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Summary

The integration of polymeric optical fiber (POF) into fabrics has brought a lot of interest in
textile design, on the other hand, it also displays the profiles of human beings, animals, objects
(warning devices), obstacles (steps and carpets) and the like in places with poor visibility.
However, this integration is facing huge problems. The major problems are derived from the
poor flexibility, drapability, durability and side illumination of POF fabrics. The Properties of
POF are considered as the critical factors which would influence the manufacturing processes
and properties of POF fabrics. Compared with traditional textile yarns or filaments, POF is
relatively brittle, stiff, and sensitive to bend due to its thick diameter. At present, the diameter
of end emitting POF in weaves, knits and embroideries is generally in the range of 0.2 ~ 1.0
mm, the diameter of side emitting POF applied in safety applications (corridors and obstacles)
varies in the range of 2 ~ 6 mm or above. The big challenge is to manufacture POF with
sufficient flexibility and good side illumination intensity. The side illumination intensity of
POF is usually enhanced by surface modifications (chemically and mechanically) or using the
fluorescent fabric cover which could also protect the naked POF from mechanical damage and
UV radiation and improve the comfort of POF.

This thesis work is aimed to investigation the selected mechanical properties of POF based on
the less contributions from the standpoint of the properties of POF integrated fabrics at present,
rather than propose new methods to improve the side illumination of POF or propose new
manufacturing techniques of POF fabrics. The experimental work starts from tensile testing
and the results indicate that, there is an inverse relation between fiber diameter and tensile
strength of POF. The strain value decreases as the fiber diameter increases. And the modulus
varies significantly and is assumed to be determined by the various changes of tensile strength
and strain. As a synthetic polymer fiber, however, POF is not uniform in fiber thickness, the
results from strength distribution represent that the gauge length plays an important role in
tensile strength. The results evaluated by Weibull distribution indicate that there is a decay
exponential relation between tensile strength and gauge length. POF is with the core/cladding
structure. The contributions of core and cladding to the mechanical properties of the whole
fiber, and the interphase property between core and cladding are investigated by
nanoindentation technique. It is observed from the experimental data that the core is harder
than the cladding. Both core and cladding show very strong loading rate sensitivity during
nanoindentation testing, which could be explained by the visco-elastic properties of polymers.
The interphase width is estimated to be in the range of 800 ~ 1600 nm roughly. In the
investigation of POF durability, two fatigue testing are taken into account. One is the tension
fatigue testing which is applied to measure the strain response of POF under constant stress
amplitude. The results demonstrate that both cyclic extension and total extension go up with
increasing fatigue cycles. Compared with other fibers, while, 0.5 mm POF has higher total
extension but lower cyclic extension than thicker POFs, which could be explained by different
applied external stress and different amount of irreversible deformation in each fiber during



fatigue testing. Another is the flex fatigue testing, which is aimed to investigate the flex fatigue
lifetime based on the number of bending cycles to break by using the model of fatigue life
curve. It is estimated that the fatigue lifetime could be influenced significantly by the testing
condition such as the bending angle and speed. In the meanwhile, the flex fatigue sensitivity
coefficient is also evaluated and compared with the general value for other materials.

Keywords:

polymeric optical fiber; strength distribution; nanoindentation properties; tension fatigue; flex
fatigue



Anotace

Integrace polymernich optickych vldken (POF) do textilii je pfinosem z hlediska designu na
jedné strané, ale na druhé stran¢ umoziuje také zviditelnéni obryst osob, zvifat, predméta,
vymezeni piekazek (schody, kraje kobercti) apod. Pii zabudovani optickych vlaken do textilii
se sleduje zejména jejich ohebnost, trvanlivost a intenzita vyzafovani. Ve srovnani se
standardnimi textilnimi materidly (ptize, hedvabi) jsou n¢ktera POF relativné kiehka, tuha a
citliva na ohyb v zavislosti na jejich priméru. V soucasné dob¢ je pramér bézné vyuzivanych
POF pro tkaniny, pleteniny a vySivky v rozmezi od 0,2 do 1,0 mm. Pro integraci do odévnich
textilii s cilem zviditelnéni osob Ize pouzit stranové vyzatujici optickd vlakna o priméru 2-6
mm a napf. Pro osvétleni chodeb a vymezeni ptekazek je mozno pouzit optickd vldkna o
praméru od 6 mm vySe. Pro uvedené aplikace je nutno vzdy hledat kompromis mezi
dostate¢nou ohebnosti a svételnym vykonem vldken. Pro zvySeni intenzity vyzafovani se
pouziva pokryti povrchu stranové vyzatujicich vlaken textilnim potahem. Vldkna jsou
umisténa v dutin€ tkaniny nebo opletena textilnimi pfizemi Textilni potah soufasné chrani
optické vlakno pred mechanickym poskozenim a vlivem UV zafeni a zvySuje komfort pfi
noseni.

Diserta¢ni prace je zaméfena na zkoumdani vybranych mechanickych vlastnosti POF.
Experimentalni prace je zaloZzena nejprve na zkoumdéni tahovych vlastnosti stranové
vyzatujicich optickych vldken v zavislosti na jejich priméru. S rostoucim primérem vlakna se
relativni pevnost a taznost snizuje. Modul optickych vladken se méni vyznamné spolu se
zménami pevnosti a taznosti. Podobné jako u syntetickych polymernich vldken ovlivituje také
upinaci délka pevnost polymernich optickych viaken. Vysledky ziskané na zdkladé Weibullova
rozdéleni indikuji exponencialni pokles pevnosti v zavislosti na upinaci délce. POF maji
strukturu jadro/plast’. Prispévek této struktury i vlastnosti na rozhrani povrchli mezi jadrem a
plastém k mechanickym vlastnostem POF byl zkouman s vyuzitim nanoindenta¢ni metody.
Bylo zjisténo, ze jadro POF je tvrdsi nez plast. Obé komponenty, jak jadro, tak 1 plast’ indikuji
velmi silnou citlivost na rychlosti zatéZovani v priitbéhu nanoindenta¢niho testu, kterd mtze byt
popsana pomoci visko-elastickych vlastnosti polymert. Odhad sitky mezifaze je ptiblizné v
rozmezi od 800 ~ 1600 nm. Pfi hodnoceni ohebnosti a zivotnosti (inavy) POF, byly vzaty v
uvahu dva typy testovani. Nejprve bylo testovano cyklické namahani zalozené na méfeni
deformacni odezvy POF na konstantni amplitudu zatézovani. Vysledky ukazuji, ze jak cyklické
protazeni, tak i celkové protazeni souvisi s ptiristkem Unavovych cykld. Ve srovnani s jinymi
vlakny vykazuje POF o praméru 0,5 mm vyssi celkové protazeni, ale nizsi cyklické protazent,
nez POF s vétsim praimérem. To by mohlo byt vysvétleno riznym mnozstvim nevratné
deformace kazdého vlakna v priabéhu testovani inavy. Dale bylo provedeno testovani odolnosti
v ohybu dle poctu ohybovych cykli do pietrhu. Bylo ukdzano, Ze tato veli¢ina je vyznamné¢
ovlivnéna podminkami testovani, coZ je tthel ohybu a rychlost. Byl hodnocen také koeficient
ohyboVé citlivosti a porovnan s hodnotami béznymi pro jiné materialy.



Kli¢ova slova:

polymerni optické vlakno, rozlozeni pevnosti, nanoindentacni vlastnosti, inava pii cyklickém
namahani v tahu, Unava pti opakovaném naméahani v ohybu
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Chapter 1 Introduction

Chapter 1 Introduction
1.1 History of POF

A new word called “E-era” is sweeping the whole world due to the conformation of the global
village by internet. The transmission of data information from one place to another provides a
non-distance communication. The previous major medium for data communication is copper
wire, which has been applied as an electric wire since the invention of electromagnet and
telegraph in the 1820s [1, 2] and considered as an electrical conductor since the introduction of
telephone in 1876 [3]. Copper wire was gradually taken placed by optical fiber due to the
effective data communication. Transmitting data information over an optical fiber has a
multitude of advantages than over a copper wire. To begin with, the optical fiber is non-
conducting, that means, it is safe in all electromagnetic situations and free radio frequency
interference (RFI). Besides, the optical fiber works at low voltage. Even a broken or damaged
optical fiber would only release a few power, with low temperature. Furthermore, an optical
fiber is relatively lighter and can transmit higher bandwidth than a copper wire.

The principle of guiding light by refraction through an optical fiber was initially demonstrated
in the early 1840s [4]. Whereas, the optical fiber was widely used as a medium for data
communication after more than 100 years due to its increasing quality and decreasing cost,
nowadays, it merely takes seconds to transmit data information from the largest libraries. Apart
from data transmission, the application fields of optical fiber extend broadly because of the
visible merits. For instant, the optical fiber is separated from the light source (diode), making
the replacement of light source easy. The optical fiber is controlled without environmental
impact, leading to the usage even in the areas with fire or explosion or water [5].

Optical fiber can be generally classified into two categories: glass optical fiber and
polymer/plastic optical fiber (POF). Compared with glass optical fiber, POF is easy to handle
due to its large numerical aperture, flexibility, light weight, and resistances to impact and
vibration. Whereas, POF is sensitive to bend, represents low thermal resistance and high optical
attenuation [6].

POF, made of polymers or plastics, was firstly introduced in the 1960s as a substitution of glass
optical fiber in data communication in a short distance generally less than 1 km. POF was not
utilized universally due to its high optical attenuation. However, POF has received enough
attention in the 1990s because of the development of graded-index POF and the achievement
of low attenuation [7-10], combined with the successive improvements in both transparency
and bandwidth, POF is recently applied as a high-capacity transmission medium [11]. At
present, the applications of POF have increased significantly. Apart from the application in
data transmission, POF is widely used in optical components (such as optical switches,
amplifiers and tunable optical sources), and other extended fields. Some application fields are
introduced here,
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Fiber optic network: fiber to the home (FTTH), fiber to the desk (FTTD), etc.

Auto applications: in-car communications, in-car audio-visual entertainment system,
etc.

Electronic and sensors: computers, digital versatile disc (DVD), etc.

Industrial control bus system: POF can be connected to the standard protocol interface
by converter.

» Lighting and solar energy utilization: interior illumination, waterscape lighting, road
lighting, etc.

» Military communications: soldiers’ wearable lightweight computer systems, head
mount display, etc.

» Therapy: cancer, skin diseases, etc.

» Textiles: luminous cloths, lighting curtains, etc.

1.2 Development and applications of POF fabrics

Textiles can be classified into three categories based on the end uses: clothing textiles,
decorative textiles and technical textiles. The demand for textiles has increased dramatically
during the last two decades due to the rise in living standard of human beings. However, the
increasing demand has brought a big challenge to develop new materials or introduce existed
materials to textiles. Even though glass fiber based textile materials have been known for quite
a long period of time, the idea of optical fiber based fabrics was arose at the end of twentieth
century. The initial optical fiber based fabrics were manufactured for end illumination by
cutting the optical fiber at the required point of light emission. Visually, the optical effect on
POF based textile fabrics was purely aesthetic. The color, brilliance or shine of POF fabric
could be changed from the light reflection on fabric surface with different fiber materials, fabric
pattern and fabric density [12]. Recently, following with the development of POF itself and the
manufacturing techniques of POF fabric, POF integrated textiles have extended the
applications from the photo-metric fields for illumination to the radiometric fields for sensing
[13].

At present, there are two major applications of POF in textile fabrics. One is utilized as an
active lighting element in fabric structure for lighting purpose, another is used as an optical
sensor in fabric structure for sensing purpose. Selected applications regarding these areas are
introduced as follows.

1.2.1 Luminous fabrics
Indoor lighting

POFs are designed to be incorporated (woven/weft knitted/embroidered) into fabrics. Once the
end of POF is connected to light source, POF fabrics could light up not only on the selected
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locations but also laterally on fabric surface. It generates new applications apart from
telecommunications. This integration of POF into fabrics creates flexible optical systems,
giving opportunities of POF fabrics in indoor lighting applications, such as table cloths for
home decoration, curtains for stage decoration as well as cushions for car decoration [14].

Outdoor lighting

POF fabrics with thick POFs have more possibilities for architectural applications: public
premises like warning devices, animation apparatuses, and garden decoration as well [15].

Safety

Compared with illuminated panels with fluorescent or reflective materials, POF fabrics exhibit
superior active illumination intensity, which explores enormous potential in safety applications.
The main application in safety field is the clothes and accessories for policemen, firemen and
sportsmen [16]. It is also realized that POF fabrics would contribute significantly to emergency
exits, transportation signs, warning devices, and interior equipments in cars.

Fashion and design

The fashionable clothing with POF fabrics brings a lot of virtual enlightenment. POF fabrics
used to be designed significantly for clothes and accessories, now it is not a challenge to design
POF fabrics into high heels based on the present textile processing technology [17]. Besides,
POF fabrics are popular in industrial art products and decoration items like flowers and curtains,
which are especially suitable for places with very poor light illumination.

Displays

The idea of flexible display with POF fabrics was initiated around four decades ago. The
application was firstly involved in liquid crystal display (LCD) with the backlight system [18]
that was made of laminated woven fabrics integrated with POFs. Other flexible flat panel
displays [19] were developed afterwards. In the early of twenty-first centuries, a graphically
communicative clothing with flexible woven display was established for both static and
animated graphics [20]. At present, two-dimensional (2D) flexible displays based on POF
fabrics have obtained more interest due to the thin and light fabric structure, drapability,
bendability and manifold 2D design prospects [21]. However, the processing of POF fabrics is
still problematic due to the insufficient flexibility of POF, and the resolution of fiber grid in
fabric structure is not satisfied for high-definition displays [22]. A concept of highly flexible
POF made of silicone fibers was introduced [23], however, this kind of POF is usually used for
smart clothing in terms of its low optical transparency [24].

Medical technology

Relative homogeneous distribution of light intensity was obtained with a stain weave fabric
pattern by French National Institute of Health and Medical Research (INSERM) or in
embroidered POF fabrics [25]. The homogeneous distribution of flexible fabric provides the
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potential in medical field, for instant, photodynamic therapy (PDT). PDT is a treatment for
certain kinds of cancer (premalignant or early-stage cancer). The cancer cells could be
eradicated by using a photosensitizing agent first and then the radiation treatment of laser light
[26] or textile light diffuser [27] with a specific wavelength. The homogeneous distribution of
light from POF fabric surface could be also applied onto the uneven surface of human beings
to heal the skin diseases.

1.2.2 POF fabric sensors

POF sensors and devices have been reported for a long period of time. POF fabric sensors have
been recently popular to transfer signals to processor units for detection [28] or monitoring
[29]. There are three general principles of POF fabric sensors [30]. First, the mechanical
fluctuations (pressure, stress, strain) onto POFs lead to the microbends and macrobends of
POFs. Second, the additives in POF core or cladding material interact with the environment.
Last but not the least, the geometrical optical alterations change the light guidance of POF. In
all cases, the transmitted light intensity of POF varies in order to measure the required
parameters.

Generally, the textile integrated POF sensors are aimed at measuring the physical responses
such as pressure [24], stress [31] and strain [32], or applied for biomedical responses based on
biological parameters such as breathing [33], sweat [34] and oxygen content [29].

1.3 Advantages and disadvantages of POF fabrics

There are numerous advantages of integrating POFs into traditional fabric structures. First of
all, POFs make the fabrics luminous. POF fabrics could emit light not only on the fabric surface
but also at required points based on the macrobends of POF or additional surface modifications.
In contrast to general electrical products, POF fabrics are immune to electromagnetic
interference (EMI), free of electricity and heat. At the same time, POF fabrics can still keep the
textile appearance. The dimension of luminous area is flexible, which could be small in
centimeters for embroideries or large in meters for weaves and weft knits. Additionally, the
separation of light source and POF medium generates simple connection and easy handling of
POF fabrics. Furthermore, the use of POFs instead of glass optical fibers in luminous fabrics
is beneficial to the flexibility, light weight, durability and small injuries [35].

On the other hand, POF fabrics have some disadvantages. Even though POF fabrics are popular
in illumination, decoration, radiation and sensing applications, a lot of potential applications
are highly restricted due to the limitations of POF itself. The bendability of POFs is not
sufficient enough as traditional yarns, which limits a lot of possibilities in structure design.
Thin POFs with side illuminating effect are not commercially available on the market due to
the complicated manufacturing processing and poor transmission rate of light rays. In addition,
the mechanical properties of POFs are not satisfied at sub-zero temperature. The thermal
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stability of POFs is problematic that limits the working temperature significantly. Furthermore,
it is still a challenge to reduce the optical loss of POFs.

1.4 Present state of problem

As mentioned above, there are a great deal of applications of POFs in textiles. In the field of
POF fabrics, a lot of potential has been restricted by the properties of POF, which not only
influence the illumination properties of POF fabric, but also limit the possibilities of integration
of POF into fabrics. For example, it is still problematic to commercially manufacture side
emitting POFs with diameter less than 0.2 mm. Even though POFs with diameter more than 1
mm could be used as active illuminating elements in emergency or safety textiles in order to
give enough light rays in special dark places [16]. The possibility to apply POFs into traditional
fabric structures is obviously lower with thicker POFs. Moreover, the bendability of POFs, the
technique processing of POF fabric, the illuminating effect, the drapability of POF fabric are
influenced by POF properties more or less.

In practical illumination and decoration applications of POF fabrics, the POF diameter used as
traditional textile yarns or fibers normally varies from 0.2 mm to 1 mm. In order to obtain clear
luminous patterns, the illuminating effect is generally achieved by the macrobends or additional
treatments of POFs in woven, weft-knitted and embroidered fabric structures. Generally
speaking, in weaves, POFs are laid straightly, the light illumination is obtained by surface
modifications and the light loss is quite low; in weft knits (knitted webs/meshes), POFs are
arranged in bending shapes, the light illumination is obtained by macrobends and the light loss
is higher compared to the first case; while in embroideries, POFs are either bent or set in any
free form, the light illumination is achieved by macrobends of POFs and the light loss is highest
in all cases. Both mechanical properties and light loss restrict the dimension and market
prospects of POF fabrics.

A lot of contributions have been devoted to the manufacturing technology of POF fabrics, the
enhancement of side illumination of POFs or POF fabrics, and the improvement of optical loss
of POFs induced by mechanical deformations (tensile, bend or compression) of POF. It seems
that how to develop the POF fabrics and how to obtain high intensity lateral light on POF
fabrics have been catching more attention. However, how the POF properties influence the
development and properties of POF fabrics is also very interesting and vital. There are very
less literatures focusing on the mechanical properties of POF with a core/cladding structure,
the flexibility and the durability of POF itself in details so far, which are important and
unresolved issues required to be explored urgently.
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2.1 Major objectives

As a synthetic polymeric fiber, POF is expected to be uniform in thickness. As a matter of fact,
the fiber diameter, the cladding thickness, as well as the surface roughness are not the same in
the direction of fiber length due to the manufacturing processes, packing processes and so on.
These variations are difficult to control and could have unexpected effects on the mechanical
and optical properties of POF. Thus, the tensile properties of POF in terms of the fiber diameter
effect is discussed first. Then, the strength distribution of POF is considered with respect to
different gauge lengths in tensile testing.

In order to figure out the contribution of each part (core or cladding) to the properties of the
whole fiber, the local mechanical properties of both core and cladding are studied by using
nanoindentation technique, and the nanoindentation creep deformation are also taken into
account in details due to the inherent visco-elasticity of polymer materials. Apart from the core
and the cladding, the interphase between them is also important and investigated by
nanoindentation. The dimension or transition zone of interphase is estimated according to the
changes of harness and modulus from cladding to core.

Furthermore, POF subjects to repetitive external forces such as stretches and bends in practical
uses. The durability of POF is inevitable to take into account. Two fatigue tests regarding the
fiber durability are involved. The tension fatigue testing is mainly to estimate the strain
response under constant load amplitude. Then the tensile properties after tension fatigue testing
without fiber fracture are discussed. Another is flex fatigue testing, which is measured by
Flexometer. The life time of POF is evaluated based on the number of bending cycles to fiber
break and the fatigue life curve is obtained consequently. Afterwards, the flex fatigue
sensitivity coefficient is estimated based on an empirical equation.

In a word, there are five aspects in mechanical properties selected to study in total: tensile
properties, strength distribution, local mechanical properties of both core and cladding and the
interphase property between them, tension fatigue properties and flex fatigue behaviours. The
goals of this work are to survey the selected mechanical properties of POF which are referred
in the applications of POF fabrics and discussed from the point of view of textile background,
rather than to offer detailed and standard methodologies to investigate the mechanical
properties of POF, or provide new methods of improvement of POF attenuation, or propose
new technologies to manufacture POF fabrics. It is aimed to introduce POF to textile fields,
present basic and important knowledge of POF itself regarding mechanical properties, and
provide links to future for better research work and boarder applications in textiles.

2.2 Introduction of thesis frame
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To set the stage, we begin with a brief introduction of POF in Chapter 3, including the basic
theory of light propagation in POF, the structure and materials of POF, and the attenuation
mechanism of POF. We also introduce the manufacturing techniques of POF in order to provide
the general understanding of structured fiber formation of POF. Nowadays, the side
illumination of POF has obtained more attention, and a lot of efforts have been made to improve
the side illumination of POF. One part of my PhD work is presented here to provide another
possibility to enhance the side illumination of POF. Afterwards, we mainly review the selected
mechanical properties of POF from previous literatures. We initially introduce the basic
principles of nanoindentation testing in terms of local mechanical properties of materials. In
addition, we discuss the strain rate during nanoindentation for better understanding of the time-
dependant deformation and viscoelasticity of polymers. Then we review the theory of fatigue
testing, followed by the testing methods and the analysis based on modelling of fatigue testing.

In Chapter 4, we mainly introduce the materials and methods employed for selected mechanical
tests in this thesis work.

In Chapter 5, we initially discuss the effects of fiber diameter and gauge length on the tensile
property and the strength distribution of POF, respectively. The nanoindentation properties of
POF in regard to the local mechanical properties of both core and cladding, the creep
deformation and the interphase property between two parts. Then we analyze the results from
both tension fatigue testing and flex fatigue testing based on the strain response and S-N curve,
respectively.

In Chapter 6, we summarize all the results from Chapter 5, present other findings from my PhD
study such as the utilization of fluorescent fabric to enhance and even the side illumination of
POF and the development of lensed POF by laser treatment to improve the light gathering or
light distribution of POF, finally, we introduce the future work that will be considered next.

In Chapter 7, we list all the references clearly.

In Chapter 8, we present all the publications in journals, books and conferences.
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3.1 Basics of POF

3.1.1 Total internal reflection

The ratio of the velocity of a light wave in vacuum C, to the velocity of a light wave in a
medium Cy, is described as the refractive index n of the medium and is presented as:
Cy

n= a (31)

If there are two semi-infinite media (thin medium 1 and thick medium 2), the corresponding
refractive indices n1 and n2 have the relationship: n2 > ny. It is assumed that a light ray passes
from the optically thin medium 1 under an angle 61 (from the normal to the interface) to the
optically thick medium 2 through an interface between these two media. Then a part of the
incident energy is reflected back into the medium 1 under the same angle 61 and a part of it is
refracted into the medium 2 under the angle 6,. This refracted ray is bent away from the
interface to the normal, as shown in Figure 3.1a. The refraction can be expressed by:

sinf; n,

(3.2)

sinf, ny

Equation (3.2) represents the Snell’s law of refraction.

optically thick medium 2

(a) (b) (c)

optically thin medium 1

Figure 3.1 Schematic representation of the Snell’s law of retraction and total internal
reflection.

The same phenomenon is observed when a light ray passes from the medium 2 of n, to the
medium 1 of ng, but here the refracted ray is bent away from the normal to the interface, as
shown in Figure 3.1b. But at a particular angle of incidence called as critical angle (61 = 6c)-
refracted light beam passes perpendicular to the normal (6. = 90°), i.e. grazes along the
interface, as shown in Figure 3.1c. When the angle of incidence increases beyond 6c, all
incident lights are totally reflected back, nothing is transmitted. This phenomenon is called as
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total internal reflection, which is the fundamental optical effect for light propagation through

optical fibers. The critical incidence angle (6c) is given by:
. (M2
6. = arcsin (—) (3.3)
nq
3.1.2 Numerical aperture

Numerical aperture NA determines the light gathering power of an optical fiber. A light ray
(with an incidence angle 61) to be guided through the fiber is given by:

Ng *sinf; < sinbpgy = NA= [n25e — %04 (3.4)

where neore and Neiad are the refractive indices of fiber core and cladding, respectively, na is the
reactive index of air and fmax IS the maximum incidence acceptance angle. It can be
schematically represented in Figure 3.2.

cladding (ng,,)
core (Neore)
,E’I’ff,ﬁ, v]

air (n,)

Figure 3.2 Maximum acceptance angle of light in an optical fiber.

The quantity sinfmax is commonly known as numerical aperture of an optical fiber. Therefore,
generally, NA is related to the difference of refractive indices of fiber core and cladding. A
large NA generates more modes and eases the problems of installation. Usually, NA of POF is
larger as compared to glass optical fiber [36].

3.1.3 Classification of POF
Classification based on refractive index distribution

In an optical fiber, light rays propagate from one place to another to transmit the data
information through fiber core. The core profile or refractive index distribution determines the
light propagation in an optical fiber. Based on this relation, an optical fiber is either step-index
(S1) or graded-index (GI) fiber, which can be schematically illustrated in Figure 3.3.

In SI optical fibers, the refractive index of fiber core is constant and its distribution n(r) is
definitely independent on core radius r, as explained in Equation (3.5), which allows the light
rays to propagate in straight lines, as shown in Figure 3.3A.

n(r) = {ncore 0<7r<7ore core

Nelad T > Teore cladding (3.5)

where reore IS the constant core radius.
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In Gl optical fibers, the refractive index of fiber core is changeable and its distribution is
dependent on core radius, as expressed in Equation 3.6, which shows parabolic profiles in
propagating paths, as described in Figure 3.3B.

( NZore — NE r
core clad
| n2,,.[1- > ( ) 0 <7 <Tepre core
n T
2 _ core core
w() =1 P @
2 core clad| _ 2 .
Neore |1 — — > | = Nclaa T > Teore cladding
Ncore

Based on the theory of total internal reflection, light rays received in an optical fiber could
propagate forward in different paths in fiber core. In both SI and GI optical fibers, each light
ray experiences many bounces from the interface between core and cladding to fiber core. After
each reflection, the light ray transmits with a certain shape corresponding to the refractive index
distribution of core. In another word, a guided mode of an optical fiber refers to lots of light
rays propagating in particular shapes.
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Figure 3.3 Schematic representation of refractive index distribution of an optical fiber: (A)
step-index; (B) graded-index [37].

In SI optical fibers, the places of reflection are different, the light rays travel in different
directions, that is to say, the time difference exists in different propagating paths, leading to the
mode dispersion.

In GI optical fiber, both reflection and refraction occur due to the parabolic refractive index
distribution of core which decreases along the fiber axis to the interface between fiber core and
cladding, therefore, light rays travel a smaller distance at a faster velocity in the area near to
fiber axis. In an ideal situation, all the light rays could reach the fiber axis at the same time and
generate only one mode accordingly. This phenomenon alleviates the optical loss caused by
modal dispersion [36].

Classification based on data transmission

10
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The light rays in an optical fiber could generate at least one mode that is the fundamental mode,
based on this, optical fibers are categorized into single-mode and multimode fibers.

A single-mode optical fiber corresponds to a comparatively small core diameter that is around
8-10 um. It allows only the fundamental mode in ray tracing, leading to the low optical loss
and high bandwidth or information capacity.

A multimode optical fiber requires a relatively large core diameter that allows the analysis with
a geometric ray-tracing model. This type of optical fiber describes different light intensity
distributions. According to the core size and numerical aperture, multimode optical fibers could
support more than 100 modes. Multimode optical fibers are easy for light launch and
connection, and also available for usage of cheap light sources (e.g. LEDs) other than laser
diodes which are usually used for single mode optical fibers. However, multimode optical
fibers have a significant disadvantage that is the high modal dispersion, the bandwidth or
information capacity decreases due to its dependence on mode, resulting in the reduced
information transportation directly. The bandwidth of multimode optical fibers could be
optimized by adjusting core size, numerical aperture and fiber refractive index [36].

Classification based on illuminating effect

Light rays could emit out from different places of POF and give various luminous patterns.
Based on this concept, POF could be majorly classified into two kinds: end emitting POF and
side emitting POF [38]. Figure 3.4 illustrates the basic difference of light transmission in both
fibers.

scattering particle

— .

T gy g, 5SS, S, VA

side notch

Figure 3.4 Light transmission in POFs: (a) end emitting POF; (b) side emitting POF.

End emitting/illuminating/glow POF is one kind of POFs, which only allows light rays to emit
from the fiber end. The light rays propagate forward in POF according to the total internal

11
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reflection. This fiber is generally designed for data communication and its optical loss is
relatively low.

Side emitting/illuminating/glow POF can transmit light rays from both fiber end and fiber
surface. This phenomenon is called side illumination or lateral illumination. This special
illuminating characterization of side emitting POFs gives rise to a lot of potential in textile
fabrics. Side emitting POF is usually manufactured by either reducing the difference between
refractive indices of fiber core and cladding or increasing the asymmetry of core/cladding
geometry. Besides, the side illuminating effect could be also achieved by surface modifications
[39-42].

3.1.4 Structure and materials of POF
POF structure

POF is made of two main parts, as pictured in Figure 3.5, the inner part represents fiber core
and the outer parts is normally composed of fiber cladding and jacket. In some cases, the outer
part is only cladding in naked POFs. Generally speaking, POF core diameter is in the range of
0.2 ~ 1.0 mm, POF cladding is 0.02 ~ 0.05 mm thicker than POF core [36], and POF jacket
thickness varies according to various manufacturers and applications.

outer part inner part

Figure 3.5 Description of POF structure.

POF core materials

As an optical waveguide, the transparency of fiber materials is vital. In order to produce a fiber,
the fiber or film forming ability of these materials is also important. The thermoplastics, which
possess high transparency and are easy to form fibers or films, are proven as the best core
materials for POF, such as poly(methyl methacrylate) (PMMA), polystyrene (PS) and
polycarbonate (PC) which are three well-known materials for POF core [43-47], the
corresponding basic information are shown in Figure 3.6 and Table 3.1.

In above three polymers, PMMA and PS are used as POF core materials for normal condition
end use, PC has higher glass transition temperature so that it is developed for high temperature
applications. Compared with POFs based on these core materials, PMMA core POF has smaller
optical loss than the other two kinds [43-47].

In addition, deuterated polymers and fluoropolymers could be also applied as POF core
materials [43-45]. Both polymers are not suitable enough due to their drawbacks. Deuterated

12
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polymers show very low refractive index that leads to difficulties to find suitable cladding
materials, large water absorption, bulk polymerization and high production cost even though
they reduce the optical loss. Fluoropolymers have high optical loss due to high crystalline and
difficult fiber drawing caused by high melt viscosity. At present, pure PMMA is most common
as POF core material.
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Figure 3.6 Molecular structure: (I) PMMA; (1) PS and (111) PC [36].

Table 3.1 Basic characteristics of polymers for POF core materials [48-50].

PMMA PS PC
Refractive index 1.49 1.6 1.584 ~ 1.586
Density [g/cm?] 1.17~1.20 0.96 ~ 1.04 1.20~1.22
Melting temperature (Tm) [°C] 160 240 155
Glass transition temperature (Tq) ["C] 105 100 147
Upper working temperature ["C] 60 ~ 80 60 ~ 80 115~130
Water absorption (ASTM) 0.3~04 0.03~0.1 0.16 ~0.35
Transparency high high high
Fiber forming ability good good good

POF cladding materials

Apart from the good film forming ability, there is another main requirement for POF cladding
materials, the refractive index of cladding should be close and a little smaller than the refractive
index of core. Additionally, POF cladding should provide good mechanical/chemical/thermal
resistances for POF core.

Fluorinated polymers are not developed as POF core materials, however, they are suitable as
POF cladding materials. Fluorinated polymers are with multiple strong carbon-fluorine bonds,
leading to good chemical resistance.

13
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There are two widely used fluoropolymers in POF cladding: copolymers of fluoroolefins and
poly(fluoroalkyl acrylates) (PFAs) [51]. PFAs are preferred due to a lot of advantages such as
easy photo-polymerization, high transparency, good adhesion characteristics and so on. In
present market, a great deal of PFAs are mainly utilized in cladding materials in optical fibers.

POF jacket materials

The use of jacket in POFs is mainly aimed to protect POFs and determine the ultimate
properties like mechanical/chemical/thermal resistances which decide the durability or lifespan
of POFs in various end uses. The possible POF jacket materials are polyvinylchloride (PVC),
polyethylene (PE), polypropylene (PP), polyamide 6 (PA 6), copolymer of ethylene-
vinylacetate ~ (EVA), perfluoroethylenepropylene  (PFEP),  polyurethane  (PU),
polytetrafluoroethylene (PTFE) [43].

3.1.5 Attenuation mechanism of POF

The primary importance has been given to understand and reduce their optical transmission
loss since the development of POF. Table 3.2 shows the sources of loss factors which represent
the optical loss mechanism of POF [36].

Table 3.2 Optical loss factors of POF [36].
Type Mechanism Origin
Intrinsic Absorption * Higher harmonics of C-H absorption

* Electronic transitions
Rayleigh Scattering * Density or refractive index fluctuations
* Orientation fluctuations
* Composition fluctuations
Extrinsic Absorption * Transition metals
* Organic contaminants
» Absorbed water
Scattering * Dust, micro voids and fractures
* Fluctuations in core diameter
* Orientation birefringence
* Core-cladding boundary

* Micro and macro voids

The intrinsic loss factor is mainly caused by basic fiber-material properties. Materials
properties such as absorption and scattering (Rayleigh) are the main impulses of the intrinsic
loss factor. The contribution of intrinsic loss factor to the total attenuation is higher than that
of the extrinsic loss factor and therefore it can be a major source of the optical loss in POFs.
The extrinsic loss factor is caused chiefly by external contaminations in the fiber core and
physical imperfections in the fiber.
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3.1.6 Manufacturing techniques of POF

A lot of manufacturing techniques of POF have been developed since the introduction of POF.
Based on the classification of POF, the manufacturing techniques could be distinguished in
terms of the refractive-index profile, SI and GI. Both of them are separated according to the
continuity of process flow.

Manufacturing techniques of SI POF

The manufacturing techniques of SI POF are described in Figure 3.7. The discontinuous
techniques consist of heat-drawing technique and batch extrusion technique [52]. There are
generally two steps in heat-drawing technique: preform preparation and drawing process. The
preform could be produced by either wet or dry process. The polymerization of core and
cladding are separated in dry process or in the same process in wet process. After the
preparation of preform made of both core and cladding, the preform held in a holding fixture
is heated above the glass transition temperature from the bottom side in an oven by a furnace,
in order to decrease its viscosity for drawing process. In some cases, the preform consists of
core only, a downstream coating or extrusion process for cladding preparation is necessary.
This technique benefits to the technical simplicity, technical flexibility and good quality of
final products [46, 53-58].
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Figure 3.7 Classification of manufacturing techniques of SI POF.

Similarly, there are also two steps in batch extrusion technique. The polymerization of fiber
core starts first to form the core polymer melt that is conveyed to a spinning nozzle, then the
cladding polymer is melt and conveyed into another spinning nozzle, finally the batch extrusion
process completes. This techniques is with low technical difficulty and small thermal
degradation of polymers. On the other hand, the productivity of this technique is comparaticely
low [57-59].
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The continuous techniques include continuous extrusion, photochemical polymerization and
melt spinning process. In the continuous extrusion technique, the polymerization of core
materials initiates in a reactor and then continues through the extruder. The cladding material
could be either applied in the same spinning nozzle for core or in a downstream process. This
technique gives rise to the good productivity and purity of POF. However, the whole
investment of this technique is costly, in the mean time, the polymerization and extrusion
processes are difficulty to control [46, 53-57].

In the technique of photochemical polymerization, both core resin and cladding resin are
pumped into a mixing chamber where the cladding resin coats onto the core resin. The mixed
resins go through a spinning nozzle to form a structured fiber. The fiber is then irradiated with
an ultraviolet (UV) lamp to initiate the crosslinking process [53, 56].

The melt spinning technique is similar but less complex to the continuous extrusion technique
because the raw materials are polymer granulates rather than polymer monomers. The core
polymer granulates are molten in an extruder and then pumped into a spinning nozzle, the
cladding material could be applied by either a co-extrusion process or a downstream process,
the same as the application of cladding material in continuous extrusion technique. This
technique gives rise to a high productivity, but also results in more expenses on melt spinning
equipments and high attenuation due to the impurities in polymer granulates [53, 58, 59].

Manufacturing techniques of GI POF

Compared with SI POF, GI POF has different refractive-index profile that allows high data rate
or bandwidth, and also requires more complex manufacturing processes. The general
manufacturing techniques of Gl POF are shown in Figure 3.8.

In discontinuous techniques, the emphasis is to achieve a refractive-index profile in a preform,
the distribution of refractive-index gradient is fixed by polymerization. In interfacial-gel
polymerization technique, different monomers are filled in a PMMA tube, a gel layer grows on
the side of the rotated PMMA tube. The distribution of a refractive index gradient is made up
due to the different diffusion rates of monomers with various molecular masses [60, 61].

The chemical vapor deposition (CVD) technique means that a preform is produced by CAD
method. The raw materials are vaporized and deposited on the inner surface of a cylindrical
tube to establish a refractive-index gradient [62].

The centrifugation technique indicates that a preform is produced by using a centrifuge. The
refractive-index profile could be formed by the monomer with different densities or by a
monomer mixture with a continuously or stepwise changing composition [53, 56].

The diffusion technique refers to two main materials: a rod composed with a monomer with
high refractive index, a cylindrical reactor filled with a monomer with low refractive index.
The rod is laid in the center of the rotated cylindrical reactor. The diffusion of the rod material
leads to a refractive-index gradient [53].
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The photochemical polymerization technique involves in a step of UV radiation. A mixture of
monomers are filled into a glass cylinder which is irradiated with UV lamp to launch the
polymerization [53, 56].
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Figure 3.8 Classification of manufacturing techniques of GI POF.

In continuous techniques, the major point is to produce a refractive-index profile in a modified
spinning process. The co-extrusion technique is related to three possibilities. One possibility is
to create an index profile by using a special die block. Simply speaking, different raw materials
in respective channels are pumped into the first mixing chamber to set up an axial distribution
of materials based on the different channel gap or length. The mixture is fed to the second
chamber to change all materials into a radial distribution [24]. Another is the co-extrusion
combined with diffusion and UV irradiation processes. The co-extrusion process is similar as
the photochemical polymerization technique, but the raw materials are polymeric solutions
rather than polymer resins or monomers. A mixed solution with a step-index profile is created
in the spinning extruder and flows through a spinning nozzle. Then the fiber is heated in a hot
diffusion zone to form a radial concentration gradient. The distribution of a refractive-index
profile is fixed by photochemical polymerization with a UV lamp [63]. The last possibility is
established by injecting a diffusible material into a polymer melt through a centered capillary
tube at the inside of a die block [37].

The dry spinning technique requires a thermoplastic polymer with low refractive index and at
least one monomer with high refractive index to form a mixture. After the melt and
homogenization, the mixture is fed to the spinning nozzle. Then the monomer is volatilized
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from the surface of fiber and a concentration gradient creates. The distribution of a refractive-
index profile is fixed by polymerization induced by UV irradiation [64].

In the technology of melt spinning process with water quench, the polymer granulates are
molten in an extruder. The molten polymer is pumped into a spinning pump and fed into a
spinning nozzle to form a fiber. The fiber passes through the air between the spinning nozzle
and water quench, and then is cooled fast in a water quench. The cooling rate decreases from
the fiber surface to center. A radial temperature gradient creates, leading to a radial density
gradient of the cooled polymer. Therefore, a refractive-index profile is obtained based on the
relation between density and refractive index [52, 65].

In summary, compared with continuous techniques, discontinuous techniques for both SI POF
and GI POF obtain fibers with high purity, low attenuation, high accuracy and more adjustment
in refractive-index profiles, as well as low productivity [66]. The selection of manufacturing
techniques is totally dependent on the demands of optical fibers and the costs of selected
manufacturing techniques.

3.2 Side illumination of POF

3.2.1 Review from literatures

The side illumination of POF is preferred in the luminous applications. Compared with end
emitting optical fiber, side emitting optical fiber shows stronger lighting effect since light can
escape from fiber surface due to either the surface defects or the large difference between core
refractive index and cladding refractive index. Side emitting POFs with small fiber diameter
are difficult to manufacture and therefore a lot of efforts have been devoted to the development
of side illumination of optical fibers by surface modifications [39-42], including both physical
methods (like side notches, asymmetry of core/cladding geometry, micro bends of fiber and
surface abrasion) and chemical methods (like solvent etching, addition of radiation scattering
particles into fiber core/cladding).

Im et al. used three methods to improve the surface modification [67]. The first method called
chemical etching was processed with ethyl acetate (EA), the second was related to mechanical
abrasion, which was accomplished by sandpapers. The last one was conducted with the
combination of the first two methods, the mechanical abrasion went first and the chemical
etching continued after that. The SEM pictures of POFs before and after surface modifications
are shown in Figure 3.9. The corresponding images of side illuminating effect are given in
Figure 3.10.

The results from both figures indicate that both chemical and mechanical methods could be
used to improve the side illumination of POF, especial the combination shows the strongest
side illumination intensity. While, these methods lead to the decrease in tensile properties of
POF dramatically, which could result in the POF fracture during the manufacturing process of
POF fabrics. In order to eliminate this influence, the chemical coating method was applied to
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POF surface. However, the notched POF presents even worse tensile properties after coating
treatment.

Figure 3.9 POF images: (a) bare; (b) physically rubbed with sandpaper; (c) etched with EA;
(d) physically scratched and then solvent-etched [67].
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Figure 3.10 POF arrays with side illuminating effect: (a) bare; (b) physically rubbed with
sandpaper; (c) etched with EA; (d) physically scratched and then solvent-etched [67].

Shen et al. focused on the improvement of side illumination of POF by laser treatment [42].
The laser technigue was employed to create the notches in the designed places on POF surface,
in order to enhance the side illuminating effect of bent POF, as shown in Figure 3.11. The
results indicate that both notches and bends could improve the side illumination of POF, but
the bending radius has no effect on the side illumination of POF at the points with notches.

Meanwhile, the authors also pointed that POF fabric display could be achieved by laser
treatment.
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In a word, the surface modifications with both mechanical and chemical methods can improve
the side illumination of POF to some extent. However, the mechanical properties of POF might
be also influenced accordingly.

Figure 3.11 Light illuminating effect of POFs with different numbers of notches at various
bending radii of 3, 5, 8 and 16 mm, respectively: (a)-(d) one notch; (e)-(h) two notches; (i)-
() three notches [42].

3.2.2 My state of the art

The side illuminating effect of POF was enhanced by the combination of laser treatment and
titanium dioxide fine particles. The parameters of side illumination intensity and attenuation
coefficient were discussed in details. The corresponding methods and results are presented in
the publication shown in Annex 1.

3.3 Nanoindentation properties of polymers

3.3.1 Introduction of indentation

With the increasing requirement of heterogeneous materials (such as functional graded
materials, nanomaterials, fiber strengthened composites, etc.) in electronic, mechanical,
aerospace, biomedical and environmental engineering fields, a critical evaluation method with
high load and displacement resolutions is urgent to be developed, in order to predict the surface
properties, the failure behaviours, the reliability as well as the design improvements of such
materials. In the past decades, great contributions have been made in the development of
techniques of probing the mechanical properties at the very first surface molecular layers or on
the submicron scale [68-70]. With the development of instrument engineering, the continuous
force and displacement could be conducted with an indentation [71-74]. The data of both load
and displacement could be utilized to calculate the mechanical properties such as hardness,
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modulus and stiffness of materials. With the improvement of displacement resolution of
instrument, the small indentation even in submicron scale is able to be observed. This kind of
instrument with good displacement resolution is considered as a microprobe for investigation
of mechanical properties [69, 75, 76].

In indentation techniques, the most frequently measured parameters for mechanical properties
are elastic modulus and hardness, which could be calculated based on the analysis of the elastic
response relating to the maximum contact area with the indenter shape [77]. The critical
problem is derived from the elastic contact that was initially taken into account in the 1880s.
In 1882, Hertx considered the elastic contact differences from two spherical surfaces with
various elastic constants and radii [78], providing the experimental and theoretical information
for contact mechanics. In 1885, Boussinesq firstly brought about a method for the situation of
loading a rigid and axisymmetric indenter onto an elastic material [79], providing the basis for
indenters with various geometries like cones and cylinders [80, 81]. In 1945 and 1965, Sneddon
raised the relations of load, displacement and contact area for any indenter geometry [82, 83],
which can be expressed as:

P = ah™ (3.7)

where P is the applied indentation load, h is the elastic displacement of indenter, both a and m
are constants from the power law fitting curve. The value of m for different indenter geometries
is various, as given in Table 3.3.

Table 3.3 Values of exponent m in different indenter geometries [77].
Parameter Value Indentation shape

1 Flat cylinder

Spheres in the limit of small

m 15 displacement

2 Cones

It is complex to model the indentation contact including both elasticity and plasticity. In 1948,
Tabor originally did the experiments in terms of the investigation of mechanical properties by
the method of indentation with hardened spherical indenters [84]. In 1961, Stillwell and Tabor
conducted the similar measurements with conical indenters [85]. All these contributions
considered the indentation after the indenter is unloaded and the elastic deformation reverses.
Based on the measurements for metals with different indenters, Tabor generalized that the total
amount of reversed deformation is precisely associated to the elastic modulus and the size of
indenters.

From the early 1970s, a lot of contributions have been made to examine the elastic modulus by
the load and displacement sensing displacement testing [86-89]. The load and displacement
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data are drawn in Figure 3.12. The stiffness S is the slope of the upper part of the unloading
curve, which is expressed in Equation (3.8). The reduced modulus is obtained by assuming that
the contact area is the same as the optically measured area of the hardness indentation after the
indenter is unloaded, as shown in Equation (3.9). Therefore, the modulus is determined.

dP
s=— \/_E A (3.8)
1 1-v? 1-vp?
Bl A (3.9)
E, E E;

where A is the project area of elastic contact, E; is the reduced modulus, E and v are the Young’s
modulus and Poisson’s ratio of the sample, and E;j and vi are the Young’s modulus and
Poisson’s ratio of the indenter. Equation (3.8) was then proved to be useful not only for the
conical indenters, but also for spherical, cylindrical indenters and others as well [87].

A
_____ = N
max :
loading
o s
o :
S unloading :
— g _dP
=dh
h
lmax
>

Displacement, h

Figure 3.12 Schematic illustration of load-displacement data by instrumented micro-
hardness testing [77, 90].

From the early 1980s, the load and displacement sensing indentation methods were considered
as the very useful techniques to investigate the mechanical properties of thin films and surface
layers by producing the submicron indentations [71-74]. In order to understand the contact area
clearly, rather than by assuming that the optically measurement of hardness impression equals
the contact area, researchers tried to find the relationship between the contact area and
indentation depth. It is estimated that the area of the cross section of indenter is a function of
the distance from indenter’s tip, which is also called the shape function [68, 69]. In 1986,
Doerner and Nix finally raised a method based on the assumption that the initial part of the
unloading curve is linear. The depth at the zero load of this linear curve was employed to
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calculate the contact area according to the shape function. Then the modulus could be also
determined.

However, the initial part of unloading curve for many materials is not linear in practical [77].
In 1992, based on a lot of measurements for a variety of materials, Oliver and Pharr found that
it is efficient to apply Equation (3.7) to define the unloading data [77]. In the meanwhile, by
utilization of a special dynamic technique, they observed that the stiffness value varies
continuously and immediately once the indenter starts unloading. Thereby, they proposed a
new method (called Oliver and Pharr method) with the basis of experimental and theoretical
work, which has been widely adopted for a long period of time. Until 2004, Olive and Pharr
provided the new understanding of mechanics of elastic-plastic contact, which has been used
since then [90].

3.3.2 Basic principles of Oliver and Pharr method

The Oliver and Pharr method was originally developed to investigate the mechanical properties
of materials from the load and displacement data in one complete cycle of loading and
unloading with sharp, geometrically self-similar indenters like the Berkovich triangular
pyramid, it is found that this method could be also used for indenters with axisymmetric
geometries including spheres [90].

In the load-displacement curve of one loading-unloading cycle in Figure 3.12, the deformation
during loading period includs both elastic and plastic responses. While in the unloading period,
only elastic deformation recovers, that’s why the hardness impression exists finally. On the
other hand, the reversed plastic deformation could be negligible according to the finite elements
simulations [91]. Based on these conceptions, the Oliver and Pharr method is applied for the
materials which have no recovery of plastic deformation during unloading period [90].

Table 3.4 Values of fitting parameters observed in nanoindentation experiments with a
Berkovich indenter [77].

Material a [mN/nm™ m Correlation coefficient
Aluminium 0.2650 1.38 0.9999
Soda-lime glass 0.0279 1.37 0.9999
Sapphire 0.0435 1.47 0.9999
Fused silica 0.0500 1.25 0.9999
Tungsten 0.1410 151 0.9999
Silica 0.0215 1.43 0.9999

As discussed before, in Doerner and Nix method, the upper part of the unloading curve is
assumed to be linear when the indenter is unloaded. In Oliver and Pharr method, the unloading
curves are observed to be nonlinear and could be defined by the power law equation:
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P=a(h—h)" (3.10)

where h is the final displacement in indentation testing, a and m are the constants from power
law fitting curve [77]. The corresponding values of these two constants are listed in Table 3.4,
according to the experiments of nanoindentation testing with a Berkovich indenter, the power
law exponent m varies in the range of 1.2 ~ 1.6, with an exception when m equals 1 for flat
punch. Another exception occurs when m equals 2 for Berkovich indenter of which the
axisymmetric equivalent is a cone. Moreover, the indenter behaves like a paraboloid when m
equals 1.5 [82].

Figure 3.13 gives one example of a cross section of an indentation in terms of the surface profile
of a material. The total or maximum displacement hmax is expressed as:

hmax = he + hs (3.11)

h, = EP";” (3.12)

where hc is the contact displacement that is the vertical depth along which the contact is made,
hs is the displacement of the surface at the perimeter of the contact. € is a constant that is
dependent on the geometry shape of the indenter. Some common values of € are represented
in Table 3.5.

Table 3.5 Punch parameter in indentation data analysis [77].

Parameter Value Indentation shape
1 Flat cylinder
€ 0.75 Paraboloid
0.72 Cones

Based on the Equations (3.11) and (3.12), hs could be expressed as:

P
Rs = hppgy — € ";“x (3.13)

where Pmax is the maximum load.

A method was proposed to determine the area function, which is based on the assumption that
the elastic modulus is independent on the indentation depth. This method is followed by the
modelling of the load frame and the sample [77],

C=Co+C (3.14)
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where C is the total measured compliance, Cs is the sample compliance, Cs is the load frame
compliance. Since there is a reciprocal relationship between the sample compliance and the
contact stiffness, the Equation (3.14) could be transferred into:

poVm 1
2E, 4
It is observed that there is a linear relationship between the total compliance and the value of

A2 if the reduced modulus is constant. The intercept of the linear curve is exactly the value
of the load frame compliance.

+C; (3.15)
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Figure 3.13 Schematic illustration of a cross section of an indentation [77].

To figure out the load frame compliance and the area function, aluminium is chosen as the
sample due to its low hardness and large indentations made in indentation testing. Through the
experiments with aluminium, it is found that the area function for a perfect Berkovich indenter
can be defined as:

A = A(h,) = 24.5h,° (3.16)
The initial assumption at the area function is made and expressed as:
A = A(h,) = 24502 + Cyht + Coh M + Ch M + -+ + Cgh M8 (3.17)

The area function, that is the indenter shape function, should be carefully calibrated by
independent experiments and the deviations from non-ideal geometric shapes of indenters
should be also considered seriously.

Once the contact area is determined, the hardness H is estimated as follows:
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Pmax
- 3.18
H " (3.18)

3.3.3 Creep from nose phenomenon

The values of hardness, Young’s modulus and stiffness of polymers can be obtained from the
load-displacement behaviour carried out by applying the increasing load and decreasing load
to the surface with a shaped indenter. Measurements on mechanical properties of polymer
surface can provide improved understanding of molecular structure of the material itself,
manufacturing and polymerization processes. When nanoindenter contacts the polymeric
surface and penetrates into the polymer, additional difficulties for the indenter to go inside the
polymer are caused by the complicated viscoelastic-plastic response that is typical
characterization of such kind of material. Polymer has highly strain-dependent and strain rate-
dependent properties and shows substantially different behaviours when the indentations are
proceeded under different contact conditions. The viscoelastic-plastic response of such material,
therefore, can provide the values of hardness and elastic modulus, which are usually a function
of the imposed contact conditions, such as the geometry of the contact and the penetration
depth (i.e. the strain), the loading rate (or strain rate) [92, 93] and the ambient temperature [94,
95].

There is a key limitation of normal indentation technique applied in polymers, which is the
nose phenomenon with a round shape of data at the load-unloading peak, as shown in Figure
3.14 [94]. If the loading rate control has the higher priority than the displacement rate control,
at the initial stage of unloading period, the polymer that is in contact with the indenter might
response the creep effect, which means, when the unloading begins, the indenter intends to go
further slightly other than go back immediately.
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Figure 3.14 Nose problem and a holding segment at the peak load of load-displacement
data of PMMA [94].

This nose phenomenon, which may be found in view of the highly time-dependent deformation
nature of polymers, may be caused by the complex viscoelastic-plastic response of such

26



Chapter 3 State of the Art

materials and influence the evaluation of contact displacement of the surface markedly,
resulting in effects on the evaluation of indentation hardness and modulus.

Briscoe and Sebastian studied the elastoplastic response of PMMA by indentation method with
rigid conical and spherical indenters [96]. The associated intrinsic error in experimental data
was described and partially solved with an estimation of the tip defect.

Briscoe analyzed the influences of the nose phenomenon of four polymeric systems [94]. The
results reflect that there is no elastic or viscoelastic recovery observed at the incipient unloading,
the power law assumption is thus infeasible. A method was thus proposed to eliminate the nose
effect. An enough period of time is considered at the peak load, in order to let the materials
reach a mechanical equilibrium before the unloading starts, as shown in Figure 3.14.

3.3.4 Strain rate

The strain rate ¢ is normally defined as the imposed rate of indentation deformation, which is
related to the displacement rate or the loading rate of indenter. Generally speaking, the direction
of deformation depth is perpendicular to the surface of sample, that is to say, the strain rate
changes perpendicularly to the sample surface. The equation of strain rate is expressed as [94]:

i=k, (%) (3.19)

where k is a material constant, usually equals 1 [94], h is the indentation displacement, A is
the nominal indentation displacement rate.

Ma et al. investigated the loading rate sensitivity of nanoindentation creep of films and the
strain rate was discussed with Equation (3.19) [97]. The nominal displacement rate h is the
first derivation of indentation displacement h versus time t, as shown in Equation (3.20). The
indentation displacement is obtained by the empirical fitting formula in Equation (3.21) [92,
94, 97],

dh

== (3.20)

h
h=a-(t—t)™+kt+h (3.21)
where a, m, k and h; are fitting constants, t; is the time when the creep displacement occurs

initially in real experiments.

They also analyzed the value of stress exponent n which is defined as the slope of the curve of
log(strain rate) versus log(stress):

_ 9(log(£))
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6~ P/h? (3.23)

where ¢ is the stress acting nominally in a direction perpendicular to the sample surface in
depth-sensing indentation technique.

3.3.5 Applications in interphase properties

With the development of instrument technique, the load-displacement indentation method
could be applied in nanometer-scale displacement and smaller load range, which refers to the
nanoindentation technique. At present, nanoindentation is widely used to measure the
mechanical properties of materials than other testing methods, e.g. dynamic mechanical
analysis (DMA) and Instron. One popular application is the investigation of interphase
properties of composites.

The interphase properties between matrix (metal, clay or polymers) and reinforcement (fibers
or fabrics) could be estimated based on various depths and spacings of indentations in a line
from matrix to reinforcement. The differences of hardness and modulus of points indicate the
interphase width between matrix and reinforcement. The width of nanoindentation on
specimens w is dependent on the nanoindentation depth h due to the geometry of Berkovich
indenter [98],

w=2r228 _ 7532 p (3.24)
tan 30
s =2w (3.25)

where 65.3° and 30° are the constant parameters of Berkovich indenter. s is the safe spacing
that the adjacent plastic deformation zones will not be overlapped by each other. For instant,
when the nanoindentation depth is 80 nm, the calculated nanoindentation width is 0.603 pm,
the spacing is 1.205 um, which means 1.3 pm is enough to avoid the overlapping of the plastic
deformation zones.

Hodzic et al. studied the polymer-glass interphase of polymer/glass composite materials by
nanoindentation and reported that the plastic deformation zone resulted from the stress forms
when the indenter goes inside the specimens, and it is reliable to measure the interphase width
by nanoindentation technique, in the conjunction with the nano-scratch technique [99].

Lee et al. investigated the interphase properties between cellulose fiber and PP matrix in a
cellulose fiber-reinforced PP composite by nanoindentation technique [100]. The gradient of
hardness or modulus is supposed to associate with the width of the transition zone. However,
the results from three-dimensional (3D) finite element analysis indicate that the interphase
width of even a perfect interface without any property transition is almost the same as
experimental value. They assumed that the nanoindentation could not measure the exact
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interphase properties in the case that the distance between two adjacent indentations is at least
8 times larger than the indentation size.

Even though there are some limitations of nanoindentation technique in the measurement of
the interphase properties of composites, nanoindentation testing is still an active method in this
field.

3.4 Fatigue properties of single fiber

3.4.1 Introduction of fiber fatigue

The flexibility and versatility are also the factors of ultimate failure of textile materials. Failure,
related to the durability of material, has been the subject for decades. During the usage of
materials, more than 80 ~ 90% of all structural fracture is resulted from fatigue failure. Fatigue
performance of fiber determines the effect of aging in order to predict the long term behaviour
of fiber with respect to the mechanical properties in applied fields. Not only the fiber
manufacturers investigate the fiber fatigue performance, there is also an interest to perform the
fiber properties in textile field. During the manufacturing processes of fabrics, the strength loss
of fiber occurs due to the repeated stresses, which increases the fiber fracture in manufacturing,
packing or using period. For better in-depth understanding of the fracture and failure of textile
based products, the fatigue property of fiber is particularly vital [101].

The term “fatigue” has a lot of definitions in practical uses. Fatigue, in material science, is
defined as the weakening of a material due to the repeated application of stresses and strains,
which leads to the progressive and localized structural damage like cracking and failure [67].

Generally, the fatigue failure of material is either caused by the small cyclic forces and occurs
within the elastic or fully reversible region in stress versus strain curve. The first study of
fatigue is related to the material-metal by Albert in the 1940s [102]. While, the concept of fiber
fatigue is far complex than metal fatigue. The major difference between them is that the fiber
tends to buckle under compression and the metal could not. That is why the fiber can display
good flexibility and drapability. Due to the flexibility of fibers, on the other hand, the ultimate
failure is usually resulted from mixed failure modes such as tensile, torsional and flexural
failures. Furthermore, all polymer fibers represent the visco-elastic behaviour in tensile testing.
The elastic region corresponds to the strain reversibility and the plastic region is related to the
bond breakage. Both regions are not well defined in fibrous materials [101]. Thus, the confused
and complex fiber fatigue could be considered as a very simple situation and might be
misunderstood.

The general knowledge of fatigue behaviour of single fibers could be explained by tension
fatigue. However, POF is very sensitive to bend. The diameter of textile fibers is usually in the
range of 5 ~ 40 um and the diameter of technical fibers varies from 10 um to 25 um [103]. The
POF diameter in POF fabrics is generally more than 0.1 mm. Compared with the traditional
textile fibers, POF in fabrics is less flexible. The fiber failure and optical loss of POF induced
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by bends should be not neglected. Thereby, both tension fatigue and flex fatigue of POF are
required to be investigated.

3.4.2 Theory of fatigue

There are two kinds of fatigue for fibers: static fatigue and dynamic fatigue. Static fatigue
happens to a fiber under small constant external force. The fiber stretches gradually and breaks
at the weakest point. Dynamic fatigue is a phenomenon of a fiber under cyclic loading and
unloading processes. The deformation is accumulated gradually, leading to the fiber fracture
finally. In the method of dynamic fatigue, there are two categories. If the external force is
constant, the deformation accumulates, this is recognized as creep. If the deformation is
constant, the external force decreases, this is relaxation.

In the investigation of dynamic fatigue with the constant applied load, the stress versus time
curve can be described in Figure 3.15, which is considered as the classical fatigue testing based
on the constant amplitude experiments. Stress cycle is characterized by stress range 4o that is
equal to the difference between the maximum stress omax and the minimum stress omin. The
stress ratio R, the mean stress level omand the stress amplitude os can be expressed as follows
[104],

O' .
R=-—"7% (3.26)
Omax
Oy = (O-min -|2' Gmax) (3.27)
o, = (Umax ; Umin) (328)
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Figure 3.15 Cyclic variation of stress in fatigue test.

Omin

The stress life method is one of the classical fatigue methods, the basis of this method is S-N curve
(stress versus cycle curve, Wohler curve or fatigue life curve) which is dependence of o5 (for om = 0) or
(os + om) on the number of fatigue cycles N to failure. The fatigue testing may be carried out with one
kind load (such as compressing, bending, twisting, torque or tension) during one cycle, or different
kinds of loads during one cycle. Three significant tensions, therefore, are distinguished [105]. One-side
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tension means that omax has the same sign as omin. TWo-side tension indicates that omax has different value
as well as different sign from omin. While pulsing tension or zero suppressed tension is the case that omax
has different sign but the same absolute value from omin, that is, the mean stress level om = 0 and the
stress ratio R = -1.

3.4.3 Fatigue testing methodology
Tension fatigue testing

There are a multitude of categories about fatigue testing of single fiber. Tension fatigue and
flex fatigue are most discussed. Generally, the tension fatigue is conducted by the instruments
of tensile testing. In the early tensile technique, Krause proposed a method of static tension
fatigue of optical fiber [106], as shown in Figure 3.16. A single fiber is held at both ends with
two capstans which are also used to give tension to fiber. The fiber is threaded through an
environmental chamber and the testing condition is controlled by a constant temperature bath.
It is worth noting that the ends of environmental chamber should be well sealed with rubber,
in order to avoid the coating layer to strip or damage from the whole optical fiber. At present,
the most common instrument for tension fatigue is Instron.

TENSION

CAPSTAN

Oi/FIBER

r/\\
|_TEST ENVIRONMENT
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WX RUBBER SEAL
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LOAD

Figure 3.16 Schematic diagram of apparatus for tension fatigue testing of optical fiber [106,
107].

Bunsell firstly revealed that there is a fatigue mechanism in synthetic polymer fiber-nylon fiber
in 1971 [108]. When the nylon fiber is loaded cyclically under the steady condition, the fiber
fracture could not occur. The fiber fracture happens with the cyclic load from zero minimum
load to 50% of break load. The images of fiber fracture show that one end of the fracture fiber
has a tail in length of about five times of fiber diameter, as observed in Figures 3.17a and 3.17b.
Moreover, a transverse crack is visible, which indicates that a small traverse crack develops
and expands along the fiber at an angle of 5° to the fiber axis, as shown in Figure 3.17c. When
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the transverse crack propagates half of the fiber, the left part of fiber cross section undertakes
all the stress, which results in the ultimate ductile fracture, as described in Figure 3.17d [109].

Bunsell investigated the fatigue mechanism of other polymer fibers such as polyamide,
polyester, and polyacrylonitrile fibers in 1974 [110]. Very similar findings are obtained in the
investigation and the fatigue fracture of these fibers occurs with a cyclic load from zero to 60%
of tensile strength.

The static fatigue of optical fibers was presented by Olshansky in 1976 [111]. The theory of
crack growth is applied to analyze the fiber failure of optical fibers subjecting to the long-term
loading at a constant stress in a corrosive environment. According to the knowledge that the
stress intensity factor at the crack tip is dependent on the flaw size and a geometric factor, the
stress corrosion failure distribution is assumed based on the original flaw distribution.

Figure 3.17 Tensile fatigue fracture of nylon fibers [108]: (a-b) fracture tails; (c) small
transverse crack; (d) final structure of fracture.

Kurkjian systematically reviewed the investigation of fatigue of silica optical fibers in 1989
[112]. The fatigue behaviour of optical fiber is related to the environmental conditions. In
general terms, the flaws in fibers are considered as sharp flaws. The failure strain of optical
fiber could be predicted as a function of temperature and absolute humidity. It is summarized
the fatigue “knee” of log(stress) versus log(time) curve for optical fibers in the conditions of
various temperature, relative humidity, pH value, as well as the existence of coating. The
fatigue limit of optical fiber is also discussed, since below the stress limit, the strengthening is
possible to occur even though there is no degradation. At last, it is generalized that the time
dependence of fatigue and aging are not clear for optical fibers in lightguide applications.

Flex fatigue testing

The flex fatigue could be carried out with different apparatus, and the static bending fatigue
apparatus used in mandrel bending technique are shown in Figure 3.18.

In the mandrel bending technique [107], the fiber is wound around a precision-ground mandrel.
The bending stress is related to the bending radius. In order to minimize the damage of fiber
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by touching the mandrel and adjacent windings, the optical fiber should be coated with a
protective layer. Another fatal shortcoming of this technique is the holding part of fiber ends.
Some methods are chosen to hold both fiber ends. The fiber ends could be either fixed with
glue/tapes or gripped mechanically. However, these methods might lead to the premature
failure due to the stress concentration or other reasons.

MANDREL BENDING 2-POINT BENDING
MANDREL GLASS TUBE
FIBERS

FIBER

FIBER INSERTION TOOL

ST
~<— INSERT FIBERS
Figure 3.18 Schematic diagram of apparatus for bending fatigue testing of optical fiber
[107].

In the two-point bend technique [113], several fibers are bent and inserted into a glass tube.
The bending stress is determined by the internal diameter of glass tube. The fiber insertion is
finished with the aid of fiber insertion tool, without any influence of fiber loops, as shown in
the bottom of Figure 3.18. The fiber fracture is under the acoustic surveillance, when the
transducer output crosses a limit, the trigger circuit will launch a pulse which is recorded by a
chart recorder.

Compared with mandrel bending technique, the two-bend point technique is more useful due
to its advantages. First of all, it is more convenient to test many fiber at once, which saves a lot
of time for failure estimation in bending state. At the same time, there is no gripping problem
and the glass tube could protect the fibers from accidental damage. Both naked fibers and
coated fibers can be investigated by two-bend point technique. Furthermore, the dynamic
strength test is obtained directly in this technique [114]. However, there is also some
disadvantages which make this technique improper in some cases. For example, the fiber length
is short and not suitable to predict the fatigue lifetime of long fibers. The internal diameter of
glass tube determines the applied stress and the measured fiber length, resulting in the unclear
influence on fatigue lifetime. Moreover, it is inappropriate when the fiber fatigue takes place
during fiber mounting and environmental equilibration [107]. Last but not the least, this
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technique requires the fibers to be loaded in a bend state, which means, weak fibers are not
suitable in this method.

Figure 3.19 Bending fatigue testing: (A) 3-point; (B) 4-point [115].

In the investigation of bending fatigue, there are some other techniques for single fibers. The
three-point bending technique and the four-point bending technique are shown in Figure 3.19.
In both techniques, the upper rollers are moved downwards at a constant speed to apply the
load to samples that are supported by the outer rollers. The former is more common for
polymers, the latter is more popular in wood and composite. There are still some disadvantages
of these conventional apparatuses, some modified ones are introduced. Nelson proposed a
novel four-point bend test for weak fiber samples [116], as shown in Figure 3.20. In this system,
the fiber is in touch with four pins: two inner pins on the compressive surface, two outer pins
on the tensile surface. The two loading (outer) pins are mounted on a translation stage which
is driven by a computer controlled stepper motor. The fiber failure is monitored by using
acoustic detection. This modification offers several advantages such as no gripping problem
and premature failure, inexpensive manufacturing of this apparatus and so on. However, the
high friction between fiber and pins in the case of high deflection might cause the fiber failure
during loading, the tested fiber length is short even though it is longer than a two-point sample,
and the linear beam bending theory might be not appropriate due to the nonlinear relationship
between fiber stress and applied load or displacement.

Figure 3.20 Schematic diagram of a modified four-point bending apparatus for fatigue
testing of optical fiber [116].
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In the practical experiments, the fatigue testing methodology is selected due to different fiber
materials. For example, for Kevlar and wool fibers, the surface wear is dominant, the flex
testing in terms of non-pin contact should be chosen. For nylon and polyester fibers, the
situation is more complex. The failure forms are associated with the bending forces [109].

3.4.4 Analysis of fatigue testing

In general, the results of fatigue testing are analyzed based on fatigue modelling. Fatigue
modelling is classified in various ways. One classification of fatigue modelling is introduced
here based on the existing fatigue models [117].

Fatigue life models

The fatigue life models are applied for the estimation of fatigue lifetime based on the
dependence of stress or strain on fatigue cycles in fatigue life curve (S-N curve, rather than the
analysis of degradation mechanism of samples. The prediction of fatigue life based on S-N
curve is quite simple. Once the constant amplitude loading is analyzed, the fatigue life then
could be predicted.

The S-N curve based approach in fatigue life prediction is employed to investigate the fatigue
behaviour of single fiber and composites. Qian used this method to compare the fatigue
behaviour between glass fiber and fiber bundles, and found that the glass fiber has longer
fatigue life than fiber bundles at low strain rate [118]. Sendeckyj investigated the fatigue
characterizations of composite materials and proposed three assumptions [119]:

(1) S-N curves can be expressed by equations. One example is given in Figure 3.21;
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Figure 3.21 Schematic illustration of S-N curve for wool yarns [120].
(2) The static strength is associated with the fatigue life and residual strength at runout

termination in fatigue cyclic testing;

(3) The static strength data can be evaluated by two-parameter Weibull distribution.
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At present, it is widely recognized and accepted that the fiber strength can be described by
Weibull distribution. The fiber strength distribution can be generally derived from these
assumptions [121, 122]: fiber facture happens to some specific place with catastrophic flaw
and fracture probabilities at individual places are mutually independent; the fracture
mechanism can be characterized by Weibull distribution function P(x).

The function of three-parameter Weibull distribution is expressed as:

P(x) =1 — exp [—%(X ;/:Vl> l (3.29)

where W1 is the shift parameter, W> is the scale parameter and W3 is the shape parameter, | is
the gauge length, lo is the reference length.

If Wy = 0, Equation (3.29) turns into two-parameter Weibull distribution:

L/ x\"3
—1_ (= 3.30
P(x)=1—exp I L (W) l (3.30)
The mean fiber strength E(x) is estimated by:
—1/W;5 1
E(x) =W, + W, (—) T (1 + —) (3.31)
Lo W3

When | = lo, Equation (3.29) and Equation (3.30) are transferred as:

— WA\Ws
P(x)=1—exp I— (x W, 1) l (3.32)
A 3.33
P(x)—l—expl—(Wz) l (3.33)
And the mean fiber strength E(x) is written as:
E(x) =W, + W, -T(1 + 1/W,) (3.34)

The suitable selection of moments [123] was carried out and three nonlinear equations were
created to calculate the three Weibull parameters. Cran used this technique for estimation of
the three parameters of Weibull distribution [124]. Parameters W1, W, W3 can be estimated
from the following equations:

W, = In(2) (3.35)
T In(m; —m;) — In(m; —m,) .
. _ 2
L DL Sl (3.36)

m1 + m4, - 2m2
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my — W,
W, = F(11+—1/V1V3) (3.37)
where I'(x) is the Gamma function. my is the so-called Weibull sample moment that is:
N-1 -
m, = Z (1 - ﬁ) (x(i+1) - x(i)) (3.38)
=0
where Xy = 0 when i = 0.
For two-parameter Weibull distribution:
W, In(2) (3.39)

- In(m;) — In(my,)

The quantile-quantile (Q-Q) plot and Weibull distribution based on Equation (3.32) could be
combined to estimate the distribution of number of fatigue cycles to break [125]. Classical Q-
Q plot is based on comparison of empirical quantile function Q(Pi) = X with chosen theoretical
quantile function QT(P;). The probability estimator:

where Pj is the probability of fiber failure, Nm is the number of measurements. The values of
fiber tensile strength are arranged in a rising order and so-called increasing order statistics are
as follows:

X(l) < X(z) <...< X(n) (341)

Corrected Weibull three Q-Q plot is obtained with the linear fitting function y = ax+b. Here:

y = In[-In(1 — P)] (3.42)
x =1In(xg — W) (3.43)
a=W, (3.44)

b = —WsIn(W,) (3.45)

There are some other methods to calculate the Weibull shift parameter W1. W1 is generally
estimated with following equations:

—

W10 = X(l) (346)

Wlo =0.5 X(1) (347)

37



Chapter 3 State of the Art

where X() is the lowest value or the first value in order statistics.

Then the Weibull scale parameter is calculated by:

2.989
In[(Xo.97 — x1))/ (X017 — X1))]

Wy = (3.48)

where X,4; and X, are the quantile values.

Wyckoff described another method that is related to the scale parameter described in Equation
(3.48) [126],

= (X(l)—.?_(f)

Wi =X S (3.49)

Zenbil deducted that the shift parameter could be expressed with the first two values in order
statistics [127],

W, =%— % (3.50)
N, 1/ W,
C(W,) = N,, I(Nm h 1) - 1] (3.51)
where W, is calculated from Equation (3.48) as well.
Zanakis proposed a new calculation method based on xg) only [128],
7, = XX = ¥ (352)

X+, — 2X(2)

where X is the second lowest value in order statistics, x,m iS the highest value in order
statistics.

Another simple estimate is a combination of all order statistics [129, 130]:

N
Wi, =220y~ (1= €) ) xq/e' (3.53)
=1

where e is a mathematical constant and equals 2.71828 approximately. More calculation
methods for Weibull parameters are summarized in [131].

Phenomenological models for residual stiffness or strength

In residual strength or stiffness models, the degradation of strength or stiffness of materials is
discussed. There is an inherent failure criterion in residual strength models, which reveals that
the failure takes place if the applied stress is the same as the residual strength [60, 132]. In
residual stiffness models, it is assumed that the failure happens if the modulus declines to a
critical value. For instant, Hahn [133] and O’Brien [134] elaborated that when the fatigue
secant modulus is equal to the secant modulus in a static test, the fatigue failure happens.
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Progressive damage models

In this category, progressive damage models describe the fatigue failure of material with
specific defects like the transverse matrix cracks. In the crack growth study, the crack generally
grows when the material is under a constant stress in a corrosive environment, e.g. water or
water vapour.

The crack with critical size grows at a critical velocity when the product of the applied stress
and the crack size is the same as the fracture roughness; in addition, the crack grows at a
subcritical velocity when the applied stress is less than the critical value. The fatigue behaviour
is influenced by both temperature and relative humidity [112, 135].
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Chapter 4 Experimental Materials and Methods

4.1 Materials

The materials employed in this thesis were naked POFs, prepared by Grace POF Co., Ltd.,
Taiwan. Table 4.1 shows the basic characterization of POFs. All POFs display the same
structure that possess core and cladding layers. All cores have the same polymer that is PMMA,
all claddings have the same composition which is blended by PMMA and
polytetrafluoroethylene (PTFE/Teflon), and the corresponding refractive indices are 1.49 and
1.42, respectively. There are five diameters in total, the minimal bending radii of all POFs are
the same and eight times of fiber diameter.

Table 4.1 Technical data of all POFs.

Basic properties Grace POF
Core material PMMA
Cladding material PMMA/Teflon
Jacket material no
Fiber diameter [mm] 0.25/0.4/0.5/0.75/1.0
Core refraction index 1.49
Cladding refraction index 1.42
Numerical aperture 0.44
Wavelength [nm] 400 ~ 780
Limit of bending radius 8 x fiber diameter

4.2 Methods

4.2.1 Tensile testing

The basic mechanical properties of single fiber regarding the tensile properties were
investigated at first. The stress-strain experiments for all POFs were carried out on Instron at
20 °C and 65% relative humidity. The testing speed was set as 300 mm/min. The gauge length
was 100 mm. 50 times were averaged for each.

4.2.2 Strength distribution

The relationship of fiber strength and gauge length of 0.75 mm POF was investigated by Instron
at 20 °C and 65% relative humidity. The testing speed was designed as 100 mm/min. The gauge
lengths were chosen as 30, 50, 75, 100, 150 and 200 mm. 50 times were averaged for each.

The tensile fiber strength distribution was estimated by Weibull distributions described in
Equation (3.29) and Equation (3.30). The most direct and simple experimental method to obtain
Weibull parameters is the single fiber test with large number. The failure probability Pj is obtain
as follows [136],
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i—0.3

pp=—— 4.1
TN, + 0.4 (1)

where Nm is the number of measurements. The values of fiber tensile strength are arranged in
a rising order.

The dependence of fiber strength on gauge length was estimated by Equation (3.31).
4.2.3 Nanoindentation testing

The nanoindentation testing in terms of hardness property, creep deformation and interphase
property between core and cladding of 0.5 mm POF were proceeded by Hysitron with a three-
side pyramidal Berkovich diamond indenter. The typical load-displacement curve of POF is
presented in Figure 4.1. The effects of fiber dimeter and cross section direction on hardness
property were also discussed.
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Figure 4.1 Typical load-displacement curve of POFs.

The preparation of latitudinal and longitudinal cross sections of 0.5 mm POF for
nanoindentation testing is described below:

(1) For preparation of latitudinal cross sections, a bundle of fibers were put into suitable
cables which were inserted into appropriate holes of button for normal clothes. Super
glue was used to fix all parts as an unmovable unit. The cable with fibers inside was cut
in both sides of the button.

(2) For preparation of longitudinal cross sections, the fibers were arranged straightly one
by one on the glass slides (1 cm x 1 cm) by using the super glue.

(3) Both fibers in buttons and on glass slides were polished by polishing papers with
different sizes. The smallest particle diameter of polishing papers used was 1 micro.
Then the samples were fine-polished with WO0.5 water-based diamond polishing paste
until the surface roughness was small enough for nanoindentation testing. All samples
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were polished in the clockwise direction manually with the speed of 50 ~ 60 times per
minute. The samples in latitudinal cross section and longitudinal cross section were
prepared at last.
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Figure 4.2 Experimental design of nanoindentation creep testing of 0.5 mm POF under 0.3
mN maximum load: (a) loading rate sensitivity; (b) holding time sensitivity.

The nanoindentation testing for 0.5 mm POF was conducted in two ways: when the holding
time ty was 10 s, the loading time t. varied from 5 s to 30 s (Figure 4.2a); when the loading
time was 10 s, the holding time shifted from 5 s to 30 s (Figure 4.2b). For both ways, the
unloading time was the same as the loading time and the maximum load was set as 0.3 mN.

The interphase properties between core and cladding in POF was also investigated by
nanoindentation technique. The maximum nanoindentation depths were 120, 80, 40 nm and
relevant spacings of 1900, 1300, 700 were used to avoid overlapping of plastic deformation
zones between adjacent indents, one example is given in Figure 4.3. POFs were tested from
cladding to core in the line through the center of cross section.
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Figure 4.3 Experimental data for interphase properties of POF under 40 nm maximum depth
and 400 nm spacing: (a) load-depth curve; (b) depth-time curve.

4.2.4 Tension fatigue testing

In this investigation, the tension fatigue testing of selected POFs was proceeded by Instron at
20 °C and 65% relative humidity. Due to the comparatively visible strain response during the
stress-strain testing, the force was uncontrollable during tension fatigue testing even though the
sensitive force sensor was utilized. For thin POFs, the strain responses under tension fatigue
testing corresponding to creep were totally unexpected. Therefore, only the results of POFs
with diameters of 0.5 mm, 0.75 mm and 1.0 mm were discussed here.

Each sample was measured with constant applied load that was relevant to its ultimate tensile
strength. The loading time was the same as unloading time, which was 2.5 s. The initial gauge
length was 100 mm. 20 times were averaged for each.
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Figure 4.4 Testing design for tension fatigue of 0.5 mm POF under 5 fatigue cycles.

In the program of tension fatigue testing, the maximum applied load was 60% of maximum
tensile strength and the minimum applied load was 10% of the maximum applied load (the
stress ratio was 0.1), as shown in Figure 4.4. Tensile testing after tension fatigue testing was
also conducted under the same experimental conditions described in section 4.2.1. The practical
stress-strain curve combined with tension fatigue testing and tensile testing after that of 0.5 mm
POF under 5 fatigue cycles is illustrated in Figure 4.5.
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0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strain (%)

Figure 4.5 Practical stress-strain curve of 0.5 mm POF in tension fatigue testing under 5
fatigue cycles and subsequent tensile testing.

4.2.5 Flex fatigue testing

The flex fatigue properties of all POFs were carried out on Flexometer described in Figure 4.6
at 20 °C and 65% relative humidity. The testing was aimed to evaluate the flex fatigue lifetime
of POF based on the number of bending cycles to failure.
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This testing was with zero suppressed tension which means the stress level is zero, the
maximum stress exhibits the different sign and the same value as the minimum stress. The
POFs with 300 mm length were clamped to the upper jaw that provided an adjustable pre-swing
radius for measurements, and inserted into the lower jaw which makes fibers move in the
vertical direction rather than horizontal direction. The measurements can be performed
manually after disconnection of transmission system, which is suitable for very brittle
materials. The swing angle in this work was designed in the range of 20 ~ 160°, and the drive
motor connected to the upper jaw was set as 100 which was related to the swing speed of 116
times per minute. Figure 4.6 shows the fiber under both straight state (solid lines) and bending
state (dash lines). The movement of fiber is repeatable and starts from the middle place to the
right side first, then to the left side. The testing could stop manually when the fiber failure
happens. When the fiber is in the left part, left bending occurs; when the fiber is in the right
part, right bending occurs. The fiber is only bent during the bending zone that is 8 cm, as
described in Figure 4.6, from the edge of the upper jaw to the edge of the lower jaw. The weight
m could be applied to the free end of POFs. 10 samples can be tested at the same time. 50 times
were averaged for each type of POFs.
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Figure 4.6 Prototype device to measure resistance to bending (left) and corresponding
schematic diagram of side view (right).

In this work, the Q-Q plot and Weibull distribution based on Equation (3.32) were combined
as the exploratory data analysis method to estimate the proper distribution of number of
bending cycles N. The relations among fiber diameter, number of bending cycles and flexibility
were also estimated based on the double logarithmic curves.

The flexibility F, of single fiber is given as follows:

6
Y” End*

where d is the fiber diameter, E is the initial modulus.

(4.2)
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The flex fatigue behavior of 0.25 mm POF was investigated by Flexometer as well. The
pretension o related to the external force from the weight m was calculated based on ultimate
tensile strength oyts,

myg

T n(d2z

= Q¢ " Oyts (4-3)

where g is the earth acceleration (9.80665 m/s?), o is the ratio of elaborated fatigue strength to
ultimate tensile strength based on the experience. Generally speaking, the empirical value of
ac 1S in the range of 50 ~ 98% for tensile testing and bending technique.

The fatigue sensitivity coefficient could be calculated according to Equation (4.4) from the
normalized S-N curve,

Oq

=1—b-log(N) (4.4)

Outs

where o5 is the peak of applied pretension, the constant b related to the slope of the normalized
S-N curve is considered as the fatigue sensitivity coefficient. The value of b is remarkably close
to 0.1 for chopped E-glass strand composites [105].

4.2.6 Scanning electron microscopy

The surface morphology of fiber fracture after tensile testing and flex fatigue testing was
observed by scanning electron microscopy (SEM) at 20 kV acceleration voltage, after gold
coating.

4.2.7 Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectra was applied to investigate the
material of POF cladding, which was recorded with FTIR spectrometer that was continuously
purged with pure nitrogen gas (40 mL/min), in order to eliminate the spectral contributions
caused by the atmospheric water vapor.
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5.1 Tensile properties

The results from tensile testing of all POFs are illustrated in Figure 5.1. It is observed from the
figure that the fiber diameter has an evident influence on tensile property. Both tensile strength
and strain change in the same manner for all POFs, which drop as the fiber diameter rises.
There is an opposite relation between tensile strength or strain value and fiber diameter.

(a)

92

B tensile strength
K — 3200
y=86.97x 0'02, R2= .80 l
920
© - 3000
o
: g
g s
2 88t 4 2800
o
: .
7]
°
2 g
0 - 2600
S 86 -
|_
® modulus
- 2400
y=3226.27x0'22, R2=0.73
84 1 1 1 1
0.00 0.25 0.50 0.75 1.00 1.25
POF diameter (mm)
(b)
28 -
2% | m  strain
ul } — y=13.40x %47 R%=0.76
22 -
é 20 -
c
= 18 |
-
=
n 16
14+
12+
10 -
1 1 1 1 1 1 1 1 1

02 03 04 05 06 07 08 09 10 11
POF diameter (mm)

Figure 5.1 POFs with different diameters: (a) tensile strength and modulus; (b) strain.

The phenomenon in tensile strength might be explained by the weakest-link theory. The surface
flaws that occur with a statistical nature increase with large surface area, which leads to small
tensile strength. The crosshead speed for all POFs keeps constant, that is to say, the extension
rate of crosshead for each POF is the same. The thin fiber is generally less stiff than the thick
fiber. The ability of deformation for thin fiber is higher and the corresponding extension is
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larger. Thereby, the thick fiber initiates lower strain rate as expected. Beside, POF has two
layers, which are made of different materials, representing different mechanical properties. The
thicker the POF diameter, the larger the interface area, the more uneven the adhesion force
between layers. Therefore, the thick POF is estimated to fracture with small values of tensile
strength and strain.

The results of modulus are surprising because it is contrary to the widely accepted assumption
that the material modulus is an intrinsic property and should be constant. In present
investigation, it points out that the thicker the fiber diameter, the higher the fiber modulus of
POF. The similar phenomenon of modulus has been found in [137]. It might reveal that the
increases in both strength and strain with small fiber diameter are attributed to the accumulation
of each point in fiber, or distributed over the whole mass of fiber. The value of modulus is thus
changed as a result of dissimilar increases in strength and strain. The reason for such behavior
might be related to the non-linear ductile properties (bi-linear curve with an obvious “knee”
shown in Figure 5.2) and the visco-elastic behavior of POF.
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Figure 5.2 Practical stress-strain curve of 0.5 mm POF.

As a new material introduced in textile applications, POF has different fracture mechanism in
tensile testing from textile fibers. In the tensile fracture mechanism of textile fiber, when an
external force is applied on a fiber, at the initial stretching state, the main deformation of fiber
comes from the deformation of bond length and bond angle of macromolecular chains. The
stress-strain curve is nearly straight, in accordance with Hook’s law. In the simple spring and
dashpot model, the elastic part is assumed as the spring which stores as much energy as possible,
the plastic part is considered as the dashpot which resists as much energy as possible. When
the external force is applied, the perfectly elastic material can return to the original shape, the
same as the visco-elastic material, even though it will take time to do so due to the viscous
components. While, the plastic material cannot return to its original shape.
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If the external force keeps on increasing, the macromolecular chains in the amorphous region
deform further in order to overcome the secondary bond force between molecular chains. At
this moment, a part of macromolecular chains are straight, and intense chains could break or
pull out from the irregular crystalline region. The breakage of secondary bond force results in
the dislocation and slippage of macromolecular chains in amorphous regions. Accordingly, the
fiber deformation is significant and the modulus decreases. It is considered that the fiber steps
into the yield zone [138].

When the dislocated macromolecular chains are basically straight and parallel to each other,
the distance of macromolecular chains is close, the new secondary bond force might form
between macromolecular chains. If the fiber is still under stretch, the deformation of fiber is
mainly resulted from the changes of bond length and bond angle of molecular chains, as well
as the breakage of secondary bond force between molecular chains. It is considered that the
fiber goes into the strengthening zone. The fiber modulus increases further until the breakage
of fiber macromolecular chains, and most of the secondary bond force occurs. Thereby, the
fiber fracture takes place [138].

The situation in PMMA based POF is more complicated. First of all, the material of PMMA
presents its own characterizations during tensile testing. At room temperature, there are two
kinds of molecular bonds in fiber networks in PMMA: stretching and non-stretching. The 3D
network, formed by curled molecular chains with non-stretching molecular bonds, is filled with
molecular chains with stretching molecular bonds. Before PMMA reaches its yield limit, both
two fiber networks are under rigid glassy state, the external force is shared by both networks.
Therefore, below the yield limit, the material is elastic. When PMMA exceeds its yield limit,
the stretching curled molecular chains could change conformation, and are stretched along the
direction of external force, finally, PMMA deforms, and the force is fully applied to the fiber
network with non-stretching curled molecular chains. Even if the force is unloaded, the
stretching curled molecular chains cannot recover to its original length since they are straight
already. Meanwhile, they restrict the movement of fiber network with deformed non-stretching
curled molecular chains. That means, the non-stretching fiber network is consolidated in
PMMA, which results in a permanent plastic deformation [139]. Secondly, the core/skin
structure of POF requires more consideration in the differences between core characterization
and cladding characterization, the interphase property between core and cladding, the fiber
evenness in length and so on.

5.2 Strength distribution

Figure 5.3 shows the values of tensile strength, modulus and strain from the tensile experiments
of 0.75 mm POF with different gauge lengths. The results indicate that the gauge length plays
an important role in tensile properties. With the increment of gauge length, the value of tensile
strength drops slightly, the strain value decreases markedly and the modulus increases visibly.
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The phenomenon in tensile strength might be explained by the weakest-link theory, as
discussed in section 5.1. The crosshead speed for all fibers with six lengths is the same, which
means the extension rate of crosshead for each fiber keeps the same, as a result, the longer fiber
initiates lower strain rate. The modulus value increases with increasing gauge length. The
reason behind it could be attributed to the modulus calculation method mentioned previously
which is dependent on the different changes in strength and strain.
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Figure 5.3 0.75 mm POF with different gauge lengths: (a) tensile strength and modulus; (b)
strain.

Figures 5.4-5.5 present the experimental and theoretical results of probability of fiber failure
of 0.75 mm POF with six gauge lengths. It is observed from these figures that it is almost
coherent between experimental and theoretical results by using both two-parameter and three-
parameter Weibull strength distributions when the gauge length is assumed to be the same as
the reference length, even though some fitting results are not perfect enough, e.g. the fitting
curve of two-parameter Weibull distribution for 30 mm gauge length, as shown in Figure 5.6.
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Moreover, there is no obvious difference between results based on two-parameter and three-
parameter Weibull strength distributions. It implies that both two-parameter and three-
parameter Weibull strength distributions could be good models for estimation of strength
distribution of 0.75 mm POF when the gauge length equals the reference length.
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Figure 5.4 Two-parameter Weibull strength distribution of 0.75 mm POF with different
gauge lengths (I = lo).
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Figure 5.5 Three-parameter Weibull strength distribution of 0.75 mm POF with different
gauge lengths (I = lo).

However, when the gauge length is assumed to be 1 mm, the two-parameter Weibull strength
distribution gives an inconsistent fit, as shown in Figure 5.6. There is an evident shift between
experimental data and fitting data.
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It is summarized that, therefore, the three-parameter Weibull strength distribution is more
preferred to be the model of estimation of strength distribution of 0.75 mm POF in terms of
various gauge lengths.
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Figure 5.6 Plots of In(-In(1-P)) versus In(o) of 0.75 mm POF with different gauge lengths (I
= o).
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Figure 5.7 Two-parameter Weibull strength distribution of 0.75 mm POF with different
gauge lengths (lo = 1 mm).

The three-parameter Weibull distribution can be used to not only estimate the strength scatter,
but also predict the dependence of strength on gauge length. The Weibull shift parameter W1 is
the lower limit of strength and equals to 70.7716 MPa from Figures 5.4-5.5, the scale and shape
parameters can be obtained from the fitting equation of Weibull distribution based on 1 mm
reference length, as shown in Equation (5.1),
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y = —33.04 + 9x (5.1)

Here, W3 =9 and W2 = 39.38.

The variance of mean fiber strength is predicted and described in Equation (5.2), and the
relationship between mean fiber strength and gauge length is shown in Figure 5.8,

y = 70.77 + 37.29x 011 (5.2)
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Figure 5.8 Relation between mean fiber strength and gauge length of 0.75 mm POF.

5.3 Nanoindentation properties
5.3.1 Surface roughness

In the measurement of topography of samples, the scan size of all images was set as 5 um. One
example is shown in Figure 5.9 and the relevant image statistics are given in Table 5.1.
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Figure 5.9 Latitudinal cross section of 0.5 mm POF: (a) 2D height image; (b) 3D height
image.
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The POF cladding in Figure 5.9 is on the left-hand side in 2D image, which is in the right part
of 3D image. The left part represents the POF core. It is observed that the sample surface is not
absolutely smooth, there are some small peaks and valleys in both images, which could be
attributed to the manual polishing processes.

The value of nanoindentation depth should be larger than the root mean square (RMS) surface
roughness in order to minimize the influence of surface roughness on testing results [140]. The
value of root mean square surface roughness for each sample is less than 40 nm in this
investigation.

Table 5.1 Whole image statistics of latitudinal cross section of 0.5 mm POF.

Parameters Values
Project area [um?! 25
RMS roughness (Rq) [nm] 33.415
Average roughness (Ra) [nm] 21.694
Mean height [nm] 29.053
Max height [nm] 94.181
Min height [nm] -392.754
Peak-to-valley [nm] 486.934

5.3.2 Loading rate effect on nanoindentation creep

The nanoindentation creep displacements of core and cladding of 0.5 mm POF latitudinal cross
section with different loading times are shown in Figure 5.10, the corresponding fitting
parameters based on Equation (3.21) is listed in Table 5.2.
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Figure 5.10 Creep displacement of 0.5 mm POF with different loading rates.

First of all, the fitting equation gives a good fit to all experimental data with high values of
coefficient of determination R? and small values of reduced chi-square x2.4, as seen in Table
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5.2. Secondly, all the curves in Figure 5.10 change in the similar manner. The creep
displacement goes up distinctively at the beginning stage of holding period corresponding to
the transient creep, and then raises at a relatively gentle increasing rate at the followed steady-
state stage [141]. Moreover, the higher the loading rate (the lower the loading time), the bigger
the creep displacement. It could be ascribed to the lower strain rate with smaller loading rate,
therefore, the longer time is required to reach the maximum load, resulting in the creep
deformation during the loading time [142]. It could be also explained by the dislocation
substructure that is formed beneath the indenter due to different indentation stresses with
various strain rates, and this substructure might play a significant role in the subsequent creep
behavior [143].

Table 5.2 Parameters of fitting curves of creep displacement versus holding time of 0.5 mm
POF (ti= 0 s).

tt  0.5mm Values Statistics

[s] POF hi a m k Xred R?

5 cladding 294.487  15.483 0.587 -2.740 0.023 0.9996
core 185.857  13.054 0.628 -2.741 0.016 0.9996

10 cladding 323.429  14.535 0.813 -6.828 0.011 0.9997
core 260.459 11.424 0.815 -5.334 0.007 0.9998

15 cladding 361.729 11.921 0.802 -5.283 0.013 0.9996
core 270.930 10.139 0.803 -4.481 0.013 0.9995

20 cladding -895.480 -45.385 1.020 49.249 0.007 0.9997
core 4291.454 177.633 0.995  -173.936 0.005 0.9997

30 cladding 733.988  17.448 0.939 -13.538 0.013 0.9993
core 5876.499 172.532 0.995 -169.042 0.014 0.9992

Figure 5.11 (a) gives one example with the sample under the condition of 10 s loading time
and 10 s holding time, the results show a good fitting match with experimental data by Equation
(3.21) based on the coefficient of determination R? = 0.9998. The corresponding strain rate is
calculated by Equation (3.19), as illustrated in Figure 5.11 (a). It is observed that, at the very
early beginning of holding period, the displacement increases markedly at a high strain rate
from 0.05 ~ 0.025 s, representing the transient creep. With the increment of holding time, the
displacement increases at a gradually saturated strain rate at 0.005 s with respect to a steady-
state strain [141]. Figure 5.11 (b) shows the related stress exponent.

The variation of stress exponent of 0.5 mm POF at different loading times is displayed in Figure
5.12. It is discovered from this figure that the loading time or loading rate plays a significant
role in stress exponent value. The stress exponent decreases gradually with increasing loading
time. In this investigation, the maximum indentation depth is approximately 300 nm that is still
less than 10% of the sample thickness (1 ~ 1.5 cm), in another word, the influence of substrate
is the least [144]. It is convincing that the stress exponent can be calculated from the curve of
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log(strain rate) versus log(stress), as illustrated in Figure 5.11 (b). It is concluded that the stress
exponent is sensitive to the loading time or loading rate, and 0.5 mm POF has a very strong
loading rate sensitivity (LRS) in stress exponent.
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Figure 5.11 0.5 mm POF core with 10 s holding time and 10 s loading time: (a) curves of
displacement and strain rate versus holding time; (b) corresponding curve of log(strain rate)
versus log(stress).

To understand the creep mechanism of 0.5 mm POF in depth, both values of hardness and
elastic modulus are investigated at various loading times, as shown in Figure 5.13. For all
samples, both hardness and elastic modulus increase with decreasing loading time or increasing
loading rate. When the loading time is lower, the loading rate is higher, the shorter time is
allowed to creep, and the smaller indent is created in the end of holding period, which leads to
greater hardness due to the smaller contact area according to Equation (3.18). The higher elastic
modulus at higher loading rate implies that, with higher loading rate, the less creep occurs
during the loading period, and the creep phenomenon could remain in the subsequent unloading
time when the elastic modulus is measured.
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Figure 5.12 Dependence of stress exponent on loading time of 0.5 mm POF.
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Figure 5.13 0.5 mm POF with 10 s holding time: (a) elastic modulus; (b) hardness.
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Based on the theory of Oliver and Pharr method, the contact between indenter tip and sample
surface is assumed to be purely elastic during the unloading process. In fact, the contact is far
from purely elastic. The creep phenomenon during unloading period could result in the
overestimated value of contact stiffness [145-147].

The creep phenomenon in 0.5 mm POF might be induced by plasticity or micro-structure.
Given that the fiber is constituted by core and cladding, the interphase between two parts is not
clear. The variation of micro-structure in each part may influence its creep phenomenon
unexpectedly. It is urgent to figure out the interphase property of 0.5 mm POF. Furthermore,
the intrinsic creep mechanism of POF requires more investigation in future.

5.3.3 Holding time effect on nanoindentation creep

The holding time effect on nanoindentation creep of 0.5 mm POF latitudinal cross section is
discussed here. There is no doubt that the displacement increases as the holding time goes up,
as shown in Figure 5.14. For both core and cladding, the values of hardness and elastic modulus
decrease with the increase in holding time, as shown in Figure 5.15. The longer holding time
could provide the indenter to create a larger contact area, leading to the higher value of hardness.
At the same time, the longer holding time could also provide enough time for sample to creep,
which means the less creep phenomenon could be observed during the unloading period when
the modulus is calculated.
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Figure 5.14 Displacement of 0.5 mm POF with different holding times.

On the other hand, the changes of hardness and elastic modulus are visibly smaller in the testing
at various holding times than in the testing at various loading times. It indicates that holding
time sensitivity (HTS) of 0.5 mm POF in nanoindentation creep might be less evident than
LRS.

Furthermore, the results of cladding at 10 s holding time are imperfect, which might be caused
by the manual polishing processes. The surfaces of fiber samples are not absolutely smooth,
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which might affect the contact areas. Generally, it is more difficult to polish soft materials than
hard ones (like metal). In present work, it is relatively easy for core to produce a smooth surface
with less time during which the cladding is uneven. It would lead to the unexpected data in
final results. Moreover, the limited number of measurements for each condition may also
influence the results.
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Figure 5.15 0.5 mm POF with 10 s loading time: (a) elastic modulus; (b) hardness.

5.3.4 Fiber diameter effect on hardness property

Figure 5.16 illustrates the effects of fiber diameter and cross section direction on the values of
hardness and elastic modulus. It is observed that the results are different with different fiber
diameters. The values of hardness and modulus are higher with thicker fiber diameter. The
results of investigation of effect of cross section direction indicate that the higher values of
hardness and modulus could be obtained in the longitudinal cross section of POF during
nanoindentation testing.
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Figure 5.16 POFs with different diameters and different cross sections: (a) elastic modulus;
(b) hardness.

It is widely accepted that the properties should be the same with the same materials. However,
the experimental results vary evidently. The reason behind it could be due to the different
surface roughness caused by the manual polishing processes for sample preparation. The
surfaces of samples are not absolutely smooth and could not possess the same surface
roughness, as shown in Figure 5.17, which might affect the contact areas during
nanoindentation testing, leading to various results. It might be also attributed to the unknown
intrinsic properties of POFs in different cross sections or with different diameters, and the
limited number of measurements.
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Figure 5.17 Indent images of longitudinal cross section of 0.5 mm POF: (a) cladding; (b)
core.

5.3.5 Interphase property

According to the RMS surface roughness in Table 5.3, 120 nm nanoindentation depth
(approximately 3 times of the value of RMS) is totally sufficient to investigate the relatively
constant elastic modulus and hardness of 0.5 mm POF. Based on the Equation (3.24) and
Equation (3.25), the spacing between adjacent indents is designed as 1900 nm. The results in
Figure 5.18 indicate that the interphase thickness between core and cladding is less than 1900
nm due to no point existing in transition zone (considered as interphase region) between two

groups of values.
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Figure 5.18 Hardness and elastic modulus of 0.5 mm POF with 120 nm depth and 1900 nm
spacing.

There is only one apparent point in the transition zone in Figure 5.19 when the nanoindentation
depth reduces to 80 nm (approximately 2 times of the value of RMS). 1300 nm spacing is
chosen as the interval between any two adjacent indenters, which means, there are two
possibilities of nanoindentation in the interphase region. Either the only one point is located in
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the middle area of interphase region with the width of 0 ~ 2600 nm, or the point is very close
to the border lines of interphase region with the width of 0 ~ 1300 nm, as shown in Figure 5.20.
However, it is still hard to predict the exact interphase width with only one indent. When the
nanoindentation is near to the core, the plastic zone would be restricted due to the greater elastic
modulus and hardness of core than those of cladding. To obtain more effective interphase
width, the nanoindentation depth should be smaller.
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Figure 5.19 Hardness and elastic modulus of 0.5 mm POF with 80 nm depth and 1300 nm
spacing.
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Figure 5.20 Possibilities of one indent with 80 nm depth and 1300 nm spacing in the
interphase region.

When the nanoindentation depth declines to 40 nm (close to the value of RMS), the spacing
between each two adjacent indentations is around 700 nm, two indents in the transition zone
could be observed in both values of hardness and elastic modulus, as shown in Figure 5.21.
Apparently, there are three possibilities of indent locations, as given in Figure 5.22.
Accordingly, it is estimated that the interphase width could be in the range of 700 ~ 1900 nm,
which is still a wide range and not satisfied enough with the minimum nanoindentation depth.

When the nanoindentation depth is 40 nm, the nanoindentation width is calculated as 302 nm,
which means, the minimum safe spacing to avoid the overlapping of the plastic zones between
each two adjacent indents is 608 nm. If the spacing is 302 nm, each two adjacent indents would
be connected rather than overlapped, while the plastic zones would be definitely overlapped.
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In this case, the overlapped plastic zones would affect the following results, whereas it is still
meaningful to estimate relatively effective interphase width with minimum nanoindentation
depth and more sensitive spacing.
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Figure 5.21 Hardness and elastic modulus of 0.5 mm POF with 40 nm depth and 700 nm

spacing.
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Figure 5.22 Possibilities of two indents with 40 nm depth and 700 nm spacing in the
interphase region.
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Figure 5.23 Hardness and elastic modulus of 0.5 mm POF with 40 nm depth and 400 nm
spacing.
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Figure 5.24 Possibilities of three indents with 40 nm depth and 400 nm spacing in the
interphase region.

The corresponding results are summarized in Figures 5.23-5.24. There are three indents during
the transition zone and two possibilities of indent locations in the interphase region. Based on
the above results, the interphase width could be estimated as 800 ~ 1600 nm.

5.4 Tension fatigue properties

5.4.1 Extension response under constant stress amplitude

Figure 5.25 depicts the variations of total extension and cyclic extension of selected POFs
during tension fatigue testing. It is observed that, under the same alternating external stress,
both total extension and cyclic extension go up evidently with the increment of total fatigue
cycles. Moreover, both corresponding increasing rates decline gradually with increasing fatigue
cycles.

During the dynamic fatigue testing, the applied strength is generally less than the yield strength.
The fundamental reason resulting in the fatigue of plastic material is caused by the visco-
elasticity. Under the alternating external stress, the deformation of molecular chains in plastic
material always lags behind the stress, which could produce the internal friction, leading to a
large amount of heat. This part of heat might accumulate due to the poor thermal conductivity,
consequently, the temperature of material itself increases, resulting in the partial softening and
melting. The fatigue failure is affected by a lot of factors, such as the internal defects, internal
shrinkage, surface scratches, nicks, and roughness of plastic material.

Under the same alternating external stress, the plastic material might have two kinds of
deformations, one is reversible and another is not. When the deformation is caused by the
changes of bond length and bond angle in molecular chains, it is instantaneous and small; when
the deformation is caused by the change of conformation of molecular chains, it is large. Both
changes are elastic deformation and reversible, while the latter one needs time to relax. Thus,
it is observed that the extension of POF is recoverable visibly when the applied load is
minimum, as shown in Figure 5.26. When the deformation is caused by the relative slippage of
molecular chains, it is irreversible and needs longer time to accumulate. This kind of
deformation in dynamic fatigue testing is recognized as viscous deformation.
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Figure 5.25 POFs in tension fatigue testing: (a) total extension; (b) cyclic extension.

During dynamic tension fatigue testing, if the unloading time is not sufficient for elastic
deformation to recover completely or a part of deformation is resulted from the viscous
deformation, the extension at the point of maximum applied load for each cycle would
accumulate gradually and the total extension thus goes up with increasing fatigue cycles, as
shown in Figure 5.26.

Moreover, it is visible from Figure 5.25 that the fiber diameter has different influences on
values of total extension and cyclic extension. POF with 0.5 mm diameter displays higher total
extension value and lower cyclic extension value than POFs with 0.75 mm and 1.0 mm
diameters. According to the results from tensile testing, the fiber diameter also plays a role in
strain value. However, the reason behind it is more complex. The initial gauge lengths and the
loading times for three POFs are the same, while the maximum applied loads are different, that
is to say, the crosshead speeds are different. The thinner the fiber diameter, the lower the
breaking load in tensile testing, the slower the crosshead speed in tension fatigue testing, and
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the lower the extension rate of fiber. Relatively speaking, the thinner POF has more time to
deform during tension fatigue testing. In this case, it is more possible for bond lengths and bond
angles to extend, and molecular chains to go straight and slip. Therefore, the total extension
should be higher for thinner POF.

0.07

fiber failure
0.06 | \
0.05 - tensile testing
g \
- 004r
(=]
k%)
o
o 003
X
ni
0.02 H
0.01
|74 v
0.00 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Time (s)

Figure 5.26 Extension versus time curve of 0.5 mm POF in tension fatigue testing with 15
fatigue cycles.

The reason for low cyclic extension for 0.5 mm POF could be due to the high value of extension
at the point of minimum applied load in each fatigue cycle shown in Figure 5.26. The recovered
elastic deformation is the difference between the extension at the point of maximum applied
load and the extension at the point of minimum applied load during the same loading cycle,
which is considered as the cyclic extension. Given that the unloading time is relatively
sufficient for elastic deformation of thinner fiber to recover, it is assumed that a large proportion
of viscous deformation might exist during each fatigue cycle and accumulate gradually in
thinner fiber.

5.4.2 Tensile property after tension fatigue testing

Figures 5.27-5.29 exhibit the changes of tensile properties of POFs after tension fatigue testing
before fiber fracture.

The number of fatigue cycles has an evident effect on the tensile properties. With the increase
in fatigue cycles, the values of tensile strength, modulus and strain decrease markedly with 1
and 5 fatigue cycles, and decline slightly after 5 fatigue cycles. It is observed that the decreasing
rates of all values vary with various fiber diameters. The thicker the POF, the higher the
decreasing rate. The similar phenomena could be also found in Figure 5.30, which presents the
relationship between the area under stress-strain curve and the fatigue cycles for three POFs. It
indicates that the thicker fiber is more sensitive to tension fatigue cycles during dynamic
tension fatigue testing. It might be explained by the large interphase area between core and
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cladding in thick POF, which could result in the high possibility of uniformity problem of
interphase adhesion. Another reason could be attributed to the various proportion of core or
cladding in all POFs. The ratio of core to cladding is variable in different fibers according to
the results in Table 5.3 and Figure 5.31. That means, the respective contributions of core and
cladding to the mechanical properties of the whole fiber are not the same in each POF. In
addition, the cladding is not perfectly even in thickness. The results of measures diameters and
corresponding standard deviations SD and variation coefficients CV of all fibers by image
analysis are shown in Table 5.3. Even though the cladding is a relatively thin layer in POF,
while its role in fiber properties could not be ignored due to its different material composition.
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Figure 5.27 Tensile strength of POFs after tension fatigue testing.
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Figure 5.28 Modulus of POFs after tension fatigue testing.
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Figure 5.29 Strain of POFs after tension fatigue testing.
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Figure 5.30 Comparison of areas under stress-strain curves of POFs after tension fatigue
testing.

Figure 5.31 SEM image of latitudinal cross section of 0.25 mm POF.
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Table 5.3 Measured diameters of fiber and core of all POFs by image analysis.

d Measured d SD CvVv
[mm] [pm] [Hm] [%]
0.25 fiber 239.63 12.70 5.13

core 225.49 11.59 4.97

0.4 fiber 398.67 2.25 0.56
core 376.73 2.12 0.56

05 fiber 510.50 3.78 0.74
core 483.03 3.98 0.83

0.75 fiber 742.48 4.20 0.56
core 703.45 3.98 0.56

10 fiber 934.45 4.38 0.47
' core 888.31 4.48 0.50

As given in Table 4.1, the material of cladding is composed of PMMA and PTFE. Figure 5.32
gives one example of the FTIR analysis. It describes the peaks of infrared absorption for
cladding material of 1.0 mm POF.
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Figure 5.32 FTIR of cladding material of 1.0 mm POF.

It is observed from the figure that the there is a board absorption band at 3446 cm™, which is
ascribed to the —OH group stretching. The four bands at the wavenumber from 2855 cm™ to
2996 cm™ could be attributed to the C—H bond stretching vibrations of the -CHs and —CH2—
groups. The sharp and strong absorption band at 1736 cm™ is due to the existence of the acrylate
carboxyl group. The two continuous bands at 1460 and 1390 cm™ are both assigned to the a-
methyl group vibrations, which have another absorption band at 753 cm™. The next two peaks
at 1246 cm™ and 1198 cm™ are ascribed to the presence of C—F bond. The following weak
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absorption band at 1074 cm™ is attributed to the C-O bond. The visible absorption bands at the
wavelengths of 881 cm™ and 987 cm™ belong to the ~O—CHs group. The absorption bands at
842 cm™ and 492 cm are resulted from the —CH,— groups. There is an evident absorption at
2365 cm, which might be caused by the addition of carbon dioxide during the processes of
sample preparation. It is confirmed that the cladding is made of PMMA and PTFE.

The mixture of PTFE into PMMA can change the properties of material. PTFE is a kind of soft
polymers, its modulus is only 0.5 GPa but its strain reaches to 250 ~ 350 % [147]. The different
ratio between core and cladding in POFs could lead to the unexpected results of mechanical
properties. In a word, it is not easy to investigate the tension fatigue properties of POF with
respect to the effect of fiber diameter on extension response.

Figure 5.33 Fracture surfaces of 1.0 mm POF from tensile testing: (A) side view; (B) end
view.

Moreover, it is noticed that the strain value decreases markedly to a balance state than the
values of tensile strength and modulus for all POFs. The strain value is higher than metals but
lower than a lot of polymers. POFs applied in this work are relatively brittle, as proved by the
fracture images in SEM pictures in Figure 5.33, it is observed that 1.0 mm POF with
comparatively smooth and flat fracture surfaces suffers less degradation in tensile properties
and fails with less relaxation of damage progression. It implies that POFs present a high strain
sensitivity in tensile testing after dynamic tension fatigue testing.

5.5 Flex fatigue properties
5.5.1 Bending resistance

The mean values of repeated bending cycles N to break of all POFs and the values of
corresponding 95% confidence interval Cl of mean, SD and CV are given in Table 5.4. It is
observed that the fiber diameter plays a significant role in bending resistance of POF. The
number of bending cycles to break of 0.25 mm POF is approximately 5 times higher than that
of 0.5 mm POF and almost 22 times higher than that of 1.0 mm POF. The smaller the fiber
diameter, the higher the bending cycles to break. The similar phenomenon could be also
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discovered in other four parameters. It indicates that the thinner POF could display higher
bending resistance under the same situation.

Table 5.4 Statistics description of number of bending cycles to break of all POFs.

d N Lower 95% ClI Higher 95% ClI SD Cv
[mm] [cycles] [cycles] [cycles] [cycles] [%]
0.25 1699.46 1507.33 1891.59 676.04 39.78

0.4 1062.84 850.65 1275.03 746.64 70.25
0.5 301.47 248.05 354.89 181.95 60.36
0.75 124.15 111.36 136.93 44.02 35.46
1.0 73.46 67.23 79.68 20.96 28.53

Figures 5.34-5.43 illustrate the results in regard to the typical Q-Q plots and Weibull
probability plots. It is visible that the combination of Q-Q plot and Weibull distribution can
give a good fit to most of experimental data.
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Figure 5.37 Weibull probability plot of 0.4 mm POF.
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Figure 5.39 Weibull probability plot of 0.5 mm POF.
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Figure 5.41 Weibull probability plot of 0.75 mm POF.
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Figure 5.43 Weibull probability plot of 1.0 mm POF.

The three parameters of Weibull distribution are given in Table 5.5. Both W1 and W> decrease
dramatically with increasing fiber diameter, and W3 changes in an opposite manner. Wy is the
shift parameter, which directly reflects the bending resistance of sample. In probability density
function, W> represents the lateral data distribution and W3 expresses the vertical data
distribution. It implies that there is a relatively centralized distribution of experimental data for
thick fiber. The variation in experimental data of number of bending cycles to break is smaller
for thicker fiber. The reason behind it could be explained by the large variation of thickness of
thin fiber, as given in Table 5.3. It indicates that it is much easier to control the uniformity of
fiber with thicker diameter.

Based on the various evaluation methods of Weibull parameters introduced in section 3.44, the
results of shift parameter are shown in Table 5.6. It is observed that there are evident differences
among different methods. The values obtained from Equation (3.53), which are expressed as
W, are extremely high. The values obtained from other methods are quite similar to each
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other. The method based on the calculation with moments gives a slightly lower values with
an exception with 1.0 mm POF. It indicates that the calculation results of Weibull parameters
shown in Table 5.5 are feasible. Other methods except the last one could be also applied to
estimate the Weibull parameters.

Table 5.5 Three parameters of Weibull distribution.

d Weibull shift W, Weibull scale W- Weibull shape W5
[mm] [cycles] [cycles] [-]
0.25 588.80 1244.64 1.69
0.4 93.01 1047.22 1.28
0.5 58.91 264.32 1.34
0.75 52.45 80.34 1.69
1.0 31.28 47.62 2.17

Table 5.6 Comparison of Weibull shift parameter according to various evaluation methods.

d Wi Wi, Wi, Wi, Wi, Wi,
[mm] [cycles] [cycles] [cycles] [cycles] [cycles] [cycles]
0.25 588.80 698 622.56 765.33 697.21 2132.38

0.4 93.01 193 171.08 230.67 192.53 607.27
0.5 58.91 79 70.94 94.22 78.77 244.26
0.75 52.45 64 61.03 65.29 63.99 193.05

1 31.28 29 15.28 53.21 27.99 92.82

Table 5.7 Logarithmic values of number of bending cycles to break and flexibility of POFs.
d E N

[mm] [GPa] [cycles] [N*mm] log(c) 'og(N) 'og(F)
0.25 2.425 1699.46 2.150 -0.602 3.230 0.332
04 2.500 1062.84 0.318 -0.398 3.026 -0.498

0.5 3.116 301.47 0.105 -0.301 2.479 -0.979

0.75 3.140 124,15 0.021 -0.125 2.094 -1.678
1 3.185 73.46 0.006 0 1.866 -2.221

Table 5.7 shows the values of number of bending cycles to break and flexibility which is
calculated with the modulus from tensile testing according to Equation (4.2) and the
corresponding logarithmic values. When the diameter increases, the number of bending cycles
to break and the flexibility decrease markedly, especially the value of flexibility with a descent
from 2.150 to 0.006 N*mm. Figure 5.44 illustrates the relation between fiber diameter and
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flexibility, as well as the relation between number of bending cycles to break and flexibility.
The two linear fitting curves in this figure match well with the experimental data, and are
expressed as:

log(d) = 0.24 x log(F,) (5.3)

log(N) = 0.57 x log(F;) + 3.12 (5.4)

Which indicates the positive relationship between number of bending cycles to fiber failure
and flexibility of POF.
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Figure 5.44 Dependences of log(d) and log(N) on log(Fi).

5.5.2 Flex fatigue behavior
Flex fatigue life curve

According to Equation (4.3), the pretension that is applied on the free end of POF is dependent
on the ultimate tensile strength. The mean stress-strain curve of 0.25 POF based on the tensile
results from section 5.1 is shown in Figure 5.45. The black solid line represents the mean values
of experimental data. This line terminates at the fist breakage of fiber. The black dash line is a
straight line that connects the terminated point and the point in terms of mean values of both
tensile strength and strain on the right side. Two red solid lines illustrate the borders of lower
and higher 95% CI of mean.

The mean values of number of bending cycles at break of 0.25 mm POF with different
pretensions are calculated in Table 5.8, as well as the values of SD and CV. Based on the data
in Table 5.8, the fatigue life curve of 0.25 mm POF is drawn in Figure 5.46.
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Figure 5.45 Mean curve of stress versus strain of 0.25 mm POF.

Table 5.8 Number of bending cycles at break of 0.25 mm POF.

ac Applied stress o N SD Cv

[%0] [MPa] [cycles] [cycles] [%]
93.33 83.84 2.36 1.21 51.19
88.89 79.85 62.14 4.41 36.34
77.78 69.87 132.58 13.81 42.39
66.67 59.86 224.18 22.15 29.86
55.56 49.9 359.38 75.56 47.41
44.44 39.92 571.32 115.38 35.91
33.33 29.94 1077.96 437.21 40.56
22.22 19.96 1363.54 575.45 42.20
11.11 9.98 1648.08 701.61 42.57
5.55 4.99 1859.46 733.45 39.44
2.22 2 9843.21 2314.78 38.56
1.11 1 16165.7 6153.4 38.14
0.44 0.4 23452.11 8342.32 39.67

There is a significant difference between the mean values of number of bending cycles when
the values of ac are 2.22% and 5.55%. The phenomenon might be explained by the movements
of molecular chains. It is well known that, under certain load, the molecular chains are firstly
orientated and rearranged; during this period the fiber is stretched straight without any
extension. Then the short chains are drawn out from amorphous region. The applied force is
undertaken on the long chains until they are broken. Below the value of ac at 5.55%, 0.25 mm
POF might be oriented, resulting in the high flex fatigue resistance to small temporary load.
Above this critical value, there is an obvious reduced flex fatigue resistance to larger temporary
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load. The similar phenomena are found with the value of 88.89%. Especially when ac is 93.33%,
the bending cycle is only 2.36 with relatively weak flex fatigue resistance.

Usually, the ratio of elaborated fatigue strength to ultimate tensile strength for textile materials
varies from 50% to 98%. While in this investigation, the ratio range is boarder. One major
reason is attributed to the properties of POF itself. On the other hand, the testing conditions
especially the bending angle and the bending speed might affect the results as well. The POFs
produced for efficient data transmission generally have the limitation of flexibility, and the
bending radius is only eight times of fiber diameter, as shown in Table 4.1. The large bending
angle and fast bending speed could initiate easy destruction of POF due to the limited resistance
to flex fatigue.
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Figure 5.46 S-N curve for 0.25 mm POF.

It is visible form the fatigue life curve of 0.25 mm POF that there is a negative relationship
between flex fatigue characteristic and applied stress or ac. The empirical equation of S-N curve
based on the corresponding exponential fitting is given as follows,

y = 81.66 x exp (— )+ 5.44 (5.5)

X
813.29

The SEM images in Figure 5.47 represent the morphology of bending fracture of 0.25 mm POF
in flex fatigue texting. It is observed that there is an obvious plastic deformation on the fracture
surface, which is uneven and sloping down from the stretched side (left side) to the compressed
side (right side).
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Figure 5.47 Bending fracture of 0.25 mm POF under the pretension of 10% of ultimate
tensile strength.

Fatigue sensitivity coefficient

The experimental result of fatigue sensitivity coefficient in this work is markedly different, b
equals 0.297 for 0.25 mm POF, as shown in Figure 5.48. It could be explained by the high
bending angle or bend speed. The number of bending cycles to break is higher with smaller
bending angle or bend speed. Therefore, POF is assumed to be more sensitive to flex fatigue
with large bending angle or fast bending speed. The core/cladding structure of POF, the
variance of core/cladding thickness ratio and the evenness of cladding could also influence the
experimental results unexpectedly. In order to understand better, the tensile testing of samples
after flex fatigue testing before fiber fracture was also investigated.
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Figure 5.48 Normalized S-N curve for 0.25 mm POF.
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Stiffness after flex fatigue testing

Some samples were taken out from the Flexometer device during the flex fatigue experiments
without fiber fracture, in order to investigate the stiffness of 0.25 mm POF. It is evident from
Figure 5.49 that, when the pretension is below the upper limit of transition zone which is around
22.22% of ultimate tensile strength, these is no significant modulus degradation with the
increase in bending cycles from 10 up to 1000. However, the modulus after flex fatigue testing
with 10 bending cycles is less than 5% of the modulus calculated in section 5.1, which means
there is an evident loss of modulus during 10 bending cycles. It implies that 0.25 mm POF is
very sensitive to flex fatigue.
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Figure 5.49 Modulus of 0.25 mm POF after flex fatigue testing.

This phenomenon is quite distinct from that of hemp fiber or glass fiber reinforced composites
[148]. The bending conditions (bending angle and bending speed) might have an unpredicted
influence on POF stiffness, or have a greater impact on POF stiffness than bending cycles in
present work. The bending angle and bending speed should be taken into account and studied
further.
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Chapter 6 Conclusion and Outlook

6.1 Conclusion from experiments

It is summarized from the tensile testing that the widely accepted concept about the inverse
relation between diameter and tensile strength of single fiber, the weakest-link theory, also
conforms to the results of POFs. The strain value of POF decreases with increase in fiber
diameter due to the same crosshead speed and high deformation ability of thin fiber. The
modulus rises as the fiber diameter goes up, which is not constant as an intrinsic property. It is
attributed to the calculation method of modulus dependent on the dissimilar changes of strength
and strain.

From the investigation of strength distribution of POF, it is concluded that the value of tensile
strength declines with the increment of gauge length, which could be also explained by the
weakest-link theory. The similar phenomenon is also found in the strain value since the same
crosshead speed and various gauge lengths result in the different extension rates. The value of
modulus is dependent on both strength and strain and varies in the similar manner as fiber
diameter. The effect of gauge length on tensile properties might be influenced by the probably
visco-plastic properties and interphase properties between core and cladding. In addition, the
results also imply that three-parameter Weibull distribution could be a good model not only for
investigation of statistical distribution of fiber strength, but also for estimation of the relation
between mean fiber strength and gauge length.

The application of nanoindentation technique in the investigation of local mechanical
properties of POF core and POF cladding indicates that there are normal tendencies of the
relations between loading/holding condition and nanoindentation creep properties. With the
increase in loading rate or holding time, the nanoindentation creep deformation goes up
accordingly. On the other hand, 0.5 mm POF has a stronger loading time sensitivity in
nanoindentation than holding time sensitivity. Meanwhile, it is observed that POF cladding is
softer than POF core, which is particularly obvious in the results at various loading time. It is
surprising to find that both fiber diameter and cross section direction have influences on
hardness properties even though the harness is assumed to be constant with the same material.
The reason behind it could be mainly attributed to the different surface roughness of each
sample and the limited number of measurement. The investigation of interphase properties of
0.5 mm POF by nanoindentation method implies that the small nanoindentation depth is
expected to give a relatively effective interphase width and the interphase width is estimated
to be in the range of 800 ~ 1600 nm roughly, which is still a wide range. To obtain effective
interphase properties, the method to obtain finer surface should be developed. Other techniques
such as nanoscrach testing might be also employed to figure out the local mechanical properties
and interphase properties of POF [99, 149].
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The durability of POF is investigated based on tension fatigue testing and flex fatigue testing.
The results from tension fatigue testing indicate that the values of total extension and cyclic
extension respond to fatigue cycles in the similar way. Both values go up with increasing
fatigue cycles. During tension fatigue testing with the same external stress amplitude, if the
unloading time is not sufficient for elastic deformation to recover completely or the viscous
deformation occurs, the total extension at each stress peak and the cyclic extension in each
loading period would accumulate gradually. In addition, both values are affected by the fiber
diameter. It is observed that 0.5 mm POF has higher total extension but lower cyclic extension
than thicker POFs. The loading/unloading time for all POFs is the same, while the applied
stress is different, therefore, the loading/unloading rate for each POF is various. There is longer
time for thin POF to deform, leading to the larger total extension consequently. Due to the
presence of probably greater proportion of viscous deformation in the whole deformation, the
thinner POF induces lower cyclic value. Furthermore, the tensile testing after tension fatigue
testing indicates that POFs present significant losses in tensile properties in terms of values of
tensile strength, modulus and strain. The thicker the fiber, the larger the losses.

The flex fatigue properties of POF can be characterized with the mean number of bending
cycles to break by Flexometer. Based on the results from flex fatigue testing, it is found that
the combination of Q-Q plot and three-parameter Weibull distribution is effective for
estimation of number of bending cycles to break with different POF diameters. Additionally,
there is a positive relationship between number of bending cycles to break and flexibility of
POF.

The flex fatigue life curve illustrates the decay exponential relation between applied pretension
and flex fatigue life time, which are expressed by the percentage of ultimate tensile strength of
POF and the number of bending cycles at break, respectively. The flex fatigue resistance of
POF increases with decreasing pretension. In the meantime, the ratio of pretension to ultimate
tensile strength of POF varies in a broader range than the common value (50% ~ 90%) of textile
materials, and the fatigue sensitivity coefficient of POF is higher than the common value (0.1)
of other materials. It is explained mainly by the POF properties and the extensive bending angle
or fast bending speed. Compared with the modulus before flex fatigue testing, there is an
evident degradation in modulus after flex fatigue testing even though the pretension is below
the transition zone in the fatigue life curve. However, the modulus decreases slightly after 10
bending cycles. The variance of modulus after flex fatigue testing indicates that POF is
sensitive to bend.

In sum up, POF, as a new material introduced in textile applications, is relatively thick, stiff,
brittle and sensitive to bend. Besides, POF consists of a core/cladding structure. Due to these
aspects, it is difficult to integrate POFs into fabrics. The basic research on mechanical
properties of POF needs more attention and contributions.

6.2 Other findings
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POF was initially developed for application in data communication. The present applications
extend to a lot of fields. In textile field, the side illumination of luminous fabrics could be
accomplished by macro bends of POF in structure design and the surface modification of POF.
Another two methods are introduced here to enhance the side illumination of POF fabrics.

6.2.1 Fluorescent fabrics

The side illuminating effect of POF is improved by using the woven fluorescent polyester (PET)
fabrics which are wrapped on the surface of naked POF, as shown in Figure 6.1. The left part

is the integration of POF and fabric, the right part is only fabric which can be stitched/sewn

into textiles like clothes and carpets.

Figure 6.1 Sample of 3 mm POF wrapped with fluorescent PET fabrics.

This idea is based on the emission principle of phosphors. The fluorescent fabric first stores
the energy from the light source and then releases slowly. When POF wrapped with fluorescent
fabric is connected to the light source continuously, the measured side illumination intensity
from the surface of sample increases accordingly, as illustrated in Figure 6.2. Moreover, this
method could be also applied to even the light diffusion on the surface of sample.
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Figure 6.2 Comparison of side illumination intensity of POFs with and without fluorescent
PET fabric.
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6.2.2 Lensed POF

The side illumination intensity of POF could be also enhanced by the lensed end shape, which
could be created by the method of CO- laser cutting, as shown in Figure 6.3. Based on the
adjustment of the mark speed of laser treatment and the rotation speed of holding device of
POF, different lens shapes could be obtained accordingly.

m BC

laser beam

melt l}olding device

7/

Figure 6.3 Scheme of CO: laser cutting.

The perfect ball lens in the end of POF could be achieved, as shown in Figure 6.4. The lensed
POF can be used as an convex to receive light for light gathering purpose, or applied as an
concave to release light for light distribution purpose.

Figure 6.4 Lensed POF: (a) light gathering; (b) light distribution.

6.3 Future work

In the research of POF fabrics, a lot efforts have been made to obtain luminous fabrics with
various pattern design. There are two major contributions, one is to improve the side
illumination of POF fabrics, and another is to develop the manufacturing techniques of
luminous fabric with certain patterns. Less research work focuses on the basic investigations
about how POFs behave in POF fabrics with respect to flexibility, drapability and durability.
This thesis work provides some basic understanding about POF itself, but there are still some
confusions left.
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Chapter 6 Conclusion and Outlook

In the near future, we will go further with the mechanical properties of POF, mainly regarding
the diameter effect on the mechanical properties, the interphase behavior between core and
cladding and the fracture mechanism. Additionally, the POF fabrics with dynamic patterns will
be developed, and the corresponding mechanical properties in terms of flexibility, drapability
and durability will be taken into account on the whole.
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Plastic optical fiber (POF) is highly appreciated for its applications in glowing textiles. However,
fabricating thin POF with good side illuminating effect is a challenge due to the complicated
manufacturing processes. CO, laser treatment is normally applied to enhance the surface roughness
without significant influence on other properties of materials. Titanium dioxide (TiO,) is widely
studied for its high photo activity and thermal stability. The surface modification combined with
TiO; particles and CO; laser treatment was carried out to investigate the side illuminating effect of
POF. The images of surface morphology show that TiO, particles reduce the thermal damage of
POF surface during CO, laser treatment. The results from side illumination testing prove that the
employment of TiO, particles, combined with CO, laser treatment, could enhance the side
illumination of POF for longer lasting application. Cyclic CO, laser treatment can decrease the
heat accumulation in POF and may have adverse effect on side illumination. The investigation of
tensile testing indicates that only the strain value is more influenced by laser treatment due to the

brittleness and low thermal stability of POF material. © 2015 Laser Institute of America.

[http://dx.doi.org/10.2351/1.4919125]

Key words: plastic optical fiber, side illumination, CO, laser, TiO, particles

I. INTRODUCTION

Plastic or polymeric optical fiber (POF) is widely uti-
lized as an excellent medium in short haul data communica-
tions links based on total internal reflection theory due to its
flexibility, anti-impaction, easy installation, large numerical
aperture, and affordability. The main applications of POFs in
textiles are separated into two aspects, namely, glowing tex-
tiles " and sensing textiles.® In these fields, POFs with thin
diameter can be woven, braided, or knitted with traditional
textile yarns (flex, cotton, wool, etc.) into fabric structures,
for various decorative and lighting patterns. Apart from the
amazing visual art effect, the integration of POFs with tex-
tiles is also beneficial to human safety.” POFs can be used to
enhance the active safety clements in developing jackets that
glow in the nights and can be useful for sportsmen, firemen,
and policemen. For these applications, sufficient side illumi-
nating effect is necessary.

In side-emitted optical fiber, light can escape from fiber
surface due to either the surface defects or the small differ-
ence between core refractive index and cladding refractive
index. Hence, it shows stronger lighting effect as compared
to end emitting optical fiber. Side emitting POFs with small
diameter are difficult to manufacture and therefore a lot of
efforts have been devoted to the development of side illumi-
nation of optical fibers by surface modifications.”"" The
surface is modified using both physical and chemical meth-
ods. The physical methods are side notches, asymmetry of
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Juanhuang@tul.cz
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core and cladding geometry, micro bends of fiber and sur-
face abrasion while chemical methods are solvent etching
and addition of radiation scattering particles into fiber
cladding.

Laser is an energy source that can be applied directly
onto the materials with desired power and intensity. It exhib-
its a number of favorable properties like large beam size,
high laser efficiency, easy-operation, low cost, and noncon-
tact system. Laser surface modification is a widely accepted
technology for studies on changes of surface characteriza-
tions of many materials such as polymers,'’ metals,"”
ceramics,"” woods,'" and composites.'>'® Laser treatment is
used to enhance surface dependent properties like hardness,
fatigue, and resistance to wear by treating small areas while
keeping other parts unaffected.'”

Titanium dioxide (TiO,) is a widely studied photocata-
lyst due to high photoactivity, low toxicity, good chemical
and thermal stabilities, and affordability.”® The refractive
index of TiO, is relatively higher than that of POFs, leading
to more possibility for light emitting out. Additionally, POF
is sensitive to heat. It is believed that the addition of TiO,
particles in fiber cladding would alleviate the heat damage
by laser.

This contribution is an attempt to exploit the ability of
enhancing the light illumination from the fiber surface by sur-
face modifications with TiO, particles and CO, laser treat-
ment. First, the surface of naked POFs was modified with
TiO, particles and then treated by CO, laser under different
conditions. The surface morphologies of POFs with and with-
out TiO> particles after laser treatment were observed by

© 2015 Laser Institute of America
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scanning electronic microscopy. The intensity of side illumi-
nation of POFs was measured by a self-made semiautomatic
device.

Il. MATERIALS AND METHODS
A. Materials

Naked POFs with 0.5mm diameter were prepared in
Grace POF Co., Ltd., Taiwan. The core polymer was poly-
methyl methacrylate (PMMA). and the cladding material
was blended by PMMA and Polytetrafluoroethylene
(Teflon); the corresponding refractive indices were 1.49 and
1.42, respectively. The minimal bending radius of POFs was
4 mm which was eight times of diameter of the fiber.

B. Methods
1. Sample preparation for laser treatment

There are two steps for sample preparation. The first
step was surface modification of POFs by TiO, particles
(Table I), as shown in Fig. 1. The original size of each TiO,
particle was around 20 nm. TiO, particles are more stable in
a state of aggregation. The size of aggregated TiO, particles
was measured as 100-120 nm by laser scattering method. 2 g
TiO, particles were mixed with 200 ml isopropyl alcohol
(C3HgO) at 20°C. Ultrasonic homogenizer (Ultrasound
Bandelin SONOPULS mini20) was utilized to disperse TiO,
particles evenly into isopropyl alcohol with 50% power for
I min. The mixture with 10 g/l solid concentration was pre-
pared. One end of POF with 500 mm length was dipped into
the mixture and taken out vertically and slowly through one
funnel held by small glass balls. The sample with POF full
of fine TiO, particles on the surface was obtained after dry-
ing for 30s at 20°C.

Another step was sample arrangement for laser treatment.
Both samples modified by TiO, and naked POFs were
arranged horizontally and fixed by tape on a paper frame with
3 cm thickness, as given in Fig. 2. The interval between each
adjacent sample was at least 2cm in order to eliminate the
effect of laser treatment on neighboring samples. The base
for laser treatment was flame resistant nonwoven glass fabric.

2. Laser treatment

Laser treatment was carried out by Easy Laser-Marcatex
1507250 Flexi CO, laser with 50% duty cycles. The wave-
length of CO, laser beam was 10.6 ym; the output power
was 100 W: the beam size was 0.5 mm; the resolution was
27 x 27 dpi: and the pixel time varied from 30 to 100 pus.
Both sides (front and back) of each sample were treated by
CO, laser to even the surface modification.

TABLE 1. Typical physical and chemical properties of TiO, particles.

PK-20
TiO; content (%) =925
Crystal modification Anatase
Specific surface area (m?/g) BET (5 points) 70-110
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FIG. 1. Surface modification of POF by TiO; particles.

The scanning direction of CO, laser treatment was
designed to be perpendicular to the fiber axis, as shown in
Fig. 2. Theoretically, irrespective of scanning direction of
CO, laser of whether perpendicular or parallel to the fiber
axis, the distribution of melted spots on fiber surface should
be even and the same if the diameter of laser spot is small
enough and the fiber is a perfect cylinder. However, in prac-
tice, when the scanning direction is parallel to the fiber axis,
the effect of CO, laser treatment on fiber surface is compara-
tively weak due to the asymmetry along fiber axis caused by
macrobends during packing or imperfections in manufactur-
ing processes. When the scanning direction is perpendicular
to the fiber axis, the laser spots acting on POFs would be
dense and strong. The light transmission from each rough
point is different and complicated, and the detecting area of
sensor (in Fig. 3) is two-dimensional (the sensor is a point
detector) and limited. The obtained illumination intensity
could decline if the rough points on fiber surface resulting
from CO, laser treatment do not face the detecting area of
sensor. These issues could be alleviated by using perpendicu-
lar scanning direction to the fiber axis through CO, laser
treatment.

3. Scanning electron microscopy

The surface morphology was observed by scanning elec-
tron microscopy (SEM) VEGA TS 5130 at 20kV accelera-
tion voltage, after gold coating.

4. Testing of side illumination intensity

One end of sample was polished with polishing papers
and diamond powder until it was smooth enough to maxi-
mize the accepted light for fiber before connecting to the

scanning direction laser zone

o /
Vi

-/.
%\m
74
7 .
optical fiber / base

paper frame

FIG. 2. Samples preparation for CO; laser treatment.
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FIG. 3. Apparatus for nt of ill intensity of POFs: 1—
mainboard, 2—spacers (4x), 3—console, 4—ow roller, 5—guide roller,
6—roller pressing bracket, 7—storage rod, 8—drive roller, 9—stepper
motor, 10—tunnel, 11—springs, 12—drive belt, 13—light source, 14—
sample, and 15—sensor.

light source. The spectra/wavelength of light source was
white light which was the combination of all visible wave-
lengths. The output flux was 205 lumens.

The semiautomatic device for testing the side illumina-
tion intensity of POFs is described in Fig. 3. The sample in
the elongated state was connected to the light source (13)
through two sets of rollers (4 and 5), the head roller (4) was
controlled by the stepper motor MSHC 100B41 Sankyo (9),
the illumination intensity of sample was measured by the
sensor THOR LABS PM 100 USB (15), which was con-
nected with the computer system. The measurement was per-
formed in a dark environment and related experimental
parameters are given in Table I1.

5. Tensile testing

Tensile testing was carried out on Instron-4411 at 20°C
and 65% relative humidity, in order to investigate the
changes of mechanical properties of POFs before and after
treatments by TiO, particles and CO, laser. The gauge length
was set as 200 mm, and the testing speed was 100 mm/min.
50 times were averaged for each sample.

Ill. RESULTS AND DISCUSSION
A. Surface morphology

SEM results for surface morphology of POFs are shown
in Fig. 4. It may be seen from the figure that the untreated
POF (A) exhibits smooth surface. The treated POF (D) is dis-
persed with aggregated TiO, particles. The TiO; particles on
fiber surfaces (E and F) are fine and less observable. As a

TABLE II. Testing condition of illumination intensity of POFs.

Paramelers Value (mm)
Step size 5
Length measured 200
Fiber length 500
Distance between light source and sensor 175
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FIG. 4. Surface images of samples treated by CO, laser with different pixel
time. POFs without TiO; particles: (a) O s, (b) 100 s, and (¢) 150 ys: POFs
with TiO, particles: (d) 0 ps, (¢) 100 gs, and (£) 150 ps.

matter of fact, POF can hold only parts of TiO, particles
properly. The TiO, particles with the diameter above 300 nm
are too large to penetrate by diffusion deeper into the fiber
mass. The TiO, particles are adsorbed on the fiber surface by
physical interactions (such as hydrophobic forces, hydrogen
bonds, and van der Waals forces) rather than chemical
bonds. During the processes of laser treatment, some TiO,
particles might be detached from POF surface.

There are significant differences between samples before
and after CO, laser treatment. The dimensions of melted
holes on POFs with TiO, particles (E and F) are obviously
smaller than those without TiO, particles (B and C). It can
be implied that TiO, particles could ease the surface damage
during CO; laser treatment due to the low coefficient of ther-
mal conductivity of TiO, particles. The usage of TiO, par-
ticles can enhance the thermal stability of POF.

Long pixel time gives high laser energy and more laser
treating time in CO, laser treatment, resulting in acceleration
of thermal damage and severe fiber destruction due to limited
thermal resistance of PMMA. There are visible “necks™ and
melted holes distributed on POF when the pixel time is
above 150 us, leading to decreasing optical property of POF
and increasing possibility of POF fracture.

0.05
P(0), —m=—experimental curve
004 | ~—e—fitting curve
__ 003}
<
:
=
N 002}
< '
001 |- '
: 175
0.00 1 1 1 1 " 1 1 1 1 1
50 0 50 100 150 200 250 300 350 400
z(mm)

FIG. 5. Comparison of experimental curve and fitting curve: POF with TiO»
particles after CO; laser treatment at 70 us pixel time.
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TABLE III. Parameters of side illumination of POFs with and without TiO»
particles before CO; laser treatment.

Fiber state P(0)(W/m®) P(z = 375mm) (W/m"') a (dB/mm)
Without TiO, particles 0.020 0.0055 0.015
With TiO; particles 0.032 0.0057 0,020

B. Intensity of side illumination

The attenuation coefficient @ in decibel per unit length is
usually determined by the input optical power P(0) and the

output optical power P(z), and described as follows:'*~2!
az = 10 x log,,[P(0)/P(z)]. (1)
log P(z) = —az/10 + log P(0). 2)
y=k+q, 3)

where z is the measured distance of optical fiber. The trans-
formation equation (2) derived from Eq. (1) is related to the
linear fitting curve of logarithm of output power versus
measured distance, which can be represented in its general
form, as shown in Eq. (3), the input power and attenuation
coefficient @ are expressed as

P(0) = 107, @
a=-10xk, (5)

where k and ¢ are two parameters (slope and intercept,
respectively) of the linear fitting curve. The intensity of side
illumination can be estimated with Eqgs. (4) and (5), as shown
in Fig. 5

P(z) = P(0)107*/1°, (6)

1. Effect of TiO, particles on side illumination
of POFs by CO; laser

Compared to POF without TiO, particles, POF with
TiO, particles displays bigger values of P(0) and
P(z=375mm), as given in Table III. This means TiO, par-
ticles could enhance the side illumination of POF at the dis-
tance of 375mm. It can be explained by the properties of
TiO, particles. TiO, particles have the refractive index of
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cient on pixel time: dots-experimental data, dashed line-smoothed data.

2.5, which is higher than PMMA. Thus, if TiO, particles are
embedded in or covered on POF cladding, the light could be
most probably refracted rather than reflected on the interface
of fiber core and fiber cladding, leading to the enhanced side
illumination intensity.

The side illumination intensity of POF with TiO, par-
ticles is less than that of POFs without TiO, particles if the
distance arrives to a critical point of 400 mm. The modifica-
tion by TiO, particles increases the surface roughness and
opacity of POF, resulting in the proportionately incremental
optical loss. It is assumed that the use of TiO, particles is
working on the enhancement of side illumination of POF
only at certain distances.

Figure 6 shows the dependences of P(0) and a on pixel
time. In the case of POF without TiO, particles, the values of
input intensity and attenuation coefficient vary in the similar
manner. Both of them increase gradually to reach the peak at
70 pus pixel time and then decrease with the increment of
pixel time. For POF with TiO, particles, the input intensity
goes up continuously as the pixel time increases; the attenua-
tion coefficient goes down to the lowest point at 60 s pixel
time and rises evidently after that.

It implies that CO, laser treatment could play an effec-
tive role in enhancing the side illumination in some cases (in
term of measured distance), as shown in Fig. 7(a). All POFs
display stronger side illuminating effect with the distance of
375 mm, while only POFs treated at 40 and 70 ps pixel time
can continue the enhanced side illumination at the distance

000

20 20 W0 0 400
z(mm)

) s N . .
15 20 250 300 IS0 40
Zz(mm)

' s :
o 5 100

FIG. 7. Simulated curves of side illumination intensity versus distance: (a) POFs without TiO, particles and (b) POFs with TiO, particles.
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FIG. 8. Comparison of input illumination intensity and attenuation coeffi-
cient between normal laser treatment and cyclic laser treatment with the
same total pixel time.

more than 375 mm, this longer distance is still limited due to
the higher attenuation coefficient in both cases than that in
untreated POF.

The combined treatment of TiO, particles and CO; laser
might have a positive effect on enhancement of side illumi-
nation for POF in a relatively long distance, since TiO, par-
ticles can reduce the attenuation coefficient and give high
input intensity when the pixel time is less than 80 us, as
shown in Fig. 7(b). The best results can be found at 40 and
60 ps pixel time, which could lead to stronger side illumina-
tion at longer distance compared with the best conditions for
naked POFs.

2. Effect of cyclic CO; laser treatment on side
illumination of POFs

Cyclic laser treatment was considered in order to reduce
the heat accumulation inside POF during CO, laser treat-
ment. Even though the laser energy and treating time rise
with the higher pixel time, the laser energy is still unclear in
this study. The smallest pixel time (30 us) is considered for
the cyclic laser treatment regarding to the low thermal stabil-
ity of POF.

According to the results in Fig. 8 (solid curves), it is
found that both values of P(0) and a for two samples with
and without TiO, particles increase according to the increase
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~——60 s one time
=80 s one time

150 200 250 300 350 400
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in cyclic number. It is difficult to estimate the enhancement
of side illuminating effect by the values of P(0) and a. Only
if P(0) increases and « decreases, the side illumination
should increase, on the contrary, only if P(0) decreases and a
increases, the side illumination should decrease. Combined
with the results with 30 us pixel time in Fig. 9, it reveals that
cyclic laser treatment would lead to reduced side illumina-
tion of naked POF at the distance of 375 mm, and strengthen
side illumination of POF with TiO, particles in the same
distance.

In addition, the results also indicate that addition of TiO,
particles could not enhance the side illumination in the case of
one cyclic number laser treatment at 30pus pixel time.
However. TiO, particles can improve the thermal stability of
the whole sample during laser treatment and thereby enhance
the side illumination under certain conditions (pixel time and
measured length). When the pixel time is 30 us, the influence
of improved thermal stability by TiO, particles on side illumi-
nation might be smaller than the influences of opacity and
higher surface roughness, resulting in higher optical loss.
When the pixel time is 40 or 60 ps, the light attenuation is con-
trolled and side illumination is enhanced by TiO, particles.

In order to specity the effect of cyclic laser treatment,
the results between normal laser treatment and cyclic laser
treatment are compared at the same total pixel time. That is
to say, the results from laser treatments with two cyclic num-
ber and three cyclic number are compared with those from
normal laser treatments at 60 us pixel time and 90 us pixel
time, respectively.

For naked POF, cyclic laser treatment shows lower val-
ues of both input intensity and attenuation coefficient at total
60 ps pixel time and higher values of both input intensity and
attenuation coefficient at total 90 us pixel time than normal
laser treatment. For POF with TiO, particles, the phenomena
are opposite. Combined with the results in Fig. 9, it demon-
strates when the total pixel time is 90 us, the cyclic treatment
is effective on enhancement of side illumination of both
POFs with and without TiO, particles.

During the processes of continuous cyclic laser treatment,
the effects of CO, laser treatment and TiO, particles are more
complicated. After each cyclic laser treatment, samples would
not be in the same state (straight state at the beginning) and
become loose gradually. The treated points on fiber surface
might shift from the previous ones. As a result, the dimen-
sions and the number of holes could not be estimated. The
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FIG. 9. Simulated curves of side illumination versus distance of samples for cyclic laser treatment: (a) without TiO, particles and (b) with TiO, particles.
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FIG. 10. Tensile properties of samples after CO, laser

holes might be deep, narrow, and with less number, or shal-
low, narrow, and with more number, or shallow, border with
less number. Both thermal damage and deviation of fiber axis
are considered as the possible reasons for light attenuation.”
Consequently, the light transmission and side illuminating
effect become complicated and unexpected.

C. Mechanical properties

Initially, there is no significant change in mechanical
properties by using TiO, particles for both normal laser treat-
ment and cyclic laser treatment, as shown in Fig. 10.
Gradually, there is perceptible change in mechanical proper-
ties according to the increasing pixel time of CO, laser treat-
ment. Both tensile strength and modulus for all samples
decrease slightly, but strain declines obviously with increas-
ing pixel time. It is contributed to the low thermal stability
and brittleness of POF itself. The working temperature is in
the range of —20—+470°C. When laser energy reaches or
exceeds this limit, the brittle POF displays severe damage
and is casy to break, as shown in Fig. 11.

IV. CONCLUSIONS

The surface treatments of POFs with TiO, particles and
CO; laser were employed to investigate the side illuminating
effect of POFs. With normal CO; laser treatment with the
pixel time from 30 up to 100 ps, the side illumination of na-
ked POFs could be enhanced only in a limited distance. This
may be attributed to large input intensity and attenuation
coefficient.

FIG. 11. Fracture images of samples: (a) untreated POF, (b) naked POF after
CO; laser treatment with 100 pis pixel time.
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The use of TiO, particles improves the thermal stability
of POF and reduces the transparency of POF simultancously.
If the influence of improved thermal stability on side illumi-
nation is dominant, the side illumination might increase in a
long distance; if the influence of reduced transparency on
side illumination is major, the side illumination might
decrease beyond a short distance. Overall, the combination
of TiO, particles and laser treatment can benefit the side illu-
mination to an extent.

Cyclic laser treatment has more complicated effect on
side illumination. Since the laser spots are not guaranteed to
act in the same areas on sample surface, the side illumination
is difficult to estimate accordingly due to the unexpected
influences on light transmission. Compared to normal laser
treatment in terms of the same total pixel time, the cyclic
laser treatment only with total 90 us pixel time might work
on the enhancement of side illumination of both naked POF
and POF with TiO; particles in certain distance.

TiO, particles play less significant role in tensile proper-
ties of POF than CO, laser treatment which weakens the
strain value with increasing pixel time due to the thermal
defects on fiber surface and the brittleness of fiber material.

The side illumination is dependent on input intensity,
attenuation coefficient as well as the measured distance. The
long fiber length should be considered. If the laser energy is
clear with each pixel time, it would be easy to understand
the heat transfer in the testing environment during CO, laser
treatment.
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