) [15], the counterpart for this glass was the traces of lead, potentially

toxic if consumed. This latter concern pushed researchers to develop a lead-free

chemical and heat resistant glass: PYREX [16] which we all know from any pos-

sible laboratory we have worked at. Up to here the battle for novel compositions

was based in producing new combinations under the premise of the study of glass

network former, network modifiers and in some way glass doping [17].

This short review from 1879 until 1915, as a full review could be a thesis itself,

shows us how a group of great minds understood the importance of the develop-

ment of glass manufacturing and the need to enhance desired properties to further

manipulate the types of material for multiple purposes.

If optics is the field of interest for glass then the engineered material could be called

Optical Glass, where the manufacturing and improvement is directed to enhance
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the properties of the material to manipulate light and exploit its advantages. To

highlight some properties such as: transparency, refractive index, dispersion, etc.

the chemical compositions need to be tailored, the melting processes and thermal

behaviours need to be understand [18] and modified depending on the purpose of

the optical material.

Before the term “fiber optics” was introduced [19] the use of glass to transmit

light and specifically in the shape of thin transparent filaments was explored and

proved for the first time in 1930 with relatively success as increasing applications,

such as medical, benefited from the abilitiy to guide images through a material

that could be flexible to avoid discomfort on patients but reliable enough to obtain

a picture [20]. This first attempts to guide light through an optical glass fibre did

not consider light leakage, they were unclad fibres, but further experiments showed

that total internal reflection phenomenon, in other words: no light leakage, would

only be possible if the surrounding material of the main light guide was from a

material with a lower refractive index [21], and by doing so light was kept guided

through the main glass fibre. After discovering that optical fibres needed to be

coated with a glass composition with lower refractive index the next steps were

to develop trustworthy methods to draw fibres with a cladding; techniques which

were successfully obtained and subsequently exploited since 1957 [22]. One of the,

now essential, characteristics of the optical fibres that had not been taken into

consideration was the light absorption by the material per se, in 1965 the best fibres

had attenuations of at least 1000 dB per km [23], therefore the next problem to

be attacked was obtaining purer glass to reduce the losses through the length [24].

This brought into sight development and improvement in the techniques to process

raw materials in order to decrease the impurities and therefore enhance the optical

quality of the glasses and decrease the loses over the transmission windows [25].

Although all these experiments and people working together towards the obtention

of reliable, functional and high-quality optical materials and optical fibres showed

the path of research for the materials science industry, the applications of these

improvements were implemented towards the communications industry, and the

material selected was silica, which despite the fact that it is a trusted material

it has its own disadvantages such as high melting point [26], high phonon energy

[27], opacity at wavelengths above 2 µm [28], difficulty for rare earth (RE) doping

[29], amongst others.
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To overcome all these points the further study, development and use of multicom-

ponent optical materials needed to be explored [30], particularly for the feasibility

to obtain optical fibres exploiting their mechanical, chemical and optical charac-

teristics for applications from the visible to the IR region [31].

The optical material described and used in this work belongs to the family of

chalcogenide glasses, and particularly to the family of gallium lanthanum sulphide

(GLS) based glasses. It is important to emphasize that the path to developing new

techniques to fabricate novel materials, understanding their inherent properties

and explaining their behaviour is not a straight-forward route. As explained by

Hecht, “Materials science if often empirical, specialists make measurements first,

then try to explain them” [23].

1.2 Chalcogenide glasses for IR applications

Chalcogenide glasses are amorphous solid materials constituted of chalcogens (III-

V group elements of the periodic table) bonded covalently with glass network

forming elements [32]. These glasses due to their own nature possess desired prop-

erties for the IR window transmission and IR applications, such as high density,

polarizability and refractive index [4]. In the Novel Glass Group led by Profes-

sor Dan Hewak, a new family of chalcogenides glasses have been developed over

the years. GLS glasses have demonstrated their reliability by maintaining a wide

transmission window ranging from 420 nm to 10 µm (as shown in previous works)

[1]. An aspect to consider explaining the reason why chalcogenide glasses are a

reliable medium to transmit the longer wavelengths than 2 µm is due to the low

phonon energy of the bonds that composes the glass network, which make this

glass an ideal candidate for active and passive fibres and amplifiers for the MWIR

and LWIR [33]. Efforts have been made to produce chalcogenide glasses that can

extend the IR transmission window, being successful to fabricate a selenium mod-

ified GLS (GLS-Se) glass that can transmit up to 15 µm [34], though these glasses

are still in a bulk glass form. A point to remark is that the addition of Se to the

GLS matrix has also broadened the distance between Tg and Tx, giving exciting

promises for a better thermal stability [5].
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1.3 IR Optical Fibre Fabrication

Optical fibres that transmit beyond 2 µm are defined as IR fibres, and they started

to be fabricated in the second half of the 60’s from chalcogenide glasses [3]. The

first fibres to be fabricated were from arsenic trisulfide (As2S3) in 1965 but losses

were high and the material too brittle [35]. This first attempt opened the search

for other chalcogenide compositions and means to fabricate multicomponent based

glasses optical fibres. Different techniques started to be explored [31] in the aims of

reliability, reproducibility and feasibility. The disadvantage of chalcogenide glass

optical fibres is that the methods used for their fabrication are not as straight for-

ward as for silica [36]. Particular attention is needed to process the raw materials

prior to forming a glass, then shape the glass compositions into a glass rod and

finally perform which is then drawn to fabricate an optical fibre [3].

As stated in the previous paragraph once the raw materials are prepared, accord-

ing to compositions, and a glass is obtained the next step is how to turn it into

a glass rod (preform), and the chosen technique will depend strongly on the ther-

mal characteristics of the chalcogenide glass [37]. For chalcogenide glasses several

approaches have been explored and developed throughout the years such as: rod-

in-tube technique [38], double crucible technique [39], in situ melt to produce rods

with cladding [40], core-suction technique, extrusion [41] and co-extrusion [42],

just to name some, to produce unstructured and structured preforms.

In this overview we can already imply, that to obtain reliable optical fibre fabrica-

tion from chalcogenide-based glasses, a well determined process had to be already

available to obtain reliable bulk glass samples that can be further processed to

obtain preforms and fibres, and that the processes steps involved should not affect

the original properties of the glass, as in the final product, we want to exploit

each and every one of the characteristics of the well-studied family of chalcogenide

glasses once it is drawn into an optical fibre.

1.4 Research Objectives

The aim of this research is to develop a reliable and repeatable process of chalco-

genide optical fibres fabrication with a GL-Se composition, as it has a higher

transparency than the best composition of GLS in the LWIR. Previous studies
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have proved that GLS-Se has a good thermal stability that justifies that fibres can

be produced [5]. The potential of the glass as a fibre has being predicted [43] but

still not achieved. My objective is to produce chalcogenide fibres starting from

the well-known melt quenching glass technique, developing preforms and finally

obtaining fibres. It might sound simple, but we depend on the standardization of

a fibre fabrication process to move forward to more complex research objectives

such as chalcogenide fibre sensors, lasers and/or amplifiers.

1.5 Report Structure

The following thesis comprises 8 chapters. Below is a summary of each chapter.

Chapter 2: The basics of chalcogenides GLS-Se glasses fabrication, outlining their

optical properties and thermal characteristics, introducing the suitability for the

chalcogenide glass for fibre fabrication.

Chapter 3: The description of extrusion process as it is a reliable but still rela-

tively un-explored mechanism for the production of GLS-Se preforms that could

be drawn into fibres. Unlike oxide glass chalcogenide glasses cannot be casted into

shapes thus extrusion seems to be an answer to manipulate these glasses without

changing their optical properties.

Chapter 4: An overview in optical fibre fabrication, fibre drawing tower for soft

glass at the Optoelectronics research Centre, and basic principles of optical fibre

principles for GLS-Se compositions.

Chapter 5: Glass melting technique to suit the extrusion process, from the raw

materials to the preparation of glass billets, including an explanation of each action

taken for successful melts.

Chapter 6: The description of extrusion and co-extrusion with the GLS-Se based

glasses is detailed, from failed attempts to successful glass rods and structured

preforms, including the steps and logic that was followed to overcome the chal-

lenges.

Chapter 7: Optical fibre fabrication for GLS-Se glass rod and structured preforms

after extrusion, the initial considerations, actual process and results, including
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preparations, measurements and complete description in how to reproduce the

best results up to date.

Chapter 8: Final remarks and future work.





Chapter 2

Chalcogenide Glasses

2.1 Introduction

The word chalcogenide comes from the joining of two words: one of Greek origin

”khalkós” which means ore and the other from Latin-Greek origin ”genēs” which

means formation, so we can state that the word chalcogenide means through all the

different possible combinations: ”oreformer” [44] in our case specifically: glass

former. Chalcogenide glasses are composed of and based on one or more chalcogen

elements from group VI of the periodic table other than oxygen [45], making them

fall in to three categories depending on the base element: sulphide (S), selenide

(Se) or telluride (Te) [46] and are formed by the addition of other elements that

are network formers such as As, Ge, Sb and in this work, with Ga and La [47].

One of the properties of these glasses, amongst others, is their low phonon energy

[3] that make them suitably transparent from the visible up to the infrared region,

[48], and interesting as host for rare earth (RE) ions [33]. In this work the research

path to produce novel transparent optical glasses with is focused on: a) the election

of powdered ultra-pure raw materials, that need to maintain their high purity

during the glass production [49], b) adequate fabrication process in accordance

with the raw materials of election and c) optical characterization and devices.

Depending on the composition, application and post processing, there are different

manufacturing techniques that can be explored, applied and improved such as:

sealed ampoules [50], CVD [51], melt-quench [52], to name a few.

9
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In this work we are going to concentrate our effort to study, understand and apply

all the benefits of chalcogenide glasses, specially the family of GLS based glasses

with the novel composition through the addition of Se. As stated in previous

studies the GLS and GLS-Se compositions are reliable in terms of manufacture,

post processing, and applications [53], it is our interest to maintain each one of

the characteristics of the bulk glass in the processed glass.

To be successful in the processing of bulk glass samples, there should be an under-

standing of their structure, fabrication conditions, thermal properties and optical

characteristics. These define our background and allow us to establish the founda-

tion for further experiments, based on the nature that every glass is unique and will

behave differently. As part of this work we therefore look at the balance between

the results to be obtained and the initial conditions of fabrication. Most of the

materials science knowledge comes in the shape of a delicate mix between reading,

imagining, trying, failing and having enough data for feedback until success comes.

2.2 Glass melting for GLS-Se compositions

As stated in the past sections, material purity is the essential requirement of the

manufacturing process with the goal to obtain a reliable glass, either for scientific

or industrial reasons. Ultra-pure and consistent quality glass will mean that the

experiments can be repeated if the glass melting process is uniform and stable

[52]. Therefore, the impurities of the raw materials are of big concern for the glass

melting process, it brings considerable effort to obtain trustworthy raw materials

that will produce transparent glass without impurities that could contribute to

the loss in transmission [54]. By eliminating impurities in the raw materials the

possibility of losses by scattering are also eliminated, as said impurities could act

as nucleation sites that could promote nucleation [55] or contribute to refractive

index fluctuations which will also induce scattering. In simple words: the process

needs to be controllable and reproducible through the uses of high purity raw

materials.

To further understand the importance of the purification and use of raw materials

IR glass experts have invested enormous quantities of efforts and resources to

demonstrate that the very first step for a world changing application starts with
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the basic requirements, high quality raw materials and the elimination of impurities

[53, 56, 57].

Chalcogenide GLS-Se based glasses are produced by a melt quench process, which

can be described as a straight forward process, as once the composition is decided

the raw materials are mixed together and put inside a furnace in a purged environ-

ment at an optimized temperature to make the different components melt together

as the fluxes of one component incorporates the other, provided the viscosities are

low enough to produce a full mix without the need of stirring or a rocking furnace

[52].

In this work the raw materials in the form of powders of Ga2S3, La2S3 and Ga2Se3

were firstly homogenized on a rolling mixer for 1 hour, Figs. 2.1 and 2.2, and then

transferred to a carbon crucible. Many chalcogenides are made within sealed

systems, where the sealed ampoules are made of silica but for La2S3 compounds

there is a reaction with silica so to avoid any reactive impurities carbon crucibles

are preferred [58]. The crucibles then are placed inside a horizontal silica tube

furnace. During the melt and quenching processes, the furnace is purged with a

steady argon flow. The temperature was then ramped up at a rate of 10 °C/min

reaching a temperature of 350 °C, here the temperature was maintained for 3

hours to foment the elimination of volatile oxides of Se and S contained in the

mixture, these oxides loses could represent up to 2% of the average loss in mass.

After this step the temperature was ramped up again with the same rate of 10

°C/min until a temperature of 1150 °C was reached. These melting conditions

were kept for 21 hours. Subsequently the temperature was abruptly decreased by

removing the crucibles from the furnace and increasing the argon purge flow, Fig.

2.3 [1, 4, 5, 34, 52] until the melt cooled to room temperature The samples then

were annealed at 490 °C (a temperature below Tg) for 48 hours to release any

possible internal stress in the glasses [4, 5].
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Figure 2.1: Batching of the raw materials mixture for glass melting

Figure 2.2: Roller mixing of the batch for 1 hour

Figure 2.3: Carbon crucibles in a horizontal furnace for melting and quenching
the glass
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2.3 Transformation from melt to glass

The melt-quenching process as described in the previous section consists of two

steps: a) to raise the temperature of the furnace sufficiently enough promote an

homogeneous melt of the raw materials and b) then quenching it to abruptly to

decrease the temperature from the melting temperature (Tm) to below the glass

transition (Tg) temperature, this will promote a transition from a liquid state to

a quasi-solid state, also identified as a supercooled liquid [59]. What is important

during the quenching step is to obtain an amorphous phase of the material, so we

can obtain a transparent glass [60]. For this to occur we need a specific cooling

rate, which depends on composition. The reason to establish a critical cooling rate

is simple; avoid crystallization.

If the quenching is fast enough the atoms of the glass will not have enough time

to arrange themselves into a crystalline lattice [61]. The atomic movement will

be restricted by the change in viscosity as a function of the temperature; as the

temperature drops the viscosity increases the objective is to reach a temperature

low enough to reach a viscosity higher than 1012 Pa · s [62]. At this point the

glass will be below its Tg, a temperature where the molecules would have frozen,

meaning that they will maintain the arrangement established by the quenching

process.

Figure 2.4: Glass forming curve, showing final phase depending on the cooling
rate
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Fig. 2.4 shows conceptually that during the quenching process the volume of the

melt starts to decrease with reducing temperature. If the cooling rate is optimal

for a glass formation the volume will reduce slowly up to its Tg where it cannot

suffer from any more volume alterations. If the melt has a lower cooling rate,

the volume and molecules would have more time to start reducing and arranging,

respectively, into a crystalline phase. Here the volume is smaller compared to

the amorphous phase, this can be explained as any molecule tends to move to a

lower energy state, meaning a lower enthalpy, therefore by having more time in the

cooling process each molecule would arrange into a crystalline lattice occupying

less volume [63].

To demonstrate the ability of a composition to form a glass from its liquid state

the critical cooling rate parameter for glass formation can be estimated, as shown

in equation 2.1 where Rc is the critical cooling rate, α is the cooling rate, TL is

the temperature of the liquid state, Tx is the onset of crystallization temperature

and d is a specific constant for the glass [64]. Understanding that a low Rc means

that the liquid to form a glass has a strong forming ability.

lnα = lnRc +
d

(TL − Tx)2
(2.1)

Equation 2.1 Critical cooling rate for glass formation [64]

It has been demonstrated that for glass networks with only two elements complete

substitution of S for Se or Te (heavier chalcogens) the glass formation ability

decreases. On the other hand, multi component networks benefit from the addition

of heavier ions as the number of possible bondings is reduced, decreasing also the

tendency to crystallize [65, 66].

Once the glass is formed after quenching, it is important to understand that

the material might experience mechanical weakness from being brittle as inter-

nal stresses arise throughout the process. To mechanically strengthen glass an

annealing process can be used. This latter step might also increase the trans-

parency of the glass, eliminate photodarkening and be a medium to enhance its

properties as density could change while the glass goes through structural relax-

ations, meaning changes in either the atoms position or the chemical environment

around them [32, 67, 68]. Also, to understand the importance of the annealing
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step it is important to acknowledge that the configuration of the element’s atoms,

when the amorphous phase is reached, have a phase called fictive temperature

(Tf ) that favors the internal stresses to remain within the glass structure [69, 70].

Where this Tf is the temperature within the glass formation region at which the

cooling curve obtained during the melt-quenching departs from the equilibrium

contraction curve of the supercooled liquid. The Tf indicates the extent of the

configurational volume frozen into the glass at Tg and the Tf of a glass could

usefully be a performance indicator of glass properties below Tg (i.e. density)

[121].

2.4 Chalcogenide glass structure

Super cooled liquids are a state of matter identified by strong interactions between

their particles (i.e. molecules, atoms). They can be found in a disordered state

(non-crystalline). A non-crystalline solid lacks periodicity in its constituent parti-

cles, it can also be called amorphous or glassy. Crystals possess a long range order

(LRO) in their structure, in amorphous phase a SRO exists [48, 71], a continu-

ous random short range order (SRO) is considered an optimal non-crystalline [72].

One of the simplest chalcogenide glasses are the sulphide glasses [1] like GLS glass,

that has been widely investigated, produced and improved for novel compositions

and applications

The GLS glass family started to be investigated in 1976 [73] and later it was proven

that this glass network could also be used as a base for other glass modifiers [74].

GLS has proved its value as it presents low toxicity, high strength, wide transmis-

sion window (Fig.2.6), thermal stability, high solubility of RE ions, low thermal

expansion, low phonon energy and high laser damage threshold [1, 75]. The char-

acteristic orange colour of this family of glasses is due to the 2.6eV bandgap that

corresponds to a 475 nm wavelength [56]. In Fig. 2.6 it is showed that the compo-

sition 45:55 is in the limit of its glass forming range, the 3 and 4.7 µm absorption

peaks correspond to O-H and Ce3+ ion respectively. This latter ion was inherently

contained within the La2S3 and was confirmed by glow mass spectroscopy of the

raw materials [1].

In GLS glasses Ga atoms in the glass exist in tetrahedral networks of GaS4. The

Ga and S environment in crystalline Ga2S3 is such that two of the three S are
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linked to three Ga atoms and the third S atom is linked to two Ga atoms. The

bonds that link two of the three S atoms consist of two covalent bonds and a third

dative bond, while the third sulphur atom linked to two Ga atoms represents the

bridging atom. The addition of La2S3 brings in an additional S2− anion that

results in modification of the dative bond of the trigonally coordinated S atom.

The dative bond is broken and the S2− anion provided by the modifying RE

sulphide helps in restoring and maintaining the tetrahedral environment of GaS4,

at the same time creating a negative site for the La3+ cation [48, 52].

As mentioned before the GLS glass network has the potential to accept more

elements to further tailor its properties. Also with the goal of reducing the crys-

tallization tendency a new structural modified family of glasses was introduced in

2017 [4]. Further studies confirmed that this addition of Ga2Se3 (Fig. 2.5) extends

the transmission window to longer wavelengths, and their thermal and mechanical

properties remain robust, making it a suitable glass to be considered for optical

fibres for passive [5] and active applications [6].

Understanding the characteristics of bulk samples defines the compositions that

are more suitable for fibre fabrication as seen in the following chapters and would

guide the steps in the fabrication process with the main task to maintain the

bulk glass properties, while exploiting the favourable properties in an optical fibre

geometry.

Figure 2.5: Schematic of the molecular structure of GLS-Se, where the La
shows ionic bonds with the S and Se, and the Ga presents one dative bond
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Figure 2.6: Optical transmission of GLS glasses fabricated by the Novel Glass
Group at the Optoelectronics Research Centre, showing the a) electronic ab-
sorption edge, b) near-infrared losses and c) multiphonon absorption edge [1]



CHAPTER 2. CHALCOGENIDE GLASSES 18

2.5 Thermal properties

Chalcogenide glasses are low temperature glasses. As the atomic mass of the

chalcogen increases, the value of Tg decreases [3]. A low value in the transition

temperature means that glass moulding is relatively easy, therefore fabricating

optical components with chalcogenide elements would extend the applications of

this family of glasses (e.g. thermal imaging) [46]. Thermal stability of the GLS-Se

glasses has been estimated using the Weinberg parameter (KW ) [5] equation 2.2

which relates the gap between Tg and Tx with Tm.

KW =
Tx − Tg
Tm

(2.2)

Equation 2.2 Weinberg parameter for thermal stability [76]

The larger the span between Tg and Tx the better and more desired for fibre

drawing as crystallization could be avoided during the process [34] GLS-Se glasses

have shown a larger Weinberg parameter, and this can be explained due to the

lower melting point of Ga2Se3 [5].

Figure 2.7: Differential thermal analysis (DTA) for a glass composition show-
ing the heat flow behavior at each characteristic temperature, where Tg = glass
transition temperature, Tx = crystallization temperature, Tc= crystallization

peak temperature and Tm = melting temperature
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To determine the Weinberg parameter, and therefore define the thermal stability of

a glass, a thermal analysis for example through a DTA needs to be performed [77],

Fig. 2.7. To do this, a sample of the glass after annealing is placed in an alumina

crucible and the temperature is increased at a ramping rate of 10 °C/min from

room temperature to 950 °C, as to preserve the conditions of the melting process.

In the following chapters it is shown that ramping rate modifies the position of

each of the characteristic temperatures.

Figure 2.8: Generic viscosity vs temperature curve

For fibre drawing, it is important to know the behaviour of the glass viscosity as a

function of the temperature, as the glass needs to reach at least the softening point

to start softening and then necking, which is the beginning of the fibre drawing

process. A way to understand the viscosity behaviours is to perform thermal

mechanical analysis (TMA) [78], as shown in Fig. 2.8. It is clearly seen that as

the temperature increases the viscosity of the glass decreases, some glasses could

have a steep viscosity curve, where the viscosity changes quickly with temperature,

making the fibre drawing a complicated process [79]. To obtain a standardized

and reliable viscosity curve the ISO 7884-4 norm can be applied to the three-

point bending technique commonly used in TMA. The viscosity as a function of

temperature and be extracted using equations 2.3 and 2.4 [80].

Ic =
h3b

12
(2.3)

Equation 2.3 Rectangular cross-section



CHAPTER 2. CHALCOGENIDE GLASSES 20

Where h is the thickness and b is the width of the sample, respectively, in millime-

tres.

η = 681
Is∆tm

Ic∆f
(2.4)

Equation 2.4 Viscosity according to ISO 7884-4 standard

Where η is the viscosity in dPa · s, ∆f is the difference in position during the

measuring time ∆t in seconds, Ic is the cross-sectional moment of inertia in mil-

limetres to the fourth power, m is the mass of the load in grams and Is is the span

in millimetres. In this work the viscosity measured using the ISO 7887-4 norm

corresponds to the span from 1012 Pa · s to 106 Pa · s, for the rest of the plot the

data was extrapolated as explained in chapter 5.

2.6 Optical properties of bulk chalcogenide glass

As seen earlier in this chapter chalcogenide glasses have a covalent bonding [48],

which promotes glass formation by associating a giant network modifier with a

dominant glass forming atom [81]. The electronegativity between cations and

anions predicts the type of bonding within the glass’ atoms, if this difference is

greater than 1.7 the type of bond is ionic, if lower than this value it is defined as

a covalent bond [82, 83]. Chalcogenide glasses transmit much longer wavelengths

than other glasses (e.g. oxide glasses). This is a key feature and from great

importance for applications such as fibre sensors operating for example in the

fingerprint region (2-20µm) of the IR spectrum and for laser power delivery for laser

operating at wavelengths longer than 2µm, where silica glasses become opaque.

The higher the mass of the elements, the broader the transmission window for

chalcogenide glasses, as the vibrational energies of the bonds constituting the

molecules are lower while increasing the mass [3, 46, 84, 85] as seen in equation

2.5.

υ = (1/2πc)
√
κµ (2.5)

Equation 2.5 Frequency of vibrational modes [86]
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Where υ is the vibrational wavenumber in cm−1, κ is the stiffness of the bond, and

µ is de reduced mass. As seen in Fig. 2.9 the heavier the chalcogen element the

wider the transmission window, here it can be seen that Te which has an atomic

weight of 127.60 can form a glass with transmission up to 20 µm compared to

silica that contains oxygen which has an atomic weight of 15.999 [87].

Figure 2.9: Comparison of the IR transmission for different glasses, the heavier
the anion the further in the IR the transmission window widens [2]

2.7 Intrinsic and Extrinsic Losses

For most glasses, intrinsic losses comprise three mechanisms: Urbach tail, Rayleigh

scattering and multiphonon absorption, each one a different loss mechanism and

with its own wavelength dependance, as seen in Fig. 2.10. The heavier the atomic

mass of the composition the less absorbance in the LWIR. In the region above

8 µm, as shown in Fig. 2.11 there are several absorption bands due to different

multiphonon processes, meaning that the multiphonon edge in chalcogenide glasses

is a superimposed absorption structure on this edge. This observed multiphonon

structure is the result of a combination of different fundamental phonon modes.

For the longest wavelengths two, three LO and/or TO phonons combine in an nth

order process consequently obtaining the total intrinsic absorption. As said before
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chalcogenide glasses are strongly covalently bonded, which would lead to a less

overlap within phonon bands, thus giving a defined multiphonon structure [3].

Chalcogenide glasses apart from the Urbach tail at short wavelengths, Rayleigh

scattering, for mid wavelengths, and multiphonon, for the long wavelengths, losses

it also presents an additional absorption due to the weak absorption tail (WAT),

being this the dominating absorption process in short wavelengths, as result from

electronic transitions to lower lying bandgap states, Fig. 2.10. These bandgap

states are due to impurities or defects in the glass structure such as dangling

bonds [3].

Figure 2.10: Intrinsic loss processes in optic materials [3]

Extrinsic losses in bulk glasses are mainly caused by impurities and scattering

centres, with additional losses sometimes induced by the fibre drawing process

and fibre geometry. It is important to notice that during the manufacturing of

chalcogenide glasses and in particular during the quenching process, if the steps

have been not fully optimized, there could be nanocrystal formation that could act

as scattering centres [81]. Impurities related to hydrogen can also bond with the

glass formers and result in specific extrinsic absorption bands, S-H fundamental

stretching absorption occurs at 4.0 µm, and Se-H absorption is around 4.6 µm. In

all glasses, a common contaminant is OH, which has an absorption near 2.9 µm

[3].



CHAPTER 2. CHALCOGENIDE GLASSES 23

Figure 2.11: GLS-Se glass transmission window with different compositions
produced by Dr Andrea Ravagli at the Optoelectronics Research Centre [4],
thickness of the measured samples 1mm. The absorption peak at 8.6 µm cor-
responds to S-O vibration, and the peaks at 10.8 and 11.6 µm are due to the

presence of Se-O bonds in the glass [54]

2.8 Refractive Index

In chalcogenide glasses, the elements that constitute the glass are more polarizable

than fluoride or oxide glasses, this added to the fact that glass densities are also

high leads to higher refractive indices n∼2-3 [3, 46, 52]. The refractive index for

chalcogenide glasses can be measured with a Woollam®M-200 ellipsometer over a

range of wavelengths between 0.370 and 1 µm. Ellipsometry is a technique based

on the measurement of the change in polarization of a beam of light reflected from

a glass surface. This technique has been used to measure the refractive indices for

GLS-Se glasses and then fitted to the Sellmeier equation 2.6 for longer wavelengths

than 1 µm [88].

n(λ)2 =
Aλ2

λ2 − A1

+
Bλ2

λ2 −B1

+
Cλ2

λ2 − C1

(2.6)

Equation 2.6 Sellmeier equation [88]

Where n(λ) is the wavelength dependent refractive index and A, A1, B, B1, C

and C1 are fitting parameters. Equation 2.6 allow us to predict the behavior of

the refractive index at longer wavelengths.
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To confirm the difference in refractive index of different compositions and to be

able to produce a suitable optical fibre preform, as shown in the following chap-

ters, a Metricon 2010/M prism coupler at 1550 nm measurement, was used. This

measurement needs a polished face of the glass sample to be measured, which will

be in contact with the prism surface. A laser at 1550 nm is directed to the prism,

with an incident angle, passing through the prism, reaching the sample and where

it is then reflected to the opposite side of the prism that then is directed to the

detector. Then both the sample and the prism are rotated changing the value of

the incident angle until the critical angle is found θc. When the critical angle is

reached the detected signal will start to drop form which the software yields the

value of the refractive index [89] by using equation 2.7 where np is the known re-

fractive index of the prism, ng is the refractive index of the glass sample calculated

with the critical angle θc [90].

ng = np sin θc (2.7)

Equation 2.7 Critical angle of refraction

Figure 2.12: Metricon®measurement to obtain the critical angle for total
reflection from which the refractive index at 1550 nm is determined

2.9 Conclusion

In summary, chalcogenide glasses have been produced, tested, and improved, in the

Novel Glass Group, with modifications allowing the glass to be transparent with a
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wide transmission spectrum, which goes from the visible up to the LWIR. Efforts

have been made to produce a reliable glass in the GLS family, and most recently

have obtained enhanced optical characteristics of IR glasses by producing a new

family of chalcogenide glasses by doping with selenium. These modified glasses can

now be fabricated with a reliable manufacturing process, with thermal stability,

longer wavelength transparency and characteristics suitable for the production

of optical fibres. The challenges in further processing these glasses, for example

by extrusion remain to be addressed. The challenge remaining is maintaining

the characteristics of the bulk glasses while the material undergoes a change of

geometry that is required for the fibre drawing process.





Chapter 3

Extrusion

3.1 Introduction

Extrusion is a well-known process for metal and plastic manufacturing where rods,

tubes or complex structures have been produced [91]. Since 1970, E. Roeder has

studied extrusion in the glass field [92]. Before E. Roeder, the lack of use of

extrusion for glass materials was due to the fact that most of the shaping glass

methods were based on casting, blowing or rolling [93]. Nevertheless, the need for

new kinds of glasses with special compositions is becoming crucial [94] and with

that comes the need for new glass processing methods. These novel glasses, as a

consequence of their compositions, can make their shaping by traditional methods

a complicated task. In this regard, extrusion is particularly suitable for glasses

with a strong tendency to crystallization [95].

As the optical fibre technology advanced, the need for different type of fibres with

complicated geometries [32] and/or novel optical materials [96] started to rise,

there was a commitment to overcome this newly created demand by producing

different shapes of preforms with compositions that exclude silica. One method

explored was capillary stacking [97], which consumed a lot of human effort, time

and there is no flexible range for mistakes. Continuing with this need in mind and

applying the efforts of E. Roeder, the extrusion process with emerging materials

for novel applications started to be explored and the outcomes began to show that

it was a reliable method of fabrication [98], moreover the obtained application

results started to be trusted [99].

27
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Glass extrusion described in this work is limited to the family of chalcogenide

GLS-Se based glasses, and compositions for which extrusion trials have ever been

attempted. In the past, different types of chalcogenide glasses have been tested

and used to produce optical preforms by extrusion [100] with good results. The

aim of this current work is to prove that this method is reliable and does not

compromise the quality of the samples based on the new GLS-Se composition.

While in the past this method has been used for GLSO glass samples [101] where

the oxygen content has helped as a thermal stabilizer [102], the challenge addressed

is to obtain a structured preform but with an oxygen-free chalcogenide glass.

Summarizing, to understand how to manufacture glass rods, or structured pre-

forms, from any glass composition by using the flexibility of the extrusion process

and the possible implications of it, there is a need to understand two main fac-

tors: a) the type of glass that is going to be used and its thermal characteristics

(as described in chapter 2), and b) the extrusion process itself. Considering both

factors, there should be a middle ground where the thermal and mechanical prop-

erties of the glass are exploited without compromising the already studied and

proved characteristics of the bulk glass samples. Following this, we can effectively

use extrusion apparatus to produce adequate and reliable glass rods for further

processing and drawing into optical fibre.

3.2 Extrusion Fundamentals

Extrusion is a process where a material undergoes a permanent alteration of its

dimensions by exploiting its plastic deformation ability, or plasticity, in response

to an external applied pressure towards an opening of different dimensions [103].

In simple words it is to transform a defined block of material (billet) with certain

dimensions into a new geometry by pushing it against a die opening of a smaller

and/or different cross-sectional area under high pressure [104].

On the whole, there are two methods of extrusion: direct and indirect [92], for

simplicity and due to the facilities at the Optoelectronics Research Centre this

work is conducted only towards the use of the direct method.

To give a schematic and description of the direct extrusion method, it can be

established at least four main parts to be considered: a) container, b) piston, c)

die and d) billet, as seen in Fig. 3.1, where the billet is placed in the container,
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ideally with no air gaps between billet and container. The piston applies pressure

to the billets to produce a flow of material towards the die. The die aperture

shapes the materials into a defined geometry and the billet is a block of material

that is to be extruded.

Figure 3.1: Schematic of a cross-sectional area view of a direct extrusion
method

For metal alloys or polymers the way to obtain a well-defined extruded material

exploiting the material plasticity is by carefully designing a die that allows the

material to easily flow by solely applying pressure [105].

In this work, we show that as the material to be extruded is glass an important

aspect to consider is the viscosity of it. As seen in Fig. 3.1, heat needs to be

supplied to the billet to be able to perform the process [106], the reason behind

this crucial point resides in the fact that glass would remain in a super cooled state

(as seen in chapter 2) unless temperature is increased [107]. Even though heating

is required, the extrusion process can be performed at a temperature below the

softening point (7.6 dP·s), which is a characteristic of all glasses [108], by using

lower temperatures and higher viscosities [109].

E. Roeder suggests that while heating up the glass to a temperature suitable for

extrusion, it is not necessary to reach the temperatures that promote nucleation
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and crystallization [92, 95], but as reviewed in chapter 6 a temperature above the

Tg is needed for GLS-Se glass compositions, therefore some nucleation could take

place. As previously observed by E. Roeder, provided extrusion takes place below

the onset of crystallization and the cooling of the glass after exiting the die is

greater than the critical cooling rate, crystallization is avoided [92].

3.3 Remarks about Direct Extrusion

The characteristic feature of direct extrusion process is that the material flow is in

the same direction as the applied pressure [110]. As the billet is surrounded by the

container walls with ideally no air gaps between them, and due to the expansive

nature of materials in function of the temperature [111] this combination will

provoke an increase of the initial load on the billet as a result of frictional forces

[112], as seen in Fig. 3.2. The curve shows a rapid increase of the load up to a

peak value before the actual extrusion begins, then it decreases during the steady

state of the extrusion, and finally it sharply rises when it is close to the end of the

billet [113]. In this work, the increased load and frictional force are a result of the

coefficient of thermal expansion (CTE) of the GLS-Se based glasses [5].

Figure 3.2: Load curve versus the displacement of the piston where a) shows a
rapid increase in the load before the extrusion begins and the steady flow starts,
b) is the end of steady flow and c) displays a rapid increase of load before the

end of the extrusion. Note: temperature is constant



CHAPTER 3. EXTRUSION 31

Figure 3.3: Schematic of the billet’s expansion. Note: expansion not to scale,
CTE depends on composition [5]

To relate Fig. 3.2 with the internal behaviour on the billet due to the load, an

image of the cross-sectional area is shown in Fig. 3.4, this further explains that

at the beginning of the direct extrusion process a breakthrough load is rapidly

reached before the extrusion begins. Just as extrusion starts to take place, that

is, when the material starts to go through the die, the load decreases as the length

of the extruded material increases until a minimum load is reached. As the billet

thins up to a critical point the load sharply increases again to continue producing

a material flow radially towards the die opening [114].
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Figure 3.4: Material behaviour inside the container throughout the extrusion,
as described in figure 3.2
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3.4 Description of the extrusion apparatus at

the Optelectronics Research Centre (ORC)

At the ORC the extrusion apparatus consists of the following elements, as shown

in Fig. 3.5:

1. Piston: to produce a direct extrusion and the load needed.

2. Ceramic shield: to maintain the heat of the entire apparatus.

3. Two heating elements: where one supplies heat to the main body of the

billet container of the apparatus and the other supplies heat to the die, this

latter resistor is placed just below the die, it helps maintain the temperature

of the outcoming extruded material.

4. Two thermocouples: connected directly to a thermal controller and the

power resistors, which will maintain the set temperature.

5. A carbon body: that is heated up by the power resistors and that holds the

container with the billet.

6. Billet container: divided in three parts: a) sleeve, b) lid, and c) the die itself.

Figure 3.5: Schematic of the extrusion apparatus assembly at the ORC
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It must be noted that for feasibility and convenience, the sleeve, lid and die are

produced in the mechanical workshop with 303 grade stainless steel [115]. The

detailed steps of how to prepare the samples and the assembly is further explained

in chapter 6. The sleeve has an inner diameter of 29-30 mm and a height of 35

mm, the die has a non-straight gradual slope to an aperture of 10 mm, and the lid

has a diameter that fits the sleeve and a thickness of 5 mm. In the cross-sectional

area of the assembly of Fig. 3.6 it is shown how the billet temperature profile

behaves in respect of its two independent elements (resistors) heating the whole

container. The bottom resistor (closer to the die) produces a slight difference (∆T)

in temperature with respect to the main body resistor, this is needed to be sure

that the extruded material keeps flowing out of the die by avoiding any possible

random cooling that could affect the extrusion at the die aperture.

Figure 3.6: Cross-section of the billet assembled in the body container (sleeve,
lid and die); and temperature profile of the extrusion apparatus

3.5 Glass flow during extrusion

As seen in the previous sections a fundamental element in the extrusion process

is the die. It not only defines the geometry of the extruded material but also

determines how the glass flows depending on its profile and the coefficient of static

and dynamic friction of the material from which it is made. Therefore, the die

design is of vital importance as it affects the glass flow during the extrusion process

[116]. Thus, one of the characteristics that needs to remain without alteration is

the reproducibility of the die manufacture in order to have reliable results and to

be confident that the extrusion process can be replicated [117].
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The glass flow through a die with a defined circular aperture during the extrusion

process presents an isothermal flow through a circular aperture [92], and it is con-

sider to avoid having a slip at the fluid/aperture boundary as stated in Poiseuille’s

law [118], as the die is made of stainless steel [119].

Q =
πpr4

8ηl
(3.1)

Equation 3.1 Poiseuille’s Law for laminar flows [120]

Where Q is the flow rate (m3/s), p is the pressure gradient between entrance and

exit of the die (Pa), r is the radius of the die aperture (m), l is the length of the

parallel section of the die with respect to the flow (m) and η is the viscosity of the

fluid (Pa·s), as shown in Fig. 3.7. It is to be noted that in this figure P2 represents

a value of 101.325 KPa [121] which corresponds to the ambient pressure. This

value is small compared to the extrusion pressure applied by the load, therefore

in equation 3.1 the gradient pressure p can be substituted by only the extrusion

pressure P1 [95].

Figure 3.7: Diagram representing Poiseuille’s law in the die

The extrusion pressure P1 is given by the applied load F (N) over the die cross-

sectional area AD (m2) as defined in equation 3.2 [122], the flow rate V (m3/s)

can also be calculated with the extrusion speed v (m/s) times the area A (m2) of

the cross-sectional area of the die aperture, shown in equation 3.3 [123].
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P1 =
F

AD

(3.2)

Equation 3.2 Pressure defined by the applied load over an area

Q = Av (3.3)

Equation 3.3 Volume flow rate given by the extrusion speed and the

cross-sectional area of the die

As during the extrusion process the applied load, diameter of the die aperture and

the length of the parallel section of the die are known values, we can use equations

3.2 and 3.3 and substitute them in equation 3.1 [124], so it is rewritten as:

P1 =
128l

πd4
ηADv (3.4)

Equation 3.4 Poiseuille’s Law using the extrusion speed, diameter and area of the

die

Equation 3.4 shows that a steady flow of extrusion (Fig. 3.2) is clearly dependent

on the viscosity of the glass and the volume flow rate [125]. The first part of

this equation can be taken as a constant as it only includes the dimensions of the

die’s geometry and it is not dependent on the extrusion settings. This constant,

shown in equation 3.5 [116], describes that the friction increases as the die length

increases and when the diameter of the die aperture is decreased.

K =
128l

πd4
(3.5)

Equation 3.5 Die constant describing the flow through the die friction

As glass is heated and becomes less viscous it can be treated as an incompressible

liquid [126], this means that the volume of glass in the billet that is shaped by

the die remains the same after the extrusion [127] with the difference of area and
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length in each, as shown in Fig. 3.8. In other words, any portion of glass flowing

through the die can modify its geometry, but it must maintain the same volume.

It is to be pointed out that the volume flow is the same at any point along the

geometry of the billet container [128], but as the area along the extrusion process

decreases the speed of the glass needs to increase to maintain the same volume

flow [129]. By using equation 3.3 and with help of Fig. 3.8 the volume rate can

be written in the form of the continuity equation [130], equation 3.6.

A1v1 = A2v2 (3.6)

Equation 3.6 Continuity equation

Figure 3.8: Schematic of an incompressible material during extrusion, V=
volume and A = area

For simplicity in terms of the calculations to obtain the extrusion speed, the die

equation 3.6 can be transformed into terms of the diameters of the billet and die,

as seen in equation 3.7, where v1 is the speed of the piston that produces the

extrusion, v2 is the speed of the glass in the die, DB is the diameter of the billet

and Dd is the diameter of the die [131].
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v2 =

(
DB

Dd

)2

v1 (3.7)

Equation 3.7 Speed of the glass in the die

After the glass flows out of die, there is a phenomenon that could slightly modify

the diameter of the final extruded rod, referred to as die swell [132]. The glass

goes through internal expansion through axial pressure towards the walls of the

body container (sleeve and die) during extrusion and once the material is out of

the die, this expansion and pressure provoke the Barus effect [133] by relaxing its

elastic stresses contained in the flowing glass, as seen in Fig. 3.9.

Figure 3.9: Die Swell and the Baraus effect schematic, the brown arrows show
the flow of the glass, and the yellow arrows portrait how the internal stresses

relaxes throughout the flow after the die

The final point to take into account is the maintenance of a uniform shape of

the extruded glass rod (or tube) during the extrusion process. If the shear stress

between the wall of the die and the glass is high enough to exceed some critical

value the shape of the glass would become irregular [122]. At high temperatures

the glass behaves as an ideal viscous fluid (Newtonian liquid), where the rate of

shear γ is directly proportional to the applied shear stress τ , as seen in equation

3.8, where η is the viscosity.
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τ = ηγ (3.8)

Equation 3.8 Rheological model for the flow glass behavior [95]

The best and most convenient way to increase the extrusion speed is to increase

the temperature by which the viscosity would decrease [134], and by dropping

the viscosity we can diminish the shear stress, thus obtaining better control and

a more regular extruded shape. However, an increase in temperature to lower

the viscosity can promote crystallization [95]. As a result, the optimum extrusion

parameters need to be developed for each type of glass.

3.6 Preform fabrication by extrusion

As reviewed on chapter 2, chalcogenide glasses have several optical properties that

want to be exploited. To make use of these properties and develop applications

or devices, a useful waveguide is desirable, such an optical fibre, therefore one

previous step is the production of preform that can be drawn into fibres. A

convenient optical configuration to guide light is a core/clad structure [42], as

you can control the wavelength to be used, NA, etc. for SMF. Some techniques

to produce core/clad preforms include: rod-in-tube technique [135], core-suction

technique [136], in situ melt cooling to produce rods and cladding [40], different

research groups have explored the viability of producing rod preforms in the past

by extrusion process [41] and finally co-extrusion (using two glass compositions

and extruded at the same time) [42].

In this work extrusion and co-extrusion are explored, the experiments were carried

out in temperature regions where the viscosity is still at a high value (1011−109Pa·
s), where the crystallization rate is kept to a minimum and with this maintain the

amorphous structure of the glass [137]. For a single composition glass rod, Fig. 3.6,

only one billet is needed however at least two billets with different compositions

need to be extruded at the same time (co-extrusion) to produce a structured

preform [138], where the composition that acts as a cladding is located in the

bottom of the body container and the core on top of it, as seen in Fig. 3.10. To

determine which compositions are to be used as a cladding and as a core a study
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about its thermal, mechanical and optical properties (i.e. refractive index) [41]

are needed to be studied and understood beforehand.

Figure 3.10: Co-extrusion using two billets of different compositions, illus-
trated here for achieving a core/cladding preform

Figure 3.11: Initial flow of the co-extrusion process
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Figure 3.12: Structured preform flow as the co-extrusion process continues

Figure 3.13: Final extruded structured preform schematic

One key point for the success of extrusion, and afterwards its drawing into an

optical fibre, is to obtain a uniform preform to minimize any fluctuation along its

geometry [42]. If the viscosity reaches a low value and the mass of the preform is

heavy enough a tapered preform might be obtained. As seen in Fig.3.11 the first

composition to be extruded is the cladding, this means the initial portion of the

preform is coreless and that the core starts at a minimum value and increases in

diameter as the extrusion process keeps going [139], Fig. 3.12.

The core-clad interface, where the evanescent field propagates [140], needs to have

no imperfection or impurities as this contributes mainly in the losses along the
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preform once it is drawn into a fibre [141]. This requires developing a complete and

reliable cleaning and polishing process to prepare the glass billets prior extrusion.

As reviewed in this and the previous chapter chalcogenide glass fabrication meth-

ods have been studied for decades, it there exists a trusted method of producing

high quality bulk glasses. The key point of any further process (i.e. extrusion) is

to not only to maintain these high-quality bulk characteristics, as stated in previ-

ous sections, but to develop a reliable process for this purpose. This means that

after glass fabrication and prior extrusion there are several steps in between that

are also required to produce a successful GLS-Se structured preform as explained

in chapter 6.

3.7 Conclusion

Chalcogenide glasses are a reliable material for the IR, but we need an optical fibre

geometry so we can extend the number of applications where we can apply them.

The first step to produce optical fibres is to obtain a preform with chalcogenide

glasses which maintains the optical, chemical and mechanical properties of the bulk

glass. There are different methods to obtain rods and tubes from molten glass,

but in the current facilities and trying to avoid any possible interaction with the

environment, as well as maintaining the quality of the GLS-Se glasses, extrusion is

suitable for preform fabrication. As being part of the compound glass family, they

need lower temperatures to be moulded, compared to silica based glass, which is

an important factor to avoid any possible internal structure modification, such as

crystallization. The process that can be easily exploited for structured preforms

is co-extrusion, as parameters like temperature, glass volume, speed of extrusion,

and quality of the optical surface have been studied and improved to obtain the

best possible chalcogenide preforms, after which it might be possible to obtain

reliable optical chalcogenide fibres.



Chapter 4

Chalcogenide optical fibres

fabrication and applications

4.1 Introduction

Chalcogenide optical fibre fabrication is one of the areas of application of the

chalcogenide photonics research [142] aiming to develop novel waveguides or opti-

cal fibres to exploit the properties of the chalcogenide glasses, such as non-linearity,

transparency in the far infrared, amongst others [32]. Several potential applica-

tions include sensing for the civil, medical and military areas, as they these ma-

terials offer transmission over much of the molecular fingerprint region (2-25 µm)

[46].

A classification of chalcogenide optical fibres according to their composition could

be passive [135], when only glass forming elements are used in the manufacturing

process, or active [143], when there is an addition of rare earth or transition metal

ions into the glass matrix. Passive optical fibres can be used to transport light

from one location to another [48], optical signal processing [144], generation of

mid-infrared wavelengths [145], supercontinuum generation [146], high efficiency

self-modulation and wave mixing [147] or to produce non-linear effects [148], just

to name a few examples. Active optical fibres exploitation include mid-infrared

lasers [149] and optical fibre amplifiers [150].

As reviewed in the introductory section of chapter 3, there have been different ap-

proaches to produce optical preforms from chalcogenide glasses from which optical

43
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fibres can be drawn. However, losses continue to be a problem for chalcogenide

fibres and their usage is limited to short fibre lengths [151]. Despite the fact that

low losses have been predicted [43] and that one of the lowest values obtained in

chalcogenide fibres is 23 dB km−1 at 2.3 µm [152] has been achieved, the chalco-

genide fibre process requires meticulous attention at each step of the process. From

the glass melting process and the carefully production of optical preforms, it is the

last step that can decide the success or failure of an optical fibre, that is the fibre

drawing process itself. For example, drawing of the fibre requires careful control

of temperature to ensure the fibre drawing temperature is sufficiently far from the

onset of crystallization while in structured optical fibres the high losses arise due to

the core-cladding scattering [153], caused by structural imperfections or trapped

particles within the interface of both compositions that can get enhanced in the

fibre drawing process [154].

The aim of this work is in part to produce a practical fibre drawing process for

GLS-Se based glasses. The aim of this chapter is to detail the equipment required

for the drawing of GLS-Se glasses. In the past, several chalcogenide compositions

[155], with numerous different results, have undergone fibre drawing trials with

the premise that each composition needs a fibre drawing process to be developed.

The challenge in GLS-Se glasses is that the drawing temperature is close to its

crystallization temperature, a characteristic of chalcogenide glasses [156]. There-

fore, the aim is to study how a GLS-Se based preform behaves under the fibre

drawing process and optimize every step for a reliable process to be repeatable to

further improve the production of GLS-Se glass based optical fibres.

4.2 Fibre fabrication

Chalcogenide fibre drawing is not a straight forward process as is the case for

silica optical preforms [3] since crystallization is a major effect in most non-silicate

glasses compositions [157] specific temperatures need to be applied in the process.

As shown in Fig. 4.1 in this process a fibre drawing tower is required. It consists

of a mechanism of preform feeding, a heat source to soften the glass (furnace),

diameter gauge to measure the fibre diameter, a coating mechanism that applies

a polymer to protect the fibres, a UV lamp that cures the applied polymer and a

drum to collect the fibre [17]. The principle behind the fibre drawing process is the

conservation of mass law [158], which describes that the total mass of preform draw
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per unit time equals the total mass of fibre produced, therefore the parameters

ruling the final fibre diameter are the feeding preform and fibre drawing speeds,

as seen in equation 4.1 [159].

A suitable heating temperature, above Tg, and heating steps are essential to achieve

an optical fibre of good quality [160]. The preform is slowly and continuously fed

into the susceptor region of the furnace to soften the glass preform [161]. After

the glass viscosity is reduced sufficiently it can be pulled down by applying an

appropriate level of tension [162], which in most cases is the weight of the glass

itself when the softening point is reached [163]. During the fibre drawing process

the geometry of the preform experiences a profile reduction from a specific diameter

(i.e. 10 mm) to a fibre diameter (i.e. 125 µm), this is known as a neck-down profile

[164]. The neck-down profile occurs due to a viscosity change in the preform as

a consequence of the radiative heating from the susceptor towards the glass (Fig.

4.2) [165], the glass flow in the neck-down profile is steady, incompressible and

laminar [166]. Initially the temperature on the surface preform is higher than in

the centre [167], as the heat continues to radiate towards the preform the centre

temperature begins to rise and the glass stretches downwards until the preform

temperature is high enough and evenly distributed for the fibre drawing process

(Fig. 4.3).

During the fibre drawing process, chalcogenide optical preforms can suffer from

crystallization [168], as seen in chapter 6, this drawback effect has some possible

causes: contamination within the glass [169], excess temperature [170], time con-

sumed in the process (dwell time in furnace) [171], preform surface quality [172]

or residual oxygen and moisture surrounding the glass [37].

D2V = d2v (4.1)

Equation 4.1 Calculation of the drawing speed

Where D is the preform diameter, V is the preform feed speed, d is the fibre

diameter and v is the drum rotating speed (Fig. 4.1). In the past GLSO based

optical fibres have been produced [53] by increasing the temperature to achieve

a known low viscosity at which the preform necks to form a thin fibre that it is

attached to the drum, the preform feed is activated and then the temperature is

modified accordingly to allow stable fibre drawing. In chapter 7, the steps needed
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to develop a successful GLS-Se optical fibre for the first time and all the trials and

modifications are explained in detail.

Figure 4.1: Novel Glass Group’s fibre drawing tower schematic
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Figure 4.2: Thermal radiation towards the preform neck-down for fibre draw-
ing

Figure 4.3: Temperature behavior between the surface and the centre temper-
atures of the preform where a) T. surface > T. centre, b) ∆T starts decreasing
and preform starts to stretch downwards and c) ∆T ∼0 °C, complete neck-down

profile
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4.3 Novel Glass Group fibre drawing tower fur-

nace for rod drawing

Compared to silica fibre fabrication that uses temperatures above 2000 °C to pro-

duce optical fibres [36], GLS-Se glasses need temperatures below 800 °C [5] to

be soft enough to start the fibre drawing process. Therefore, in the Novel Glass

Group a furnace was designed to be flexible enough to be modified depending on

the preform composition and geometry [173], as seen in Fig. 4.4. It is composed

of the following components:

1. Two vessels of glassware: made of silica, as it is resistant to the temperatures

used for chalcogenide glass preforms, one part acts as a susceptor container

and as separation between the preform and the susceptor, and the second

part acts as a cap to seal and complete the glassware.

2. Carbon susceptor and RF coil:preform heat supplier, the RF frequencies in-

teract with the carbon susceptor to heat it up, depending on the selected

temperature is the power the RF coil supplies.

3. Thermocouple: monitors the temperature of the susceptor and controls the

RF power.

Also, each part of glassware has an inlet for an argon flow to preserve the susceptor

[174] and to produce a purged environment to prevent the reaction of the glass

with the oxygen in the cleanroom [175].

The temperature profile of the susceptor (Fig. 4.5) defines the position where the

preform needs to be set to develop an ideal neck-down profile [176]. For GLS-Se

glass preforms, this temperature profile must be controllable and reliable as it is

needed to heat up a short volume of glass, to avoid promoting crystallization in the

nearby material, at a temperature high enough to soften the glass enabling it to be

drawn into a fibre. Thus, an optimal GLS-Se optical fibre drawing process needs

to take into account every single parameter such as temperature applied, suscep-

tor temperature profile, time, volume of the glass, composition related viscosity,

preform feed and drum speeds.
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Figure 4.4: Diagram of the furnace used for rod drawing

Figure 4.5: Temperature profile of the susceptor along its length, where the
origin represents the bottom part closer to the furnace exit (profile registered

by Bruno Moog at a set temperature of 800 °C)
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4.4 GLS-Se optical fibre principles

The propagation of light through a waveguide is enabled by the reflection of light

at the boundary between dielectric materials [177]. In a core-clad optical fibre

these materials are defined by two glasses with different compositions and there-

fore different refractive indices (n), where the core presents a higher refractive

index than the cladding surrounding it [36]. The basic principle of the guiding

mechanism in an optical fibre is the total internal reflection (TIR), meaning that

all incident light at the interface of the two materials is reflected back to the core

with the same angle of incidence [178] as long as the angle of the incident light is

bigger than the critical angle. If the incident light has an angle smaller than the

critical angle, part of the light is refracted towards the cladding and represents a

loss in the transmitted light in the core [179].

θc = sin−1

(
n1

n2

)
;n2 > n1 (4.2)

Equation 4.2 Critical angle of incidence for total internal reflection

Where θc is the critical angle of incidence, and n2 and n1 are the refractive indices

of the core cladding respectively. The refractive indices also define the maximum

angle of acceptance [180] of incoming light at the input of an optical fibre by means

of the numerical aperture (NA) [181], as seen in Fig. 4.6.

θa = sin−1NA (4.3)

Equation 4.3 Acceptance angle for an optical fibre

Where the numerical aperture is defined as:

NA =
√
n2

2 − n1
2 (4.4)

Equation 4.4 Numerical aperture for a structured optical fibre
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Figure 4.6: Angle of acceptance and critical angle for total internal reflection

Figure 4.7: MMF presents a bigger core diameter compared to a SMF

In an optical fibre the core size is an essential criterion that aids defining the

guided modes supported by the structured waveguide, varying between multimode

or single mode [182], as seen in Fig. 4.7, and defined by means of the V number

parameter [3].

V =
2πa

λ
NA (4.5)

Equation 4.5 V number parameter to determine the mode operation
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Where a is the radius of the core and λ is the propagating wavelength. By varying

the refractive index, the diameter of the core and the operation wavelength, the

modal behavior can be determined. The initial considerations to decide the com-

positions ultimately used for manufacturing of a structured preform and optical

fibre were defined by the previous studies of GLS-Se compositions [54] where the

compositions correspond to a GLS-Se glasses with a 35 and 30 mol%, for the core

and the cladding respectively (Fig. 4.8), of Ga2Se3. In Fig. 4.8 it can be seen

that the signal intensity increases until it produces a knee, when the signal drops

down, at this point is where the critical angle is obtained and then the refractive

index is extracted, as described in chapter 2. As the closer the value of refractive

indices the lower the value of NA and therefore a V number value closer to a single

mode operation (V ≤ 2.405) [183]. Preparation of the samples for the extraction

of refractive index measurements is discussed in chapter 5.

Figure 4.8: Examples of refractive index measurements with the Metricon®at
1550 nm for compositions with a difference of 5 mol% inGa2Se3 content between

samples for a structured preform fabrication



CHAPTER 4. CHALCOGENIDE OPTICAL FIBRES FABRICATION AND
APPLICATIONS 53

Table 4.1: Refractive index difference and fibre parameters at 1550 nm for
GLS-Se compositions

Composition Refractive index (n) ± Samples measured NA θc(
◦) θa(

◦)
GLS-Se 35 2.42

0.01
LD1929, LD1960, LD1961

0.31± 0.1 82.62± 2 18.08± 6
GLS-Se 30 2.40 LD1934, LD1962, LD1964

The refractive indices values in the measurements are consistent between sam-

ples of the same composition (Table 4.1), demonstrating the repeatability of the

established melt-quenching process, as described in chapter 2, for manufacturing

GLS-Se glasses for multiple purposes. Therefore, this validates the reproducibility

of production of bulk samples for the fabrication of preforms, eliminating with this

any doubt that could have arisen about any possible mismatch between batches

of each new glass manufactured.

Figure 4.9: V number with a NA=0.31 for a structured fibre of GLS-Se glass
compositions with 35 mol% and 30 mol% of Ga2Se3, for the core and cladding
respectively, the different line colours represent different sizes of core radius,

where V=2.405 is the cut off for single mode operation

As seen in Fig. 4.9 and Table 4.2 GLS-Se glasses have a clear advantage for single

mode operation for mid and far IR wavelengths by virtue of their wide transmission
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window [34]. The challenge resides in adequately exploiting their refractive indices

and controlling the diameter during the preform fabrication.

Table 4.2: Cut off wavelength for a single mode operation dependent on the
core radius

Core radius (µm) λ cut-off (µm)
2.5 2.03
5 4.06
10 8.11
15 12.17
20 16.22

4.5 Mode propagation in a structured GLS-Se

optical fibre

Optical fibres, as seen in the previous section, can support one or more modes of

propagation depending on their intrinsic characteristics (i.e. refractive index, core

diameter, etc.). The fibre geometry controls the set of electric field distributions

of light that can propagate in the optical fibre [3]. In other words, the fibre

constitution and optical characteristics establish the modes of propagation allowed

in it. After calculating the V number parameter to define the operation of the

optical fibre, as multimode or single mode, the number of modes M that can

propagate in a multimode fibre can be defined as:

M =
V 2

2
(4.6)

Equation 4.6 Number of modes of propagation [184]

As seen in Figs. 4.10 and 4.11, with the help of COMSOL®, the characteristics

of GLS-Se glasses (Table 4.1) influence the multimode operation. These figures

demonstrate that the core radius is a crucial parameter in the number of modes

that are allowed to propagate through the core. These figures illustrate the chal-

lenge, which is obtaining a small core, that needs to be overcome in order to

achieve single mode fibre fabrication, as this work is only focused on the feasibility

of structured fibre fabrication.
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Figure 4.10: Mode behavior for different core radius at 1550 nm, where a) is
the cross-sectional area of the fibre, b) is the fundamental mode and c) a higher

order mode for GLS-Se optical fibres

Figure 4.11: Mode behavior for different big core radius at 1550nm, where a)
is the cross-sectional area of the fibre with the fundamental mode, b) and c) are

higher order modes for GLS-Se optical fibres
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4.6 RE doped GLS-Se glasses suitable for possi-

ble optical fibre fabrication

Research has established that SiO2 is not an ideal host for RE ions as they tend

to form clusters in the silica network [173]. On the other hand, a limited set of

the chalcogenide glasses can dissolve sufficient amounts of RE ions making them

suitable for optical amplifier and laser applications [185–187]. Some interesting RE

transitions are those of Pr3+, Dy3+ and Tb3+, as these RE ions possess transitions

in the span of 3-12 µm [33] and they can also be potentially used as amplifiers

at 1.3 µm [151]. Despite the fact that some chalcogenide glasses are suitable for

RE hosting, surpassing a critical concentration can lead to quenching [188]. One

explored RE ion in GLS-Se glasses has been Nd3+, where concentrations up to

5 mol% of Nd2S3 have been achieved (Fig. 4.12) while maintaining the thermal

properties of the GLS-Se glass network [6], as Ga is a strong acceptor of RE ions

[189]. This previous study opens the door for future possible structured doped

core preforms fabrication, based on GLS-Se glasses as a proper host exploiting

its low phonon energy and its high solubility to further study far IR wavelength

absorptions and emissions.

Figure 4.12: Spectral characterization of GLS-Se glass doped with different
concentrations of Nd2S3 [6] (study led by Dr Andrea Ravagli, reproduced with

permission as co-author)
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4.7 Examples of possible applications for a struc-

tured GLS-Se optical fibre

In the past, promising results for GLS optical fibres have been obtained at power

handling levels up to 5W at 1064 nm into a 150 µm fibre core, with no decrease

in transmission. In addition, due to their high transition temperature they are

suitable for high power lasers [135, 190]. Optical sensing is one of the most com-

mon uses for chalcogenide optical fibres, based on systems that generally expose

the core of the fibre to an environment to be sensed and monitored by which the

transmission is altered after the evanescent wave interacts with the medium. This

technique is known as fibre evanescent wave spectroscopy [191], helpful in monitor-

ing chemical species [192]. More applications include supercontinuum generation,

which has also been exhibited between the span 2-13 µm in small core AsSe fi-

bres [193], laser performance with a low threshold operation and a decent slope

efficiency of 17% [194], more has to be achieved since the first demonstration of

GLS glass laser operation [150].

4.8 Conclusion

GLS-Se glasses are suitable for optical fibre production, if they maintain their

optical properties. Passive applications could be suitable as a waveguide to trans-

mit light, as the relatively high refractive index of chalcogenide glasses inhibits a

proper guidance through the glass of the optical fibre. For active applications, RE

doped GLS-Se glasses have been produced and tested with promising results, ca-

pable of demonstrating emissions in these chalcogenide glasses. More studies with

different compositions, controlled core diameters for MMF or SMF, and different

RE ions doping need to be carried out. GLS-Se optical fibres need to be fabri-

cated and characterized in order to determine their viability as waveguides and to

improve the process steps accordingly. This work focuses in passive GLS-Se glass

compositions, as they have never been fabricated in an optical fibre form before.





Chapter 5

GLS-Se glass billets fabrication

and preparation for extrusion

5.1 Introduction

In this work, the first step towards the fabrication of GLS-Se optical fibres is the

manufacturing of glass billets to obtain between 20 or 23 cubic centimetres of

volume needed for the extrusion apparatus described in chapter 3. These billets

need to comply with the optical, thermal, and mechanical characteristics previ-

ously demonstrated [5] by the GLS-Se glass family, that is, there should be no

change in the glass properties during the extrusion process. The importance be-

hind this first step resides in ensuring the repeatability in production according

to cleanroom capabilities while only adapting the geometry and volume of each of

the samples.

It is important to understand that a key point in a reliable process is to trust

the previous research. As thousands of hours, equipment and human efforts have

been invested in developing a trustworthy GLS-Se glass fabrication process. It is

vital to understand every step taken in previous works [1] to have a solid base

for further experiments. Thus, in this work no modification has taken place in

the melt quenching process throughout this research as this has already been well

established.

59
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By not modifying the melt quenching process, the research efforts can then be

directed towards the GLS-Se optical fibre fabrication (i.e. extrusion or fibre draw-

ing). In order to be able to produce a successful melt quenching technique for

billet fabrication, several hours of training and resources were invested to ensure

that we can obtain amorphous transparent glass samples from every batch of raw

materials.

Preliminary results were used to understand the intrinsic characteristics of the

glass samples [34] in order to start planning the best possible approach for pre-

form fabrication. These initial results and experiments aimed to explore every

possible variable or parameter that needed to be considered and allowed for the

modification of the glass samples through the preform and optical fibre fabri-

cation processes, which might affect the already proven intrinsic characteristics

of the GLS-Se glass family. Therefore, this chapter underlines the current glass

melting capabilities within the Novel Glass Group, and the results that defined

the guideline to have a successful melt quenching process by acquiring data to see

the possibility of further improvements for preform fabrication, if needed.

5.2 Glass melting

The melt quenching technique is fully described in chapter 2, as reported previ-

ously [54]. The first attempts were performed to understand the process and to

ensure the repeatability of the glass fabrication. Steps include the raw materials

batching (Fig. 5.1), preparing the horizontal furnace, transferring the batch to

carbon crucibles (Fig. 5.2) and the melt quenching technique itself for GLS-Se

glass production, where the Ar purge flow is applied to eliminate any by-product

or volatile impurities from the raw materials [190], (Figs. 5.3 - 5.7). As a new

horizontal furnace was installed and the availability to melt glass needed to be

proven, all these steps were performed and recorded in said furnace. Previous

studies [195] describe that the melting temperatures for the materials are as fol-

lows: 1090 °C for Ga2S3, 1005-1010 °C for Ga2Se3 and 2100-2150 °C for La2S3.

The melt quenching technique is carried out at 1150 °C where this temperature is

enough to melt two of the raw materials, and once melted they act as a solvent

for La2S3 [196] mixing it by effect of the convection currents naturally occurring

in the crucibles during the process [197].
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Figure 5.1: Example of raw materials batching for GLS-Se compositions

Figure 5.2: Raw materials in carbon crucibles positioned in the horizontal
furnace before the melting
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Figure 5.3: Left side of the furnace where the Ar purge flow starts to be
applied

Figure 5.4: Right side of the furnace where the volatile impurities are carried
by the purge towards the extraction
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Figure 5.5: Glass vessels to filter any volatile particle from the melt before
the extraction

Figure 5.6: Crucibles after the furnace was removed to begin the quenching
step

Figure 5.7: Crucibles cooling down, brightness fades away as the temperature
goes down
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Figs. 5.8 and 5.9 highlight the importance of placing the crucibles in the correct

hot zone of the furnace. The wrong positioning of the crucibles does not allow the

correct melting of the raw materials as the temperature needed is never reached,

plus the quenching rate is slower. Therefore, one common problem in the inability

to produce glass samples is not having a temperature profile of the furnace in use,

fortunately this can be easily overcome as seen in Fig. 5.10.

Figure 5.8: Fully crystallized sample

Figure 5.9: Crystallized samples, not usable for further processes
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Figure 5.10: Horizontal furnace temperature profile with a uniform hot zone
of 45cm

After obtaining the temperature profile, the next batching (20 g of raw materials

per crucible) was placed in the hottest zone of the furnace. This action as well as

increasing the Ar flow from 300 cc to 500 cc after the furnace was removed favoured

the quenching rate, and as a result amorphous glass samples were produced as seen

in Figs. 5.11 and 5.12. These samples were used for initial thermal analysis and

refractive index measurements (as seen in chapter 4) to corroborate that the steps

were correctly followed by showing results in accordance with previous studies,

including the ∼2% of mass loss during the melting [54].

Figure 5.11: GLS-Se glass samples, after a successful melt quenching
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Figure 5.12: Transparent GLS-Se sample of 20 g

5.3 Glass billets production for extrusion

As seen in chapter 3 the current capabilities of the Novel Glass Group include an

extrusion apparatus comprising a billet container for samples of up to 30 mm in

diameter. It is used to fabricate glass billets in accordance with said dimensions,

considering also a maximum of 23 cubic centimetres in volume, as seen in previ-

ous sections of this chapter. After a meticulous selection, the GAZ 3 cylindrical

crucibles model from Sigradur®G was chosen as it complies with the diameter

specifications required in a high quality carbon. To fit in the horizontal furnace,

each crucible was cut 3 mm from the top and a new silica crucible holder was

fabricated to keep each crucible in a vertical position to avoid spills (Fig. 5.13).

Figure 5.13: Glass billet in the crucible of 30 mm in diameter after the quench-
ing was performed
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Even though the use of carbon crucibles might infer some possible contamination

to the glass samples, chapter 2 and previous studies [54] show that that the spectral

region between 4-8 µm does not show the characteristic carbon absorption peaks

[65] most likely due to the inertness of the vitrious carbon used for the crucibles.

This validates the use of this type of crucibles for the glass melts. These crucibles

have a maximum capacity of 30 g of raw materials and glass billets produced with

this mass of materials have a thickness of around 8 mm (Fig. 5.14). For a core-

clad extruded preform (i.e. using two different glass compositions) thicker billets

are needed. Therefore, the best option to obtain bigger billet volumes is a remelt

process. This comprises using two, or more, already produced glass billets (Fig.

5.15) and melting them together or producing a glass ingot (>170 g) and using

it for the billets (Figs. 5.16). For this latter option the ingot must be cut (Fig.

5.17) and cleaned in an ultrasonic bath (Fig. 5.18) to remove any particle that

might have been introduced. During this process isopropanol is used as solvent as

it does not react with the glass [198].

Figure 5.14: GLS-Se glass billet using the GAZ 3 crucibles and 30 g of raw
materials
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Figure 5.15: GLS-Se glass samples stacked, with a thickness around 8 mm
each

Figure 5.16: GLS-Se glass ingot for billets remelt

Figure 5.17: Pieces of cut-glass ingot
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Figure 5.18: Ingot pieces ready for ultrasonic bath

Each remelt is performed following the same steps as the melt quenching technique

described in previous sections, used for the raw materials to ensure that the nature

of the glasses and the capabilities of the equipment are maintained. As before,

the mass loss is around 1-2% after the remelt is completed. As seen in Fig. 5.19,

thicker billets are successfully obtained for extrusion. One throwback of the remelt

that needs further investigation is the effect of the loss mass at each remelt, as the

glass could be pushed to its glass forming region, and also a different cooling rate

might be needed to avoid the crystals promotion.

Figure 5.19: Thicker GLS-Se glass billet for co-extrusion
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5.4 Billets and samples polishing

After annealing the samples, further steps consist of using the lapping and pol-

ishing plates (Fig.5.20) to smooth the end faces for further measurements and to

remove any carbon residual. As GLS-Se glasses could react with water, ethanediol

is used as a lubricant. Three different sizes of alumina powder are used (9 µm, 1

µm and 0.3 µm) to give the samples an optical finish. The jig must be adapted

depending on the size of the glass samples or billets, this adds an extra step during

the polishing process and is crucial as any wrong positioning or pressure applied

can damaged the sample or even the lapping plate. Before the lapping and polish-

ing steps samples need to be cut to flatten the end faces (Fig. 5.21), as this helps

reducing the consumed time and avoids wasting material (i.e. alumina powder).

Figure 5.20: Lapping and polishing plates for the PM5 system

Figure 5.21: Billet being cut by a diamond blade
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The conditions for lapping and polishing might change depending on the glass

compositions; the quality of the final optical finish depends on the optimization

of the material removal rate and surface defects can be reduced by controlling the

physical actions [199]. As a mechanical process, experience has showed that when

the size of the alumina particles is reduced, the applied pressure must be increased.

Although there is no way to quantify the pressure in the existing equipment,

further studies could be established to develop the best possible parameters for

lapping and polishing GLS-Se glass samples to avoid any possible scattering from

the surface quality [200]. Current lapping and polishing expertise are enough for

the initial measurements and experiments, as possible surface roughness does not

affect the glass properties considered in this work [201].

Figure 5.22: GLS-Se 20 g samples polished simultaneously to save resources

Figure 5.23: GLS-Se sample after optical finish ready for measurements. Note:
the bubbles are only in the bottom part of the billets
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Figure 5.24: GLS-Se billets for extrusion after polishing both faces

Initial extrusion experiments in this work did not consider polishing the cylindrical

surface of the billets, as it was previously thought that this would not affect the

extrusion or fibre drawing processes. As explained in chapters 6 and 7 carbon resid-

uals were contained within the preform core-clad interface after the co-extrusion

process, but the effects were only seen after the fibre drawing was performed.

Carbon residuals affected the performance of both processes, diminishing with it

the quality of the preforms and fibres. This confirmed the need for polishing the

cylindrical surface to enhance the glass quality and facilitate the processes. No

equipment was in existence to polish the billet cylindrical surface so with the help

of the mechanical workshop, a two piece stainless steel billet holder (Fig. 5.25)

was produced to use an already available lathe.

Figure 5.25: Billet holder to polish cylindrical surface, the polymer prevents
scratching the end faces
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Each billet cylindrical surface was polished using diamond films from Thorlabs®up

to a 1 µm finish. As this had not been performed before all the cylindrical surface

polishing was performed manually, this was problematic for the user as the surface

gets hot by friction [202]. Finding a better way to do it or developing the proper

equipment for this would require further studies and efforts. Polishing the end

faces and cylindrical surface of each billet ensures that any possible carbon depo-

sition from the crucibles is eliminated, which avoids any induced crystallization as

a result of deliberately added heterogeneous nuclei [55].

Figure 5.26: Polished cylindrical surface of a billet

Figure 5.27: Billet cylindrical surfaces can be polished for different thicknesses

5.5 Billet initial thermal and mechanical analy-

sis

For initial glass melting trials and measurements (chapter 4) only two compo-

sitions were considered: GLS-Se with 30 mol% and 35 mol% of Ga2Se3. This
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was firstly to ensure that the glass was produced according to specifications and

that the characteristics were maintained before further processes. As described

in chapter 2, one way to ensure that the glass was produced according to pre-

vious studies [5] and that the quality was maintained was for the glass samples

to undergo a differential thermal analysis (DTA) and a thermomechanical anal-

ysis (TMA). These characteristic temperatures are a good indication of batch to

batch uniformity for the glass. Full details about the exact values obtained for

the thermal and mechanical analysis are disclosed in chapter 6. For the DTA

(Fig. 5.28) samples between 10-20 mg were placed in the Perkin Elmer Diamond

TG-DTA after the annealing process. Comparison between previous studies [54]

under the same conditions (i.e. raw materials used) show a maximum variation of

1% between reported values and the DTA values showed in this work. This helps

to confirm that the glass samples are melted accordingly, and that the thermal

characteristics prevail. As the billet production needs a remelt, further studies

need to confirm if at a certain amount of remelts (taking into account the time of

remelt) the thermal and mechanical characteristics are modified and to quantify

them, this to avoid any structural change and to assure that the characteristics of

the glasses are maintained at all time.

Figure 5.28: Example of a DTA performed for two different GLS-Se glass
compositions
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For the viscosity curves a three-point bending TMA was performed. A Perkin

Elmer Diamond TMA was used. Samples were cut with a length of 7 mm, a thick-

ness of 1 mm and 4 mm width. The ISO 7884-4 standard [80] was applied to obtain

the viscosity curve of each sample, where a tip of a probe was placed perpendic-

ularly on the surface of the sample at the centre of the longest edge, a load of

100 mN was used to press the sample against the stage, and then the temperature

was incremented at a rate of 10 °C/min up to 950 °C (Fig. 5.29). After using the

standard ISO 7887-4 the viscosity data was fitted to the Vogel–Fulcher–Tammann

equation [203]:

log(η) = k +
a

T − b
(5.1)

Equation 5.1 VFT equation to fit the viscosity

Where T is the temperature of the sample, k, a and b are fitting parameters. The

curves were plotted from the transition temperature according to the DTA to 950

°C (Fig. 30). The softening point range is in accordance with previous studies

[5] and demonstrates in Chapter 7 that the fibre drawing temperature might vary

according to composition and preform quality.

Figure 5.29: GLS-Se sample after the TMA
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Figure 5.30: Initial TMA of GLS-Se glass samples

For fibre drawing and to avoid crystallization, a temperature below the Tx is

preferable. However, another variable to take into account in the processing at

temperature of GLS-Se glass compositions is time. Time is a crucial factor as

a long exposure to a heat source even if is below the Tx can lead the sample to

crystallize. In the extrusion and fibre drawing processes high temperatures are

preferred to produce a nice glass flow, but even if the glass is thermally stable it

can crystallize if a time threshold to temperature is surpassed. A thermal-time

study was carried out, setting up a temperature close to Tx (around 650 �C) and

waiting for one hour to establish the amount of time that the samples take to fully

crystallize (Fig. 5.31). The results were consistent with the first thoughts: at a

temperature close to Tx it only takes around 20 minutes to fully crystallize. This

shows that once the samples are heated up, the extrusion or fibre drawing has to

be fast enough to avoid crystallization, and the cooling rate is also a factor that

could lead to evade said undesired effects. More studies were carried out to obtain

the optimum temperature for extrusion or fibre drawing from GLS-Se preforms

and to establish the minimum time to carry out the processes (chapters 6 and 7).



CHAPTER 5. GLS-SE GLASS BILLETS FABRICATION AND
PREPARATION FOR EXTRUSION 77

Figure 5.31: Heat flow vs time, showing how much time is required to crys-
talize the samples at a given temperature

5.6 Conclusion

GLS-Se glass samples and billets were fabricated throughout the already well-

established melt quenching technique. As long as the temperatures and procedures

already established are followed it does not matter in which furnace the materials

are melted. Bulk samples have undergone different polishing steps to obtain an

optical finish and were optically measured previously (chapter 4), demonstrating

the reproducibility of glass manufacture. Moreover, thermal and mechanical stud-

ies show that the glass samples are in accordance with the expectations and these

initial results are the basis for further experiments and measurements. Once the

steps to reproduce the GLS-Se glass family are proved under the current situations

and equipment, it can be established that it is reliable to mass produce GLS-Se

glasses for any application needed in industry or for further experiments.





Chapter 6

Extruded GLS-Se glasses for fibre

drawing preforms

6.1 Introduction

Previously, the promising properties of a new family of bulk glasses based on

gallium and lanthanum sulphide (GLS) that have been modified with selenium

(GLS-Se) have been demonstrated [4]. Through this substitution of sulphur by

selenium, the long wavelength transmission increased from 9 µm for GLS to 15 µm

for GLS-Se, whilst maintaining the visible transmission. However, to date, optical

fibres based on GLS-Se based glasses have yet to be demonstrated.

Optical fibres are most commonly fabricated by heating and drawing from a pre-

form [204]. For silica fibres, preforms which provide the internal core-clad structure

of the resulting fibre are formed by chemical vapour deposition (CVD) [205] which

provides a glass that is highly stable and can be heated to its softening tempera-

ture without subsequent nucleation or growth of crystals, results in low loss optical

fibres [36]. No equivalent CVD process has been developed for preform fabrica-

tion from chalcogenide glasses and therefore alternatives for modifying the bulk

chalcogenide glass into a preform or directly into fibre form have been explored.

These different techniques include: rod-in-tube technique [38], crucible technique

[39], in situ melt [40], suction technique [136] and extrusion [41].

Crucible drawing techniques, which draw fibre directly from the molten glass,

have been favoured for conventional chalcogenide glasses, which have low melting

79
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temperatures, typically 300 - 500 °C [206]. However, glasses based on gallium

and lanthanum-based chalcogenides have much higher characteristic temperatures,

with melting temperatures on the order of 1000 °C [195]. As result, crucible

drawing is more difficult, not necessarily in achieving the required temperature,

but in engineering a fibre drawing tower design which allows the molten glass to

cool and solidify before reaching the bottom of the fibre drawing tower, where is

it wound and spooled.

To get over these difficulties, chalcogenide preforms are often made through the

extrusion process [207]. An important aspect to consider is the viscosity of the

glass that is to be extruded, short glasses such as chalcogenides are those that

present a steep viscosity temperature curve, which could prevent the material from

being extruded appropriately; examples of the difficulty encountered are provided

later in this chapter [92, 95]. Extrusion is typically performed in a narrow range of

temperatures above the softening point (107.6 Poise) using lower temperatures than

conventional oxide-based glasses. [108, 109]. The ideal extrusion temperature may

therefore be close to the crystallization temperature of the glass, and as crystals

must be avoided in the final fibre form, this could be problematic.

The first part of this chapter shows the initial experiments to confirm extrusion is a

compatible process with GLS-Se glasses. Afterwards a full study is undertaken to

further prove the suitability of reliable extrusions and extruded glass properties are

examined post process. The extrusion of GLS-Se glasses into rods for three single

different Ga2Se3 concentrations, and structured (core-clad) preforms using the

initial results shown in chapters 3 and 5 are described. To characterize the glasses

after extrusion some techniques are used such as: Raman spectroscopy, thermal

analysis and refractive index measurements to investigate structural changes of the

glass, x-ray diffraction (XRD) to look for evidence of crystallization, and optical

spectroscopy to verify the absorption or if scattering losses were introduced. With

this it is demonstrated that the extrusion process is a viable solution for preform

fabrication in these materials, as their desirable characteristics are maintained after

the extrusion process, ensuring their properties can be exploited also in optical

fibre fabrication form for multiple applications.
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6.2 Extrusion apparatus assembly and consider-

ations

The Novel Glass Group extrusion apparatus and all the components comprising

it are fully described in chapter 3. For successful extrusions the correct operation

increases the chances to successfully obtain fully useful rods and structured (core-

clad) preforms. Some considerations need to be taken into account before starting

any process. Billets after polishing need to be cleaned by a 1-hour ultrasonic bath

to remove any trace of ethanediol after polishing, as seen in chapter 5. The billet

container (die, sleeve, lid), is also cleaned in isopropanol to remove any residual

grease left by the mechanical workshop, this needs to be done for at least one

hour. Dies are polished by a laser machine, but as seen in Fig. 6.1 it is not a

completely smooth surface, this will produce some strays into the glass surface

(Fig. 6.2) that are detrimental for fibre drawing. These strays are unavoidable,

but a complete die cleaning might avoid adding impurities to the glass while being

extruded producing with this some crystallization [207] or even surface scratching.

Before starting the assembly of all the parts that comprise the apparatus, it is

necessary to check each single element that is going to be used. If no precaution is

taken it might lead to an unsuccessful extrusion, damaging of the equipment and

even the users can be at risk. In the past, there have been various examples of

errors which resulted in breakage of glass samples, thermocouples being burned by

the heating elements, or even damaging the piston (Fig. 6.3). Any of these avoid-

able mistakes, might give a poor extrusion process or could lead to the apparatus

being out of use for several weeks until the damage has been fixed.
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Figure 6.1: Microscope image of the die surface used for extrusion

Figure 6.2: Strays on the surface of an extruded GLS-Se preform
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Figure 6.3: Damaged piston after mispositioning it in the extrusion apparatus

The assembly steps for the extrusion apparatus are listed as follows:

� The billet container after being cleaned (Fig. 6.4), is placed in the carbon

body and the glass samples are placed accordingly (Fig. 6.5).

Figure 6.4: Cleaned billet container (die, sleeve and lid)
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Figure 6.5: Glass samples placed in the billet container

� The lid is placed on top of the glass billets (Fig. 6.6). It is best if there is

a gap between the lid and the edge of the sleeve, as this helps positioning

the piston, and avoids any possible damage during the process. Also, the

thermocouples are placed to measure the temperature of the top and bottom

part of the carbon body, as described in chapter 3.

Figure 6.6: Billet container, showing a gap between the lid and the sleeve
favouring the positioning of the piston

� Afterwards the carbon body and the billet container are placed on top of

the bottom heating element and the second heating element, for the carbon

body, is then allocated (Fig. 6.7).
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Figure 6.7: Partially assembled extrusion apparatus showing the main heating
element before the ceramic shield is placed

� The ceramic shield is then used to cover the rest of elements, as this helps

maintaining the heat applied to the billet container [208] and favouring the

control in temperature. Then the piston is put in position, and the equipment

is ready for the process (Fig. 6.8).

Figure 6.8: Completed assembly of the extrusion apparatus and ready to start
the process
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Although the steps to follow are systematic and repeatable, the user needs to

be careful and respect the guidelines of the process. The misunderstanding of

any steps might lead to undesirable consequences, for example they might affect

the billet container and breaking the glass samples (Fig. 6.9). In this work the

extrusion apparatus used a silica tube under the die to facilitate maintaining a

straight extruded glass and in case of breakage for user safety.

Figure 6.9: Example of crushed glass, as the lid and piston were positioned
incorrectly

6.3 Initial extrusion experiments with GLS sam-

ples

The Novel Glass Group has previously explored extrusion at a temperature range

between 620-640 °C [53] with various results as part of a study of GLS glasses,

but not as a main goal. To be able to further develop the family of chalcogenide

glasses, the next step is to explore the feasibility of extrusion with GLS-Se glasses.

After studying the pros and cons of extrusion, as seen in previous chapters, the

first step is to understand the behaviour of chalcogenide glasses during extrusion.

Initial tests were carried in already produced GLS glasses, to set the best approach

and temperature values for a continuous and complete extruded glass rod. The

preparation of the samples was as discussed in chapter 5. The extrusion apparatus

has a temperature heating rate around 18 °C/min and a maxim set temperature of

700 °C. It has two independent temperature controllers for each heating element
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(Fig. 6.10): one for the carbon body itself (main heater) and one for the die (ring

heater). The latter requires a higher temperature as the die needs to maintain

the temperature to avoid having glass stuck in the die and promote the glass flow.

The GLS glass (65:35) has a transition temperature of 563.8 °C, a crystallization

temperature of 679.2 °C [1] and the softening point (7.6dPa · s) is reached around

620 °C [53]. For extrusion to take place, the temperature needs to be set above

the transition temperature (Tg) but below the crystallization temperature (Tx),

but these are dependent on composition the viscosity chosen might differ.

Figure 6.10: Glass extrusion apparatus temperature controllers

Another parameter that can be established in this equipment is the speed of extru-

sion, that determines the time used for the process to be completed and therefore

the thermal history of the glass. Extrusion speed and the viscosity, as a func-

tion of the temperature, describe the total load applied by the piston (Fig. 6.11).

These two latter parameters define the window of time within the extrusion can

be carried out before crystallization begins [209]. The initial thoughts were that

getting to the extrusion temperature needed to be done in steps of stabilization,

this is choosing the maximum temperature to be used and starting with lower

temperature, waiting and then increasing again. This approach, as seen in Fig.

6.12, was proved to be wrong. This figure shows completely ceramized sample, as

the chosen temperature was 670 °C for the ring heater and 640 °C for the main

heater. It was initially set to a 200 °C temperature, then 400 °C and afterwards

600 °C. Once the ring temperature controllers reached 600 °C the temperature was

increased by 10 °C until it reached 670 °C, and the same procedure was used for

the main heater to reach 640 °C. The extrusion speed chosen for this trial was

0.1 mm/min, this plus the time required to reach the highest temperature in the

controller, lead to an initial trial with up to 6 hours process time.
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Figure 6.11: Extrusion load curve, the horizontal axis shows the distance the
piston has travelled inside the billet container, the sharp load rise is due to the

ceramized sample

Figure 6.12: Ceramized GLS sample after a failed extrusion attempt

After this failed initial attempt the choice was made to try the opposite approach:

start at a low temperature of 570 °C for the main heater and 610 °C for the ring

heater. Extrusion speed was increased to 0.5 mm/min to reduce the time of the

process, and temperature was increased directly to the chosen temperature with no

intermediate steps. Once the temperature controllers reached the set values there

was a dwell time of 5 minutes before starting the process. As seen in Fig. 6.13, this

approach was again proven wrong as the glass sample was not in a temperature

high enough to be extruded and on the contrary, the glass was being crushed.

The load curve sharply increased, and several cracking was heard. To overcome
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this the temperatures were increased progressively every minute until the load

dropped. Contrary to the previous attempt the piston went further in the billet

container, meaning that extrusion was taking place. Unfortunately, the initial low

temperature and glass crushing led to a short crystalized extruded sample (Fig.

6.14) as the glass powder particles could have acted as nuclei, but this partially

successful trial led to the confirmation of the possibility to extrude glass if the

conditions were improved (i.e. correct temperature) and that extrusion needs to

start at a low temperature and increase in small steps until the load curve is steady.

Figure 6.13: Extrusion load curve where it can be seen the section a) that
belongs to the part with low temperature and therefore crushed class, b) tem-
perature was increased to decrease the glass viscosity and extrusion started to
take place until a load peak was reached, temperature was gradually increased

and as result load kept decreasing, and c) the end of extrusion

Figure 6.14: Extruded GLS sample, heavily crystallized as glass was crushed
during extrusion and a wrong temperature was set
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6.4 Extruded GLS-Se samples failed attempts

After the GLS extrusion attempts, several improvements were made to determine

the steps to be followed for a successful extrusion process with GLS-Se glass billets

for rods and structured preforms. This section shows the situations that occurred

and parameters that were used leading to unsuccessful extrusions. They are not

necessarily in a chronological order as some attempts were performed to further in-

vestigate possible situations and parameters that could benefit the process, which

in the end did not, and also some were produced by an equipment malfunction.

A crucial step described in chapter 5 was the ultrasonic bath after every polish-

ing step, to reduce or eliminate any carbon trace that could affect the extrusion

process, a remanent of the polishing process. This realization resulted from the

negligence of not cleaning the glass billets and just introducing them into the

extrusion apparatus after they were annealed. This resulted in a glass rod with

severe crystallization along its length (Fig. 6.15) as the particles on the surfaces

promoted nucleation [55].

Figure 6.15: Extruded preform partially crystallized as billets were unpolished

To illustrate how crystallized the preform was, a white light source was used

to show the scattered light (Fig. 6.16). This proved that a cleaning step (i.e.

ultrasonic bath) needed to be introduced to the process to avoid crystallization by

particles.
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Figure 6.16: Crystallized preform under a white light source showing scatter-
ing due to the crystals produced in the extrusion process

This failed attempt was done in the pursuit of trying to avoid the polishing and

ultrasonic bath steps to save time as preforms can take up to two weeks before

being ready to be drawn into fibre. However, in this attempt the temperatures

were close to be suitable for a continuous uninterrupted extrusion. Another way

to ensure the quality of an extrusion is by maintaining a pre-determined extrusion

load curve. It was thought that the higher the temperature, and therefore the

lower the viscosity, the more straightforward the extrusion process would be. The

latter means that the load curve would be almost linear until the very end of the

extrusion (Fig. 6.17).

Figure 6.17: Almost linear extrusion load curve that produced crystals in the
preform as the temperature set was 620 °C

According to the curve, the extrusion seems perfect, but the preforms contained

some visible crystals within it. Compared to other successful trials, the difference
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in temperature was only 10 °C higher. After multiple extrusions, it was corrob-

orated that once the set temperatures were reached in the controllers, at least

5 minutes are needed to stabilize the temperature in the billet container. If ex-

trusion is started before this waiting time, there is a high probability that the

first part of the glass comes out of the die sharply bent provoking an unsuccessful

extrusion. This result was due to a high viscosity of the glass and a high load

applied by the piston [210], as the internal pressure in the die builds up when the

glass comes out of the die the pressure difference provokes an acceleration in the

glass flow provoking that the material stops behaving as a laminar flow resulting

in a random flow that provokes a sharp bending angle. Although some bending is

unavoidable, it must be reduced as much as possible, so that the useful length of

the extruded glass is maximized.

The dies produced by the mechanical workshop, as described in chapter 3, have

an aperture of 10 mm in diameter. One extrusion trial was to produce canes of 1

mm in diameter directly from the glass billets and for this purpose a new die was

designed. The problem that arose from using smaller die apertures was that the

inner roughness of the die cannot be controlled properly. Moreover, the smaller

the die aperture, the higher the load that needed to be applied [122]. These factors

cause different types of imperfections in the surface of the canes (Fig. 6.18). For

varying die diameter apertures, further studies need to be carried out, and new

parameters need to be stablished.
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Figure 6.18: Extruded cane of 1 mm in diameter showing surface imperfections

In previous studies [98], it has been of interest to exploit the high nonlinearity of

the chalcogenide materials for hollow fibres. These types of fibres confine the light

in the core very efficiently due to their structure. To facilitate the fabrication of

these type of fibres the extrusion process has been applied successfully for GLSO

glasses [101]. As background it is shown that GLS based glasses can be used to

produce hollow fibres and this example was used as basis to try to replicate the

same type of extrusion with GLS-Se glasses. The challenge for extruding GLS-Se

glasses in complex dies is that their extrusion viscosity is in the range of 7dPa · s
which can be though as a high viscosity for the process, and also the die design

needs to promote a proper glass flow to cover all the space in it. A note in this

work, is to not misunderstand a high viscosity with the Vickers hardness [54] of

the glass, as this property is only for solids, but do note that the glass Vickers

hardness is higher than that of stainless steel [211]. Viscosity must be low enough

to flow through the geometry of the die for a hollow preform. Fig. 6.19 shows that

the use of a temperature related to a high viscosity destroys the die structure and

does not produce the desire geometry. GLSO glasses as explained in chapter 3,

have an advantage that due to their oxygen content, higher temperatures and thus

low viscosity can be obtained, therefore improving the extrusion of any intricate

die structures. For complex die structures more studies need to be carried, to

obtain the best parameters for a successful extrusion.
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Figure 6.19: Failed wheel extrusion attempt, where a) is the original die pre
extrusion and b) is the destroyed die by the low viscosity glass

As described in previous sections, one factor that produces unsuccessful extru-

sions is equipment failure. The most common is that the temperature controller

thermocouples have wrong temperature readings as they are damaged. One effect

that this might produce is that the die is heated unevenly and that temperature

gradient [212] produces a twisted glass preform (Fig. 6.20), as the temperature

gradient in the die produces a convection flow in the unevenly heated glass. No

further experiments were done with this extruded glasses, but it is probable that

the fibre drawing of these could be useful for spun fibre applications [213]. If this

type of extrusions have an application, further research needs to be be carried to

understand how to replicate them.

Figure 6.20: Twisted extrusion due to a misfunctioning in the heating ele-
ments, where a) is the extruded glass inside the protection tube and b) samples

of the failed extrusion
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As described before, a glass sample, if melt-quenched correctly, always shows its

intrinsic characteristics and every part of it is transparent. However, there are

some failures in the equipment and this leads to the production glass billets that

are not completely glassy (Fig. 6.21), as they were not correctly placed in the

furnace affecting with this the whole process. In an attempt to understand how

detrimental this effect would be in an extrusion these type of billets were used to

obtain an extruded rod. The billets went through the same steps that were already

established to prepare and clean the samples before extrusion (i.e. polishing, ultra

sonic bath).

Figure 6.21: Billets for extrusion not completely transparent, just the bottom
part of them presented this anomaly

The extrusion of the billets was thought to have a different load curve and that

the not completely glassy sections would be extruded first and pushed out of the

billet container, so that the rest of it is useful and completely transparent. None

of these ideas occurred, as the temperature used produced the same load curve

as other successful extrusions, but what resulted was an extruded rod with the

outer surface heavily scratched and with ceramics (Fig. 6.22). Chapter 7 shows

that those surface imperfections can be overcome by rod polishing. This confirms

that from the raw materials mix until the extrusion process, every step must

be respected and replicated to the highest standards established and that before

carrying any job the equipment needs to be checked to ensure that no failure affects

the glass samples and extrusion process.
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Figure 6.22: Extruded rod with surface defects caused by partially crystallized
billets

6.5 GLS-Se successful extrusion for rods with

single compositions and structured preforms

Following the cleaning and polishing steps, the avoidance of high temperature

established the path to follow to obtain the correct temperature for completely

transparent and crystals-free preforms. As stated in the previous section, the

first approach that started giving positive results was to choose a temperature

low enough to avoid crystallization but enough to decrease the viscosity of the

glass, even at the expense of the load curve. The first successful trials included a

progressive increase in temperature in amount of 5 °C, when the load started to

raise and until the load descended to a stable value that could keep the extrusion

process going (Fig. 6.23).
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Figure 6.23: Successful extrusion with temperature increasing steps, where a)
load sharply rises (T=575 °C), b) load decreased as temperature increases by 5

°C per min, and c) constant and stable load (T=610 °C)

From these extrusions with temperature increasing in small steps, the maximum

temperature that was useful for a continuous extrusion and to produce glass rods

without crystals was obtained. The maximum temperatures selected in the tem-

perature controller were 610 °C for the ring heater and 600 °C for the main heater.

The produced load curve is steady and with an increasing load as the piston dis-

places in the billet container (Fig. 6.24). Depending on the billet’s thickness is

the maximum length of the extruded rod (Fig. 6.25). Every successful extruded

rod has a diameter of 10 mm ± 0.02, which confirms the stability of the extrusion

process and the reliability of the fabrication itself.

Figure 6.24: Example of a load curve for an extruded rod without crystals
and with the correct temperature
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Figure 6.25: GLS-Se extruded rod without crystals and with a maximum
length of 26 cm

As described in chapter 4, for structured preforms (core-clad) compositions with

Ga2Se3 30 mol% and 35 mol% were chosen, as they present comparable refractive

indices and Weinberg parameters [5]. This means that thermally they behave

similarly making co-extrusion a viable process. Billets were prepared with the same

steps that proved being essential for a successful extrusion. Afterwards they were

placed in the billet container (Fig. 6.26) and every step was reproduced in the same

way for every extrusion. The load curve did not present a big difference compared

to single composition extrusions. What needed to be proven was that the co-

extrusion process behaves similarly to a single composition extrusion glass flow, to

produce a core-clad interface. As seen in Fig. 6.27, successful structured preforms

were obtained where the new challenge was to obtain a smooth interface between

both compositions, to prevent any scattering from introduced impurities during

the process (Fig. 6.28). All efforts have been put to obtain completely transparent

preforms with no crystal formation and with the least impurities introduced by

the process itself. Further studies need to be carried for different compositions for

rod and structured glass preforms.

Figure 6.26: Load curve for a co-extrusion to produce structured preforms
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Figure 6.27: Successful structured preform after co-extrusion

Figure 6.28: Structured preforms under a while light source showing the scat-
tering in the core-clad interface, where a) shows a heavily scattering preform

and b) scattering was suppressed

6.6 Improvements during the development of suc-

cessful GLS-Se extruded rods and preforms

Every extrusion attempt provided feedback about the quality of the process, the

samples used, and the post extrusion results. After every trial, new considerations

towards the correct steps to follow during the process were developed. Each ex-

trusion attempt represented an opportunity to improve the quality of the samples

and the parameters involved (i.e. extrusion temperature), to include new steps

(i.e. polishing), etc. Figs. 6.29, 6.30 and 6.31 clearly show the difference in qual-

ity between extruded samples using 630 °C (high temperature, viscosity 6dPa · s)
and 610 °C (low temperature, viscosity 6.5dPa · s). The effects of using the wrong

temperatures and not including cleaning steps promote poor quality extrusions

and high contamination due to impurities and crystallization.
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Figure 6.29: Surface extruded quality, showing the effects of using a) 630 °C
and b) 610 °C

Figure 6.30: Difference in the glass quality, due to the effects of using a) 630
°C and b) 610 °C

Figure 6.31: Structured preform interface differences between extruded sam-
ples, showing the importance of the cleaning steps, where a) shows impurities

and b) is cleaner



CHAPTER 6. EXTRUDED GLS-SE GLASSES FOR FIBRE DRAWING
PREFORMS 101

6.7 Thermal characterization of GLS-Se success-

ful extruded rods with single compositions

The failed attempts to produce GLS-Se extruded rods led to an initial under-

standing that the time and temperature were incorrect. To decrease the time of

the process, the extrusion speed was increased to 0.5 mm/min, which helped to

reduce the exposure of the glass to heat from 6 hours to approximately 1 hour.

The importance of this resides in the fact that the initial extrusions affected the

thermal behaviour of the glass (Figs. 6.32 and 6.33). In these pictures we show

the exothermic crystallization peak has a higher amplitude and its broadening, or

shortening, has a variation between 3-27% compared to the bulk samples before

the extrusion process. These variations in the heat flow analysis, specifically in

the crystallization peak, are described by the equation [214]:

φ = m · cp · β + φl (6.1)

Equation 6.1 Heat flow signal analysis

Where m is the mass of the sample (kg), cp is the specific heat capacity (J/K ·kg),

β is the heating rate (K/s) and φl is the heat loss function (mW ). This equation

shows that the behaviour of the heat flow is related to the specific heat capacity.

This latter is likely to differ between the bulk and the extruded samples of the

same glass, as extrusion could promote crystallization if the parameters used (i.e.

temperature) are not suitable for the process. Further studies need to be carried

to define the heat capacity of GLS-Se glass bulk and extruded samples, to fully

understand the behaviour of this family of glasses under the influence of applied

heat.
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Figure 6.32: DTA curve for GLS-Se glass samples with Ga2Se3 30 mol%
before and after extrusion

Figure 6.33: DTA curve for GLS-Se glass samples with Ga2Se3 35 mol%
before and after extrusion
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Therefore, extruded glasses presented almost the same characteristic temperatures

as bulk glass samples. However, changes in the structure of these curves, for ex-

ample the stronger crystallization peak, suggest that some material changes (i.e.

nucleation) are occurring which could affect other bulk properties such as heat

capacity. For the most part during extrusion the characteristic thermal proper-

ties for different contents of Se are maintained [215], as shown in Table 6.1. As

described in chapter 5, the difference between the bulk samples produced in this

work and previous studies [54] is of maximum 1%, each temperature in this work

presents a ±2 °C approximation within temperatures of the same composition.

Table 6.1: Thermal characterization for GLS-Se glass samples before and after
extrusion

Bulk Extruded
Composition Tg (°C) Tx (°C) Tc (°C) Tg (°C) Tx (°C) Tc (°C)
GLS-Se 20% 519 678 802 512 679 805
GLS-Se 30% 517 663 786 515 661 783
GLS-Se 35% 511 652 782 510 651 780

Thermomechanical analysis (TMA) showed that the characteristic viscosity of

GLS-Se extruded glass was maintained, and the softening point corresponded to

previous studies [5] with a maximum difference of 1% between values of the same

composition, as seen in Table 6.2. The increasing of Ga2Se3 content, in the first in-

stance, decreases the softening point (as its melting point is lower than the melting

point of the Ga2S3) but as the concentration increases it starts increasing again,

as it tends to a maximum in the phases of Ga2Se3 [216], as shown in Fig. 6.34.

These viscosity curves, in addition of the differential thermal analysis (DTA), are

the basis for establishing the parameters for fibre drawing of the extruded GLS-Se

glass-based rods and structured preforms.
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Figure 6.34: Viscosity curves for different GLS-Se extruded glasses

Table 6.2: Temperature at the softening point GLS-Se glass samples before
and after extrusion

Bulk [34] Extruded
Composition Softening point (°C) Softening point (°C)
GLS-Se 20% 623 616
GLS-Se 30% 581 583
GLS-Se 35% — 588

6.8 Optical and material characterization for ex-

truded glass

Optical characterization is the next step for the extruded glass to ensure that the

extrusion process has not modified the properties compared to the bulk glass prior

to extrusion. The results presented in this section are for single extruded composi-

tions, but the same analysis was carried out for the structured extruded preforms

(i.e. FTIR spectroscopy). Results obtained are in accordance with the graphs and
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tables shown in this section however for clarity structured preforms graphs were

omitted. A disc of 1 mm thickness was cut from each extruded rod, and polished

using the same process for the billets. Optical transmission was measured using

a UV-VIS-NIR (Cary-500) and a FTIR (Cary-670) spectrometers in a range of

500 nm to 15 µm. The optical transmission for the samples corresponds to what

is expected from the bulk samples [54], with a maximum difference of 5% for the

sample with Ga2Se3 35 mol%, considering that some transmission loss due to re-

flection and scattering produced by imperfections in the polishing might occur. As

the concentration of mol% of Ga2Se3 increases, the refractive index increases too

(Fig. 6.36), this favours the Fresnel reflections during the optical characterization,

and results in a lower transmission spectrum as the concentration of Ga2Se3 is

increased. Also, there is a loss from 10 µm to 12 µm which corresponds to an

absorption due to oxide impurities [217], that could have been produced as the

extrusion is not in a purged environment and above Tg the glass can react with

oxygen [175] (Fig. 6.35. Although no impurities or change in transmission up to 9

µm was seen. Even though the energy-dispersive X-ray (EDX) showed a maximum

of 200 ppm of nickel (Ni) in one of the extruded samples, there is no considerate

loss at its absorption wavelengths [218].

Figure 6.35: Transmission spectra of the extruded glasses. Note: spectra not
corrected for Fresnel reflections, the pre extrusion spectrum corresponds to a

Ga2Se3 20 mol% sample
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The transmission can be affected by a possible phase change from the Ga2Se3

during the extrusion, as the greater content of this component, the more the

transmission decreases compared to bulk samples. Further studies can consider the

purity of the raw materials related to their effects in the transmission of extruded

samples.

The refractive index was measured using an ellipsometer (Woollam®M-2000) from

370 nm to 1 µm, the Sellmeier equation was used to fit the obtained values [88],

where n(λ) is the wavelength dependant refractive index, λ is the wavelength and

A, A1, B, B1, C and C1 are fitting parameters. Refractive index shows a change

as the amount of Ga2Se3 is increased, which corresponds to the previously studied

bulk samples [34], as the polarizability of the glass is modified by modifying the

composition [219] (Fig. 6.36). Error bars were calculated using Origin®through

the standard deviation, and have a maximum error of 0.2%.

n(λ)2 =
Aλ2

λ2 − A1

+
Bλ2

λ2 −B1

+
Cλ2

λ2 − C1

+ 1 (6.2)

Equation 6.2 Sellmeier equation

Figure 6.36: Refractive index of the extruded glasses
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To verify that the transmission obtained was from a glassy amorphous phase in

each sample, X-ray diffraction (XRD) and Raman spectroscopy were performed.

Raman spectroscopy provides evidence of a glassy amorphous phase in the samples

after extrusion as no sharp peaks were found. The peak at 325 cm−1 of Ga2S3

decreases as expected when the amount of Ga2Se3 increases, the peak at 225 cm−1

increases and shifts to the left with a higher amount of Ga2Se3 in the composition.

The last peak at 150 cm−1 corresponds to La2S3 as is the only compound amount

to remain constant through all three samples [5, 220, 221] (Fig. 6.37). The XRD

measurements confirm an amorphous phase while Raman spectroscopy showed

broadening of the spectra. Adding this to the absence of high intensity peaks in

the spectra, at 2θ=25° a slight decrease in intensity was seen as the amount of

Ga2S3 was substituted by Ga2Se3, which also corresponds to an increase of the

intensity at 2θ=30°, a crystalline phase should show a sharp peak and intensity

on the range of thousands and a width of few degrees [222] (Fig. 6.38). This

analysis confirmed the amorphous nature of the extruded samples, and further

studies might be carried to quantify the change in the peaks shown.

Figure 6.37: Normalized Raman spectra of the extruded glasses
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Figure 6.38: XRD spectra of the extruded glasses

6.9 Conclusions

The thermal properties of the family of GLS-Se glasses can be exploited as pre-

dicted in previous studies, and this opens up the possibility of producing glass rods

and structured preforms for fibre drawing. This helps us to get closer to achieving

the desired goal of obtaining an optical fibre from these chalcogenide glasses and

to further exploit their properties. This study shows that moulding a glass, in this

case extruding, is not a simple straightforward process. The intrinsic character-

istics of the glasses indicate the parameters that might be useful for the process

(i.e. softening point) but deny the possibility of predicting the behaviour of the

glass through every step taken. A complete methodology had to be developed to

be able to extrude GLS-Se glass rods and preforms, throughout a combination of

a literature review and an experimental approach. This study also shows that the

optical, thermal and mechanical properties of the extruded glasses correspond to

the ones already demonstrated in their bulk form. Optically there was an effect

of having less transmission (up to 5%) and a loss between 10 to 12 µm, which

could mean that during extrusion there might be some mass loss resulting in a
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reduction in Se content due to the unpurged extrusion apparatus. Future work

might include isolating or modifying the extrusion apparatus to further improve

the quality of the extruded glass, using a different type of material for the billet

container and adding steps during the process to keep impurities to a minimum

level.





Chapter 7

GLS-Se fibre drawing from

extruded rods and preforms

7.1 Introduction

The fibre drawing process for chalcogenide glasses is performed using previously

produced glass and rods and structured preforms, produced by extrusion. The

principle behind drawing this family glasses into an optical fibre, as seen in chapter

4, follows the same technique as any other known glass [159, 223]. A glass rod is set

into a furnace, temperature is raised above the softening point and then the glass is

drawn into a suitable optical fibre diameter [224] depending on the application, the

geometry and dimensions might vary. Initial thoughts indicated that this process

was straightforward as the thermal properties of GLS-Se based glasses have been

studied previously [54], and theoretical results have been pictured, making this

family of glasses suitable for fibre drawing.

In the past other chalcogenide glasses have been drawn into optical fibres, with dif-

ferent results [225]. An advantage of this type of glasses over silica based glasses, is

their feasibility to be drawn into fibres at relatively low temperatures [226], making

the process itself simpler and more flexible. The main challenges for chalcogenide

glass preforms are the tendency to crystallization [227], as its softening point is

close to the crystallization temperature, necessitating the need to reduce the time

consumed in the process to avoid promoting nucleation [228] while the glass rod is

being heated. Also, the viscosity curve is steep [229], so variations in temperature

need to be avoided to have a successful process outcome.

111
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Some theoretical and practical results of previous thoughts and experiments [230]

have considered chalcogenide glasses with some oxygen content [231], rods and

preforms directly produced from bulk samples [232] and with no imperfections

within the glasses. These aspects have helped in the obtaining reliable GLS based

optical fibres [135]. As seen in the previous chapters of this work, GLS-Se glasses

have been produced and tested before [5] but this was the first time that it is was

shown that this family of glasses can be exploited into rod and preform production

and subsequently drawn into fibre.

In this chapter we verify that the quality of the glass rod, or structured preform, is

a key feature to exploit the fibre drawing process. Chapter 6 shows the difference

between preforms of good and poor quality, both were drawn into optical fibres

and as expected poor quality preforms showed a high tendency of crystallization

or were even unable to produce a continuous fibre drawing process. This chapter

explains the steps that were taken to produce an efficient process, from being

unable to produce fibre to being capable of producing optical fibre in a non-stop

process from the very beginning to the end of each preform. Proving this, that

GLS-Se glasses can be exploited in an optical fibre form, sets the beginning of the

exploration in this chalcogenide glass family in further applications.

7.2 Rod and structured preforms preparation for

fibre drawing

As seen in chapters 5 and 6, each glass sample must undergo some preparation

steps before they are suitable for further processing. This same occurs to both

the extruded rods and structured preforms. Each extrusion delivers between 15

to 26 cm of extruded glass depending on the volume of the glass billet. The fibre

drawing tower furnace configurations has been optimized to accept rods around

10 cm in length which is optimum to be able to maintain control over the samples.

This means that each glass rod to be drawn needs to be cut to a suitable length

(Fig. 7.1), and notches are produced in both ends to be able to hold the extruded

rod inside the furnace and to add the extra weight to promote the necking of the

rod to start the fibre drawing process.
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Figure 7.1: Extruded glass rod of 10cm after being cut to fit the drawing
furnace

The first fibre drawing attempts did not consider the surface quality of the ex-

truded rods and structured preforms. Initial experiments only considered the

post-extrusion crystallization on the surface to be detrimental for further process-

ing, extrusion attempts showed a variety of results depending on the quality of

the glass billets. As explained in chapter 6, apart from using the correct temper-

ature, the quality of the billets affected the quality of the extruded rods. Some of

them came out of the die scratched or contaminated, which led to further thoughts

about how to overcome the surface imperfections. First thoughts were to repeat

the experiments and not use said extruded rods, as some higher quality, extruded

rods were obtained (Fig. 7.1) with no apparent surface imperfections and just the

strays produced by the friction between the die and the glass flowing outwards.

Some of these transparent rods with no surface crystal could not be drawn, as

they showed heavy crystallization and weak fibre after drawing. These unexplain-

able results demonstrated that apart from the use of the correct temperature, the

surface quality of the extrusion had some influence. In addition to GLS-Se ex-

truded rods fibre drawing attempts some, GLS (65:35) polished professionally by

Crystan®were drawn, with various results, but there was no breakage when the

necking started, and crystallization was only seen due to excessive temperature. It

is important to note that these trials were done to obtain the skills for fibre draw-

ing, and such attempts are not considered part of the outcome of this work as it is

well known that poor surface quality promotes crystallization, the microscopical

strays can act as the volume needed to act as a nucleus [233]. Further studies,

in how to determine the critical size of particles and nuclei for crystallization to

be heavily promoted in GLS-Se glasses needs to be carried out. To overcome any

imperfection and produce a smooth surface to assist fibre drawing, each extruded

rod was polished down to 1 µm of grit size. For this, a small in-house constructed

lathe (Fig. 7.2 and 7.3) and Thorlabs®diamond films were used. This added step
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modified completely the surface (Figs. 7.4 and 7.5) up and enhanced the outcome

of fibre drawing. One disadvantage though, is that this step was not automated

[234] and was done entirely by hand, so a lot of expertise needs to be obtained by

practice before being able to produce reliable rod polishing for fibre drawing (Fig.

7.6).

Figure 7.2: Lathe for rod polishing

Figure 7.3: Extruded rod during the rod surface polishing step

Figure 7.4: Surface scratched rod showing the benefits of rod polishing
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Figure 7.5: Extruded rod showing a) unpolished and b) polished surfaces
down to 1µm of grit size

Figure 7.6: Completely polished extruded rod surface

After the polishing is finished, another cleaning step is performed, with the ultra-

sonic bath and isopropanol to remove any residual ethanediol left on the surface.

The cleaned rod, or structured preform, is attached to the silica holder and a

weight of 80 g is place in the other end, helping to maintain the rod in a straight

position and to aim the necking in the fibre drawing process (Figs. 7.7 and 7.8).



CHAPTER 7. GLS-SE FIBRE DRAWING FROM EXTRUDED RODS AND
PREFORMS 116

Figure 7.7: Extruded and polished rod attached to the silica holder and the
80 g weight

Figure 7.8: Extruded and polished rod of 11 cm ready to be set on the furnace,
surface quality is clearly seen

The next step is to place the preform holder, extruded polished rod (or structured

preform) and weight vertically in the fibre drawing tower furnace (Fig. 7.9). This

step is crucial as it must be positioned without touching any element of the furnace,

as they can be misplaced, affecting with this the process. The rod needs to be

positioned exactly in the middle of the furnace, were the centre of the rod is

concentric to the centre of the furnace, as this assures an even surface and volume

heating of the rod [235]. Any misplacement means that part of the rod gets

hotter and this produces a viscosity mismatch; this surface thermal difference is

also translated as a need to supply more heat to soften the less hot glass region,

incrementing the chance of crystallization.
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Figure 7.9: Structured extruded and polished preform, set in the middle of
the furnace before fibre drawing

7.3 Fibre drawing tower and GLS-Se glass rods

considerations

Previous studies [236] have proposed that for chalcogenide glasses the best ap-

proach to have a successful fibre drawing process is to increase the temperature

beyond the softening point and once it is necking decrease the temperature to

increase the viscosity and have a steady and stable process. However, this process

is problematic for GLS-Se based glasses as their tendency to crystallize is high

and fibre drawing has never been tried before, thus affecting the whole process.

During the whole experiment it was shown that the best approach to obtain the

correct temperature, depending on composition, is to start at a low temperature

and gradually increase it until the glass is soft enough to start the process. The

first time this approach takes place, it must be noticed that the time required is

considerable and this might produce some crystals, but after the ideal temperature
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is obtained, this temperature needs to be set as the initial temperature and the

time used in the whole process is reduced, as seen in chapter 6 with the extrusion

process.

Steps for a successful fibre drawing depends on the composition and type of glass.

For GLS-Se extruded rods of 10 mm in diameter there are some helpful guidelines

that can help exploit the current equipment capabilities (i.e. fibre drawing furnace

and tower, Fig. 7.10):

� Obtain the Tg by DTA of the glass to be drawn.

� Set the temperature in the drawing tower software around the Tg.

� The ramping heat rate of the furnace is: 100 °C/min.

� Once the desired temperature is reached wait until the neck is formed.

� For very first trial of a new composition, increase the temperature maximum

10 °C and wait 2 minutes.

� Keep increasing by the same rate until that the preform starts necking in a

slow but constant motion, a neck should be clearly seen

� Stop the temperature increase when a steady slow motion is seen.

� Start the feed rate at 0.5 mm/min.

� Necking should be clearly seen and continuously progressing.

� The decrease in rod/preform diameter should be clearly seen.

� Remove the weight and pull by hand to reach the drum.

� If fibre needs to be coated, wait until the diameter is small enough to go

through the coating cup die.

� Check with the microscope that the fibre is aligned in the centre of the die

to avoid clusters of coating.

� Set the UV lamp power accordingly, but not above 50% of its power.

� Whether it is coated or not, wait until the tip of the drawn glass reaches the

drum.
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� Start the drum at 1 m/min.

� Attach the fibre to the drum with sticky tape.

� Check the tension of the fibre and adjust with the temperature and drum

speed.

� Check with the diameter monitor the diameter of the fibre.

� Adjust feed and drum speeds accordingly.

� Once the diameter starts decreasing in a fast rate or is below 100 µm without

moving any parameter, preform is close to finish.

Figure 7.10: Novel Glass Group fibre drawing tower at the Optoelectronics
Research Centre
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7.4 Initial fibre drawing experiments with GLS

samples

In order to obtain the expertise and skills required to manipulate the drawing

process and understand the behaviour of GLS based glasses, an initial test was

performed in an extruded GLS (60:40) tube following the guidelines presented in

the previous section, and further refined as described in the following sections.

Considering the calibration offset of 50 °C and the crystallization temperature of

681.2 °C [1] the approach chosen was to use a high temperature (800 °C) and then

reduce the temperature after the necking was observed. As seen in Fig. 7.11,

the lack of expertise plus the use of an incorrect temperature led to a crystallized

surface. Although temperature proved to soften the glass and stretch it while

this, it was also seen that crystallization occurs from outside to the centre of the

glass (Fig. 7.12). This failed attempt set the initial considerations that high

temperatures, shorten the time of the process but if not done correctly there is a

high chance of failure, as this approach needs to have the correct temperature and

skills so that no mistakes are made.

Figure 7.11: Unsuccessful GLS extruded drawing attempt

Figure 7.12: Transparent glass in the inside, surface crystallized
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7.5 Fibre drawing GLS-Se extruded glasses failed

attempts

After this initial trial for the next attempts it was decided that in order to obtain

the correct temperature and avoid crystallization, accordingly to the DTA and

TMA (chapter 6) a low temperature was chosen (530 °C, viscosity 10dPa · s).
This would be the basis to start increasing step by step the temperature until

the necking started to show, this approach was slower and crystallization was

experienced due to the time consumed, but every new attempt was set to a gradual

higher temperature that got closer to the optimum temperature necessary for a

continuous process with no crystallization. The first temperature that showed a

necking was at 660 °C (viscosity 5dPa ·s) for a GLS-Se 35 mol%. The glass started

to flow naturally, but once the tip was outside the furnace, no further elongation

was produced. In an attempt to promote the stretching of the glass the feed was

started at a speed of 0.5 mm/min and some force was applied manually downwards,

trying to stretch the glass and with this reduce the diameter of the rod, so that

the temperature applied would be enough for a smaller volume of glass [237]. At

this point no fibre drawing was obtained but caning was achieved, although with

some surface crystallization. On a trial to avoid further crystallization the feed

speed was increased, as this would also improve the cooling rate. The problem is

that by increasing the feeding speed at a wrong temperature, there is no sufficient

time to allow the glass to soften and it suffers from a heavy tension that could

crack the glass rod, also it was seen that a fast change in temperature results in

thermal shock [238] (Figs. 7.13 - 7.17).

Figure 7.13: Glass rod necking naturally after being held at 660 °C for more
than 30 minutes
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Figure 7.14: Glass rod coming out the furnace showing the necking and before
any crystallization occurred

Figure 7.15: GLS-Se cane after cracking due to a high tension as the temper-
ature was too low for fibre drawing

Figure 7.16: GLS-Se glass rod showing an amorphous phase and transparency
proving that the furnace does not affect directly the glass in the temperature is

low and it is not exposed to heat for a long time
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Figure 7.17: Broken GLS-Se glass rod showing thermal shock after suddenly
taken out of the furnace

Every new trial showed new challenges to be addressed but as explained in chapters

5 and 6, the most detrimental was the quality of the glass rods and structured

preforms produced by external contamination that was added during the extrusion

process, such as carbon particles or crystallization from the scratched surface.

The improvements in the quality of the optical fibre process came along with

the improvements of the quality of billets production and the extrusion process

itself. To further improve the process and to obtain as much feedback as possible,

firstly it was essential to enhance each process step individually to ensure that the

material and equipment were exploited to their highest capability. So afterwards

it was only a matter of pursuing the skills needed to obtain a reliable process and

to fully understand every parameter comprised within this work. In said search

for the best available parameters, some steps forward were realized such as several

meters (<20 m) of continuous drawn fibre, even with heavy crystallization (Fig.

7.18). Any imperfection on the surface or inside the glass (i.e. carbon particles

or crystals) acted as a mechanical weakness [239], and complete glass rods and

structured preforms, as well as optical fibre were brittle, broke and impossible to

handle (Fig. 7.19).

Further studies and experiments had to be carried to understand this mismatch

between theoretical and practical previous works [53, 54, 173] and the initial im-

possibility to obtain fibre from GLS-Se rods and structured preforms.
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Figure 7.18: Heavily crystallized surface after fibre drawing

Figure 7.19: Structured fibre where crystals and carbon particles are clearly
seen

7.6 Thermal studies to understand the behaviour

of GLS-Se glasses during fibre drawing

As commented previously, the full scope of this work comprises several processes

and steps that are interlinked. Understanding the parameters that belong to



CHAPTER 7. GLS-SE FIBRE DRAWING FROM EXTRUDED RODS AND
PREFORMS 125

each one and how every action affects the further processing or manufacture is

essential. To further understand whether the steps were correctly executed and

to discard any possible non-dependent variables, extra thermal studies (DTA and

TMA) were carried for extruded GLS-Se samples for which the quality was already

proved to be the best at that time. These studies comprise of the same procedures

described in previous chapters but using different heating ramping rates to have

a better picture about the thermal and mechanical behaviour of the glass and

check if these parameters remain consistent or there was a different behaviour as

a function of the heating rate..

As seen in Fig. 7.20, if the heating rate is increased the crystallization peak is

displaced to the right, this variation is due to the nature of the activation energy of

the glass [240]. This is of importance as it shows that the possible displacement of

crystallization peak relies fundamentally upon the heating rate, as the glass relaxes

isothermally towards a new enthalpy equilibrium that is temperature dependant

[241].

Figure 7.20: DTA for an extruded structured preform for different heat rates

Another aspect to consider in the fibre drawing process is the viscosity, as it is

temperature dependant. To understand if there is a change in viscosity related to

the ramping rate of the fibre drawing furnace (100 °C/min), a TMA was performed

with different heating rates. As seen in Fig. 7.21, a slow heat rate is preferred
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as it ensures all the volume of the glass is heated uniformly compared to a higher

heat rate where the viscosity curve is steeper. The explanation behind this can be

described by using the equation 2.4, as the ramp rate is increased so does the dif-

ference in position (∆f), which is inversely proportional to the viscosity (η). This

results in a situation where the surface of the glass presents a temperature differ-

ence compared to the inside [167], producing with this an undesired effect where

the surface is ready to be drawn while the inside remains at a higher viscosity.

Figure 7.21: TMA for an extruded glass rod for different heat rates

These extra thermal and mechanical studies in extruded glass had the objective

to simulate the behaviour of the glass in the drawing tower. The value of this

information is more theoretical as the skills to obtain reliable optical fibre re-

main practical, but these extra studies helped understand that the ramping rate

can be used in favour of avoiding crystallization in the same way as using lower

temperatures, as the viscosity and crystallization peak values are displaced.
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7.7 GLS-Se optical fibre drawing from glass rods

of a single composition

Thermal and mechanical studies (chapter 5 and 6) in conjunction with previous

fibre drawing attempts, including several failures, demonstrated that each compo-

sition requires specific parameters (i.e. temperature) and expertise. The biggest

challenge with this family of chalcogenide glasses is that there is no previous lit-

erature that could explain in depth the behaviour of the glass when they are

thermally treated during processing (i.e. optical fibre drawing). One of the prob-

lems encountered is that once the temperature is adequate, and set in the furnace,

the process needs to go as fast as possible to avoid crystallization while working

with a viscosity suitable for optical fibre to be obtained. Therefore, there must

be an extra compromise between the feed and drum speeds while controlling the

tension of the fibre. This means that high tensions can be used if viscosity is in

a value low enough to avoid mechanical stresses that could break the glass rod or

fibre, during the optical fibre diameter control. After considering all these aspects,

it is good to finally point out that the fibre drawing process does not occur in the

actual hot zone (forming region), but it occurs in the already heated and viscous

glass (draw-down region) [242], so at this point the cooling rate for the fibre be-

comes essential to avoid crystals and breakage from thermal shock (Fig. 7.22 and

7.23).

Figure 7.22: Fibre drawing process for GLS-Se glass rods where a) is the rod
inside the furnace being heated, b) is the beginning of the fibre obtention, and

c) the neck profile is clearly seen inside the furnace
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Figure 7.23: First and last part of the extruded rod after fibre drawing, where
the neck presents some surface crystallization due to the time consumed in the

whole process

Before being able to draw structured preforms, the goal was to obtain optical fi-

bre from single rod compositions, to verify the steps required and to address any

challenge that might arise from the complexity of the process itself. As shown in

chapter 6, three compositions of GLS-Se with 20 mol%, 30 mol% and 35 mol% of

Ga2Se3 were produced in extruded rods and these were drawn into fibre. Tem-

peratures between 780 °C and 800 °C (viscosity 2 − 4dPa · s) were used during

the processes, and optical fibre with diameters between 200 µm and 250 µm and

lengths (up to 50 m) where obtained (Fig. 7.24). To measure the losses and char-

acterize the fibre (Figs. 7.25 - 7.28) the cut back method was used along with an

optical spectrum analyser (OSA) and an ARCoptix®portable FTIR. Losses vary

through compositions, and further research must be carried to determine if the

process itself increases the losses or the raw materials have a direct relation with

them, however, it is demonstrated that extruded GLS-Se glass rods can be drawn

into optical fibre.

Figure 7.24: GLS-Se optical fibre collected in the drum after the fibre drawing
process
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Figure 7.25: GLS-Se with Ga2Se3 20 mol% optical fibre losses (600 nm-1.7
µm)

Figure 7.26: GLS-Se with Ga2Se3 30 mol% optical fibre losses (2-5 µm)
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Figure 7.27: GLS-Se with Ga2Se3 35 mol% optical fibre losses (600 nm-1.7
µm)

Figure 7.28: GLS-Se with Ga2Se3 35 mol% optical fibre losses (2-5 µm)
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7.8 GLS-Se optical fibre from structured pre-

forms

Structured preforms were fabricated (chapter 6) using GLS-Se glasses with Ga2Se3

concentrations of 35 mol% and 30 mol%, for the core and cladding respectively. As

these compositions are thermally and mechanically similar the decision was made

to establish a middle ground and use a maximum temperature of 710 °C and a

minimum of 690 °C (viscosity 4− 4.5dPa · s). These are the lowest temperatures

ever used, and the approach taken was to wait until the neck was produced and

then to start decreasing the temperature by 2 °C until the fibre was attached to

the drum (Fig. 7.29). Temperature was only decreased, and drum speed modified

to adjust tension. The last three structured preforms fabricated included every

single polishing and cleaning step available to increase the chances of success.

Being meticulous paid off as the success rate for fibre drawing was of 100%, this

means that from when the fibre was attached to the drum for collection the process

was never stopped, and no breakage was produced at any moment until the glass

was finished. For the first time continuous and uninterrupted long lengths (up to

220 m) of GLS-Se optical fibre were produced, with the best surface quality to

date (Figs. 7.30, 7.31 and 7.32).

Figure 7.29: Example of a fibre drawing timeline to observe the behaviour of
the process (figure designed by Bruno Moog for the Novel Glass Group) Note:

image quality is a result of the spreadsheet it was extracted from
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Figure 7.30: GLS-Se structured optical fibre being transferred from the drum
to a bobbin

Figure 7.31: Close up of GLS-Se structure optical fibre

Figure 7.32: GLS-Se optical fibre of 210 µm in diameter, with the lowest
surface defects ever achieved
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In previous chapters it was explained that one future goal to achieve is the control

in the core diameter for GLS-Se structured optical preforms. Therefore, the same

applies for GLS-Se structured optical fibre where the core diameter varies depend-

ing the section of the preform that is drawn into a fibre (Figs. 7.33). Same as with

single composition glass rods, the obtained fibre diameters are between 190-250

µm. These proof of principle results can lead to the obtention of thinner fibre and

to achieve smaller diameters. This can establish a possibility of decreasing the

losses in the fibre [141]. Characterization of the fibres used the cutback method

and an ARCoptix®portable FTIR, for clarity only the lowest values obtained

are shown (Fig. 7.34). The losses shown in this graph portray an increasing loss

tendency with increasing wavelengths, this could be an effect of the non-constant

core diameter over long lengths of fibre used to measure the loss by the cut-back

method. For further studies and research that include the fabrication of optical

fibre with a constant core diameter this effect could be affirmed or denied.

Figure 7.33: Structured GLS-Se optical fibre showing different core diameters
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Figure 7.34: Structured GLS-Se optical fibre losses

7.9 Conclusions

GLS-Se glass rods and structured preforms have been drawn into optical fibres for

the first time with losses of 10-15 dB/m. This achievement required a solid prac-

tical expertise of the thermal and mechanical characteristics of these chalcogenide

glasses. The main challenge to draw GLS-Se glasses into an optical fibre is to main-

tain their original bulk properties, as additional thermal processing could modify

their structure and processing steps might add contaminant particles. However,

the results shown in this work prove that GLS-Se optical fibres are now an option

to continue exploring applications in the optics industry, such as high-power fibre

lasers, IR light confinement, and leaves space for improving the transmission at

longer wavelengths to exploit in full the properties of GLS-Se glasses as optical

fibres.



Chapter 8

Final remarks and future work

GLS-Se based glasses are a desirable optical material to be exploited in several

applications, some of which require an optical fibre geometry. This interest has

led the research to decide which approach is the most suitable to transform bulk

glass into a rod or preform, while maintaining its optical, thermal and mechanical

properties. These properties are crucial as any change in them means that the

glass will not be reliable for optical fibre applications and would mean that the

process itself is not ideal.

GLS-Se glass thermal characteristics have opened the possibility of using extrusion

to modify its geometry, as they require lower temperatures compared to silica-

based glass. Temperature is a significant parameter, temperatures above the crys-

tallization point must be avoided but still suitable for structure modification, i.e.

Extrusion or drawing as a fabrication process, it is therefore necessary to develop a

practical expertise by understanding the thermal and mechanical behaviour of the

glass along with the previous analysis to delimit the useful range of temperatures

for extrusion.

For a reliable process, a complete methodology must be developed, including steps

that do not detriment the quality of the glass. For GLS-Se glass billets it was

proved that after the melt-quenching technique and annealing process, the billets

need to undergo a polishing step. During this work it was seen that polishing

provides extra surface cleaning, as it can remove any possible carbon particle

adhered to the surface during the glass fabrication. Particles of any kind are

detrimental during the extrusion process as they can act as a nucleus and promote

crystallization, even if temperatures are low enough and should not modify the

135
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glass phase. Moreover, polishing provides the billets with an optical finish that is

useful for refractive index measurements to verify their conditions and to establish

a difference between compositions for a structured preform. It is to be noted

that part of the future work regarding the elimination of carbon particles includes

further research to investigate if the 24 hours melt-quenching process does not

assist in delivering inclusions of carbon within the bulk glass that could promote

crystallization during the extrusion or fibre drawing processes.

As polishing was set as a step of the process, cleaning the lubricant used for this

purpose was needed. Manual cleaning of the billets seemed impractical as there is

no guarantee that the process is repeatable, therefore with the help of an ultrasonic

bath and isopropanol any ethanediol residual was removed. This cleaning step also

provided the glass billets with dust removal.

Extrusion can be as simple as setting a temperature and a load, but the goal of

this project was to obtain the optimal conditions for a successful process. GLS-Se

thermal and mechanical analysis provide a range of working temperatures useful

for extrusion but do not show the effects of each temperature or point out the best

one. Therefore, a set of experiments were carried out to identify any temperature

that would be detrimental for the billets. It was proved that viscosity curves are

only an aid for the process as they do not take into account the whole volume

and thermal behaviour of the glass, so the best approach to define an extrusion

temperature is practical. Low temperature and high viscosity turned out to be

the ideal conditions for non-crystallized and transparent glass rods and preforms.

These conditions, in addition to the polishing and cleaning steps, improved the

process quality and defined the minimum parameters needed for the future of

GLS-Se extrusions.

Optical, thermal and mechanical parameters for extruded GLS-Se rods and pre-

forms, showed that there was a maximum of 5% loss in transmission, for one

composition, and an absorption peak between 10 to 12 µm, which means that

during extrusion there might be some mass loss resulting in a reduction in Se

content due to the unpurged extrusion apparatus. Refractive index, Raman spec-

troscopy and XRD measurements were carried out to corroborate the maintenance

of the amorphous phase and whether the different compositions tested were in ac-

cordance with pre-extrusion and previous GLS-Se glass studies. All measurements

and analyses showed that extrusion does not affect the glass structure and that

different concentrations of Ga2Se3 present their expected characteristics as stated
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in previous research, with the difference that the more Se content in the glass

billets, the higher the loss in transmission for the extruded samples.

The fibre drawing process also requires the use of thermal and mechanical analysis

as an aid to obtaining a reliable process, but at each different composition, new

practical skills need to be developed. For GLS-Se extruded rods and preforms,

the lower the content in Ga2Se3 the easier it is to obtain optical fibre and the

lower the losses that are presented. This might mean that the higher the selenium

content, the more it interacts with the environment and could produce oxidation

and therefore inclusions and crystals that increases the scattering. On the other

hand, the more cleaning and polishing steps taken during the extrusion process

and prior fibre drawing, the higher the quality of the glass rods and preforms

obtained. This latter completely modifies the procedure and the possibility to

obtain a successful fibre drawing process. During the necking region and the last

section of the glass rod, heavy crystallization is presented as these sections are

exposed to heat a longer time.

This works presents a complete study and methodology to successfully extrude

and obtain optical fibre based on GLS-Se glass compositions. Future work needs

to be directed toward obtaining lower losses and a complete crystal free optical

fibre. Some ideas include the use of modified glass compositions or combining

GLS-Se glasses with GLSO for structured preforms, to have a more thermal stable

cladding to protect the GLS-Se core. The volume of the extruded rod plays a

role in how much temperature and time is required to start and continue with the

fibre drawing process. This means that reducing the diameter might allow the

use of a lower temperature and less time, thus facilitating obtaining a completely

transparent optical fibre.

Another future goal is the fabrication of single mode fibres, where the diameter of

the preforms and fibres is controllable. Future work also includes modifying the

extrusion apparatus to produce different type of core diameters and isolating it

with a purged environment to verify whether the oxide absorption peak between

10 and 12 µm disappears. Finally, this work also opens the possibility for the

fabrication of structured RE doped preforms and fibres, to further explore the

characteristics and applications of the GLS-Se glass family.
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Cast analysis of the stainless steel used for the billet container.
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Appendix B

List of all the extrusions performed: type of glass, parameters and notes.

141





Appendix C

List of all the fibre drawing attempts.
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verschiedener gläser in ihrer abhängigkeit von der chemischen zusammenset-

zung,” Annalen der Physik, vol. 287, no. 4, pp. 730–746, 1894.

[10] A. Winkelmann, “Ueber die specifischen wärmen verschieden zusammenge-
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