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Abstract

The integration of polymeric optical fiber (POF) into fabrics has brought af lotterest in textile
design. POF fabrics could be applied to displhg 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 gislems. 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 propeRi©§ ddbrics.
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 rangfe0.2 ~ 1.0 mm, the diameter of side emitting POF applied in
safety applications (corridors and dades) varies in the range of 26 mm or above. The big
challenge is to manufacture POF with sufficient flexibility and good side illumination intembigy.

side illumination intensity of POF is usually enhanced by surface modifications (chemically and
mechanically) oty using the fluorescent fabric cover which could aleprove the resistances

naked PORo external environment such m&chanicalamageandUV radiation.

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 ingve 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 isn inverse relation between fiber diameter and tensile strength of POBtrdinevalue
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 thickne#ise 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 gahg®@Rds

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 fromdhRperimental 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 vistastic properties of polymers. The interphase width is
estmated 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 areplithé 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
explainedby 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 cyatebréak 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.
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1 Introduction

Polymer/plastic optical fiber (POFRNnade of polymers gplastics 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 attendin in the 1990s because of the development of gradieck POF and the achievement

of low attenuation[1-4], combined with the successive improvements in both transparency and
bandwidth, POF is recently applied as a kigipacity transmissiomedium [5]. 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, ampdifiersinable optical sources),

and other extended fieldsich as therapy and textile.

Textiles can be classified into three categories based on the end uses: clothing textiles, decorative
textiles and technical textiles. The demand for textiles has irtaedramatically 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 basedktide 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 filbeéhe 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 materia, fabric pattern and fabric densifs]. Recently, following with the
development of POF itself and the manufacturing techniques of POF fabric, RQFRtet textiles

have extended the applications from the phuotdric fields for illumination to the radiometric fields

for sensind7].

At present, there are two major applications of POF in textile fabrics. One is utilized atven a
lighting element in fabric structure for lighting purpo#®e application fields include indo¢8] and
outdoor lighting [9], safety[10], fashion and desigii]], displays[12] and medical technolgg13].
Another is used as an optical sensor in fabric structursdionsing purpose. Selected applications
regarding these areas are introduced as foll@enerally, the textile integrated POF sensors are
aimed at measuring the physical responses such as prgs§ustres§15] and strairf16], or applied

for biomedical responses based on biological parameters such as bré¢a#jngweat[18] and
oxygen contenf19].

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 diti@thl surface modifications. In contrast to
general electrical products, POF fabrics are immunelg¢otromagnetic interferend&Ml), 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. Furtherrttoe use of POFs instead of glass
optical fibers in luminous fabrics is beneficial to the flexibility, light weight, durability and small
injuries[20].

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 tahe 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 tmthplicated manufacturing
processing and poor transmission rate of light rays. In addition, the mechanical properties of POFs are
not satisfied at subero temperature. The thermal stability of POFs is problematic that limits the
working temperature signdantly. Furthermore, it is still a challenge to reduce the optical loss of
POFs.
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2 Purpose and the current state of the problem

As a synthetic polymeric fiber, POF is expected to be uniform in thickness. As a matter of fact, the
fiber diameter, the claditly thickness, as well as the surface roughness are not thelesgthe fiber

length due to the manufacturing processes, packing processes and so on. These variations are difficult
to control and could have unexpectafluenceson the mechanical progers of POFThere are five
aspectsselectedn mechanical properties to stutlye effects of fiber diameter and thtirability of

POE tensile properties, strength distribution, local mechanical properties of both core and cladding
and the interphase property between them, tension fatigue properties and flextdatiguers The

goals of this work are to survey the selected mechapioglerties of POF which are referred in the
applications of POF fabrics and discussed from the point of view of textile background, rather than
offer detailed and standard methodologies to investigate the mechanical properties of POF, or provide
new methds of improvement of POF attenuation, or propose new technologies to manufacture POF
fabrics. It is aimed to introduce POF to textile fietdainly, present basic and important knowledge of

POF itself regating mechanical propertiegive information to P®& manufacturers, and provitieks

to future for better research work and boarder applications in textiles.

Tensile properties

To investigate the effegbf fiber diameter on tensile testing of POF. To understand the mechanism of
tensile failure of POF.

Strength distribution

To investigate the effestof fiber length on tensilstrength of POF. To estimate the relationship
between fiber length and tensile strength by Weibull distribution.

Local mechanical properties

To figure out the contributianof each part (core or cladding) to the properties of the whole liper
nanoindentation techniqud o discussthe creep deformation of POHue to the inherent viseo
elasticity of polymer material§.o study the interphase properties between core andmtpdd

Tension fatigue

To estimate the strain response under constant load amplitad@vestigate the tensile properties
after tension fatigue testing of POF wdthi fiber fracture.

Flex fatigue

To explore a new method to investigate the flex fatigueQdf.PTo evaluate the flex fatigue properties
of POF by fatigue life modelTo study the flex fatigue sensitivity coefficient of POF based on an
empirical equation



3 Overview of the current state of the 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 lirthie 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 darkljffaces

The possibility to applyPOFs 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 aadeby the macrobends or additional
treatments of POFs in woven, wéftitted 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 quitdow; 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 foentight 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 tmanufacturing 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 POFabrics 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 lessuiesafocusing 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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4 Methods used, studied mizrial

4.1 Materials

The materials employed in this thesis were naked POFs, prepared by Grace POH.CbBajwan.

Table 4.1 shows the basic characterization of POFs. All POFs display the same structure that possess
core and cladding layers. All corkave 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| fiber diameter

4.2 Methods

Tensile testing The basic mechanical properties of single fiber regarding the tensile properties were
investigated at first. The stresgain experiments for all POFs were carried out on Instron 20

and 65% relative humidity. The testing speed was set as 300 mri/ngirgauge length was 100 mm.

50 times were averaged for each.

Strength distribution The relationship of fiber strength and gauge length of 0.75 mm POF was
investigated by Instron at 2L and 65% relative humidity. The testing speed was 100 mm/min. The
gauge lengths were chosen as 30, 50, 75, 100, 150 and 200 mm. 50 times were averaged for each.

Nanoindentation testing The nanoindentation testing in terms of hardness property, creep
deformation and interphase property between core and cladding om®.BOk were proceeded by
Hysitron with a threeside pyramidal Berkovich diamond indenter. The typical l0splacement
curve of POF is presented in Figure 4.1. The effects of filaeneder and cross section direction on
hardness property were also dis@dss
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The nanoindentation testing for 0.5 mm POF was conducted in two ways: when the holdigg time
was 10 s, the loading tintevaried from 5 s to 30 s; when the loading time was 10 s, the holding time

4



shifted from 5 s to 30 s. 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 pperties 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 bedwjeent indents.

POFs were tested from cladding to core in the line througbetieeof cross section.

Tension fatigue testingIn this investigation, the tension fatigue testing of selected POFs was
proceeded by Instron at 20@nd 65% relative hurdity. Each sample was measured with constant
applied loadelatedto 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 42 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 appéiddthe stress ratio was
0.1), as shown in Figure?.

Flex fatigue testing The flex fatigue propertiesf all POFswere carried oubn Flexometerat 20 eC
and 65% relative humidityThe testing was aimed to evaluate the flex fatigue lifetime of RPGBEdD
on the number of bending cyclasfailure. The weightm could be applied to thigee end of POFs10
samples can be tested at the same thi¢imes were averaged for each typ®OfFs
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Figure 43 Prototype device to measure resistance to bending (left) and corresponding scher
diagram of side view (right).

In this work, the QQ plot and Weibull distributionvere combineds the exploratory data analysis
method to estimate the proper distribution of number of bending dyicl€ke relations among fiber
diameter, number of bending cycles and flexibility were also estimated based on the double
logarithmic curves.



5 Summary of the results achieved
5.1 Tensile properties

The results from tensile testing of all POFs are illustrated in Figure 5.1. It is observed 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 therfiiameter rises. There is an opposite relation
between tensile strength or strain value and fiber diameter.
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Figure 5.1 POFs with different diameters: (a) tensile strength and modulus; (b) strain.

The phenomenon in tensile strength mighekplained by the weakebibk 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 larger. Thereby, the
thick fiber initiates lower strain rate as expecteésiBe, 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 estmated to fracture with small values of tensile strength and strain.
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Figure 5.2 Practical stresgrain curve of 0.5 mm POF.

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 j&1]. 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 disgioiémses in
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strength and strain. The reason for such behavior might be related to theeaoructile properties
(bi-linear curve with an obviou$ k n shewin in Figure 5.2) and the visetastic behavior of POF.

5.2 Strength distribution

It is obseved from Figure 5.3 that it iglmost coherent between experimental and theoretical results
by using thregparameter Weibull strength distribution whtre gauge lengtH is the same as the
reference length,.

Three parameter weibull distribution
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Figure 53 Threeparameter Weibull strength distribution of 0.75 mm POF with diffegange
lengths [(=1).

0.2

Probability of fiber failure

0.0

The threeparameter Weibull distribution can be used to predict the dependence of strength on gauge
length as well The Weibull shift parameteis the lower limit of strengththe scale and shape
parameters can be obtained from the fitting equation of Weibull distribléised on 1 mm reference
length.The relationship between mean fiber strength and gauge length is shown in Fgure 5.
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Figure 54 Relation between mean fiber strength and gauge length of 0.75 mm POF.

5.3 Nanoindentation properties
Surface roughness

In the measurement tdpography osamplesthe scan size ddll images was5 em. The POF
cladding in Figure %.is on the lefthand sidén 2D image, whichis in the rightpartof 3D image. The
left part represents the POF cditas observed that the sample surface is not absolutely smbeth, t
aresome small peaks and valleys ioty imageswhich could be attributed to thearual polishing
processesThe value of nanoindentation depth shouldldrgerthan the root mean square (RMS)
surface roughness in order to minimize the influence of surface roughness on testinfi2@site
value ofroot mean square surface roughness for each s@ess thard0 nm in this investigation.
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Figure5.5 Latitudinal cross section of 0.5 mm POF: (a) 2D height image; (b) 3D height imac

Loading rate effect on nanoindentation creep

The nanoindentation creep displacements of core and cladding of 0.5 mm POF latitudinal cross section
with different loadingimes are shown in Figure& First of all, the fitting equation gives a good fit to

all experimental dateSecondly, all the curves 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 sttddystagg23]. 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, therefoeelonger time is required to

reach the maximum load, resulting in the creep deformation during the loading24iné could be

also explained by the dislocation substructure that is formed beneath the indenter due to different
indentation stresses with various strain rates, hisdsubstructure might play a significant role in the
subsequent creep behavjap].
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Figure5.6 Creep displacement of 0.5 mm POF with different loading rates.

Figure 57 (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 based on the coefficient of
determinatiorR?= 0.9998. The corresponding strain rstshow in Figure 57 (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 § representing the transient creep. With the increment of holding time, the
displacementncreases at a gradually saturated strain rate at 0:D0Bt!s respect to a steadyate
strain[23]. Figure 58 (b) shows the related stress exponent.
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Figure 57 0.5 mm POF core with 10 s holding time and 10 s loading time: (a) curves of displac
and strain rate versus holding time; (b) corresponding curve of log(strain rate) versus log(st

The variation of stress exponantf 0.5 mm POF at different éaling times is displayed in Figures5.

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
investigationthe 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 th26]edists
convincing that the stress exponent can be calculated from the curve of log(strain rate) versus
log(stress), as illustrated in Figurer §b). It is concluded that the stress exponent is sensitive to the
loading time or loading rate, and 0.5 mm Pi@S a very strong loading rate sensitivity (LRS) in stress
exponent.
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Figure5.8 Dependence of stress exponent on loading time of 0.5 mm POF.

To understand the creep mechanism of 0.5 mm POF in depth, both values of hidrdndsslastic
modulusE, are investigated at various loading times, as shown in Fig@rd=6t all samples, both
hardness and elastic modulus increase with decreasing loading time or increasing loadingenate. W
the loading times lower, the loading ratés higher, the shorter time is allowed to creegmd the

smaller indentis created in the end of holding period, whicladeto greater hardness due to the
smaller contact arealhe higher elastic modulus at higher loading rate implies thigh, Rgher

loading rate, the less creep occurs during the loading period, and the creep phenomenon could remain
in the subsequent unloading time when the elastic modutnsasured.

Based on the theory of Oliver and Pharr method, the contact between indenter tynalelsurface

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 stiffnes§27-29].
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The creep phenomenon in 0.5 mm POF might be induced by plasticity orstmecture. Given that

the fiber is constituted by core and cladding, the interphase between two parts is not clear. The
variation of microstructure 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.
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Figure5.9 0.5 mm POF with 10 s holding tim@) elastic modulus; (b) hardness.
Interphase properties

When the nanoindentation depth declines to 40 nm (close to the value of RM§)adieg 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 Figréap.It is estimated that the
interphase width could be in thhange 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 avibid 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. 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.

(@ (b)
020 | 1% 028 . 5
. }
° o
. " e =
e 8% PR
018 | L - 024 | .
- . [} .
. . 4 ° . 4
L} n
*e * ° 020 1 ¢ st
. 016 e = z LR - <
o . o o ° L %
e LA L | e e ° L] aen =
T L] a® o ® w” T 016 f ® u . w
014 | ! 13 L 3
° o "en
.t . H = Testl H ® Testl
LI e Test2 012 b e, ' ® Test2
LY E ® Testl ° N | E ® Testl
012 m . . :
® Test2 o« " - e Test2
1?2 008 |- 12

L L L L L L L L L L L L L L L L L L L
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 18
Position of nanoindentation Position of nanoindentation

Figure 510 Hardness and modulus of 0.5 mm POF w{#) 40 nm depth and 700 nm spagcilig) 40
nm depth and 400 nm spacing.

There are three indents during the transition zané two possibilities of indent locations in the
interphase region, as shown in Figur#05(b). Based on the above results, the interphase width could
be estimated as 800 ~ 1600 nm.

5.4 Tension fatigue properties

Extension response under constant stresaplitude
10



Figure 511 depicts the variations of total extension and cyclic extension of selected POFs during
tension fatigue testingJnder 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 dynamidatigue testing, the applied strength is generally less than the yield strength. The
fundamental reason resulting in the fatigue of plastic material is caused by thelsistogty. Under

the alternating external stress, the deformation of moleculansiva 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 hcreases, 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.

If the unloading time is not sidfent 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 ugnedhing
fatigue cycles, as shown in Figurd 3.
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Figure 511 POFs in tension fatigue testing: (a) total extension; (b) cyclic extension.

Moreover, it is visible that the fiber diameter has diffeiafitences 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 ther diameter also plays a role in strain value. However, the reason behind it is more
complex. Theinitial 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 apeeiféerent. The thinner the

fiber diameter, the lower the breaking load in tensile testing, the slower the crosshead speed in tension
fatigue testing, and the lower the extension rate of fiber. Relatively speaking, the thinner POF has
more time to defon during tension fatigue testing. In this case, it is more possible for molecular
chains to go straight and slip. Therefore, the total extension should be higher for thinner POF.

The reason for low cyclic extension for 0.5 mm POF could be due to thedlighaof extension at the

point of minimum applied load in each fatigue cycle shown in Figut8 She recovered elastic
deformation is the difference between the extension at the point of maximum applied load and the
extension at the point of minimum afgal 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 deformagtarexist during

each fatigue cycle and accumulate gradually in thinner fiber.

11
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Figure 512 Extension versus time curve of 0.5 mm POF in tension fatigue testing with 15 cyc
Tensile property after tension fatigue testing

Figure 5.13 exhibit the changes ddtrain valueof 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 strain decreasekeadly 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. It indicates that the beicieer fi
more sensitive to tension fatigue cycles during dynamic tension fatigue tdistiright be explained

by the large interphase area between core and cladding in thick POF, which could result in the high
possibility of uniformity problem of interphasadhesion. Another reason could be attributed to the
various proportion of core or claddingali POFsthe respective contributions of core and cladding to

the mechanical properties of the whole fiber are not the same in each POF.
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Figure 5.13 Strainalueof POFs after tension fatigue Figure 5.14 SEM image of latitudinal cro:
testing. section of 0.25 mm POF.

In addition, the cladding is not perfectly even in thickness, as shown in Fig4reEsen though the
cladding isa relatively thin layer in POF, while its role in fiber properties could not be ignored due to
its different material composition.

The material of cladding is composed of PMMA and PTHRe mixture of PTFE into PMMA can
change the properties of material.FE is a kind of soft polymers, its modulus is only 0.5 GPa but its
strain reaches to 250 ~ 350[29]. The different ratio between core and claddin@®Fs 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.

Moreover, the strain value decreases redhkto 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

12



applied in this work are relatively brittle, as proved by the fracture images in SEM pictufgure

5.15, 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 sensigivit tensile testing after dynamic tension fatigue testing.

2 1b0 um

Figure 515 Fracture surfaces of 1.0 mm POF from tensile testing: (A) side view; (B) end vie
5.5 Flex fatigue properties
Bending resistance

Figures 5.16-5.17 illustrate he resultsfrom one samplén regard to th Weibull Q-Q plots and
Weibull probability plotslt is visible thatthe combination of-Q plot and Weibuldistribution can
give a good fit to most of experimental dataindicatesfrom Figure 5.18&hat there istte posiive
relationship between number of bending cycles to fiber failure and flexibility of POF.
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Figure 516 Weibull 3 QQ plot of 0.25 mm Figure 517 Weibull probability plot of 0.25 mm
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Flex fatigue behavior
13



Flex fatigue life curve

It is found that the ratio of pretension to ultimate tensile streagtine percentage of pretension) has

a significant effect on bending cycles to break, as shown in Figurel6i§Qvell known that, under
certain load, the molecular chains are firstly orientated and rearranged; during this period the fiber is
stretched shight 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 valws of
5.55%, 0.25 mm POF might be oriented, resulting in the high flegutatresistance to small
temporary load. Above this critical value, there is an obvious reduced flex fatigue resistance to larger
temporary load. The similar phenomena are found with the value of 88.89%. Especiallga.viden
93.33%, the bending cycle isly 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 thigiork, the ratio range is boarder. One major reasauéto thePOF
properties. On the other hand, the testing conditions especially the bendingrahgtaling speed

might affect the results as well. The POFs produced for efficient data transmission generally have the
limitation of flexibility, and the bendigp radius is only eight times of fiber diameter. 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 519 SN curve for 0.25 mm POF.

It is observedrom Figure 5.20that 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).

Figure 520 Bending fracture of 0.25 mm POF under pretension of 10% of ultimate tensile stre
Fatigue sensitivity coefficient

The valuesof fatigue sensitivity coefficienfslopes of fitting curvesin this workareless than las

shown in Figure 52 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 fastigoepded. The

14



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 flexifme testing before fiber fracture was also investigated.
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Figure 521 NormalizedS-N curve for 0.25 mm POF.
Stiffness after flex fatigue testing

Some samples were taken out from the Flexometer device during the flex tatjgrranents without

fiber fracture, in order to investigate the stiffness of 0.25 mm POF. It is evident from FigRithg,

when the pretension is below the upper limit of transition zone which is around 22.22% of ultimate
tensile strength, these is sinificant 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, which means there is an evident loss of modulus during 10 beyaey It implies

that 0.25 mm POF is very sensitive to flex fatigue.
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Figure 522 Modulus of 0.25 mm POF after flex fatigue testing.

This phenomenon is quite distinct from that of hemp fiber or glass fiber reinforced comp@gites

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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6 Evaluation of results and new findings

6.1 Conclusions

It is summarized from the tensile testing that the widely accepted concept about the inverse relation
betweendiameter and tensile strength of single fiber, the wedkdstheory, 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.mMmbeulus 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 distributiohROF, it is concluded that thrgmrameter Weibull
distribution could be a good model not only for investigation of statistical distribution of fiber
strength, but also for estimationtbe relation between@an fiber strengthnd gauge length

The application of nanoindentatiotechnique in the investigation of local mechanical properties of
POF core and POF cladding indicates ttigre is a positiverelation between loadingate and
nanoindentation creegeformation It is observed that POEladdng is softer thanPOF core 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 mettwodreatefiner 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 P8I 32]

The durability of POF is investigated based on tension fatigue testing and flex fatigue testing. The
results from tension fatigue testing indicate that the valubstbftotal extension and cyiclextension

go up with increasing fatigue cycléalith 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 dne 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 loadinghgtirad

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 presenceafbably 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 POpiesenta significant lossn strainvalue The thtkerthe fiber, the

larger the loss

The flex fatigue properties of POF can be characterized with the mean number of bending cycles to
break by FlexometerThe combination of € plot and thregarameter Weibull distribution is
effective for estimation afiumber of bending cycles to break with different POF diamelbese is a
positive relation between number of bending cycles to break and flexibility of POF.

The flex fatigue life curve illustrates the decay exponential relation between applied pretandio

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 pretensiomMeanwhile 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 materialsxfilésred mainly by

the POF properties and the extensive bending angle or fast bending Spessl.is an evident
degradation in modulus after flex fatigue testing even though the pretension is below the transition
zone offatigue life curve. However, theadulus decreases slightly after 10 bending cycles

6.2 Other findings

The side illumination of luminous fabricis important andcould be accomplishedsually by macro
bends of POF in structure design and the surface modifisatfoROF. Anothertiree methods are
introduced here to enhance the side illumination of POF fabrics.
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Laser treatment and titanium dioxide powder

The side illumination intensity in certain POF distance could be improvesihyg Titanium dioxide

(TiO,) powderand lasetreatmentTiO, is one most widely studied photocatalyst due to high photo
activity, low toxicity, good chemical and thermal stabilities, and cheap price. The refractive index of
TiO, is 2.5, relatively higher than that of POFs, leading to more possibility for ligttirgnbut.
Additionally, POF is sensitive to heat. It is believed that the addition of @a@icles in fiber cladding
would alleviate the heat damage during laser treatment.

ultrasonic homogenizer

TiO, m fiber
powder = =
et . —, funnel+|-, \7- 30&
0, i J "
0% amplitude Ll glass balll- g
minute
C3H;0 10 g/L mixture 10 g/L mixture

Figure6.1 Surface modificatiorof POFby TiO, particles.
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Figure 62 Dependence of input illumination intensity and attenuation coefficient on pixel tii
dotsexperimental data, dash lisenoothed data.

The experimental data indicate thia¢ tuse ofliO, particlesimproves the thermal stability of POF and
reduces the ansparency of POF simultaneously. If the influence of improved thermal stability on side
illumination is dominant, the side illumination might increase in a long distance; if the influence of
reduced transparency on side illumination is major, the sidmiitlation might decrease beyond a
short distance. Overall, the combination T80, particlesand laser treatment can benefit the side
illumination to some extent.

Fluorescent fabrics

The side illuminating effect of POF is improved by using the woven fheerg polyester (PET)
fabrics which are wrapped on the surface of naked. FOE 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 fiwescent fabric is connected to the light source continuously, the
measured side illumination intensity from the surface of sample increases accordingly, as illustrated in
Figure 63. Moreover, this method could be also applied to even the light diffasiadhe surface of
sample.
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Figure 63 Comparison of side illumination intensity of POFs with and without fluorescent PET.f:

Lensed POF

The side illumination intensity of POF could be also enhanced by the lensed endndtiaeipeould

be created by the method of g@ser cuttingBased 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. The perfect ball lens in the esfdPOF could be achieved, as shown in Figu#e Bhe

lensed POF can be used as a convex to receive light for light gathering purpose, or applied as a
concave to release light for light distribution purpose.

Figure6.4 Lensed POF: () light gathering(g—d) light distribution.
6.3 Future work

This thesis work provideshe basicknowledgeabout POF itself, but ther@re still some confusions
left. The future work is introduced as follows.

Further investigation of the effects of fiber diametenwthanical properties.

Study on the fracture mechanism of POF (regarding tensile, bend and torsion)
compression by finite element method.

Improvement of testing methods of side illumination intensity of POF.

Evaluation of side illumination intensity of POF

Simulation of light transmission of side emitting POF.

Design and fabrication ¢tOF fabrics with dynamic patterbased on above results.
Investigation of mechanical properties and side illuminating effect of POF fabrics

E |

E ]
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