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ABSTRACT

The capacity of glass optical fibres to handle stress experienced in sensing application is
critical in many areas including biomedical sensing. Accordingly, it is important to determine the
tensile strength of optical fibre, providing better understanding of optical fibre strength and the
behaviour of optical fibre under certain stresses. This thesis covers the mechanical and optical
characterisation of a range of solid glass optical fibres, including solid fibores made of various glass
materials, stored lead silicate solid fibre and microstructured optical fibre made of silica glass

material.

This thesis employs standard mechanical testing techniques such as tensile testing. Data
collected from the tensile strength tests is used to understand the statistical behaviour of solid
fibres and characterise them mechanically using the statistical Weibull distribution technique. In
addition, the strength of numerous solid glass optical fibres made of different glass materials are

compared.

Firstly, data indicates that depending on the glass material, the strength of the fibre under
tensile load varies from very high strength for standard telecommunication fibre, such as solid

SMF28, to very low strength for ZBLAN fluoride glass fibres.

Secondly, using the same statistical technique for data analysis, an investigation of the effect
of aging (storage time) in F2 solid glass fibre was carried out. Results indicate that the aging effect

does not have significant effect on the strength of solid F2 glass fibres.

Additionally, an investigation was undertaken into the effect of capillary hole size (inflation
ratio) and presence of multiple holes on the strength of microstructured glass optical fibres.
Results indicate that the inflation ratio and presence of multiple holes in the fibre affects the

strength of the fibre.

This thesis presents an investigation of the optical characterisation of solid and hollow core
optical fibores. Raman spectroscopy of the glass materials was also conducted to explore their

potential application in biomedical sensing.
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SUMMARY

This thesis covers work related to the mechanical and optical characterisation of both solid
and air hole glass optical fibores made of different glass materials. This work can be applied to
optical fibre research and help to optimise the fabrication procedure of glass fibre made of silica
glass as well as fibres made of soft glass.

Chapter 1 introduces the work of this thesis and briefly describes the technigques used for
mechanical and optical characterisation. Glass materials that are used for fibre fabrication for
applications in biomedical sensing are introduced. Additionally, a brief description is provided of

the fibre types tested in this work.

Chapter 2 reviews the literature on optical fibres and the basic laws that describe the optical
properties of the step index optical fibre. It also covers the fabrication process used for

microstructured fibre fabrication, including their light guiding mechanism.

Chapter 3 reviews the literature on the mechanical properties of glass optical fibres subjected
to a pulling — or tensile — force. A review of the literature on the statistical behaviour of solid glass
optical fibre failure is also provided. The most common statistical distribution used to model this

behaviour, known as the Weibull distribution, is described.

Chapter 4 documents the experimental work conducted on the mechanical characterization
of solid glass optical fibres during this Master’s project. This begins with an introduction of the
glasses that is used for fibre fabrication. Here, the Weibull distribution is employed to characterise
the behaviour of different glass fibre materials such as commercial silica of different grades (LWQ,
F300), technical borosilicate glass (Duran), commercial lead-silicate glass (F2), in-house made
germanate (Ge), tellurite (Te) and fluoride (ZBLAN) glasses in comparison with standard step
index fibre SMF28 with cladding made of F300 glass. The effect of storage (stored time) on
uncoated F2 solid fibre is measured and characterised using the Webull distribution. Additionaly,
the same statistical model is used to characterise the behaviour of suspended core optical fibre

(SCF which contain three holes) and capillary fibre which contain a single hole .

Chapter 5 examines optical properties such as fibre loss and the background Raman spectra
of the glass materials that are of interest for making fibre for Raman based sensors. The fibre loss
and background Raman spectra are critical considerations as Raman signals are typically weak,
and these two factors can reduce the ability to extract the Raman signal of a measured sample.
The loss measurements are conducted in solid glass fibre made of Duran and solid glass fibre

made of F2. Loss measurements of hollow core optical fibres made of F2 glass are also included.
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Chapter 6 summarises the results presented in earlier chapters, and discusses the
conclusions derived from these results. Future work is suggested based on the lessons learned
in this work as well as the possible future pathways this research could take.
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Background of Mechanical and Optical Characterisation of Glass
Optical Fibres
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Chapter 1 — Introduction

Historically, optical fibres were predominantly applied in the telecommunications field [1]. In
addition to these traditional applications, use of fibres within the field of biomedical sensing is
growing rapidly from advances in technology within the field [2-4]. Optical fibres play a major role
in techniques for imaging and other diagnostic procedures, [5] as they can provide access to
otherwise inaccessible parts of the body [6]. In addition, optical fibres can also be used for optical
sensing purposes such as detecting chemical components in biological and chemical solutions
[7]. In general, knowing the tensile strength of optical fibre is a key component since optical fibre
can degrade to the point of catastrophic failure during service resulting in loss of signal

transmission and potential damage to the sample itself [8].

Many of the environments in which optical fibres are used can cause stresses to the fibre,
leading to mechanical damage [9]. For instance, these devices are often used in spaces with
milimetric, or even microscopic, dimensions, such as blood vessels or other parts of the body [6,
10], where fibres can easily be pulled and bent, which could lead to fibre failure. Optical fibres
with applications in biosensing are also subjected to various stresses from use and handling [5].
Other sensing applications where tensile strength measurements are important include chemical
sensing, sensing in the construction and aircraft industry where sensors can often be exposed to
high stresses. Therefore strength and reliability of optical fibres must be characterised [11, 12].
To this end, the method that is most commonly used to determine the strength of the optical fibre
is the so-called Weibull distribution [13], a statistical method used to quantify the behaviour of

glass optical fibre subjected to various stresses.

Fibre strength is strongly dependent on the choice of glass materials, as different materials
differ in mechanical properties [14]. Pure silica glass consisting of pure SiO-is desirable due to
its high mechanical strength [7]. One way to change the properties of pure silica glass can be
achieved by adding different materials with pure silica that affect, amongst other things, the
melting point of the resulting glass. Based on this, these compound glasses can be separated in
two categories. The first one is hard glass: for example, borosilicate glass such as Duran or BK7
possessing high softening temperature and high mechanical strength leading to hard glass. The
second one is soft glass such as lead silicate (F2), germanate, fluoride (ZBLAN), and tellurite
glass, have lower softening temperatures compared to pure silica glass and also compare to hard
glass, which makes them more suitable for techniques such as fibre preform extrusion [4, 15, 16].
However, the lower softening temperature correlates in general with low mechanical strengths

which is undesired.

Optical fibres can be classified based on the type of glass materials used to fabricate the

fibres. Silica fibre, for instance, is one of the most widely used optical fibre material in the fields
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of telecommunication and sensing. Other types of optical fibre glass materials include those made
of soft glass, some of which are mentioned above. Generally, for different transmission window,
different materials are suitable [17]. Also, soft glass fibres have higher refractive index than silica
fibre, and some soft glass types such as fluoride and chalcogenide have better transmission than
silica fibre in the infrared (IR) (longer than 2.5 pm) [18].

Fibres can also be classified based on their structures. The most common optical fibres are
known as step-index optical fibres where the entire cross-section of the fibre is solid but with a
uniform refractive index of the material throughout the core [19] There is also a growing interest
in microstructured optical fibres (MOFs), which are made by integrating holes along the length of
the optical fibre [14]. Since the introduction of MOFs, their development has expanded and
resulted in different types of MOFs such as suspended core optical fibres (SCFs) and hollow core
optical fibres (HCFs) [17, 20, 21].

This thesis focuses on understanding and characterising optical fibres in terms of their
mechanical strength, examining the effects of the glass material, their inner structural geometry,
and aging. Understanding of these parameters enables a balanced selection between mechanical
and optical characteristics. Therefore, the theory as well as the methods used to measure the
tensile strength of optical fibres is discussed. In this study, fibre glass materials and structures
are explored for mechanical testing of optical fibre-based sensors. The following studies are

conducted:

o Comparison of different glass fibre materials listed in Table 1.
¢ Comparison of aged (stored) F2 glass fibre with non aged F2 glass fibre.
e Comparison of suspended core optical fibre (SCF) with capillary fibre (one hole) and solid

optical fibre.

As these fibres are aimed at sensing applications, this work also includes also a brief
examination of optical properties was carried out such as fibre loss of a few fibres made at the

Institute for Photonic and Advanced Sensing (IPAS) as well as bulk glass Raman signal.
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Chapter 2 — Background: Optical Properties of Glass Optical Fibres and
Fabrication Process of Microstructured Glass Optical Fibres

2.1 — Optical fibre

An optical fibre is a cylindric dielectric waveguide that transmits electromagnetic energy within
the optical spectrum. The thickness of an optical fibre is comparable with that of a human hair.
Typically, optical fibres are made from three parts, as shown in Figure 1; the core, which is the
central part of the fibre where light is confined, the cladding, which surrounds the core, and the
outer protective coating (or jacket), which protects the inner parts of the fibre [19, 22].

re Pl

I F4 —
III,: III.I II, .-"/ - / -
| Jacket | | Cladding
IIII I|II ‘.__\ '. .
..\‘\x \\\ \i_/ -

Figure 1. Schematic of optical fibre used in telecommunication.

Light in optical fibres propagates on the principle of total internal reflection (TIR). When light
crosses from one medium to another whereupon the refractive index (RI) changes, the light
partially reflects and refracts, as shown in Figure 2. As the incident beam travels from the medium
with higher Rl n., (refractive index of core n.,) into the medium with lower RI n.(refractive index
of cladding n;), the transmitted part refracts away from the normal at the interface boundary.
Considering a light beam traveling n.,. to n. (recalling that n.-> n.), the light crossing the
interface boundary is deviated away from the normal. In the case where the incident angle 6i
results in transmitted light travelling along the interface with transmitted angle 8t = 90°, this

incident angle is known as the critical angle 6c. This behavior is captured by Snell’s law [23]:

n, sin 6; =n, sin 6;. 2.1

~ Refraction

Total
Internal
Reflection

cone ~. oo 0>0

Figure 2. Reflection and refraction of incident light at medium interface. TIR occurs at incident angles

greater than the critical angle, Oc. Incident light represent the direction of wave propagation.
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For incident light at an angle greater than the so-called critical angle, light is reflected as shown
in Figure 2. This phenomenon is known as total internal reflection. The critical angle can be found
by substituting 90°into Equation 2.1 for the transmitted angle [17, 22-24]:

0. = arcsin (M) 2.2

Ner

Light is coupled into the fibre when it is incident at an angle below that required for TIR once
inside the fibre; this angle 6,,,.,is defined as the half angle of the acceptance cone of the fibre.
The 6,,,,, is related to the numerical aperture (NA) and the refractive index of the outside medium

(ny) by the following expression:

NA = ng sinOp,q, = /0% — nZ 2.3

Light can be guided through the fibre at many different angles 6; > 8., resulting in multiple
guiding pathways that give rise to multiple optical modes of propagation within the fibres. An
optical fibre is defined as single mode or multimode by its core size, numerical aperture (NA), and

the operating wavelength of propagating light, and is represented by:
2
V= NAT”dC. 2.4

V is the so-called V- number that (when n.,- = n.;) for single mode is V' < 2.405 and for multi-mode
is V > 2.405, A is the wavelength of light and NA is the numerical aperture of the optical fibre
which is defined in Equation 2.3. Based on this, the fibre is said to be either single mode (SMF)
or multi-mode (MMF).

2.1.1 — Transmission loss

In optical fibres there are two loss mechanisms; interfacial and transmission losses. The
interfacial loss including both Fresnel reflections and coupling losses. The interfacial loss is not
covered in cutback loss measurement, while coupling losses can be minimized with optimised
coupling into the fibre, therefore such losses will not be discussed further in this thesis.
Transmission loss refers to losses that occur along the length of the fibre. As for transmission
loss, the amount of light lost between input and output of the optical fibre is known as attenuation.
In general, the transmission loss in an optical fibre is expressed as the sum of all losses.

Transmission loss within the optical fibre is represented by [25, 26]:

10 P;
a = Tlogp—o, 25

where P; is the input power, P, is output power and L is the length of propagation. There are a
number of components which can influence the overall transmission loss while light propagates

through the core, such as core surface, core/cladding interface , material absorption, waveguide
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losses and water absorption [17, 22-25]. Another component which contributes to transmission
loss is confinement loss due to leakage nature of the mode, and geometry deformation of the fibre
structure that can occur during the fibre fabrication process, which plays a major role in MOFs
[27]. Figure 3 shows the spectral attenuation in silica as is used in telecommunication
[28]. This loss spectrum shape particularly at UV and near IR depends on the glass material used
in the optical fibre [17, 22-25].

A
6

S

w
[

Attenuation (dB/km)

n
I

0 | | | z L 5
07 08 09 10 11 12 13 14 15 186

Wavelength (um)

Figure 3. Loss of a standard telecommunication fibre due to wavelength [28].

The transmission loss applies to all fibres. Therefore, Equation 2.5 is used in optical
characterisation, and specifically in optical fibre loss measurements. In the following section, we

review MOF characteristics in greater detalil.

2.2 — Microstructured optical fiore (MOF)

MOFs are a type of fibre made by integrating holes along the optical fibre which can have a
variety of geometries, some of which are shown in Figure 4. The structures in MOFs provide the
waveguide mechanism, so that MOF optical properties are determined by their inner structural

geometry [29].

There are different types of MOF including the suspended core fiber (SCF) shown in Figure 4a,
where light is guided based on TIR [24, 30] and demonstrates great performance in sensing such
as dip sensing for detection of small sample volumes of chemicals or biomolecules [4]. Another
type of MOF is the hollow core fibre (HCF), which is a type of optical fibre where light is guided in
a hollow air core instead of a solid glass core (Figure 4b). There are two common light guidance

mechanism in HCF, the photonic band gap guidance [30] and antiresonance guidance [31,
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32].The internal structure determines the optical properties of the fibre by guiding light in the
hollow core surrounded by microstructure cladding and a solid outer jacket for mechanical

stability, making HCF an attractive approach for efficient biomedical sensor designs [14].

a b

Figure 4. Cross—sectional image of MOF a) Suspended core optical fibre, b) HCF with hexagonal inner

structure [33].

2.2.1 — Fabrication Process of MOF

The fabrication method of the optical fibre preform can be different for different types of optical
fibre. For instance, the fabrication method of the preform of the standard telecommunication single
mode optical fibre (SMF) from which fibre is drawn, is made by a process known as chemical
vapor deposition (CVD) [34]. The MOF fabrication is a complex process that requires multiple
fabrication steps. The most important part of making a MOF is the fabrication of the preform of
the MOF from which the fibre is drawn. A variety of techniques and glass materials have been
used to date [35, 36]. The most widely used method to fabricate MOF preforms is capillary
stacking. Capillary stacking is a technique where capillary tubes are stacked together in a
hexagonal structure to make the preform. This technique gives flexibility in terms choosing
location of the core. However, fabricating a fibre preform using capillary stacking technique is
labor-intensive [36, 37]. There are other methods that can be employed in fabrication of the MOFs
preforms such as milling, which was used to make the SCFs tested in this thesis [38]. Another
method to make MOF preforms is the glass billet extrusion technique, which is a technique where
a glass billet is heated up to its softening point and then forced through a structured metal opening
known as a die. The inner holes, wall size and their arrangement in preform are determined by
the die exit geometry [14, 39]. This fabrication technique amongst other techniques enables the

production of a preform with a wide range of inner structural geometry [3, 14, 33, 35], therefore
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the glass billet extrusion is predicted to be an appropriate technique for HCFs and is suitable for
soft glass. The glass billet extrusion technique was used to make HCFs, for which loss
measurements was performed (see Chapter 5).

Chapter 3 — Mechanical Properties, Fracture Mechanism, and Failure
Weibull Distribution of Glass Optical fibre

3.1 — Mechanical properties (Hooke’s Law)
When optical fibres are subjected to pulling forces, they initially show an elastic deformation
and eventually they fail at some value of force. In this section we will study this effect, separating

it into the elastic regime and the failure regime [1]:

_ IFl

- ’ 31
|AL]

where K is the elasticity constant, AL is the absolute elongation introduced by pulling force F. The
relative elongation (the measured parameter in this study) is the ratio of absolute elongation to

the initial length of fibre under pulling force and is given by:

e=2L 3.2
Lo

where Lo is the initial length of the fibre. Combining equations 3.1 and 3.2, the elasticity

constant of the fibre can be given by:
K=—, 3.3
According to Equation 3.3, the optical fibre elasticity constant is represented by the linear fitting

of the force as a function of relative elongation divided by the initial fibre length.

The stress of a uniaxial tensile loading of the fibre is related to the magnitude of its cross-

sectional area as follows:
F
g=—, 34
A

where F is the applied force, A is the cross-sectional area of the optical fibre and o is the pulling
stress. The linear relationship of the pulling stress and the fibre relative elongation gives the slope
which represents the Young’'s modulus shown in Equation 3.5, which also is the slope of force as
a function of elongation, with the limit that highest force is the force at failure, i.e. highest

elongation that can be achieved is the elongation at failure.
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and is a measure of the ability of a material to withstand deformation under tensile or compressive
stress [1, 40, 41].

3.2 — Fracture mechanism: Linear Elastic Fracture Mechanism

The mechanical behavior of the optical fibre is modelled by linear elastic fracture mechanism
(LEFM) theory, which is suitable for linear elastic and brittle materials such as optical fibres. LEFM
theory assumes that elastic and brittle materials of a certain geometry under linear stress fail due
to the presence of defects (cracks); the two important parameters therefore are crack size and
geometry. Cracks are modelled as defects with defined geometry and lying in a particular plane.
They can be located on the fibre surface or embedded within the material itself. Three types of
crack formations are considered: type | which is crack opening (or widening), type Il is in-plane
crack sliding (or in-plane shearing), and type Il is anti-plane crack sliding (anti-plane shearing).
These types are distinguished by the direction of the force, which can be parallel or perpendicular
to the plane of the crack. Based on fundamental work, Irwin and others [42] developed the concept
of the stress intensity factor. The glass failure rule can be expressed in simple terms: “the material
fails if the stress intensity factor K, due to tensile stress at the tip of one crack reaches its critical

value Kic “[42]. The Irwin equation for fracture in LEFM form is given by:

KIC = O’fﬁ\/a_c, 3.6

where Kic is a material constant known as the fracture toughness (for fused silica glass Kic =0.75
MPa.m 2 [43)), o is the fracture stress of the fibre (stress at which failure occurs known as stress
at failure), a is the critical crack size, and 8 is a dimensionless geometrical term that depends on
the crack and loading geometries: e.g. for a semicircular crack in the surface of the fibre assuming
a plane stress hypothesis and a tensile loading case 8 = 1.16 [40]. Due to the brittle nature of
glass optical fibres, for which rupture is due to the catastrophic propagation of cracks initiated at

defect sites, the measured values are distributed and, hence, require a statistical treatment [42].

3.2.1 — Strength of the glass optical fibre

The strength of an optical fibre is a key component in the reliability of a fibre, since it can
degrade to the point where failure could occur during service which could lead to complete loss
of signal transmission [8] and potential damage to the sample itself. The optical fibre strength
(stress at failure) is determined by defect size, and location [44]. Also, at temperatures below the
glass transition temperature, Ty, glass is brittle, and its failure is stochastic [45].The theoretical
strength of a glass material, o1, depends on the glass properties and can be described by the

following expression [40, 45]:

O-th = - 3.7
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where E is Young’s modulus, ( is the surface energy and ry is the atomic bond length (Si-O). For
example the theoretical strength (a;;) for silica glass is 16 GPa, which is much higher than its
experimentally measured value (0.69 GPa). [45]. This huge discrepancy is attributed to the
defects along the glass fibre surface [46]. There are two main types of defects related to fibre

failure; extrinsic and intrinsic defects.

Extrinsic defects originate mainly from outside factors, those defects are introduced mainly to
the surface during contact of the fibre with any hard surface for example spooling the fibre on a
drum [47]. Other extrinsic defects can be caused by handling during tensile measurements such
as stripping off the coating, placing the fibre in aluminium plates, and gluing. Additionally, the
strength degradation of the optical fibre can be caused by the interaction of the fibre with humid
environments, in which fibres are stored [44]. Over time, glass fibres degrade due to defects
caused by surface scratches and moisture [1, 8, 48, 49] , which is why they are usually protected
by one or multiple protective coating layers [49].These defects can lead to fibre strength

degradation and to failure for low applied stress known as early stress at failure [43].

Intrinsic defects stem from inner defects originating mainly from glass quality and fibre drawing
condition such as drawing temperature, susceptor, drawing speed and other drawing parameters.

If a fibre contains only intrinsic defects, this could lead to failure at larger applied stresses [50].

To ensure the reliability of an optical fibre, it is necessary to determine the strength of the
optical fibre. Hence, to characterise a fibre’s mechanical behaviour, it is necessary to determine

two parameters:

a) strength (the stress where failure occurs),
b) strength distribution [43].

To determine the above parameters, a technique is employed called uniaxial tensile loading or
tensile strength measurement technique shown in experimental part of this thesis. This technique
is very common and simple; the ends of the fibre are pulled in opposite directions, where the
stress (pulling stress) is assumed to be distributed uniformly over the fibre surface [40, 43, 45].

Thus, the failure probability depends on the load to which the glass is subjected.

3.3 — Stress to failure statistical analyses: Weibull Distribution

The flaws or defects in the fibre surface cause the strength of the fibre to vary considerably
between samples, no matter which technique is used to break the fibre. Since glass is a brittle
material and its strength can vary drastically even between lengths of the same fibre, analysis of
the strength of an optical fibre is most commonly done using the Weibull distribution, a statistical
method to determine the reliability of materials [48]. This type of method is found to be used in

many statistical analyses of the strength of materials due to its suitability even for small numbers



11| Page

of the tested samples [36, 51].The most common form of the Weibull distribution used in literature
is the two-parameter (unimodal) Weibull distribution [40]. The linearized form of this Weibull
distribution is:

Ln (Ln (ﬁ)) =mlno—mlLna,, 3.8

where P is the probability of failure, o is the tensile stress at failure, m is the Weibull slope which
represents the defect size distribution (defect size variation), i.e. a high value of m indicates that
the size of defects on the fibre surface is narrowly distributed, resulting in narrow failure
distribution. Conversely, a low value of m indicates that the size of defects along the fibre surface
is broadly distributed, leading to cracks of largely varying sizes between samples. This in turn
leads to more scattered values of stress at failure between fibre samples [50, 51]. And g, is a
scale parameter known as the characteristic strength (strength at which 63.2% of failures occur).
The characteristic strength g, is conventionally chosen to be 63.2% as this is the value at which
the reliability is 1-e* [52]. Therefore, the Weibull distribution provides a relationship between the
probability of failure, P, of an optical fibre with stress at failure to which the fibres are subjected.
An estimate of the failure probability can be obtained using median rank approximation as follows
[36]:

i-0.3

— iz03 3.9
N+0.4

where i is the order of each fibre sample according to the stress at failure in ascending order, N

is the total number of the fibre sample in the population.

When the probability failure versus stress at failure of the fibres, plotted as a linearized Weibull
distribution, does not fall on a straight line but instead in a curved line, a third parameter in the
Weibull distribution can be used to straighten the curved distribution data. This parameter is called

the location parameter y, see Equation 3.10 below:
1
Ln (Ln (E)) =mLn(o —y) —mLno,, 3.10

and this kind of Weibull distribution is known as a three-parameter Weibull distribution [51, 53].
However, in this thesis the failure populations contain multiple curves, likely caused by the various
defects mentioned, and as such the measured values could be better explained with a bimodal

two-parameter function than with a third-parameter function.
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Experimental results
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Chapter 4 — Tensile Strength Measurements and Stress to Failure Analysis
of Optical Fibres Made of Various Glass Materials

4.1 — Glass optical fibres type

This section discusses solid fibres made of different glass types, and fibres with air holes
made of two types of silica. Table 1 summarises information regarding fibre structure, glass type,
fabrication technique and the fibre dimensions such as inner diameter (ID) and outer dimeter
(OD). Fibres are compared to a reference fibre (standard, commercially available SMF28 named
as SMF28(F300) due to the cladding made of F300 glass material) with well-known strength.

In this thesis, fibres that are tested are made of different glass materials such as:

¢ F300 which is fused silica, for production of which chemical precursors (SiCl.) are used,

e LWQ which is quartz silica, for production of which raw material such as quartz sand or
quartz crystal are used,

e Duran borosilicate glass,

o F2 lead-silicate glass,

e Ge germanate glass,

o Te tellurite glass,

e ZBLAN fluoride glass.

The types of the fibres tested here are:

» Solid fibre such as:
o SMF28(F300), commercially available,
o LWQ, drawn in-house from commercial rod preforms,
o Duran, drawn in-house from commercial rod preforms,
o F2 (labelled here as F2a, F2b, F2c, and F2d due to different fabrication dates), drawn
from in-house extruded rods that were made from commercial billets,
o Ge, made from in-house extruded rods that were made from in-house fabricated glass
billets,
o Te, were made from in-house extruded rods that were made from in-house fabricated
glass billets,
o ZBLAN, were made from in-house extruded rods that were made from in-house
fabricated glass billets.
» F300 capillary fibre drawn in-house from commercial tube preform,
» F300 SCF fibre drawn in-house from in-house milled preform made from commercial rod.

» LWQ SCF fibre drawn in-house from in-house milled preform made from commercial rod.
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Table 1. The glass optical fibre types, their dimesions and their fabrication technique.

Fibre structure | Glass material Code oD ID Fabrication technique
type (um) | (um)
Solid fibre Fused Silica SMF28(F300) | 125 Commercially avalable, made of F300
Quartz Silica LWQ 125 Drawn into fibre from commercial rod
Borosilicate Duran 160 Drawn into fibre from commercial rod
Lead silicate F2a 160 Drawn into fibre from commerical rod
Lead silicate F2b 160 Drawn into fibre from extruded rod preform made of
commercial rod
Lead silicate F2c 160 Drawn into fibre from extruded rod preform made of
commercial rod
Lead silicate F2d 160 Drawn into fibre from extruded rod preform made of
commercial rod
Germanate Ge 160 Drawn into fibre from extruded rod preform
Tellurite Te 160 Drawn into fibre from extruded rod preform
Fluoride ZBLAN 160 Drawn into fibre from extruded rod preform
Suspended Quarzt Silica LWQ-SCF 160 Drawn into fibre from in-house preform made from
core (three commercial rod
hole)
Fused Silica F300-SCF 160 Drawn into fibre from in-house preform made from
commercial rod
Capillary (single Fused Silica F300-C1 125 36 Drawn into fibre from commercial capillary preform
hole)
Fused Silica F300-C2 125 40 Drawn into fibre from commercial capillary preform
Fused Silica F300-C3 125 56 Drawn into fibre from commercial capillary preform
Fused Silica F300-C4 125 66 Drawn into fibre from commercial capillary preform
Fused Silica F300-C5 125 75 Drawn into fibre from commercial capillary preform

4.2 — Experimental method of uniaxial tensile test

To determine the stress at failure of the optical fibre the uniaxial tensile test is employed. A

150mm linear translation stage stepper motor is used to conduct the tensile measurements.
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Individual fibres of a length of 100 mm are mounted onto an aluminium plate by gluing the end of
the fibre using Loctite® 406 instant adhesive (>80% ethyl cyanoacrylate), which is kept for 15
minutes (sufficent for the fibre to dry). This apparatus is shown in Figure 5. To avoid slipping of
the aluminium plates on which the fibre is glued, the plates are placed on to the stages with lips

(bath shape). Simultaneously, aluminium plates are clamped onto the stages to avoid any tripping
of the plates from the stage lips as shown in Figure 6.

Glued Glued
fibre fibre

Figure 5. Schematic of the fibre attached to the aluminium plate.
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Figure 6. Schematic figure of the experimental setup of the tensile test measurements.

One of the stages of the gauge length machine moves with speed of 0.03 mm/s, which is
considered sufficient to spread the stress equally along the fibre surface. Other speeds, tested
between 0.01mm/s to 0.3mm/s, are not found to significantlly affect force at failure (see Figure 7).
The moving stage cell is connected to a computer to record stage displacement and the force that
the stage applies onto the fibre until fibre failure, while the other stage is static, as shown in Figure

6. The anchored fibre on two stages is pulled and the relative elongation ¢ is output as a function
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of applied force until the fibre fails. The relative elongation is measured by recording the change
in the length of the fibre known as absolute elongation, AL, given in Equation 3.2.

8.5 ‘ m  Average breaking force of F2’

8.0

3.5 T T T v T ' T Y T . T z T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Speed (mm/s)

Figure 7. Average breaking force at different speed of F2c solid glass fibre.

The fibre can be bent (curved) due to its own weight or when covered with paper which is used
to support fibre gluing. Due to this bend, the applied force will read zero on the computer until a
non-zero force is applied to the fibre (when fibre is taut) as shown in Figure 8. The part of the
recorded force vs elongation graph for which the force is zero (while the fibre is still slack) is
eliminated by shifting the zero point of the graph in post-processing. Further, when the fibre fails,
the force abruptly drops to zero. The point of the curve at which this occurs represents the force
at which the fibre fails. Another important point which need to mention here is that at the early
stage of this project it has been found that fibre failure were sensitive to curing time and method
of securing fibre ends to the stage. A carful arrangement of the apparatus as well as curing time
for 15 min were found to fully address the issue of the fibre failure at the edge of the plate or inside
the glue. Additionally, the number of fibre that failed at the edge of the stage or in the glue were

not included in the results.

4.3 — Processing of mechanical and statistical collected data

The experimental data collected allows the plotting of force versus elongation for each fibre
sample before the fibre breaks. Figure 9a shows a representative result of the elongation of the
solid SMF28(F300) fibre under applied force. The point where the curve ends represents the fibre

failure. The average breaking force of solid SMF28(F300) fibre stripped mechanically was
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measured to be 8.0+1.5 N, which is consistent with the reported result of 7.47 N [1]. The error of
the average breaking force is calculated using the standard error of the mean. This technique is
used for all the other fibres in this experimental work. Figure 9b shows force at failure (force at
which fibre breaks) versus maximum relative elongation (i.e. elongation at failure) for each
individual fibre sample. The fitted slope value is used to determine the fibre’s Young’s modulus.
The error on the slope represents the error in the Young’s modulus. The result for SMF28(F300)
fibre gives a Young’s modulus of 68.6 + 1.7 GPa, which is consistent with the reported value of
the solid SMF28(F300) fibre’s Young’s modulus of 69.22 + 0.42GPa [1], 71.8 GPa [54].
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Figure 8. Raw data of fibre elongation under tensile force of SMF28(F300).
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Figure 9. Force versus elongation data of standard optical fibre SMF28(F300) with coating stripped
mechanically for a) representative samples b) all data, with the force at failure highlighted by black

squares, and linear fit for force at failure data.

As can be seen from Figure 9b, the slope of force at failure vs elongation at failure follows the

same slope as for the curve of force vs elongation in Figure 9a for each sample.

The values of force at failure are used to calculate stress at failure using Equation 3.4. The
stress at failure of the fibres are ranked in order, from smallest to greatest, in order to find the
median ranking of each fibre failure of solid SMF28(F300) data as shown in Table 2. The natural
logarithm (Ln) of stress at failure of each fibre as well as the double Ln of median fibre failure are
found following Equation 3.8 and shown in Table 2 in the last two columns. Values in these
columns are used to generate two parameter (unimodal) Weibull distributions as shown in Figure
10. The slope value and intercept (when converting Equation 3.8 into linear form) are used to

calculate the characteristic strength of the fibre as follows [53]:

oy = e m, 4.1
where b =mlilno—In (ln (ﬁ)) and m is the Weibull slope. The error in the fitted slope in

Figure 10 and the intercept are used to define the error of the g, derived from the following error

propagation formula for a function Q(a, b, ...):

2 _ J(%a)z T - a2,

0.015
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Table 2. Statistical analysis of the collected data to generate Weibull distribution of SMF28(F300) fibre
(see full Table in Appendix A).

N —total fibre Ascending Fibre Stress to Median rank Ln (o (GPa)) | Ln (Ln(1/1-F))
tested order of fibre failure _i-03
failure i o (GPa) N+ 0.4
Shown only 1 0.47362 0.03431 -0.74735 -3.3548
5 0f 20
2 0.4755 0.08333 -0.74339 -2.44172
3 0.48073 0.13235 -0.73244 -1.95214
4 0.50395 0.18137 -0.68527 -1.60881
5 0.55213 0.23039 -0.59396 -1.33989
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Figure 10. Weibull distribution plot of the measured failure population data of SMF28(F300) fibre stripped
mechanically represented by black squares and the line is regression line using linearized two-parameter

(unimodal) Weibull distribution (note: first two points considered as outliers, therefore were excluded).

In Figure 10, the probability failure of the solid SMF28(F300) fibre treated with a unimodal Weibull
distribution is shown. The linear regression fit does not include the first two samples (10% of the
samples), because of their abnormally low stress at failure. This indicates that first two samples

were mechanically damaged while handling or gluing on the stage and is not representative of
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the fibre on the drum, and that those two points are more an experimental error rather than a real
fibre failure due to extrinsic defects.

Depending on the distribution of the failure population in the Weibull plot, different fitting
techniques can be used to obtain Weibull parameters in order to characterise the mechanical
strength of the optical fibre. For instance, if one straight line cannot be well fitted to plotted data
points of failure distribution using two-parameter Weibull distribution function or three-parameter
Weibull distribution function, both of which are known as unimodal Weibull distributions (see
Equations 3.8 and 3.10), then two straight lines for two different sub-sets of the measured failure
population data might be necessary to achieve a good fit to the measured data in order to extract
the physical meaning of the sub-set measured failure. The technique where two lines are fitted to
two different sub-sets of the measured failure population is known as bimodal Weibull distribution.
If the data set of measured failure population can only be well fitted with two lines, this indicates
the presence of more than one type of defect, which causes that failure population to be
distributed in (two) different modes [51, 55, 56]. This Weibull distribution is used widely to analyse
experimental results and contains two distinct slopes. In the bimodal Weibull distribution, failure
population is associated to two regions; zones 1 and 2. In zone 1, the distribution has a higher m
value, where failure distribution has little variation, and in zone 2, has a lower slope value, where
failure distribution has high variation [50, 51, 57].

To obtain Weibull parameters of each distinct population in a bimodal Weibull distribution,
failure population is split in two sub-populations as shown in Figure 11 for F2b solid glass fibre

which is described in section 4.1 and listed in Table 1. The procedure for this splitting is as follows:

1. The probability of failure is obtained using the median rank approximation from
Equation 3.9.

2. The values obtained from the median rank approximation are plotted against the
ordered data (stress at failure) in a Weibull distribution plot.

3. The point at which the distinct sub-populations are split is determined by the point at
which the r? values of the corresponding regression lines is maximised.

4. The median rank approximation for each sub-population is then determined separately
using Equation 3.9 — a repeat of step 1 for each sub-population.

5. Data from the separated sub-populations are plotted in another Weibull distribution
plot (see Figure 11b) — a repeat of step 2 for each sub-population.

6. Weibull parameters are obtained for each sub-population.

A bimodal Weibull distribution is used to distinguish between two types of failure, the low stress

at failure (sub-population 1), and high stress at failure (sub-population 2) (Figure 11 b).
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Figure 11. An example of data distributed in more than one mode, in a) determination of sub-population
fitted with linear regression for each sub-population and b) bimodal Weibull distribution plot of data set

and linear regression lines of the representative sub-populations.

4.4 — The Young’s modulus and Weibull model outcome of solid fibres made from

different glass materials

Based on the tensile measurement and characterisation methods shown in section 4.2, the
experimental work was conducted on solid fibres made of various glass material, shown in Table
1. The experimental results of mechanical properties for these glass optical fibres are shown in
Table 3.

Datain Table 3 is plotted in Figure 12, which shows significant difference between the Young’s
modulus of all of the solid glass fibres tested here. The Young’s modulus value of the
SMF28(F300) fibre overlaps with reported Young’s modulus values of the solid LWQ glass fibre.
F2a fibre shows a lower Young’s modulus value compared to LWQ, Ge and Duran solid fibres.
Additionally, it is important to point out that the values of the Young’s modulus of solid Duran, Ge,
F2, ZBLAN and Te glass fibres differ from the reported values of bulk glass shown in last column
of Table 3. It is worth noting here that the Ge and Te solid glass fibres were a different composition
to the exact glass material referred in third column of Table 3. However, in some cases, reduction
of the fibre size leads to increased ductility (reduced Young modulus) [58, 59]. This behaviour

was observed in some of the glass fibres tested here.

The statistical analysis of the measured failure of silica and hard glass solid fibre shows a

unimodal Weibull distribution, while soft glasses Ge, Te, and ZBLAN solid fibres show bimodal
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Weibull distribution (see Figure 13). F2 solid fibre is at the borderline as it can be reasonably well
fitted with a unimodal distribution or bimodal Weibull distribution. As can be seen from Table 4
and 5 the slope value and characteristic strength of both Weibull distributions are very similar,

which allows comparing soft glass F2 with silica and hard glasses (Figure 13).

Table 3. Results and reported values of Young’s for various glass optical fibres.

Fibre glass Young’s modulus Reported value of
(GPa) Young’'s modulus (GPa)
LWQ 70.6+1.5 69 — 73 [1, 54]
SMF28(F300) 68.6 +1.7 69 — 73 [1, 54]
Duran 535+1.2 64 [60]
Ge 49.7+1.3 63.6 [61]
F2a 47604 57 [60]
ZBLAN 41.7+1.1 53 [62]
Te 37.0x2.1 39 - 62 [63]
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Figure 12. Young’s modulus values of the solid fibre made of different glass material listed as in Table 3.
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Figure 13. Weibull plot of data of solid fibre made of silica glass (SMF28(F300), LWQ), Duran glass, and
soft glasses such as F2, Ge, Te, ZBLAN.

Figure 13 indicates that the lower stress at failure value of solid F2 glass fibre compared to
SMF28(F300) follows the same trend as for Young’'s modulus, shown in Figure 12. However,
results shown in Figure 12 and 13 show that the stress at failure of solid F2 glass fibre relative to
solid LWQ and Duran glass fibre did not follow the trend of the Young’s modulus values. Lower
stress at failure of solid Duran glass fibre compared to solid SMF28(F300) and solid LWQ fibre
followed the trend of the Young’s modulus values in Figure 12. Table 4 summarises the results of
Weibull parameters such as characteristic strength and Weibull slope of solid SMF28(F300), F2a,
LWQ and Duran fibre failure distribution. Results indicate that the reliability of the solid F2a glass
fibre is lower than reliability of SMF28(F300), LWQ and Duran solid glass fibre as can be seen

from the Weibull slope values.

Additionally, higher stress at failure of solid F2 glass fibre compared to other soft glass fibre
such as Te and ZBLAN followed the trend of the Young’s modulus value, however higher stress
at failure of solid F2 glass fibre compare to solid Ge glass fibre did not follow the trend of the

Young’s modulus values (see Figure 12 and 13).
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Table 4. Characteristic strength and Weibull slope of fibres obtained using unimodal (two — parameter)
Weibull distribution.

Fibre glass Characteristic strength Weibull slope m
0o (GPa)

SMF28(F300) 0.69 % 0.04 5.1+0.2

F2a 0.48 +0.03 3.0+0.1

LWQ 0.44 +0.02 53+0.2

Duran 0.29+0.01 3.7+ 0.1
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Figure 14. Lines of fitting the whole data set (except outliers) of Weibull distribution plot of measured
failure population data of solid fibre made of F300 (SMF28(F300)), LWQ and Duran and soft glasses
(F2a, Ge, Te, ZBLAN).

Figure 14 shows the linear regression fit of unimodal Weibull distribution model used for
analyses of measured distribution of failure population of the solid fibres made of silica, Duran
and soft glass (F2, Ge, Te, ZBLAN). The result in this figure indicates that the failure populations
of solid soft glass fibre such as Ge, Te and ZBLAN are characterised by more than one defect

type, and as a result the bimodal Weibull distribution is employed (see Figure 15). Table 5
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summarises the results of the characteristic strength and the bimodal Weibull distribution slopes

for both sub-populations of the soft glass solid fibres tested in this work.

Table 5. Characteristic strength of the glass optical fibre for both sub-population and their reliability

(Weibull slope value).

Fibre | Number of Characteristic Weibull slope of | Number of | Characteristic | Weibull slope of
glass | points for | strength of sub- | sub-population 1 | points for | strength of sub- | sub-population 2
sub- population 1 (my) sub- population 2 (my2)
opulation opulation
Pop 00 (GPa) Pop 00 (GPa)
F2a 4 0.26 + 0.06 3.3+04 16 05+0.1 4.6 +0.6
Ge 10 0.17+0.01 23+04 6 0.23+0.01 185+ 3.0
ZBLAN 6 0.1+0.01 45+1.0 12 0.17 + 0.002 8.4+0.6
Te 6 0.09 + 0.001 3.2+0.2 12 0.14 +0.01 8.8+1.2
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Figure 15. Weibull plot of data of solid fibre made of soft glass a) determination of sub-population data

fitted with linear regression fit for each sub-population b) bimodal Weibull distribution plot of data set and

linear regression lines of the representative sub-populations.

4.4.1 — Analysis and discussion

The mechanical properties of glass optical fibres such as the Young’s modulus are obtained

by using uniaxial tensile test method, and shows that glass materials can have a high Young’s
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modulus E but can be characterised with low characteristic strength o,, as is the case with LWQ
glass solid fibre (high E, low g,) compared to F2 glass solid fibre (low E, relatively high ;). This
strongly indicates that defects along the fibre determine the characteristic strength.

Weibull distribution of failure population data in Figure 13 and 15 indicates that the solid fibres
made of soft glasses such as Ge, ZBLAN and Te are distributed in more than one mode. This
indicates that the failure at soft glass is due to more than one types of defects. Therefore, bimodal
Weibull distribution is employed to determine their characteristic strength.

The SMF28(F300) optical fibre, LWQ and Duran solid fibre shows that the distribution of the
failure population is unimodal and narrowly distributed (higher Weibull slope m value) which
indicates that failure is generated by one type of defects. Results in Figure 12 and 13 indicate that
the characteristic strength of the solid fibres made of different glass material follows the Young’s
modulus values. By decreasing the Young’s modulus value, the characteristic strength of solid
glass fibres decreases. However, results shown above indicates that solid F2 glass fibre is an
exception and does not follow the relationship between Young’'s modulus and characteristic

strength compared with LWQ, Duran and Ge solid fibres, which would benefit from future studies.

4.5 — Comparison between aged (stored) and non — aged lead silicate glass solid
fibre

Using the mechanical characterisation method of force vs elongation shown above in Figure
9 and 10 allows us to obtain Young’s modulus values of F2 solid glass fibres fabricated at different
times. See the data tabulated in Table 6. It should be noted with this data that small variation in
fabrication condition and parameters it may also influence the Young’'s modulus values between

fibres.

The collected data from the uniaxial tensile test allows the presentation of the Weibull
distribution of the failure population of the stored, uncoated F2 solid glass fibres fabricated at
different dates (see Figure 16). The fabrication dates shown in Table 6, vary from 2011 for F2d,
2013 for F2c, 2017 for F2b, and F2a fabricated in 2018. Figure 16a shows the failure populations
of stored solid F2 fibres plotted using two parameter Weibull distribution (unimodal Weibull
distribution) and Figure 16b shows linear regression fit of data plotted with unimodal Weibull
distribution. The results indicate that the distribution of the failure population of the stored F2 solid
glass fibre has more than one mode. Therefore, bimodal Weibull distribution is employed to
analyses the data, as can be seen in Figures 17. The distribution of the failure population of the
F2 solid glass fibre is split into two sub-populations (see Figure 17) using the method described
in section 4.3. Table 7 summarises the results of the characteristic strength and the bimodal

Weibull distribution slopes for both sub-populations of the F2 solid glass fibres tested in this work.
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Even though the difference in fabrication dates is large, the characteristic strength of the fibre is
the same within error, and failure population is distributed in same region between Duran and
SMF28(F300) solid fibre as shown in Figure 16a. However, the distribution of the failure
population is different for different fabrication dates, as shown by the Weibull slope value in Table

7.
Table 6. Young’s modulus value of aged (stored) F2 solid fibre.
Fibre glass | Young’s modulus Fabrication date Aging in
(GPa) (months)
F2d 46.8 £0.8 2011 84
F2c 48.3+0.6 2013 60
F2b 492+1.2 2017 12
F2a 47604 2018 One week
2 - 2~
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Figure 16. Weibull plot of data of a) F2, Duran and SMF28(F300) solid glass fibre b) linear regression fit

of F2 data plotted as unimodal Weibull distribution.
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Table 7. Characteristic strength of the stored F2 solid glass fibre for both sub-population and their

reliability (Weibull slope value).

Fibre Aging in | Number of | Characteristic | Weibull slope of | Number of | Characteristic | Weibull slope of
glass ( ths) points for | strength of sub- | sub-population | points for strength of sub-population
montns
sub- population 1 1 (my) sub- sub-population 2 (m2)
population 50 (GPa) population 2
0o (GPa)
F2d 84 11 0.29 +0.06 3.2+04 9 0.47 £0.02 13.9+0.6
F2c 60 6 0.22 +0.08 20.2+3.4 14 0.43+0.05 3.9+0.3
F2b 12 4 0.23+0.06 3.8+0.5 16 0.35+0.01 13.1+1.8
F2a One week 4 0.26 + 0.06 3.3+04 16 05+0.1 46+0.6
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Figure 17. Weibull plot of data of all F2 solid glass fibres, a) Determination of sub-population data fitted

with linear regression fit for each sub-population and b) bimodal Weibull distribution pot of data set and

linear regression lines of the representative sub-populations.

4.5.1 — Analysis and discussion

The results shown above indicate that the aging effect in the F2 solid glass fibre does not

significantly affect mechanical properties or statistical failure distributions. Furthermore, collected
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data indicates a relationship between the Young’s modulus of the fibre with the characteristic
strength, even though the Young’s modulus is a glass property, whereas characteristic strength
depends on the defects on the fibre. Results shown in Table 7 indicates that the aging effect of
solid F2 glass fibres is not significant in terms of the strength in general, since all F2 fibres did fall
at a region between Duran and SMF28(F300) solid fibre (see figure 16 a). As can be seen in this
case, the failure population of solid F2 glass fibres is distributed in a broad range of stress at
failure, which indicates the presence of more than one defects types on the solid F2 glass fibre

due to the fabrication process, handling and moisture in the storage room.

4.6 — The effect of capillary hole size (inflation ratio) and of different inner structural

geometry on the strength glass optical fibre.

This section discusses the impact of the holes on strength of the fibre, with investigating two
different fibre types with holes such as capillary fibore and SCF. The results of tested capillary
fibres with different holes sizes (inflation ratio) and SCF made of F300 glass materials are
compared with SMF28(F300) fibre, whereas SCF made of LWQ glass material is compared with
SCF made of F300 glass and LWQ solid glass fibre.

4.6.1 — Inflation ratio and suspending core fibre (SCF)

The capillary fibre (see Figure 18a) was made from a preform tube where gas pressure was
used to inflate the inner hole in order to make capillary fibres with differently sized inner holes,
while keeping the outer diameter fixed. The effective cross sectional area is the solid fraction of
the capillary fibre. The fibre material and diameter of the inner hole of the capillary fibres is shown
in Table 1. SCFs are made using the drilling technique to fabricate the SCF preform (see Figure
18b). The red circle drawn in the cross sectional area of the SCF (Figure 18b) was used as a
means to allocate an ID value to a SCF to allow investigation of the impact of ID/OD ratio on the
mechanical strength of SCF. To do so, it is necessary to relate the multi hole geometry structure
to a single capillary geometry, therefore hole diameter (red circle) is defined as the diameter of a

circle which has the same circumference as that of the sum of the inner holes [64, 65].

The tensile measurement and mechanical characterisation were conducted on the capillary
glass optical fibres made of F300 glass material, and SCFs fibre made of LWQ and F300 glass
material, respectively. Table 8 summarises the results of the Young’s modulus values of solid
SMF28(F300) fibre, all capillary fibres and SCFs. Data from Table 8 are plotted in Figure 19,
which indicates that the Young’s modulus value of all capillary fibres and SCFs overlap with

Young’s modulus value of SMF28(F300) fibre within errors.
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a b
Figure 18. Cross sectional image of the a) capillary fibore F300 — C3 made of F300 glass material, b)

SCF’s made of F300 glass material.

Table 8. The Young’s modulus of the F300s (capillary), LWQ — SCF, F300 — SCF, LWQ and
SMF28(F300) solid fibre.

Fibre glass Young’s modulus (GPa) Ratio ID/OD
SMF28(F300) 68.6 + 1.7 0
F300 - C1 69.0+ 1.0 0.029 + 0.001
F300 - C2 69.5+1.2 0.32 £ 0.02
F300 - C3 68.2+1.2 0.45 £ 0.02
F300 - C4 70.0+1.1 0.53 £ 0.03
F300 - C5 71.7£ 0.8 0.60 + 0.03
F300 — SCF 68.4 £ 2.0 0.45 £ 0.02
LWQ - SCF 67.9+12 0.45 + 0.02
LWQ 70.6 +1.5 0
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Figure 19. Young’s modulus of the silica fibres listed as per Table 8.

The statistical analyses of the data collected from uniaxial tensile test of the capillary and
SCFs glass fibre were treated with a unimodal Weibull distribution (see Figure 20). The Weibull
slope of the distribution of the failure population of F300 — C1 and F300 — C2 ( See Table 9 and
Figure 20b) is the same, even though the hole size is slightly different. By increasing hole diameter
(inflation ratio) the distribution of failure population increases (become broaden), as can be seen
in Figures 20. This results in a lower Weibull slope value (Table 9) compared with solid
SMF28(F300) and SCFs. Also, the results indicate that the capillary fibres have lower
characteristic strength values than solid SMF28(F300), but have the same characteristic strength,
within error, as the F300 — SCF. This similarity in strength of capillary fibres and F300 — SCF is
attributed to the similarity in their ID/OD ratio (valid for F300 — C3 vs F300 — SCF, see Table 8).
The results summarised in Table 9 indicate that the changes to the hole size in the fibre do not
significantly effect the characteristic strength of the capillary fibres. The results shown in Table 9
and Figure 20b indicates that both SCFs have lower characteristic strength than SMF28(F300),
but have higher Weibull slope value than solid SMF28(F300).
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Table 9. Characteristic strength and Weibull slope for fibres treated with unimodal Weibull distribution.

Fibre Characteristic strength Weibull Slope
0o (GPa) m
SMF28(F300) 0.69 + 0.04 5.1+0.2
F300 - C1 0.54 +0.02 45+0.1
F300 - C2 0.56 +0.02 45+0.1
F300 - C3 0.53 +0.02 29+0.1
F300 — SCF 0.51+0.03 6.4+0.2
LWQ 0.44 +0.02 53+0.2
LWQ — SCF 0.43+0.02 7.3+0.3
2+ 2.0 -
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Figure 20 Weibull plot of data of a) F300s capillary (fibres with one hole), SCFs and SMF(F300) fibres, b)
linear regression fit of F300 — C1, C2, C3, LWQ — SCF, F300 — SCF, SMF28(F300) data as unimodal
Weibull distribution.

The distribution of the failure population of capillary fibres shown in Figure 20a indicates that

capillary fibres such as F300 — C4 and F300 — C5 have more than one mode. Therefore, the

bimodal Weibull distribution is employed to analyse the data (see Figure 21). These two fibres
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have the largest inflation ratio from all capillary fibre that is 0.53 + 0.03 for F300 — C4 and 0.60 *
0.03 for F300 — C5.

Table 10 summarises the results of the Weibull parameters of both sub-population of the F300
— C4 and F300 — C5 obtained using the bimodal Weibull distribution technique. The results shown
below indicates that by increasing the inflation ration, different defects in the fibre are introduced,
resulting in different modes of distribution of the failure population.

Table 10. Statistical results of the F300 — C4 and F300 — C5.

Fibre Number of Characteristic Weibull Slope Number of Characteristic Weibull
points for sub- | strength oo (GPa) ms points for sub- | strength oo (GPa) Slope m;
population of sub-population population of sub-population
1 2
+ + + +
F300 — C4 11 0.46 + 0.04 3.7+0.2 10 0.7+0.1 151+£2.0
+ + + +
F300 — C5 6 0.29 +0.02 6.5+1.0 14 0.57 +0.01 8.3+0.5
-5 F300 - C4 sub-population 1] (5 & Fa00-Ci subpopiaton
104 + F300-C4 sub-popuiation 2 = e
F300 - C5 sub-population 1 1.0
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Figure 21. Weibull plot of data set of F300 — C4 and C5, a) determination of sub-population data with
linear regression fit for each sub-population and b) bimodal Weibull distribution plot of data set and linear

regression lines of the representative sub-populations.

A comparison of distribution of failure population of C2 and C3 fibre with second sub-
population of C5 shows the Weibull slope is different; however, the characteristic strength is the
same within error (see Table 9 and 10). This indicates that the ratio ID/OD did not change fibre

characteristic strength, but it did change failure distribution.
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4.6.2 — Analysis and discussion

The previous section covered the tensile test results of capillary fibres and SCF. The results
show, in general, that the distribution of the failure population of the capillary fibre (F300 — C1,
F300 — C2 and F300 — C3) is relatively insensitive to the ID/OD at low inflation levels shown in
Figure 20b. Indeed, the capillary fibre strength does not vary significantly with respect to low
inflation ratio (small changes in hole size), as can be seen in Tables 9. Though capillary fibres
have lower characteristic strength compared to solid SMF28(F300) fibre with the same outer
diameter 125 um, in general, the higher the inflation ratio, the less reliable the fibre (see Weibull
slope in Table 0). Based on Table 9, it can be concluded that the characteristic strength of the
capillary fibres is similar for all hole sizes, which is valid for F300 — C1, F300 — C2 and F300 —
C3. This suggests that neither the presence nor the size of holes significantly effects the
characteristic strength of the fibre along its tensile axis, which is an interesting result. However,
the Weibull distribution of the capillary fibre F300 — C4 and F300 — C5 shows more than one mode
of distribution of the failure population. Note these fibres have larger inflation ration (see Table 8).
Furthermore, the results of the SCF tests also suggest that the number of holes does not
significantly affect the characteristic strength of the fibre, although the reliability (distribution of
failure population) of the fibre is indeed affected by showing higher slope value compared with
solid SMF28(F300) fibre as shown in Table 9. The LWQ — SCF shows the same characteristic
strength, but higher reliability (Weibull slope) compared to the LWQ solid fibre (see Table 9).
Additionally, the LWQ — SCF shows lower characteristic strength but higher reliability (Weibull
slope) compared to F300 — SCF (see Table 9), where both fibres have same ID/OD ratio.
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Chapter 5 — Optical Characterisation of Loss and Raman Signal of Glass

Optical Fibres

5.1 — Introduction to Optical Characterisation

In recent years, there has been an increased interest in research related to the application of
biomedical sensing using fibre-optic probes [66]. The main reason behind this interest is that
optical fibres can provide access to otherwise inaccessible parts of an organism [6]. The main
challenge when using optical fibres is the ability to obtain good signal to noise ratios. Therefore,
sensing applications require the maximum amount of signal to be collected by the fibre, while
minimising its optical losses [25].

In this chapter, work is focused on measuring transmission loss of solid Duran, F2 fibre, and
HCFs made of F2 glass. To make an extruded Duran HCF, the first step is to make a solid Duran
fibre and explore the behaviour of the glass during drawing conditions. Additionally, a solid fibre
of 160 um OD is used to obtain the loss transmission of the material itself and enables a
comparison of the microstructured fibre (such as HCF) loss relative to the solid fibre. This
comparison helps to identify the loss of HCF caused by confinement and by the additional steps
to make the HCF. Note these fibres are made in house by Prof. Heike Ebendorff-Heidepriem, Dr.
Erik Schartner and Dr. Georgios Tsiminis.

The Raman spectra of various glass materials such as Silica, F2, Duran, BK7, Ge and Te

were also investigated.
5.2 — Experimental Method and Apparatus

As described in Chapter 2, light experiences attenuation as it travels along the fibre. Generally,
fibres are used at near infrared (NIR) wavelengths due to the minimal attenuation in this spectral
region (see Figure 3). However, the UV-VIS-IR attenuation spectrum does vary with glass type
[25]. Therefore, to characterise transmission spectra in the UV-VIS-IR spectral window, a white

light source (WLS) is used.

Attenuation through optical fibre is expressed by the total loss of optical power as a result of
the various loss mechanisms [17, 24, 25] mentioned in Chapter 2. One of the techniques used to
measure the transmission loss in the fibre is known as the cut—back technique. This technique
requires that the transmission spectrum of a test fibre of known length L be iteratively measured
and cut back into increasingly shorter pieces of the fibre. This technique has the advantage of
reducing the effect of systematic coupling losses and canceling out Fresnel & coupling losses.
Two types of light sources were used for cut—back measurements: narrowband and broadband.

Firstly, spot loss measurements were conducted using a narrowband laser at 633nm (HeNe) as
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a light source and a power meter for measuring power of the transmitted light at the fibre output
(Figure 22a). Secondly, broadband loss measurements were conducted using a broadband light
source and an optical spectrum analyzer (OSA) AQ-6315E for measuring output power at different
wavelengths (see Figure 22b). Different microscope objectives (MO) were used, the magnification
that provided the best light coupling efficiency into the fibre was selected. Efficient coupling into
the fibre was achieved by controlling the fibre position using a 3D translation stage until the fibre
tip reached the focal point of the objective, when the output power is maximised. Once the
maximum of the optical power coupled is reached, the OSA is set up to scan from 350nm to
1750nm (valid for broadband loss). Note, when light is coupled into the fibre, no special attention
was paid to excite a particular mode in the fibre. The first measurement was conducted, and the
reading was imported into the loss measurement program. Subsequent cut-back measurements
were repeated iteratively after cleaving the fibre by 1m intervals using FK11 cleaver (used only

for solid fibre).

WLS

633nm

Lens

(do not touch)

Pinhole

Pinhole
Lens
Lens Lens fab

|- @ = EONE

' ' Mounted fiber, using

Mounted fiber, using ‘ V - grooves ’

Mirror V- grooves Mirror

a b
Figure 22. Experimental setup for loss measurements using a) narrowband source and b) broadband

source.

5.3 — Loss Measurement Results

5.3.1 — Solid Fibre
The broadband loss measurements of solid fibores made of F2 and Duran glass was
conducted. The initial length of the fibre used for loss measurements was about 5 meters for both

F2 and Duran glass. The end of the fibre was fitted into a fibre adapter connected directly to the
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OSA. After the OSA was set up to read at one wavelength (for example, at 1 um), the tip of the
fibre where light was coupled via a 60X MO was adjusted to optimize coupling efficiency as
described earlier.

As shown in Figure 23, the loss of the F2 solid fibre (red line) is under 2.9 dB/m between 490-
550nm. Beyond 550nm, the loss of the F2 solid fibre continues to decrease and reaches 2.0dB/m
at 640nm. The F2 solid fibre tested in this work has higher loss than previously reported loss,
which is <1dB/m [67], and higher than F2 bulk glass, due to the lower quality of the fibre; the
preform from which the F2 solid fibre tested here was made possibly contained bubbles and other
imperfections trapped in the drawn fibre [68]. This could be the reason for the higher VIS-NIR loss
in the F2 solid fibre tested in this work. The loss of the Duran solid fibre, which is under 9.5 dB/m
between 490-640nm, represented by a black line in Figure 23, agrees with spot loss
measurements within error which is represented by green dot (see Figure 23). However, the
measured loss of the Duran solid fibre beyond 640nm becomes very noisy and is not represented

in the figure.

20
] Duran solid glass fibre

18 + Duran spot loss at 633nm

16 [T F2 solid glass fibre

| ——F2 bulk glass

14 -

12 +

10

Loss (dB/m)

I K T 4 I % 1 4 1 % I Y 1 4 1
500 520 540 560 580 600 620 640
Wavelength (nm)

Figure 23. Loss of Duran solid fibre in black, Duran solid fibre spot loss at 633nm in green, loss of the F2

solid fibre glass in red, and loss of F2 bulk glass in blue.
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5.3.2 — Hollow Core Fibre (HCF)

In this thesis, several HCFs were produced using different extruded preforms made of the F2
glass material. Figure 24 shows the cross-sectional image of the in-house made HCF — 1 made
of F2 glass.

In this section, details of the loss measurement procedure and results are described. The spot
loss measurements and broadband loss measurements were conducted for HCFs. A piece of
fibre about 35-40 cm long was cleaved using a ceramic blade. As per Figure 22, the HCF was
mounted onto the grooved stages using holding magnets with rubber underneath to avoid
damaging the fibre. Light was coupled into the HCF fibre using a 20X MO lens due to its enhanced
coupling efficiency compared to other lenses such as 100X, 60X or 40X. Output light passes
through a 10X MO lens to collimate the beam. The output optical power was measured using a

power meter and OSA, respectively.

To measure only the light that travels through the hollow core, a pinhole was used which
blocks the light travelling in the fibre inner ring walls. After this first reading, about 5cm of the fibre
is cleaved. The stage, together with the power meter or OSA, was shifted to keep the distance

between the detector and the output light fixed.

) 161,057 ym

Figure 24. The cross-sectional image of the HCF made of F2 glass.

Broadband loss measurements were performed using WLS at visible spectrum of this in-
house HCF. In this test, 4 different pieces of fibre named a, b, ¢, and d, each with length 40cm,
were tested. The loss of the HCF — 1 varies between 20-60 dB/m in the visible spectrum as shown
in Figure 25. A spot loss measurement at 633 nm was also performed, which shows a loss over

70 dB/m labelled as e and represented by a black square (see Figure 25).
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Figure 25. Broadband and spot loss of the HCF — 1 fibre made of F2 glass represented in red, blue,

green, pink lines and black square respectively.

Figure 26 shows a loss of 20 dB/m near 420 nm and 700 nm, and over 100 dB/m near 600
nm of HCF — 2. The results obtained from a spot loss measurement at 633 nm shows a loss of

45 dB/m represented by the red square.

The loss measured for the fibre shown in Figure 26 (HCF — 2) is lower than the loss of HCF —
1 shown in Figure 25 at the same wavelength such as 420nm and 700nm, however, has higher
loss at region between 600 to 650nm. This indicates that the inner structure geometry is not
consistent between the fabrication of either set of fibres. In both cases, coupling the light into the
fibre core was one of the biggest challenges due to major difficulties in the cleaving process of
the fibre. The discrepancy between spot loss measurements and broadband loss measurements

in both results shown in Figure 25 and Figure 26 is due to the variability of the HCFs.
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Figure 26. Broadband and spot loss of the HCF — 2 fibre made of F2 glass represented in black line and

red square respectively.

5.4 — Glass Raman Background Signal

In recent years there has been great interest in using Raman spectroscopy to detect and
analyse tissues and living cells [69, 70]. Raman spectroscopy has been demonstrated to be a
suitable and useful technique, which utilises inelastic scattering to provide information about
vibrational or rotational modes of molecular bonds [69, 71, 72]. Each chemical component in a
sample has a unique molecular structure, so the sample’s composition can be examined through

analysis of the generated Raman signal [6, 33].

Each glass type has specific Raman bands based on their chemical composition and
structure, which helps to identify them. However, this background Raman signal interferes with
Raman measurements of molecular/tissue samples. The necessity to reduce the glass Raman
signal generated in the glass core of the optical fibore motivates this experimental work. In order
to overcome this issue, it is important to conduct Raman signal tests for different types of glass
material, which could provide valuable information for future Raman detection research. In this

experimental work, Raman signals are measured for Duran, Silica F300, BK7, F2 and Ge glass.

A single wavelength light source of 532nm is used for sample excitation. Choice of wavelength
for glass Raman scanning is based on Raman scattering strength which is proportional to the
fourth power of the excitation frequency v*. This means higher frequencies are able to generate
stronger Raman signals. However, the disadvantage of using higher frequencies is that the glass,

and often organic samples, generate high autofluorescence background signals due to emission
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of light by sample when they have absorbed light. Furthermore, higher frequencies can easily
damage biological samples. Therefore, using 532nm is considered a suitable balance which
would not damage a biological sample for optical powers under 30mW, while still delivering strong

Raman spectra.

The glass Raman signal for various glasses was measured to determine the position and
intensity of the Raman signal. This enables crucial information on how Raman signals overlap

with Raman signals of tissues or chemicals of interest. Table 11 shows some of the interest

Raman signals.

Table 11. Different cases of tissue identification using Raman spectroscopy.

Cases where Raman spectroscopy is used

Wavenumber in (1/cm)

Fat, muscle esophagus, brain, aorta, skin, normal 800 - 1800
breast tissue, malignant breast tumor

Brain tissue, metastases malignant 2700-3550

Cyclohexane 500-4000

Cholesterol ester 2700-3000

A billet of the same size and geometry (30mm thickness) of the glass was used for
measurements. The excitation light was aligned using two mirrors and a notch filter as shown in

Figure 27. The excited Raman signal was collected using an optical fibre, and the collected data

was processed using the following formula:

20 =(5-3)

where Aw is the Raman shift expressed in wavenumber, A, is the Raman spectrum wavelength,

Ais the excitation wavelength.

5.1
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Figure 27. Experimental setup for Raman measurements.

Figure 28 shows that the region of interest for Raman detection overlaps with the Raman

background signals of the five glass types tested. It can be seen that the Raman signal for Duran

is lower than for BK7 glass and is less broad than BK7 from 400 — 1200 cm™1. F2 glass has a

very strong Raman background signal with peaks of 11000 — 13000 counts between 350 — 450

cm~! and 950 — 1070 cm™1, which would obstruct Raman detection in this range.
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Figure 28. Raman signal of Silica, F2, BK, Duran, Ge and Te glass material, a) 400 — 4800 wavenumber

and b) 400 — 1600 wavenumber range.
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5.5 — Discussion

The optical loss of a glass material is one of the most important parameters for glass optical
fibres. As can be seen from the measurements in this chapter, Duran glass material has higher
loss compared to F2 glass (as shown in Figure 23) and the loss increases with increasing
wavelength. In Figure 23, similar results were presented between F2 solid fibre glass and F2 bulk
glass material, where F2 solid fibre glass has higher loss than F2 bulk glass material, possibly
due to imperfections in the F2 solid fibre. The loss of bands (pieces) of the HCF — 1 made of F2
glass shown in Figure 25 were high due to variations and coupling efficiency. Note that, in the

future, a loss comparison between the Duran glass fibre and Duran bulk glass is needed.

It is worth noting some limitations of F2 glass with Raman spectroscopy. As per the result
shown in Figure 28, F2 glass fibre has a strong Raman signal in the range between 350 — 450
cm~! and 950 — 1070 cm™t. The Duran glass material shows high fluorescence in the range
between 1000 — 4900 cm ™! compared to F2 glass material. Considering the time limitation in this

project, the Raman glass signal will be the study of future investigation.
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Chapter 6 — Conclusion

The overall aim of this thesis was to investigate the effect of glass composition, fibre structure
and aging on the mechanical properties of Young’s modulus, Weibull distribution, characteristic
strength, and Weibull slope. Additionally, the impact of the inner structure geometry and glass
type on optical losses was investigated. In this work, the statistical Weibull distribution was used
to examine the reliability of the solid glass optical fibore made of different materials as well as
structured optical fibres, when these fibres are subjected to a pulling force. General conclusions

from this work are as follows.

1. Results indicate that the strength of the solid glass fibres is consistent with Young’s modulus
values. The characteristic strength of the solid fibres decreases with decreasing Young’s
modulus values, with one exception: F2 solid fibore shows a surprisingly high characteristic
strength for its relatively low Young’'s modulus compare to LWQ, Duran and Ge solid glass
fibre. Additionally, aging effects in soft glass such as F2 seem to be insignificant as
demonstrated by the insensitivity of the F2 solid glass fibre (see characteristic strength of both
sub-populations of all the F2s in Table 7). Furthermore, the inflation ratio of capillary fibres
reduces fibre strength in general and decreases the Weibull slope (reliability) of the fibre
compared with standard SMF28(F300) fibre. The suspended core fibre (SCF) shows reduced
fibre strength, but its reliability is high compared to SMF28(F300) fibre. The results shown
here indicate that the strength of the fibre with one hole (capillary fibre) does not change

significantly from the strength of the SCF (fibre with three holes).

2. Duran glass material has higher transmission loss compared to F2 glass, especially in the
range 600 nm and above, where the signal is strongly attenuated. Additionally, HCFs made
of F2 glass material are shown to have very high loss compared to F2 solid fibre. For example,
the loss of F2 glass drops below 2 dB/m beyond 640nm, but the loss of HCF in that same
range varies between 20 to over 60 dB/m in both fibres tested, which might be related to the
fibre structure. Also, coupling light into HCFs is one of the main difficulties due to the cleaving

process.

The work presented here has generated crucial insights for both the mechanical and optical
features of the glass materials used for optical fibre and fibre structures including HCF. In the
future, major work would be required to investigate and optimise both the mechanical stability of
the optical fibres and the use of HCFs with low transmission loss, which is key to application in

biomedical sensing.
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Appendixes A
Statistical analysis of the collected data to generate Weibull distribution of SMF28(F300) fibre

N —total Ascending Fibre Stress to Median rank Ln (o (GPa)) Ln (Ln(1/1-F))
fibre orde_r of fi_bre failure '
tested failure i _1—03
o (GPa) T N+04

1 0.47362 0.03431 -0.74735 -3.3548
2 0.4755 0.08333 -0.74339 -2.44172
3 0.48073 0.13235 -0.73244 -1.95214
4 0.50395 0.18137 -0.68527 -1.60881
5 0.55213 0.23039 -0.59396 -1.33989
6 0.5567 0.27941 -0.58573 -1.1157
7 0.56126 0.32843 -0.57757 -0.92095
8 0.60501 0.37745 -0.50251 -0.74669
9 0.60649 0.42647 -0.50007 -0.58708
10 0.65292 0.47549 -0.42629 -0.43805

0 11 0.65507 0.52451 -0.42301 -0.29651
12 0.67614 0.57353 -0.39135 -0.15992
13 0.68446 0.62255 -0.37912 -0.02602
14 0.71936 0.67157 -0.3294 0.10744
15 0.72285 0.72059 -0.32456 0.243
16 0.72379 0.76961 -0.32326 0.38388
17 0.75694 0.81863 -0.27848 0.53486
18 0.80136 0.86765 -0.22145 0.70423
19 0.84176 0.91667 -0.17227 0.91024
20 0.85276 0.96569 -0.15928 1.21557
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Appendixes B

The glass optical fibre types, their dimesions, fabrication technique and in house code.

Fibre Glass material Code oD ID In house Fabrication technique
structure type (um) | (um) code
Solid fibre Fused Silica SMF28(F300) | 125 SMF28 Commercially avalable, made of F300
Quartz Silica LWQ 125 LWQ Drawn into fibre from commercial rod
Borosilicate Duran 160 Duran Drawn into fibre from commercial rod
Lead silicate F2a 160 F2F355 Drawn into fibre from commerical rod
Lead silicate F2b 160 F2F342 | Drawn into fibre from extruded rod preform made of
commercial rod
Lead silicate F2c 160 F2F296 | Drawn into fibre from extruded rod preform made of
commercial rod
Lead silicate F2d 160 F2F231 | Drawn into fibre from extruded rod preform made of
commercial rod
Germanate Ge 160 Ge Drawn into fibre from extruded rod preform
Tellurite Te 160 Te Drawn into fibre from extruded rod preform
Fluoride ZBLAN 160 ZBLAN Drawn into fibre from extruded rod preform
Suspended Quarzt Silica LWQ-SCF 160 LWQ- Drawn into fibre from in-house preform made from
core (three WW commercial rod
hole)
Fused Silica F300-SCF 160 ES14 Drawn into fibre from in-house preform made from
WW commercial rod
Capillary Fused Silica F300-C1 125 36 ES27 Drawn into fibre from commercial capillary preform
(single hole)
Fused Silica F300-C2 125 40 ES27 Drawn into fibre from commercial capillary preform
Fused Silica F300-C3 125 56 ES27 Drawn into fibre from commercial capillary preform
Fused Silica F300-C4 125 66 ES27 Drawn into fibre from commercial capillary preform
Fused Silica F300-C5 125 75 ES27 Drawn into fibre from commercial capillary preform
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