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Abstract

With the increasing utilization of fibre reinforced polymer-based composites
(FRPs) in aircraft, civil construction and automobile engineering industries, long-
term durability is critical to FRPs. In another word, it is essential to maintain the
structural strength of FRPs under various environmental effects (such as UVR,
temperature and moisture) with the change of time. FRPs are inevitably in contact
with UVR from sunlight during service. Nowadays, at least 50% fuselage materials
of commercial aircraft A350 and B787 are implemented with FRPs. The roofs and
facades on buildings and deck panels on bridges made by FRPs are found
everywhere.

Ultraviolet radiation (UVR), an inherent stimulus to human body and polymer-
based materials, poses negative effects to the health of exposed organisms and
strength of exposed materials. To protect polymer-based materials from UVR
degradation, inorganic zinc oxide (ZnQO) particle is proposed to alleviate the
chemical UVR absorption of polymers and simultaneously enhance the physical
UVR absorption. ZnO is able to physically absorb UVR and gives full UVR
spectrum absorption. Besides, it is relatively inexpensive and easy for processing.
Moreover, nanoparticle dissolution out of polymers could happen when contacting
with UVR and ionic solutions. Hollow glass fibre (HGF) is introduced to protect
the nanoparticles from dissolution and simultaneously reinforce the polymer
surface from wearing problem as hollow glass fibre generally has high wearability.
As a result, ZnO/HGF is engineered to be the top lamina of glass fibre reinforced

epoxy composite for the protection purpose.



100nm ZnO particle is found in present research performing with optimized results
in UVR absorption with good particle dispersion in epoxy, unsaturated polyester,
epoxy-based and styrene-based shape memory polymers (EP- and S-SMPs). 4
wt.% 100nm ZnO particle mixed with epoxy is filled into HGF by using vacuum
infiltration technique and exhibits uniform particle dispersion and good rheology
properties. 4 wt.% 100nm ZnO/HGF lamina achieves high UVR absorption among
the tested samples including epoxy, 2 wt.% and 7 wt.% 100nm ZnO/HGF laminas.
Particle agglomeration occurs when the particle content is increased to 7 wt.%
which its lamina results in having the lowest UVR absorption. 4 wt.% 100nm ZnO
also exhibits good particle dispersion, UVR absorption and therefore is able to
maintain the surface hardness and shape memory effects in EP- and S-SMPs after
UVA exposure.

The surface morphology and tensile properties of glass fibre unsaturated polyester
composite with 6 wt.% 100nm ZnO implemented in the first three layers of glass
fabric underwent accelerated continuous and cyclic UVA exposure are compared.
Their surface morphology has no significant difference but their tensile properties
are found otherwise. The rate of change of the Young’s modulus of the composite
underwent continuous UV A exposure is 2 times higher than that with cyclic UVA
exposure. Similar result is found in the tensile strength which is 1.16 times higher.
Mechanical properties should be the determinant for the degradation rate of
composites and estimation on their service life.

Theoretical model is developed for the parameter optimization in designing the
configuration of ZnO/HGF lamina based on stress transfer ability. Together with
the results obtained from experimental analysis, 4 wt.% 100nm ZnO/HGF lamina
with longer length of HGF has good stress transfer ability, load carrying capability,

particle dispersion and UVR resistibility.
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Up to the moment in present research, it has been revealed that there are plenty of
potential in the investigation of the UVR degradation and resistance in polymer-
based composites. More details will be addressed in the last chapter of this thesis,

Chapter Nine Concluding Remarks and Suggestions for Future Development.
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Chapter One  Introduction

Chapter One

Introduction

In recent years, industries are searching for alternative ways to lower the carbon
emissions during manufacturing and burning fuels and looking for sustainable
resources and materials for urban development to tackle the continuously growing
global pollution problems. On the other hand, the alternative solutions are required
to comply with the economic commitment which should be effective and possess
potentials for investment.

In materials development, metallic materials are conventionally used for different
engineering applications because of their good mechanical properties. However,
the supply of unsustainable metallic materials is expected to fall behind the
demand within the next 100 years according to the report pressing in 2012 from
the University of Massachusetts Institute of Technology [Alonso el al., 2012]. As
indicated, the inequality between supply and demand will cause a variety of global
problems including price increases, humanitarian and environmental disregard.
Jones [2013], was the Journalist for Nature and Yale Environmental 360, reported
in 2013 that researchers are now working to find renewable alternatives to critical
metals or better ways to recycle them. Polymeric materials are the other options
besides metals. They are relatively abandon and cheaper in production which are
generally synthesized from petroleum. In environmental concern, researchers have

conducted investigations on producing polymers from sources which are more
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sustainable and environmental-friendly than petroleum [Meier et al., 2007; Meier
etal., 2011].

One of the alternative is the fibre reinforced polymer-based composites (FRPS),
such as glass or carbon fibres reinforced polymer-based composites (GFRPs or
CFRPs), which their demand is dramatically increasing in recent years. They have
been introduced and have potential developments in aircraft, civil constructions
and automobile industries due to their advantages of light weigh which save the
use of fuel and lower the carbon emission during operations, high design varieties
for possessing extraordinary mechanical properties, non-corrosive property,
relatively abandon and could be sustainable and environmental-friendly.
Improving the durability and lengthen the service life of materials are as well the
promising solutions to save the environment as this leads to less production of
waste. Polymer-based materials have their deficiency under various environmental
conditions, such as ultraviolet radiation (UVR), moisture and temperature changes.
Researchers have studied the degradation effects of a combined environmental
conditions in polymer-based materials. This makes a difficulty in understanding
the effects of single UVR in the materials. On the other hand, the harmfulness of
UVR attacked human bodies keeps on going to be a global concern. Ozone
depletion is discovered above the South Pole and the neighboring countries, such
as Australia. This allows UVC, which is almost all absorbed by Ozone layer, to
penetrate and reach onto the Earth surface, human bodies and construction
materials. At the moment, there is still a limited research indicating about the
amount of UVC intensity that reaches onto the Earth surface. Disregard UVC,
UVA has the highest intensity and penetration power to human bodies. Existing
commercial methods to prevent the integrity of polymer-based materials from

UVR degradation are to use UVR protective coatings and embedded UVR resistant
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additives into polymer base. However, the surface of these two materials are easily
suffered from wearing and dissolution problems under objects strikes and
chemicals contact which eventually their function of UVR resistance are lost and
the core materials are subjected to UVR exposure inevitably.

In present research, hollow glass fibre (HGF), as a recognized new functionally
structural material with multifunctional properties by filling substances with
unique characteristic, is introduced to be the host to protect zinc oxide (ZnO) from
wearing and dissolution out of the polymers while ZnO nanoparticle possesses its
intrinsic properties for physical UVR energy absorption in cost effective way. A
topmost protective lamina of ZnO/HGFRPs is proposed to help alleviating the

degradation effects in the core laminate of GFRP underneath.

1.1 Aim and Objectives

This research is to develop a new generation of glass fibre reinforced polymer-
based composite (GFRP) protected by a layer of ZnO/HGF and investigate the
material in terms of their UVR absorbability as well as their mechanical properties
to alleviate the degradation effects in the core layers of GFRP. HGF and GFRP

were chosen for the first attempt of this novel technology.

The objectives of this research are:

* To identify the specific type of nano-ZnO for physical UVR absorption

* To develop an UVR shielding nano-ZnO/HGF lamina on top of GFRP core
and investigate the UVR shielding capability of the lamina

*  To optimize the configuration of nano-ZnO/HGF lamina regarding its UVR
absorbability and stress transfer ability by using experimental and theoretical

analysis
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1.2 Outline of Thesis

Literature Review

Chapter Two reviews and summarizes the literatures regarding the usage of FRPs,
the change of environment, the nature and the harmfulness of UVR, different UVR
degradation tests on polymer-based materials and existing UVR resistance
solutions for polymer-based materials. This chapter provides an overall and basis

scenario for the present research.

Background of the Present Research
Chapter Three states the background of present research including the problem
statement, the materials for experiments and the methodology implemented for

experimental and theoretical analyses.

UVR Degradation Mechanisms in Polymer-based Materials

Polyakov [1966] studied the effects of UVR towards the strength and failure of
polymers under vacuum and air conditions. The study indicates the UVR
degradation effects towards the mechanical properties of the polymer in vacuum
condition of 10°°mmHg (high vacuum) tend to cease after 80hours of exposure. In
Betteridge et al. [1977] set up a thermal degradation exposure chamber and tested
the change of chemical compositions of polymers by using UV-photoelectron
spectroscopy. The study points out the necessity to acquire analyzing techniques
for monitoring the degradation products in the polymer.

Started from 1980, whereas the applications of polymer-based materials were
expanding, the number of research papers concerning about the UVR effects in the
materials were increasing at the same time. The UVR degradation mechanisms of

polymer-based materials are reported in Chapter Four.
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UVR Absorption Mechanisms in Zinc Oxide and Zinc Oxide—Polymers

In recent years, researchers have started to discuss the methods to protect polymer-
based materials against UVR attacks. ZnO nanoparticles are being commonly used
for UVR resistance purpose because of its intrinsic and prominent physical UVR
absorbability. Findings on the UVR absorption mechanisms of a ZnO atom and

itself embedded in polymers are presented in Chapter Five.

UVR Degradation in Zinc Oxide/Polymer Composites

Chapter Six reveals the effects of UVR degradation in ZnO/polymer composites
from experimental analyses. Artificial UVR exposure was chosen in the
experiment to effectively obtain the testing results and compare the effects of
artificial continuous and cyclic UVR exposure in the polymer-based materials.
Furthermore, four kinds of polymer-based materials, GF/EP composite, GF/UP
composite, EP-SMP and S-SMP, filled with ZnO nanoparticles underwent

artificial continuous UVR exposure were studied on their UVR degradation.

UVR Resistance of Zinc Oxide/Polymer Composites

Chapter Seven discusses the UVR resistance of ZnO embedded in polymers and
ZnO/polymer filled into HGF. The dispersion of ZnO nanoparticle in epoxy and
the rheology properties of ZnO/epoxy resin regarding the UVR resistance and
manufacturing of the composite were concerned and discussed. The negative effect
of silane-doped on ZnO nanoparticle for the UVR resistance of the composite was

revealed in this chapter.
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Theoretical Analysis for Parameters Optimization

Theoretical analysis of ZnO/HGF lamina, a five-cylindrical system, is deliberated
in Chapter Eight. The developed mathematical model provides a theoretical
principle to evaluate and optimize the design parameter of a system constructed in
similar way based on its stress transfer ability. In addition, the model provides a
theoretical concept for the configuration of the lamina regarding the content of
ZnO in the core, the length and the thickness of HGF, the shear strength and the
thickness of adhesive layers in relation to the mechanical and geometric properties

of all elements in the system.

Concluding Remarks and Suggestions for Future Development

A summarized conclusion for the present research is made in Chapter Nine which
is the last chapter of this thesis. The investigation documented in this thesis is not
the completion for the research on UVR degradation and resistance in polymer-
based composites. Future potential development of the research on this subject is
also suggested in this chapter indicating there are plenty of room to be exploited

for the integrity of polymer-based composites.

This research aims at providing a feasible and durable solution for the UVR
protection of FRPs employed in aircraft and civil building exposing under UVR

constantly during their service.
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Chapter Two

Literature Review

Chapter Two reviews and summarizes the literatures regarding the usage of FRPs,
the change of environment, the nature and the harmfulness of UVR, different UVR
degradation tests on polymer-based materials and existing UVR resistance
solutions for polymer-based materials. This chapter provides an overall and basis

scenario for the present research.

2.1 Fibre Polymer-based Composites Utilized under UVR

According to Chawla [2012], Chung [2010], Kendall [2007], Stewart [2011] and
Nicolais et al. [2011], in their books and articles, indicate that FRPs has already
been started its utilization in aircraft, road and marine transportation, civil
construction, automobile and medical industries. The applications in three
technology-leading industries, aircraft, civil construction and automobile
engineering, will be further discussed in the following sections, section 2.1.1,

section 2.1.2 and section 2.1.3.

2.1.1 Aircraft Industry
In 1980, British Aerospace disclosed the earlier principles of design for a CFRP
aircraft wing [Taig, 1980]. It indicated there were four technical factors

dominating the design: designer for built-in and accidentally induced stress, design
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for structural stability, design for service environment, humidity and elevate
temperature exposure and design for variability of structural performance. The aim
of this paper was to propose the use of FRPs for minimizing the mass within the
limits of safety of an aircraft.

The development of Airbus’s long-haul aircraft, A350 XWB shown in Figure 2.1,
entred commercial service in 2015 and Boeing’s short-haul aircraft, B787
Streamliner shown in Figure 2.2, entred commercial service in 2011 has
demonstrated the usage of FRPs which their fuselage shells employ around 50%
by weight of FRPs to replace the traditional use of comparatively heavyweight
aluminum materials. FRPs are also found in external fan blades in GEnx turbofan

engine shown in Figure 2.3 used in B787.

Other

[l Carbon laminate ; Sl

[H Carbon sandwich 10%

- Fiberglass Titanium

M Aluminum 15% “";‘:"“
[C] Aluminumysteel/titanium pylons Aluminum

20%

Figure 2.1 FRPs in Boeing B787 Streamliner [www.1001crash.com]
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A350 XWB - Intelligent Airframe
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pevaRoy Hybrid fuselage
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A350 XWB puts the right material in the right place R}
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Figure 2.2 FRPs in Airbus A350 XWB [www.airbusgroup.com]|

Figure 2.3 FRPs blades in GEnx engine [www.compositesworld.com]

FRP are being an alternative material for aircrafts is because they provide weight
and fuel saving to lower emission of toxic substances. Scelsi et al. [2011]
implemented a cradle-to-grave life cycle assessment (LCA) of structural materials,
CFRP, GLARE (glass fibre/aluminum laminate used by Airbus A380) and
aluminum alloy 2024 plates, to assess and compare the total emissions produced
during manufacturing, use and disposal of aerospace materials and their selected
components. It reported that for over 3600km, corresponding to approximately
5hours of air transport, an aircraft with a CFRP component for replacing a steel

achieves the breakeven time in terms of overall environmental impacts, the
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emission of carcinogens and carbon dioxide, etc. Added that their high stiffness
and strength properties allow the structural components to be pressurized under

comparatively high stress level when aircrafts are flying at high altitude.

2.1.2 Civil Construction Industry

Civil engineering industry had started using FRPs first in small-scale components
for building constructions [Kim et al., 2012; Mirmiran, 1996], such as protective
jackets for pipes, deck panels on bridges and roof for shielding infrastructure.
GFRP was used for the heli-deck of an offshore pipework platform in North Sea
in the 1980s shown in Figure 2.4; the first vehicle carrying with 9m long and 10
tonnes less weighed GFRP bridge deck located in Lancashire, England to span
over a railway at Standen Hey Bridge was completed in 2008 shown in Figure 2.5;
the canopy at Dubai Airport utilized GFRPs in 1972 shown in Figure 2.6; and also
for the large-scale components with simple structures for building constructions,
in 1974, Mondial House in London, England shown in Figure 2.7 was built using
GFRP for its facade which this was one of the most prestigious and ambitious
building projects because of its size and complexity, where all the materials were

constantly contacting external environmental impacts in their service period.

Figure 2.4 GFRP heli-deck of an offshore pipework platform in North Sea [ Gibson,
2003]
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Figure 2.5 GFRP bridge deck for Standen Hey Bridge in Lancashire, England

[www.materialstoday.com]

Figure 2.6 GFRP roof for Dubai Airport in Dubai, United Arab Emirates [Shenoi
et al., 2002]

Figure 2.7 GFRP cladding for Mondial House in London, England [Kendall, 2007]

In recent years, more complicated and dynamic shapes of structures shown in
Figure 2.8 [Kendall, 2007] have been built by using FRPs which the structures are
unrealistic to be accomplished by using conventional concrete and steel materials
to satisfy the building design. Holllaway [2010; 2013] published a review paper
and written a book chapter discussing the present and future utilization of FRP

composites in the civil engineering. The paper suggests the development of FRPs
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Is growing from small scale application of retrofitting to structural scale of hybrid

structural member combing with concrete and/or steel in new construction.

Figure 2.8 FRP architectural structures for Victoria House in London, England
[Kendall, 2007]

2.1.3 Automotive Industry

Many renowned automobile companies have showed increased interest in utilizing
FRPs as structural components in hybrid electric vehicles (HEVSs), battery electric
vehicles (BEVS), sports and private car for achieving the major goal to reduce the
body weight in order to overcome the weight penalty from fuel and battery. 2013
McLaren MP4-12C supercar, a model from Mercedes-Benz, features a single-
piece moulded FRP MonoCell tub shown in Figure 2.9 and weighs less than 80kg.
2010 Audi A8, its spare wheel recess shown in Figure 2.10 uses 60% FRP and
contributes higher stiffness in chassis, 30% less in weight and 70% reduced in

tooling investment [Stewart, 2011].
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Figure 2.9 CFRP MonoCell tub from latest model of Mercedes-Benz [Stewart,
2011]

Figure 2.10 GFRP spare wheel recess of Audi [Stewart, 2011]

2.2 Nature of UVR

According to the report “Scientific Assessment of Ozone Depletion 2014” [WMO,
2014], it used the method of counting ozone-depleting substances (ODSs) to assess
the ozone depletion and found that the trace gases that directly affect ozone and
climate, such as HFCs, N2O, CHa, SFs, NF3 and SO2F2, were discovered to be
variously increasing between tropospheric and stratospheric layers in few years
before 2012. Ozone depletion and the subsequently varied UVR conditions outside
and within ozone atmosphere will be discussed in detail in section 2.2.1, section

2.2.2 and section 2.2.3.

2.2.1 UVR in Space
Atmosphere is divided into layers of troposphere, stratosphere, mesosphere,

thermosphere and exosphere. Troposphere is about 20km high from the Earth
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surface while the layer of stratosphere is from 20-50km above the Earth surface.
Sourced from NASA, approximate 90% of ozone is concentrated in stratosphere
layer having 0.0003% of the total amount of gases in the stratosphere as shown in

Figure 2.12.

Altitude (km)

stratosphere

troposphere
100057

3 ol 9
0zone (parts per million)

Figure 2.11 Change in ozone concentration with the change in altitude [Karentz,
2008]

Outside the ozone layer, in mesosphere or in the space, scientist used the data
collected from satellites positioned outside the atmosphere and running around the
Earth to detect UVR from the Sun and other astronomical objects. According to
Figure 2.13 taken by NASA’s Ultraviolet Imaging Telescope (UIT) on the Astro-
2 mission, it illustrated clouds of gas or particles containing newly formed stars
are many times more massive than the Sun and glowing strongly in ultraviolet light

[Karentz, 2008; US NASA, 2001].
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Figure 2.12 Three different galaxies taken in ultraviolet light (top) and visible
light (bottom) [missionscience.nasa.gov]

UVR emission from the Sun is a kind of electromagnetic wave which is transmitted
in waves or particles at different wavelengths and frequencies. UVR wave emits
directly onto the half surface of the Earth and spiral its emission towards the side
of the Earth facing away from the Sun due to the magnetic field around the Earth
[US NASA, 2001].

UVR is a type of energy. Its energy is calculated in terms of radiation intensity or
electromagnetic force. Figure 2.14 sourced from NASA shows the amount of solar
flux of UVR at the top of the atmosphere (outside ozone atmosphere) and on the
Earth surface (within ozone atmosphere). It indicates space contains a considerable
amount of UVA, UVB and also UVC at around 10°mW/(cm?nm) [US NASA,

2001].

ultraviolet radiation
at the top of the atmosphere

atts/cm?%nm)

ultraviolet radiation
at the Earth's surface

Solar Flux (W

UV 005 absamiion | b B0 atsarpuon | 1UVA 505 absapiion
225 250 275 300 325
Wavelength (nm)

Figure 2.13 Absorption of UVR by ozone [Karentz, 2008]
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2.2.2 Ozone Depletion

Ozone depletion is mainly caused by the increase of chemical gases. A hole is
observed over Antarctica since the late 1970s, and spread widely to the
neighbouring countries, such as Australia, New Zealand, Argentina and Chile. And
it has been reported that Australia has the highest rate of skin cancer in the world
[AIHW, 2014]. The ozone holes were found as largest as around 29.8 million
square kilometres which is more than three and a half times the size of Australia.
According to the adverse consequences, Montreal Protocol is an international
agreement since 1987. Agreed countries are compiling the accordance stated in the
agreement, in this way, some model simulations indicate that total column ozone
outside of the tropics will recover to 1980s values by 2020 to 2050 and to 1960s
values by 2025 to 2060 [WMO, 2014]. However, up to this moment, there are no
any statistical data to reveal the intensity of UVC penetrated into the atmosphere
and reach the Earth surface. And an increase in UVB is dramatically influencing
the terrestrial biological and ecological system which is reflected in the increase
in skin cancer rate in human body and the adverse time phase and biodiversity of
living and agricultural species [AIHW, 2014; Caldwell et al., 1998; Diffey, 1991,

Karentz, 2008; Paul et al., 2003; UNEP, 2010; US NASA, 2001].

2.2.3 UVR on the Earth

The primary natural source of UVR comes from the Sun and it is invisible to
human eyes. Referring to Figure 2.11, UVR has wavelength shorter than visible
light (400-700nm) but longer than X-ray (<100nm) and it is subdivided into three
groups adopted from WHO [2002] and UNEP [2010], UVA, UVB and UVC with
different ranges of wavelength 315-400nm, 280-315nm and 100-280nm

respectively, and different amount of energy reaching the Earth surface,
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9.1105mW/cm? in average of UVA, 0.4795mW/cm? in average of UVB and
OmW/cm? in average of UVC respectively [Diffey, 2002]. Ozone layer is
responsible for absorbing most part of UVB and all range of UVC. When ozone
level decreases, higher level of UVB and UVC will be able to penetrate and reach

the Earth surface.

X-Rrars UrrravioLer VisipLE IxrFRARED

———

0.1 1.0
Wavelength {pm)

“ L

=]

Figure 2.14 UVR region in electromagnetic spectrum [earthobservatory.nasa.gov]

Disregarding UVC, UVA has the longest wavelength, highest intensity and
penetration power to human body. Referring to the data shown in Table 2.1, it
shows the comparison of typical properties of different UVR reaching the Earth

surface.

Table 2.1 Typical properties of UVR reaching the Earth surface [Diffey, 2002;
UNEP, 2010; WHO, 2002; www.skincancer.org]

UvA UVB uvce
Wavelength 314-400nm 280-315nm 100-280nm
Radiation energy Less energetic Medium Highest
Penetration on Highest Much lesser Negligible
human’s skin (to middle layer of skin)  (to outer layer of skin)
Level of intensity on Highest Medium Almost none
the Earth surface
Absorption by ozone Almost none Mostly absorbed Practically all
Amount reaching the Approx. 95% Approx. 5% Negligible
Earth surface
Average amount of 9.1105 mW/cm? 0.4795mW/cm? OmW/cm?

intensity reaching the

Earth surface
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2.3 Harmfulness of UVR

In average, UVR is alerted between 10am to 4pm for 6hours in every day [UNEP,
2010; WHO, 2002]. The intensity of UVR is various with weather, time of a day,
geographical location and altitude from the Earth surface. Places, such as South
Pole, Australia, New Zealand, Argentina and Chile, is suffered from higher
intensity of UVA and UVB because of the ozone depletion. Countries, which are
close to the equator, such as Pakistan, Philippines, are also affected by higher
intensity of UVA and UVB because they locate at higher altitude from the Earth
surface. It is the fact that every 1000m increases in altitude, 10-12% increases in
UVR intensity [WHO, 2002]. Prolonged exposure to UVR is harmfulness to
human body and polymer-based materials. The harmfulness of UVR is dependent
on the susceptibility of the receiver and the amount of accumulative UVR energy.
Their harmfulness will be disclosed in the following sections, section 2.3.1 and

section 2.3.2.

2.3.1 Human Body
Comparing UVB, UVA has higher penetration power to the deeper layer of human

skin as illustrated in Figure 2.15 [Stiefel et al., 2015].

UVA UVB UVC
365nm 313 nm 254 nm

L——~-0

----- - 20
50% 33% 5%

Stratum corneum

- 40
~ 60
~ 80
~ 100
120
- 140
- 160
~ 180
~ 200

19% 9.5% <1%

Y VY V| Skin depth

inpm

E Dermis Epidermis

f

Subcutaneous Tissue

Figure 2.15 Schematic illustration of the penetration level of UVA, UVB and UVC
in human skin [Stiefel et al., 2015]
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The harmfulness of UVR in human body has been extensively studied from a few
decades ago. The response of human skin and eye to UVR is classified in to acute
effects and chronic effects. Experienced a short duration of excess UVR exposure
can cause sunburn and tanning in skin shown in Figure 2.16 and pain and snow
blindness in eyes. Chronic effects are caused by experiencing a long duration of
excess UVR exposure including two major health problems, skin cancer and
cataracts shown in Figure 2.17 [Diffey, 1991; Gallagher et al., 2006; Heiting, 2016;
WHO, 2002]. UVR with high intensity is acutely induce a rapid response in human

body for the damages.

Figure 2.17 Cataracts in human eyes [healthlifemedia.com]

2.3.2 Polymer-based Materials
Most of the polymers, either synthetic polymer or natural polymeric wood, are
susceptive to UVR. Thermoplastic and thermosetting plastic are the two divisions

of synthetic polymer group. Thermosetting plastic is chosen for structural
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materials as it usually has promising mechanical properties than thermoplastic.
Generally, with having enough amount of UVR energy, the bonds between atoms
in polymer are ruptured, so the polymer is resulted in decolourization, loss of
mechanical and thermal properties which limits the performance and service life
of the material [Andrady et al., 1998; Kumar et al., 2009].

In a recent research [Awaja et al., 2011], FRPs underwent UVR exposure were
tested the damaged integrity by using X-ray micro computed tomography (XuCT).
The investigation was conducted on three types of composites, 3D-glass, E-glass
and carbon fibres reinforced epoxy composites. The research indicated the damage
in composite with 3D-glass was spherical voids formed in internal core, composite
with E-glass showed different forms of damages, including microcracks, cracks
and delamination, and the damage happened in both near surface and internal core
of composite with carbon fibres.

In this sense, UVR effect in polymers is a crucial concern especially for materials

used as structural components.

2.4 UVR Exposure Tests on Polymer-based Materials

The method of UVR exposure is a concern for testing the degradation on polymer-
based materials. In the past research, some investigations were done by
implementing natural UVR exposure test, however, this testing method takes a
relatively long time for acquiring results. Therefore, there are many research
choosing artificial UVR exposure test for experiments, and most of them utilized
artificial continuous exposure test.

In this kind of environmental test, numerous factors, such as temperature, moisture,
concentration of oxygen, affect experimental results. Meanwhile, a huge variety

of polymer-based materials are specifically designed for different applications.
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From the review of papers, it is not surprising to understand different results were
obtained in the same samples underwent different UVR exposure methods.
Exposure method for testing the degradation in polymer-based materials has to be
unified and consolidated. In the following, testing equipment and standard will be
reviewed in section 2.4.1 and different testing methods will be introduced in

section 2.4.2, section 2.4.3 and section 2.4.4.

2.4.1 Natural UVR

The standard practice for natural UVR exposure testing of nonmetallic materials

can be found in ASTM G7 launched in 2014. Five points of the significance of the

test are

a. Exposures in several locations with different climates which represent a broad
range of anticipated service conditions are recommended,;

b. Several years of repeat exposures are needed to get an “average” test result for
a given location;

c. Comparing results for materials exposure for short periods (less than one year)
is not recommended unless materials are exposure at the same time in the same
location;

d. Defining exposure periods in terms of total solar or solar-ultraviolet radiant
energy can reduce variability in results from separate exposures;

e. Test specimens are placed on a single test panel or on test panels placed
adjacent to each other during exposure to minimize the effect of temperature
and wetness.

Kyrikou et al. [2011] conducted natural environmental (in soil including the

exposure of UVR, temperature, moisture and other chemicals) exposure for

examining the UVR effects in low density polyethylene (LDPE). In the same
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article, it mentions the artificial accelerated ageing test in the laboratory was also
used for the examination which the test only considered the exposure of UVR and
temperature and without considering the humidity. Added that the testing periods
were held for approximately two consecutive months in 2005 and four consecutive
months in 2006.

In accordance with the issues of the control difficulty in testing parameters and the

lengthy testing period, artificial accelerated test is suggested.

2.4.2 Accelerated UVR

There are two kinds of UVR exposure equipment that are commonly being utilized
for investigations, QUV chamber with UVR, temperature and moisture mode
[Belec et al., 2015; Hulatt et al., 2002; Shanmugam et al., 2015; Yang et al., 2002,;
Yang et al., 2003] and accelerated degradation chamber with only UVR source
[Awaja et al., 2009; Awaja et al., 2011]. UVR is mainly sourced from fluorescent
or xenon lamp, other alternatives are mercury, quartz and tungsten lamp. The
comparison on the feature of fluorescent and xenon arc lamp had been made by
Diffey [2002] and fluorescent arc lamp is indicated as a solution to xenon having
its problem of limited irradiation field.

Various systems for UVR exposure are available depending on the purpose of
experiments. Testing method is also a concern for the experiments. Natural
exposure discussed in section 2.4.1 accelerated continuous discussed in section
2.4.3 and accelerated cyclic discussed in section 2.4.4 are the modes for UVR
exposure being conducted to test the degradability of polymer-based materials.
Regarding the testing method, a diversity of international ASTM standard
practices was authorized as an accordance for UVR exposure test on nonmetallic

materials (ASTM G7, ASTM G154 and ASTM G155), plastics (ASTM D4329,
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ASTM D2565 and ASTM D4459) and biodegradable plastics (ASTM D5275,
ASTM D5208 and ASTM D5071). And there are no any specific testing methods
in terms of UVR degradation standardized for particular fibre reinforced polymer-
based composites.

It is worth noting that an international ASTM standard, ASTM G141, addresses
the variability in various exposure testing of nonmetallic materials. Important
notes for the variability in laboratory accelerated weathering tests are made on the
repeatability and reproducibility. The specific factors that are responsible for the
variability in the tests are light sources, irradiance and specimen temperatures,
water contaminants, or impurities and poor spray quality and ambient temperature
and humidity conditions. These factors have to be preciously controlled for

conducting the experiments in order to give a reliable durability results.

2.4.2.1 Accelerated Continuous UVR

There are many research worked on a combined environmental effect of UVR,
temperature, moisture and salt solutions to the polymer-based materials including
UV resistant filled polymers [Chakrabarti et al., 2008; Shanmugam et al., 2015;
Sil et al., 2010; Tcherbi-Narteh et al., 2013; Tcherbi-Narteh et al., 2014; Woo et
al., 2007; Woo et al., 2008] and fibre polymer-based composites [Belec et al., 2015;
Hulatt et al., 2002] by using the artificial accelerated continuous UVR exposure
test. And there are also research limited to only focus on single UVR effects to UV
resistant filled polymers [Kaczmarek et al., 2001; Liu et al., 2009; Selvi et al., 2014]
and fibre polymer-based composites [Awaja et al., 2009; Awaja et al., 2011;
Guillot et al., 2001; Lee et al., 1999].

Combining UVR with other environmental effects to study the impacts on

polymer-based materials can not reflect the actual effect from single source of any
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of the factors. Although the combined environmental study may be associated with
a particular end-use condition, effects from only source of UVR should be studied
to equip a thorough understanding of the way it affects polymer-based materials.
Considering the research only focused on UVR effects to polymer-based materials
by using artificial accelerated continuous accelerated UVR exposure test, there are
no studies regarding the nanoparticle and glass fibre reinforced polymer-based
composites. The damaging mechanism of UVR to nanoparticle and fibre
reinforced polymer-based composites would be more complicated than that to UV
resistant filled polymers or fibre polymer-based composite studied previously.
Comparing with artificial accelerated continuous UVR exposure test, artificial

accelerated cyclic UVR exposure test has been rarely implemented.

2.4.2.2 Accelerated Cyclic UVR

A limited research are found in polymer-based materials of their UVR
degradability by conducting artificial accelerated cyclic UVR exposure test. All of
the research investigated a combined environmental effect of UVR, temperature,
moisture and salt solutions based on particular international ASTM standard to
polymer-based coating [Yang et al., 2002; Yang et al., 2003], UV resistant filled
polymers [Gibson, 2003] and fibre polymer-based composites [Garcia-Espinel et
al., 2015; Yan et al., 2015].

An investigation done by Agubra in nanoclay and E-glass fibre reinforced epoxy
composite under a combined effect of UVR, moisture and rain is worth mentioning.
Cyclic exposure was conducted according to a specific standard. Surface
morphology, weight, flexural and dynamic mechanical properties were analyzed
and reported in the paper [Agubra et al., 2014]. This research has made a model

example to evaluate fibre nanocomposite under an environmental exposure.
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There is still a lack of research on the effect from single source of UVR to the

nanoparticle and fibre reinforced polymer-based composites.

2.5 UVR Degradation and Resistance Analysis on Polymer-based Materials
UVR degradation is a measurement of the change with time and it is a study of
statistics. The degree and the rate of UVR degradation are two critical parameters
for evaluating the degradability of materials. Different testing equipment were
implemented for characterizing the UVR degradability of polymer-based
composites which will be included in section 2.5.1. There are few theoretical
models analyzing the rate of degradation of polymer-based composites which will

be listed in section 2.5.2.

2.5.1 Experimental Analysis

A testing equipment of X-ray photoelectron spectroscopy (XPS) was utilized by
Awaja et al. in 2010 [Awaja et al., 2010] and Nguyen et al. in 2011 [Nguyen et al.,
2011] to observe the composition changes of the degraded topmost layer in 3D
glass fibre and nanoparticle filled polymer composite respectively. The limitations
of XPS are that in average less than 5nm depth from the top surface of materials
can be analyzed and the sputtering technique for obtaining the depth distribution
information of the material surface is limited for composite which contains
different elements with a high deviation in reaction rate to ion milling. These affect
the accuracy of the results obtained by using XPS to test the degradation properties
of the surface of nanoparticle and/or fibre reinforced polymer-based composites.
Awaja et al. in 2009 and 2010 also implemented Time of Flight-Secondary lon
Mass Spectrometry (ToF-SIMS) [Awaja et al., 2009; Awaja et al., 2010] for

characterizing the UVR degraded surface to obtain the information of its chemical
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compositions, imaging and depth profiling.

3D imaging for investigating the internal damages by UVR in polymer composites
was demonstrated by Awaja et al. in 2011 [Awaja et al., 2011]. It was done by a
testing equipment of X-ray Micro Computed Tomography (XuCT). Internal
damages, such as micro cracks and delamination, were captured in different fibre
composites underwent UVR exposure.

Yang et al. in 2003 and Lee et al. in 1999 correlated the change of electrical/
dieletric impedance and electrostatic properties of the UVR degraded polyurethane
and glass fibre reinforced epoxy composite by using Electrochemical Impedance
Spectroscopy (EIS) and Coronic Discharge Apparatus respectively [Lee et al.,
1999; Yang et al., 2003].

UVR poses a potential in changing the colour of materials during degradation and
the process is named as decolouration or decolourization. Total colour difference
of materials were measured without and after UVR treatment using a
spectrophotometer and it is the measurement of three factors including lightness
and two chromaticity indices. The formula will be expressed in the next section
[Cristea et al., 2010; Ghasemi-Kahrizsangi et al., 2015; Sun et al., 2012].

UV-vis Spectrophotometer is an instrument used for measuring the UVR
transmission or absorption of a medium in solid or liquid form. It provides
information of the degree of UVR transmittance or absorbance of materials against
the wavelength of UVR. It is commonly used to compare the UVR resistibility of
UVR resistant filled polymers to their primitive form [Jeeju et al., 2011;
Kaczmarek et al., 2014; Kulyk et al., 2010; Li et al., 2001; Liu et al., 2009; Nouneh
et al., 2011; Oral et al., 2004; Stevanovic et al., 2012; Tigges et al., 2010;
Vidyasagar et al., 2011; Yang et al., 2004].

Other testing methods for characterizing UVR degradation of materials have
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Fourier Transform Infrared Spectroscopy (FTIR), X-ray Powder Diffraction (XRD)
and Energy-dispersive X-ray Spectroscopy (EDX) to state the radials formations
and chemical changes in degraded materials; Atomic-force Microscopy (AFM) to
test the roughness of degraded surface; film thickness gauge to measure the
thickness of degraded surface; weight balance to count the weight loss explaining
the number of voids happened in degraded materials; Scanning Electron
Microscope (SEM) or Optical Microscope (OM) to observe the number of
microcracks appeared in degraded materials and contact angle is measured to
understand the energy of degraded surface.

In conjunction with the characterization, the degradability of materials were
investigated by different mechanical property tests, such as micohardness and
nanoindentation test for the degraded surface and tensile properties test, flexural
properties test, fatigue test and Dynamic Mechanical Analysis (DMA) for the

integral degraded materials.

2.5.2 Theoretical Analysis

There are few indicators and theoretical models developed for evaluating the
degradability and resistibility of materials and they are listed as follows.
Equation 1 is the quantified measurement of the decolouration of materials in
UVR degradation [Cristea et al., 2010; Ghasemi-Kahrizsangi et al., 2015; Sun et
al., 2012]. Total colour difference, as mentioned in previous section, of materials
iIs measured by a spectrophotometer and it measures three factors including
lightness and two chromaticity indices. The formula is

AE = (AL + Aa*? + Ab*2) /2 (Equation 1)
where AE represents the total colour difference; AL* represents the changes of

lightness; Aa® and Ab* represents the different between red-green and yellow-
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blue colour coordinates respectively.
Equation 2 is the computation of carbonyl substance which is generated in the
chemical UVR degradation of materials [Deka et al., 2012; Devi et al., 2013; Zhao

et al., 2006]. Carbonyl index is developed as
i = Ic :
Carbonyl index = /IR(100) (Equation 2)

where I is the intensity of the carbonyl absorption band (1700-1900cm™) and
Iz is the intensity of the reference band (2900-2950cm™?). The reference band is
not affected by neither the irradiation of UVR nor the crystallinity of tested
materials.

Equation 3 and Equation 4 are the calculations of UVR transmission or absorption
of materials filled with UVR absorbers to quantify the UVR resistance [Levchik
et al., 2004; Sun et al., 2012]. From the Equation 4, it is seen that the absorbance
of a material is directly proportional to the material’s thickness.

Beer-Lambert’s Law:

A =1log,,(100/%T) (Equation 3)
where A represents the absorption of UVR and %T represents the percentage of
transmission

Beer’s Law:

A = gbgyyC (Equation 4)
where & represents the extinction coefficient that is the contact associated with
the absorbent in mil*wt%™ unit, b, represents the thickness of dry film in mil
unitand c represents the concentration of UVR absorbers in wt% unit.

Equation 5 is developed to calculate the photocatalysis of UVR absorber filled
materials for chemical UVR resistance [Chakrabarti et al., 2008]. This

measurement requires the implementation of Eosin Y as a sensitizing dye in the
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UVR absorber filled polymer for understanding and developing the rate of

degradation equation of the material.

—dw _ d[PvC’]

dt ~  dt

= kW (Equation 5)
where the lumped rate constant, k = 2[photocatalyst] (%) (ki [EY] + k), W

represents the mass of undegraded polymer; PVC’ presents the degraded radicals
of PVC attacked by active hydroxyl radicals; [photocatalyst] presents the
concentration of photocatalyst; Ir represents the intensity of UVR; p represents
the density of polymer; [ represents the thickness of polymer; [EY] represents

the concentration of sensitizing dye and k, and k, are defined from experiments.

2.6 UVR Resistance Solutions for Polymer-based Materials

The mechanisms for resisting UVR are by the method of scattering and absorption.
Scattering is a physical reaction of the deviation of light radiation from a straight
trajectory by one or more paths due to localized non-uniformities in the medium
which the lights pass through and the reflected angles can be predicted by the law
of reflection. UVR absorber absorbs the light radiation in two ways, chemical and
physicals. In chemical reaction, it transfers the absorbed radiation energy into
another form of substances called radicals which are usually reactive and harmful
in nature to polymers. In physical reaction, it absorbs the radiation energy and
dissipates the energy physically inside its atom. This reaction is usually done by
semiconductors having inherent band gap inside its atom to possess intrinsic
physical UVR absorbability.

UVR resistant substances are divided into two major groups, organic and inorganic.
Organic UVR resistant usually takes up the UVR radiation energy and react the

energy by chemical reaction while inorganic UVR resistant normally appears in
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the form of semiconductors. More information of organic and inorganic UVR
additives for polymers will be introduced in section 2.5.1 and section 2.5.2.
Further discussion on existing solutions for UVR protection in polymers will be

made in section 2.5.3 and section 2.5.4.

2.6.1 Organic UVR Stabilizers

Organic stabilizers have been incorporated with polymers for reducing the rate of
UVR degradation. However, there have been some disadvantages in mixing
polymers with organic stabilizers [Chen et al., 2015; Jacobs et al., 2007; Selvi et
al., 2014; Shanmugam et al., 2015; Stoecklein, 1999], such as hindered amine light
stabilizers (HALS), hydroxyphenylbenzotriazole, oxalanilides and benzophenones,
which they chemically disarrange the molecular structure of the original polymer
system and accordingly alter the mechanical properties. Either mixed with or
coated on polymers, organic UVR stabilizers entirely react with UVR through
complex chains of chemical reaction. According to the research comparing the
reaction with UVR of inorganic UVR additives and organic UVR stabilizers in
sunscreen [Cockell et al., 1999; Kumar et al., 2009; Sambandan et al., 2011;
Serpone et al., 2007; Stiefel et al., 2015], organic UVR stabilizers produce harmful
radicals with irreversibly deteriorating themselves and their implemented medium.
Organic UV absorber lacks of photostability which it becomes inactive to UVR
absorption by a chain of reaction with UVR and even becomes photooxidizing
agents [Serpone et al., 2007]. Furthermore, organic UVR stabilizers are usually
composed of mixed inaccessible chemicals, in such a way their production are

environmental unfriendly and ineffective.
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2.6.2 Inorganic UVR Additives

A few metal oxides or semiconductors, for examples copper oxide (CuQO) [Fleisch,
1982; Oral et al., 2004; Vidyasagar et al., 2011], zirconium dioxide (ZrO.) [Rivera
etal., 2007; Wan et al., 2014], aluminum oxide (Al.O3) [French et al., 1998; Xiao
et al., 2015] and two commonly used zinc oxide (ZnO) [Cristea et al., 2010; Deka
et al., 2012; Jeeju et al., 2011; Kulyk et al., 2010; Li et al., 2001; Li et al., 2006;
Lowry et al., 2008; Sil et al., 2010; Tigges et al., 2010; Wang et al., 2013; Zhao et
al., 2006; Zohdy et al., 2009] and titanium dioxide (TiO2) [29,36,59,149,176], and
also silver (Ag) nanoparticles [Kaczmarek et al., 2014; Nouneh et al., 2011;
Stevanovic et al., 2012] have been demonstrated their UVR resistance properties
in wood, synthetic polymers and fabrics.

CuO, ZrOz, AlOs and Ag particles exhibit their intrinsic physical UVR
absorbability. This property is achieved by the optical band gap located in their
atomic structure and the dielectric ability on their surface. The degree of
absorbability is dependent on the band gap energy of particle, the dielectric
properties of particle and surrounding medium, the size and the shape of particle.
The principle mechanism of UVR absorption of ZnO and TiO> particles are the
same as CuO, ZrO», AlOs and Ag particles. ZnO and TiO> particles are more
common for UVR resistance because they possess a wider UVR absorption

spectrum and more detailed findings will be presented in the following section.

2.6.3 Comparison of Zinc Oxide with Titanium Dioxide
A comparison table is given in Table 2.2 to clearly show the difference and

similarity in the features of ZnO and TiOx.
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Table 2.2 Comparison of ZnO and TiO; [Dutta et al., 2009; EI-Toni et al., 2010;
Sambandan et al., 2011; Yang et al., 2004]

Features
Wavelength
UVR protection
Photocatalytic ability
Band gap energy
(temperature)
Refractive index in
visible light

Colour in visible light

Solubility
Antibacterial ability
Thermal conductivity
Heat capacity

Crystalline structure

Strengths

Limitations

Zn0O
290 — 400nm
UVAL", UVA2" and UVB

A little lower

- 3.436eV (-273°C)
+ 3.2eV (26°C)

1.9%

+ Transparent (nano size)

- White (RT") to yellow (300°C)&

Hydrophilic
Yes
Relatively high
43.1J/(mol-K)

- Hexagonal wurtzite”

+ Cubic zinc-blende

+ Cubic sock-salt (NaCl type)
- Completely photostable

- Inexpensive

+ Chemically stable

- Relatively abundant

- Easy to incorporate into

emulsions

+ Easy to prepare
- Non-toxic

- Stable to extremely high

temperature (1800°C)

* Anti-corrosion to humidity

" UVAL (340 — 400nm) and UVA2 (315 — 340nm)

TiO:
290 — 350nm
UVA2"and UVB
Higher
+ 3.02eV (-273°C) in rutile
+ 3.2eV (-273°C) in anatase
2.6"

White or light coloured

Hydrophilic
Yes
Lower
50.0J/(mol-K) in rutile
+ Rutile (tetragonal)
+ Anatase (tetragonal)
+ Brookite (orthorhombic)
+ Low cost
+ Chemically stable
- Easy to incorporate into
emulsions

- Non-toxic

+ Thermally unstable
- Highly reactive to UVR@

Literature Review

# Refractive index for water is 1.33

" RT represents room temperature

& Crystalline ZnO is thermochromic

% The most thermodynamically stable structure under ambient condition

@ Photo excited to generate reactive oxygen species
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ZnO is obviously an effective candidate in terms of the functions for UVR
absorption, transparency and thermal stabilization. ZnO has an absorption
spectrum for the whole range of UVR which TiO does not have. Although TiO-
has a higher reactivity to UVR than ZnO, it is not a good advantage for adopting
it in polymers which this increase the rate of radical formation to further degrade
the surrounding polymer. Because of the overwhelming advantages, ZnO is
selected and incorporated into polymers for the present research. More information

of ZnO will be revealed in the following sections.

2.6.4 Characteristics of Zinc Oxide Particle

The chemical structure of ZnO nanoparticles is shown in Figure 2.18. ZnO particle
embedded in polymers yields transparent when it is in nano size of which its
diameter is smaller than 100nm. The physical UVR absorbability of ZnO particle
is dependent on its band gap energy which is affected by its particle size. The
relationship of ZnO particle size to its band gap energy shown in Figure 2.19 has

been studied by Dutta et al. [2009].

Figure 2.18 Chemical structure of ZnO nanoparticle [www.webelements.com]
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Figure 2.19 Band gap energy versus the size of milled ZnO particle [Dutta et al.,
2009]

Larger diameter, in between 10nm and 200nm, of ZnO vyields better UVR
absorption at longer wavelength which is the UVA region [Dutta et al., 2009; Jeeju
etal., 2011; Li et al., 2006]. Most research proved a low content of around 7 wt.%
or below could be the optimum amount of ZnO particle to be implemented in
polymers for good UVR absorption [Cristea et al., 2010; Lowry et al., 2008; Wang

et al., 2013; Zhao et al., 2006].

2.6.5 Characteristics of Silane-Doped-Zinc Oxide Particle

Silane is one of the four major coupling agents for the modification of the surface
of metal oxide nanoparticles [Mallakpour et al., 2015]. Numerous types of silane
are commercially available in the market and have been incorporated onto ZnO
nanoparticle surface for enhancing particles dispersion and their compatibility
with polymer matrix. There are papers investigated the luminescence properties

and UVR responses of silane-doped ZnO in the form of nanoparticle and filled in
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polymer resins. y-aminopropyltriethoxysilane (APTES) [Abdolmaleki et al., 2012;
Abdolmaleki et al., 2013; Costenaro et al., 2013; Grasset et al., 2003; Hang et al.,
2015; Liu et al., 2012; Mallakpour et al., 2014; Mallakpour et al., 2015;
Moghaddam et al., 2015; Ukaji et al., 2007], y-glycidoxypropyltrimethoxysilane
(GPTMS) [Huang et al., 2014; Zhang et al., 2015; Zhang et al., 2015] and v-
methacryloxypropyltrimethoxysilane (MPS) [Abdolmaleki et al., 2011; Bressy et
al., 2012; Hsiang et al., 2010; Kim et al., 2012; Li et al., 2015; Mallakpour et al.,
2012; Musat et al., 2014; Tang et al., 2007; Wang et al., 2010] are the three
common types of silane coupling agent denoted by using their chemical code as
KH550, KH560 and KH570. APTES (KH550) is frequently being used for ZnO
nanoparticles with  epoxy resin. Another silane coupling agent,
Vinyltriethoxysilane (VTES) with chemical code of KH151 [Hu et al., 2009; Joshy
et al., 2009; Kanimozhi et al., 2014; Ma et al., 2005], is usually being used for
polyester resin which polystyrene is one of the compositions.

Table 2.3 compares the physical properties of APTES (KH550), GRTMS (KH560),

MPS (KH570) and VTES (KH151).

Table 2.3 Physical properties of APTES (KH550), GPTMS (KH560), MPS
(KH570) and VTES (KH151) [www.hengdachem.cn; www.sigmaaldrich.com]

APTES (KH550) GPTMS MPS (KH570) VTES (KH151)
(KH560)
Classified Amino silane Epoxy silane Methacryloyl Vinyl silane
group silane
Appearance Colourless
Viscosity Low
Density 0.947g/cm? at 1.055g/cm? at 1.055g/cm? at 0.9718g/cm? at
20°C 20°C 20°C 20°C

Molecular CoH23NO3Si CoH2005S1 C1oH2005Si CgHi305Si

formula
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Molecular 221.37 236.34 248.35 190.31
weight
Boiling point  217°C/760mmHg 290°C/760mmHg 255°C/760mmHg 123°C/760mmHg
Refractive 1.420 1.4205 1.4205 1.3925
index
Flash point 96°C 110°C 108°C 22°C
Solubility - Soluble in * Soluble in - Soluble in Soluble in
water water water water
(hydrolysis), (hydrolysis), (hydrolysis), (hydrolysis),
aromatic or aromatic or aromatic or aromatic or
aliphatic aliphatic aliphatic aliphatic
hydrocarbons solvents solvents hydrocarbons
(alcohol) (alcohol, ether (alcohol, ether (alcohol, ether
- Ketone, and ketone) and ketone) and ketone)

acetone and
phenoxin are
not
recommended
to be used as

diluents

All of the silane coupling agents are colourless, have similar refractive index and
low viscosity. KH151 silane has the lightest molecular weight followed by KH550,
KH570 has the heaviest molecular weight. These four silane coupling agents have
slightly difference in their applications. KH550, KH560 and KH570 are more
feasible to be doped on the surface of ZnO particle. Among the three, KH550 has
a widest application, KH560 works good with epoxy, polyester resin, etc., KH570
is used to improve water resistance and adhesion between radical cross-linked
resin (e.g. unsaturated polyester resin) and inorganic substrate. KH151 is practical
to be grafted in polymer to convert thermoplastic resin into thermosetting, to
achieve better heat resistance, chemical resistance and mechanical strength than

the original thermoplastic resin. It is used as a co-monomer for preparing moisture-
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curing silane cross-linked polymer (e.g. silane cross-linked polyethylene (XLPE),
etc.) bridging with glass fibre and inorganic filler.

The chemical structures of APTES (KH550), GPTMS (KH560), MPS (KH570)
and VTES (KH151) are shown in Figure 2.20, Figure 2.21, Figure 2.22 and
Figure 2.23. Their chemical formulae are CoH23NO3Si, CoH2005Si, CioH2005Si

and CgH1303Si respectively.

O “CHy
HsC._ O 2

Figure 2.20 Chemical structure of APTES (KH550) [www.sigmaaldrich.com]

(I)CHs

H3CO-Si—~_ ~
dona T Oy

Figure 2.21 Chemical structure of GPTMS (KH560) [www.sigmaaldrich.com]

o) CH,

Figure 2.22 Chemical structure of MPS (KH570) [www.sigmaaldrich.com]
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\,/O\ S
/\
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Figure 2.23 Chemical structure of VTES (KH151) [www.sigmaaldrich.com]
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The chemical structure of KH550 silane-doped ZnO [Mallakpour et al., 2013],
KH560 silane-doped ZnO [Li et al., 2015] and KH570 silane-doped ZnO [Musat
et al., 2014] are shown in Figure 2.24, Figure 2.25 and Figure 2.26. Functional
groups (usually represents as R) in different silane react with polymer chains and
inorganic ZnO particle with different strength depending on their attraction forces
and the bridging length. —NH> is the amino group (amine) of KH550 silane, epoxy
group (epoxide) in an equilateral triangle form appears on KH560 silane and —CH3
is the methyl group (Me) of KH570 silane, these organic functional groups on
silanes are responsible for reacting with polymers. On the other side, Si-OCH on
silane and —OH on Zn0O, hydroxyl groups, are attracted and bridged together to
form the linkage of Si—-O-ZnO. The chemical structure of KH151 silane-doped-
fibre [Hu et al., 2009] is shown in Figure 2.27. The vinyl functional group on
silane represented as -CH=CH> provides a link for polymer chains and the other

groups reciprocate with fibre.

NH,

NH, .
- NH,
ol o
OH
HO 5 | d
HO Q
0 OH
HO
)
H,N

NH,

Figure 2.24 Chemical structure of KH550 silane-doped ZnO [Mallakpour et al.,
2013]
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Figure 2.27 Chemical structure of KH151 silane-doped fibre [Hu et al., 2009]
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Chapter Three

Background of the Present Research

Chapter Three states the background of present research including the problem
statement, the materials for experiments and the methodology implemented for

experimental and theoretical analyses.

3.1 Problem Statement

Base on the comprehensive literature review presented in previous chapter, UVR
resistance in polymer-based composites is a crucial area in research for the health
of materials during their service and the impact of materials to the environment.
By introducing inorganic zinc oxide (ZnO) nanoparticles filled hollow glass fibre
(HGF) to be the top protective lamina of fibre reinforced polymer composite (FRP),
besides the full UVR spectrum and physical UVR absorbability of low-cost ZnO
nanoparticles and therefore minimizing the UVR degradation effects in core
composite in a cost effective way with a small amount of ZnO nanoparticle, at 7
wt.%, in polymer proven by other researchers to be sufficient for UVR absorption,
the dissolution problem of nanoparticles under environmental erosion and the
wearing problem of surface under mechanical strikes are also expected to be

mitigated.
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3.2 Materials for Experiment

In the development of top protective lamina of FRR to prevent the material from
UVR degradation, two kinds of ZnO nanoparticle are introduced for the UVR
absorption; HGF with micron diameter is used for the protection of ZnO
nanoparticles and surface from dissolution and wearing out. Glass fibre reinforced
polymer (GFRP) is suggested to the base material for comparison study. Three
kinds of polymer resins, epoxy (EP), unsaturated polyester (UP) and shape
memory polymer (SMP) are investigated with the implementation of ZnO
nanoparticles and/or HGF. The following sections will introduce the kinds of
composition being integrated in the novel material for investigating their UVR
degradation and resistance in terms of their mechanical properties and UVR

absorbabilities.

3.2.1 Zinc Oxide Nanoparticle

Two kinds of particles were implemented in tests. A comparison table is shown in
Table 3.1. Uncoated ZnO particle with 100nm diameter is denoted as 100nm ZnO
throughout this entire thesis. Silane coupling agent-doped ZnO particle with 20nm
diameter is represented as 20nm silane-doped ZnO. 1 wt.% silane coupling agent
used is the common one, the y-aminopropyltriethoxysilane (APTES), KH550.
More information about the ZnO particle and silane coupling agent are discussed

in section 2.6.5.
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Table 3.1 Properties of 100nm ZnO and 20nm silane-doped ZnO particles
[adopted from manufacturers]

Type 1 Type 2
Elements ZnO ZnO:KH550
Average particle size 100nm 20nm
Purity 99.9% 99:1%
Crystallinity Single crystalline Single crystalline
Type of manufacturing process French American
Surface treatment No Yes (KH550)
Colour White White
Shape Nodular Nodular
Specific surface area, m*/g 9.0 20-60
Apparent (bulk) density, g/cm’ 0.560 0.532

pH 7.37 6.95

Compositions = Zn0 (99.9%) - Zn0 (99%)
- CdO (0.005%) - KH550* (1%)
- PbO (0.001%) - TiO; (0.051%)
- H.0 Soluble Salts (0.02%) - ZrO, (0.017%)
- Fe,03 (0.001%) - Fe,03 (0.008%)
- Propionic acid (0.2% added) - AgO: (0.027%)

Reactivity data - React with Carbon Dioxide (CO) in air

- React with Carbon Monoxide (CO) or Hydrogen (H) to
produce elemental Zinc (Zn)
- Sublime under normal pressure

- Do not occur polymerization

Besides the difference in particle size (100nm and 20nm), the specific surface area
(9m?/g and 20-60m?*/g) and the surface property (undoped and KH550 doped) of
two particles, their manufacturing process are different (French type and American
type) which leads to a slightly variation of the physical composition of two
particles. And the purity of 200nm ZnO (99.9%) is higher than 20nm silane-doped
Zn0O (99%). The similarity is that they both are single crystalline, in spherical

shape, in white colour and having around 0.5 g/cm?® of apparent density.
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3.2.2 Hollow Glass Fibre

The HGF used in the tests were provided by the Faculty of Engineering, Bristol

University. The glass type is an alkaline earth aluminosilicate glass for high

temperature applications in electrical engineering and exhausted tube for halogen

lamps for automotive, household and general lighting. Table 3.2 shows the useful

information of the HGF.

Table 3.2 Properties of HGF [adopted from Faculty of Engineering, Bristol

University]

Chemical

composition

Chemical

resistance

Physical

data

Item
- SiO
- B2O3
- AlLOs
- BaO
- Cao
- MgO
- Na,O

- Hydrolytic resistance (1SO 719)
- Acid resistance (DIN 12116)
- AlKali resistance (1ISO 695)

Dimension

Coefficient of mean linear thermal expansion o
(20°C) according to ISO 7991

Transformation temperature Ty

Density p at 25°C

Modulus of elasticity £ (Young’s modulus)

Poisson’s ratio p

Thermal conductivity Ay at 90°C

Refractive index ngq (A=587.6nm)

Coefficient of friction CoF

Value

60 wt.%

4.5 wt.%

14 wt.%

9 wt.%

10 wt.%

2.5 wt.%

<0.02 wt.%

Class HGB 1
S3
A2

+ 125um (outer diameter)
+ 100um (inner diameter)
- 64% (hollowness K?)"

4.6 x 10°K™!

720°C
2.63gem™

81 x 10°Nmm™
0.24
1.1W/(m'K)
1.538

0.94 (for glass)

“hollowness K?=d%/D? (d and D represent the inner and outer diameter respectively)
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It is worth noting that the dimension of HGF is one of the factors influencing the
vacuum infiltrating process of ZnO/epoxy resin and the dispersion condition of
ZnO nparticles in epoxy. The Young’s modulus of the HGF is 81GPa (81 x
10°Nmm?) which representing the strength it tolerates under fibre pull out action

before delamination or failure happened.

3.2.3 Glass Fibre

Glass fibre used in the current investigation is the type of E-glass. It is a silica
based with 50-60% SiO3, inorganic and amorphous glass fibre. There are different
woven patterns available in the market, plain woven is the common one which
adaptable for various applications with its similar mechanical properties in plain
transvers and longitudinal directions. The number of WARP and WEFT indicated
in Figure 3.1 are the determinants of the type of fibre. The one implemented in
the present investigation is 431.8 per mm of WARP and 355.6 per mm of WEFT

with thickness of 0.3mm and density of 175g/m?.

Figure 3.1 WARP and WEFT [www.glass-fiber.com]

It has advantages of good electrical insulation, good strength, reasonable Young’s

modulus and low density. Thus, it possesses good strength-to-weight ratio and
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moderate stiffness-to-weight ratio. The typical properties of E-glass fibre at room
temperature are shown in Table 3.3. It should be noted that glass fibres are
susceptible to moisture and static fatigue as moisture decreases the strength of
glass fibres and failure happens over a certain period of time under loads [Chawla,

2012].

Table 3.3 Typical properties of E-glass fibre [Chawla, 2012]

Tensile strength Young’s modulus Cocefficient of thermal expansion
(GPa) (GPa) (107 K1)
1.5-2.5 70 4.7

3.2.4 Epoxy Resin

There are different types of commercial epoxy (EP) resin. The one utilized in
present experiments are the most typical type, epoxy GY251 and hardener HY956.
EP is a thermosetting plastic which contains an epoxide functional group, one
oxygen and two carbon atoms, in its chemical structure illustrated in Figure 3.2

[Strong, 2000].

C—C—C—+R+C—C—C
\O/

0]

Figure 3.2 Schematic diagram of the repeating unit of epoxy [Strong, 2000]

EP is usually adopted for aerospace industry because of its good mechanical
performance (high strength and toughness) together with the embedded fibre
reinforcements. Besides, EP has advantages of higher chemical and fire resistance,
higher strength, fairly impermeable to fluids (moisture) and relatively high

dimension stability (low shrinkage) compared to unsaturated polyester (UP). EP is
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required to mix with hardener for curing process which the mixing ratio is
according to the manufacturer’s recommendation, 5:1 of epoxy:hardener. Table

3.4 shows the typical properties of EP [Chawla, 2012].

Table 3.4 Properties of EP [adopted from manufacturer]

Manufacturing properties of EP resin

Mixing ratio 5:1 of GY251:HY956
Viscosity at 23°C 0.3-0.6Pa-s
Pot life 120mins at 23°C or 60mins 40°C
Gel time 60mins at 40°C or 15mins at 60°C
Minimum curing time 24hours at 23°C or 4hours at 23°C with 6hours 60°C
Properties of cured EP

Density 1.1g/cm?

Glass transition temperature 64°C

Thermal conductivity at 23°C 0.15W/(m.K)

Coefficient of thermal expansion 50-100 x 107°K"!

Cure shrinkage 1-5%

Use temperature 150°C

Shore D hardness at 23°C 80

Poisson’s ratio 0.2-0.33

Modulus of elasticity at 23°C 2.9GPa

Tensile strength at 23°C 58MPa

Flexural strength at 23°C 107MPa

Elongation at break at 23°C 12

Water absorption 0.63% at 23°C for 10 days or 0.65% at 100°C for 30mins
Limiting oxygen index (LOI) 20%

Curing process is able to be done in room temperature at 23°C and pressure at
750mmHg for 24hours or in other particular conditions such as higher curing
temperature and vacuum. The mixing ratio and curing method, which influence
the number of crosslinks built in EP, are important to control the mechanical and

physical properties of EP, such as stiffness, strength, toughness and glass transition
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temperature. In addition, different organic and inorganic additives were
incorporated into epoxy enabling to modify the mechanical and physical properties

of EP for achieving different objectives [Levchik et al., 2004; Sato et al., 2007].

3.2.5 Unsaturated Polyester Resin

The type of unsaturated polyester (UP) resin used in current experiments is
LY191C. It a thermosetting plastic containing around 30-35% of styrene. UP
LY191C was being used together with hardener, methyl ethyl ketone peroxide
(MEKP) with code Trigonox V388. Its chemical structure is shown in Figure 3.3
with its aromatic functional group containing dicarboxylic acis or anhydrides

[Strong, 2000].

(0]

I

I
-ﬁC@C‘—'O—C—C——_C"—C——'OﬁH—

Figure 3.3 Schematic diagram of the repeating unit of unsaturated polyester
[Strong, 2000]

A catalyst, cobalt (I1) naphthenate, was added into the mixture for fastening the
curing process under room temperature at 23°C and pressure at 750mmHg. A
coupling agent Vinyltriethoxysilane (VTES) with code KH151 was also added to
modify the resin to be more compatible with E-glass fibres.

UP has moderate stiffness and strength, moderate chemical resistance and it cures
easily. The mixing formula of UP is UP:MEKP:cobalt (I1) naphthenate:KH151 in
the ratio of 500:10:1:5. Table 3.5 shows the properties of UP in room temperature

[Dholakiya, 2012; Pepper, 2003; Lampman, 2003].
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Table 3.5 Properties of UP [adopted from manufacturer]

Manufacturing properties of UP resin

Mixing ratio 500:10:1:5 of UP:MEKP:cobalt (II) naphthenate:KH151

Viscosity at 23°C 0.4 -0.6Pa‘s

Pot life 15mins at 23°C

Gel time 8-14mins at 23°C

Minimum curing time 24hours at 23°C
Properties of cured UP

Density 1.13g/cm®

Glass transition temperature 110°C

Thermal conductivity at 23°C 0.17-0.22W/(m-K)

Coefficient of thermal expansion 55-100 x 10°K"!

Cure shrinkage 2.4%

Use temperature 120-150°C

Barcol hardness at 23°C 40

Poisson’s ratio 0.3

Modulus of elasticity at 23°C 3.38GPa

Tensile strength at 23°C 75MPa

Flexural strength at 23°C 130MPa

Elongation at break at 23°C 3.3%

Water absorption 0.06-0.28% at 23°C for 24hours

Limiting oxygen index (LOI) 21%

3.2.6 Shape Memory Polymer

Two kinds of crosslinked shape memory polymers (SMPs) featuring thermosetting
behaviour, epoxy-based SMP (EP-SMP) and styrene-based SMP (S-SMP), were
studied with the implementation of ZnO nanoparticles on their UVR degradation
and resistance. Both of them are provided by Centre for Composite Materials and
Structures, Harbin Institute of Technology (HIT). The glass transition temperature
of neat EP-SMP and S-SMP are claimed to be at 100°C and 85°C respectively.
They have different fabrication methods and will be introduced in Chapter Six

section 6.5.
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3.3 Methodology for Experimental Analysis

There are several physical and mechanical testing methods conducted to evaluate
the UVR degradation and absorbability of testing samples. Accelerated UVA
exposure chamber was used for exposing UVA onto the samples. UVR
degradation is measured by the change of mechanical properties of samples
without and after UVR exposure. Different evaluation methods will be talk over

in the following sections.

3.3.1 Accelerated UVA Exposure Chamber

The accelerated UV A exposure chamber installed a mercury UV lamp emits major
wavelength at 365nm within UVA region with the UVA intensity of 100mW/cm?
at temperature of 50°C. The samples were placed right under the lamp inside the
chamber at the distance of 250mm apart from the UVA source.

The accelerated UVA exposure was operated at laboratory condition with room
temperature at 23°C, pressure at 750mmHg and humidity of 50% constantly for
each operation. It is required to note that ozone (Os) is produced during the
operation of UVA exposure and accordingly the samples react more content of
oxygen (O2) for UVA degradation.

The accelerated cyclic UVA exposure was applied on samples referring to the
exposure guideline set in ASTM DA4329 standard, “Standard Practice for
Fluorescent Ultraviolet (UV) Lamp Apparatus Exposure of Plastics”. Fluorescent
UV lamp emitting wavelength at 340nm within UVA region. Cyclic exposure
procedure is specified in the test and cycle A has been chosen for most general
applications which the samples are irradiated at 340nm with irradiance of
0.89W/(m?enm) for 8-hour UV irradiation at 60°C and followed by 4-hour

condensation at 50°C. All samples are placed on uninsulated black panel and they

Isabel Tsz-ting Wong 49



Chapter Three Background of the Present Research

are repositioned horizontally and/or vertically to ensure each sample receives

similar exposure condition.

3.3.2 UVR Absorbability Testing

UV-vis Spectrophotometers was used for measuring the UVR absorption or
transmittance of a material in the form of solid or liquid. UV-vis
Spectrophotometer Dynamica Halo DB-20 machine shown in Figure 3.4 was the
model used in current investigation. It is able to measure wavelength ranging from
190nm to 1100nm. The wavelength scanning speed was set to be 100nm/min with

wavelength accuracy £0.5nm.

Figure 3.4 UV-vis Spectrophotometer Dynamica Halo DB-20 machine

Light is generated by two lamp sources, tungsten lamp for producing visible region
of the spectrum and deuterium for emitting the UVR range. The light is dispersed
into its constituent wavelengths in a monochromator which contains diffraction
grating and slit resulting a dispersed spectrum with a narrow band. In the
diffraction process, several optics are placed in between to lead the light to reach
the testing sample. The ray passed through the sample reaches a detector which is
used for analyzing the level of light absorption or transmittance by the sample.

Figure 3.5 shows the light diffraction working principle of the spectrophotometer.
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Figure 3.5 Visualization of the working principle of UV-vis Spectrophotometer

Beer-Lambert Law (Equation 6) is applied to determine the concentration of
samples at a specific wavelength. It describes the linear relationship between
absorbance and concentration. Furthermore, UVR absorbance and transmittance
of a sample are correlated with and convertible to each other. An inverse
logarithmic relationship between transmittance and concentration is found. Figure

3.6 shows the relationship.

Abs %T

Concentration Concentration

Figure 3.6 Absorbance (left) and transmittance (right) against concentration

Beer-Lambert Law is expressed as

A=gxlxc (Equation 6)
where at a specific wavelength, A is measured absorbance, ¢ is molar absorbance
coefficient (Mtcm™), I is sample path length (cm) and ¢ is sample concentration

(M).
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Relationship between absorbance, A and transmittance, t is expressed as

A=logt (Equation 7)
Absorbance, A is expressed as

logl/t = A (Equation 8)
Transmittance, t is expressed as

I/, = t (Equation 9)

where [, is intensity of light transmittance and 1, is intensity of light incidence.

3.3.3 Material Characterization

Material characterization is a typical process probing or measuring the materials
for understanding their properties, structure and composition. It is a fundamental
study in materials science and engineering. Material analysis including
microscopic (x-ray crystallography and microscopy) and macroscopic

(mechanical properties) studies will be introduced in the following sections.

3.3.3.1 Material Microscopic Characterization

3.3.3.1.1 X-ray Crystallography

X-ray diffraction (XRD) is the study of crystal structures and atomic spacing for
minerals and inorganic compounds. It is calculated based on the constructive
interference of monochromatic x-rays on a crystalline sample illustrated in Figure

3.7 and the condition satisfies Bragg’s Law (Equation 10).

X —ray Beams

|
Figure 3.7 Schematic diagram of the Bragg equation
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Bragg's Law is expressed as
nA=2d sin 6 (Equation 10)
where 6 is x-ray beam is at certain angle of incidence, d is distance between atomic

layers in a crystal, 4 is wavelength of the incident X-ray beam and n is an integer.

XRD Rigaku SmartLab machine shown in Figure 3.8 was used in present
investigation for comparing the crystal structural changes between neat polymer

and solvent and particle implemented polymer.

Figure 3.8 XRD Rigaku SmartLab machine

X-ray beam projects onto the sample and then detected, processed and counted.
By scanning the sample through a range of 26 angles, all possible diffracted
directions of the lattice could be attained due to the random orientation of the
sampling material. Conversion of the diffraction peak to d-spacing allows
identification of the material because each material has a set of unique d-spacing.
The phase analysis result of XRD measurement is a diffractogram, showing phase
present (peak positions), phase concentration (peak heights), crystallite size (peak

widths) and amorphous content (background hump). The width of the peak in a
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particular pattern provides an indication of the average crystallite size. Large
crystallite gives rise to sharp peak, while crystallite size reduces as the peak height
reduces and peak width increases. The area under the peak is related to the amount

of each phase present in the sample.

3.3.3.1.2 Optical Microscopy
Optical microscope shown in Figure 3.9 was used for imaging and evaluating
materials. It is a light microscope using visible light and a system of lenses. It has

a magnification of 2.5x to 1000x.

-

Figure 3.9 Optical Microscope Nikon Model Epiphot‘200 machine

3.3.3.1.3 Scanning Electronic Microscopy
Scanning electron microscope (SEM) was used for surface morphology
observation and elemental detection on samples. SEM JEOL Model JSM-6490

machine shown in Figure 3.10 was the equipment used in current investigation.

Figure 3.10 SEM JEOL Model JSM-6490 machine
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SEM uses a focused beam of high energy electrons to generate a variety of signals
at the surface, top-down or cross section, of solid specimens. This is non-
destructive analysis based on the signals derived from electron-sample interactions

illustrated in Figure 3.11.

Incident Electrons from SEM Spin Polarization Analyzer

N

Magnetic Specimen

Figure 3.11 Schematic diagram of the working principle of SEM

The result obtained from SEM measurement, 2D imaging over a selected surface
area of sample, shows the surface morphology, chemical composition, crystalline
structure and orientation of materials integrating the sample. An area ranging from
approximately Sum to lcm in width can be imaged in a scanning mode of
conventional SEM techniques which are the magnification ranging from 20x to
approximately 30,000x and the spatial resolution ranging from 50nm to 100nm.
The chemical composition of a selected point or a specific area on the sample can
be qualitatively determined using energy-dispersive X-ray spectroscopy (EDS) in
SEM. The characterization capability of EDS is due to the fundamental principle
that each element has a unique atomic structure allowing unique set of peaks on

its X-ray emission spectrum which is similar to the working principle of XRD.
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3.3.3.2 Material Macroscopic Characterization

3.3.3.2.1 Rheology Properties Testing

AR?2000 EX Rotating Rheometer produced by TA Rheology Advantage Inc, USA
shown in Figure 3.12 was used for testing the rheology properties of polymeric
fluid. The polymeric fluid sample was placed between two parallel stainless steel
plates with diameter of 25mm. The testing was performed under controlled stress
or shear rate at 10s? and in isothermal condition at 25°C. There are two major
parameters, shear stress (yield stress) and viscosity, to determine the rheology
properties of a fluid and their data were collected and plotted versus shear rate.

N
;

—
.

S

Figure 3.12 AR2000 EX Rotéting Rheometer

At the starting point of shear stress curve is called the yield stress of a fluid. It is
the minimum required stress to start the flow of the fluid. The viscosity is a
measure of resistance, the intermolecular friction exerted within layers of fluid, to
gradual deformation by shear stress. The rheology measurement was conducted to
study the changes of fluid rheology properties after the implementation of ZnO

particles with different concentration.
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3.3.3.2.2 Thermal Analysis

Differential scanning calorimetry (DSC) is a technique for analyzing the thermal
properties of polymeric material. A reference sample placed in the same
temperature condition is required for measuring the sampling material to compare
the difference in the amount of heat absorbed for the sampling material to increase
its temperature. Differential Scanning Calorimeter Perkin EImer DSC7 shown in
Figure 3.13 was used in present experiments. The testing temperature is available
from -50 to 450°C. It can be used to determine the kinetics parameters expressed
in Arrhenius’ equation such as pre-exponential factor, activation energy and
reaction order, to find out the specific heat, crystallization temperature, glass
transition temperature, melting temperature, decomposition temperature and
effects, phase transformations, phase diagrams, degree of crystallinity and purity

of polymeric material.

Figure 3.13 Differential Scanning Calorimeter Perkin EImer DSC7 machine

3.3.3.2.3 Microindentation Hardness Testing

Future-Tech Microhardness Tester shown in Figure 3.14 was used in current
investigation.

It is commonly used in mechanical engineering to determine the surface hardness

of material by the method of deformation and indentation. There are various
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indentation tests, for example, Brinell hardness test (HB), Knoop hardness (HK),

etc.

= '

S e s o d

Figure 3.14 Hardness tester

Vickers hardness test (HV) which has one of the widest scales was conducted. A
diamond indenter of specific geometry is impressed into the surface of testing
specimen using a known applied load between 1gf to 1000gf. Typically, the test
load is 200gf and the indentation is around 50um for Microindentation test. The
hardness is calculated based on the applied load, divide by the indented surface
area, measuring both the diagonals to compute the Vickers pyramid number
(Equation 11).

F  0.01819F
HV =-=%
A d2

(Equation 11)

where F is the applied load in unit N and d is the average length of the diagonal

left from the indentation in unit mm.

3.3.3.2.4 Shape Memory Effect Testing
Temperature-induced shape memory effects (SMESs) in shape memory polymers

(SMPs) enable to be triggered by different stimulus, such as light, electric field,
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magnetic field and solution. Three conditions to quantify the SMEs of SMP are
shape recovery ratio, recovery reaction time and full recovery time. Shape
recovery ratio (Ry) is the determination of how much degree the shape can be
recovered after the shape change. It is calculated by using Equation 12. Recovery
reaction time (T;) is the time for a SMP to start the recovery and full recovery time

(T¥) is the time for a SMP to complete the full recovery.

R, =2 (Equation 12)

T 7 180°

where 6, is the recovery angle at room temperature.

SMP sample is cut into a rectangular strip, heated, bent into U shape and
maintained the shape in room temperature at 23°C and pressure at 750mmHg as
indicated in Figure 3.15. Dimethicone, a silicon based polymer with low chemical
reactivity, is used as a heating bath for heating the deformed SMP and reshaping
the SMP to its original shape. The recovered SMP is measured its shape recovery
ratio (Rr) at room temperature. Video is taken for measuring the recovery reaction

time (Ty) and full recovery time (T).

y‘- 3: Recovery Shape
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Figure 3.15 Schematic diagram of bending recovery test

3.3.3.2.5 Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) is a useful technique used to understand the

static and dynamic viscoelastic behaviour, to measure the creep and stress
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relaxation and to determine the complex modulus of polymers. A sinusoidal stress
varying with temperature and frequency is applied on the sampling material and
its dynamic and complex strain performance is measured accordingly. This
technique also indicates the glass transition temperature, heat resistance and
dampening intensity of the testing material which identifies the corresponding
molecular transition of the polymer. Dynamic Mechanical Analyzer Perkin Elmer
Diamond DMA Lab System shown in Figure 3.16 is the machine used in the

current experiments.

-
2

Figure 3.16 Dynamic Mechanical Analyzer Perkin Elmer Diamond DMA Lab

System machine

3.3.3.2.6 Tensile Properties Testing

Tensile properties test is one of the fundamental mechanical properties test in
materials engineering. The testing is universally conducted based on ASTM
standard. Fibre polymer-based composites are required to comply the ASTM
D3039 for tensile properties test. For polymeric materials, the standard is the
ASTM D638. Useful data, such as the Young’s modulus, the ultimate tensile
strength and deformation strain, are obtained for analyzing the static material
properties under tension load applied at a contact rate, and it shows the result of
tension to failure. Figure 3.17 shows the MTS universal testing machine for

performing tensile test in current experiments.
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Figure 3.17 MTS Universal Testing Machine

3.4 Methodology for Theoretical Analysis

Theoretical model is developed for analyzing the stress transfer ability of
ZnO/HGF lamina under fibre pull-out action. It is a fundamental understanding for
the fibre reinforced composite materials even for the layer in micron thickness.
The bond between fibre and matrix was firstly described as the ‘heart of the
composite’ by Piggott, one of the pioneers in the development of fibre pull out
analysis, in 1986 [Piggott, 1986; Piggott, 1997]. The interface is notably crucial
when the composite under environmental attacks, such as temperature, pressure
and UVR.

There are extensive research on assessing the mechanical properties of single fibre
composite by theoretical approach together with experimental analysis.
Experimental analysis includes single fibre pull-out test [Gao et al., 2013;
Heppenstall-Butler et al., 1996; Koyanagi et al., 2012; Martyniuk et al., 2013;
Schuller et al., 2011; Thomason et al., 2014], single fibre fragmentation test [Zhao
et al., 2000], single fibre push-out (indentation) test [Luethi et al., 1998], single
fibre microbond (microdebond) test [Yang et al., 2010] and microfatigue test

[Brodowsky et al., 2010]. Two major methodologies have been adopted for
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evaluating the mechanism of fibre pull-out in theoretical approach, fracture
mechanics method [Chen et al., 2010; Francia et al., 1996; Francia et al., 1996; Liu
et al., 2000; Wagner et al., 2013] and shear lag theory [Bannister et al., 1995; Fu
et al., 2000; Nairn et al., 1997; Zhang, 1998; Zhang et al., 1999]. These two
methods have been detailedly discussed by Kim et al. [1991]. Fracture mechanics
method is based on energy criterion in terms of interfacial fracture toughness, G.
It is more concerning to obtain the information of damage process of fibre inside
a composite and a debonding zone is considered as an interfacial crack. Single
fibre fragmentation technique has been used for determining the effects of surface
treatment on fibre strength because of its convenient and reproducible test method.
Shear lag theory is based on maximum shear stress criterion in terms of interfacial
shear stress, T. It is more concerning to obtain the information of maximum shear
and axial strength of fibre and other elements inside a composite at the fibre
debond initiation. An initiation of debond is considered to happen when the exerted
interfacial shear stress exceeds the interfacial shear bonding strength. Single fibre
pull-out test, which enables to reflect real failure situation of fibre composites
among other tests, is commonly implemented.

Shear lag theory was first introduced by Hsueh [1990; 1990] and followed by Kim

et al. [1991]. The Hsueh’s model is defined as ag ~ gy + (6 — ayp) [1—

B / A+ Bz)]' Hsueh’s model consists two components, the frictionless debonding

stress component at the first part and the friction stress component at the second
part. g, is the frictionless debonding stress dependent to the embedded fibre
length. & is the asymptotic debonding stress for long embedded fibre length, L.
B, and B, are a function of partial debonding length (L —2z). A 1is the

reciprocal length giving the effective shear stress transfer distance (or the
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coefficient of friction, ). From the developed equation, Hsueh’s model is a
function of bonding length, z, and it approaches a constant value for long z as
tanhfz becomes unity.

Instead of considering the interfacial fracture energy, G, the frictionless debonding
stress, 0y, is controlled by the shear bonding strength, t. Based on the Hsueh’s
model, Farhad et al. [1998] and Lau et al. [2001] developed theoretical models to
analyze the effects of bonding characteristic between a single optical fibre and
surrounding material inside a fibre-optic Bragg gating (FBG) sensor composite to
the accuracy of strain measured by the FBG sensor. To a certain extent, the models
from Farhad and Lau are similar, whereas, Lau considered one more adhesive layer

in between the coated fibre and the base matrix. Lau’s model is a four-cylindrical

sinh(4z)

gy (Mf)). Lau’s model mainly

model, which is defined as &.(z) = g,(1 —

concerns the change of axial strain of the base matrix to the core optical fibre. At
different fibre distance from the centre, z, it is supposed that different strains are
resulted. &, is the axial strain of the base matrix at z=0. The axial strain
distribution is dependent to the whole embedded fibre length, Lf, and is highly
dominated by the constant parameter, A, which is a function of the material
properties and geometrical factors of the elements inside the composite system.
Hsueh’s model and Lau’s model, which concern shear stress and shear strain
respectively, are developed using the same analysis methodologies which are
based on the shear strength criterion and regarding the force equilibrium of whole

system at debond initiation or fully bonding state.
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Chapter Four
UVR Degradation Mechanisms of Polymer-based

Materials

Polyakov [1966] studied the effects of UVR towards the strength and failure of
polymers under vacuum and air conditions. The study indicates the UVR
degradation effects towards the mechanical properties of the polymer in vacuum
condition of 10°mmHg (high vacuum) tend to cease after 80hours of exposure.
Betteridge et al. [1977] set up a thermal degradation exposure chamber and tested
the change of chemical compositions of polymers by using UV photoelectron
spectroscopy (UVPS). The study points out the necessity to acquire analyzing
techniques for monitoring the degradation products in the polymer.

Started from 1980, whereas the applications of polymer-based materials were
expanding, the number of research papers concerning about the UVR effects in the
materials were increasing at the same time. The UVR degradation mechanisms of

polymer-based materials are reported in Chapter Four.

4.1 Thermo Oxidation

UVR degrades polymer-based materials in two ways, one is thermal oxidation.
The imparted UVR turns into thermal energy and accumulated in polymer-based
materials which the heated materials become more vulnerable to the chemical

reaction with oxygen (O2) and water molecules (H20).
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Polymers are sensitive to thermal changes which the changes are associated with
the degree of crosslinking, crystallinity and entanglement of molecular chains in
polymers. These characteristics are reflected by the thermal properties of polymers,
such as glass transition temperature (Tg), melting temperature (Tm) and
decomposition temperature (Tq). The common effects of thermal degradation are
proven to be weight loss due to materials loss, mechanical properties loss and
surface properties alternation in glossiness, wear resistance and water
absorbability [Chawla, 2012]. Thermal energy starts breaking the weakest bonds
in polymer-based composites. The interfacial bonds of particles—polymers and
fibres—polymers are susceptive to the thermal energy attacks. The interfacial
bonding strength is a determining factor for the degradability of polymer-based
composites.

Elevated thermal degradation in polymer-based materials shows its effects in a
relatively short time. Elevated temperature is defined as the temperature above
room temperature, 25°C [Chung, 2010]. Once the thermal energy over the bonding
strength of polymer chains (covalent bond) and interfaces (particles—polymers and
fibres—polymers) is applied, this subsequently losses the mechanical properties of
the materials, this means thermal degradation occurs.

Generally, thermoplastics release gases and form crosslinks becoming thermosets
while thermosets also release gases but they change colour, yellowing or
blackening, under elevated temperature degradation. The yellowed or blackened
layer resists thermal transfer [Strong, 2000]. Because of the existence of
crosslinking system, thermosets acquire better thermal properties with higher glass
transition temperature, melting temperature and decomposition temperature than
thermoplastics. Therefore, thermosets are usually being utilized for structural

materials. In particles filled and fibre reinforced polymer composites, dissimilar
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components inside a composite with different coefficient of thermal expansion
(CTE) experience various degree of thermal expansion under a particular
temperature, this leads to particle diffusion and fibre delamination or debond.
Thermal aging is defined as the materials treated by a relatively low amount of
heat for a long period of time and the resulted effects in the materials are similar
to that under elevated temperature degradation [Strong, 2000].

Thermal fatigue is the variation of temperature applied in the materials which the
materials go through thermal expansion and contraction and consequently cyclic
thermal stress is induced [Chung, 2010]. Polymers or dissimilar components in
polymer-based composites with high CTE effectively enhance the endurance of

the materials under thermal fatigue.

4.2 Photo Oxidation

Another UVR degradation mechanism in polymer-based materials is photo
oxidation which is the major concern of present investigation for developing an
UVR resistant GFRP by using ZnO nanoparticles and will be further discussed in
Chapter Five.

Photo oxidation in polymers occurs only when there is a present of photocatalyst,
it is usually the metal oxide such as ZnO and TiO2 nanoparticles. There are two
ways of photo oxidation, photophysical and photochemical, which the
mechanisms have been discussed [Emeline et al., 2007; Volodin, 2000].
Photophysical is the way that the metal oxides process physical absorption of UVR
energy. The absorption of UVR energy is induced by the active reaction sites, the
surface and the band gap of metal oxide. The absorbed UVR energy
photogenerates charge carriers which are trapped and dissipated the energy

between valance band and conduction band of the band gap inside metal oxide
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atom without producing harmful radicals. The surface absorption of UVR energy
leads to the occurrence of reduction (electron trapping) with oxygen molecule and
oxidation (hole trapping) with hydrogen dioxide molecule on the surface of metal
oxide atom with the surrounding polymer which is the photochemical reaction. In
addition, the interface of metal oxide nanoparticle with polymer, because of its
relative weak bonding properties, creates an active reaction site for the reduction-
oxidation (redox) chemical reaction. Photochemical reaction generates hydroxyl
radical (OH") and superoxide radical (O2") on metal oxide surface near the valance
band (oxidation) and conduction band (reduction) respectively.

The reactivity of photo oxidation is determined by the band gap energy of metal
oxide atom, the amount of reaction surface site at the surface of metal oxide and
the interface between metal oxide and polymer and the restoration ability
(relaxation and reconstruction) of the physical and chemical reaction sites. Besides
the intrinsic properties of metal oxide to account its ability for photo oxidation, the
acidity, alkalinity and temperature condition are also the effective factors to the

reaction.
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Chapter Five
UVR Absorption Mechanisms of Zinc Oxide and

Zinc Oxide—Polymers

In recent years, researchers have started to discuss the methods to protect polymer-
based materials against UVR attacks. ZnO nanoparticles are being commonly used
for UVR resistance purpose because of its intrinsic and prominent physical UVR
absorbability. Findings on the UVR absorption mechanisms of a ZnO atom and

itself embedded in polymers are presented in Chapter Five.

5.1 Physical UVR Absorption of Zinc Oxide

ZnO particle in nano size effectively achieves transparent properties [Jeeju et al.,
2011; Kulyk et al., 2010]. And ZnO of larger size within nano scale up to 100nm
is proven to obtain wider band gap width [Dutta et al., 2009]. Nano size allows
ZnO to achieve better transparency, better physical UVR absorbability and broader
UVR absorption spectrum.

UVR energy is absorbed by the band gap inside ZnO atom and excites the valance
band to photogenerate charge carriers, the charge carriers dissipate their absorbed
UVR energy between valance band and conduction band physically without the
formation of harmful radials. Figure 5.1 shows the physical photoreaction

activities within the band gap inside a ZnO atom.
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Figure 5.1 Schematic diagram of physical UVR absorption within the band gap
inside a ZnO atom

A reaction expression is represented as

UV+mo—-mo (h+e™) (Equation 13)
where mo represents metal oxide, h and e~ represent the hole and electron
formed due to the exciton by UVR in valance band and conduction band
respectively.

First step of UVR absorption happens on the surface of ZnO nanoparticle. UVR
energy passes through the surface of ZnO nanoparticle which the transmittance of
UVR entering into ZnO nanoparticle is dependent on the surface scattering
properties, area and refractivity.

In general, ZnO surface has less scattering ability, unless a surfactant is doped on
its surface. In Chapter Two section 2.6.5, three types of silane coupling agents,
APTES (KH550), GPTMS (KH560) and MPS (KH570), have been introduced
which are the common surfactants for ZnO particle to enhance their compatibility
with polymers. KH550 silane-doped ZnO particles embedded inside different
polymers, thermoplastics: Poly(amide-imide) (PAI) [Mallakpour et al., 2012;
Mallakpour et al., 2013; Mallakpour et al., 2014; Mallakpour et al., 2015],
Poly(benzimidazole-amide) (PBIA) [Abdolmaleki et al., 2013], Poly(amide-ester-

imide) (APEI) [Abdolmaleki et al., 2012] and thermosetting plastic: Polyurethane
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(PU) [Hang et al., 2015], have been investigated regarding its intrinsic UVR
absorbability.

Different chemicals incorporated into the backbone of polymers or different
synthesis process incorporated with acid or alkaline medium interferes the UVR
absorbability. Grasset et al. in 2003 [Grasset et al., 2003] studied the UVR
absorbability of KH550 silane-doped ZnO by different grafting conditions. It
proved KH550 silane-doped ZnO produced by acid process achieves a slightly
higher UVR absorbability. Disregard the modification of chemical composition
and the manufacturing process of KH550 silane-doped ZnO particle, in general,
the implementation of different contents of KH550 silane-doped ZnO particle
enables to enhance the UVR absorbability in different degrees. Higher content of
KH550 silane-doped ZnO in biopolymers or thermoplastics achieves higher UVR
absorbability. When comparing the UVR absorbability of pristine ZnO particle,
KH550 silane-doped ZnO particle and KH550 silane-doped ZnO/thermoplastic,
silane-doped ZnO obtain a lower UVR absorbability than pristine ZnO particle
[Hang et al., 2015]. The degree of UVR absorbability of KH550 silane-doped
ZnOlthermoplastic is different from KH550 silane-doped ZnO particle, it is
dependent on the interfacial properties between the ZnO particle and the
thermoplastic. KH560 silane-doped ZnO with various amount incorporated with
epoxy has been examined their UVR absorbabilities [Hunag et al., 2014]. It
indicates higher amount of KH560 silane-doped ZnO filled epoxy (EP) (a
thermosetting plastic) has higher UVR absorbability. KH560 silane-doped ZnO
and -TiO. have been compared [Zhang et al., 2015], KH560 silane-doped ZnO
particle has a slightly higher UVR absorbability. Similar to KH550 silane, KH570
silane-doped ZnO particles embedded inside different polymers, thermoplastics:

Poly(amide-imide) (PAI) [Mallakpour et al., 2012; Mallakpour et al., 2014],
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Poly(ester-amide) (PEA) [Abdolmaleki et al., 2011], Poly(amide-ester-imide)
(APEI) [Abdolmaleki et al., 2012], Polystyrene (PS) [Tang et al., 2007],
Poly(methyl methacrylate) (PMMA) [Wang et al., 2010] and thermosetting plastic:
Polyurethane Acrylate (PUA) [Kim et al., 2012], have been investigated regarding
its intrinsic UVR absorbability. Comparing the results done in the referred research,
ZnO particles were more compatible in PAI and PS polymer than in PAEI and
PEA, as noting that the UVR absorbability of the composite increases with the
amount of ZnO particles increases. Furthermore, all the absorption peaks of
polymer have a red shift towards the visible light spectrum after filling ZnO
particles, the amount of ZnO particles shows no influences to the shift of
wavelength absorption.

Similar to the work done by Hang et. al. [2015], Wang et. al. [2010] also
discovered silane-doped ZnO has a lower UVR absorbability than pristine ZnO
particle embedded inside a polymer. KH570 silane-doped ZnO with different
amount incorporated in a thermosetting plastic, polyurethane Acrylate (PUA),
have been tested their UVR absorbabilities [Kim et al., 2012], higher content of
KH570 silane-doped ZnO/PUA achieve a higher and broader UVR absorbability.
KH570 silane-doped ZnO particle at 5 wt.% has a slightly higher UVR
absorbability than that at 2 wt.% and 10 wt.% according to the investigation by

Musat et. al. [2014].

5.2 Chemical UVR Absorption of Zinc Oxide—Polymers

ZnO is classified as a photocatalyst which has the ability to induce the absorption
of UVR energy. The absorbability is dependent to the strength of the reactive sites
on ZnO atom which are the band gap inside the atom and the surface of the atom.

Chemical photoreaction can be defined as the UVR absorption by photocatalyst
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induces reactive radicals and degrades polymer which happens at the interface of
ZnO particle and surrounding polymer [Cockell et al., 1999; Serpone et al., 2007;
Stiefel et al., 2015]. The UVR energy induced by ZnO reactive sites is reacted with
the polymers surrounding ZnO particle resulting in reduction and oxidation
reaction (redox reaction), harmful hydroxyl OH~ and superoxide O, radicals
were generated in the reaction which further degrade the polymer due to the
presence of charge carriers. Figure 5.2 shows the chemical photoreaction activities

between ZnO particle and its surrounding polymer.

. 0,
Reduction \

UVR (hv)
Conduction H+* /l
u! y H,0, » HO-&-OH
- nergy Gap
A
Valence Band
ZnO particle

OH=
Oxidation {0

Figure 5.2 Schematic diagram of chemical UVR absorption between ZnO and its
surrounding polymer

The ability of ZnO for inducing the UVR energy absorption has been implied in
different journal papers [Chakrabarti et al., 2008; Kumar et al., 2009; Sil et al.,
2010]. However, at the same time, the chemical absorption of UVR by the ZnO
implemented polymer is also increased and this hastens the rate of UVR
degradation. Although the purpose of implementing ZnO particle for UVR
absorption is achieved and its effective absorbability is proved by different

investigation [Cristea etal., 2010; Deka et al., 2012; Jeeju et al., 2011; Kulyk et al.,
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2010; Li et al., 2001; Li et al., 2006, Lowry et al., 2008; Sil et al., 2010; Tigges et
al., 2010; Wang et al., 2013; Zhao et al., 2006; Zohdy et al., 2009], on another side,
the UVR degradation has to be concerned for evaluating the function of
implemented ZnO particle in lowering the harmful UVR effects and subsequent
deterioration on the material’s mechanical properties.

Two principle theoretical equations, Arrhenius equation (Equation 14) and Eyring
equation (Equation 15), have been developed and adopted for analyzing the rate
of chemical reaction in different applications.

Arrhenius equation is expressed as

k = Ae~Fa/(RT) (Equation 14)
where K is the rate constant of chemical reaction at an absolute temperature T in
K, A is the pre-exponential factor, E, is the activation energy and R is the
universal gas constant.

Eyring equation is expressed as

K AS -AH

k= %eﬁeﬁ (Equation 15)
where k is the constant of reaction rate at an absolute temperature T in K, kg is
the Boltzmann constant, h is the Planck’s constant, R is the gas constant, AS is
the entropy of activation and AH is the enthalpy of activation.

Arrhenius equation was developed by Svante Arrhenius in 1889 for determining
the rate of chemical reaction and calculating the energy of activation dependent to
temperature. Supported by Arrhenius equation, it is claimed that every 10°C
increase leads to a double rate of chemical reaction. Arrhenius equation was used
to analyze the kinetic reaction in a polymer underwent UVR induced colour
change [Yi et al., 2011], study the kinetic reaction of UV initiated polymerization

[Voytekunas et al., 2008] and investigate the temperature and water absorption
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induced chemical changes in different polymers [Chou et al., 2000; EI-Mossalamy
et al., 2003; Patterson et al., 2015; Xian et al., 2012].

Eyring equation is able to associate one or more reactive intermediate parameters
to understand the pre-exponential factor (A) and the activation energy (E,). It was
developed assuming chemical equilibrium (quasi-equilibrium) between reactants
and activated transition state complexes. Similar to Arrhenius equation, Eyring
equation, now is generally called transition-state theory, describes the rate of
chemical Kkinetics in different variance of parameters involving in the reaction. It
has been extensively applied to a wide variety of physical and chemical processes
[Laidler, 1984] to study the photophysical properties of material which causes the
transferring of charges [Rodrigues et al., 2012; Shimizu et al., 2011], analyze the
breaking of polymer bonds under mechanical loads [Sebastian et al., 1999] and
investigate the photo absorption and response of polymers [Canestraro et al., 2011,

Phua et al., 2016; Xu et al., 2013].
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Chapter Six
UVR Degradation of Zinc Oxide/Polymer

Composites

Chapter Six reveals the effects of UVR degradation in ZnO/polymer composites
from experimental analyses. Artificial UVR exposure was chosen in the
experiment to effectively obtain the testing results and compare the effects of
artificial continuous and cyclic UVR exposure in the polymer-based materials.
Furthermore, four kinds of polymer-based materials, GF/EP composite, GF/UP
composite, EP-SMP and S-SMP, filled with ZnO nanoparticles underwent

artificial continuous UVR exposure were studied on their UVR degradation.

6.1 UVR Degradation Mechanism of Zinc Oxide/Glass Fibre/Polymer and
Zinc Oxide/Polymer Composites

In Chapter Four, two major UVR degradation mechanisms, thermo and photo
oxidation, in polymer-based materials have been generally introduced. Present
studies only concern the effects of photo oxidation to ZnO/GF/polymer and
ZnO/polymer composites. Epoxy (EP), unsaturated polyester (UP), epoxy-based
and styrene-based shape memory polymer (EP-SMP and S-SMP) have been
investigated of their degradation under UVR attacks.

UVR degradation is significantly occurred in polymers compared with their

implemented reinforcements, such as fibres and nanoparticles. Moreover, the

Isabel Tsz-ting Wong 75



Chapter Six UVR Degradation in Zinc Oxide/Polymer Composites

existing common method for preventing polymers from UVR degradation is by
implementing ZnO or TiO. nanoparticles. Based on the UVR absorption
mechanism of ZnO nanoparticle and ZnO/polymer composite reviewed and stated
in Chapter Five, the UVR absorption rate of polymers was considered to be higher
with the implementation of UVR absorbers. The reason is suggested as that UVR
absorber acts as a catalyst or initiator to promote UVR absorption, UVR energy is
absorbed into and onto the surface of ZnO nanoparticle which induces the desired
physical UVR absorption, however the undesired chemical UVR absorption is also
happened between the ZnO nanoparticle and its surrounding polymer. Chemical
UVR absorption in polymer producing harmful radicals weakens the bonding
between ZnO nanoparticle and surrounding polymer and leads a higher UVR
degradation rate of the composite. In the case when physical UVR absorption of
ZnO/polymer composite is not significant and dominate its chemical UVR
absorption, the degradation rate of the composite is higher than the neat polymer.
The degradation rate of ZnO/GF/polymer or ZnO/polymer composite is
considered to be dependent to the bonding strength between integrated elements
which are discussed in next section 6.2 and section 6.3. Different degradation
performances have been discovered between ZnO/GF/EP and ZnO/GF/UP
composites and ZnO/EP-SMP and ZnO/S-SMP composites and compared in the

following section 6.4 and section 6.5.

6.2 UVR against Bonding Strength of Polymer Composites

The attractive forces between integrated elements in polymer with two kinds of
ZnO nanoparticles, 100nm ZnO and 20nm silane-doped ZnO, are explained in
Figure 6.1. The weakest attractive force is the electrostatic force appeared between

two ZnO nanoparticles. The weaker attractive forces are Van de Waal’s force and
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hydrogen bond existed between 100nm ZnO-polymer and 20nm silane-doped
ZnO-polymer respectively. The stronger attractive force happened between

polymer chain—polymer chain and in crosslink.

20nm silane-doped ZnO—Iv/mer

W Ve IIHydrogen 6nd
Zn0O+Zn0O \-QOnm ZnO-Pol er/ ‘/C:osslink

Electrostatic|force

Van de,V\./;al s force Polymer chai\n Covalent bond
Covalep&bond /
f \

Figure 6.1 Schematic diagram of the attractive forces between integrated elements
in ZnO/polymer

Types of bond are classified into two main categories, primary and secondary
bonds. Primary bond is identified as having stronger bonding strength. They have
higher attractions and are required higher energy to be broken down the linkage.
Covalent bond is belonged to this group. In this bond, electrons are shared between
elements integrating into a compound to stabilize the reactivity of elements. Single,
double and triple bonds of Covalent bond are the configurations usually formed
between polymer chains and in crosslinks which appear as C—C, C=C and C=C
bonds respectively. Triple covalent bond has the strongest bonding strength.

Secondary bond has weaker bonding strength than primary bond. Electrostatic
force, Van der Waal’s force and hydrogen bond are belonged to this category.
Elements are bonded by these forces or bond in the presence of atomic or
molecular dipoles with permanent or temporary attraction. Electrostatic force is
the weakest force between stationary or slow-moving electric charges of two
permanent dipoles. Each ZnO nanoparticle contains electron and proton which

carry negative and positive charges. In between any neighbouring ZnO
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nanoparticles, they experience charged and discharged occasionally and the force
between them experiences attractive or repulsive attraction which the movement
is random and temporary. Van der Waal’s force is formed between two temporary
dipoles and is usually found in a symmetric molecule which the shared electronic
charges are fluctuated with time. ZnO nanoparticle without silane-doped on its
surface has this attractive force with surrounding polymer. Silane-doped ZnO
nanoparticle has increased negative charging strength due to the presence of silane.
It forms a hydrogen bond, the strongest bonding strength among the group of
secondary bond, with surrounding polymer. Hydrogen bond is the bond between
hydrogen atom and other atoms of the most electronegative charges having
permanent polarity characteristic.

UVR degradation effects were revealed by the existence of cracks and
delamination between reinforcement and polymer [Awaja et al., 2011; Chang et
al., 2010; Yan et al., 2015]. However, the measure of damage on bonding strength
caused by UVR was not extensively evaluated and reported. It is suggested that
stronger bonding strength between integrated elements is able to alleviate the
degradation effects in bonds and lower the degradation rate in mechanical

properties of polymer composites by UVR attacks.

6.3 Accelerated Continuous versus Cyclic UVR Exposure Effects in Zinc
Oxide/Glass Fibre/Unsaturated Polyester Composites

6.3.1 Background

There were investigations reported in previous section 2.4 about the UVR

degradation effects in polymer materials by using artificial accelerated continuous

or cyclic UVR exposure method or comparing the effects between artificial and

natural UVR exposures. Because of the time-consuming testing method of natural
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UVR exposure, artificial accelerated UVR exposure has been implemented in
many experiments for studying and comparing the UVR degradation effects
between different kinds of polymer material. However, it is not reliable to
determine the service life of different polymers used in ambient UVR exposure
based on those experimental results. As there is no systematic research towards the
UVR degradation test on different materials, different UVR exposure conditions
were implemented, for instance, artificial UVR sources, exposure periods and
UVR intensities. Furthermore, there is less research papers found which compare
the effects of accelerated continuous and cyclic UVR exposure on the exposed
materials in terms of their mechanical properties, such as tensile properties.

An experiment studying the difference between artificial accelerated continuous
and cyclic UVR exposure effects in zinc oxide/glass fibre/unsaturated polyester
(ZnO/GF/UP) composites was conducted and aimed at finding a differential factor
between two exposure methods deteriorating the mechanical properties of the
exposed composites.

6 wt.% of 100nm ZnO particle were implemented in between the first three layers
of glass fabric with UP as polymer matrix to form a composite. 12 layers of plain
woven E-glass fabric were used. A clear diagram showing the configuration is

illustrated in Figure 6.2.

NAOVDA0CVOONGIU0H000000N000A00008V000S0V
D00V G600V 0600U0000000000000000600V000600:
0,00.0,0,0.000,00.00600.00000000000000000000000
00000/00/00001000000000000000000000000000¢
000,00000000.00000.0000000000000000000000¢

~

Figure 6.2 6 wt.% 100nm ZnO/GF/UP composite
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The mixing formula of UP is UP:MEKP:cobalt (11) naphthenate:KH151 in the ratio
of 500:10:1:5 referring to section 3.2.5. 1 wt.% of silane coupling agent,
Vinyltriethoxysilane (KH151), was mixed with the resin for enhancing the
interfacial strength between glass fibre and resin. 6 wt.% ZnO/UP resin was
ultrasonicated for 20mins and the resin mixture was mechanically mixed with
hardener for another 5mins. Hand lay-up method was used in the fabrication. All
composites were cured in laboratory with room temperature at 23°C, pressure at
750mmHg and humidity at 45%RH for 24hours followed by accelerated
continuous or cyclic UVA exposure separately.

Cyclic UVA exposure was conducted referring to an international standard ASTM
D4329 cycle A with 2.25hours of UVA exposure at 50°C and 4hours of thermal
condition at 50°C. Twenty-five samples underwent cyclic UVA exposure, one
sample among them was taken out after every two cycles of UVA exposure for
tensile test. One sample without UV A exposure was used as control sample. Three
samples were exposed under UVA continuously and tested their tensile properties
afterwards. The twenty-fifth sample underwent cyclic and the sample underwent
continuous UVA exposure experienced the same total exposure time of 112.5hours.
As UVA intensity emitted by the lamp in accelerated UVR chamber is
100mW/cm?, which is approximately 11 times higher than terrestrial UVA
intensity of 9.1105mW/cm? and natural UVA from the sun is generally alerted
from 10am to 4pm for 6hours in every day, the 112.5-hour artificial accelerated
UVA exposure is simulated as 208-day ambient sunlight exposure in terms of the
accumulated UVA energy of 11250mW/cm? stored in the exposed materials.
Details of the composites underwent both UVA exposure methods are shown in

Table 6.1.
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Table 6.1 Details of ZnO/GF/UP composites underwent continuous or cyclic UVA
exposure

Accelerated Continuous Accelerated Cyclic UVA
UVA exposure exposure
Samples 100nm ZnO/GF/UP 100nm ZnO/GF/UP
Standard - ASTM D4329
Type of exposure Continuous exposure under - 50cycles
UVA - 2h15mins UVA at
100mW/cm2 intensity at
50°C

+ 4h Thermal degradation at
50°C
No. of sample 3 samples for each types 25 samples, each sample

underwent 2cycles

Hours of exposure Total 112.5-hour UV A exposure

Accumulated UVR intensity  Accumulated 11250mW/cm? UVA intensity in the composite

6.3.2 Results and Discussion

6.3.2.1 Surface Morphology

The surfaces of two UVA degraded 6 wt.% ZnO/GF/UP composites underwent
continuous and cyclic UVA exposure after 112.5hours pose similar degree of
decolourization and yellowing. UVA energy breaks the bonds of polymers in the
surface layers of the composites which leads the releasing of carbon elements.
Carbon is black in nature, the surface of polymer if being continuously degraded
by UVA is gradually changed to brownish colour. The surface glossiness are
reduced and the surface roughness become noticeable on both samples.
Characteristic of dehydration is observed in the cross section of both samples with
UVA degradation. It is concluded that UVA energy removes moisture, this makes
the surface to lose its glossy and become rough. No observable voids were found
on both surfaces, 6 wt.% 100nm ZnO particle is effective to reinforce the polymer

and prevent weight loss subjected to UVA degradation which is a common effect
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discovered in polymers associated with UVA exposure. Figure 6.3 and Figure 6.4

show the samples underwent continuous and cyclic UVA exposure respectively.

20kV X600 20um 1150 SEI

Figure 6.3 6 wt.% 100nm ZnO/GF/UP composite underwent continuous UVA
exposure (left: before exposure, right: after exposure, top: surface and bottom:

Cross section)

211)(\!" X600 - s20ym 10 60 SEI 20kV X600 20pm 10 50 SEI

Figure 6.4 6 wt.% 100nm ZnO/GF/UP composite underwent cyclic UVA
exposure (left: before exposure, right: after exposure, top: surface and bottom:
Cross section)

6.3.2.2 Tensile Properties

Tensile test is a universal testing method to determine the mechanical properties
of a material. Tensile testing results of Young’s modulus, ultimate tensile strength
and strain deformation are obtained from experiments. All the tensile properties

have an increasing trend within the testing period of 112.5hours. As the samples
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were cured under room condition, the reason of their increased tensile properties
is explained by the occurrence of post curing process in the tested samples.
Nevertheless, by comparing the degradation rate of samples underwent continuous
and cyclic UVA exposure, a significant difference is found.

The differential factor between two exposure methods deteriorating the
mechanical properties of the exposed composites is able to be obtained by this
experimental data. In Figure 6.5, figures on left hand side are the tensile properties

of samples underwent continuous exposure and on the right hand side are those

underwent cyclic exposure.
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Figure 6.5 Degradation rate based on the change in tensile properties of 6 wt.%

100nm ZnO/GF/UP composites underwent continuous exposure (left) and cyclic

exposure (right)
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A trendline was drawn in every set of data and it is expressed by a mathematical
equation. The degradation rate is represented by the slope parameter incorporated
in the equation. Considering the result of Young’s modulus, the degradation rate
of the samples underwent continuous exposure is at 0.0033 which is 2 times faster
than the samples underwent cyclic exposure having the degradation rate of 0.0016.
Similarly, for the results of ultimate tensile strength and strain deformation, the
degradation rates of the samples underwent continuous exposure are 1.16 and 0.5
times faster than the samples underwent cyclic exposure. Continuous UVA
exposure employs a more aggressive manner to exert its harmful effects in the
samples, as a consequence, the deterioration in mechanical properties of the
samples underwent continuous exposure is greater than the samples underwent
cyclic exposure and the difference is significant as it reaches 150% to 200%
derived from the experimental results. In this experiment to compare the results of
accelerated continuous and cyclic UVA exposure, no conclusion could be drawn
on the reliability of accelerated exposure method which means the accelerated
exposure method allows aligning closely with the natural UVA exposure by the
sunlight regarding the UV A effects to a particular material.

Any absolute value of the tensile properties deteriorated by continuous or cyclic
UVA exposure is not suggested to be an indicator for determining the UVA effects
to the samples at a particular exposure time, it is because, first, no determination
is made on which accelerated exposure method is more reliable to simulate the
natural sunlight exposure; second, data collected from experiments are fluctuating
within a range. Referring to Table 6.2, for instance, data of strain deformation of
the samples underwent cyclic exposure is not consistent with the increasing
property of the trendline. Nonetheless, the degradation rate is more conservative

to disclose the mechanical tolerance of a material exposed under UVA condition.
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Table 6.2 Tensile properties of the samples underwent continuous and cyclic
112.5-hour UVA exposure

Tensile Properties Exposure No UVA exposure  112.5-hour UVA exposure
Young’s modulus Continuous 3.83 4.20
Cyclic 3.74 4.33
Ultimate tensile strength  Continuous 227.36 254.74
Cyclic 273.02 294.17
Strain deformation Continuous 0.0895 0.0910
Cyclic 0.073 0.068

6.4 UVR Effects in Zinc Oxide/Glass Fibre/Epoxy and Zinc Oxide/Glass
Fibre/Unsaturated Polyester Composites

6.4.1 Background

Using artificial continuous UVA exposure method, GF/EP and GF/UP underwent
the same degree of UVA exposure were tested and compared their tensile
properties to understand their UVA degradability. With two different polymers,
the composites react differently in UVA degradation. The degradability is
contributed by the surface properties of polymer and ZnO nanoparticle, the
interfacial bonding strength between fibres and polymer and ZnO and polymer.

6 wt% of 100nm ZnO and 20nm silane-doped ZnO nanoparticles were
implemented in GF/EP and GF/UP respectively to form composites. GF/EP and
GF/UP composites without ZnO nanoparticles were fabricated as reference
samples. The configuration is the same as mentioned in previous section 6.3.
Araldite GY251 and hardener HY956 in weight ratio 5:1 were used to fabricate
the epoxy base. The mixing formula of UP is UP:MEKP:cobalt (Il)
naphthenate:KH151 in the ratio of 500:10:1:5 referring to section 3.2.5. 6 wt.%
ZnO nanoparticle in EP and 6 wt.% ZnO nanoparticle in UP resin were

ultrasonicated for 20mins and the resin mixture were mechanically mixed with
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hardener for another 5mins. All composites were fabricated by hand lay-up
technique and cured in laboratory with room temperature at 23°C, pressure at
750mmHg and humidity at 45%RH for 24hours. Then all composites were treated
by the same UVA exposure time of 112.5hours and their degree of deterioration
as a result of UVA degradation were determined by tensile properties. Details of
the composites underwent continuous UV A exposure method are shown in Table

6.3.

Table 6.3 Details of ZnO/GF/EP and ZnO/GF/UP composites underwent
continuous UV A exposure
Accelerated CONTINUOUS UVA exposure

Samples Neat GF/EP 100nm ZnO/GF/EP 20nm silane-doped

ZnO/GF/EP
Neat GF/UP 100nm ZnO/GF/UP 20nm silane-doped

ZnO/GF/UP

Type of exposure Continuous exposure under UVA

No. of sample 3 samples for each types

Hours of exposure Total 112.5-hour UV A exposure

Accumulated UVR Accumulated 11250mW/cm? UVA intensity in the composite

intensity

6.4.2 Results and Discussion

6.4.2.1 Surface Morphology

Voids are discovered on the surfaces of two UVA degraded GF/EP and GF/UP
composites. The results are shown in Figure 6.6 (top) and Figure 6.7 (top).
Without the reinforcement of ZnO nanoparticle on the surfaces, the energy of UVA
led the results of shrinkage or chemical erosion in the polymers. The average size
of void in UVA degraded GF/UP composite are found to be larger than in UVA

degraded GF/EP composite. UP is resulted as more vulnerable under UVA
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degradation. It is reminded that additive of 30-35% styrene was mixed with UP for
lowering the viscosity of resin and styrene is an organic oily based liquid with a

vinyl functional group. Epoxy does not incorporate any additives. It is presumed

that styrene negatively affects the chemical reaction of UP in UVA degradation.

Figure 6.6 6 wt.% 100nm ZnO/GF/EP composite underwent continuous UVA
exposure (left: before exposure, right: after exposure, top: neat, middle: 100nm
ZnO and bottom: 20nm silane-doped ZnO)

Figure 6.7 6 wt.% 100nm ZnO/GF/UP composite underwent continuous UVA
exposure (left: before exposure, right: after exposure, top: neat, middle: 100nm
ZnO and bottom: 20nm silane-doped ZnO)
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No observable voids and smooth surfaces are found in the UVA degraded
composites embedded with 6 wt.% 100nm and 6 wt.% 20nm silane-doped ZnO
particles within the top three layers of glass fibres. The results are shown in Figure
6.6 (middle and bottom) and Figure 6.7 (middle and bottom). This shows that 6
wt. % ZnO is an effective amount to reinforce the surface of polymer under UVA
degradation. Nanoparticle plays an important role to interrupt the entanglement of
polymer chains which are able to lessen the density and reconstruct the
arrangement of entangled polymer chains due to the effects of physical placement
of nanoparticles between polymer chains and electrical charges presented on
particles and polymers providing repulsive or attractive forces. Figure 6.8
illustrates the idea. The implementation of ZnO nanoparticles makes well physical
dispersion of themselves and polymer chains which results in a stronger bonding

property between elements with each other inside the resin.

oz

‘:/
Figure 6.8 Schematic illustration of nanoparticles interplaying with polymer
chains

White colour of ZnO nanoparticles is obviously noticed in UVA degraded GF/UP
composites. It implies the ZnO nanoparticles are not compatible well in UP which
consists of styrene than in EP resin.

Similar degree of decolourization and yellowing are observed individually in

GF/EP and GF/UP composites with 6 wt.% 100nm ZnO and 20nm silane-doped
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ZnO particles. Due to the whiteness of ZnO nanoparticle covering the composites,
no conclusion could be made in the degree of decolourization between two kinds
of composites, however, ZnO/GF/EP composites possess higher degree of
yellowing. The reason for the decolourization of the samples under continuous and
cyclic UVA exposure are the same which is the burn out of carbon found as a
major element in polymer. The degree of decolourization is dependent to the
amount of UVA intensity absorbed and measured in the unit of mW/cm?. As
mentioned in section 6.3.2.1, UVA energy breaks the bonds of polymers which
carbon is the major content, the degraded surface of polymer is gradually changed
to brownish colour. The results are consistent with the previous investigations
reported, the surface glossiness are reduced, the surface roughness become
noticeable and the characteristic of dehydration is observed in all composites with
UVA degradation. The same conclusion is made for that the UV A energy absorbed
by the composites removes moisture which makes the surface to lose its glossy

and become rough.

6.4.2.2 Tensile Properties

A large difference in tensile properties is resulted among the composites with
different configurations, 6 wt.% 100nm ZnO or 20nm silane-doped ZnO particles
embedded GF/EP or GF/UP, and the reference samples of GF/EP and GF/UP
composites before and after UVA exposure. The results are listed in Table 6.4.
Comparing the variations of the tensile properties results of individual composites,
the Young’s Modulus and tensile strength of all composites were increased after
UVA exposure. These imply the mechanical properties of the composites were still
being strengthened under the amount of exposed UVA energy. Nevertheless, a

large difference in the increased tensile properties indicates the reinforcement
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ability of ZnO nanoparticles in the polymers against UVA. 6 wt.% 100nm ZnO is
found enabling to reinforce the GF/EP composite under UVA degradation which

obtains a least variation in ultimate tensile strength after UV A exposure.

Table 6.4 Tensile properties of all composites

Composite UVA E +% ouUTS +% £ +%
Exposure  GPa MPa mm/mm
GF/EP No 3.71 - 186.38 - 0.0755 -
Yes 435 +17.25 24142 +29.53  0.0835 +10.60
6 wt.% 100nm No 3.24 - 185.97 - 0.0860 -
ZnO/GF/EP Yes 411 +26.85 192.53 +3.53 0.0700 -18.60
6 wt.% 20nm No 3.64 - 193.63 - 0.0800 -
silane-doped Yes 422 41593 213.61 +10.32 0.0760 -5
ZnO/GF/EP
GF/UP No 3.73 - 236.09 - 0.0960 -
Yes 432 +15.82 27461 +1632  0.0955 -0.52
6 wt.% 100nm No 3.83 - 227.36 - 0.0895 -
ZnO/GF/UP Yes 420 +9.66 25474 +12.04 0.0910 +1.68
6 wt.% 20nm No 3.83 - 263.98 - 0.1055 -
silane-doped Yes 4.64 +21.15 299.84 +13.58 0.0970 -8.06
ZnO/GF/UP

Although the same UVA energy was exerted onto the composites, the composites
with different configurations receive and react with the same energy source
differently. The reason is that different materials have their particular optical
properties, such as, light scattering ability, light transmittance ability and light
refractive index.

Light scattering ability is dependent on the surface properties of the materials and
the way it reflects the light out to prevent the entry. Shiny and glossy surface of
the composite has higher light scattering ability. However, the surface properties

were altered, it was dehydrated and rough without shiny and glossy properties after
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UVA exposure. The amount of light is increased to entre the material for UVA
degradation and consequently further lowers the mechanical properties of the
materials. In the microscopic view, the embedded ZnO nanoparticle with silane-
doped on its surface was suspected to scatter the light away and prevent the ZnO
nanoparticle to process its intrinsic UVA absorption for physically dissipating out
the UV A energy to prevent chemical degradation of polymers. Figure 6.9 explains
the condition.

Once the energy is allowed to pass through the surface of the material, the amount
of light transmitted out is dependent on the light transmittance ability of the
material.
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Figure 6.9 Schematic illustration of the ineffective UVR absorption of the
composite embedded with silane-doped ZnO nanoparticles

Comparing two polymer layers with same thickness but different molecular
densities, polymer with highly entangled polymer chains has lower light
transmittance ability which means it has a stronger UV A energy absorbability and
higher degradability under UVA exposure. In ZnO nanoparticles, their intrinsic
UVR absorbability is various with the amount of UVR exposure energy and the
band gap of the ZnO nanoparticles. If the ZnO nanoparticles are not able to fully
absorb UVR energy, excess UVR energy is transmitted to surrounding polymer
but the amount is lesser than direct UVR exposure in polymers without ZnO

nanoparticles. If the ZnO nanoparticles are not densely packed, neat epoxy is
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barely exposed under UVA which makes the composites being not fully protected
by the ZnO nanoparticles from UVA degradation. Figure 6.10 illustrates the

condition.
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Figure 6.10 Schematic illustration of the composites without densely packed ZnO
nanoparticles

Although the same fabrication method was used, there is still a difference in the
dispersion of particles called layering. There are two conditions of uniformly
dispersed particles in polymer, particles are uniformly dispersed in layer by layer
vertically or uniformly dispersed horizontally. Figure 6.11 indicates the
conditions. The dispersion of ZnO nanoparticles is a critical factor influencing the
absorbability or transmittability of the composites and also it is one of the reasons

that the composites obtained a high variation of tensile properties results.
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Figure 6.11 Schematic illustration of the dispersion condition of ZnO
nanoparticles, vertical layering (left) and horizontal distribution (right)
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6.5 UVR Effects in Zinc Oxide/Epoxy-based and Zinc Oxide/Styrene-based
Shape Memory Polymers
6.5.1 Background
Besides studying the degradability of the ZnO/GF composites with EP and UP
matrixes, two kinds of shape memory polymer (SMP), epoxy-based SMP (EP-
SMP) and styrene-based SMP (S-SMP), were also studied on their surface
morphology and mechanical properties in their UV A degradation condition.
SMP is an alternative material of shape memory alloy (SMA), although both
possess shape memory effect (SME), SMP has higher tailorability and
functionability by changing their compositions or implementing different fillers to
alter, for example, the shape recovery temperature which is at the glass transition
temperature, stiffness and bio-degradability. In addition, SMP has low density, low
production cost, high recovery strain which can be achieved up to 400%, reliable
recovery behaviour and convenient fabrication compared to SMA. SMP is able to
be stimulated by thermo-, photo-, electrical-, magnetic- and chemo-stimulus.
Crosslinking property is crucial for determining the mechanical properties of the
SMPs. Chemically cross-linked structure, like EP-SMP and S-SMP, provides a
more effective function of SME compared with physically cross-linked structure.
In some applications, SMPs are utilized in different harsh environments which
affect or even degrade their mechanical properties and lower their service life.
UVA degradation is one of the environmental problem in SMP, so ZnO
nanoparticles were implemented in the EP-SMP and S-SMP to study their UVA
absorbability and degradability.
2 wt.%, 4 wt.%, 5 wt.% and 7 wt.% of 100nm ZnO particles were mixed with two
SMPs precursor solutions respectively. The precursor solutions of EP-SMP and S-

SMP were mixed according to the formula provided by Harbin Institute of
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Technology (HIT). ZnO nanoparticles in EP-SMP and S-SMP resin were
mechanically mixed for 20mins and then ultrasonicated for another 10mins.
Afterwards, degas process was conducted until bubble-free resin mixtures were
obtained. The resulting mixtures were poured into a two-plate mould. Thermal
curing was performed on ZnO/EP-SMPs at 80°C for 3hours, followed by 100°C for
3hours and 150°C for Shours and on ZnO/S-SMPs at 75°C for 36hours. All
composites were cooled down at room temperature at 23°C and pressure at
750mmHg and then machined into a square shape in the dimension of 30mm
(D*30mm (w)*3mm (t). Neat EP-SMP and S-SMP without ZnO nanoparticles
were fabricated as reference samples.

Using artificial continuous UVA exposure method described in section 7.3.3.1,
both EP-SMP and S-SMP underwent 12hours of UVA exposure and accumulated
intensity of 1200mW/cm? were tested and compared their different surface
morphology and mechanical properties in order to validate their UVR
degradability. As UVA intensity emitted by the lamp in accelerated UVR chamber
is 100mW/cm?, which is approximately 11 times higher than terrestrial UVA
intensity of 9.1105mW/cm? and natural UVA from the sun is generally alerted
from 10am to 4pm for 6hours in every day, the 12-hour artificial accelerated UVA
exposure is simulated as 22-day ambient sunlight exposure in terms of the
accumulated UVA energy of 1200mW/cm? stored in the exposed materials. Details
of the composites underwent continuous UVR exposure method are described in

Table 6.5.

Isabel Tsz-ting Wong 94



Chapter Six UVR Degradation in Zinc Oxide/Polymer Composites

Table 6.5 Details of 100nm ZnO/EP-SMP and 100nm ZnO/S-SMP composites
underwent continuous UVA exposure
Accelerated CONTINUOUS UVA exposure

Samples Neat EP- 2 wt.% 4 wt.% 5 wt.% 7 wt.%
SMP ZnO/EP- ZnO/EP- ZnO/EP- ZnO/EP-
SMP SMP SMP SMP
Neat S- 2 wt.% 4 wt.% 5 wt.% 7 wt.%

SMP ZnO/S-SMP  ZnO/S-SMP  ZnO/S-SMP  ZnO/S-SMP

Type of exposure Continuous exposure under UVA

No. of sample 3 samples for each types

Hours of exposure Total 12-hour UV A exposure

Accumulated UVR Accumulated 1200mW/cm? UVA intensity in the composite
intensity

6.5.2 Results and Discussion
6.5.2.1 Surface Morphology
The surfaces of UVA degraded SMPs with and without ZnO nanoparticles
underwent continuous UVA exposure after 12hours pose different degrees of
decolourization or yellowing.
UVA degraded ZnO/S-SMPs have similar degree of decolourization among their
samples and the yellowness are more severe than ZnO/EP-SMPs compared to their
original form before UVA exposure. The results are shown in Figure 6.12 and

Figure 6.13.
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neat SSMP SSMP_id
Figure 6.12 Surface colour of EP-SMP (top) and S-SMP (below) composites with
and without 200nm ZnO particles before UVA exposure
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Figure 6.13 Surface colour of EP-SMP (top) and S-SMP (below) composites with
and without 100nm ZnO particles after UVA exposure

This implies the ZnO nanoparticle is not able to alleviate the UVA degradation
and has less compatibility in S-SMPs which the bonding strength between ZnO
nanoparticle and S-SMP is not strong enough to tolerate the UVA energy attack.
The yellowness is caused by the UVA energy attack which it breaks the bonds of
polymers in the surface layers of the composites which leads the releasing of
carbon elements. Carbon is black in nature, the surface of polymer if being
continuously degraded by UVA is gradually changed to brownish colour.

UVA degraded ZnO/EP-SMPs have less observable changes in yellowing

compared to their original form before UVA exposure and EP-SMP embedded
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with higher amount of ZnO nanoparticles obtains less yellowing which these
indicate ZnO nanoparticle functions well in EP-SMP for preventing UVA

degradation.

6.5.2.2 Surface Hardness
Parameters of test load was set as 100gf and dwell time was set as 15s for testing
the surface hardness of the SMPs. Figure 6.14 and Figure 6.15 show the results

of surface hardness of EP-SMPs and S-SMPs respectively before and after UVA

exposure.
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Figure 6.14 Surface hardness of EP-SMP with and without 100nm ZnO particles
before and after UVA exposure
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Figure 6.15 Surface hardness of S-SMP with and without 100nm ZnO particles
before and after UVA exposure
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Before UVA exposure, EP-SMP embedded only with 7 wt.% 100nm ZnO particle
and S-SMPs embedded with higher amount of 5 wt.% and 7 wt.% 100nm ZnO
particles obtain a lower surface hardness due to the occurrence of particles
agglomeration. The problem of particle agglomeration happens even after
undergoing an effective time of mechanical stirring and ultrasonication. Particles
tend to agglomerate vigorously if they are in nano size and close to each other. The
attraction is originated by the electrostatic charges inside each particle, so particles
in nano size having a relatively high surface charge to weight ratio have a tendency
to agglomerate with each other. The electrostatic forces are generated between the
nanoparticles which the attractions exist when the distance between nanoparticles
exceeds a critical point. Limitation of the distance or the content of nanoparticles
in matrix is happened due to the existence of electrostatic attraction forces between
nanoparticles. From the experimental results, 2 wt.%, 4 wt.% and 5 wt.% 100nm
ZnO particles embedded EP-SMP and 2 wt.% and 4 wt. % 100nm ZnO particles
embedded S-SMP obtain high surface hardness.

After UVA exposure, all the EP-SMPs were found to be softened and all the S-
SMPs were found to be hardened. According to some reference books describing
the general phenomenon of polymers after UVR treatment, thermoplastics become
hardened because additional crosslinks are built by gaining the UVR energy and
thermosetting plastics become softened because their inherent crosslinks are
broken by the UVR energy attack. Comparing the surface hardness of SMPs before
and after UVA exposure, the variation of surface hardness of 4 wt.% and 5 wt.%
100nm ZnO/EP-SMPs are 17% and 13% respectively and 2 wt.% and 4 wt.%
100nm ZnO/S-SMPs are 12% and 17% respectively. Embedding 4 wt.% and 5
wt.% 100nm ZnO particles are able to maintain the surface hardness of EP-SMP

and 2 wt.% and 4 wt.% 100nm ZnO particles are able to maintain the surface
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hardness of S-SMP. Nevertheless, 4 wt.% 100nm ZnO particle is the prominent

candidate to be implemented for UVR resistance in terms of surface hardness.

6.5.2.3 Thermal Properties

The glass transition temperature (T4) of neat EP-SMP and 4 wt.% 100nm ZnO/EP-
SMP are found to be at 61°Cand 63°C respectively and neat S-SMP and 4 wt.%
100nm ZnO/S-SMP are found to be at 66°C and 56°C respectively. DSC results
are shown in Figure 6.16 and Figure 6.17 of all EP-SMPs and S-SMPs

respectively.
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Figure 6.16 DSC results for all EP-SMPs
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Figure 6.17 DSC results for all S-SMPs

Isabel Tsz-ting Wong 99



Chapter Six UVR Degradation in Zinc Oxide/Polymer Composites

The implementation of 100nm ZnO particles is not able to enhance the thermal
stability of S-SMP. The reason has been stated in the observation of surface
morphology as ZnO nanoparticle is found to be incompatible with UP and S-SMP
because of the existence of styrene. Compatibility in material is a measure of the
stability of a substance when mixed with another substance. It is also a measure of
the bonding properties between ZnO nanoparticle and its surrounding polymer. It
Is worth noting that ZnO nanoparticle possesses high thermal capacity which is
usually used for thermal stabilization in polymers. In this DSC analysis, ZnO
nanoparticle is able to slightly enhance the thermal stability of EP-SMP. The Tq of
100nm ZnO/EP-SMPs are higher than neat EP-SMP and the thermal stability of
EP-SMP is increased by increasing the amount of implemented ZnO nanoparticle.
On the other hand, 100nm ZnO/S-SMPs obtain lower T4 than neat S-SMP, this
further proves the weak bonding strength happened between ZnO and S-SMP.
However, ZnO nanoparticles are still able to influence the thermal property of S-
SMP that the thermal stability of S-SMP is increased by increasing the amount of

implemented ZnO nanoparticle.

6.5.2.4 Dynamic Mechanical Properties

The shape changeability of SMP is highly dependent on the glass transition
temperature (Tg) which is examined by DSC test. Furthermore, SMP has a good
shape changeability when it has a large and sharp drop of its storage modulus at
its Tg which the storage modulus is able to be determined by DMA test. The setting
parameters for DMA test are shown in Table 6.6. The parameters are set according
to experimental experience as different materials have different response to

stimulus.
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Table 6.6 Setting parameters of DMA test for different SMPs

Neat EP-SMP and 4 wt. % Neat S-SMP and 4 wt.%
ZnO/EP-SMPs ZnO/S-SMPs
Sample size 30 x 5 x 2mm®
Temperature range -30 to 150°C 25 to 130°C
Testing rate 5°Cmin’! 2°Cmin’!
Testing frequency 1Hz 0.2Hz

Storage modulus is the dynamic modulus of a material. It is the measure of stored
energy and represents the viscoelastic property of a material. Hardness is an
engineering property of a material and enables to relate to yield strength. However,
in this investigation, UVA degradation is only happened to the surface of the
material which is not more than 0.5mm out of 3mm thickness, it is inaccurate to
correlate the properties of surface hardness with the storage modulus which
characterize the property of bulk material. Added that the surface hardness of the
SMPs are tested under temperature at 25°C and pressure at 750mmHg which is the
starting temperature of DMA test, such that only at this temperature, under certain
circumstances, the results of surface hardness are able to be related to that of
storage modulus.

Referring to Figure 6.18, at temperature of 25°C, UVA-degraded neat S-SMP and
UVA-degraded 4 wt.% 100nm ZnO/S-SMP have 13% and 7% lower storage
modulus than their individual non-UVA-degraded form. This proves UVA
degradation has negative impacts to the storage modulus of S-SMPs which the
materials react as having lower shape changeability after UV A exposure. However,
the surface hardness of S-SMPs are proven to be hardened after UVA exposure.
This specifies viscoelastic modulus is dependent on the mechanical properties of
the bulk material, the mechanical properties of the material surface underwent the

UVA degradation is not able to influence the structure of the material.
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Figure 6.18 Storage modulus of S-SMP with and without 100nm ZnO particles

before and after UVA exposure

Besides the influence of UVA degradation, the viscoelastic modulus is decreased
by 26% after implementing ZnO nanoparticles. ZnO nanoparticles demonstrate to
be incompatible with S-SMP and unable to reinforce the material. It is explained
that they restrict the movement of polymer chains and negatively influence the
viscoelasticity of the S-SMP.

At their individual Tg, non-UVA-degraded neat S-SMP has the largest drop of
storage modulus but after the UV A exposure, its drop of storage modulus has been
lessened, however, the storage modulus of UVA-degraded neat S-SMP is about a
double higher compared to its non-UVA-degraded form. UVA-degraded S-SMPs
have higher storage modulus and viscoelasticity at their Tq. With the reinforcement
of ZnO nanoparticles, the storage modulus of UVA-degraded 4 wt.% 100nm
Zn0O/S-SMP has less deviation which is about 8% less from its non-UVA-degraded.
The implementation of ZnO nanoparticles is capable to maintain the viscoelastic
performance of S-SMP under the degree of UV A degradation applied.

Although the drop become lesser, the viscoelastic behaviour of non-UVA-
degraded and UV A-degraded 4 wt.% 100nm ZnO/S-SMP are similar with that of

non-UVA-degraded neat S-SMP during the transformation region. 100nm ZnO
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particles are proven to have less influence but enable to maintain the viscoelasticity
of the S-SMP during the shape transformation.

According to Figure 6.19, at temperature of 25°C, the storage modulus of all EP-
SMPs are similar at around 2.00GPa which is similar to the result of non-UVA.-
degraded neat S-SMP having the highest storage modulus of 1.98GPa among the
S-SMP samples. There are no significant influences of implemented 100nm ZnO
particles and UVA-degraded surface to the viscoelastic of EP-SMP at 25°C. EP-

SMP are less sensitive to UVA radiation than S-SMP.
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Figure 6.19 Storage modulus of EP-SMP with and without 100nm ZnO particles
before and after UVA exposure

At their individual Tg, the drop of storage modulus is almost the same to all EP-
SMPs. The rate of slope in the transformation region representing the shape
changing behaviour are similar for all EP-SMPs. Only the UVA-degraded 4 wt.%
100nm ZnO/EP-SMP has slightly higher storage modulus at all the temperature
within the region and it has 15% higher storage modulus than its non-UVA-
degraded form at their Tq. EP-SMP implemented with 4 wt.% 100nm ZnQO particle
after UVA exposure obtains higher storage modulus and viscoelasticity. It has

higher shape changeability than other EP-SMP samples at the same temperature.
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100nm ZnO particles show that they have a good compatibility with EP-SMP and
enable to reinforce the EP-SMP during the shape transformation.

UVA degradation has slight negative impact to the neat EP-SMP at its Tg. The
storage modulus of UVA-degraded neat EP-SMP is 7% lower than its non-UVA-
degraded form. Epoxy is being recognized as a promising material for structural
usage. Using epoxy as the base matrix, EP-SMP is shown to be more tolerable than

S-SMP under UV A degradation.

6.5.2.5 Shape Memory Effects
The shape memory effects (SMEs) of SMPs including the shape recovery ratio,
full recovery time and recovery reaction time are examined by a series of steps.

The setting parameters of SME tests for different SMPs are shown in Table 6.7.

Table 6.7 Setting parameters of SME test for different SMPs

Neat EP-SMP and all Neat S-SMP and all
ZnO/EP-SMPs ZnO/S-SMPs
Sample size 30 x 5 x 2mm?
Pre-heating temperature 120°C (Tg+20°C) 105°C (Tg+20°C)
Cooling temperature 0°C 0°C
Reheating temperature 120°C (Tg+20°C) 105°C (Tg+20°C)

The parameters are set according to experimental experience as different materials
have different response to stimulus. Dimethicone was used as the isothermal
medium for heat treatment and easy observation on the shape changing of SMPs
since it has high transparency and high chemical stability. Each SMP was heated
to a temperature of their T4+20°C in oven for 20mins. The softened SMP was
immediately bent into U shape around an aluminum plate with 2mm radius arc at

a bending rate of 10°s!. The U-shaped SMP was fixed on the plate and the whole
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pieces were put into cooling chamber at 0°C for 20mins. The deformed SMP was
then immersed into dimethicone bath at Tq+20°C. This is to investigate the shape

recovery behaviour of the SMP and the process was recorded by video.

6.5.2.5.1 Shape Recovery Ratio

Shape recovery ratio is the ratio of the shape recovered angle of the tested SMP to
180°. The shape recovery ratio of all SMPs before and after UVA exposure are
shown in Figure 6.20. The shape recovery condition of 4 wt.% 100nm ZnO/EP-

SMP and 4 wt.% 100nm ZnO/S-SMP before and after UVA exposure are shown in

Figure 6.21.
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Figure 6.20 Shape recovery ratio of different SMPs before and after UVA
exposure

Figure 6.21 Shape recovery condition of 4 wt.% 100nm ZnO/EP-SMP (A) and 4
wt.% 100nm ZnO/S-SMPs (B) before (I) and after (1) UVA exposure
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Non-UVA-degraded and UVA-degrade EP-SMPs obtain 100% shape recovery
ratio. Although EP-SMPs are tested to be softened of their surface exposed under
the degree of UVA applied, the DMA results show there are less variation in their
storage modulus and viscoelasticity within the transformation region. EP-SMP
demonstrates a higher shape changeability even after implementing 4 wt.% 100nm
ZnO particle and after the degree of UVA applied. UVA-degraded S-SMPs have
slightly higher shape recovery ratio of 99% than their non-UVA-degraded form of
98%. According to the tests of surface hardness and DMA, S-SMPs are hardened
on their surface exposed under UVA and obtain higher storage modulus during the
shape transformation, these testing results enable to explain the higher shape
recovery ratio obtained in UVA-degraded S-SMPs.

100nm ZnO particles are shown to be independent to the shape recovery ratio as
all the SMPs implemented with different weight percentages of 100nm ZnO
particles demonstrate the same shape recovery ratio. In fact, UVA radiation
imposes effects to the shape recovery ratio of S-SMPs as the shape recovery ratio
of S-SMPs are changed after UVA exposure. The structure of S-SMP is constructed
by building additional physical crosslinks between its polymer chains but that of
EP-SMP is intrinsically in a linear monomer with built-in crosslinks. With these
construction, the strength of viscoelasticity or shape changeability of EP-SMP is
inherently stronger than S-SMP when under the impact of UVA energy which
target to attack the weaker bonds in SMP, the bond between ZnO nanoparticle and

surrounding polymer and the physical crosslink in S-SMP.

6.5.2.5.2 Recovery Reaction Time
Recovery reaction time was evaluated from the video which is to indicate the

absolute time for initiating the shape recovery of SMP. The results are shown in
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Figure 6.22. The evaluation compares the difference in shape changeability of
non-UVA-degraded and UVA-degraded EP-SMP and S-SMP with or without the

implementation of different weight percentages of 100nm ZnO particles.
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Figure 6.22 Recovery reaction time of different SMPs before and after UVA
exposure

EP-SMPs achieve faster reaction time for initiating their shape changing than S-
SMPs. From DMA testing results, the slope at the individual glass transition
temperature represents the shape changeability of different SMPs which means a
shape drop of slope represents the higher shape changeability of SMPs. This
relationship is not true for the recovery reaction time of SMPs.

In addition, the larger amount of 100nm ZnO particle implemented in SMPs, the
faster the recovery reaction time for initiating their shape change. This conclusion
is straightforward obtained from the observation. The implementation of ZnO
nanoparticles strengthens the bonding property of polymer.

The surface of EP-SMPs are softened and S-SMPs are hardened after UVA
exposure. The recovery reaction time of EP-SMPs are slower and S-SMPs are
faster after their UVA degradation compared with their original form. This

phenomenon indicates the surface hardness property are correlated with the
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recovery reaction time of SMPs.
EP-SMP and S-SMP reinforced by 4 wt.% and 5 wt.% 100nm ZnO particles appear
to have good sustainability in the recovery reaction time under the certain UVA

degradation applied which their variations are within 0-2.38%.

6.5.2.5.3 Full Recovery Time

Full recovery time was evaluated from the video which is to indicate the absolute
time for completing the shape recovery of SMP. The results are shown in Figure
6.23. The evaluation compares the difference in shape changeability of non-UVA-
degraded and UVA-degraded EP-SMP and S-SMP with or without the

implementation of different weight percentages of 100nm ZnO particles.
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Figure 6.23 Full recovery time of different SMPs before and after UVA exposure

In general, EP-SMPs achieve faster reaction time for completing their shape
changing than S-SMPs. From DMA testing results, the slope at the individual glass
transition temperature represents the shape changeability of different SMPs which
means a shape drop of slope represents the higher shape changeability of SMPs.
This relationship is true for the full recovery time of SMPs.

The larger amount of 100nm ZnO particle implemented in S-SMP, the slower the
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full recovery time for completing its shape change. The implementation of 200nm
ZnO particles does not impose significant changes to the full recovery time of EP-
SMP compared with S-SMP. ZnO nanoparticles are able to stabilize EP-SMP with
having good bonding strength, high shape recovery ratio which is proven in
previous section and fast full recovery time of EP-SMP.

The surface of EP-SMPs are softened and S-SMPs are hardened after UVA
exposure. The full recovery time of EP-SMPs are faster and S-SMPs are slower
after their UV A degradation compared with their original form. This phenomenon
indicates the surface hardness property are not correlated to the full recovery time
of SMPs.

EP-SMP and S-SMP reinforced by 4 wt.% 100nm ZnO particle appear to have
good sustainability in the full recovery time under the certain UVA degradation
applied which their variations are within 0.12-1.03%.

ZnO nanoparticles strengthened the bonding property of SMPs favourably
influences the recovery reaction time of both EP-SMP and S-SMP, however, it
adversely affects the full recovery time of S-SMP. The full recovery time of EP-
SMP is able to be maintained by ZnO nanoparticles. These results are obtained as
ZnO nanoparticles have relatively high heat capacity and good bonding property
with SMPs regulating the Tq of SMPs and reinforcing SMPs which are the key
factors for their shape changeability.

UVA degradation softened the EP-SMP’s surface and hardened the S-SMP’s
surface with not more than 0.5mm out of 3mm thickness. It enables to change the
recovery ratio of SMPs, S-SMP has obvious change due to UVA degradation. EP-
SMP has a stronger strength in shape changing, therefore, under the UV A exposure
applied, the change is not obvious. There are two segments in a SMP, hard segment

(UVA-degraded SMPs) dominates the recovery reaction time and soft segment
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(non-UVA-degraded SMPs) dominates the full recovery time of SMPs.

Under the circumstances of UVA exposure applied, the 4 wt.% 100nm ZnO
particle implemented is able to maintain the shape changeability of both EP-SMP
and S-SMP. 4 wt.% 100nm ZnO/EP-SMP obtains the higher performance in shape

memory effects.

6.6 Summary of This Chapter

In this chapter, UVR effects to different polymer-based composites, ZnO/GF/EP,
ZnO/GF/UP, ZnO/E-SMP and ZnO/S-SMP, were studied. Two accelerated UVA
exposure methods, continuous and cyclic, using the same exposure time and
accumulated intensity were conducted on 6 wt.% 100nm ZnO/GF/UP composite
to understand the exposure effects impacted on the composite. Colour change is
one of the indications showing the UVR degradation happened on material surface,
no observable differences are found in the changed colour between two composites
underwent continuous and cyclic UVA exposure. On the other hand, tensile
properties of two composites have significant differences. The change of tensile
properties is accounted the UVR degradation rate of the composite. According to
the largest difference happened in the result of Young’s modulus, the degradation
rate of the composite underwent continuous exposure is two times faster than the
composite underwent cyclic exposure. Mechanical properties are the appropriate
indication for determining the UVR degradation rate of composite material.
Moreover, accelerated UVR testing has to be adopted for efficient evaluating the
long term UVR effects to composite material. There is a question yet to be
answered for which exposure method is appropriate for evaluating the life

expectancy of composite material.
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The UVR effects in neat GF/EP, neat GF/UP, 6 wt.% 100nm ZnO/GF/EP, 6 wt.%
100nm ZnO/GF/UP, 6 wt.% 20nm silane-doped ZnO/GF/EP and 6 wt.% 20nm
silane-doped ZnO/GF/UP were compared. The investigation mainly focuses on the
surface morphology and tensile properties of the composites to evaluate the
degradation mechanism. With the implementation of ZnO nanoparticles, voids
arose due to UVR are eliminated. Although various tensile properties are resulted,
it is worth noting that 6 wt.% 100nm ZnO/GF/EP composite obtains the least
variation in ultimate tensile strength after UVA exposure. 6 wt.% 100nm ZnO
particle is at a satisfactory ratio to achieve a good collocation with epoxy polymer
chains for reinforcing against UVR attack.

The UVR effects in ZnO/E-SMP and ZnO/S-SMP implemented with 2, 4, 5and 7
wt.% of ZnO nanoparticles were also compared. The investigation focuses on the
surface morphology, surface hardness, thermal properties, dynamic mechanical
properties and shape memory effects including shape recovery ratio, recovery
reaction time and full recovery time. Based on the bigger difference in colour
change and the adverse thermal properties resulted of ZnO/S-SMP, S-SMP has
less compatibility with ZnO nanoparticle due to the presence of styrene. 4 wt.%
100nm ZnO particle is at a satisfactory ratio to achieve a good collocation with
SMP polymer chains for reinforcing against UVR attack as it obtains the least
difference in surface hardness after UVA exposure. In addition, 4 wt.% 100nm
ZnO/EP-SMP has higher storage modulus and viscoelasticity, higher shape
recovery ratio, good recovery reaction time and good full recovery time compared

as S-SMP.

Isabel Tsz-ting Wong 111



Chapter Seven UVR Resistance of Zinc Oxide/Polymer Composites

Chapter Seven
UVR Resistance of Zinc Oxide/Polymer

Composites

Chapter Seven discusses the UVR resistance of ZnO embedded in polymers and
ZnO/polymer filled inside HGF. The dispersion of ZnO nanoparticle in epoxy and
the rheology properties of ZnO/epoxy resin regarding the UVR resistance and
manufacturing of the composite were concerned and discussed. The negative effect
of silane-doped on ZnO nanoparticle for the UVR resistance of the composite was

revealed in this chapter.

7.1 Dispersion of Zinc Oxide Nanoparticles in Epoxy

Particle dispersion is a critical parameter for particle filled composite towards the
virtue of various mechanical and physical properties. There are three common
methods for electrostatics dispersion of ZnO nanoparticles, the implementation of
alcoholic solvent, the incorporation of mechanical stirring and ultrasonication.
Another method is the steric stabilization of silane surface treatment on ZnO
nanoparticle. In the following three sections, section 7.1.1, section 7.1.2 and
section 7.1.3, discuss the effects of solvent, mechanical stirring and ultrasonication

to the dispersion of ZnO nanoparticles in polymer.
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7.1.1 Solvent Effects in Zinc Oxide/Epoxy

7.1.1.1 Background

Isopropyl alcohol and ethanol were examined their effects in epoxy for the uniform
dispersion of ZnO nanoparticles for which different alcoholic organic solvents
have been investigated for their effectiveness on particle dispersion in a medium
[Diallo et al., 2016; Hashmi, 2012; Li et al., 2014; Parveen et al., 2013; Rhodes et
al., 2010; Sato et al., 2007; Yan et al., 2015]. The dispersion properties and
morphological condition of ZnO nanoparticles are strongly dependent on the
specific functional groups, for example hydroxyl group (OH), of solvent media.
Both isopropyl alcohol and ethanol contain OH in their polymer chains as the
functional group. However, they have different behaviour with polymers because
of their slightly different physical properties, such as boiling point, density and
hydrogen bonding properties. Table 7.1 shows different physical properties of the

two solvents.

Table 7.1 Physical properties of isopropyl alcohol and ethanol

Isopropyl alcohol Ethanol
Appearance Colourless Colourless
Viscosity 1.96mPa-s at 25°C 1.074mPa-s at 25°C
Density 0.785g/cm? at 25°C 0.789g/cm? at 25°C
Molecular formula (CH3).CHOH CH3;CH,OH
Molecular weight 60.10 46.07
Boiling point 82°C 78°C
Refractive index 1.380 1.361
Flash point 12°C 14°C
Solubility Soluble in water Soluble in water

The chemical structures of isopropyl alcohol and ethanol are shown in Figure 7.1

and Figure 7.2. Their chemical formula are (CH3).CHOH and CH3CH2OH
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respectively.

OH

PN

H;C™ "CHj
Figure 7.1 Chemical structure of isopropyl alcohol [www.sigmaaldrich.com]

Figure 7.2 Chemical structure of ethanol [www.sigmaaldrich.com]

Before implementing ZnO nanoparticles into the solvent-modified epoxy, it is
necessary to test the chemical reaction of solvents with the epoxy. Araldite GY251
and hardener HY956 in weight ratio 5:1 were used to fabricate the epoxy base.
Epoxy and hardener were mechanically mixed for 10mins and the resin mixture
was mechanically mixed with each solvent for another 5mins. All samples were
cured in laboratory with room temperature at 23°C, pressure at 750mmHg and
humidity at 45%RH for 24hours prior to characterization and analyses. Nine
samples with different combination of solvents and weight contents mixed with

epoxy were shown in Table 7.2.
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Table 7.2 Combinations of nine samples being tested

Sample Group Solvent Weight Content (wt. %)
0 None 0
1 Ethanol 10
2 Ethanol 20
3 Ethanol 40
4 Ethanol 60
5 Isopropyl alcohol 10
6 Isopropyl alcohol 20
7 Isopropyl alcohol 40
8 Isopropyl alcohol 60

After the XRD test on solvent-modified epoxy, ZnO nanoparticles were mixed
with isopropyl alcohol modified epoxy to be the second last matrix layer of glass
fibre epoxy (GF/EP) composite laminated with five layers of plain woven E-glass
fabric. All samples were made by hand lay-up fabrication technique and were also
cured in laboratory with room temperature at 23°C, pressure at 750mmHg and
humidity at 45%RH for 24hours prior to characterization and analysis. Nine
samples with different combination of solvents and ZnO nanoparticle weight

contents mixed with epoxy were shown in Table 7.3.

Table 7.3 Combinations of nine samples being tested
Sample Group Solvent Weight Content of ZnO

nanoparticle (wt. %)

0 None 0
1 20 wt.% Isopropyl alcohol 4
2 20 wt.% Isopropyl alcohol 12
3 20 wt.% Isopropyl alcohol 20
4 20 wt.% Isopropyl alcohol 40
5 None 4
6 None 12
7 None 20
8 None 40
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7.1.1.2 Results and Discussion

7.1.1.2.1 Crystallography

Based on Figure 7.3 and Figure 7.4 representing the XRD diffractograms of neat
epoxy and 20 wt.% isopropyl alcohol/epoxy respectively, second excitation peak
of epoxy without solvent modification is located at the diffraction angle of
17.84degree with intensity of 6360cps. Comparing that of 20 wt.% isopropyl
alcohol/epoxy is not varied much which is located at 19.84degree but its intensity
is two times lower. First and third excitation peak of neat epoxy are located at

3.6degree and 43.32degree with intensity of 2500cps and 1461cps.
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Figure 7.3 XRD diffractogram of neat epoxy
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Figure 7.4 XRD diffractogram of 20 wt.% isopropyl alcohol/epoxy
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All the excitation peaks of 20 wt.% isopropyl alcohol/epoxy are slightly shifted
towards higher degree with 0.5 to 2.22degree or 5-14% variation. The variation
percentage is increasing from the first to the third excitation peak. The
characteristic of epoxy is being modified by isopropyl alcohol according to the
change of intensity value and peak position. However, the change of 20 wt.%
isopropyl alcohol/epoxy is the least among all samples being tested. Therefore, 20
wt.% isopropyl alcohol is the appropriate amount for modifying epoxy without
influencing much of its crystalline structure which interfere its physical and
mechanical properties. This amount is implemented into epoxy and filled into glass
fibre epoxy composite for testing its dispersion condition and UVR absorbability

subsequently.

7.1.1.2.2 Surface Morphology
SEM images with 500x magnification shown in Figure 7.5 and Figure 7.6 were
captured from the fractured surface of neat GF/EP composite and 20 wt.% Zn0O/20

wt.% isopropyl alcohol/GF/EP composite.
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Figure 7.6 SEM image of 20 wt.% 100nm Zn0O/20 wt.% isopropyl alcohol/GF/EP
composite

From the observation, the stripped pattern, which is created from the shear of
matrix by the pull out of fibres under loads, represents the strength of adhesive and
fracture of the fibre polymer composite. Comparing the two figures, more uniform
stripped patterns are observed on the fracture surface of epoxy of GF/EP composite
with 20 wt.% ZnO nanoparticle and 20 wt.% isopropyl alcohol than the neat GF/EP
composite. These indicate the reinforcement and the uniform dispersion of ZnO
nanoparticles were effectively proceeded.

The fractured cross section of GF/EP composite with 20 wt.% ZnO nanoparticle
and 20 wt.% isopropyl alcohol is shown in Figure 7.7. The bonding behaviour
between the glass fibres and the epoxy resin is good as the epoxy resin is fully
filled between glass fibres and the fibre fracture is obviously seen. ZnO
nanoparticles are uniformly dispersed in epoxy and make a good bonding property

between fibre and epoxy.
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20} X500 50pm
Figure 7.7 SEM image of 20 wt.% 100nm Zn0O/20 wt.% isopropyl alcohol/GF/EP
composite

7.1.2 Mechanical Mixing Effects in Zinc Oxide/Epoxy

7.1.2.1 Background

Each HGF with outer and inner diameters of 125um and 100um respectively were
filled with epoxy mixed with different weight contents, 2 wt.%, 4 wt.%, 5 wt.%
and 7 wt.%, of ZnO nanoparticle. Araldite GY251 and hardener HY956 in weight
ratio 5:1 were used to fabricate the epoxy base. ZnO nanoparticles and epoxy resin
were mechanically mixed for 10mins and the resin mixture were mechanically
mixed with hardener for another 5mins. No solvent was used and only mechanical
stirring, the primitive mixing method, was utilized in the particle dispersion
process.

Vacuum infiltration technique was used to fill the matrix inside the HGFs and the
HGFs were placed at different intervals in epoxy to form a lamina. The setup of
vacuum infiltration is shown in Figure 7.8, one end of the samples was immersed
in a resin solution and the other end is exposed to a vacuum chamber to create a

negative pressure to take in the solution into the HGF.
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#»  Vacuum Pump

ZnOlepoxy resin

Figure 7.8 Set up of vacuum infiltration technique

Vacuum pump with the total ultimate vacuum pressure of 2Pa was applied
constantly for 10mins to ensure a full infiltration in the HGF. All samples were
cured in laboratory with room temperature at 23°C, pressure at 750mmHg and
humidity at 45%RH for 24hours prior to characterization and analysis. The sample
size was made into a dimension of 50mm (1)*30mm (w)*2mm (t). All samples
shown in Table 7.4 were broken into two halves and were characterized the

fractured cross section of ZnO/epoxy filled inside the HGFs.

Table 7.4 Combinations of fifteen samples being tested
Interval of HGF's
0.2 mm 0.5 mm 1.5 mm

- Control sample 1 ~ Control sample2  Control sample 3

2 wt.% Sample 4 Sample 5 Sample 6
Weight content of

4 wt.% Sample 7 Sample 8 Sample 9
Zn0 nanoparticle

5 wt.% Sample 10 Sample 11 Sample 12

7 wt.% Sample 13 Sample 14 Sample 15
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7.1.2.2 Results and Discussion

7.1.2.2.1 Surface Morphology

SEM images with 70x magnification of the cross section of 4 wt.% ZnO/HGF and
7 wt.% ZnO/HGF laminas at 0.5mm interval of HGFs are shown in Figure 7.9 and
Figure 7.10. A smooth surface is found on the fracture surface of 4 wt.%
ZnOlepoxy inside the HGFs but a rough surface is found on the fracture surface of
7 wt.% ZnO/epoxy inside the HGFs. Particle agglomeration is happened in 7 wt.%

ZnOlepoxy at the upstream section inside the HGFs.

20kV X70 200pm 11 50 SEI
Figure 7.9 SEM image of the cross section 4 wt.% 100nm ZnO/HGF lamina at
0.5mm interval of HGFs

E 200ym ., 1050 SEI
Figure 7.10 SEM image of the cross section of 7 wt.% 100nm ZnO/HGF lamina
at 0.5mm interval of HGFs
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An EDX examination was conducted to test the chemical content of both resin
matrices inside the HGFs. Zn element was not found on the fracture surface of 7
wt.% ZnO/epoxy inside the HGFs. This happened is because ZnO nanoparticles
formed into clusters and prevented the flow of ZnO/epoxy resin to be fully filled

the HGFs. Figure 7.11 illustrates the phenomenon.

Air bubbles & Epoxy

)

ZnQ particles

agglomeration

ZnOl/epoxy resin & air bubbles

Figure 7.11 Schematic diagram of the infiltration condition of ZnO/epoxy resin in
HGF with particle agglomeration occurred

The spaces between ZnO clusters allow only air bubbles and epoxy resin to pass
through. Since the resin solution was not in laminar flow after passing through the
ZnO clusters, therefore after curing a rough surface was found on the fracture

surface of 7 wt.% ZnO/epoxy inside the HGFs.
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7.1.3 Ultrasonication Effects in Zinc Oxide/Epoxy and Silane-doped Zinc
Oxide/Epoxy
7.1.3.1 Background
Two types of ZnO nanoparticles were tested, one was in a diameter of 100nm and
one was in a diameter of 20nm with a surfactant of silane coupling agent. Their
crystal structures and apparent densities, 0.560g/cm? of 100nm ZnO particle and
0.532g/cm? of 20nm silane-doped ZnO particle, which present their deformability,
are similar. Both of them are in spherical shape and in white colour. The surface
area of a 100nm ZnO particle is 31.42fm? which is 25 times larger than a 20nm
silane-doped ZnO particle. A 100nm ZnO particle has 25 times larger contact
surface area with epoxy molecules during processing. A 20nm ZnO particles is
coated with silane coupling agent (KH550) with the weight ratio of 99:1.
Each HGF with outer and inner diameters of 125um and 100um respectively were
filled with epoxy mixed with different weight contents, 2 wt.%, 4 wt.% and 7 wt.%,
of ZnO nanoparticle. Araldite GY251 and hardener HY956 in weight ratio 5:1
were used to fabricate the epoxy base. ZnO nanoparticles and epoxy resin were
ultrasonicated for 20mins and the resin mixture were mechanically mixed with
hardened for another 5mins. No solvent was used in the dispersion process.
Vacuum infiltration technique was used to fill the matrix inside the HGF. The set
up of vacuum infiltration is the same as described in section 7.1.2.1. Vacuum pump
with the total ultimate vacuum pressure of 2Pa was applied constantly for 10mins
to ensure a full infiltration in the HGF of 100mm long. All samples were cured in
laboratory with room temperature at 23°C, pressure at 750mmHg and humidity at
45%RH for 24hours prior to characterization and analysis. Table 7.5 shows the

seven samples being tested.
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Table 7.5 Combinations of seven samples being tested
Type of ZnO nanoparticle
100nm ZnO 20nm silane-doped ZnO

- Control sample 1

Weight content of 2 Wt.% Sample 2 Sample 3
Zn0O nanoparticle 4 wt.% Sample 4 Sample 5
7 wt.% Sample 6 Sample 7

7.1.3.2 Results and Discussion

7.1.3.2.1 Surface Morphology

Particle dispersion is the reciprocation of the intermolecular strength between
nanoparticle—nanoparticle, nanoparticle—epoxy molecular and epoxy molecule—
epoxy molecule. Two major mechanisms for particle dispersion in a medium are
electrostatics and steric stabilization which are physical and kind of chemical
reaction respectively.

Ultrasonication is the physical electrostatic technique and it is commonly used for
particle dispersion. Ultrasound induces high frequency in the medium to interact
with the bonding strength between elements and separate the elements apart once
the frequency is high enough to break the electrostatic bonds. The intensity and
time is the determinants for the effectiveness of dispersion by using ultrasonication.
Silane surface treatment of ZnO particle is the steric stabilization. Common silane
coupling agents on ZnO were introduced in section 2.6.5 and there are more
different capping agents on ZnO were studied for the dispersion behaviour in
polymer [Diallo et al., 2016; Nguyen et al., 2015; Tang et al., 2006; Yan et al.,
2015; Zhang et al., 2013]. Silane-doped on ZnO particle is proven to be capable to
reduce particle agglomeration because it increases negative charges, OH~, on the
surface of ZnO particle which increases the magnitude of repulsive force between

ZnO particle-ZnO particle to overcome their hydrogen bond and improves the
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bonding strength between ZnO particle—epoxy molecule simultaneously. Figure
7.12 indicates how silane works on ZnO particles for particle dispersion. The
concentration and doping method of silane coupling agent-doped on the ZnO

particle is the determinant for the effectiveness of particle dispersion.

OH- OH- OH™
OH- OH- OH- OH- OH- OH-
OH- OH- OH- OH- OH- oy- OH- OH-

OH- OH™ OH™ OH- OH- OH- OH"

OH-  OH- OH-  OH-
OH~ OH™

Figure 7.12 Schematic diagram shows the function of silane surfactant on ZnO
particle

The dispersion characteristics of different contents of 100nm ZnO particle and
20nm silane-doped ZnO particle in epoxy inside the HGF are shown in Figure
7.13, Figure 7.14, Figure 7.15 and Figure 7.16. Epoxy mixed with different
contents of 100nm ZnO particle and 20nm silane-doped ZnO particle inside the
HGF are opaque. 4 wt.% 100nm ZnO and 20nm silane-doped ZnO particles have
the same degree of uniform and dense dispersion in epoxy inside the HGF.
Contrarily, 2 wt.% 100nm ZnO and 20nm silane-doped ZnO particles are loosely
dispersed in epoxy inside the HGF at the same degree. Particle agglomeration are
occurred in 7 wt.% 100nm ZnO/epoxy and 7 wt.% 20nm silane-doped ZnO/epoxy.
However, the particle agglomeration in 7 wt.% 100nm ZnO/epoxy is severer than

7 wt.% 20nm silane-doped ZnO/epoxy.
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Neat epoxy

Figure 7.13 Particle dispersion of neat epoxy inside micron HGF

2wt.% 100nm ZnO/epoxy 2wt.% 20nm doped-ZnO/epoxy

Figure 7.14 Particle dispersion of 2 wt.% 100nm ZnO/epoxy (left) and 2 wt.%
20nm silane-doped ZnO/epoxy (right) inside micron HGF

4wt.% 100nm ZnOfepoxy 4wt.% 20nm doped-ZnO/epoxy

Figure 7.15 Particle dispersion of 4 wt.% 100nm ZnO/epoxy (left) and 4 wt.%
20nm silane-doped ZnO/epoxy (right) inside micron HGF

Twt.% 100nm ZnO/epoxy Twit.% 20nm doped-ZnO/epoxy

Figure 7.16 Particle dispersion of 7 wt.% 100nm ZnO/epoxy (left) and 7 wt.%
20nm silane-doped ZnO/epoxy (right) inside micron HGF
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After the same intensity and time of ultrasonication of ZnO nanoparticles in epoxy,
the fluid mixture was filled into the HGF subsequently under the same vacuum
pressure and flowed against the wall fraction of the HGF. The weight ratio of ZnO
nanoparticle:epoxy molecule is the only factor changed making alternation to the
dispersion of particles. 2 wt.% ZnOl/epoxy, 4 wt.% ZnO/epoxy and 7 wt.%
ZnOlepoxy are in the ratio of 1:49, 1:24 and 1:13 respectively. It is suggested that
the ratio of ZnO nanoparticle:epoxy at the ratio around 1:24 is good for particle
dispersion in the HGF. The size effect of spherical ZnO nanoparticle is not a
critical factor in this case. Silane surfactant shows its effect in the resin fluid at
high content of ZnO nanoparticles. At 7 wt.% ZnO/epoxy inside the HGF, the
100nm ZnO particle without silane surfactant has severer agglomeration than the

20nm ZnO particle doped with silane surfactant.

7.2 Processing of Zinc Oxide Nanoparticles in Epoxy

In fabricating ZnO/HGF lamina, besides particle dispersion, the process of resin
infiltration and curing are implemented. The factors along with the two processes
are concerned including the rheology properties of ZnO/epoxy resin infiltrated into
HGF and polymerization shrinkage of ZnO/epoxy cured inside HGF which are

discussed in the following two sections, section 7.2.1 and section 7.2.2.

7.2.1 Rheology Properties of Zinc Oxide/Epoxy

7.2.1.1 Background

Two types of ZnO nanoparticle with different weight contents, 2 wt.%, 4 wt.% and
7 wt.%, mixed with epoxy and neat epoxy resin were prepared for studying their
rheology properties. Two types of ZnO nanoparticles were described in section

7.1.3.1. Araldite GY251 and hardener HY956 in weight ratio 5:1 were used to
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fabricate the epoxy base. ZnO nanoparticles were mixed with epoxy resin by using
ultrasonication for 20mins and the resin mixture were mixed with hardened for
another 5mins by using mechanical stirring at the same period of time, room
temperature at 23°C and pressure at 750mmHg. All samples were kept at 0-3°C
after mixing to ensure the rheology tests were conducted within their pot life.

Table 7.6 shows the seven samples being tested.

Table 7.6 Combinations of seven samples being tested
Type of ZnO nanoparticle

100nm ZnO 20nm silane-doped ZnO

- Control sample 1

Weight content of 2 wt.% Sample 2 Sample 3
ZnO nanoparticle 4 wt.% Sample 4 Sample 5
7 wt.% Sample 6 Sample 7

Each sample was placed between two parallel plane plates with circular geometry,
the diameter of 25mm and the gap distance of Imm under isothermal condition at
the temperature of 25°C.

Polymer rheology is the study of the deformation and the flow of polymeric fluid.
Shear stress and shear viscosity are the two major characteristics to be obtained in
the rheology tests for understanding the rheology properties of polymeric fluid.
Yield stress is obtained at zero or low applied shear stress which the yield stress
of a fluid exhibits solid or gel-like behaviour and starts flowing in plastic
deformation once exceeding a certain threshold of shear stress. Shear viscosity of
a fluid is the measurement of resistance that is the intermolecular friction exerted
within layers of fluid to gradual deformation by the applied shear stress. Initial,
plateau and critical viscosities are concerned from the analysis. Initial viscosity is

the viscosity at zero shear rate. Critical viscosity is the viscosity right before the
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large The concentration of ZnO nanoparticle alters the intermolecular forces
between nanoparticle—nanoparticle, nanoparticle—epoxy molecule and epoxy
molecule—epoxy molecule in the fluid. The interaction between elements in the
fluid has significant effects on the flowing characteristics of the fluid especially
inside the micron HGF. The shear stress and shear viscosity of all fluid samples
were evaluated along the shear rate from 0 to 250s™ and the shear rate is in log

scale for easy evaluation.

7.2.1.2 Results and Discussion

Rheology properties of different ZnO/epoxy resins were studied to understand the
disturbance of infiltration in the dispersion of ZnO nanoparticle in epoxy inside
the 100um HGF. Since vacuum infiltration imposes a shear stress on the resin to
fully filled inside the HGF whilst rheology test also uses shearing technique for
the analysis of fluid flow. Figure 7.17 and Figure 7.18 show the shear stress and

shear viscosity against shear rate in log scale of different resin.
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Figure 7.17 Shear stress against shear rate of different resin
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Figure 7.18 Shear viscosity against shear rate of different resin (without showing

7 wt.% 20nm silane-doped ZnO/epoxy resin)

Yield stress and best-fit exponential curve of each resin are presented in Table 7.7.

Initial and critical viscosities of all resin are presented in Table 7.8. It is also

required to refer the information provided in section 6.2 about the attractive forces

between integrated elements in ZnO/polymer resin inside HGF.

Table 7.7 Yield stress and best-fit exponential curve of all resin
Type of ZnO nanoparticle

100nm ZnO 20nm silane-doped ZnO
— 5.7138Nm?
y = 5.713822892%
(R? = 0.9997)
2 wt.% 8.1078Nm™ 7.3531Nm?
y = 8.1078¢22298% y = 7.3531¢22942x
Weight content of (R? = 0.9997) (R? = 0.9999)
ZnO nanoparticle 4 wt.% 5.8189Nm? 8.4474Nm?
y = 5.8189¢22225% y = 8.4474e2275%
(R? = 0.9997) (R? = 0.9998)
7 wt.% 12.384Nm™ 46.2Nm?
y = 12.384¢21623% y = 46222744
(R? = 0.9994) (R? = 0.9994)
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Table 7.8 Initial and critical viscosities of all resin
Type of ZnO nanoparticle
100nm ZnO 20nm silane-doped ZnO
— 5.49Pa-s (initial)
5.71Pa-s (critical)

2 wt.% 7.73Pa-s (initial) 7.15Pa-s (initial)
Weight content of 7.61Pa-s (critical) 7.40Pa-s (critical)
ZnO nanoparticle 4 wt.% 5.64Pa-s (initial) 8.23Pa-s (initial)
5.51Pa-s (critical) 8.51Pa-s (critical)
7 wt.% 12.25Pa-s (initial) 46.27Pa-s (initial)
11.46Pa-s (critical) 47.57Pa-s (critical)

In general, epoxy resin mixed with silane-doped ZnO nanoparticles requires higher
yield stress to start the fluid flow and higher shear stress to move the resin for
continuous flow. At lower content of 2 wt.% ZnO nanoparticle, epoxy resin mixed
with silane-doped ZnO nanoparticles requires lower shear stress to move the resin
for continuous flow but it requires higher shear stress after the shear rate at 1.6s™
compared to the epoxy resin mixed with undoped ZnO nanoparticles. This
indicates silane surfactant on ZnO nanoparticle is able to help achieving a good
dispersion of ZnO nanoparticles in epoxy resin and slightly lower shear stress is
required to move the resin for continuous flow. Undoped ZnO nanoparticle is able
to meet a stable and lower shear stress requirement in epoxy resin for continuous
flow compared to all the ZnO/epoxy resin.

4 wt.% ZnO nanoparticle without silane surfactant mixed with epoxy resin requires
the lowest shear stress for continuous flow compare to all the ZnO/epoxy resin.
Low shear stress requirement of 4 wt.% ZnO/epoxy resin is comparable to neat
epoxy resin. 4 wt.% ZnO/epoxy resin achieves the lowest shear stress after the
shear rate at 0.6s™* among all resin.

7 wt.% ZnO nanoparticle with or without silane surfactant mixed with epoxy resin
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requires the highest shear stress for continuous flow among all resin. Particle
agglomeration is suggested to be happened and alters the resin flow to become
more difficult.

Concerning the 4 wt.% ZnO/epoxy resin, Figure 7.19 shows their shear stress
against shear rate without log scale. 4 wt.% 20nm silane-doped ZnO/epoxy and 4
wt.% 100nm undoped ZnO/epoxy resin are classified as Pseudo plastic fluid which
exhibits shear thinning behaviour under shear strain as indicated in Figure 7.20
since their flow are increasing vigorously at low shear rate and increasing
gradually along the increasing shear rate. At higher shear rate, the fluid flow is
nearly linear and best-fit linear curve are drawn from 4 wt.% 20nm silane-doped
ZnO/epoxy and 4 wt.% 100nm undoped ZnO/epoxy resin. The initial shear stress
of 4 wt.% 20nm silane-doped ZnO/epoxy resin is around 45% higher than 4 wt.%
100nm undoped ZnO/epoxy resin which are 8.4474Nm? and 5.8189Nm™
respectively. Their grow of shear stress is further apart along the increasing shear
rate. At higher shear rate of 100s (102s), 4 wt.% 20nm silane-doped ZnO/epoxy
resin requires higher shear stress of 780.84Nm-2which is around 60% higher than
4 wt.% 100nm undoped ZnOl/epoxy resin that requires lower shear stress of
486.03Nm for fluid flow. At the highest shear rate of 250s* (10%%s) in this
rheology test, the required shear stress of 4 wt.% 20nm silane-doped ZnO/epoxy
resin is also around 60% higher than 4 wt.% 100nm undoped ZnO/epoxy resin
which are 1929.58Nm and 1202.93Nm respectively. Silane surfactant on ZnO
nanoparticles contributes at around 45 to 60% higher of required shear stress for

the fluid flow of epoxy resin along higher shear rate from 0 to 250s™.
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Figure 7.19 Shear stress against shear rate of 4 wt.% ZnO/epoxy resin
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Figure 7.20 Different types of time independent non-Newtonian fluid

According to Figure 7.18 and Table 7.8, on the whole, the grow of viscosity of
epoxy resin mixed with 20nm silane-doped ZnO nanoparticles is increasing which
behave similar to the neat epoxy resin. The increasing slope is steeper with the
increasing of weight content of ZnO nanoparticles. Contrarily, the grow of
viscosity of epoxy resin mixed with 100nm undoped ZnO nanoparticles is
decreasing. The decreasing slope is steeper with the increasing of weight content
of ZnO nanoparticles. Furthermore, after critical viscosity, the drop of viscosity of
100nm undoped ZnO/epoxy resin is sharper than 20nm silane-doped ZnO/epoxy

resin at the same weight content of ZnO nanoparticle. Silane surfactant on ZnO
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nanoparticles is able to stabilize the characteristics of fluid flow of epoxy resin
with the implementation of ZnO nanoparticles.

High shear viscosity of ZnO/epoxy resin is contributed by the higher
intermolecular friction within fluid layers as the friction surface is increased and
intermolecular bond is stronger between ZnO nanoparticles and epoxy molecules
in the presence of high content of ZnO nanoparticle and silane surfactant on ZnO
nanoparticles. High shear stress is required to overcome the yield stress and start
the flow of ZnO/epoxy resin with high viscosity. Resin fluid with low viscosity is
preferable for saving energy use and offering cost effectiveness in manufacturing.
In addition, ZnO/epoxy resin with viscosity along the plateau of curve is
favourable for manipulating as the change of viscosity is steady along the plateau.
However, the range of plateau is shortened when the weight content of ZnO
nanoparticle mixed with epoxy resin is increasing.

The variation of the results of viscosity is similar to the results of shear stress. As
mentioned in section 7.1.3.1, a 100nm ZnO particle has 25 times larger contact
surface area with epoxy molecules during processing than a 20nm silane-doped
ZnO particle. They have similar densities of 0.560g/cm? and 0.532g/cm?® of 100nm
ZnO and 20nm silane-doped ZnO particle respectively and the volume ratio of
100nm Zn0O:20nm silane-doped ZnO is 125:1. Under the same weight content of
ZnO nanoparticle in epoxy resin, the total surface area ratio of 100nm undoped
Zn0:20nm silane-doped ZnO in contact with epoxy molecule is 1:5. And referring
to the results obtained from shear stress, silane surfactant on ZnO nanoparticles
contributes at around 45 to 60% higher of required shear stress for the fluid flow
of epoxy resin along higher shear rate from 0 to 250s™. This indicates that the
silane surfactant on ZnO nanoparticle restricts the fluid flow at 1.6 times higher

than the ZnO nanoparticle without silane. At the same weight content of 2 wt.%
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ZnO nanoparticle, the viscosity of 20nm silane-doped ZnO/epoxy resin is slightly
lower than 100nm undoped ZnO/epoxy resin which are 7.15-7.40Pa-s and 7.73-
7.61Pa-s respectively as shown in Table 7.8. This implies that the weight content
of 2 wt.% ZnO nanoparticle or the weight ratio of 1:49 of ZnO:epoxy causing the
surface friction or intermolecular force between silane surfactant or ZnO
nanoparticles and epoxy molecule is insufficient to have negative influence in the
shearing flow of 2 wt.% silane-doped ZnO/epoxy resin. At 4 wt% ZnO
nanoparticle, the viscosity of 20nm silane-doped ZnO/epoxy resin is around 0.5
times higher than 100nm undoped ZnO/epoxy resin which are 8.23-8.51Pa-s and
5.64-5.51Pa-s listed in Table 7.8. At 7 wt.% ZnO nanoparticle, the difference of
viscosity of 20nm silane-doped ZnO/epoxy resin is even higher which is around 4
times higher than 100nm undoped ZnO/epoxy resin. the viscosities of 20nm silane-
doped ZnO/epoxy resin and 100nm undoped ZnO/epoxy resin range from 46.27-
47.57Pa-s and 12.25-11.46Pa-s respectively referred to Table 7.8.

The implementation of silane surfactant is able to stabilize the fluid flow of
ZnOlepoxy resin, the ZnO/epoxy resin with the lowest viscosity is the flavour of
the infiltration into HGFs. Comparing two types of ZnO nanoparticles mixed with
epoxy resin, 100nm undoped ZnO/epoxy resin is more favourable to achieve lower
viscosity and implies that it obtains better dispersion of ZnO nanoparticles in
epoxy resin. In infiltration process, vacuum pump with the total ultimate vacuum
pressure of 2Pa was applied constantly for 10mins to ensure a full infiltration of
resin into the HGF of 100mm long. The applied shear stress of 2Pa-s does not
exceed the shear viscosity of 4 wt.% 100nm undoped ZnO/epoxy resin of 6Pa-s.
The bonding strength between elements in the resin with lowest viscosity is higher
than the applied shear stress. The vacuum infiltration is not able to influence the

bonding properties between elements in the resin being tested.

Isabel Tsz-ting Wong 135



Chapter Seven UVR Resistance of Zinc Oxide/Polymer Composites

7.2.2 Dimensional Stability of Zinc Oxide/Epoxy in Hollow Glass Fibre
7.2.2.1 Background

Two types of ZnO nanoparticle with different weight contents, 2 wt.%, 4 wt.% and
7 wt.%, mixed with epoxy and neat epoxy resin were prepared for studying their
dimensional stability inside HGF. Two types of ZnO nanoparticles were described
in section 7.1.3.1. Araldite GY251 and hardener HY956 in weight ratio 5:1 were
used to fabricate the epoxy base. ZnO nanoparticles were mixed with epoxy resin
by using ultrasonication for 20mins and the resin mixture was mixed with
hardened for another 5mins by using mechanical stirring. No solvent was used in
the dispersion process.

Each HGF with outer and inner diameters of 125um and 100um respectively were
filled with ZnO/epoxy resin. Vacuum infiltration technique was used to fill the
resin mixture inside HGF. The setup of vacuum infiltration is the same as
described in section 7.1.2.1. Vacuum pump with the total ultimate vacuum
pressure of 2Pa was applied constantly for 10mins to ensure a full infiltration in
the HGF of 100mm long. All samples were cured in laboratory with room
temperature at 23°C, pressure at 750mmHg and humidity at 45%RH for 24hours
prior to characterization and analysis. Table 7.9 shows the seven samples being

tested.

Table 7.9 Combinations of seven samples being tested
Type of ZnO nanoparticle

100nm ZnO 20nm silane-doped ZnO

- Control sample 1

Weight content of 2 wWt.% Sample 2 Sample 3
ZnO0 nanoparticle 4 wt.% Sample 4 Sample 5
7 wt.% Sample 6 Sample 7
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7.2.2.2 Results and Discussion

7.2.2.2.1 Surface Morphology

Microscopic observation discloses the evidence that the vacuum pressure draws
the resin inside the HGF in a convex shape which the middle layer of resin
experiences less frictional force and the layers of resin contacting with the inner
wall of HGF are greatly exerted by wall friction against their fluid flow. In curing
process, resin shrinks, the wall friction helps reducing the shrinkage of resin,
however, with less frictional force exerted, the middle layer of resin shrinks in a
higher degree. Figure 7.21 shows a schematic diagram describing the infiltration

process and curing process of the resin in HGF.

Infiltrating

Curing and Shrinking

TRORRCR—
0 o0

i N\

Cured ®o 0o 0,

o o Qo

Neat epoxy 4wt.% 100nm ZnO/epoxy

Figure 7.21 Schematic diagram showing the polymerization shrinkage of neat
epoxy and 4 wt.% 100nm ZnO/epoxy in micron HGF during curing process

Different degrees of polymerization shrinkage are observed at the end of epoxy
resin mixed with difference contents of ZnO nanoparticles inside HGF. The results
are shown in Figure 7.22, Figure 7.23, Figure 7.24 and Figure 7.25. The degree
of polymerization shrinkage of neat epoxy inside HGF is 45°, 2 wt.% ZnO/epoxy
inside HGF is 53°, 4 wt% ZnO/epoxy inside HGF is 55° and 7 wt.% ZnO/epoxy

inside HGF is 57°. Without ZnO particles, neat epoxy resin is at 45° with the inner
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wall surface of HGF. After implementing 2 wt.% ZnO nanoparticle, the
polymerization shrinkage of epoxy resin inside HGF is largely reduced of around
18%. 4 wt.% ZnO nanoparticle contribute around 22% enhancement of the
dimensional stabilization in epoxy resin inside HGF and 7 wt.% ZnO nanoparticle
have the enhancement at around 27%. The implementation of ZnO nanoparticles
induces a higher frictional force to infiltration process but it exerts a frictional force
on resin against the polymerization shrinkage and this is the dimensional stability
of ZnO nanoparticle in polymers during curing process. ZnO nanoparticles in large
amount allows to effectively enhance its dimensional stability in polymers, even

the particle agglomeration is occurred.

Air Neat epoxy

Figure 7.22 Polymerization shrinkage of neat epoxy in micron HGF

2wt.% 100nm 2wt.% 20nm
Air ZnOlepoxy Air doped-ZnO/epoxy
53 53

Figure 7.23 Polymerization shrinkage of 2 wt.% 100nm ZnO/epoxy (left) and 2
wt.% 20nm silane-doped ZnO/epoxy (right) in micron HGF
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Figure 7.24 Polymerization shrinkage of 4 wt.% 100nm ZnO/epoxy (left) and 4
wt.% 20nm silane-doped ZnO/epoxy (right) in micron HGF
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Figure 7.25 Polymerization shrinkage of 7 wt.% 100nm ZnO/epoxy (left) and 7
wt.% 20nm silane-doped ZnO/epoxy (right) in micron HGF

7.3 UVR Absorbability of Zinc Oxide/Polymer Composites

7.3.1 UVR Absorbability of Zinc Oxide/Glass Fibre/Epoxy Composite Using
Solvent and Ultrasonication for Zinc Oxide Nanoparticle Dispersion

7.3.1.1 Background

The UVR energy absorbability of zinc oxide/glass fibre/epoxy (ZnO/GF/EP)

composites using solvent and ultrasonication for ZnO nanoparticle dispersion were

discussed in the following.

100nm ZnO nanoparticle with different contents of 4 wt.%, 12 wt.%, 20 wt.% and

40 wt.% were mixed with 20 wt.% isopropyl alcohol modified epoxy to be the

second last matrix layer of GF/EP composite laminated with five layers of plain

woven E-glass fabric. 20 wt.% isopropyl alcohol was used for the particle

dispersion because it has been tested that it has less influence to the crystalline
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structure of epoxy which has less influence to the physical and mechanical
properties of the composite. Araldite GY251 and hardener HY956 in weight ratio
5:1 were used to fabricate the epoxy base. ZnO nanoparticles and isopropyl alcohol
were mixed with epoxy resin by using mechanical stirring for 15mins. All
composites were fabricated by hand lay-up technique and cured in laboratory with
room temperature at 23°C, pressure at 750mmHg and humidity at 45%RH for
24hours prior to characterization and analysis. Figure 7.26 shows the
configuration of the sample. A five layered GF/EP composite without ZnO

nanoparticles was the reference sample.

D6000/00109.00.00000.00000000000000000000600¢
0000000000 0000000000000000000000000000¢

Figure 7.26 ZnO/five-layered GF/EP composite

Another set of composite is 6 wt.% 100nm ZnO/epoxy implemented in between
the first three layers of glass fabric of GF/EP composite laminated with twelve
layers of plain woven E-glass fabric. Araldite GY251 and hardener HY956 in
weight ratio 5:1 were used to fabricate the epoxy base. ZnO nanoparticles in epoxy
were ultrasonicated for 20mins and the resin mixture were mechanically mixed
with hardener for another 5mins. All composites were also fabricated by hand lay-
up technique and cured in laboratory with room temperature at 23°C, pressure at
750mmHg and humidity at 45%RH for 24hours prior to characterization and
analysis. Figure 7.27 shows the configuration of the sample. A twelve layered

GF/EP composite without ZnO nanoparticles was the reference sample.
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Figure 7.27 ZnO/twelve-layered GF/EP composite

7.3.1.2 Results and Discussion

Referring to Figure 2.28, five layered GF/EP composite has a full UVR energy
absorbability in the wavelength range of 190nm to 328.5nm. A sudden drop of
UVR energy absorbability at the wavelength of 328.5nm, and it has a gradual
declination between the wavelength range of 328.5nm to 400nm with the UVR
energy absorbability of around index 2. Without the implementation of ZnO
nanoparticles, five layered GF/EP composite has no full UVR absorption in the
wavelength range of UVA. Showing in Figure 2.29, after implementing 20 wt.%
or 40 wt.% 100nm ZnO nanoparticles using 20 wt.% isopropyl alcohol as solvent
for particle dispersion, the ZnO/GF/EP composite has a full UVR energy

absorbability for the whole range of UVA, UVB and UVC.
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Figure 7.28 UVR energy absorbability of five-layered GF/EP composite without

ZnO nanoparticles
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Figure 7.29 UVR energy absorbability of 20 wt.% or 40 wt.% 100nm ZnO/five-
layered GF/EP using 20 wt.% of isopropyl alcohol for ZnO nanoparticle dispersion

Figure 7.30 shows a full UVR energy absorbability of twelve layered GF/EP
composite without ZnO nanoparticles in the wavelength range of 190nm to
379.5nm. Without the implementation of ZnO nanoparticles, five layered GF/EP
composite has no full UVR absorption in the wavelength range of UVA. However,
by stacking seven more layers of glass fibres compared to five layered GF/EP
composite without ZnO nanoparticles, the UVR energy absorbability of twelve
layered GF/EP composite without ZnO nanoparticles is enhanced for around 15%.
E-glass fabric has certain UVR energy absorbability and the interface between
glass fibre and epoxy resin is attacked by the UVR energy which it absorbs certain
amount of UVR energy and less UVR energy is allowed being transmitted through

the composite.
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Figure 7.30 UVR energy absorbability of twelve-layered GF/EP composite
without ZnO nanoparticles

6 wt.% 100nm ZnO nanoparticle using ultrasonication for particle dispersion is
able to achieve a full UVR energy absorbability of the ZnO/GF/EP composite for
the whole range of UVA, UVB and UVC. The result is shown in Figure 7.31. By
utilizing ultrasonication, uniform dispersion of particles is able to be achieved and
a largely reduced amount of ZnO nanoparticle is sufficient for the whole range of

full UVR energy absorption.
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Figure 7.31 UVR energy absorbability of 6 wt.% 100nm ZnO/twelve-layered
GF/EP composite using ultrasonication for ZnO nanoparticle dispersion
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No full UVA absorption is obtained in silane-doped ZnO/GF/EP composite. The
result is shown in Figure 7.32. Although ultrasonication is utilized for particle
dispersion and silane surfactant is doped on ZnO nanoparticles, particle
agglomeration is still occurred for the small sized nanoparticles. Uniform
dispersion of ZnO nanoparticles is one of the crucial factors for achieving a whole

range of full UVR energy absorbability of ZnO/GF/EP composite.
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Figure 7.32 UVR energy absorbability of 6 wt.% 20nm silane-doped ZnO/twelve-
layered GF/EP composite using ultrasonication for ZnO nanoparticle dispersion

Comparing the physical UVR energy absorption between 100nm ZnO
nanoparticle and 20nm silane-doped ZnO nanoparticle and their implementation
in GF/EP composite, there are few factors differentiate their UVR absorbabilities.
The band gap energy responsible for the physical UVR energy absorption of
100nm ZnO nanoparticle and 20nm silane-doped ZnO nanoparticle are 3.22eV and
3.14eV respectively.100nm ZnO nanoparticle having higher band gap energy
contributes higher physical UVR energy absorbability. At the same content of ZnQO,
the total surface area of 20nm silane-doped ZnO nanoparticles is five times more
than 100nm ZnO nanoparticles referring to the calculation discussed in section

7.2.1.2. Moreover, the surface of 20nm ZnO nanoparticle is doped with 1% silane
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coupling agent. The surface of ZnO nanoparticle delivering scattering effect
prevents UVR energy to entre and physically dissipate the energy within the band

gap of ZnO atom. The interpretation is further discussed in section 7.3.2.2.

7.3.2 UVR Absorbability of Zinc Oxide/Hollow Glass Fibre Lamina Using
Mechanical Mixing and Ultrasonication for Zinc Oxide Nanoparticle
Dispersion

7.3.2.1 Background

The UVR energy absorbability of zinc oxide/hollow glass fibre (ZnO/HGF) lamina

using mechanical mixing and ultrasonication for ZnO nanoparticle dispersion were

discussed in the following.

100nm ZnO nanoparticle with different weight contents of 2 wt.%, 4 wt.%, 5 wt.%

and 7 wt.% were mixed with epoxy and each resin mixture was filled into HGFs

to form a lamina. Araldite GY251 and hardener HY956 in weight ratio 5:1 were
used to fabricate the epoxy base. ZnO nanoparticles and epoxy resin were
mechanically mixed with epoxy for 10mins and the resin mixture were
mechanically mixed with hardener for another 5mins. Different ZnO/epoxy resin
was filled into HGF by using vacuum infiltration technique. Each ZnO/HGF
lamina was fabricated at different intervals of HGFs and in 2mm thickness. Table

7.10 shows the fifteen samples being tested. Figure 7.33 shows the configuration

of the sample. A neat epoxy/HGF lamina without ZnO nanoparticles was the

reference sample.
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Table 7.10 Combinations of fifteen samples being tested
Interval of HGFs
0.2 mm 0.5 mm 1.5 mm

- Control sample 1 ~ Control sample 2~ Control sample 3

Weight content of ZnO 2 wt.% Sample 4 Sample 8 Sample 12
nanoparticles in epoxy 4 wt.% Sample 5 Sample 9 Sample 13
filled into HGF's S5wt% Sample 6 Sample 10 Sample 14

7wt.% Sample 7 Sample 11 Sample 15

Figure 7.33 ZnO/HGF lamina with 2mm thickness

Another set of composite is two types of 100nm undoped ZnO and 20nm silane-
doped ZnO particle with different weight contents of 2 wt.%, 4 wt.% and 7 wt.%
were mixed with epoxy and each resin mixture was filled into HGFs to form a
lamina. Araldite GY251 and hardener HY956 in weight ratio 5:1 were used to
fabricate the epoxy base. ZnO nanoparticles and epoxy resin were ultrasonicated
for 20mins and the resin mixture were mechanically mixed with hardener for
another 5mins. Different ZnO/epoxy resin was filled into HGF by using vacuum
infiltration technique. Each ZnO/HGF lamina was fabricated in 0.2mm interval of
HGFs and in 2mm thickness. Table 7.11 shows the seven samples being tested.
The configuration of the sample is the same as shown in Figure 7.33. A neat

epoxy/HGF lamina without ZnO nanoparticles was the reference sample.

Isabel Tsz-ting Wong 146



Chapter Seven UVR Resistance of Zinc Oxide/Polymer Composites

Table 7.11 Combinations of seven samples being tested at 0.2mm interval of HGFs
Type of ZnO nanoparticle

100nm undoped ZnO 20nm silane-doped ZnO
- Control sample 1

Weight content of ZnO

2wt % Sample 2 Sample 3
nanoparticles in epoxy

4wt % Sample 4 Sample 5
filled into HGF's

7wt.% Sample 6 Sample 7

7.3.2.2 Results and Discussion

Every ZnO/HGF lamina obtains a full UVR absorbability in the wavelength range
of 190nm to around 330nm with little variation according to the amount of
implemented ZnO nanoparticles.

Figure 7.34, Figure 7.35 and Figure 7.36 show the UVR energy absorbability of
all 100nm ZnO/HGF laminas using mechanical mixing for ZnO nanoparticle
dispersion. The y-axis represents the index of UVR absorption and five is the
maximum UVR absorption. In general, 2 wt.% ZnO/HGF, 4 wt.% ZnO/HGF and
5 wt.% 100nm ZnO/HGF laminas at every interval of HGFs have higher UVR
energy absorbability in the wavelength range of 330nm to 400nm. Their UVR
energy absorbability are around 25% to 50 % higher than neat epoxy/HGF and 7
wt.% 100nm ZnO/HGF laminas. Nevertheless, their highest UVR energy

absorbability is capable to achieve around 30% of the maximum UVR absorption.
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Figure 7.34 UVR energy absorbability of different laminas at 0.2mm interval of
HGFs
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Figure 7.35 UVR energy absorbability of different laminas at 0.5mm interval of
HGFs
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Figure 7.36 UVR energy absorbability of different laminas at 1.5mm interval of
HGFs
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The UVR energy absorbability of all samples have a steady declination from the
wavelength range of 330nm to 400nm. The lowest UVR energy absorbability of
all samples are at 400nm wavelength and they are around 20% of the maximum

UVR absorption. The results are shown in Table 7.12.

Table 7.12 Lowest UVR energy absorbability at 400nm wavelength of all samples

Interval of HGF's
0.2 mm 0.5 mm 1.5 mm
Weight content - 1.1079 1.2564 1.0347
of ZnO 2wt % 1.6439 1.3809 1.3419
nanoparticles in 4wt % 1.5867 1.559 1.567
epoxy filled into Swt% 1.5316 1.6777 1.4377
HGFs 7 wt. % 1.04 1.3089 0.9871

4 wt.% 100nm ZnO/HGF lamina demonstrates a consistent result of having the
highest UVR energy absorbability while 7 wt.% 100nm ZnO/HGF lamina shows
a consistent result of having the lowest UVR absorbability among other laminas at
every interval of HGFs.

The UVR energy absorbability of ZnO/HGF lamina has a relationship with the
surface morphology of epoxy mixed with different contents of ZnO nanoparticles
which have been characterized and discussed in section 7.1.2. Particle
agglomeration is found in 7 wt.% 100nm ZnO/epoxy resin inside HGF. This
produces many tiny spaces in between ZnO/epoxy resin which makes it difficult
to be fully filled with epoxy resin and results in air gaps. Moreover, there are no
Zn elements detected from the EDX examination on the fracture surface of 7 wt.%
100nm ZnO/epoxy resin inside HGF. These explain ZnO nanoparticles in 7 wt.%
100nm ZnO/epoxy resin inside HGF is not uniformly dispersed and air gaps

happens in between the resin which these allow UVR energy to directly penetrate
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through HGF, neat epoxy or air as they carry low or none UVR energy
absorbability. Therefore, 7 wt.% 100nm ZnO/HGF lamina reaches the lowest

UVR energy absorbability among other laminas. Figure 7.37 explains the problem.

UVR

Zn0O Air gap

Neat epoxy

Figure 7.37 Relationship between UVR energy absorbability and particle
dispersion of ZnO/epoxy in HGF

The UVR energy absorbability of ZnO nanoparticles in epoxy resin is an active
reaction. With the reflection benefited from the HGF, the amount of UVR energy
fell into ZnO nanoparticles for physical UVR absorption is increased. Figure 7.38
explains the idea. Active UVR energy absorption is defined when UVR energy
falls on ZnO/HGF lamina, the UVR energy is attracted and absorbed by ZnO
nanoparticle with the band gap inside its atom. 4 wt.% 100nm ZnO/HGF lamina
has a consistent result having the highest UVR energy absorbability at every
interval, 0.2mm, 0.5mm and 1.5mm, of HGFs. In addition, it has been mentioned
in last section that the UVR energy absorbability of ZnO/HGF lamina has a
relationship with the surface morphology and smooth surface is found in 4 wt.%
100nm ZnOl/epoxy resin inside HGF which indicates it carries an uniform
dispersion of ZnO nanoparticles. These explains different intervals of HGFs tested
in the experiment has less influence on the UVR energy absorbability of 4 wt.%
100nm ZnO/HGF lamina provided that ZnO nanoparticles in epoxy resin have

active UVR energy absorbability with uniform dispersion and high density.
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Figure 7.38 Relationship between UVR energy absorbability and different
intervals of HGFs of 4 wt.% 100nm ZnO/HGF lamina

The UVR energy absorbability of all 2000nm ZnO/HGF and 20nm silane-doped
ZnO/HGF laminas using ultrasonication for ZnO nanoparticle dispersion are
shown in Figure 7.39. The y-axis represents the index of UVR absorption and five

is the maximum UVR absorption
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Figure 7.39 UVR energy absorbability of different laminas at 0.2mm interval of
HGFs

Comparing the results shown in Figure 7.34 to Figure 7.35, Figure 7.36 and
Figure 7.39, all 100nm ZnO/HGF laminas using ultrasonication for particle
dispersion obtain lower UVR energy absorbability than all laminas using
mechanical mixing although uniform dispersion of 100nm ZnO particles in epoxy
using both dispersion methods were found. Ultrasonication dispersion method
poses a negative effect to the physical UVR energy absorbability of ZnO
nanoparticle. It is suggested that ZnO nanoparticle is somewhat damaged by
ultrasonication applying high frequency at 20kHz or more, which is higher than
the upper audible limit of human hearing, or energy on the nanoparticles in a fluid
for agitation.

All 20nm silane-doped ZnO/HGF laminas using ultrasonication for particle
dispersion have lower UVR energy absorbability than all 100nm ZnO/HGF
laminas shown in Figure 7.39. Besides the difference in particle size providing a
slightly difference in band gap energy which 20nm milled ZnO particle has band
gap energy of around 3.14eV and 100nm milled ZnO particle has band gap energy
of around 3.22eV, silane surfactant is applied on 20nm ZnO particles. The surface

of 100nm ZnO particle without silane coupling agent is favourable for interacting
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with UVR energy as the surface of undoped ZnO nanoparticle is more hydrophilic
compare with the one doped with silane surfactant and polymeric materials, the
chemical UVR energy absorption of ZnO nanoparticle requires the presence of
water and oxygen. Chemical UVR energy absorption has to be inhibited and
physical UVR energy absorption has to be encouraged. However, it is suggested
that the silane surfactant has negative impacts on the incidence of UVR energy
into ZnO and dissipate UVR energy physically within the band gap of the
nanoparticle. In other words, the silane surfactant increases the reflection of UVR
energy to epoxy resin for chemical UVR energy absorption while inhibits the
active physical UVR energy absorption of ZnO nanoparticle. Figure 7.40

illustrates the idea.

\ Epoxy base

Figure 7.40 Negative effects of silane surfactant on ZnO nanoparticle to the UVR
energy absorption

The UVR energy absorbability of all 20nm silane-doped ZnO/HGF laminas are
even lower than neat epoxy/HGF lamina. Air gaps presented in between 20nm
silane-doped ZnO/epoxy resin is suggested to be one of the reason. It is supposed
that air bubbles are capable to pass out through ZnO/epoxy resin and HGF during
vacuum infiltration process. However, under the higher amount of 20nm silane-
doped ZnO particles at the same weight content as 100nm ZnO particles, the gas
bubbles are difficult to be infiltrated out of the ZnO/epoxy resin and HGF.

Moreover, tiny gas bubbles are generated 20nm ZnO particles are not easily
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observed under optical microscope but it is revealed its effect in UVR energy
absorbability of the lamina.

Nevertheless, 4 wt.% 100nm ZnO/HGF lamina has the best UVR energy
absorbability among all laminas although it is suggested that the nanoparticle is
defected by the ultrasonication dispersion method. The presence of less air gaps in
between the ZnO/epoxy resin, the uniform dispersion of ZnO nanoparticles and
the favourable surface properties providing active physical UVR energy

absorption are suggested to be the reason.

7.3.3 UVR Absorbability of Zinc Oxide/Glass Fibre/Unsaturated Polyester
Composite underwent Continuous and Cyclic UVR Exposure

7.3.3.1 Background

6 wt.% 100nm ZnO/UP were implemented in between the first three layers of glass
fabric of GF/UP composite laminated with twelve layers of plain woven E-glass
fabric. The mixing formula of UP is UP:MEKP:cobalt (I1) naphthenate:KH151 in
the ratio of 500:10:1:5 referring to section 3.2.5. ZnO nanoparticles in UP were
ultrasonicated for 20mins and the resin mixture were mechanically mixed with
hardener for another 5mins. All composites were fabricated by hand lay-up
technique and cured in laboratory with room temperature at 23°C, pressure at
750mmHg and humidity at 45%RH for 24hours prior to characterization and
analysis. Figure 7.41 shows the configuration of the sample. A twelve layered

GF/UP composite without ZnO nanoparticles was the reference sample.

Isabel Tsz-ting Wong 154



Chapter Seven UVR Resistance of Zinc Oxide/Polymer Composites

NA0VDA0CYO0AOEOR00CA00N0000000AVR00R0N
D00V 600000600V 0V00V00V00000600V00600N
2.0.0,0,0.00,00600.000000000000000000000000000
2000000100600 00000000000000000000000000¢
0000,0000000.00000.0000000000000000000000¢

Figure 7.41 ZnO/twelve-layered GF/UP composite

Cyclic and continuous UVR exposure methods were conducted on 6 wt.% 100nm
ZnO/GF/UP composite. Details of the composites underwent both UVR exposure
methods are described in Table 7.13 and section 6.3.1. As UVA intensity emitted
by the lamp in accelerated UVR chamber is 100mW/cm?, which is approximately
11 times higher than terrestrial UVA intensity of 9.1105mW/cm? and natural UVA
from the sun is generally alerted from 10am to 4pm for 6hours in every day, the
112.5-hour artificial accelerated UVA exposure is simulated as 208-day ambient
sunlight exposure in terms of the accumulated UVA energy of 11250mW/cm?

stored in the exposed materials.

Table 7.13 Details of ZnO/GF/UP composites underwent continuous or cyclic
UVA exposure

Samples
Standard

Type of exposure

No. of sample

Hours of exposure
Accumulated UVR

intensity

Accelerated Continuous UVA
exposure

6 wt.% 100nm ZnO/GF/UP

Continuous exposure under UVA

3 samples for each type

Accelerated Cyclic UVA
exposure
6 wt.% 100nm ZnO/GF/UP
ASTM D4329

- 50cycles
- 2h15mins UVA at 100mW/cm2

intensity at 50°C

- 4h Thermal degradation at 50°C

25 samples, each sample

underwent 2cycles

Total 112.5-hour UVA exposure

Accumulated 11250mW/cm? UVA intensity in the composite samples
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7.3.3.2 Results and Discussion

With the first three layers of 6 wt.% 100nm ZnO/GF/UP, ZnO nanoparticle is
responsible for physical UVR absorption in the surface layers which subsequently
alleviate the UVR degradation problem in the core of the composite. The UVR
degradability of the composite is assessed by surface morphology characterization
and tensile properties test revealing its degradation condition under different
degrees of UVA exposure which were presented in section 6.3. The UVR
absorbability of the composite is a factor of the degradability and it is a measure
of the amount of absorbance or transmittance of light at different wavelength
reacting with the composite. The first three layers of 6 wt.% 100nm ZnO/GF/UP
with higher UVR absorbability is able to lower the UVR degradability of the bulk
composite.

The UVR absorbability of 6 wt.% 100nm ZnO/GF/UP composite achieves full
UVR absorption spectrum before and after continuous and 25 cyclic UVA
exposure. The results are shown in Figure 7.42 and Figure 7.43. This explains 6
wt.% 100nm ZnO particle has an uniform dispersion in GF/UP and 6 wt.% is a
good content of the particle to be implemented in between the first three layers of
glass fabric for the full UVR absorption of bulk GF/UP composite. 6 wt.% 100nm
ZnO particle is able to maintain the molecular density of the composite under the
degree of UVR exposure, 112.5hours of artificial accelerated UVA exposure
simulated as 208days of ambient sunlight exposure, applied in the composite
which the molecular density of the composite has influence to the UVR
absorbability.

Combining the results of UVR absorbability and tensile properties discussed in
section 6.3 of the composite, a large variation is found in the tensile properties of

the composite after the exposure of continuous UVA compared with cyclic UVA
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under the same accumulated UVA intensity in the composite. However, there is
no difference between the UVR absorbability in the composite underwent the
exposure of continuous UVA and cyclic UVA. Therefore, the UVR degradability
of the composite represented by the change of tensile properties of the composite
somehow is not able to be explained by the changes of molecular density and the
UVR absorbability of the composite. The UVR degradability of the composite is
a crucial factor to evaluate the serviceability, furthermore, continuous and cyclic
UVA exposure have different negative effects to the composite and the alternation
in the tensile properties of the composite underwent continuous UVA exposure is
severer than cyclic UVA exposure. It is important to consider which exposure
method has to be chosen for testing the serviceability of the composite in order to

avoid overestimation or underestimation.

6 wt.% 100nm ZnO/GF/UP before 6 wt.% 100nm ZnO/GF/UP after
continuous UVA exposure 6 continuous UVA exposure

4 4
[72] [72]
Q o]
< <

2 2

0 0

190 400 190 400

260 330
Wavelength (nm)
Figure 7.42 UVR absorbability of 6 wt.% 100nm ZnO/GF/UP composites before
and after continuous UV A exposure

260 330
Wavelength (nm)
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6 wt.% 100nm ZnO/GF/UP before 6 wt.% 100nm ZnO/GF/UP after 25
25 cyclic UVA exposure 6 cyclic UVA exposure
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Figure 7.43 UVR absorbability of 6 wt.% 100nm ZnO/GF/UP composites before
and after 25 cyclic UVA exposure

7.3.4 UVR Absorbability of Zinc Oxide/Glass Fibre/Epoxy and Zinc
Oxide/Glass Fibre/Unsaturated Polyester Composites

7.3.4.1 Background

Using artificial continuous UVA exposure method described in section 7.3.3.1, the
GF/polymer composites with two different matrixes underwent the same degree of
UVA exposure were tested and compared their UVR absorbability. With two
different polymer matrixes, the composites react differently in UVA degradation.
The absorbability is contributed by the amount and dispersion of ZnO nanoparticle,
the optical properties of ZnO nanoparticle and polymer matrix and the molecular
density of polymer matrix.

6 wt% of 100nm ZnO and 20nm silane-doped ZnO nanoparticles were
implemented in GF/EP and GF/UP respectively to form composites. GF/EP and
GF/UP composites without ZnO nanoparticles were fabricated as reference
samples. The configuration is the same as mentioned in section 7.3.3.1. Araldite
GY251 and hardener HY956 in weight ratio 5:1 were used to fabricate the epoxy
base. The mixing formula of UP is UP:MEKP:cobalt (I1) naphthenate:KH151 in
the ratio of 500:10:1:5 referring to section 3.2.5. ZnO nanoparticles in EP and UP

resin were ultrasonicated for 20mins and the resin mixture were mechanically
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mixed with hardener for another 5mins. All composites were fabricated by hand
lay-up technique and cured in laboratory with room temperature at 23°C, pressure
at 750mmHg and humidity at 45%RH for 24hours prior to characterization and
analysis. Details of the composites underwent continuous UVR exposure method

are described in Table 7.14 and section 6.4.1.

Table 7.14 Details of ZnO/GF/EP and ZnO/GF/UP composites underwent
continuous UV A exposure
Accelerated CONTINUOUS UVA exposure

Samples Neat GF/EP 6 wt.% 100nm 6 wt.% 20nm silane-
ZnO/GF/EP doped ZnO/GF/EP
Neat GF/UP 6 wt.% 100nm 6 wt.% 20nm silane-
ZnO/GF/UP doped ZnO/GF/UP
Type of exposure Continuous exposure under UVA
No. of sample 3 samples for each types
Hours of exposure Total 112.5-hour UV A exposure

Accumulated UVR Accumulated 11250mW/cm? UVA intensity in composite samples

intensity

7.3.4.2 Results and Discussion

Similar to the previous experiment, 6 wt.% 100nm ZnO and 6 wt.% 20nm silane-
doped ZnO particles were implemented in the first three layers of GF/EP and
GF/UP composites which the implementation of ZnO nanoparticles is responsible
for physical UVR absorption in the surface layers in order to mitigate the UVR
degradation problem in the core of the composite. The UVR absorbability of the
composite is a factor of the degradability and it is a measure of the amount of
absorbance or transmittance of light at different wavelength reacting with the
composite. The first three layers of GF/EP and GF/UP implemented with 6 wt.%

100nm ZnO and 6 wt.% 20nm silane-doped ZnO particles possessing higher UVR
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absorbability is able to lower the UVR degradability of the bulk composite.

EP and UP resins have slightly different reactivity in UVR absorption because of
the intrinsic optical property and molecular density of the polymers. Both of the
polymers are transparent in nature and the molecular density of EP resin is slightly
lower than UP resin which explains EP contributing lower UVR absorbability.
Neat GF/EP and neat GF/UP composites without ZnO nanoparticles is not able to
achieve a full UVR absorption spectrum and demonstrate low UVA absorbability.
6 wt.% of 100nm ZnO and 6 wt.% 20nm silane-doped ZnO particles are able to
enhance and maintain the molecular density of GF/EP and GF/UP composites
underwent the same degree of UVR exposure, 112.5hours of artificial accelerated
UVA exposure simulated as 208days of ambient sunlight exposure, applied in the
composites which the molecular density of the composites has influence to the
UVR absorbability. The results are shown in Figure 7.44, Figure 7.45, Figure
7.46 and Figure 7.47. Together with the uniform particle dispersion, therefore, the
composites are able to achieve a full UVR absorption spectrum before and after
UVA exposure.

Meanwhile, EP and UP resins have different compatibility with ZnO nanoparticles
having two different surface properties, 100nm ZnO without surface treatment and
20nm silane-doped ZnO with silane surfactant. This difference has no significant
effects in the UVR absorbability of the composites, however, the effects are found
in the surface morphology and the tensile properties discussed in section 6.4.
Although silane surfactant is presented on ZnO nanoparticles, the particle of 20nm
in diameter is relatively small and particle agglomeration or non-uniform particle
dispersion is happened which prevents the composites to achieve a full UVA
absorption. Otherwise, the silane surfactant on 20nm ZnO particle having high

reflectivity prevents UVR energy to entre the particle and reach the band gap of
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ZnO atom which lowers the occurrence of physical UVR absorption.
Contradictorily, the silane surfactant on 20nm ZnO also lowers the occurrence of
chemical UVR absorption with surrounding polymer and reduces a high number
of harmful radicals to be produced and further degrade the polymer.

After accelerated continuous UVA exposure, all GF/polymers composites with or
without ZnO nanoparticles are able to achieve a full UVR absorption spectrum.
The results are shown in Figure 7.47. Combining the results of tensile properties
of the composites after UVA exposure, this indicates the molecular density of
polymer chains is enhanced, the UVA energy attacked into the composites
provides energy for the polymer chains to further polymerize and the molecular
density of polymer chains is correlated with the UVR absorbability of the polymer
composites. All fully cured composites with higher molecular density demonstrate

a better or a full UVR absorption spectrum.

GF/EP before UVA exposure GF/UP before UVA exposure

6
379.5,5 383,5
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Figure 7.44 UVR energy absorbability of neat GF/EP and GF/UP composites
without UVA exposure
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Figure 7.45 UVR energy absorbability of 6 wt.% 100nn ZnO/GF/EP and 6 wt.%
100nm ZnO/GF/UP composites without UVA exposure

6 wt.% 20nm silane-doped 6 wt.% 20nm silane-doped
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Figure 7.46 UVR energy absorbability of 6 wt.% 20nm silane-doped ZnO/GF/EP
and 6 wt.% 20nm silane-doped ZnO/GF/UP composites without UV A exposure

GF/EP and GF/UP with or without 6 wt.% ZnO after
UVA exposure
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Figure 7.47 Full UVR absorption of GF/polymers composites with or without 6
wt.% ZnO nanoparticle after UVA exposure
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7.3.5 UVR Absorbability of Zinc Oxide/Epoxy-based and Styrene-based
Shape Memory Polymer

7.3.5.1 Background

2 Wt.%, 4 wt.%, 5 wt.% and 7 wt.% of 100nm ZnO particles were mixed with two
shape memory polymers (SMPs) precursor solutions, epoxy-based SMP (EP-SMP)
and styrene-based SMP (S-SMP), respectively. The precursor solutions of EP-
SMP and S-SMP were mixed according to the formula provided by Harbin
Institute of Technology (HIT). ZnO nanoparticles in EP-SMP and S-SMP resin
were mechanically mixed for 20mins and then ultrasonicated for another 10mins.
Afterwards, degas process was conducted until bubble-free resin mixtures were
obtained. The resulting mixtures were poured into a two-plate mould. Thermal
curing was performed on ZnO/EP-SMPs at 80°C for 3hours, followed by 100°C
for 3hours and 150°C for 5hours and on ZnO/S-SMPs at 75°C for 36hours. All
composites were cooled down at room temperature at 23°C and pressure at
750mmHg and then machined into a square shape in the dimension of 30mm
(D*30mm (w)*3mm (t). Neat EP-SMP and S-SMP without ZnO nanoparticles
were fabricated as reference samples.

Using artificial continuous UVA exposure method described in section 7.3.3.1,
both EP-SMP and S-SMP underwent 12hours of UV A exposure and accumulated
intensity of 1200mW/cm? were tested and compared their UVR absorbability. As
UVA intensity emitted by the lamp in accelerated UVR chamber is 100mW/cm?,
which is approximately 11 times higher than terrestrial UVA intensity of
9.1105mW/cm? and natural UVA from the sun is generally alerted from 10am to
4pm for 6hours in every day, the 12-hour artificial accelerated UVA exposure is
simulated as 22-day ambient sunlight exposure in terms of the accumulated UVA

energy of 1200mW/cm? stored in the exposed materials. Details of the composites
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underwent continuous UVR exposure method are described in Table 7.15 and

section 6.5.1.

Table 7.15 Details of ZnO/EP-SMP and ZnO/S-SMP composites underwent
continuous UV A exposure
Accelerated CONTINUOUS UVA exposure

Samples Neat EP- 2 wt.% 4 wt.% 5 wt.% 7 wt.%
SMP ZnO/EP- ZnO/EP- ZnO/EP- ZnO/EP-
SMP SMP SMP SMP
Neat S- 2 wt.% 4 wt.% 5wt.% 7 wt.%

SMP ZnO/S-SMP  ZnO/S-SMP  ZnO/S-SMP  ZnO/S-SMP

Type of exposure Continuous exposure under UVA

No. of sample 3 samples for each types

Hours of exposure Total 12-hour UVA exposure

Accumulated UVR Accumulated 1200mW/cm? UVA intensity in composite samples
intensity

With two different polymer matrixes, the composites react differently in UVA
degradation. The absorbability is contributed by the amount and dispersion of ZnO
nanoparticle, the optical properties of ZnO nanoparticle and polymer matrix and

the molecular density of polymer matrix.

7.3.5.2 Results and Discussion

2 wt.%, 4 wt.%, 5 wt.% and 7 wt.% 100nm ZnQO particles in EP-SMP and S-SMP
are able to obtain full UVR absorption before and after UV A exposure. The results
are shown in Figure 7.48. This indicates the ZnO nanoparticles is uniformly

dispersed in the SMPs.
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EP-SMPs and S-SMPs with 2wt.%, 4 wt.%, 5 wt.% and
7 wt.% 100nm ZnO before and after UVA exposure

260 330 400
Wavelength (nm)

Figure 7.48 UVR absorbability of 2 wt.%, 4 wt.%, 5 wt.% and 7 wt.% 100nm
ZnO/EP-SMPs and S-SMPs before and after UVA exposure

Neat EP-SMP and neat S-SMP are able to obtain full UVC (100nm-280nm), full
UVB (280nm-315nm) and part of UVA (315nm-400nm) absorption spectrum up
to 387.5nm and 311.5nm shown in Figure 7.49 and Figure 7.50 respectively. The
UVA absorbability of the neat SMPs drops accordingly without the contribution

of the UVA absorption of ZnO nanoparticles.
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Figure 7.49 UVR absorbability of neat EP-SMP before and after UVA exposure
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Figure 7.50 UVR absorbability of neat S-SMP before and after UVA exposure
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Neat EP-SMP is not able to achieve a full UVR absorption before UVA exposure,
moreover, its UVR absorbability is even lowered after UVA exposure. Regarding
the lowered surface hardness of neat EP-SMP discussed in section 6.5.2.2, the
softened surface obtains a lower molecular density which allows UVR energy
penetrating into the core of EP-SMP and transmitting through the bulk EP-SMP
easily. In the flavour of EP-SMP having higher molecular density after the
implementation of ZnO nanoparticles, the shape memory effects and the UVR
absorbability are maintained under the applied UVA exposure.

Neat S-SMP is not able to achieve a full UVR absorption before UVA exposure,
whilst, its full UVR absorbability is obtained after UVA exposure. Regarding the
increased surface hardness of neat S-SMP discussed in section 6.5.2.2, the
hardened surface delivers a higher molecular density of polymer which impedes
UVR energy to transmit through the UVA degraded layer and penetrate the core
polymer. Molecular density is contributed by the bonding strength of ZnO-
polymer and polymer—polymer. In turn, the hardened surface is formed as a
protection surface to prevent UVR absorption of the core polymer and lower the

UVR degradation rate of the bulk polymer.

7.4 Summary of This Chapter

In this chapter, UVR energy absorbability of ZnO/HGF lamina and different
polymer-based composites, ZnO/GF/EP, ZnO/GF/UP, ZnO/E-SMP and ZnO/S-
SMP, were studied. Particle dispersion, rheology properties and polymerization
shrinkage of ZnO/epoxy resin were investigated as they are the factors influencing
UVR energy absorbability of the composite.

Alcoholic solvent, mechanical mixing and ultrasonication are the common

methods for particle dispersion. 20 wt.% Isopropyl alcohol has less alteration to
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the crystalline structure of epoxy but still poses influence to the properties of epoxy,
therefore, alcoholic solvent is not considered for dispersing ZnO nanoparticles in
epoxy since it is difficult for the solvent to evaporate out during curing process but
remains inside HGF. Mechanical mixing is the ordinary method for stirring
mixture using different frequency and duration according to the rheology
properties of the mixture. It is still demanding for using mechanical mixing to
achieve good particle dispersion at room temperature once the weight content of
particle is getting larger. The dispersion property of the mixture is even significant
inside micron HGF. 4 wt.% 100nm ZnO/epoxy obtains a good particle dispersion
but 7 wt.% 100nm ZnO/epoxy shows particle agglomeration in HGF. Two types
of ZnO nanoparticle, 100nm ZnO and 20nm silane-doped ZnO, were dispersed in
epoxy by using ultrasonication and filled into HGF. Similar particle dispersion
conditions of two types of ZnO nanoparticle at the same amount are obtained
which demonstrates silane has a limited effectiveness to the particle dispersion. 7
wt.% ZnO/epoxy shows particle agglomeration in HGF no matter using
mechanical mixing or ultrasonication methods for particle dispersion which this
indicates mechanical mixing and ultrasonication have similar effectiveness to the
particle dispersion.

Besides, silane coupling agent was investigated for the purposes of good particle
dispersion and mechanical properties. However, regarding the results of rheology
properties of ZnO/epoxy resin and UVR energy absorbability of ZnO/HFG lamina,
silane coupling agent has negative impact on the incidence of UVR energy into
ZnO for physical UVR absorption and it increases the reflection of UVR energy
to surrounding epoxy resin for chemical UVR energy absorption.

Vacuum infiltration and curing condition are associated with the rheology and

polymerization shrinkage properties of ZnO/epoxy resin in HGF. Rheology test
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reveals silane surfactant is able to stabilize the fluid flow, however, it increases
viscosity and requires higher shear stress for fluid flow. 4 wt.% 100nm ZnO/epoxy
resin classified as pseudo plastic fluid obtains the lowest yield stress and viscosity
for fluid flow comparable to neat epoxy resin. Polymerization shrinkage is a
common problem in the curing process of polymer material. The shrinkage is even
significant in HGF. Nanoparticles enables to stabilize the dimension of cured resin.
Two types of ZnO implemented in epoxy, 100nm ZnO/epoxy and 20nm silane-
doped ZnO/epoxy, and filled into HGF with 100um inner diameter were evaluated
the angle of shrinkage. The results explain that the type of ZnO nanoparticle
contributes no difference to the polymerization shrinkage of ZnO/epoxy resin in
HGF and having higher weight content of ZnO nanoparticle, ZnO/epoxy resin
obtains lower degree of polymerization shrinkage in HGF.

Comparing the UVR energy absorbability of ZnO/GF/EP composite using solvent
and ultrasonication for ZnO nanoparticle dispersion, GF/EP layer is capable to
chemically absorb UVR energy, seven more layers contribute 13% higher in UVR
absorbability. Solvent dispersed 20 wt.% 100nm ZnO particle is required to
increase 18% for achieving full UVR energy absorbability of five-layered GF/EP
whilst ultrasonicated 6 wt.% 100nm ZnO particle is required to increase 5% for
achieving full UVR energy absorbability of twelve-layered GF/EP. Ultrasonicated
6 wt.% 20nm silane-doped ZnO particle implemented in the first three layers of
twelve-layered GF/EP has no full UVR absorption due to particle agglomeration
and silane surfactant impeding the entry of UVR energy into ZnO atom for
physical UVR absorption.

From the UVR energy absorbability results of ZnO/HGF lamina investigating the
differences between two types of ZnO nanoparticle at different weight contents,

different intervals of HGFs and two particle dispersion methods, 4 wt.% 100nm
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ZnO/HGF lamina obtains the highest UVR energy absorbability because 1. the
UVR energy absorption of ZnO is an active reaction and disregards different
intervals of HGF and 2. the reflection of HGF increases the incidence of UVR
energy into ZnO. Other composites with different configurations obtain lower
UVR energy absorbability because 1. the content of ZnO nanoparticle is
insufficient for physical UVR absorption, 2. particle agglomeration occurs and
produces air gap in between of particles and 3. silane surfactant impedes the entry
of UVR energy into ZnO atom for physical UVR absorption.

Based on the UVR energy absorbability results of 6 wt.% 100nm ZnO/GF/UP
composite underwent continuous and cyclic UVR exposure, all composites obtain
full UVR absorption before and after UVA exposure which indicates 6 wt.%
100nm ZnO particle is at a satisfactory ratio to reinforce the polymer against UVR
attack at the same exposure time and accumulated intensity while maintain the
UVR absorbability.

According to the UVR energy absorbability results of ZnO/GF/EP and
ZnO/GF/UP, 6 wt.% 100nm ZnO particle obtains a full UVR absorbability in
GF/EP and GF/UP before and after UVA exposure. Before UVA exposure, neat
GF/EP, neat GF/UP, 6 wt.% 20nm ZnO/GF/EP and 6 wt.% 20nm ZnO/GF/UP are
not able to obtain full UVR absorption due to the absence of ZnO nanoparticle and
the presence of particle agglomeration with silane surfactant impeding the entry of
UVR energy into ZnO atom for physical UVR absorption respectively. After UVA
exposure, all composites are able to obtain full UVR absorption and this explains
the molecular density of polymer chains is enhanced through the further
polymerization by UVA energy. The molecular density of polymer chains is

accounted the UVR absorbability of the composites.
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Comparing the UVR energy absorbability results of ZnO/EP-SMP and ZnO/S-
SMP, 2 wt.% 100nm ZnO particle is sufficient for obtaining full UVR absorption
in both SMPs using 20mins mechanical mixing followed by 10mins
ultrasonication for particle dispersion. UVA degraded S-SMP results in hardened
surface hardness whilst UVA degraded EP-SMP results in softened surface
hardness, subsequently, the UVR absorbability of UVA degraded S-SMP is
enhanced to have full UVR absorption whist the UVR absorbability of UVA
degraded EP-SMP is weakened. This denotes that the hardened surface delivering
a higher polymer molecular density enables to impede UVR energy for penetrating
through and reaching the core polymer. In other words, the hardened surface is
formed as a ‘protection layer’ to prevent UVR absorption of the core polymer and
lower the UVR degradation rate of the bulk polymer. It is worth noting that the
polymer molecular density of ZnO/polymer composite is contributed by the

bonding strength of ZnO—polymer and polymer—polymer.
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Chapter Eight

Theoretical Analysis for Parameters Optimization

Theoretical analysis of ZnO/HGF lamina, a five-cylindrical system, is deliberated
in Chapter Eight. The developed mathematical model provides a theoretical
principle to evaluate and optimize the design parameter of a system constructed in
similar way based on its stress transfer ability. In addition, the model provides a
theoretical concept for the configuration of the lamina regarding the content of
ZnO in the core, the length and the thickness of HGF, the shear strength and the
thickness of adhesive layers in relation to the mechanical and geometric properties

of all elements in the system.

8.1 Stress Transfer Ability of Zinc Oxide/Hollow Glass Fibre Lamina

The mechanical properties of ZnO/epoxy core, HGF and epoxy base and the
interfacial strength of HGF-epoxy are the parameters controlling the stress transfer
ability of the ZNO/HGF lamina. The bonding property between fiber-polymer is
described as the ‘heart of the composite’ [Piggott, 1986; Piggott, 1997]. Silane
surfactant is commonly doped on glass fibre and ZnO nanoparticle to enhance the
compatibility of glass fiber-polymer and ZnO-polymer by introducing the
hydrogen functional group turning the hydrophilic glass fiber surface to
hydrophobic and increasing negative ions on the surface of ZnO nanoparticle. The

compatibility of glass fibre-polymer and ZnO-polymer determines the adhesion
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strength between the elements and the mechanical properties of the bulk composite.
Fibre pull-out action describes the whole process of fiber delamination including
fiber debond initiation, fiber debond propagation and fiber sliding which is highly
dependent on the interfacial shear strength of hollow glass fibre-polymer. Jiang et
al. [1999] discussed the contact state of fibre-polymer in a composite and divided
into three conditions, the adhesive contact state, slipping contact state, and non-
contact state indicated by different corresponding mechanical parameters
considering the relationship between the normal stress, shear stress and the contact
boundary.

Force equilibrium approach is adopted for analyzing the adhesive contact state of
fibre-polymer which normal stress and shear stress are the two major force
components applied on the composite system under the fiber pull-out action.
Figure 8.1 shows a sectional diagram of a ZnO/HGF lamina. Figure 8.2 shows
the five-cylinder model for analyzing the stress transfer ability between the
elements of the composite. The composite system is symmetric about r-axis and
x-axis, therefore, a quarter of the system is significant for analysis. The axial
direction along x-axis indicates the instantaneous displacement of fiber movement
counted from the centre of ZnO/epoxy core (x = 0) under being pulled out. The
radial direction, 13, 14, o TF Tag, and 1. represents the outer radii of epoxy
base, adhesive layer, Apr, HGF, adhesive layer Ar. and ZnO/epoxy core counted
from the centre of ZnO/epoxy core (r = 0). The total length of HGF is defined as

2L
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Figure 8.1 Sectional diagram of ZnO/HGF lamina

X

»

:Lf

Figure 8.2 Five-cylinder model of ZNnO/HGF lamina for stress transfer analysis

Referring to Figure 8.3, the indexes of b, Ayf, f,As. and ¢ denote as epoxy
base, adhesive layer between epoxy base and HGF, HGF, adhesive layer between
HGF and ZnO/epoxy core and ZnO/epoxy core respectively. Ep, Er and E
represent the Young’s moduli of epoxy base, HGF and ZnO/epoxy core. G,
represents the shear modulus of adhesive layers, Ay and Ag.. The thickness of

two adhesive layers is much smaller comparing to the whole ZnO/HGF lamina.

Having small differences between 1,4, ; and 7 and 7y fe and 1, ,
TapThApy (x,rAbf) = rAfTAbff(x,rf) and TarTfAse (x,rAfc) = rCTAfCC(x,rC) is

allowed to be expressed as Thayy (x, rAbf) = Tapf (x, Tf) and TfAg, (X, TAfC) =

Tasec (x,7.) . Tensile forces are applied on each element,

Nb,NAbf,Nf, NAfC and N, denote as tensile forces applied on epoxy base,

adhesive layer, Apr, HGF, adhesive layer Ag. and ZnO/epoxy core. 74, f (x, rf)
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is the shear stress along the axial direction at the outer and inner interface of
adhesive layer, A,y whilst rAfCC(x, 7.) is the shear stress along the axial
direction at the outer and inner interface of adhesive layer, Ar.. Two adhesive
layers of ZnO/epoxy core-HGF and HGF-epoxy base are the interface in contact
with the adjacent relatively rigid elements which are subjected to interfacial shear
stress whilst the relatively rigid elements of ZnO/epoxy core, HGF and epoxy base
are subjected to normal tensile stress under fiber pull-out action experiencing a
tensile load applied on the bulk composite. All elements in the composite are

dependent on one another under stress transfer process.

Ny —% «— Np+AN,
- EE— - EE— .
TbAbf(x' T)
Nipy A7 > Napr*ANpp
— . — . .
TAbff(x' r)
- - - - [ —
— . h— A— ——
Tra, (3,7)
Nape  —tim=F—a—aaom— o NapctANyy
TAfCC(x' r)
- - - - -
C
N, - » N.+AN,
Tensile force Shear stress

Figure 8.3 Force diagram of ZnO/HGF lamina

According to Figure 8.4, Uy, Us and U, represent the axial displacement of
epoxy base, HGF and ZnO/epoxy core while &y, ; and &, ;o Tepresent the
relative displacement of two adhesive layers, A,r and Ag.. Details of the
mechanical and geometrical properties of the elements in the composite system

under a fundamental configuration are listed in 7able 8.1.
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Figure 8.4 Axial displacement diagram of ZnO/HGF lamina

Table 8.1 Mechanical and geometrical properties of the elements in the lamina

system under a fundamental configuration

Elements Symbols Values

Outer diameter

Epoxy base T 208um

Adhesive layer Taps 158um

HGF Tf 149pm

Adhesive layer Tage 99um

ZnO/epoxy core T, 90pm
Young’s Modulus

Epoxy E, 3GPa

HGF Ef 68.5GPa

Adhesive layer E, 3.3GPa

ZnO Ezno 111.2GPa
Shear Modulus

Adhesive layer G, 1.2GPa

Thickness of adhesive layer ty 4.5um

Several assumptions were made to simplify the current theoretical analysis. All
elements are perfectly bonded; mechanical properties of ZnO/epoxy core, HGF

and epoxy base are linear, elastic and isotropic; no thermal load is applied to the
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system; the applied load is only concerned along the axial direction and the applied
force is uniformly exerted on ZnO/epoxy core. During fibre pull-out process under
a tensile load applied on the bulk composite, ZnO/epoxy core, HGF and epoxy
base possessing relatively high tensile moduli experience normal tensile loads
whilst two adhesive layers possessing relatively low shear moduli experience
shearing loads. Considering the reverse direction of fibre pull-out action from
epoxy base to ZnO/epoxy core, theoretically, all elements in the composite system
under the same configuration is considered to experience the same axial strain
deformation condition.

All elements in the composite are dependent on one another for stress transfer
under fibre pull-out action. Each element shifts to a relative displacement
associating with adjacent elements. The axial displacement condition of epoxy
base which link up the mechanical and physical properties of all elements in the

composite system is able to be obtained by considering

Uc(x) = Up(x) + 84, (x) + 84, (x) (Equation 16)
and

Uc(x) = Up(x) + 84, (%) (Equation 17)
or

Up(x) = 6, () + 84, (%) + Uc(x) (Equation 18)
and

Up(x) = 6p,,(x) + Ur (%) (Equation 19)
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In which the axial displacement of ZnO/epoxy core, HGF and epoxy base are

determined by
Up(x) = Eibf(f op(x)dx (Equation 20)
and
Up(x) = Eiff(f o (x)dx (Equation 21)
and

1 rx .
U.(x) = E—fo o.(x)dx (Equation 22)

And the relative displacement of two adhesive layers are determined by

1 A .
Oy = afrr:bf rbf TAbff(x’ r)dr (Equation 23)

and

A

K1y, cCer)dr (Equation 24)

1 pra
6 = — fc
Afc GA J-7'.(; T

The tensile force of ZnO/epoxy core, HGF and epoxy base are given by
N.(x) = nr.20, — 277, fox Tapec (2, 1) dx (Equation 25)
and

2 X X
Ne(x) =m (rf — rAfC> ap — 21y TAbff(x, rp)dx + 27 [ Tapec (X, 1) dx

(Equation 26)

and

2 x .
Ny(x)=m (rb — rAbf> op — 2m7y¥ fo TAbff(x, rf)dx (Equation 27)
The o.(x),0¢(x) and o,(x) are the axial tensile stress of ZnO/epoxy core,
HGF and epoxy base respectively which they are changed with respect to their

pull-out displacement, x. While o, 0r and g, represent the maximum axial

tensile stress, at x = 0, of ZnO/epoxy core, HGF and epoxy base respectively.
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Letting u = 74,.(x,7.) and v = 7, (x,77)

and

s c
@ = Ec‘rc2 In( d )
Te

Thys
=E - ZIn(—
@ b(Tp — 14,,)° In( Ty

@ = Ep(ry — 1y, ) In L
= f(rf rAfc) n "

(o

@ = Er(ry —1a,,)° 1n< Abf)

Tf

Considering TAfCC(x,rc),u. Substituting Equation 20 to Equation 24 into

Equation 16 and Equation 17, it gives the following equations

Iy [rre2oe = 2 J] g dg | dx = Jo [t -

ECTL'TZ EbTL'(Tb TAp )2

Tap ) 0p = 21Trff TAbff(E rf)df] dx + TAbff(x rf)ln( )+

(Equation 28)

Tc
GAfC
and

f [n(rb Taps) 0 — anff TAbff(f rf)df]dx—

Eb”(rb A, )2

x 2
r2 .0, —

ff rAbff(x rf) ln( )+ TAfcc(x 7.) ln( fc) + o

2nt [} 4o (€, r.)d¢| dx (Equation 29)

Differentiating Equation 28 and Equation 29 twice, the equations become

T'_fl ( Abf) er v + Tc l ( AfC)d u + ZT'C u= 0
GAbf dx? Eb(rb—rAbf)2 GAfC re 7 dx2  Ecrc?
(Equation 30)
and
_Te Afc 27¢ 27¢ 2rf )
In u— v=20 Equation 31
GAfc ( Te )dx2 E.rc2 Ef(rf_rAfc)Z Ef(rf_rAfc)z ( q )

Differentiating Equation 31 twice and substituting it into Equation 30, the result
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becomes

BBy 1y = 13,02y (= 1, ) In(20) In(29)| 2 +

A (4
Ef(rf—rAfc)zEb(rb rAbf)zln( f) E.r.? Ef(rf—rAf) ln( :)

26 du_
TAf dx
+EcrczEb (rb - rAbf)z In (r_;f) + EcrczEb (rb - rAbf)Z ln(r_:)
4G* [Ecrc2 + Ef(ry — rAfC)Z — Ep(ry — rAbf)Z] u=20 (Equation 32)

The real positive roots of 7,4 fec (x,1.) are

u =

11 1,1
JGA[[@‘®‘®‘@]+J[‘@+6 5+al +4lse-se el
(Equation 33)
Considering TAbff(x,rf), v. Substituting Equation 20 to Equation 24 into

Equation 18 and Equation 19, it gives the following equations

X |0Op bf
J‘0 lE_b Eb(rb T, )zf TAbff(E rf)dfl dx = fTAbff(x Tf) ln(—) +
c c c 27¢ .
t apec(672) In( T: )+ [Z—c - EC:CZ fof Tapec(§) rc)df] dx  (Equation 34)
and
X
fo lg_z Eb(rb ray )_zf TAbff(g Tf)df] dx = TAbff(x T'f) ln(—) +
X O'f
Jo [E_f Er(ry— TA_)zf Taypr () Tfﬂ%“"wf Tapec(§) T)dfl dx

(Equation 35)

Differentiating Equation 34 and Equation 35 twice, the equations become

T, Tae d?v 2r T, Tae d?u  2r
L In bf) > ! Sv+ “—In( ! 5> — Czu=0
Gy dx? E,(r, — rAbf) Gage . “dx? E.r,
(Equation 36)
and
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TA 2 2
Ty In ( bf)dxz I i _ Tf lv_l_ 27¢ u=0

Gapy Ty Ep(rp=ra,;)?  Ef(ry=rag)? Ef(r=ras.)?
(Equation 37)
Differentiating Equation 37 twice and substituting it into Equation 36, the result

becomes

_ . 2 bf rAi ﬂ
[E T, Ef(T'f TAfC) Ep(rp rAbf) ln( s >ln( )] dx4+

Tc

Fur87 0y g 0 (2) BB, i ()

d?v

26 N
dx?2
—E1.2E, (1, — rAbf)21n< - ) Ef(ry —1a, ) *Ep(rp — rAbf)21n< T?) 8
462 | By (ry = 14,)% = By (1 — 14,)? + Ecr?| v =0 (Equation 38)

The real positive roots of 74, f (x, rf) are

v =

(Equation 39)
Considering the pull-out action from ZnO/epoxy core, the general solution for
Equation 38 is expressed as
rAbff(x, rf) = C;cosh(ux) + C,sinh(ux) + C3cosh(vx) + C4sinh(vx)
(Equation 40)
Four unknowns of Cj,C,,C; and C, are determined by the four boundary

conditions as shown below in Equation 41.

2
1. Nb(O) = T[(Tb — rAbf) g, = Cl

(ro=rapy) o

2Tf = C3

3. foLf TAbff(x, rf)dx =

4. foo rAbff(x, 17)dx =0 =C, (Equation 41)
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At the centre of the whole composite, x = 0, the normal tensile force acting on
the epoxy base is at its maximum value as the force is supposed to be fully
transferred from the ZnO/epoxy core to the epoxy base and the axial shear stress
acting on the adhesive layer of Ay is zero as it is considered to have no friction
or no contact surface area between the elements. At the edge of HGF, Lg, the
normal tensile force acting on the epoxy base is zero as the force is supposed to be
fully transferred from the ZnO/epoxy core to the epoxy base and the axial shear
stress acting on the adhesive layer of A,y is maximum as it is considered to
experience the maximum friction or maximum contact surface area between the
elements.

Combining Equation 41 into the integration of Equation 40, the solution would

become

x _ 2 vsinh(ux)—usinh(vx) .
fo TAbff(x; rf)dx = (rb — T4, f) Op [er(vsinh(uLf)_usinh wip) (Equation 42)

And using Equation 27, the final form for the axial strain deformation condition

of ZnO/HGF lamina would be

_ . vsinh(ux)—usinh(vx) .
& (1) =& [1 vsinh(uLg)—usinh(vLy) (Equation 43)

where ¢, is the maximum axial strain of ZnO/epoxy core.

Equation 43 shows the axial strain deformation condition is dominated by the
constant variables, u and v, and he length of HGF, Ls. The parameters are
integrated by factors of the mechanical and geometrical properties of all elements
in the composite system, ZnO/epoxy core, HGF, epoxy base and two adhesive
layers.

Every change of factors representing the mechanical and geometrical properties of
all elements in the composite system influences the axial strain deformation at the

bonding end of the composite system, which this phenomenon is represented by
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the presence of hyperbolic function, sinh(ux), in the mathematical expression.
Moreover, according to the mathematical equation, the axial strain deformation of
epoxy base is equal to the maximum axial strain of ZnO/epoxy core at x = 0
which this explains the applied stress is fully transferred from ZnO/epoxy core to
epoxy base.

Five conditions of ZnO/HGF lamina are concerned to study the change of single
factor representing the mechanical or geometrical property of each element in the
composite to the stress transfer ability of the bulk composite under fibre pull-out
action. Five conditions are the change of ZnO content in ZnO/epoxy core;
hollowness of HGF; length of HGF; thickness of HGF; shear strength and

thickness of adhesive layers.

8.1.1 Condition One  Content of Zinc Oxide in the Core, E,

The content of ZnO nanoparticle in ZnO/epoxy core is changed to investigate its
effect to the stress transfer ability of the bulk composite. The change of ZnO
content yields different stiffness and UVR absorbabilities of the ZnO/epoxy core.
There are three major approaches of Rule of Mixtures (ROM) to predict the
elasticity of fibre or particle reinforced composite based on the mechanical and
geometrical properties of the filler and polymer matrix. Voigt model (upper bound)
[Joshy et al., 2013; Kim et al., 2001; Olmos et al., 2014] and Reuss model (lower
bound) [Kim et al., 2001], which correspond to the longitudinal and transverse
loading respectively, are commonly used. Halpin-Tsai equation is another method
formulated by experimental measurements for the prediction [Shenoi et al., 2002].
Since HGF in the composite is arranged in unidirectional direction and placed

parallel to the applied axial tensile load in the present investigation, VVoigt model,
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which is commonly used, is chosen for the analysis of the elasticity of ZnO/HGF
lamina and it is formulated as

E¢ wpper bound) = EmVin + EpVj (Equation 44)
where c is the ZnO/epoxy core, m is epoxy resin and p is ZnO nanoparticle.
Young’s Modulus of ZnO/epoxy core with different ZnO contents are calculated.
The Young’s Modulus of neat epoxy core, 2 wt.%, 4 wt.%, 5 wt.% and 7 wt.% of
ZnO/epoxy core ( Egy, Eooy, Eaoy Ese, and E;q, ) are 3GPa, 5.2GPa, 7.3GPa,
8.4GPa and 10.6GPa respectively. ZnO content changes the Young’s modulus of
ZnO/epoxy core accordingly that larger ZnO content contributes higher stiffness
of ZnO/epoxy core.

The curves showing in Figure 8.5 demonstrate the axial strain deformation of
epoxy base in the composite which represent the stress transfer ability of the bulk
composite. The composite with larger ZnO content providing higher stiffness of
ZnOl/epoxy core possesses stronger stress energy absorption per unit length where
the dissipation of stress energy transferred to the last epoxy base layer is completed
earlier. 7 wt.% ZnO/HGF lamina completes the stress energy dissipation at its
original length of around 0.1440m from the centre which is faster compared to the
neat epoxy/HGF lamina completes the stress energy dissipation at its original
length of around 0.1418m from the center. 4 wt.% ZnO/HGF lamina completes the
stress energy dissipation at its length of around 0.1436m obtaining a similar stress
transfer ability to 7 wt.% ZnO/HGF lamina.

According to the surface morphology characterization discussed in section
7.1.2.2.1, 7 wt.% ZnO nanoparticle appears to be agglomerated inside 100um HGF.
In this theoretical analysis, ZnO/epoxy core is considered as isotropic, therefore,
the elasticity of ZnO/epoxy core in real case is not accurately predicted. Moreover,

with the agglomeration of ZnO nanoparticles in epoxy, the elasticity and stress
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transfer ability of ZnO/epoxy core are lowered and unpredictable. Nevertheless, 4
wt.% ZnO/epoxy core has proven having a satisfactory stress transfer ability of the

lamina, for this reason, this parameter is adopted for the following analyses.
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Figure 8.5 Strain deformation of epoxy base with different contents of ZnO

neat epoxy
2 wt.% ZnO
— 4 Wt.% ZnO

0.1418, 0.0189
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0.1440, 0.0069

nanoparticle in core under fibre pull-out action

8.1.2 Condition Two  Length of Hollow Glass Fibre, L

The length of HGF is determined as an important factor for the stress transfer
ability of fibre composite [Fu et al., 2000; Gao et al., 2013; Hata et al., 2010;
Koyanagi et al., 2012; Luethi et al., 1998; Martyniuk et al., 2013; Pietrzak et al.,
1984; Thomason et al., 2014]. It is changed to investigate its effect to the stress
transfer ability of the bulk composite. The change of HGF length yields different
load carrying capabilities of ZnO/HGF. HGF length of 5cm, 10cm, 15¢cm, 20cm
and 25cm were selected to be analyzed.

Figure 8.6 shows the axial strain deformation of the last epoxy base layer when
the axial tensile stress is transferred to this layer from ZnO/epoxy core. The
composite with longer HGF length providing longer time for stress energy

dissipation possesses higher load carrying capability where the occurrence of
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failure is delayed. Therefore, failure is likely happened first in the composite with
shorter HGF provided that all composites experience the same axial tensile load.
The change of HGF length influences the maximum load carrying capability but
does not vary the stress transfer ability. All curves showing in the figure present to
have the same shape indicating there is no difference in the stress transfer ability
among all samples.

Furthermore, the critical HGF length for the composite to be failure is determined
as 2cm with the fundamental configuration of the composite listed in Table 8.1
and under the same axial tensile load applied to the composite with other samples.
Since at the HGF length of 2cm, no solution is resulted from the mathematical
formula constructed in the present theoretical analysis. HGF length shorter than
2cm is not considered having load carrying capability in the composite.
Accordingly, HGF longer than 2cm is required to provide load carrying capability
for the composite. As 25cm is the length of HGF obtaining satisfactory stress

transfer ability of the composite, this factor is utilized for other analyses.
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Figure 8.6 Strain deformation of epoxy base with different lengths of HGF under
fibre pull-out action
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8.1.3 Condition Three Thickness of Hollow Glass Fibre, t;

The thickness of HGF is changed to investigate its effect to the stress transfer
ability of the bulk composite. The change of HGF thickness yields different cross-
sectional areas per unit length of HGF. HGF thickness of 15um, 20pum, 25um,
30um and 35um (HGF1sum, HGF20um, HGF25,m, HGF30.m and HGF3s.m) were taken
to be analyzed.

The composite with larger HGF thickness providing larger cross-sectional area of
HGF possesses stronger stress energy absorption per unit length where the
dissipation of stress energy transferred to the last epoxy base layer is completed
earlier. From Figure 8.7, 4 wt.% ZnO/HGF3s.m lamina completes the stress energy
dissipation slightly faster compared to the 4 wt.% ZnO/HGF15,m lamina. 4 wt.%
ZnO/HGF25,m lamina completes the stress energy dissipation at a point similar to
7 wt.% ZnO/HGF3s,m lamina. As 25um is the thickness having a satisfactory stress

transfer ability of the composite, this factor is implemented in other analyses.
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Figure 8.7 Strain deformation of epoxy base with different thicknesses of HGF
under fibre pull-out action
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8.1.4 Condition Four Shear Strength of Adhesive Layer, G4

The shear strength of adhesive layer is changed to investigate its effect to the stress
transfer ability of the bulk composite. The change of shear strength yields different
shear carrying capabilities of the adhesive layer and stress transfer abilities of the
bulk composite. Two adhesive layers, A, and Apf, with the same configuration
is incorporated in the composite. Adhesive layer shear strength of 1.2GPa, 1.4GPa,
1.6GPa, 1.8GPa and 2.0GPa were chosen to be analyzed.

Figure 8.8 shows there is a difference among all laminas in the stress transfer

ability. With the mathematical equation of shear modulus, G =§ where 7 is the

shear stress and y is the shear deformation, the composite with lower adhesive
layer shear strength providing higher axial shear deformation of adhesive layer
under the same shearing load applied possesses stronger stress energy absorption
where most of the stress energy is dissipated before transferring to the last epoxy
base layer. 4 wt.% ZnO/HGF lamina with adhesive layer of 1.2GPa shear strength
completes the stress energy dissipation at its original length of around 0.1442m
from the centre which is faster compared to the 4 wt.% ZnO/HGF lamina with
adhesive layer of 2.0GPa shear strength completes the stress energy dissipation at
its original length of around 0.1424m from the centre. 4 wt.% ZnO/HGF lamina
with adhesive layer of 1.2GPa shear strength has proven having a satisfactory
stress transfer ability of the composite and this parameter is utilized in other

analyses.
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Figure 8.8 Strain deformation of epoxy base with different shear strengths of

adhesive layers under fibre pull-out action

8.1.5 Condition Five  Thickness of Adhesive Layer, t,

The thickness of adhesive layer is changed to investigate its effect to the stress
transfer ability of the bulk composite. The change of thickness yields different
shear carrying capabilities of the adhesive layer and stress transfer abilities of the
bulk composite. Two adhesive layers, A¢. and Ajf, with the same configuration
is incorporated in the composite. In real situation, adhesive layer is an additive
treated on the surface of fibre implemented in polymer or the interface between
two elements, fibre and polymer, in the composite. However, the mechanical and
geometric properties of the interface between two elements is difficult to be
controlled by controlling the curing process of the composite. Additive produced
the adhesive layer between HGF and epoxy or called as the surfactant on HGF is
considered of a few percentages of polymer resin. In this analysis, the surfactant
weight percentages of 0.4%, 0.6%, 0.8%, 1% and 1.2% yield the adhesive layer
thickness of 2.8um, 3.5um, 4.0um, 4.5um and 4.9um respectively were chosen to

be analyzed.
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By comparing the results shown in Figure 8.8 and Figure 8.9, the stress transfer
behaviour of composite obtained by changing the thickness of adhesive layer and
the shear strength of adhesive layer are almost the same. keeping the same shear

modulus of adhesive layer, with the mathematical equation of shear modulus, G =

% where t is the shear stress and y is the shear deformation, the composite with

lower adhesive layer thickness providing higher axial shear deformation of
adhesive layer under the same shearing load applied possesses stronger stress
energy absorption where most of the stress energy is dissipated before transferring
to the last epoxy base layer. 4 wt.% ZnO/HGF lamina with adhesive layer of 2.8um
thickness completes the stress energy dissipation at its original length of around
0.1446m from the centre which is faster compared to the 4 wt.% ZnO/HGF lamina
with adhesive layer of 2.8um thickness completes the stress energy dissipation at
its original length of around 0.1429m from the centre. 4 wt.% ZnO/HGF lamina
with adhesive layer of 2.8um thickness has proven having a satisfactory stress
transfer ability of the composite, nevertheless, adhesive layer of 4.5um thickness
considered as 1% of polymer of surfactant which is commonly adopted in
manufacturing process of doped-fibre or nanoparticle for enhancing the

compatibility is utilized in other analyses.
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Figure 8.9 Strain deformation of epoxy base with different thicknesses of adhesive
layers under fibre pull-out action

8.2 Summary of This Chapter

vsinh(ux)—usinh(vx)

A theoretical model, &,(x) =¢.|1 — vsinh(ul,)—usinh (L))"

was developed for

the analyses of stress transfer ability of ZnO/HGF lamina, a five-cylinder model,
with five different conditions. Although the lamina is about hundreds micrometer
thin on top of FRP stacks, it is required to understand its stress transfer ability as
different mechanical actions, like scratching and shearing, might be happened to
this top lamina. The analyses of five conditions include the change of ZnO content
in ZnO/epoxy core; length of HGF; thickness of HGF; shear strength and thickness
of adhesive layers. Combined with the experimental analyses, 4 wt.%
ZnO/HGF25.m thickness 1amina has an optimal result in stress transfer with the
absence of particle agglomeration. HGF with larger thickness and longer fibre
length have higher load taking or carrying capability. At the fundamental
configuration shown in Table 8.1, 2mm is the critical HGF length of 4 wt.%
ZnO/HGF lamina for load carrying. Adhesive layer with lower shear strength and

smaller thickness are effective of ZnO/HGF lamina for stress transfer.
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Chapter Nine
Concluding Remarks and Suggestions for Future

Development

A summarized conclusion for the present research is made in Chapter Nine which
is the last chapter of this thesis. The investigation documented in this thesis is not
the completion for the research on UVR degradation and resistance in polymer-
based composites. Future potential development of the research on this subject is
also suggested in this chapter indicating there are plenty of room to be exploited
for the integrity of polymer-based composites.

This research aims at providing a feasible and durable solution for the UVR
protection of FRPs employed in aircraft and civil construction exposing constantly

under UVR during their service.

9.1 Concluding Remarks

Up to the moment in present research, few significant findings have been
confirmed regarding the development of ultraviolet radiation (UVR) resistant
polymer-based materials. Zinc oxide (ZnO) particle with 100nm diameter is found
to be performing optimized results in UVR absorption due to its good dispersion
properties in polymers, epoxy, unsaturated polyester, epoxy-base and styrene-
based shape memory polymers (EP- and S-SMPs). 100nm ZnO particle at 4 wt.%

has the best dispersion properties in hollow glass fibre (HGF) and therefore the
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best UVR absorption of its 4 wt.% 100nm ZnO/HGF lamina among the tested
samples including epoxy, 2 wt.% and 7 wt.% 100nm ZnO/HGF laminas. In
different intervals of HGF, 4 wt.% 100nm ZnO/HGF lamina still achieves a steady
UVR absorbability which is 1.5x higher than neat epoxy/HGF lamina. This
indicates ZnO particle is active in UVR absorption. Furthermore, 4 wt.% 100nm
ZnO particle also exhibits good particle dispersion and UVR absorption which
enable it to maintain the surface hardness and shape memory effects in EP- and S-
SMPs after UVA exposure.

20nm silane-doped ZnO and 100nm ZnO particles are compared for their particle
dispersion and polymerization shrinkage properties with epoxy in HGF. Silane
surface on ZnO particle and the diameter of particle do not exhibit any effects to
the properties, but the ratio of ZnO particle to epoxy leads to the variations. The
investigations reveal that ZnO:epoxy at 1:24 is an optimal ratio for achieving even
particle dispersion, good dimension stability and rheology properties. 4 wt.%
100nm ZnOl/epoxy exhibits the lowest viscosity similar to neat epoxy. Particle
agglomeration occurs when the ZnO particle content is increased to 7 wt.%.
Subsequently, 7 wt.% 100nm ZnO/epoxy poses the highest viscosity and 7 wt.%
100nm ZnO/HGF lamina poses the lowest UVR absorption.

Besides the influence of particle dispersion property to the UVR absorbability of
ZnO particle in HGF, other determinants are the particle dispersion method and
surface property on ZnO particle. ZnO dispersed by mechanical stirring achieves
better UVR absorption embedded in epoxy. In addition, ZnO particle with silane
surfactant performs lower UVR absorption than ZnO particle without silane
surfactant. These two phenomena are required to be confirmed in later experiments.
The surface morphology and tensile properties of glass fibre unsaturated polyester

composite with 6 wt.% 100nm ZnO particles embedded in the first three layers of

Isabel Tsz-ting Wong 192



Chapter Nine  Concluding Remarks and Suggestions for Future Development

glass fabric underwent accelerated continuous and cyclic UVA exposure are
compared. Significant changes occur in the tensile properties but not in the surface
morphology. The rate of change of the Young’s modulus of the composite that has
undergone continuous UVA exposure is 2 times higher than that with cyclic UVA
exposure. It has similar result in the tensile strength which is 1.16 times higher.
Experimental methodology for the investigation of UVR effects in polymer-based
materials should be unified and mechanical properties should be the determinant
for the degradation rate of polymer-based composites and estimation on their
service life.

Formation of void is observed on the polymer surface of glass fibre epoxy and
unsaturated polyester composites without the implementation of ZnO particles in
the layers exposed under UVR. ZnO particles are able to reinforce the polymer
surface from void formation against UVR attacks since the particles entangle with
polymer chains and they are interconnected when they are well dispersed.
Whenever the particles-polymer chains system is under stress, the particles in
between decrease the latitude of movement of polymer chains. This phenomenon
is also revealed in another experiment on SMPs. EP-SMP exhibits stronger surface
hardness and better recovery characteristics than S-SMP. However, after UVA
exposure, surface hardness of EP-SMP is lower than S-SMP. By Implementing 4
wt.% 100nm ZnO particles, the surface hardness is able to be maintained to a
certain level. With different contents of ZnO particles, the full recovery ratio of
EP-SMP is still able to achieve full recovery. ZnO particles increase the polymer
molecular density and bonding strength between polymer chains results in less

deterioration against UVR attacks.
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vsinh(ux)—usinh(vx)

Theoretical model, &,(x) = ¢, [1 was developed for the

~ vsinh(uLs)-usinh(vLs)|’
parameter optimization in designing the configuration of ZnO/HGF lamina
considering stress transfer ability. ~ Combining the results obtained from
experimental analysis, 4 wt.% 100nm ZnO/HGF lamina with longer length of HGF
poses good stress transfer ability, load carrying capability, particle dispersion and
UVR resistibility.

To summarize, with the increasing utilization of FRPs in aerospace and civil
engineering applications, UVR protection is an essential criterion where the
materials are inevitably used under cyclic UVR exposure and dynamic load.
Together with other environmental conditions, for instance, extreme temperature,
moisture and vacuum, the damaging effects in polymer-based materials would be
more severe and unpredictable. 100nm ZnO/HGF lamina on top of core polymer-
based materials is desirable for UVR resistance which allows to enhance the
physical UVR absorption by ZnO particles with high density and uniform
dispersion and suppresses the chemical UVR absorption in polymer while
protecting the ZnO particles from dissolution out of the polymer and enhancing

the wearability of the polymer surface by HGF.

9.2 Suggestions for Future Development

Summary of present research has been made in the previous section and followed
by the discussion below on the potential developments for UVR resistant polymer-
based materials. The following discussion is divided into three sections, systematic
investigation on the UVR degradation in polymer-based materials, further

development and possible applications of ZnO/HGF lamina on polymer-based

Isabel Tsz-ting Wong 194



Chapter Nine  Concluding Remarks and Suggestions for Future Development

materials for UVR resistance and potential multifunctional applications of ZnO

particle in polymer-based materials.

9.2.1 Systematic Investigation on the UVR Degradation in Polymer-based
Materials

9.2.1.1 UVR Exposure Method

Taking the advantage of time-cost efficiency, accelerated continuous and cyclic
UVR exposure are widely adopted for simulating natural sunlight exposure to
study UVR degradation in polymer-based materials. However, from the
experiment conducted in present research, 0.5 to 2 times difference are found
between the tensile properties of the FRPs with continuous and cyclic exposure.
In real situation, materials are randomly utilized under continuous and/or cyclic
UVR exposure. In this case, both exposures are essentially implemented to
investigate the UVR degradability of polymer-based materials. The continuous
exposure is considered as the upper boundary while the cyclic exposure is
considered as the lower boundary towards the life expectancy of materials.
Important criteria for UVR exposure are the energy intensity and exposure period
which determine the accumulated UVR energy, a determinant of degradation,
experienced in the exposed materials. Moreover, trend analysis is preferred as the
response of polymer-based composites against UVR attacks is dynamic and
therefore the absolute value of the mechanical properties of exposed materials is

fluctuated with time.

9.2.1.2 Failure Imaging Technique
Non-destructive and online testing techniques are suggested to be used for

characterizing the degree of damages caused by UVR exposure or other
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environmental effects in FRPs in terms of the cost and time efficiency. Infrared
Thermography (IRT) and Shearography [Lai et al., 2009] demonstrated their
effectiveness in characterizing the flaws embedded in CFRP-strengthened
concrete. Damages, such as cracks and delamination, causing deterioration of
mechanical properties of FRPs are possible to be observed under specific kinds of
imaging techniques. Undoubtedly, mechanical property tests should be conducted
together with efficient imaging techniques to evaluate the deterioration and

determine the life prediction of FRPs under various environmental exposures.

9.2.1.3 Theoretical Analysis

Arrhenius and Eyring equations mentioned in section 5.2 are developed to analyze
the chemical reaction rate of polymer-based materials under thermal degradation.
Theoretical analysis of the physical and chemical reaction rate of polymer-based
composites under UVR degradation delivers a direction for investigation as little
research has been done on this issue. In addition, the theoretical model would
consist elements of the reaction rate in terms of mechanical properties changes of

polymer-based composites against UVR attacks.

9.2.2 Further Development and Possible Applications of ZnO/HGF Lamina
on Polymer-based Materials for UVR Resistance

9.2.2.1 Combined Environmental Effects (UVR, Extreme Temperature
(£150°C) and Vacuum in Space)

Section 2.2 has mentioned the nature of UVR in space and on the Earth. Ozone is

the atmospheric layer capable of scattering a part of UVB and almost all UVC to

prevent them from entering the Earth. Scientists keep working to find out the UVR

condition in space which is more complicated than that on the Earth. It has been
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found that clouds of gas or particles containing newly formed stars are many times
more massive than the Sun and glowing strongly in UVR which contains a
considerable amount of UVA, UVB and UVC at around 10°mW/(cm?snm)
[NASA, 2001].

NASA in Composite Conference 2012 addressed the increasing utilization of
polymer-based composite in space applications. Extreme temperature (£150°C)
and vacuum conditions in space should impose effects in polymer-based materials
besides UVR. The related studies are required to be investigated to understand the
behaviour of polymer-based materials under different environments.

According to some literatures and the present research, oxygen is one of the
necessities for processing the chemical UVR degradation in polymers. The UVR
degradation mechanism of polymer-based materials under vacuum condition is not

well understood which opens a direction for investigation.

9.2.2.2 Combined Environmental Effects (UVR, High Temperature, Moisture
and Chemicals on the Earth)

Polymer-based materials are intrinsically susceptive to UVR, temperature,
moisture and chemicals. The effects of combined environmental condition would
result in unexpected impacts in the exposed materials unless we understand the
imposed effect of each condition in the materials.

Polymer-based materials applied in civil buildings are constantly in contact with
different degrees of UVR, temperature and moisture and the materials applied in
medical applications have to contact with different chemicals and radiations
together with temperature and moisture. Polymer-based materials are mandatorily
examined with various environmental effects before being used in various

applications.
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9.2.2.3 Combined Mechanical Effects (Static and Dynamic)

Combining the effects of static and dynamic stress applied on the materials, the
deterioration of the mechanical properties of polymer-based materials is the most
critical if they are used for structural applications. Especially, the latest
commercial aircrafts are implementing FRPs in their fuselage and the development
of using FRPs is expected to grow increasingly. Materials used in fuselage
experience thermal changes, expansion and contraction during takeoff and landing
of the aircraft. However, during the flight in lower stratospheric level, fuselage
material constantly expands due to the lower pressure outside of the aircraft. The
temperature and pressure of the atmosphere induce static and dynamic mechanical

stresses in FRPs.

9.2.2.4 Applications of ZnO/HGF Lamina (Aircraft, Civil Building,
Automobile, Eyeglass and Clothing Industries)

The purpose of developing ZnO/HGF lamina is to protect the core materials from
UVR degradation and deterioration of mechanical properties. The lamina is
proposed to be the outermost lamina of FRPs or other polymer-based materials
utilized on aircraft fuselage and building facade.

Aircraft fuselage not only has to be UVR resistant but also electrical conductive.
The existing coating consists of many layers which a clearcoat has to be on top of
the UVR resistant and coloured coating layers with around 200um thickness for
protecting underneath layers from wearing. Between the UVR resistant and
coloured coating layers and the core FRP is an electrical conducting film for
conducting electrical charges out of the aircraft regarding safety issue. ZnO is a
promising substance implemented to be multifunction lamina, since ZnO possess

electrical conductivity as well as UVR resistance.
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Building fagades are usually decolourized after long-term UVR exposure from
sunlight and chemical wash from rainwater. ZnO/HGF lamina is able to prevent
ZnO particles from dissolution out of the polymer and allows the lamina to provide
long-term UVR resistant in coloured core building materials.

The UVR resistance and transparent properties of ZnO/HGF lamina could
comparable with windows over the strength and brittleness for aircraft, civil
building and automobile. The lamina also has potential to be applied in eyeglass
and clothing industries to protect human bodies from prolonged UVR exposure
which causes irreversible heath damages and, at the same time, to provide safe,

durable and flexible materials for use on human.
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At high attitude, all polymer-based materials would suffer from degradation at very low temperature in
the range between 220 and 77 K (commonly called “at cryogenic environment”) and low atmospheric
pressure. Within this temperature range, polymer-based composites behave very brittle and many
micro-cracks are formed due to differential thermal coefficients of expansion (CTEs) between polymer
matrix and high strength reinforcements. An anti-cracking mechanism in the composites is necessary
and can be tailored by using nano-particles. Many studies have addressed that the use of single-walled
(SWNTs) and multi-walled carbon (MWNTSs) nanotubes could enhance the mechanical properties of poly-
mer-based composites. However, interfacial bonding properties are always an issue as it would affect the
efficiency and effectiveness of stress transfer in the composites. This paper addresses the viability of
using coiled carbon nanotubes (CCNTs) and randomly-oriented nanoclay-supported nanotubes (NSCNTs)

to enhance the mechanical properties of epoxy resin at the cryogenic environment.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the outer space, composite structures are always subject to
cyclic thermal stress in which one surface of the structures facing
to the Sun experiences temperature over 393 K while an opposite
side is 173 K. Besides, the structures may also suffer from damages
due to meteoroid attack, in which many tiny particles left over
from the formation of the solar system and they are travelling at
very high speed to cause serious impact and abrasion onto the
structures. In the new Ares V Cargo Launch Vehicle (for the Mar’s
mission) designed by National Aeronautics and Space Administra-
tion (NASA), the core fuel storage tank will be made by using poly-
mer-based composites and many materials science and
engineering research have been conducted to better understand
the behavior of these materials at cryogenic condition [1]. In view
of all aforementioned problems, composites used at the high atti-
tude (at the level above the Troposphere) should be able to main-
tain high strength at low temperature environment. Epoxy-based
composites are very popular for making advanced composites
due to their high strength and chemically-inert properties, making
them excellent to be used as aircraft and aerospace structural
materials. However, epoxy normally behaves very brittle and

* Corresponding author. Tel.: +852 2766 ; fax: +852 2365 4703.
E-mail address: mmktlau@

1359-8368/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compositesb.2013.03.044

therefore, loss of its toughness and impact performance at low
temperature. Besides, due to their low energy dissipatability at
low temperature, any impact imposed onto its structures would
cause delamination and debond at an interface between reinforced
fibre and matrix [2].

Carbon nanotubes (CNTs) have been proved as very promising
tiny reinforcements to improve the mechanical properties of poly-
mer-based materials due to their ultra-high mechanical strength
and aspect ratio. However, for bare CNTs without being chemically
reacted with surface’s functional groups, bonding is always an is-
sue to allow stress transfer from the polymer matrix to the CNTs.
Debonding followed by bare CNT pull-outs were observed by many
research groups worldwide. Lu et al. [3,4] have developed coiled
CNTs (CCNTs) and also nanoclay-supported nanotubes (NSCNT)
(Figs. 1 and 2) and observed that the bonding properties of com-
posites serving at room temperature (RT) were improved due to
their unique surface morphologies.

2. Experimental study and discussion

As aforementioned, epoxy-based composites always suffer from
failure due to the brittleness and low energy dissipation ability at
the cryogenic environment when the composites are subject to dy-
namic loadings or foreign object impacts. By using straight CNTs
somehow may not be appropriated due to their ultra-high strength
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Fig. 1. SEM image of CCNT.
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Fig. 2. SEM image of NSCNT.

and poor bonding characteristics between the CNT and matrix.
Many studies have shown that pullout of nanotubes happened in
polymer-based composites due to poor bonding at the interface.
For multi-walled nanotubes (MWNTSs), more severe as slipping be-
tween inter-walls of the nanotubes exists, which substantially low-
ers their mechanical strength due to the decrease of effective cross
sectional area. To compare the result obtained from MWNT, CCNT
and NSCNT reinforced epoxy composites, Table 1 shows that the
properties of the composites are enhanced with the use of 2 wt%
of CCNTs and NSCNTs as reinforcement at room temperature con-
dition as compared with the one reinforced by 2 wt% MWNTs.

To study the performance of these composites at space environ-
ment, CCNTs and NSCNT were therefore used to mix with the
epoxy to study their mechanical performance at low temperature
(~93 K). All composite samples were tested immediately after they
had been submerged into liquid nitrogen for 15 min. The samples
were made in the diameter of 25 mm and 10 mm thick. The fabri-

Table 1
Comparison of the properties of epoxy reinforced by 2 wt% of MWNTs, CCNTs and
NCNTs.

MWNTs CCNTs NCNTs
Micro-hardness 0.26 0.31 0.32
Young’s modulus 5 5.9 6.2

Table 2
Mechanical properties of CCNT reinforced epoxy composites at room temperature and
77 K.

Wt% of CCNT Vicker’s hardness Young's modulus

RT 77K % increase RT 77K % increase
0 0.23 0.31 35 5.0 7.1 42
1 0.28 0.36 28 53 7.5 41
2 0.31 0.38 23 5.9 7.9 34
3 0.35 0.41 17 7 8.9 27

cation process was followed by the instruction as addressed in [5].
For both CCNT/epoxy and NSCNT/epoxy samples, CCNT and NSCNT
were added from 0 up to 3 wt%. Hardness and Young’s modulus of
CCNT/epoxy samples were measured while only hardness test was
conducted for NSCNT/epoxy samples.

In Table 2, it is found that both Vicker’s hardness and Young's
modulus of CCNT/epoxy samples increase with increasing the
CCNT content at both RT and 77 K environments. The increase of
strength has no surprise as the geometry of the CCNTs could en-
hance the strength and resilience of CCNT/epoxy samples.
Spring-like CCNT can induce mechanical interlocking in the sam-
ples. Besides, this pattern can also increase the energy absorbabil-
ity of the samples at both static and dynamic loading conditions.
According to the Spring’s theory, the energy absorption (E) of a
spring subject to a compressive load is equal to the half of spring
constant of CCNT (k) times the square of the amount of compres-
sion (x) (E = Y2kx?). As compared with the straight CNT, CCNT obvi-
ously has a relatively low mechanical strength along its coil’s
direction (i.e. coil’s longitudinal axis). However, its coiled geometry
can secure the bonding between CCNT and surrounding matrix so
as enhance the stiffness and hardness of its composites. From the
hardness reading, it also shows that the wear properties can also
be improved through the use of CCNT as reinforcement in the
epoxy. As a low temperature condition, epoxy experiences thermal
contraction which induces high compressive strength toward the
surface of CCNT. Thus, high clamping strength is resulted and
thereby, better mechanical strength of CCNT/epoxy composites
can be achieved.

In Table 3, the NSCNT provides similar property enhancement
in the epoxy at both RT and 77 K environments. By growing CNT
between clay layers can ensure an exfoliated nanoclay structure

Table 3
Hardness of NSCNT reinforced epoxy composites at room temperature and 77 K.

Wt% of NCNTs Vicker’s hardness

RT 77K % increase
0 0.23 0.31 34
0.5 0.25 0.38 53
1 0.26 0.41 54
2 0.32 0.39 23
3 0.31 0.48 52

TRk

JIRASNS
x“
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Fig. 3. Schematic of NSCNT (patent: CN 100432009C).
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is achieved (Fig. 3). The grown CNTs can also be used as reinforce-
ments for epoxy resin. As NSCNT is a structure combining both
exfoliated nanoclay linked by CNTs, agglomeration of NSCNTs
would not normally happen which provides the resultant compos-
ites with good dispersion properties, and thereby high mechanical
strength. As cryogenic environment, although the hardness of a
pristine epoxy sample is enhanced, the use of NSCNT can maintain
better strength and keep the hardness 30% more as compared with
the samples measured at RT condition. This result was firstly gov-
erned by the contraction of epoxy which additionally generated
strong clamping forces to the NSCNTs, and thus enhanced the
bonding strength between NSCNT and epoxy matrix. The uniform
dispersion properties of NSCNTs also provided homogenous
mechanical strength of the whole NSCNT/epoxy samples. Theoret-
ically, these nano-reinforcements not only enhance the mechanical
properties of polymer-based composites, but also minimize their
crack-formation.

3. Conclusion

As a conclusion, the CCNTs and NSCNTs can enhance the
strength of polymer-based composites due to their tailored geo-
metrical patterns. Although few research works have reported that

the use of straight-type of CNTs can enhance the strength of poly-
mers, agglomeration is still an issue when their content exceeds
2 wt%. Compared with straight-type of CNTs, CCNT and NSCNT
can compensate many problems arising from poor interfacial
bonding properties, brittleness of polymers and agglomeration of
CNTs.
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The harmfulness of ultraviolet (UV) radiation (UVR) to human health and polymer degradation has been
the focus recently in all engineering industries. A polymer-based composite filled with nano-ZnO parti-
cles can enhance its UV resistibility. It has been found that the use of appropriate amount of nano-ZnO/
Isopropyl alcohol solvent to prepare a UV resistant nano-ZnO)/glass fibre reinforced epoxy (ZGFRE) com-
posite can effectively block the UV transmission with negligible influence on the crystal structure of its
resin system. This paper aims at investigating the interfacial bonding behaviour and UV resistibility of a
ZGFRE composite. The solvent effect in relation to the dispersion properties of ZnO in the composite is
also discussed. XRD results indicated that 20 wt% Isopropyl alcohol was an effective solvent for filling
nano-ZnO particles into an epoxy. SEM examination also showed that the bonding behaviour between
glass fibre and matrix was enhanced after filling 20 wt% nano-ZnO particles with 20 wt% Isopropyl alco-
hol into the composite. Samples filled with 20 wt% nano-ZnO/Isopropyl alcohol and 40 wt% nano-ZnO/
Isopropyl alcohol has full absorption of UVA (315-400 nm), UVB (280-315 nm) and a part of UVC

(190-280 nm).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Laminated glass fibre reinforced polymer (GFRP) composites
possess high strength and stiffness relative to their weight ratio
when compare with conventional metallic materials [1]. These
materials are popularly used in the aerospace and civil construc-
tion industries. Recently, many researches have focused on exploit-
ing extraordinary functions of composite structures by utilizing
hollow glass fibres (HGFs). An investigation on magnetic fibre com-
posites by filling ferromagnetic substances into HGFs has offered a
great potential for the development of various functional compos-
ites with unique characteristics [2]. Nowadays, a great concern is
placed on the harmfulness of ultraviolet radiation (UVR) which
attacks human bodies [4,5] and degrades polymer-based compos-
ites, particular for all public transportation systems [21]. UVA
and UVB are the main sources of UVR in the atmosphere. UVC,
which could generate severe damage to human, is mostly absorbed
by an ozone layer before reaching to the Earth’s surface [3-5]. Once
both UVA and UVB reach to human'’s skin and eyes, it would cause
an acute effect of sunburn and chronic effect of skin cancer and
cataract [4,5]. Due to an increasing use of composite structures
in different transportation vehicles, it is therefore an urgent need
to explore UV resistant composites to minimize the harmful effects
to human body and polymer-based composite materials.
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It is known that zinc oxide (ZnO) is an effective inorganic UVA
and UVB radiation absorbent. Unlike other inorganic metal oxides
such as titanium oxides (TiO;), iron oxide (FeO), cerium oxide
(Ce0,) and indium tin oxide (ITO), ZnO is abundant, inexpensive,
broad spectrum UV resistant, chemically stable and highly trans-
parent in visible light [1,6,7]. By filling ZnO particles into the HGFs
to form an integral part of a resultant composite for transportation
vehicles, an UV resistant composite structure can be produced for
protecting the passengers’ health of skin and eyes together with
protecting the polymer-based composite structures away from
crack formation [21].

2. Experimental approach

In the current study, X-ray Diffraction (XRD) was used to study
the solvent effect of Isopropyl alcohol and ethanol inside the
epoxy. Scanning Electron Microscope (SEM) was used to investi-
gate the bonding behaviour between glass fibre and matrix and
UV-Vis Spectrophotometer was used to investigate the UV resist-
ibility of nano-zinc/glass fibre reinforced epoxy composites
(ZGFRECs).

2.1. Materials and samples preparation

5:1 Ratio of Araldite GY251 and hardener HY956 were used to
produce epoxy resin as a base for the solvents in the XRD test.
The resultant epoxy was then used with plain woven E-glass
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fabrics as matrix and reinforcement respectively for producing
composites for the SEM and UVR tests. Nano-ZnO particles with
Isopropyl alcohol were mixed with the epoxy to be one of the
matrix layers for UV protection.

2.2. XRD examination

Nine samples including one control sample (0-8, Table 1) were
prepared. One group of epoxy samples (1-4) were mixed with eth-
anol while another group of epoxy samples (5-8) were mixed with
Isopropyl alcohol. Solvents in both sets of samples were tested
with different weight contents of 10 wt%, 20 wt%, 40 wt% and
60 wt%. One control sample (0) of epoxy without any solvent was
prepared for a comparison purpose. The samples were cured under
an ambient condition for 24 h prior to the test. The examination by
using XRD (Rigaku Smart Lab) was conducted to investigate the
solvent effect inside the epoxy samples.

2.3. SEM and UVR resistibility examinations

Another nine samples including one control sample (0-8, Ta-
ble 2) were prepared. Each composite sample was fabricated using
five layers of plain woven E-glass fabric with epoxy by the hand
lay-up process. One group of composite samples (1-4) consisted
of one epoxy layer with nano-ZnO particles and 20 wt% Isopropyl
alcohol while another group of epoxy sample (5-8) consisted of
one epoxy layer with nano-ZnO particles but without Isopropyl
alcohol. Nano-ZnO particles in both sets of samples were filled
with different weight contents of 4 wt%, 12 wt%, 20wt% and
40 wt%. Similar to the XRD examination, one control sample (0)
of composite without nano-ZnO particles was prepared for a com-
parison purpose. The composite samples were cured under an
ambient condition for 24 h prior to the examination. Examination
by using SEM (Jeol 6490) was conducted to investigate the bonding
behaviour between glass fibre and matrix (pure epoxy and nano-
ZnOJepoxy). UV-Vis spectrophotometer (Dynamica DB-20,
190-1100 nm) was used to investigate the UV absorbability of
the samples.

3. Results and discussions
3.1. Solvent effect

Alcoholic organic solvents are commonly used to control the
dispersion properties of nano-particles in a solution [14-20]. Ma
et al. [16] and Liu and Zeng [17] have stated that the dispersion
properties and morphological condition of ZnO crystals are
strongly depended on the specific functional groups of solvent
media, such as hydroxyl group (OH), in which Isopropyl alcohol
and ethanol both have OH in their chemical chains but they have
slightly different in physical properties, such as boiling point, den-
sity and hydrogen bonding behaviour. In the current investigation,
Isopropyl alcohol and ethanol were examined their effect in epoxy

Table 1
Detail of epoxy samples mixed with different solvents.

Sample group Solvent Weight content (wt%)
0 None 0
1 Ethanol 10
2 Ethanol 20
3 Ethanol 40
4 Ethanol 60
5 Isopropy! alcohol 10
6 Isopropyl alcohol 20
7 Isopropyl alcohol 40
8 Isopropyl alcohol 60

Table 2
Detail of GFRE composite samples filled with nano-ZnO particles.

Sample group Solvent Weight content
(wt% of nano-ZnO particles)
0 None 0
1 20 wt% Isopropyl alcohol 4
2 20 wt% Isopropyl alcohol 12
3 20 wt% Isopropyl alcohol 20
4 20 wt% Isopropyl alcohol 40
5 None 4
6 None 12
7 None 20
8 None 40
Control sample (epoxy)
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Fig. 1. XRD result of the control sample (epoxy).
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Fig. 2. XRD result of the epoxy sample with 20 wt% Isopropyl alcohol.

matrix for the purpose of dispersing nano-ZnO particles. Diffracto-
grams extracted from the XRD test of the control sample and the
sample with 20 wt% Isopropyl alcohol are shown in Figs. 1 and 2
respectively. The control sample has the peak value located at
17.84¢ (diffraction angle, 20) while the sample with 20 wt% Isopro-
pyl alcohol has it at 19.84°. The diffractograms also show that the
peak values of the two samples are close to each others. The con-
trol sample has the intensity at the peak of 6360 while the sample
with 20 wt% Isopropyl alcohol has it at 2663. The intensity of the
sample with 20 wt% Isopropyl alcohol is lower than that of the
control sample. The diffraction pattern varies the least of the sam-
ple with 20 wt% Isopropyl alcohol to the control sample when
comparing with the other samples. This implies that the sample
with 20 wt% Isopropyl alcohol has the least influence to the epoxy
which is a good quantity to be used as solvent.

3.2. Bonding behaviour

SEM images with 500x magnification of the control sample and
the sample with 20 wt% nano-ZnO particles and 20 wt% Isopropyl
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Fig. 4. SEM image of the composite with 20 wt% nano-ZnO particles and 20 wt%
Isopropyl alcohol.

_L_{i

! -ll
20kV X500 10 50-SEI

50pum Q

Fig. 5. SEM image of the composite with 20 wt% nano-ZnO particles and 20 wt%
Isopropy! alcohol.

alcohol are shown in Figs. 3-5. Zhai et al. [12] and Alamri and Low
[13] have proved that nanoparticles could improve the epoxy
adhesive strength and fracture strength. In their finding, stripped
patterns as shown in Fig. 3 appear in the control sample and it
might be resulted from the shear of matrix in the sample subjected
to loading. By comparing Figs. 3 and 4, more stripped patterns are
observed in the samples with 20 wt% nano-ZnO particles and
20 wt% Isopropyl alcohol. The stronger the bonding behaviour

Control sample (GFRP composite)
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Fig. 6. UV absorbability of the control GFRE sample.
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Fig. 7. UV absorbability of the GFRE composite with 20 wt% nano-ZnO particles and
20 wt% Isopropyl alcohol.

GFRP composite with 40 wt % nano-ZnO
particles and 20 wt % Isopropyl alcohol
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Fig. 8. UV absorbability of the GFRE composite with 40 wt% nano-ZnO particles and
20 wt% Isopropyl alcohol.

between glass fibre and matrix, the more the stripped pattern ap-
pear. It implies that the 20 wt% nano-ZnO particles with Isopropyl
alcohol as the solvent can enhance the bonding behaviour between
glass fibres and epoxy. In Fig. 5, it shows the fractured surface of
the sample with 20 wt% nano-ZnO particles and 20 wt% Isopropyl
alcohol. The bonding behaviour between the glass fibre and the
epoxy is good as fibre fracture is obviously seen. Esthappan et al.
[8] have proved that a smooth surface morphology could be ob-
tained even after the addition of nanoparticles in polymer matrix
which is similar to the effect obtained in the current study.

3.3. UV resistibility

The UV absorbability of ZnO particles varies with the content of
ZnO particles in the polymer matrix [7,9-11,21]. Different weight
percentages of nanoparticles were tested in different researches.
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Ding et al. [9] discovered epoxy composite with 5wt% of ZnO
particles had optimal mechanical properties, Siddhartha et al.
[11] have suggested that a composite with 20 wt% fillers had an
improved flexural strength and impact strength and Lowry et al.
[7] have also indicated that 7 wt% of ZnO outperforms 4 wt% of
ZnO in terms of UV absorption. In the current finding, 4 wt%,
12 wt%, 20 wt% and 40 wt% of ZnO particles were chosen for inves-
tigation. The UV absorbability of the control sample, the sample
with 20 wt% nano-ZnO particles and 20 wt% Isopropyl alcohol
and the sample with 40 wt% nano-ZnO particles and 20 wt% Iso-
propyl alcohol are shown in Figs. 6-8 respectively. In Fig. 6, it
shows that the control sample has an excellent absorption of UV
radiation in the wavelength ranges from 190 to 328.5 nm, how-
ever, it has no fully absorption of UV radiation in the wavelength
ranges from 328.5 to 400 nm which the UV absorbability increases
with the decrease of wavelength. This result implies that the UV
absorbability of the control sample is not excellent enough in the
range of UVA (315-400 nm). By comparing with the Figs. 6-8
and the other samples, the sample with 20 wt% nano-ZnO particles
and 20 wt% Isopropyl alcohol and the sample with 40 wt% nano-
ZnO particles and 20 wt% Isopropyl alcohol show an excellent UV
absorption through the whole range of wavelength from 190 to
400 nm. Lowry et al. [7] have stated that the criterion for complete
UV protection is defined as less than 1% UV transmission (more
than 99% absorption). It implies they have complete absorption
(reaches 100% absorption) in the whole range of UVA
(315-400 nm) and UVB (280-315 nm).

4. Conclusions

According to the XRD examination, 20 wt% Isopropyl alcohol
has the least influence to the properties of epoxy and is shown to
be an effective solvent for dispersing nano-ZnO particles inside
the epoxy. The SEM images also showed that the bonding behav-
iour between glass fibre and matrix is enhanced after filling up
with 20 wt% nano-ZnO particles with 20 wt% Isopropyl alcohol into
the composite. From the UV absorption measurements, both sam-
ples of 20 wt% nano-ZnO particles with 20 wt% Isopropyl alcohol
and 40 wt% nano-ZnO particles with 20 wt% Isopropyl alcohol
had full UVA (315-400 nm) and UVB (280-315 nm) absorbability.
These measurements indicated that 20 wt% Isopropyl alcohol is
effective for the dispersion of nano-ZnO particles with negligible
influence to the composition of epoxy. 20 wt% nano-ZnO particles
are effective for absorption of UVA and UVB with the bonding
behaviour enhanced between glass fibre and epoxy inside the
composite.
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Protecting human skin and structural polymers away from an ultraviolet radiation (UVR) attack is a
serious concern in all engineering industries at present. In the meanwhile, hollow glass fibres (HGFs)
could provide an opportunity to develop a variety of functions for advanced composites. They could be
made good use of their advantages by filling up with zinc oxide (ZnO)/epoxy to create an inherent UV
absorption property. This paper experimentally investigates the desirable amount of ZnO particles filled
into HGFs and their interval inside a composite to maximize its UV absorbability. UV-vis Spectro-
photometer was used to investigate the UV absorption property of samples with different ZnO/epoxy
compositions. It was found that the HGFs filled by 4 wt% and 5 wt% ZnO with their intervals of 0.2 mm
and 0.5 mm had excellent UVB and high UVA absorbability. With continuously increasing the interval

between the HGFs, only a 4 wt% ZnO sample can keep the same UV absorption property.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet radiation (UVR) attack is a serious concern in all
engineering industries as it has been proven to be harmful on human
skin and structural polymers. It would cause skin cancer and polymer
degradation by changing their atomic properties, respectively
[1,2,7,14,20,23,28]. In the atmosphere, human bodies and polymer
materials are severely exposed under 95% of UVA directly from the
sun. UVA (315-400 nm) has the highest level of intensity to reach the
earth and it has a long wavelength which can penetrate deeper from
the surface of both human skin and polymer materials [11,13,17,24]. As
in recent research, hollow glass fibre (HGF) has been mostly exploited
its extraordinary functions in composite structures. Julie et al. [9]
developed various functional polymer-based composites with unique
magnetic characteristics by filling ferromagnetic substances into HGFs.
Williams et al. [25] introduced HGFs into a carbon fibre reinforced
polymer (CFRP) composite and identified the flexural strength and ply
disruption can be enhanced after the incorporation of HGFs within a
CFRP composite. It is believed that if UV resistant particles filled into
HGFs to form a new class of composites could be a unique solution to
protect human bodies and polymer materials, particular for the design
of an UV shield body shell for airplanes and car bodies.

* Corresponding author. Tel.: +852 2766
E-mail address: mmktlau@.

http://dx.doi.org/10.1016/j.matlet.2014.04.083
0167-577X/© 2014 Elsevier B.V. All rights reserved.

ZnO particle is a promising candidate for different combinations
and applications because of its intrinsic properties. ZnO shows a highly
ionic character due to the large difference in electronegativity between
Zn and O atoms. Non-centrol symmetric tetrahedral coordination in
ZnO results in piezoelectric properties and crystallographic polarity
[27,29]. ZnO doped with different transition metals to produce
electrical and magnetic properties were intensively studied by many
researchers. Boris et al. [4-6] indicated Iron (Fe)-doped ZnO, Manga-
nese (Mn)-doped ZnO and Cobalt (Co)-doped ZnO possess Room
Temperature (RT) Ferromagnetic (FM) behaviour which is influenced
by the grain boundary (GB) specific area Sgg on the ferromagnetism of
the three doped ZnOs (the three doped ZnOs are ferromagnetic if they
contain enough GBs). In addition, it is well known that ZnO particle at
nano-scale is an effective inorganic UVA (315-400 nm) and UVB
(280-315 nm) radiation absorbent [15,16,22,26,28,30]. However, com-
posites with different weight percentages of ZnO particles filled into
HGFs and intervals would affect their UV absorbability. Different
weight percentages of ZnO particles were investigated by different
researchers [8,12]. Lowry et al. [12] has indicated that an epoxy
composite with 7 wt% ZnO particles outperformed 4 wt% in terms of
the UV absorbability. Moreover, in the last experimental study, 4 wt%,
12 wt%, 20 wt% and 40 wt% ZnO particles were chosen to be the fillers
in glass fibre reinforced epoxy composites (GFRECs). 20 wt% and 40 wt
% ZnO were found to be desirable amounts of nano-ZnO particles filled
into GFRECs to exhibit better UV shielding effect [22].
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Table 1
Fifteen samples including three control samples were prepared.

221

Spacing of HGFs

0.2 mm 0.5 mm 1.5 mm

Weight percentages of ZnO particles in the

epoxy filled in the HGFs 2 wt%
4 wt%
5 wt%

7 wt%

Control sample 1 Control sample 2 Control sample 3

Sample 4 Sample 8 Sample 12
Sample 5 Sample 9 Sample 13
Sample 6 Sample 10 Sample 14
Sample 7 Sample 11 Sample 15

UV absorbability at the declining range
HGFs

2.4
22 P

2
1.8

Abs

1.6
1.4 i
12

1

of different composites at 0.2 mm spacing of

composite with epoxy filled
HGFs

composite with 2 wt % ZnO/
epoxy filled HGFs

= = = composite with 4 wt % ZnO/
epoxy filled HGFs

— — composite with 5 wt % ZnO/
epoxy filled HGFs

+ = composite with 7 wt % ZnO/
epoxy filled HGFs

0.8
335 340 345 350 355 360 365 370 375 380 385 390 395 400

nm

Fig. 1. UV absorbability at the declining range of composites with different weight percentages of nano-ZnO particles at 0.2 mm spacing of HGFs.

UV absorbability at the declining range of different composites at 0.5 mm spacing of
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Fig. 2. UV absorbability at the declining range of composites with different weight percentages of nano-ZnO particles at 0.5 mm spacing of HGFs.

2. Experimental approach

In this study, different weight percentages of ZnO particles, at
nano-scale mixed with epoxy resin to form ZnO/epoxy mixtures were
fabricated and then filled into HGFs to create an UV absorption media
inside polymer-based composites. The UV absorbability of the com-
posites was measured by using an UV-vis spectrophotometer. The
bonding property between the HGF and ZnO/epoxy inside the
composites was visually examined by using Scanning Electron
Microscope (SEM).

Materials and samples preparation: The HGFs with outer and inner
diameters of 125 pm and 100 pm respectively were produced by the
Department of Aerospace Engineering of the University of Bristol [12].
Araldite GY251 and hardener HY956 were mixed in the ratio of 5:1 to
produce epoxy plate samples with the dimension of 50 mm () x
30 mm (w) x 2 mm (t). HGFs were embedded in the middle of the
samples with different pre-determined intervals, which were 0.2 mm,

0.5 mm and 1.5 mm. All plate samples were cured under ambient
condition for 24 h prior to the infiltration of ZnO/epoxy into the HGFs.

Vacuum infiltration technique was adopted to fill the ZnO/
epoxy into the HGFs. Similar method was shown to be effective for
preparing resin filled HGFs in self-healing composites
[3,9,10,18,19]. For the set up of vacuum infiltration, one end of
the samples was immersed in a homogenous mixture of ZnO/
epoxy mixture while another end is exposed to a vacuum chamber
to create a negative pressure to take the mixture into the HGFs.

UV absorbability examination: A total of 15 samples were
fabricated and their information are listed in Table 1. Different
weight percentages of ZnO particles (2 wt%, 4 wt%, 5 wt% and 7 wt
%) were used to make the ZnO/epoxy mixtures for filling up into
HGFs for different samples. All filled samples were cured under
ambient condition for 24 h prior to the UV absorption examina-
tion. UV-vis Spectrophotometer (Dynamica DB-20, 190-1100 nm)
was used to investigate the UV absorbability of the samples.
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UV absorbability at the declining range of different composites at 1.5 mm spacing of
HGFs
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Fig. 3. UV absorbability at the declining range of composites with different weight percentages of nano-ZnO particles at 1.5 mm spacing of HGFs.

Table 2

Comparing the UV absorbability level at the declining range of different composites.

Comparing the UV absorbability level at the declining range of different composites (UV absorbability at 400 nm)

Spacing of HGFs

0.2 mm

0.5 mm 1.5 mm

Weight percentages of ZnO particles in the -

Low Level (1.1079)

Low Level (1.2564) Low Level (1.0347)

epoxy filled in the HGFs 2 wt% High Level (1.6439) Medium Level (1.3809) Medium Level (1.3419)
4 wt% High Level (1.5867) High Level (1.559) High Level (1.567)
5 wt% High Level (1.5316) High Level (1.6777) Medium Level (1.4377)
7 wt% Low Level (1.04) Medium Level (1.3089) Low Level (0.9871)

Remarks:

Low level: UV absorbability < 1.3.

Medium level: 1.3 < UV absorbability < 1.5.
High level: UV absorbability > 1.5.

X70  200pm

11 50 SEI

= X70200um

10 50 SEI

Fig. 4. SEM images of composites with 4 wt% (left) and 7 wt% (right) ZnO/epoxy filled HGFs at 0.5 mm spacing.

SEM examination: All the samples were broken into two half
and followed by the SEM examination using SEM (Jeol 6490) to
study the bonding behavior between the HGFs and the ZnO/epoxy
particles.

3. Results and discussions

UV absorbability: In the current study, 2 wt%, 4 wt%, 5 wt% and 7 wt
% Zn0 particles mixed with epoxy resin were chosen to be infiltrated
into HGFs. Based on the result found, the UV absorbability of samples
were similar. All samples indicated that the maximum intensity
occurred within the wavelength of 190 nm and 333 nm and started

dropping in the range inside UVA. A sample with 4 wt% ZnO inside the
HGFs and their interval of 0.2 mm obtained a good UV absorption
property in the range of UVA.

Figs. 1-3 show the trend of UV absorption of sample with
different weight percentages of ZnO particles in HGFs and their
intervals of 0.2 mm, 0.5 mm and 1.5 mm at the declining range. In
Table 2, it is discovered that when the intervals between HGFs are
small (0.2 mm and 0.5 mm) and the content of ZnO particles in the
HGFs are 4 wt% and 5 wt%, the samples exhibit the highest UVA
absorption. When the interval between HGFs continues increasing
to 1.5mm, only 4wt% ZnO sample can exhibit highest UVA
absorption. Samples with pure epoxy and 7 wt% ZnO/epoxy filled
HGFs exhibit lowest UVA absorption whenever their intervals
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Fig. 5. Schematic illustration of the ZnO/epoxy infiltration process in a HGF with
clusters formed inside.

were 0.2 mm, 0.5mm and 1.5 mm. Last but not the least, by
comparing the UV absorbability at 400 nm in Table 2, it can be
concluded that the UV absorbability of different samples decreases
when the interval between HGFs increases.

Fig. 4 shows SEM images of samples with 4 wt% (left) and 7 wt%
(right) ZnO/epoxy filled HGFs with the embedment interval of 0.5 mm.
Clusters were formed inside the 7 wt% ZnO/epoxy filled HGFs while no
observable clusters existed in the sample of 4 wt% ZnO/epoxy filled
HGFs. An EDX examination was conducted to analyze the chemical
content inside the HGFs. It was discovered that Zn element appeared
inside 4 wt% ZnO/epoxy filled HGFs while none was detected inside
7 wt% ZnOJepoxy filled HGFs. This phenomenon may be due to the
ZnO clusters were formed during the infiltration process and blocked
the flow of the mixture into the HGFs. Particles agglomeration in the
epoxy resin occurred seriously when the weight percentage of ZnO
particles increased. Fig. 5 shows the schematic illustration of the ZnO/
epoxy infiltration process in a HGF with the formation of clusters at
the upstream section of the HGE. It therefore results in lowering the
UV resistance properties of the sample.

Due to the formation of ZnO particle agglomeration, poor
bonding behaviour between ZnO and epoxy inside the HGFs
appeared. Whether this bonding behaviour would have ferromag-
netic effects, are worthy for further study.

4. Conclusions

Based on the result from EDX examination, Zn element was not
seen inside HGFs filled with 7 wt% ZnO/epoxy, it was probably
because of the formation of ZnO clusters at the upstream of the
HFGs and blocked the infiltration of the particles into the HGFs
successfully. Nevertheless, samples with 2 wt%, 4 wt% and 5 wt% of
ZnO particles were observed as the desirable amount to be filled
into HGFs to achieve maximal UV absorption property. For the
interval between HFGs as 0.2 mm, HGFs with filled 4 wt% and 5 wt
% of ZnO particles also exhibited better UV absorbability than the
interval of 0.5 mm was used. For the interval of 1.5 mm, 4 wt% of
ZnO particles provided the best UV absorbability.
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Styrene-based and epoxy-based SMPs (SSMPs and EPSMPs) filled with different contents of nano-ZnO
particles were fabricated, their decolouration, UVR absorbabilities, surface hardness, dynamic mechanical
properties and shape memory effects under UVA degradation test were then investigated. Experimental
results showed that all samples subjected to the UVA degradation were yellowish with different degree.
By adding 2wt% of nano-ZnO particles, all SMPs achieved full UVR blockage. 2 and 4 wt%
nano-ZnO/SSMP and 5 and 7 wt.% nano-ZnO/EPSMP could maintain their surface hardness at moderate
level after the UVA degradation. Storage modulus of 4 wt.% nano-ZnO/SSMP and EPSMP before and after
UVA degradation obtained satisfactory results compared with their pure forms. It was proven that shape
recovery ratio was not affected by nano-ZnO particles inside SMPs. Treated EPSMPs could obtain 100%
shape recovery. However, UVA degradation was proven to have effects on the shape memory effect in
SSMPs. UVA-degraded SSMPs had better recovery than non-UVA-degraded SSMPs, this could be
explained by the degraded surface which was changed to be hardened. 4 wt.% of nano-ZnO particles filled
into SSMP and EPSMP could maintain a similar full recovery time before and after UVA degradation and
could significantly reduce the recovery reaction time.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, shape memory alloy (SMA), which is a kind of
metal alloys, has been recognised the only material that possesses
the shape memory effect (SME) based on its twinned and
de-twinned phase transformation characteristics. Until recently,
smart memory polymer (SMP), like Polyurethane-based
(PU-based) polymers [26], styrene-based (S-based) polymers [27]
and epoxy-based (EP-based) polymers [10] have been discovered
to also possess the SME. PU-based SMP, which is physically
cross-linked, has been proven to increase residual stress and
decreased shape recovery rate, which cannot provide an effective
function for the SME when compared with that of chemically
cross-linked structures [26,27]. Therefore, to popularise the SMP
for SME applications, chemically cross-linked S-based and
EP-based SMPs are investigated in this study.

SMPs have been broadly investigated by integrating them with
different fillers to become a new class of composites that are

* Corresponding authors.
E-mail addresses: mmktlau@ , lengjs@.
http://dx.doi.org/10.1016/j.compstruct.2015.07.023
0263-8223/© 2015 Elsevier Ltd. All rights reserved.

thermo- [10,25,27], photo- [18], electrical- [12,29], magnetic- [3]
and chemo- [14] sensitive. These composites have many advan-
tages over traditional SMAs, for examples, they have high tai-
lorability and functionability by changing their compositions or
adding different fillers to alter their shape recovery temperature,
stiffness and bio-degradability. Low density, low cost, high shape
recovery strain (can be achieved up to 400%), reliable recovery
behaviour and convenient fabrication technique (compared with
SMA which requires over 100 °C and high pressure) make it to
become more attractive in recent years. Because of these advan-
tages, SMP composites are widely applicable in aerospace [1,11],
textiles [30], automobiles [2] and biomedicine [3,9] areas.

In some applications, SMPs are utilised at different harsh envi-
ronments, which may affect or even degrade their mechanical
properties and lower their service lifetime. UV (100-400 nm)
degradation is always a critical problem for polymer-based
materials including SMPs, especially when they are used as pri-
mary structures that are exposed to sunlight. Around 95% UVA
(315-400 nm), out of 9% UVR from the sun, entered onto the
Earth surface has the highest average intensity of 1.37 mW/cm?
and the highest penetration ability into human bodies and
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polymers [4,24]. UVA usually attacks human bodies [7] and poly-
mers [16,27] under ageing (a long period of time) in physical and
chemical ways. The degradation of polymers results in yellowing
on materials’ surface and alternation in their mechanical proper-
ties. Xu et al. [27] have discovered that the exposed surfaces of
SMPs were discoloured under UVR in the air. Their compressive
strength and ductility were also severely decreased as compared
with their tensile strength. Generally speaking, UV degradation in
polymers is a combination of physical movements and chemical
reactions between chains of polymer molecules. UV degradation
requires oxygen to proceed and produces water molecules and sev-
eral types of free radicals, so it is also said to be photo-oxidation.
UVR also induces thermal degradation, which speeds up the dam-
age in polymers. The damage is commonly seen as depolymeriza-
tion [17].

Kumar et al. [8] have discussed that nano-scaled inorganic par-
ticles would be a new trend for polymer-based materials to
improve their UV resistibility. ZnO and TiO, are semiconductors,
metal oxides and inorganic UVR absorbers, this kind of substances
has intrinsic ability of UVR absorption. TiO, has been extensively
investigated for its UVR absorbability. In fact, ZnO particle has rel-
atively wider band gap energy of 3.37 eV at room temperature so
as it has a broader range of UVR absorption of 290-400 nm (a full
UVA and UVB absorption) than TiO,. TiO, has band gap energy of
3.02 eV at room temperature and has a UVR absorption within
the range of 290-350 nm. The refractive index of ZnO in visible
light is 1.9 while TiO, is 2.6 so as ZnO possesses better light trans-
missibility [5,15,20,22]. In general, nano-sized (less than or equal
to 100 nm) ZnO particles have relatively high UVR absorbability
and transparency. In addition, ZnO is inexpensive, relatively abun-
dant and chemically stable making it suitable for many applica-
tions, such as an ingredient of cosmetics and clothing [20,23].
Some researchers have integrated ZnO particles into different poly-
mer materials for UVR protection [13,19,22]. Lowry et al. [13] have
studied the UVR permeability in nano-ZnO filled coating and dis-
covered a low dose of 7 wt.% of ZnO layer was sufficient to block
UVA and UVB and outperformed 4 wt.% of ZnO in terms of UVR
protection. In this study, different weight percentages of
nano-ZnO particles were introduced into S-based and E-based
SMPs. Their influences in terms of UV degradation, decolourisation,
UVR absorbability and surface hardness were investigated.

2. Experimental setup
2.1. Raw materials

Styrene-based SMP (SSMP) and Epoxy-based SMP (EPSMP) were
thermoset plastics in the analytical grade and used without further
purification. Both SMP matrices were fabricated in Harbin Institute
of Technology (HIT) [10,28]. The glass transition temperatures (Tg)
of neat SSMP and neat EPSMP were claimed to be 85 °C and 100 °C
respectively. Nano-ZnO particles with a diameter of approximate
100 nm and white in colour, were purchased commercially.

2.2. Specimen preparations

Precursor solutions of SSMP and EPSMP were mixed with 2, 4, 5
and 7 wt.% of nano-ZnO particles. The resins were firstly mechan-
ically stirred for 20 min and then sonicated for another 10 min.
Afterwards, they were degassed until bubble-free mixtures were
obtained. The resulting mixtures were poured into a two-plate
glass mould with a thickness of 3 mm. Thermal curing of
ZnO/SSMPs was performed at 75°C for 36 h while that of
ZnO/EPSMPs was at 80 °C for 3 h, followed by100 °C for 3 h and
150 °C for 5 h. All samples were cooled down at room temperature

and then machined into a square shape with the dimension of
30 mm x 30 mm x 3 mm for investigations. For the comparison
purpose, neat SSMP and neat EPSMP samples were also prepared.

2.3. Accelerated UVA ageing

The effects of nano-ZnO particles in SSMPs and EPSMPs under
UVA degradation were investigated. Two groups of samples and
their pure forms were exposed under UVA with 250 mm apart
from the source for 12 h inside an UVA chamber. The intensity of
UVA from the lamp (100 mW/cm?) was approximately 11 times
higher than that of terrestrial UVA (9.1105 mW/cm? in average)
[4]. Generally, UVR is alerted from 10 am to 4 pm (6 h) in every
day [24]. For a 12-h exposure under the UVA lamp, it could simu-
late the effect similar to 22-day exposure under the sunlight. In
addition, the samples were experienced at a temperature (80 °C)
3 times higher than that on the Earth’s surface at sea level
(25 °C), this further accelerated the effect of UVA degradation.
The exposed temperature (80 °C) was slightly lower than the Tgs
of neat SSMP (85 °C) and neat EPSMP (100 °C).

2.4. UVR absorption test

The UVR absorbabilities of ZnO/SMPs before and after UVA
degradation were tested and compared. UV-vis
Spectrophotometer (Dynamica DB-20, 190-1100 nm) was used to
test the absorbabilities of UVA (315-400 nm), UVB (280-315 nm)
and UVC (190-280 nm) of all samples. Absorbance displays along
the Y-axis with maximum absorbance index of 5 while UVR dis-
plays along the X-axis with wavelength ranging from 190 nm to
400 nm. For the comparison purpose, UVR absorption tests on neat
SSMP and neat EPSMP were also conducted.

2.5. Yellowing of neat SMPs and ZnO/SMPs by UVA degradation

Different degrees and rates of yellowing of neat SMPs and
ZnO/SMPs before and after UVA degradation were observed and
compared.

2.6. Surface hardness test

The surface hardness of ZnO/SMPs were measured before and
after the UVA degradation by using Microhardness Tester
(Future-Tech) with test load of 100 gf and dwell time of 15 s. For
the comparison purpose, the surface hardness tests on neat SSMP
and neat EPSMP samples were also conducted.

2.7. Dynamic mechanical analysis (DMA)

DMA testing is commonly used to determine the dynamic
molecular motion changes of SMP. DMA (Perkin Elmer Diamond
DMA Lab System) was used to conduct the tensile test mode with
the different setting parameters as shown in Table 1 for
non-UVA-degraded and UVA-degraded SSMP and EPSMP samples
with and without 4 wt.% nano-ZnO particles.

Table 1
Setting parameters of DMA test for neat SMP and 4 wt.% ZnO/SMP samples.

Neat SSMP and 4 wt.% Neat EPSMP and 4 wt.%

ZnO/SSMPs ZnO/EPSMPs
Sample size 30 x 5 x 2 mm°®
Temperature range 25-130°C -30 to 150 °C
Testing rate 2°Cmin~! 5°C min~!
Testing frequency 0.2 Hz 1Hz
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2.8. Shape memory effects (SMEs)

SMEs including the shape recovery ratio, full recovery time and
recovery reaction time of SMP were determined by a series of
steps. Different set parameters of the SME test for SSMP and
EPSMP samples with and without nano-ZnO particles are shown
in Table 2. Dimethicone was used to be the isothermal medium
for heat treatment on SMPs because it has high transparency and
high chemical stability. SMPs were heated to a temperature of their
Tgs +20°C in an oven for 20 min. Then the soften SMPs were
immediately bent into U-shape around an aluminium plate with
2 mm radius arc at a bending rate of 10°s~!. U-shape SMPs were
fixed on the plate and the whole pieces were put into cooling
chamber at 0 °C for 20mins. Deformed SMPs were immersed into
Dimenthicone bath at Tgs + 20 °C to investigate their shape recov-
ery behaviour which the processes were recorded by video. The
shape recovery ratio is the ratio of shape recovery angle to 180°.
Full recovery time and recovery reaction time were evaluated from
the video to distinguish the differences in SME of
non-UVA-degraded and UVA-degraded SSMP and EPSMP with
and without nano-ZnO particles.

3. Results and discussions
3.1. UVR absorbability of nano-ZnO particle

ZnO particle is an inorganic UVR absorber, which enables to
absorb UVR in the range of 290-400 nm (a whole range of UVA
and UVB). A ZnO atom absorbs UVR and deteriorates the energy
physically. The reaction is dependent on the ability of a ZnO atom
having its band gap energy (~3.22 eV for a ZnO atom with particle
size of 100 nm) to create an electron-hole (e"-h") pair. A sche-
matic diagram is shown in Fig. 1, electrons present in the valence
band (+ve) are excited by UVR having an energy greater than the
band gap of a ZnO atom and jump to the conduction band (—ve).
These electronic transitions occur between the two bands as long
as the ZnO atom exposed to UVR. It was suggested that the elec-
trons are fluctuated in an excitonic system between the internal
field [5,6] and it is believed that the energies of electrons decay
with travelled distance and time and become exhausted.

The intensity energy of UVR can be calculated by Egs. (1) and
(2):

E=hf (1)

where E is the intensity energy of light, h is Planck’s constant
=6.626 x 107>* ] s and f is the frequency of the light vibration and

i=% 2)

where 1 is the wavelength of light, v is the speed of the light

=3 x 10® m/s and f is the frequency of the light vibration.

In this experiment, only UVA (318-400 nm) degradation was
considered. The intensity energy of light is 6.251 x 10~'° ] at wave-
length of 318 nm while the intensity energy of light is

4903 x 10°] at wavelength of 400nm. The smaller the

Table 2
Setting parameters of SME tests for neat SMP and all ZnO/SMP samples.

Neat SSMP and all Neat EPSMP and all

ZnO/SSMPs ZnO/EPSMPs
Sample size 30 x 5 x 2mm3
Pre-heating temperature 105 °C (Tg + 20 °C) 120 °C (Tg + 20 °C)
Cooling temperature 0°C 0°C

Reheating temperature 105 °C (Tg + 20 °C) 120 °C (Tg +20°C)

UVR (hv)
Conduction Band (-)

F 3
e I

v y
Valence Band (+)

Energy Gap

Fig. 1. A schematic diagram shows the UVR absorption of band gap inside a ZnO
atom.

wavelength of light, the higher of its energy. The band gap energy
of a ZnO atom with particle size of 100 nm is about 3.22 eV which

is equal to 1.602 x 10~'° J. The intensity energy of UVA is 3 times
more than the band gap energy of a 100 nm ZnO atom which it
is large enough to excite electrons from the valence band of a
ZnO atom and they iterate between the band gap until their ener-
gies are exhausted.

3.2. UVR absorption tests of neat SMPs and ZnO/SMPs

Before the UVA degradation test, the neat SSMP had full UVB
and UVC absorptions and most part of UVA but not for UVA from
387.5 nm to 400 nm (Fig. 2) while the neat EPSMP had a full UVC
and most part of UVB absorptions but not for UVB from
311.5nm to 315 nm and the whole range of UVA (Fig. 3). After
the accelerated UVA ageing, the neat SSMP had a full UVR absorp-
tion (Fig. 2) while the neat EPSMP had a full UVC and less part of
UVB absorptions but not for UVB from 295.5 nm to 315 nm and
the whole range of UVA (Fig. 3).

The UVR absorbability of the neat SSMP was strengthened while
that of the neat EPSMP was weakened after the test. These phe-
nomena were resulted from the difference of UV degradation
mechanisms of styrene and epoxy and will be explained in the fol-
lowing session. Additionally, both SSMP and EPSMP with 2, 4, 5 and
7 wt.% of nano-ZnO particles could achieve a full UVR absorption
(Fig. 4). 2 wt.% of nano-ZnO particles inside SSMP and EPSMP were
enough to achieve a full UVR absorbability.

3.3. UV degradation mechanisms in polymer materials (styrene and
epoxy)

Polymer absorbs UVR chemically and it degrades as a result of
energy accumulation. Even a low energy of UVR is applied to the
polymer for over a long period of time, the cumulative degradation
effect is significant. There are two ways of UVR absorption on poly-
mers, one way is that the UVR excites the electrons in the bonds
between polymer chains. Another way is the UV produces thermal
energy to cause thermal degradation on polymers. The degree and
the rate of UV degradation on polymers depends on the intensity
and thermal energy of UVR absorbed by polymers. To further
explain, the amount of UVR energy required to degrade a polymer
is determined by the molecular structures of polymers, such as
amorphous or crystalline, and the bonding characteristics, such
as secondary bonds (Van der Waals bonds and hydrogen bonds)
or crosslinks or covalent bonds, between polymer chains.

Styrene is an amorphous thermoplastic and epoxy is a ther-
moset plastic. Theoretically, if the energy of UVR is large enough,
it is able to break firstly the secondary bonds between the polymer
chains and then the covalent bonds of the primary polymer chains
because the secondary bond is much weaker than the covalent
bond. Generally, amorphous thermoplastic has no crosslinks
between polymer chains and low density, so it is more susceptible
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Fig. 2. The UV absorbability of neat SSMP before and after UVA degradation.
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Fig. 3. The UV absorbability of neat EPSMP before and after UVA degradation.
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Fig. 4. The UV absorbabilities of 2, 4, 5, 7 wt.% ZnO/SSMPs and 2, 4, 5, 7 wt.% ZnO/EPSMPs before and after UVA degradation.

to UVR. It has been proven that it forms crosslinks and releases a
gas under UV degradation with a temperature a little below its
Tg. As a result, the degraded amorphous thermoplastic becomes
a thermoset plastic. On the contrary, thermoset plastic has cross-
links between polymer chains and high density, therefore, more
energy is needed to break the bonds, so it is more resistant to UVR.

The intensity energy of UVA lies between 4.903 x 10~'° J and

6.251 x 107" J. The rate of degradation on polymers various with
the thermal energy they exposed, it can be calculated by
Arrhenius Equation in Eq. (3),

Rate = Ae~(E/RD (3)

where A is the collision factor, E is the energy required to make the
reaction occur, R is the gas constant and T is the temperature in
Kelvin the polymer exposed [21].

3.4. Yellowing of neat SMPs and ZnO/SMPs by UVA degradation

Before the UVA degradation (Fig. 5), the neat SSMP was opaque
in white and the neat EPSMP was transparent in white. All
ZnO/SSMPs and ZnO/EPSMPs were opaque in nearly the same
degree of white because the white nano-ZnO particles were added.
After accelerated UVA ageing (Fig. 6), all samples were yellowish
with different degrees. The neat SSMP and all ZnO/SSMPs were at
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Fig. 5. The neat SSMP, all ZnO/SSMPs, the neat EPSMP and all ZnO/EPSMPs before UVA degradation.

neat SSMP

ncat EPSMP

Fig. 6. The neat SSMP, all ZnO/SSMPs, the neat EPSMP and all ZnO/EPSMPs after UVA degradation.

5

=1

S

§ —&— Before UVA Degradation

=

!:E —4— After UVA Degradation
Neat 2 wt.% ZnO/ 4 wt.% ZnO/ 5 wt.% ZnO/ 7 wt.% ZnO/

SSMP SSMP SSMP SSMP SSMP

Fig. 7. Hardness of neat SSMP and all ZnO/SSMPs before and after UVA degradation.

nearly the same degree and rate of yellowing and they were much that in EPSMP. Also, nano-ZnO particles were more compatible in
yellower than the neat E-SMP and all ZnO/E-SMPs. The neat EPSMP EPSMP than in SSMP in terms of UVR absorbability.

was transparent in yellow. And it is worth to notice that ESMPs
with larger amount of nano-ZnO particles resulted in lower degree 3.5. Surface hardness tests of neat SMPs and ZnO/SMPs

and rate of yellowing which this result could not be found in
SSMPs. Two kinds of SMPs, SSMP and EPSMP in their pure form and

These phenomena implied that the bonds between polymer with 2, 4, 5 and 7 wt.% ZnO were tested for the surface hardness
chains in SSMP were weaker and more susceptible to UVA than before and after the UVA degradation and their results were shown
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EPSMP
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Fig. 8. Hardness of neat EPSMP and all ZnO/EPSMPs before and after UVA
degradation.

in Figs. 7 and 8. Before the UVA degradation test, the surface hard-
ness of S-SMPs with 5 and 7 wt.% of nano-ZnO particles had a ten-
dency of decreasing. This might be resulted from the shrinkage of
the SSMPs during the curing process that caused the agglomeration
of nano-ZnO particles to occur although they were evenly dis-
persed inside the SSMPs. After accelerated UVA ageing, the surface
hardness of all SSMP samples were hardened while that of all

EPSMP samples were softened. These implied all SSMP samples

behaved more alike amorphous thermoplastics which they formed
crosslinks and became a thermoset plastic while all EPSMP sam-
ples behaved alike thermoset plastics which their crosslinks were
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broken and became more flexible and tough but less strong and
stiff after UVA degradation.

It could be concluded that 2 and 4 wt.% of nano-ZnO particles in
SSMPs and 5 and 7 wt.% of nano-ZnO particles in EPSMPs could

maintain their surface hardness at a moderate level after UVA
degradation.

3.6. Dynamic mechanical analysis (DMA)

A good shape memory material depends on a large and sharp

drop in the storage modulus around its Tg. From Figs. 9 and 10,
the rate of drop of neat SMPs and ZnO/SMPs at their Tg were sim-
ilar. The most significant deviation appear on UVA-degraded neat
SSMP and UVA-degraded 4 wt.% ZnO/EPSMP. Their rate of drop
keep similar to other SMP samples but the response in drop is
delayed to a higher temperature. The storage modulus is accounted
for the hardness of the polymer. The harder the polymer, the
larger the storage modulus. It is noted that SSMP would become
hardened while EPSMP would become softened of their
UVA-degraded surface. From the DMA result, it proved that the
storage modulus of UVA-degraded neat SSMP was dominated by
the hardened UVA-degraded surface and that of UVA-degraded
4 wt.% ZnO/EPSMP was dominated by the 4 wt.% nano-ZnO parti-
cles. The softened UVA-degraded surface of EPSMP was suppressed
its effect on storage modulus by the reinforced particles.

----- Neat SSMP (non-UV-
degraded)

Neat SSMP (UV-degraded)

4 wt.% ZnO/SSMP (non-UV-
degraded)

4 wt.% ZnO/SSMP (UV-
degraded)

130

Fig. 9. Storage modulus of neat SSMPs and 4 wt.% SSMPs before and after UVA degradation.

2.8E+09
236408~
ST
) ‘.\":;.'
—  1.8E+09 e
>
3
§ 1.3E+09 \., 631246380625
\Y
g 3
3 3
d ¥,
5800000000 3
el 3
(%] v,
A
\\~,.
300000000 v
\;_;“‘
-30-2E+08 20 70

Temperature (C)
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(UV-degraded)

Fig. 10. Storage modulus of neat EPSMPs and 4 wt.% EPSMPs before and after UVA degradation.
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Fig. 11. Shape recovery ratio of different SMPs before and after UVA degradation.

Fig. 12. Shape recovery for non-UVA-degraded (i) and UVA-degraded (ii) 4 wt.%
ZnO/SSMP (a) and 4 wt.% ZnO/EPSMP (b).
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The deviation of temperature at the same storage modulus for
the UVA-degraded neat SSMP was +5.2°C (5.9%) and for the
UVA-degraded 4 wt.% ZnO/EPSMP was +4.3 °C (4.3%) from their
non-UVA-degraded samples. It could also concluded that
nano-ZnO particles, at the amount enough for obtaining a full
UVR absorption, would not significantly affect the dynamic
mechanical property of SMPs but UVA degradation would have
more effects on the property.

It is assumed that by implementing appropriate amount of ZnO
particles into SMPs for the UVA absorption, the drop of storage
modulus could be maintained at the nearest temperature to their
non-UVA degraded samples after UVA degradation.

12

AN

3.7. Shape memory effects (SMEs)

3.7.1. Shape recovery ratio

Fig. 11 shows the shape recovery ratio of all neat SMPs and all
ZnO/SMPs. Fig. 12 shows the final shape after recovery for
non-UVA degraded and UVA-degraded 4 wt.% ZnO/SSMP and
4wt% ZnO[/EPSMP. UVA-degraded SSMPs had slightly higher
recovery ratio than non-UVA-degraded SMPs. Non-UVA-degraded
and UVA-degraded EPSMPs had full recovery ratio. Under the same
circumstance, SSMP was more sensitive to UVA degradation.
Nano-ZnO particles, at the amount enough for obtaining a full
UVR absorption, would not alter the recovery ratio but UVA degra-
dation would have effect on the property. The shape recovery ratio
depended mostly on the base shape memory polymer, its cross
linking agent content of SSMP or linear monomer content of
EPSMP.

3.7.2. Recovery reaction time and full recovery time

Besides counting the full recovery time, reaction time for start-
ing the recovery is also an important factor to be considered. From
Figs. 13 and 14, EPSMPs showed having the faster recovery reac-
tion time and full recovery time than SSMPs. This could be
explained by the linking network structure of polymer molecular
chains of base shape memory matrix. SSMP and EPSMP have
two-phases (soft and hard) or a cross-linked structure to exhibit
the SME. EPSMP has long linear monomer chain of C-O bonds
and two epoxy groups at the chain ends which crosslink points
are far more linked together with higher flexible segment mobility.

For non-UVA-degraded and UVA-degraded SSMPs and EPSMPs,
the larger the content of nano-ZnO particles, the higher the hard-
ness of SMPs, the faster their recovery reaction time. Hard segment
of SMP dominated the recovery reaction time.

—o— non-UVA-degraded SSMPs
—4&— UVA-degraded SSMPs
—&— non-UVA-degraded EPSMPs

2 \c/\o

0 1 2 3 4 5 6 7

UVA-degraded EPSMPs

Recovery reaction time (s)
()]

wt.% of nano-ZnO particles

Fig. 13. Recovery reaction time of different SMPs before and after UVA degradation.



T.-t. Wong et al./Composite Structures 132 (2015) 1056-1064 1063

140

-
N
o

[
o
o

60/

40

Full recovery time (s)

20

0 1 2 3 4

wt.% of nano-ZnO particles

—&— non-UVA-degraded SSMP

—#&— UVA-degraded SSMPs

—&— non-UVA-degraded EPSMPs
UVA-degraded EPSMP

Fig. 14. Full recovery time of different SMPs before and after UVA degradation.

For non-UVA-degraded and UVA-degraded EPSMPs, the larger
the content of nano-ZnO particles, the faster their full recovery
time but it was contrary to that of SSMPs and at 7 wt.% of
nano-ZnO particles, SSMP showed a reduced full recovery time.
Although implementing nano-ZnO particles would increase the
hardness of SMPs, it did not show significant changes as the same
as the results in recovery reaction time. The soft segment of SMP
dominated the full recovery reaction time.

It is more preferable for the SMP having the less variation of
recovery reaction time before and after UVA degradation. In gen-
eral, 4 wt.% ZnO/SSMP and 5 wt.% ZnO/EPSMP had less variation
and time for recovery reaction and full recovery before and after
UVA degradation. And the hardened and softened UVA-degraded
surface of SSMPs and EPSMPs respectively agreed with the conclu-
sion stated: the hard segment of SMP dominated the recovery reac-
tion time and the soft segment of SMP dominated the full recovery
reaction time.

4. Conclusions

Different weight percentages of nano-ZnO particles were intro-
duced into styrene-based (SSMP) and epoxy-based (EPSMP) shape
memory polymers respectively. Their decolouration, UVR absorba-
bilities, surface hardness, dynamic mechanical properties and
shape memory effects under UVA degradation test were then
investigated. They were under accelerated UVA ageing at intensity
11 times higher and a temperature 3 times higher than that of the
ambient environment. It is equivalent to a situation that the sam-
ples were exposed to 22 days under the Sunlight in terms of UVA
intensity. The purpose of adding nano-ZnO particles into a polymer
was to absorb UVR between 290 and 400 nm (whole range of UVA
and UVB) to protect the polymer from full UV degradation.

The UVR absorption tests showed that 2 wt.% of nano-ZnO par-
ticles was enough to absorb the whole range of UVR (190-400 nm)
for SSMP and EPSMP samples. Besides nano-ZnO particles, shape
memory matrix which is in polymer base would also absorb part
of the UVR and this showed in the yellowish of all neat SMP and
ZnO/SMP samples after UVA degradation test.

All SSMP samples had nearly the same degree of yellowing, but
they were much yellower than EPSMP samples. EPSMP samples
with large amount of nano-ZnO particles could achieve lower
degree and rate of yellowing. This implied that nano-ZnO particles
could effectively resist the UVA degradation for EPSMP samples as
compared with SSMP samples.

Apart from examining the functionality of nano-ZnO particles in
SMPs, it is worth to mention that neat SSMP and neat EPSMP had
different behaviours under UVA degradation. Surface hardness
tests showed that the neat SSMP was harder while neat EPSMP

was relatively softener after UVA degradation. This could be
explained that SSMP had more alike amorphous thermoplastic in
which crosslinks were formed between the polymer chains inside
it and became thermoset plastic after the degradation test.
EPSMP was alike a typical thermoset plastic in which the crosslinks
between the polymer chains inside EPSMP were broken by the
incident UVA energy and become more flexible and tough but less
strong and stiff after UVA degradation.

From the surface hardness test, 2 and 4 wt.% ZnO/SSMPs and 5
and 7 wt.% ZnO/EPSMPs could maintain their surface hardness at a
moderate level after UVA degradation.

For the shape memory behaviour, 4 wt.% ZnO/SSMP and 5 wt.%
ZnO/EPSMP would be the good candidate to achieve fast recovery
reaction time and full recovery time while minimising the effects
of UVA degradation on the shape memory effects of SMPs.

Nano-ZnO particles at the tested weight percentages had no sig-
nificant variation to the dynamic mechanical properties and recov-
ery ratio of SSMP and EPSMP, but UVR had considerable effects to
that of SMPs. It is believed that by controlling the content of
nano-ZnO particles and the linking network structure of polymer
molecular chains inside SMP, its UVR absorbability, surface hard-
ness, dynamic mechanical properties and shape memory effects
could be enhanced in an acceptable performance to against the
UV degradation.
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ABSTRACT

Nano-zinc oxide (nano-ZnO)/epoxy filled micron-hollow glass fibres (micron-HGFs) epoxy composite is
opening up a new configuration for fibre reinforced polymer composite (FRPC) with enhanced ultraviolet
(UV) resistibility. ZnO nanoparticles having intrinsic UV absorbability were introduced into epoxy and
nano-ZnO/epoxy was filled into 100 pum HGF by using vacuum infiltration technique. 4 wt.% 100 nm ZnO/
epoxy/100 um HGF epoxy composite was found to have the highest UV absorbability among other
samples. The silane surfactant on ZnO nanoparticle (NP) was evaluated and the rheology of nanofluid
(NF) was investigated for the UV absorbability of nanocomposite (NC), which the two parameters
determine the dispersion of ZnO nanoparticles and the polymerization shrinkage of nanocomposite. An
optimum concentration and good dispersion of ZnO nanoparticles are aimed to be achieved in order to
maximize the UV absorbability of nano-ZnO/epoxy/micron-HGF epoxy composite. The silane surfactant

E. Resin flow

on ZnO nanoparticle was found to be ineffective for UV absorption.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Ultraviolet (UV) is proven to be the major cause of skin cancer on
human and deterioration of mechanical properties on polymer-
based materials [1,6,8,24]. It causes decolouration, cracks and
delamination in carbon and glass fibre polymer composites [1]. As
the usage of these composites has been massively increased in
aerospace, automobile and civil construction industries, the pro-
tection of human bodies and polymer-based composites from UV
attack is certainly being a concern worldwide.

ZnO particle is an intrinsically inorganic UV absorber which is
proven to have less negative effects to polymer-based materials
after UV degradation. This is because it processes UV absorption by
physical reaction and it can obtain a full UV absorption in its nano
size [9]. ZnO nanoparticles (NPs) have been introduced into
polymer-based materials for protecting the materials from UV
degradation [9,12] and enhancing their thermal stability

* Corresponding author. Tel.: +852 2766
E-mail address: mmktlau@.

http://dx.doi.org/10.1016/j.compositesb.2016.01.005
1359-8368/© 2016 Elsevier Ltd. All rights reserved.

[3,10,14,35]. Researchers have developed UV-protective coatings
and introduced UV absorption inorganic NPs into polymers for UV
protection of polymer-based materials. It is commonly known that
UV-protective coating has a wearing problem and embedded par-
ticles have a problem of dissolution out from the polymers under
UV degradation, since cracks will be induced inside polymers and
allow particles to pass through, it is especially critical if the particles
are in nano size. Therefore, by introducing HGF as the host to
protect ZnO NPs would be a unique solution for the nanocomposite
(NC) to process a continuous UV absorption and protection for the
entire material throughout the UV degradation and reinforce the
base polymer simultaneously [29]. Vacuum infiltration is a well-
known technique for the fabrication of self-healing composites,
which require to infiltrate resin into hollow fibres, for aerospace
applications [5,21,22,29].

The silane surfactant of ZnO NPs and the rheology properties of
NF have the relationship with the dispersion of NPs, the polymer-
ization shrinkage and the UV absorbability of NC.

A homogenous dispersion of ZnO NPs can be achieved by elec-
trostatic (physical) or steric stabilization (chemical) methods, for
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example, by ultrasonication for increasing the magnitude of
repulsion to overcome the Van de Waal's attraction of ZnO NP—NP
or by surface treatment of doping silane coupling agent on ZnO NP
to increase the negative charges on the surface of ZnO NP for
increasing the magnitude of repulsion to overcome the hydrogen
bond (H-bond) of ZnO NP—NP [14,15,19,33]. The silane surfactant of
commonly used y-aminopropyltriethoxysilane (KH550) on ZnO
was proven to be able to improve the dispersion of particles and
enhance the compatibility of the particles inside polymers which
means it improves the mechanical properties of the NC. The
effectiveness of UV absorption of silane-ZnO NC was also investi-
gated. Wu investigated the effects of different surface modification
of ZnO particles to UV absorbability and found that KH550-ZnO had
lower UV absorbability than other doped-ZnO [33]. In the paper of
Mallakpour in 2012, the UV absorbability of KH550-ZnO/PAI was
lower than neat PAI[15] and in his paper in 2014, after the chemical
modification of PAI, the UV absorbability of KH550-ZnO/PAI was
higher than neat PAI, and the higher the concentration of KH550-
ZnO, the higher the UV absorbability of the NC [14]. Nicolay also
discovered the UV absorbability of KH550-ZnO/sol—gel having the
similar results of the research of Mallakpour in 2014 [19]. However,
it has not yet achieved a full UV absorbability by implementing
silane-ZnO particles into polymers. Contrarily, styrene-based and
epoxy-based shape memory polymers (SMPs) were proven to have
full UV absorbability at 2 wt.% of 100 nm ZnO particles imple-
mented [31].

The vacuum infiltration pressure has an effect on ZnO NP
dispersion and the effect is more significant inside micron-HGF,
furthermore, a good rheology properties of NF is achieved by an
even dispersion of ZnO NP. The flow behaviour of ZnO/epoxy fluid
studied by the rheology test enables to explain the dispersion
ability of ZnO inside epoxy and it is important for the fabrication of
filled micron-HGF epoxy composite. Sadeghipour [25] pointed out
most of the theories of the moduli of composites have their origin
in the theory of the viscosity of suspensions. This implies that the
rheology properties of NF correlate with the dispersion of NPs and
the mechanical properties of the NC. There were several re-
searchers studied the surfactant of NP and the rheology properties
of NF in the relationship with the dispersion of NP, the polymeri-
zation shrinkage and the UV absorbability of NC. Nasu studied NF
rheology, NP dispersion and UV protection property of suspension
of titanium dioxides (TiO;) and ZnO with different surfactant
[17,18]. Yang also investigated the surface properties of TiO,
microparticle in the relationship with fluid rheology properties and
particle dispersion [34]. Siddiqui tested the rheology effect of car-
bon nanotube (CNT)/polymer on the behaviour of polymerization
curing [26]. Suganthi examined the influence of the interaction of
ZnO NP—polymer—water molecule on the NF transport properties
(viscosity and thermal conductivity) [27].

The polymerization shrinkage is an effect from the curing pro-
cess of polymer materials. Different polymers process different
degrees of polymerization shrinkage. Generally, thermosetting
plastics are considered having lower degree of polymerization
shrinkage than thermoplastics because of the crystalline molecular
structure. Epoxy, which is a kind of thermosetting plastics and
possesses a relatively high dimensional precision, combining with
different reinforcements has been widely used in aerospace ap-
plications. Although it has a relatively low polymerization
shrinkage, the polymerization shrinkage become accountable if it is
inside a micron-HGF. NPs are able to lower the degree of poly-
merization shrinkage of polymers, especially when ZnO NPs has
high thermal conductivity and thermal stability [2,4,11,16,23,28].
Physically, NPs situate between epoxy polymer chains which
interrupt and lower the linkage-growth polymerization under
curing process. Added that ZnO NP has high heat capacity to

accelerate heat energy exchange without changing much its tem-
perature and expansion which helps to stabilize the dimension
change of NC under curing. Lowering the rate of linkage-growth
and the temperature change during polymerization process could
lower the degree of polymerization shrinkage of polymer and the
residual stress induced inside NC, so the NC results in better
dimensional stability and mechanical properties. There are many
studies regarding the implementation of NPs into polymers for
increasing their functionality while enhancing the NC dimensional
stabilization in medical, optical, manufacturing and coating engi-
neering applications [7,13,20,30,35]. Onbattuvelli and Mahrholz
stated that the inclusion of NPs enables to higher the densification
of polymer and slower the speed of polymerization which lengthen
the fabrication time and lower the degree of polymerization
shrinkage [13,20]. Zabihi discovered the optimum thermal prop-
erties of NC which occurs at a relatively low concentration of 5 wt.%,
of 50 nm ZnO particles [35]. A research proved that after adding
35 vol.% of NPs, the polymerization shrinkage of a polymer com-
posite could be reduced to 0.3% [7].

In a previous experimental study, 4 wt.% 100 nm ZnO/epoxy/
100 pm HGF epoxy composite in 0.2 mm intervals of HGFs obtained
the best UV absorbability among the samples [32]. In order to un-
derstand the phenomenon, NF rheology properties, ZnO NP
dispersion characteristic and NC shrinkage behaviour inside
micron-HGF were investigated. An optimum concentration and
good dispersion of ZnO NP are aimed to be achieved in order to
maximize the UV absorbability of nano-ZnO/epoxy/micron-HGF
epoxy composite. The silane surfactant on ZnO NP was found to
be ineffective for UV absorption.

2. Materials and methods
2.1. Raw materials

Two types of ZnO NPs, 100 nm ZnO (undoped) and 20 nm
doped-ZnO, used in this study are produced by American process
and French process respectively. Their crystal structures and
apparent (bulk) densities (0.560 g/cm? of 100 nm ZnO and 0.532 g/
cm3of 20 nm doped-ZnO), which representing their deformability,
are similar. They are both in spherical shape and in white colour.
The surface area of 100 nm ZnO is 31.42 fm2 which is 25 times
larger than 20 nm doped-ZnO, which means 100 nm ZnO has larger
contact surface area with epoxy molecules inside the resin. 20 nm
ZnO is coated with a silane coupling agent (KH550) in the weight
ratio of 99:1. Silane surfactant on 20 nm ZnO particle is proven to be
able to prevent particle agglomeration because of the increased
negative charges on the surface of ZnO NP for increasing the
magnitude of repulsion to overcome the H-bond of ZnO NP—NP and
improve the bonding strength of ZnO NP—EP simultaneously. No
solvents were used in all the dispersion processes.

HGF with outer diameter (OD) of 125 um and inner diameter
(ID) of 100 um is produced by the Department of Aerospace Engi-
neering of University of Bristol. It has a static frictional coefficient of
approximately 0.94 and density of 2.63 g/cm®.

Araldite GY251 and hardener HY956 mixed in the weight ratio
of 5:1 was the epoxy resin which is also used as the base polymer.

2.2. ZnO NP dispersion and NC polymerization shrinkage inside
micron-HGFs

Neat epoxy and different concentration (2, 4 and 7 wt.%) of ZnO
NPs mixed with epoxy underwent 5 mins of mechanical stirring
followed by 20 mins of ultrasonication, hardener was added af-
terwards and the mixture underwent another 5 mins of ultra-
sonication individually. Resin fluid was infiltrated into a 100 pm
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HGF by using vacuum infiltration technique. Vacuum pump with
the total ultimate vacuum pressure of 2 Pa was applied constantly
for 10 mins to ensure a full infiltration in the HGF of 100 mm long.
All filled fibres were cured under room temperature and pressure
for 24 h prior to characterization. The dispersion of ZnO NPs and the
polymerization shrinkage of nano-ZnO/epoxy inside micron-HGF
were characterized by using optical microscope.

2.3. Rheology properties

The fluid samples were prepared with the same procedure
mentioned before. They were produced at the same period of time,
room temperature and pressure and were kept at 0—3 °C after
mixing to ensure the tests were conducted within the pot life of
fluid samples. The rheology studies on nano-ZnO/epoxy fluid
samples were conducted on rotational Rheometer (ARES#, TA In-
struments) using a parallel plane plate geometry with 25 mm
diameter and 1 mm gap under isothermal condition. The concen-
tration of ZnO NPs and the intermolecular forces of NP—NP, NPEP
and EP—EP have significant effects on the fluid flow of nano-ZnO/
epoxy inside micron-HGF and were evaluated by shear stress and
viscosity along the shear rate from 0 to 250 s~ . The shear rate is in
log scale for easy evaluation.

2.4. UV absorbability

Nano-ZnO/epoxy/micron-HGF epoxy composite with different
concentration (2, 4and 7 wt.%) of ZnO NPs and the same thickness
of 2 mm were fabricated. Samples are compared regarding their UV
absorbability between undoped and doped-ZnO NPs and their
different concentration implemented. Neat epoxy/micron-HGF
epoxy composite was fabricated for comparison purpose. The
nano-ZnO/epoxy infiltrants were prepared with the same proce-
dure mentioned before and the filled composites were cured under
room temperature and pressure for 24 h prior to UV absorbability
test in the range of UVA to UVC (190 nm—400 nm) by using UV—vis
Spectrophotometer (Dynamica DB-20, 190—1100 nm).

3. Results and discussion
3.1. Dispersion characteristic of ZnO NP inside micron-HGFs

Dispersion characteristic of ZnO NPs is governed by the inter-
molecular strength of NP—NP, NP—EP and EP—EP which can be
varied by two major methods: electrostatics (physical) and steric
stabilization (chemical) that is the use of ultrasonication treatment
during the preparation of resin and the use of surfactant on ZnO NP
respectively. The intensity and time of ultrasonication and the
concentration of surfactant on ZnO NP are crucially adjusted for
achieving an even dispersion of ZnO NPs inside epoxy. The silane
surfactant on ZnO NP is commonly used and is proven to be able to
prevent particle agglomeration and obtain good bonding strength
of NP—EP which correlate with the mechanical properties of the
composite. Organic solvent is also commonly used to obtain an
even dispersion of ZnO NPs. However, for fabricating nano-ZnO/
epoxy/micron-HGF epoxy composite, solvent is not considered
because it may not be fully vapourized out from micron-HGF before
the resin is fully cured, for which it would eventually affect the
mechanical properties of the final composite.

The dispersion characteristics of different concentration of
100 nm ZnO and 20 nm doped-ZnO NPs in epoxy inside individual
HGF with inner diameter (ID) of 100 um were observed under
optical microscope as shown in Fig. 1. Neat epoxy without ZnO NPs
and air bubbles inside the 100 um HGF is clear. 2 wt.%, 4 wt.% and
7 wt.% 100 nm ZnO/epoxy and 20 nm doped-ZnO/epoxy exhibit

different degrees of particle agglomeration. At 7 wt.% 100 nm ZnO/
epoxy and 7 wt.% 20 nm doped-ZnO/epoxy, the particle agglom-
eration is severe as numbers of white clusters with irregular sizes,
shapes and dispersion are distinctively observed inside the 100 pm
HGE. Particles agglomerated at 7 wt.% 100 nm ZnO/epoxy impeded
the flow of resin which air bubbles and ZnO NPs were blocked to be
infiltrated out and through the 100 um HGF. At 2 wt.% 100 nm ZnO/
epoxy, 2 wt% and 4 wt.% 20 nm doped-ZnO/epoxy, particle
agglomeration is hardly observed, instead, the particles are in
relatively lower concentration but in even dispersion inside the
100pumHGF. At 4 wt.% 100 nm ZnO/epoxy, particle agglomeration is
hardly observed and the particles are in higher concentration and
even dispersion inside the 100 pm HGF.

3.2. Rheology properties of NF

Rheology properties of NF can be adopted to determine the
infiltration satisfaction of fluid in micron-HGF. There are two major
parameters which are used to understand the rheology of fluid:
shear stress and viscosity. In the following, two sets of fluid samples
regarding their shear stress and viscosity against shear rate are
discussed. Two sets of fluid samples as shown in Figs. 2 and 3 are
2 wt.%, 4 wt.% and 7 wt.% (yellow, red and green respectively) of
100 nm ZnO (solid line) and 20 nm doped-ZnO (dashed line) mixed
with epoxy. One neat epoxy (black solid line) is a control sample for
reference purpose.

In Fig. 2, yield stress indicates the starting shear stress at zero
shear rate. It is the stress required to start deforming the micro-
structure and simulating the flow of fluid. The amount of ZnO NP
increases, the yield stress of fluid increases. Particles are inter-
locked between polymer molecular chains, which decrease the
mobility of the microstructure of resin and increases the difficulty
of deformation of resin. However, on the other side, particles are
able to stabilize the flow of fluid during infiltration process and the
polymerization shrinkage of resin during curing process.

Lower shear stresses was sufficient to deform the microstruc-
ture of 4 wt.% and 7 wt.% of 100 nm ZnO/epoxy along the shear rate
compared to that of 20 nm doped-ZnO/epoxy. The shear stresses
required to deform 2 wt.% 100 nm ZnO/epoxy and 2 wt.% 20 nm
doped ZnO/epoxy behave similar. The shear stress required to
deform 2 wt.% 100 nm ZnO/epoxy is higher upon the shear rate at
1.6 571, the shear stress required of it is lower after the point. The
silane surfactant on 20 nm ZnO particles may be destroyed by
higher shear force and the resin becomes inhomogeneous with
particles in irregular sizes, shapes and dispersion, so that a much
higher shear stress was required to deform the microstructure of
fluid. It is worth noting that the bonding between silane coating
and 20 nm ZnO particle is an H-bond which is a kind of secondary
weak bond and relatively susceptive to the applied shear force. It
could be concluded that the silane surfactant on 20 nm ZnO particle
is regarded as an inhibiter to the flow of fluid.

In Fig. 3, 7 wt.% 20 nm doped-ZnO/epoxy is not included for
discussion due to its 4 times higher of viscosity along the plateau
compared with other fluid samples. The results of viscosity and
shear stress against shear rate for all fluid samples are match. Shear
stress is the applied force acting on the microstructure of fluid
interplaying with the viscosity of fluid which is defined as the in-
ternal resistance induced by the intermolecular forces between
NP—NP, NP—EP and EP—EP to inhibit the flow of fluid.

Along the plateau, neat epoxy has gradually increasing viscosity
with the increasing shear rate, this phenomenon also happens in
20 nm doped-ZnO/epoxy. This could be claimed that the silane
surfactant enabled 20 nm ZnO/epoxy to behave similarly as the
neat epoxy in terms of their viscosity property. The higher the
concentration of 20 nm ZnO particles, the steeper the increasing
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2wt.% 100nm ZnO/epoxy

4wt.% 100nm ZnO/epoxy

Twt.% 100nm ZnO/epoxy

2wt.% 20nm doped-ZnO/epoxy

4wt % 20nm doped-ZnO/epoxy

Twt.% 20nm doped-ZnO/epoxy

Fig. 1. Particle dispersion of neat epoxy (the topmost), 2 wt.%, 4 wt.% and 7 wt.% of 100 nm ZnO/epoxy (left) and 20 nm doped-ZnO/epoxy (right) inside micron-HGF.

slope of viscosity of the fluid along the plateau. Undoped 100 nm
ZnO particles should not be considered as unstable to epoxy but
they were adverse the behaviour of epoxy with gradually
decreasing slope of viscosity along the plateau. The higher the
concentration of 100 nm ZnO particles, the steeper the decreasing
slope of viscosity of the fluid along the plateau. ZnO particles
regarded as undeformable, so that the Van de Waals’ interaction of
100 nm ZnO—EP, the H-bond of silane coating—20 nm ZnO, the H-
bond of 20 nm doped-ZnO—EP and the covalent bond of EP—EP are
subjected to the applied shear stress and then they are sheared
apart resulting in a lower viscosity of the fluid.

Every fluid sample has its initial viscosity and has gradually
increasing or decreasing viscosity along its plateau until it reaches a

critical viscosity as shown in Fig. 3 The higher the concentration of
ZnO NPs, the higher the viscosity of the fluid sample. After the
critical viscosity, all fluid samples have a sudden drop of viscosity.
100 nm ZnO/epoxy without silane surfactant drops violently than
20 nm doped-ZnO/epoxy. It could be explained that slipping may
occur between the surface of 100 nm ZnO—EP. The silane surfactant
on 20 nm ZnO particles should not be regarded as stabilizing the
viscosity of fluid if they are destroyed by higher shear force and the
resin results as inhomogeneous with particles in irregular sizes,
shapes and dispersion which increases the viscosity of fluid and
inhibited the flow.

Although the contact surface area of 20 nm doped-ZnO—EP is 25
times lesser than that of 100 nm ZnO—EP, the chemical bonding
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Fig. 3. Shear viscosity against shear rate of different fluid samples.

strength of 20 nm doped-ZnO—EP is much stronger than that of
100 nm ZnO—EP. It could be proven by the rheology results that a
larger shear stress was required to deform the microstructure of
20 nm doped-ZnO/epoxy with higher viscosity. Conclusively, 4 wt.%
100 nm ZnO/epoxy has the lowest required shear stress to deform
its microstructure and viscosity at 5.5 Pa.s throughout the applied
shear rate from 0 to 250 s~! among all the nano-ZnO/epoxy fluid
samples.

3.3. Polymerization shrinkage of NC inside micron-HGFs

Different degrees of polymerization shrinkage are observed at
the end of nano-ZnO/epoxy as shown in Fig. 4. A higher degree of
polymerization shrinkage happens in neat epoxy while a lower
degree of polymerization shrinkage appears in resin with higher
content of ZnO NPs. The shrinkage angles were measured at the end

of resin. The shrinkage angle of neat epoxy, 2, 4 and 7 wt.% ZnO/
epoxy are 45°, 53°, 55° and 57° respectively. A resin with high
shrinkage angle indicates that it has a low degree of polymerization
shrinkage. 100 nm ZnO/epoxy and 20 nm doped-ZnO/epoxy had no
influence in the degree of polymerization shrinkage, but the par-
ticle agglomerations and the inner surface properties of HGF would
affect the shrinkage angle. When the particles agglomerate away
from the end of resin, the shrinkage angle is higher and vice versa.

It could be concluded that ZnO NPs helped stabilizing the resin
to obtain a lower degree of polymerization shrinkage. The sym-
metric diagram in Fig. 5 shows the behaviour of resin from infil-
tration to curing process. During vacuum infiltration, the applied
shear stress leads the fluid to fully flow through the 100 um HGF
while frictional force along the inner surface of the 100 um HGF
exerts on the fluid which inhibits the flow. Epoxy resin along the
centre moves further beyond than those along the inner surface of
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Fig. 4. Polymerization shrinkage of neat epoxy (the topmost), 2 wt.%, 4 wt.% and 7 wt.% of 100 nm ZnO/epoxy (left) and 20 nm doped-ZnO/epoxy (right) inside micron-HGF.

the 100 um HGF, thus, at the end of fluid is in convex shape. During
curing, the fluid shrinks until it is fully cured. Different degrees of
curvature can be obtained at the end of nano-ZnO/epoxy attributed
to different concentration of ZnO NPs implemented. It is assured
that 4 wt.% 100 nm ZnO/epoxy enables to obtain a lower degree of
polymerization shrinkage with a high concentration and an even
dispersion of ZnO NPs inside the 100 pm HGF.

3.4. UV absorbability of nano-ZnO/epoxy/micron-HGF epoxy
composite

The UV absorbability results of nano-ZnO/epoxy/micron-HGF
epoxy composites agree with the dispersion characteristics of

ZnO NPs and the rheology properties of nano-ZnO/epoxy infil-
trants. 4 wt.% 100 nm ZnO/epoxy obtains the lowest required shear
stress to deform its microstructure and viscosity, a high concen-
tration and an even dispersion of ZnO NPs inside the epoxy, so
4 wt.% 100 nm ZnO/epoxy/100 um HGF epoxy composite has the
highest UVA absorbability (315—400 nm), a full UVB (280—315 nm)
and UVC (100—280 nm) absorbability as shown in Fig. 6.

In Fig. 7, it shows the UV absorbability of all composite samples.
2 wt.% 100 nm ZnO/epoxy/100 um HGF has an even dispersion of
ZnO NPs but a lower concentration, however, the UV absorbability
of 2 wt.% 100 nm ZnO/epoxy/100 pum HGF/epoxy composite is still
higher than neat epoxy/100 pm HGF epoxy composite. 7 wt.%
100 nm ZnO/epoxy/100 um HGF epoxy composite has UV
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Fig. 5. Schematic diagram showing the polymerization shrinkage of neat epoxy resin
and 4 wt.% 100 nm ZnO/epoxy resin during curing process.

absorbability lower than neat/epoxy/100 um HGF epoxy composite,
this happening is the consequence of existing air bubbles inside the
100 pm HGE.

All 20 nm doped-ZnO/epoxy/100 pm HGF epoxy composites
have UV absorbability lower than neat/epoxy/100 pum HGF epoxy
composite. This obviously shows the silane surfactant on 20 nm
ZnO particle inhibits the UV absorption of ZnO NP. It could be
interpreted that the silane coating blocks the passage of UV radi-
ation into ZnO NPs for exhibiting the UV absorption, and the silane

coating has the refraction property which it refracts the UV radia-
tion into surrounding polymers and pass through the composite.
This interpretation is represented by a schematic diagram in Fig. 8.

4. Conclusions

In this study, the relationship of the silane surfactant of ZnO NP
and rheology properties of NF with the dispersion of NP and the
polymerization shrinkage of NC are discussed to achieve a nano-
ZnO/epoxy/micron-HGF epoxy composite with good UV absorb-
ability. The effectiveness of UV absorption of silane surfactant on

ZnO NP was evaluated. The following are highlighted from this
study.

A. Generally, 100 nm ZnO/epoxy fluid samples have lower shear
viscosity and require less shear stress to deform the fluid to
flow than that of 20 nm doped-ZnO/epoxy fluid samples. The

surfactant on 20 nm ZnO particle is regarded as an inhibiter
to the fluid flow.

UV radiation

Base epoxy |

100um HGE
| v

Fig. 8. Schematic diagram showing the refraction of silane surfactant on 20 nm ZnO
particles in epoxy inside 100 um HGF of the epoxy composite.

6
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Fig. 6. UV absorbability of neat epoxy and 4 wt.% 100 nm ZnO/epoxy/100 pm HGFs epoxy composite.
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Fig. 7. UV absorbability of all composite samples.
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B. Among all the nano-ZnO/epoxy fluid samples, 4 wt.% 100 nm
ZnO/epoxy has the lowest viscosity at 5.5 Pa.s and requires
the lowest shear stress to deform its microstructure along
the shear rate. Under the observation from optical micro-
scope, 4 wt.% 100 nm ZnO NPs obtained an even dispersion in
epoxy inside 100 um HGF. The better the dispersion of ZnO
NPs, the lower the viscosity of nano-ZnO/epoxy fluid.

C. Rheological properties are proven to be correlated to the UV
absorbability of nano-ZnO/epoxy/micron-HGF epoxy com-
posite. The lower the viscosity and shear stress required to
deform the microstructure of nano-ZnO/epoxy fluid, the
higher the UV absorbability of nano-ZnO/epoxy/micron-HGF
epoxy composite.

D. During vacuum infiltration process, the applied shear stress
interferes the intermolecular forces between NP—NP, NP—EP
and EP—EP. During curing process, the degree of polymeri-
zation shrinkage of resin decides the closeness of NP—NP
inside EP. These show they are the factors to influence the
dispersion of ZnO NPs and the UV absorbability of nano-ZnO/
epoxy/micron-HGF epoxy composite.

E. The use of silane surfactant on ZnO NP and the use of soni-
cation during resin preparation, are accounted for the
dispersion of ZnO NPs inside epoxy which is decisive for
obtaining a nano-ZnO/epoxy/micron-HGF epoxy composite
with good UV absorbability. However, it was found that
silane surfactant on ZnO NP was ineffective for UV
absorption.

F. To achieve a nano-ZnO/epoxy/micron-HGF epoxy composite
with good UV absorbability, optimum concentration and
good dispersion of ZnO NPs inside epoxy resin with low
polymerization shrinkage are required. And silane surfactant
on ZnO NP was not considered to be implemented as it was
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