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Abstract

Fibre reinforced polymer (FRP) composites have been used in maritime engineering for more
than 50 years, however, many facts such as aqueous corrosion, UV aging and tidal movements
deteriorate the performance of composites and limit the applications under marine environment.
Recently, the demands of more reliable, economy, environment friendly composites have
prompted an industry-wide investigation of advanced materials. Nanotechnology is an advanced
medium to improve the properties and expand the applications of composites. The benefits
include enhancing mechanical behaviours: such as Young’s modulus, toughness, impaction and
fatigue, and enabling multifunctional behaviours: such as thermal conductivities, electrical
conductivities and electromagnetic wave absorb. Therefore, using nanoparticles is a desirable
technology to develop cost-effective, large-scale, and durable FRP composites. This thesis aims
to use feasible methods by using nanoparticles (such as functionalised nanosilica, halloysite
nanotubes, so-gel nanosilica) to reinforce FRP composites to extenuate harsh environment

effects with the large scale manufacturing possibilities.

The first part of the thesis focuses on investigation concentration effects of nanoparticles
(halloysite nanotubes, nanosilica) on the mechanical performance, especially on fracture
toughness and processibility, particularly on viscosities of nanoparticle filled matrices. In
addition, the toughen mechanisms of two kinds of functionalised nanosilica/ epoxy composites
have been studied and revealed that nanosilica can reduce the corrosion rate and fraction
coefficient under marine environment, thus providing a new pathway to improve the marine

composite performance.

The second part of thesis reports that the bio-material, i.e. dopamine acting as a sizing and
polymerising on carbon fibre surfaces to form polydopamine. The new method to reinforce the
interlaminar shear strength of CFRP composites has been explored. Furthermore, combining
coupling agent and halloysite nanotubes to develop synergistic effects on enhancing the

mechanical properties of GFRP composite under simulated marine environment was studied.



The third part of thesis aims to design a new strategy to reinforce composites by two ways, i.e.,
using the so-gel nanosilica to reinforce the matrix and using polydopamine to enhance the
interfaces of carbon fibres and matrix. Excellent performances have been achieved, especially
under the simulated marine environment. The proposed enhancement mechanism has also been
proposed.

In conclusion, this thesis tries to explore nanoparticle enhanced fibre reinforced composites used
in marine environment, and aims to fabricate low-cost, large-scale and durable nanoparticle

reinforced composites as an alternative choice for maritime engineering applications.
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Chapter 1: Introduction

1.1 Significance of the project

The market of marine composite was worth 900 million US dollars in 2011 and expected reach
to $ 1500 million US dollars in 2018, with a 7% annual growth rate [1]. The safety, recycling,
new resin and fibre, and multi-functionality are the future trends of the marine composite [2].
However, the innate characters of FRPs such as brittleness of the matrix or poor adhesive
between fibre and matrix, determined the limitations of composites applications. In addition,
composites used in the marine environment have more challenges such as deteriorate
performance by aqueous corrosion, degradation, moisture uptake, etc.[3-6] Meanwhile, the large-
scale fabrication nanocomposites for industrial application, especially in maritime engineering
fields is also a challenge [7- 18]. For these reasons, it is momentous but challenging to develop
cost-effective, reliable and multifunctional marine composite as metal alternatives to promote the

sustainable marine applications.

1.2 Research objectives

The major goals of this thesis are to explore and understand nanoparticle enhanced fibre
reinforced polymer composites used in marine environment, and aim to develop low-cost, large-
scale and durable nanoparticle reinforced composites as an alternative for the metal parts.

Specifically, the objectives of this thesis are:

e Investigating commercial nanoparticles ( halloysite nanotubes, nanosilica ) concentration
effects on mechanical and machinability of diverse epoxy nanocomposites;

o  Understanding the role of functional groups toughen the interface between nanoparticles
and epoxy by study two kinds of functionalised nanosilica/ epoxy composites;

e Revealing the salt water deteriorate mechanical properties of composite with time, the
nanosilica effects on reducing the corrosion rate and friction coefficient of epoxy under
marine environment, and thus providing a new pathway to improve the marine composite

performances;



e Tuning dopamine as sizing by in situ polymerization on carbon fibre surface to enhance
interfaces between fibre and matrix, providing a new convenient method to further toughing
the FRPs composites;

e  Combining matrix toughening by nanoparticles (such as halloysite nanotubes, nanosilica)
and interface enhancing by introduction of polydopamine to develop synergistic effects on
enhancing the mechanical performances of composites used in simulated marine

environment.

1.3 Thesis outline
This thesis is the outcomes of my PhD research presented in the form of journal publications.
The chapters in this thesis are presented in the following sequence:

e  Chapter 1 introduces the significance of the thesis and outlines the objectives and key
contributions to the field of research;

e  Chapter 2 reviews the literatures to overview various nanofillers enhance mechanical and
multifunctional behaviours of carbon fibre reinforce polymer (CFRP) composites;

e Chapter 3 presents halloysite nanotube concentration effects on fracture toughness of
diverse epoxy nanocomposites;

e  Chapter 4 investigates two kind of functionalised nanosilica/epoxy nanocomposites with
enhanced fracture toughness;

o Chapter 5 investigates fracture toughness and wear properties of nanosilica/epoxy
composites under marine environment;

e  Chapter 6 develops polydopamine as sizing on carbon fibre surfaces for enhancement of
epoxy laminated composites;

e  Chapter 7 designs and fabricates coupling agent and nano halloysite synergistic enhancing
glass fibre/ polystyrene laminates under harsh environment applications;

e  Chapter 8 devotes to hybrid enhancement by polydopamine and nanosilica on carbon fibre
reinforced polymer laminates under marine environment;

e  Chapter 9 presents conclusions and perspectives for future work;



1.4 Logical arrangement of the subsequent research chapters diagram

This section explains the logic structure of the thesis. First, the literature review gives a general
idea of the nanoparticles used in the fibre reinforced polymer composites (FRPs) and the
environmental impacts on the FRPs. Second, explains my research in details. Third, concludes
my current study and prospects the further work. A diagram of overall flow and logical

arrangement of the subsequent research chapters shown in Fig. 1.

Fig. 1. Overall flow and logical arrangement of the subsequent research chapters
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Chapter 2: Literature review

2.1 Introduction

This chapter gives a concise appraisal on nanofillers enhanced fibre reinforced polymer (FRP)
laminates, including mechanical properties, electrical conductivity, and thermomechanical
properties. Especially, the mechanical properties have been reviewed in details in section 2.2,
such as interlaminar fracture toughness, compression-after-impact strength and interlaminar
shear strength toughed by different nanofillers, such as carbon nanotubes, nanofibers, organoclay,

nanosilica and/or rubber, et al.

In addition, FRP laminates suffer environmental impacts when those parts are exposed to
harsh environments for the period of service. Particularly in the marine environment, the
mechanical performances of laminates degrade due to cyclic variation of temperature and
hygrothermal conditions — creating the high risk of accidentally creating fracture. In section 2.3
reviews some current research carried on environmental impacts on FRP composites, such as

thermal fatigue, moisture and hygrothermal impacts.

2.2 Carbon fibre-reinforced polymer laminates with nanofiller-enhanced multifunctionality
This section is included as it appears as a book chapter published by Wei Han, Youhong Tang,
Lin Ye. Chapter 8: Carbon fiber-reinforced polymer laminates with nanofiller-enhanced
multifunctionality. In: Beaumont PWR et al, editors. The structural integrity of carbon fibre
composites. Switzerland: Springer, 2017, 171-189. It provides an overview of with various nano-
fillers to (1) enhance mechanical behaviours the structural materials, including interlaminar
strength and toughness, impaction, fatigue performances, and (2) enable/enhance multifunctional
behaviours, including thermal conductivities, electrical conductivities, and other performances.
Overall, this discussion gives a broad overview and technical viable routes to obtain a particular
combination of various mechanical and functional behaviours of CFRP with nano-fillers

included.
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Carbon Fibre-Reinforced Polymer Laminates
with Nanofiller-Enhanced Multifunctionality

Wei Han, Youhong Tang, and Lin Ye

8.1 Introduction

Fibre-reinforced polymers (FRPs) are prime choice materials in various structural
and high-performance applications. Their unique properties make them superior to
their metallic counterparts. A carbon fibre-reinforced polymer (CFRP) is a compos-
ite in which at least one of the fillers is carbon fibre, either short or continuous,
unidirectional (UD) or multidirectional or woven or nonwoven. The matrix is
usually a polymer, a metal, a ceramic or a combination of different materials.
Except for sandwich composites, the matrix is three-dimensionally continuous,
whereas carbon fibre (CF) fillers are usually three-dimensionally discontinuous,
unless the fibres are three-dimensionally interconnected by weaving or by the use
of a binder such as carbon. The high strength and modulus of CFs make them
useful as reinforcement for various matrices, even though they are brittle. Effective
reinforcement requires good bonding between the fibres and the matrix. Meanwhile,
CFs are electrically and thermally conductive, in contrast to the non-conductive
nature of polymer matrices. Therefore, CFs can serve not only as reinforcement
but also as additives to enhance electrical and/or thermal conductivity. Furthermore,
CFs have a near-zero coefficient of thermal expansion. The combination of high
thermal conductivity and low thermal expansion makes CFRP useful for heat
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Figure (text/chart/diagram etc) has been removed due to copyright restrictions.

12



2.3 The marine environmental impact on the fibre reinforced polymers
2.3.1 Introduction

The superior properties of FRPs such as excellent strength, lightweight, chemical resistance, and
good mechanical performance supported they are widely used in many fields. Their applications
include various components in automobiles, aerospace, navigation, offshore platforms and also
in structures [1]. Those parts are exposed to the environment for the period of service. The
environmental impacts include temperatures, humidity, and UV light exposure. Especially in the
marine condition, the cyclic variation of hygrothermal environment may degrade the properties
and performances of FRP composites — making the high possibility of accidentally generating
fracture. Bastioli et al. reported water aging may strongly affect the matrix behaviour, by
producing changes in its chemical and physical nature by itself or in conjunction with other
chemical or physical agents such as heat and ultraviolet light [2, 3]. In additional, a hydrolysis
reaction can degraded interface of the fibre/matrix caused by unsaturated groups within the

matrix of FRP composites in the marine environment.

FRP laminated composites are vulnerable to suffer impact in the environment. The
performances of the composites are determined by the adhesion strength of the interface between
the fibre and matrix. However, in the high temperature condition the thermal expansion of matrix
and fibre are different which can affect the interface in result of detriment interlaminar shear
strength of the laminators. On the other hand, at low temperature most polymers become brittle
and more vulnerable to the stress concentration or relaxation of residual stresses. Moisture is
very common in our environment. However, the FRP laminated composites absorb moisture that

can reduce the interfacial adhesion strength at the interface. Despite FRP composites having lots
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of outstanding performance as structures and components, they still need reinforcement to

against the harsh environment.

This review highlights the environmental impact on the FRP laminated composites. Discussed
the deleterious effects on the matrix and the interfacial strength of fibre and matrix caused the
different environmental conditions. Reveal the degradation in the interface between fibre and

matrix may occur to a significant variation in the property and performance of FRPs.

2.3.2 Thermal fatigue impact on the FRP composites

FRP laminated composites suffer temperature variations. This kind cyclic variation of
temperature induces thermal stresses in composites because of the different thermal expansion
coefficients between the fibres and resins [4]. This kind of reciprocating stress variation in the
composites is considered as a fatigue and which can induce various types of damage, like matrix
fracture, debonding and delamination. Moreover, Hiemstra observed micro-cracks at the
interface between fibre and polymer due to the temperature variations [4]. In an oxidative
environment, the temperature variations may cause resins oxidation. Some researches on found
that the oxidation in epoxy resin can cause mass loss and volume shrink of the epoxy resin,

which may result of composites delamination [5-6].

2.3.3 Exposure to moisture impact on FRP composites

When FRPs laminated composites exposure in the wet environment, the moisture can be
absorbed into the composites. The moisture diffusion observes in the composites as a result of
capillary action reported by Scheirs. In the study, water wicking is principal in the composites as
defective wetting of the fibre [7]. Other researches on moisture transport behaviour report that

voids in the matrix and the interface of fibre-matrix have a significant effect on the diffusivity of
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FRPs laminated composites [8, 9]. Moreover, moisture can cause matrix plasticization, chemical
degradation and mechanical degradation when moisture long time situated in a FRP laminated
composite [10]. Weitsman and Morii report water diffusion may in form of interfacial micro-
cracks in FRP composites [11, 12]. Furthermore, the moisture exposure time also significantly
affects the performance of the FRP composites. For example, uncoated fibre/polylactide
composites in saturated water vapour condition at 70 <C for 24 h, the tensile strength decreases
15 % compared with that without ageing specimens. And in the same condition after 72 h, it
decreases 30% compared with that without ageing specimens [13]. Long-term moisture
immersion can cause the detrimental effects of mechanical performances of the composites
which can potentially decrease the service period [14-17]. Phifer et al. study E-glass/vinyl ester
lamented composites, the reduction of stiffness and strength are 10 % and 60 % after 24 months
immersed in water, respectively [15]. Yang et al. reported glass fibre modified by coating nano-
silica can be slow the moisture uptake and enhanced the mechanical performances of GF/pCBT

composites [18].

2.3.4 Hygrothermal impact on FRP composites

Hygrothermal ageing is most common conditions in the marine environment, and it is the
synergetic effects in the temperature and moisture environment which has the deleterious effects
on the polymer [19]. Moreover, Ray et al. reported that temperature can further accelerate the
diffusion of moisture in FRPs [20]. Some researchers have studied the FRP composites in a
hygrothermal environment [21-24]. For example, Aditya et al. studied the symmetric and
antisymmetric GFRP laminates in hygrothermal condition, and they reported reduction rates in
flexural stiffness were 54% and 27% respectively in the condition of a saturation humid

condition for 2000 h [25]. A study of unidirectional glass fibre/epoxy composite degraded by
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humidity absorption / desorption is shown by [26], reduction rates of the static bearing strength
were at a range of 8% to 22% for woven laminates. Li et al. studied three kinds of sizing on
carbon fibre (T300, CF-1, CF-2), the interfacial fracture engineer decreased after 3days
hygrothermal treated by 45%, 69% and 40%, respectively. They said the sizing play an important
role in the mechanical performances of CFRP composites in the hygrothermal conditions [27].
Buehler et al. studied moisture sorption and desorption on solvent treated glass fibre and carbon
fibre reinforced composite laminates. The final moisture uptake rate was 4-5 wt % at 70 <C for
1200 h moisture exposure and the moisture uptake rates was 3 wt% after 450 h dry out [28]. The
moisture in composites can degrade the interfacial adhesion and the matrix in that way detriment

the properties and performances.

2.3.4 Conclusions

Applications of FRP laminated composites have developed rapidly during the last few decades.
A rising concern on the environmental impact affects the bonded and durable interfaces of FRPs.
The delamination has been known as the most harmful phenomenon on the mechanical
performances of FRPs. The marine environments, such as cyclic variation of temperature and
hygrothermal, are having detrimental effects on fibre-matrix interface of FRPs. The nano
technology and sizing techniques are efficiently methods to reduce the detrimental effects by the
harsh environment. However, currently little research has been carried out to study the hybrid
enhancement of FRP in harsh environments by nanoparticles and sizing. This present review
highlights the interfacial vulnerability to environmental impacts and the damaging effects on
interfaces between fibre and matrix. The micro degradation at the interface between fibre and

matrix may occur to a significant variation in the property and performance of FRPs.
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Chapter 3: Nano-halloysite concentration effects on fracture toughness of

diverse epoxy nanocomposites

3.1 Introduction and significance

In this chapter, we reported the concentration effects of halloysite nanotubes (HNTSs) on thermal
and mechanical properties of as-received and phenylphosphonic-acid (PPA)-treated HNTS
prepared by mechanical mixing or ball-milling homogenization. It was found that with HNTs
added in the region of 0.0-10.0 wt. %, significantly reinforced fracture toughness of the epoxy

composites. The highlights in this work include:

1. We have firstly reported that ball-milling homogenization has much more uniform HNTSs size

and dispersion in epoxy matrix than those prepared by simple mechanical mixing.

2. We have the first time investigated the morphology of (PPA)-treated HNTs changing from
nanotubes to nanoplatelets; as a result, with a substantial increase in the total contact areas

between HNTs and epoxy, enhanced fracture toughness of epoxy composites has been reported.

3. Higher HNTs concentration, higher fracture toughness was achieved for various epoxy
composites. However, the optimal concentration of HNTs was 5.0 wt. % in this study. The
addition of further HNTs achieved only marginal fracture toughness enhancement and more
negative effects appear, such as HNTs concentration gradient in cured epoxy composites, high

potential decrease in glass transition temperature (Tg), and potential immature tensile failure.

This section is included as it appears as a journal paper published by Wei Han, Yang Yu,
Youhong Tang, Karl Sammut. Nano-halloysite concentration effects on fracture toughness of

diverse epoxy nanocomposites, ASTM Mater Performance Charact 2014, 3(3): 506-518.

3.2 Nano-halloysite concentration effects on fracture toughness of diverse epoxy

nanocomposites
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ABSTRACT

We experimentally report material design of halloysite nanotube (HNT)/
epoxy composites, focusing on the effects of HNT concentration on thermal
and mechanical properties, especially fracture toughness, of diverse epoxy
composites with as-received and phenylphosphonic-acid (PPA)-treated HNTs
prepared by mechanical mixing or ball-milling homogenization. It is
demonstrated that, with HNT added in the region of 0.0-10.0 wt. %,
significantly reinforced fracture toughness of the epoxy composites can be
achieved. The epoxy composites prepared by ball-milling homogenization
have much more uniform HNT size and dispersion than those prepared by
simple mechanical mixing, enhancing their fracture toughness. The
morphology of treated HNTs changes from nanotubes to nanoplatelets; as a
result, with a substantial increase in the total contact area between HNT and
epoxy and enhancing the fracture toughness of epoxy composites. This
higher HNT concentration and the higher fracture toughness are achieved for
various epoxy composites. However, the optimal concentration of HNT is

5.0 wt. % in this study. The addition of further HNT achieves only marginal
fracture toughness enhancement and more negative effects appear, such as
HNT concentration gradient in cured epoxy composites, high potential
decrease in glass transition temperature (7,), and potential immature tensile
failure.
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Introduction

Organic/inorganic composites are widely used to overcome the limitations of
organic polymer properties. In particular, because of the nature of the thermoset
cross-link structure, the nature of the bonding, and the embrittlement compared
to thermoplastics, the applications of thermosets/inorganic nanoparticles compo-
sites have gradually increased. Because of their favorable mechanical properties,
low cost, low density, and ease of processing, they are used in different industrial
sectors, such as marine construction, offshore applications, coatings, adhesives,
casting, potting, composites, laminates, encapsulation of semiconductor devices,
etc. [1,2].

Among organic/inorganic composites, a focus of much current research interest
is the halloysite nanotube/epoxy (HNT/EP) system [3-9]. HNT is a naturally occur-
ring aluminosilicate, Al,Si,O5(OH), - 2H,0, which varies mainly in its crystal mor-
phology. The most common form of HNT is an elongated hollow tubular structure
with a large aspect ratio, similar to that of carbon nanotubes (CNTs) [10]. Recently,
HNT particles have been investigated as an alternative type of additive for polymers
because they are more easily obtainable and cheaper than other nanoparticles such
as CNTs [3-9]. Moreover, because of their similarity to other layered clay minerals
such as montmorillonite (MMT) [11], HNTs have the potential to be further inter-
calated or exfoliated chemically or physically [12].

Preliminary results have demonstrated that blending epoxies with a certain
amount of HNT can noticeably increase their fracture toughness, strength, and mod-
ulus, without sacrificing their thermal and mechanical properties such as glass tran-
sition temperature (T,) [3-9]. Recently, we reported that phenylphosphonic acid
(PPA) was successfully used to unfold and intercalate HNT, resulting in an increase
of basal spacing, accompanied by the morphological change of most particles from
nanotubes to nanoplatelets [6,7]. It was found that better dispersion in the epoxy
was achieved using the unfolded and intercalated HNT than using as-received HNT
(AR HNT). There was a significant increase in fracture toughness of epoxy compo-
sites with 10 wt. % PPA-treated HNT (“treated HNT”) particles, without sacrificing
other properties. The fracture toughness of the HNT/EP composites was markedly
increased with an increase in the intercalation levels. We also reported that the ball
mill homogenization method was effective in achieving homogeneous mixtures of
10 wt. % HNT with epoxies [5,6]. Large-sized particle clusters that occur during the
mechanical mixing process can be significantly decreased by the ball-milling
method.

A few research groups have briefly reported mechanical behaviors with different
concentrations of AR HNT. Ye et al. [3] reported that the highest impact strength
was achieved by using 2.3 wt. % AR HNT in epoxy by direct mixing, compared with
0.0 wt. %, 0.8 wt. %, and 1.6 wt. % HNT in epoxy matrix. We also reported 0.0 wt. %,
5.0 wt. %, 10 wt. %, and 20 wt. % AR HNT/EP composites, and the highest critical
stress intensity factor (Kic) was achieved with 10 wt. % HNT in epoxy.
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Following the above studies, we investigated the effects of HNT nanofiller con-
centration, especially treated HNT, on the properties of epoxy composites. Compo-
sites of epoxies with different concentrations of AR or treated HNT particles were
prepared by either mechanical mixing or ball milling. The effects of concentration
on mechanical behaviors and thermal properties of the composites are reported
here, with further investigation of the optimal HNT concentration for enhanced
thermal and mechanical properties of the epoxy, especially the fracture toughness of
the composites.

Experimental Details

MATERIALS

The halloysite particles used in this study were purchased from Sigma-Aldrich,
Australia. The chemical treatment of the HNT particles by PPA (analytical grade,
Sigma-Aldrich, Australia) has been reported by us previously [6]. The AR HNT par-
ticles are geometrically similar to multi-walled CNTs with a length of 100-2000 nm
and a diameter of 50-150 nm. After treatment, the HNT morphology changes from
nanotubes to nanoplatelets form.

The AR and treated HNT particles were separately combined with a diglycidyl
ether of bisphenol A (DGEBA) epoxy resin, Araldite-F (Ciba-Geigy, Australia) to
form composites. Both the AR and the treated HNT particles with concentrations of
2-10 wt. % were separately added into the epoxy resin by means of mechanical mix-
ing or ball milling. With mechanical mixing, the mixture was stirred at 100°C on a
hotplate stirrer (IKA C-Mag HS7) for 5h to obtain a homogeneous mixture. With
ball-milling homogenization, a planetary ball mill, Pulverisette 5 (Fritsch, Germany),
was used to mix AR or treated HNT's with epoxies to obtain a homogeneous mixture
[5-7]. The mixtures were then degassed in a vacuum oven (about 100 kPa) for at
least 30 min. After that, a hardener, piperidine (Sigma-Aldrich, Australia), was
added to the mixtures in a ratio of 100:5 by weight, while stirring slowly. Following
further degassing for 10 min, the vacuum was released and the liquid mixtures were
cast into specimen cavities of preheated silicon rubber molds and cured at 120°C for
16 h. For the designated mechanical tests, rubber molds were prepared to produce
tensile test and compact tension (CT) specimens. When the specimens had been
cooled and removed from the molds, they were milled using a surface grinder on
both top and bottom surfaces to ensure flatness of specimens and, most importantly,
to remove possible oversized halloysite particle aggregates, which could sink to the
bottom surfaces during curing, as reported previously [4].

CHARACTERIZATION

A universal material testing machine (Instron, Mode 5567) was used for all mechan-
ical property tests. All mechanical tests were conducted at room temperature. Ten-
sile tests were conducted to measure the basic material properties of the cured neat
epoxy and diverse HNT/EP composites. Tensile specimens had a dog-bone shape as
required by ASTM D638 [13], with a constant cross section of 13 mm x 5mm at the
gauge length region. An extensometer with a gauge length of 50 mm was attached to
the surface of the tensile specimen to determine the axial strain. A loading rate of
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1 mm/min was selected for all tensile tests. At least five specimens were successfully
tested for each group.

The fracture toughness of the cured neat epoxy and diverse HNT/EP composites
was measured using CT specimens according to ASTM D5045 [14]. A CT specimen
has a nominal dimension of 48 mm x 48 mm x 10 mm. To minimize the effects of
residual stress and residual plastic deformation around the pre-crack tip, a sharp
pre-crack was introduced to each CT specimen by inserting a fresh razor blade at
the tip of the machined crack and tapping gently with a light hammer [15]. A load-
ing rate of 2 mm/min was adopted for all fracture tests, as recommended by ASTM
D5045. As there are strict requirements for specimen geometry and crack length for
the accurate measurement of fracture toughness using CT tests according to the
ASTM criteria, only those specimens that fulfilled the condition a/W = 0.45-0.55
(a is the pre-crack length and W is the distance from the center of the loading pin to
the edge of the CT specimen) were used to calculate the K;c. At least eight CT speci-
mens were successfully tested for each group of materials.

The glass transition temperature (T,) of the cured neat epoxy and the HNT/EP
composites were determined by a dynamic mechanical analyzer (DMA 2980, TA
Instruments, New Castle, DE) with temperature scanning from ambient temperature
to 150°C at a heating rate of 3°C/min. A three-point bending fixture was used for
the DMA measurements. A displacement amplitude of 10 um was alternately
applied with a frequency of 1 Hz for all DMA measurements. At least three speci-
mens were tested for each group. The average value of T, determined from the peak
of the tan 0 versus temperature curves was obtained.

A scanning electron microscope (SEM) (Philips XL30 SEM, the Netherlands
and Zeiss ULTRA Plus Field Emission SEM, Germany) was utilized to identify the
homogeneity of HNT particles in the epoxy nanocomposites and fracture surfaces of
the CT fracture specimens.

Thermal stability analysis was performed using a Hi-Res TGA 2950 thermogra-
vimetric analysis apparatus (TA instruments, New Castle, DE). The tests were car-
ried out in air with a heating rate of 20.0°C/min from 50.0°C to 600.0°C, followed
by isotherm for 15 min at 600.0°C before cooling.

Results and Discussion

TENSILE PROPERTIES

The tensile properties of the HNT/EP composites with a concentration of 0.0 wt. %,
2.0 wt. %, 5.0 wt. %, and 10.0 wt. % HNT are shown in Figs. 1(a) and 1(b). Figure 1(a)
shows that the measured modulus increased with the HNT content. For example,
the tensile modulus of 2.9 GPa was obtained for the neat epoxy. This increased to
3.1 wt. % GPa with 2wt. % HNT and continued increasing to 3.3 GPa with 5wt. %
HNT, which was almost 14 % higher than the value measured of the neat epoxy. A
marginal increase to 3.4 GPa was obtained for the epoxy with 10.0 wt. % of HNT for
the treated HN'T/EP composite prepared by ball mill homogenization.

In general, the tensile properties of the epoxies modified with HNT particles did
not change greatly. The tensile strength of pure epoxy is 62 MPa. It increased only
slightly (<5 %) with the HNT loading of 2 wt. %. However, after further addition of
HNT, all the tensile strengths reduced marginally, as shown in Fig. 1(6). In the cured
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FIG.1

Tensile modulus (a), and tensile
strength (b) of HNT/EP
composites with different
concentrations of HNT.
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neat epoxy, failure of the tensile specimen began from a defect on the specimen
surface or inside the specimen, and the specimen underwent substantial permanent
deformation before final failure. However, for the HNT/epoxy composites, the
stresses at which cracks began to grow were obviously higher because of the
strengthening effect of HNTs, although the cracks also initiated from defects some-
where on the specimen surface or within the specimen. With an increased concen-
tration of HNT, micro-sized aggregates were unavoidable even with ball mill
homogenization, and those aggregates acted as potential defects for tensile failure. A
similar phenomenon has been reported previously by us [5], where premature brittle
failure occurred in all specimens because of the presence of massive particle clusters
for 20.0 wt.% AR HNT/EP composites.

GLASS TRANSITION TEMPERATURE
The glass transition temperatures of the neat epoxy and HNT/EP composite samples
were defined from the tan ¢ peaks in DMA results and the average values are also
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FIG. 2

Glass transition temperature
(Tg) of HNT/EP composites
with different HNT
concentrations.
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shown in Fig. 2. It has been reported that in the sulfonated PS/alumina composite
system, the addition of rigid fillers in matrix made it difficult to move the polymer
chain and therefore damping decreased and the T, was shifted higher [16]. In Fig. 2,
the T, gradually increased until the HNT concentration reached 5 wt. %. But further
introduction of HNT into this cross-link resin exhibited a clear decrease in T, which
could be a result of severe aggregation of the fillers. The average value of cross-link
density v, of pure epoxy was introduced using the formula [17] v, = G'/RT, where G’
is the shear storage modulus of an epoxy system above the glass-transition tempera-
ture, R is a universal gas constant (8.314472 J/K mol), and T is the absolute tempera-
ture in which the experimental modulus was determined. The cross-link density of
pure epoxy cured by piperidine hardener is (5.27 % 0.54) x 10~ > mol/cm”.

FRACTURE TOUGHNESS

Figure 3 shows the Kjc of diverse HNT/EP composites. Generally, the Kic of the
modified epoxies improved significantly after HNT particles were incorporated
[3-9]. With the same HNT concentration and morphology, the composites prepared
by ball-milling homogenization had higher K¢ values than those prepared by direct
mechanical mixing [7]. With the same HNT concentration and fabrication method,
the composites with treated HNT had much higher K¢ values than those with AR
HNT [6].

The improvements in fracture toughness of the AR HNT/EP composites can be
attributed to mechanisms such as the ability of HNT particle clusters to interact
with a crack, bridging the crack as it passes through, resisting the advance of the
crack or several broken HNTs with obvious separations from the matrix (debond-
ing), or pull-out of HNTs from the matrix and hallows left in the matrix thus result-
ing in an increase in fracture toughness [3-5]. The improvements in fracture
toughness of the treated HNT/EP composite can be attributed to further improved
dispersion because of the changed morphology. The fracture toughness mechanisms
are different from those of the AR HNT/EP composites but similar to intercalated or
exfoliated organoclay in epoxy matrices, which promote the formation of a large

Materials Performance and Characterization

26

sn



HAN ET AL. ON NANO-HALLOYSITE CONCENTRATION

FIG. 3

Plane-strain fracture toughness
of different HNT/EP
nanocomposites with different
concentrations.
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number of microcracks and fracture energy absorptions in the intercalated HNT/EP
interfaces, resulting in a further enhancement of fracture toughness [6,7].

With an increase in HNT content, the Kic values of HNT/EP composites also
increased but the increment was not linear and did not fit the rule of mixtures well.
Specifically, when a small amount of HNT (2.0 wt. %) was added into the epoxies,
the performance differed with regard to K¢ values. AR HNT/EP composites showed
no increment in Kj, even a slight decrease in the composite prepared by direct mix-
ing. However, the treated HNT/EP composites had much higher fracture toughness
values, with 17.4 % and 32.6 % increments for composites prepared by mixing and
ball milling, respectively. Figure 4 shows SEM micrographs of the fracture surfaces
of CT specimens of 2.0 wt. % HNT/EP composites with different HNTSs and prepara-
tion methods. From Fig. 4, it can be seen that even with the same amount of HNT
added into the epoxy, the fracture surfaces of the CT specimens were different.
There were mainly isolated particle clusters of relatively large size, up to 10 um, in
the composite with AR HNT prepared by simple mechanical mixing, which may be
the reason for the marginally decreasing Kic values, as shown in Fig. 3. After ball
milling, the HNT aggregate size was much smaller, as shown in Fig. 4¢(H. The frac-
ture surfaces of the composites with treated HNT were much rougher than those of
the AR HNT/EP composites. Meanwhile, there was a substantial increase in the total
contact area between HNT and epoxy, as a result of which the morphology changed
from nanotubes to nanoplatelets with almost double the surface area (specific sur-
face area of 21.22 mZ/g and 41.13 m?*/g for AR and treated HNTSs) [6]. In addition,
the treated HNT nanoparticles achieved an improved dispersion in the epoxy matrix
with ball milling, resulting in further improvement in fracture toughness.

When 5.0 wt. % HNT particles were added into the epoxy matrix, significant
enhancement of epoxy fracture toughness was achieved, with 32.6 %, 23.9 %, 63.0 %,
and 72.8 % increments, respectively, for AR HNT/EP prepared by mixing, ball
milling, and for treated HNT/EP prepared by mixing and ball milling, as shown in
Fig. 3. Compared with the fracture toughness values for composites containing
2.0wt. % HNT, the increment in Kjc values was nonlinear and much higher for
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FIG. 4
SEM micrographs of fracture

surfaces of CT specimens of

(a,b) pure epoxy, and (c-j)

2.0 wt. % HNT/EP composites,
where (c,d) AR HNT/EP
prepared by mixing, (e,f) AR
HNT/EP prepared by ball
milling, (g,h) treated HNT/EP
prepared by mixing, and (i,j)
treated HNT/EP prepared by
ball milling.
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FIG.5

SEM micrographs of fracture
surfaces of CT specimens of
(a,b) pure epoxy, and (c-j)

5.0 wt. % HNT/EP composites,
where (c,d) AR HNT/EP
prepared by mixing, (e,f) AR
HNT/EP prepared by ball 5
milling, (g,h) treated HNT/EP Propagati
prepared by mixing, and (i,j) direcwry
treated HNT/EP prepared by
ball milling.
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FIG. 6 . N
SEM micrographs of fracture a Crack fl’(t)ﬁ:
surfaces of CT specimens of

(a,b) pure epoxy, (c,d) 2.0 wt. 7
%, (e,f) 5.0wt. %, and (g,h)
10.0 wt. % treated HNT/EP
composites prepared by ball
milling.

Propagati
directien/

composites containing 5.0 wt. % HNT. Figure 5 shows SEM images of fracture surfa-
ces of CT specimens of 5.0 wt. % HNT/EP composites. All of the fracture surfaces
were much rougher than the corresponding fracture surfaces of the 2.0wt. %
HNT/EP composite shown in Fig. 4. With simple mixing, some micro-size aggre-
gates still existed in the composites, as shown in Figs. 5(d) and 5¢h). The use of ball
mill homogenization greatly reduced the size of the HNT particle clusters and
resulted in more uniform distribution of HNTs at this concentration, as shown in
Figs. 5() and 5().

When the HNT concentration was further increased to 10.0 wt. %, the K¢ val-
ues increased marginally compared with values of the 5.0 wt. % HNT/EP composites,
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with only — 5.7 %, 4.4 %, 9.3 %, and 3.8 % increases for corresponding composites,
respectively. Figure 6 shows SEM images of fracture surfaces of treated HNT/EP
composite CT specimens with 0.0 wt. %, 2.0 wt. %, 5.0 wt. %, and 10.0 wt. % HNT. In
Fig. 6, the fracture surface of the neat epoxy is very smooth except for some river-
line marks near the crack-initiation site, as shown in Figs. 6(a) and 6(b). The feature-
less crack surface indicates the absence of significant plastic shear deformation, high-
lighting a typical feature of brittle fracture behavior and accounting for the low
fracture toughness of the unfilled epoxy. Compared to the neat epoxy, the fracture
surfaces of the HNT/EP composites had a much rougher surface and very different
morphologies of crack propagation at different HNT concentrations. The increased
surface roughness implies that the cracking path was deflected by the presence of the
rigid particles, making crack propagation more difficult. Phenomenologically, com-
pared with the fracture surfaces of the 2.0 wt. % HNT/EP composite (Fig. 6(d)) and
the 5.0 wt. % HNT/EP composite (Fig. 6¢f), the 5.0 wt. % HNT/EP composite shows
higher surface roughness, but the surface roughnesses of the 5.0 wt. % HNT/EP com-
posite (Fig. 6¢(n) and the 10.0 wt. % HNT/EP composite (Fig. 6¢h)) are similar.

With a further increase in HNT concentration in the epoxy matrix from 5.0 wt.
% to 10.0 wt. %, the fracture toughness increased marginally but suffered the disad-
vantage of the high potential T, decrease shown in Fig. 2, non-homogeneity of the
cured composites with high concentration in the bottle of the cured composites [7],
and much more immature tensile failure caused by the micro-size HNT aggregates
[5]. Meanwhile, Fig. 7 shows the thermal stability of the neat epoxy and 10.0 wt. %
HNT/EP composites. From the curves, it is clearly shown that the HNT could
effectively enhance thermal stability of the epoxy matrix, especially in the
high-temperature region (>450°C). However, the final weights for the 10.0 wt. %
HNT/EP composite are clearly less than that of the 10.0 wt. % inorganic HNT (see
inset in Fig. 7). The weight difference comes from the losing of organic molecules
such as PPA in HNT, but is mainly caused by the concentration gradient existing in
the 10.0 wt. % HNT/EP composite. The TGA specimens were milled using a surface
grinder on both upper and lower surfaces to ensure flatness of specimens and, most
importantly, to remove possible oversized halloysite particle agglomerates, which

FIG.7

TGA data in air for neat epoxy,

10.0 wt. % AR HNT/EP and
10.0 wt. % treated HNT/EP
prepared by mechanical
mixing.
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can sink to the bottom during curing. During the smoothing process, the high con-
centration HNT bottle layer was removed, which caused the lower concentration
reported in the TGA experiment and further proved that the concentration gradient
existed in the HNT/EP composites, especially at high HNT concentration.

Considering the Kic values of the HNT/EP composites reported in Fig. 3
together with the SEM images of fracture surface in Figs. 4-6, as well as with the
TGA results in Fig. 7, it is evident from the reported experiments that the 5.0 wt. %
HNT is the optimal concentration for the reinforced epoxy.

Conclusions

The effects of HNT concentration on the mechanical and thermal properties of
diverse epoxy composites are reported in this study. The tensile properties, glass
transition temperature (T), and especially the fracture toughness of epoxy compo-
sites with different concentrations of AR or treated HNTs prepared by mechanical
mixing or ball mill homogenization were experimentally characterized. Increases
in the concentration of HNT particles in the region of 0.0-10.0 wt. % significantly
reinforced the fracture toughness of the epoxy composites. For the mechanical and
thermal properties of the diverse epoxy composites in this research, 5.0 wt. % HNT
was an optimal concentration. A much higher concentration (10.0wt. %) of HNT
achieved only marginal enhancement of fracture toughness but had the negative
effects of lowering Ty, clear HNT concentration gradient in cured HNT/EP compo-
sites, and potential immature tension failure caused by inhomogeneous micro-size
aggregates.
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Chapter 4: Functionalised silica/epoxy nanocomposites with enhanced

fracture toughness for large-scale applications

4.1 Introduction and significance

In this chapter, we reported that nanosilica with amino and epoxide groups (RNS-A and RNS-E)
can enhance fracture toughness of epoxy by mechanical mixing homogenization. It was found
that the functional groups in nanosilica provided better resin-wettability, suppress nanosilica

aggregation. The highlights in this work include:

1. We have reported that with 2 wt% of amino and epoxide functionalised nanosilica significant

enhanced the fracture toughness of epoxy by 25.0% and 35.9%, respectively.

2. We found that the viscosity of those functional groups modified nanosilica/epoxy was similar

with that of pure epoxy, which means no change needed for processing and fabrication.

3. We found that the specific surface area (SSA) of RNS-E was 4.5 times higher than that of
RNS-A, which improved the interfaces between nanosilica and epoxy, then enhanced the fracture

toughness of epoxy composites.

This section is included as it appears as a journal paper published by Wei Han, Yang Yu,
Liming Fang, Martin Johnston, Youhong Tang. Functionalized silica/epoxy nanocomposites with

enhanced fracture toughness for large-scale applications. J Compos Mater 2015; 49(12):1439-47.

4.2 Functionalised silica/epoxy nanocomposites with enhanced fracture toughness for large-

scale applications
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Abstract

A small amount of commercial functional nanosilica was mechanically mixed with epoxy to enhance the composite
fracture toughness. Nanosilicas with amino and epoxide functional groups show strong interfaces with epoxy, which
suppress large aggregations and enhance resin-wettability, hence enhancing the fracture toughness of epoxy composites.
Compared with other reports, less nanosilica content was needed to achieve the same fracture toughness values or
similar enhancement ratio. Due to their commercial availability, the low-cost of the raw material and simple fabrication
method, those nanocomposites have the potential for large-scale applications.
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Introduction

As widely used thermosetting polymers in various
industrial applications, particularly as adhesives for
bonding and as matrix resins for producing
high-performance fibre-reinforced composites, epoxy
resins have several unique characteristics, including
high adhesive strength, high strength and hardness,
excellent chemical and heat resistance. However, most
cured epoxy systems exhibit low fracture toughness,
poor resistance to crack initiation and propagation
and inferior impact strength. For example, the delam-
ination and poor impact resistance of fibre-reinforced
epoxy composites is often attributed to the low fracture
toughness of the epoxy matrix. Many attempts have
been made in recent decades to improve the fracture
toughness of epoxies by modifying the epoxy resins
with additives. Research has shown that nanoparticles
such as nanosilica, halloysite, nanoclay and nanotube
can enhance the fracture toughness of the epoxy.'™®
When nanoparticles are used as modifiers in epoxies,
a homogeneous dispersion is required in order to
achieve the nanophase structure. As particles tend to
agglomerate, special techniques have had to be devised
and used to achieve homogeneous particle distribution,
including mechanical mixing using high shear forces,

ultrasonic vibration and chemical methods such as
sol-gel process to obtain nanosized particles."*’

Due to the difficulties of large-scale production and
adequate dispersion of nanofillers into epoxy, commer-
cial nanofiller-modified epoxy is rare. One commercial
and popularly used nanosilica-modified epoxy is called
Nanoresins, Germany'*’~'* with a concentration of
40 wt.% nanosilica in diglycidyl ether of bisphenol A
(DGEBA) epoxy resin. The average particle size of the
silica nanoparticles is ~20nm, with a narrow range of
particle size distribution. The silica nanoparticles are
synthesised in situ by a sol-gel manufacturing process,
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whereby the particle size and excellent dispersion of
these particles remains unchanged during any further
mixing and/or blending operations. It has been reported
that nanosilica can significantly improve the mechanical
properties of polymers, e.g. their strength, fracture
toughness and scratch/creep resistance. In particular,
despite the relatively high silica content of 40 wt.%,
the epoxy resin still has comparatively low viscosity
due to the agglomerate-free colloidal dispersion of the
silica nanoparticles in the epoxy resin. However, with
other nanofillers such as agglomerated carbon nanotube
(CNT) and nanoclay, uniform dispersal with a high
weight/volume fraction in epoxy resins while achieving
comparatively low viscosity has been a challenge.
Viscous resin systems cannot easily impregnate continu-
ous fibres or fibre fabrics when fabrication methods
based on resin infusion have been used, and filtering
of dense fibre bundles against agglomerated nanofillers
can lead to severe segregation and depletion of nanofil-
ler in the matrices. In such cases, fabrication methods
including ‘brushing and rolling” with hand-layup have
been adopted for incorporating the modified epoxy
resins into fibres or fibre fabrics. These methods can
hardly produce continuous fibre composite laminates
with consistent high quality, in particular for laminates
with a fibre volume fraction of over 60%.'*!?

Here, we report a feasible method of fabricating
epoxy/silica composites by a simple melt-mixing with
reasonable dispersion. With a small amount of functio-
nalised nanosilica added (2wt.%), the epoxy compos-
ites can achieve the requisite high fracture toughness
with a higher concentration of nanosilica reported by
other researchers.® ! The epoxy and nanosilica are
commercially available, making these composites
potentially suitable for large-scale applications.

Experimental
Sample preparation

The raw epoxy resin used was Araldite-F, DGEBA
resin, produced by Ciba-Geigy, Australia. The sample
was prepared as follows. First, the epoxy resin was
placed in a glass beaker on a hotplate (Thermo
Scientific, Australia) at 120°C under a fast and stable
mixing using a laboratory homogeniser (Laboratory
equipment, Australia). Two types of commercial silica
nanoparticles denoted as RNS-A and RNS-E (Wangwu
nanoscience Inc., China) were used as modifiers to
toughen a DGEBA epoxy resin. Both RNS-A and
RNS-E nanosilica particles at given concentrations
(2wt.% or 5wt.%) were separately added in the
epoxy resin, and stirred at 3000 r/min for 20 min to
obtain homogeneous mixture. Second, piperidine
(Sigma—Aldrich, Australia) hardener was added at a

ratio of 100:5 by weight while stirring slowly. The mix-
ture was then cast into the specimen cavities of pre-
heated silicon rubber moulds and cured at 120°C for
16 h. The specimens in the oven were cooled gradually
to room temperature (RT) before removal from the
moulds. As controls for evaluation, pure epoxy and
Nanopox F400 resin diluted by DGEBA epoxy to
form 2wt.% nanosilica/epoxy composites specimens
were prepared separately.

Characterisation

A Fourier transform infrared spectrometer (Nicolet
iNI0O MX FTIR Microscope, Thermo Scientific,
USA) was used in absorption mode to identify the func-
tional group on the commercial nanosilica surface.
Spectral resolution of the FTIR was maintained at
2cm~'. Dry nitrogen gas was used to purge the
sample compartment to reduce interference of water
and carbon dioxide in the spectrum. The sample was
made into a potassium bromide (KBr) thin pellet using
dry KBr at a 1:100 ratio (sample:KBr). Thermal stabil-
ity analysis was carried out using a Hi-Res TGA 2950
thermogravimetric analysis apparatus (TA instruments,
USA). The tests were carried out in N, with a heating
rate of 10.0°C/min from RT to 700.0°C for the nano-
silica. The silica particles were vacuum-dried for 2 days
at RT before TGA characterisation. An XPS spectrom-
eter (Specs, Germany) equipped with an Al Ka source
(1486.6eV) was used to investigate the chemical elem-
ents of the functionalised nanosilica. Transmission elec-
tron microscopy (TEM) images of silica nanoparticles
were obtained using a transmission electron microscope
(Philips CM200, the Netherlands) at 200kV. For the
preparation of the TEM specimens, silica nanoparticles
were dispersed in acetone and sonicated by an ultraso-
nication pin (SKL-950IIDN, Ningbo Haishu Sklon
Electronic Instrument Ltd., China) for 5min, and the
solution was dropped onto carbon-coated Cu grids for
TEM observation after evaporation of the solvent.
Nitrogen-sorption isotherms were collected by a
TriStar IT 3020 Micrometrics apparatus. Prior to meas-
urement, samples were degassed at 120°C for at least
10 h. The Brunauer-Emmett-Teller (BET) specific sur-
face area (SSA) was calculated using a BEL Sorp Max
(Japan) with N, gas at 77 K.

Rheological dynamic strain sweep measurements
of the uncured pure epoxy and nanosilica/epoxy
composites were performed on an Anton Paar
Physica MCR301 rheometer at 25°C and 120°C
respectively, and frequency was set to 10rad/s for
each test.

The phase transition temperatures of the cured pure
epoxy and its nanocomposites were determined by a
differential scanning calorimeter (DSC) (PYRIS
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diamond DSC, Perkin—Elmer Instruments, USA), using
indium as the calibration standard, with both heating
and cooling rates of 10.0°C/min under nitrogen atmos-
phere. The cured nanosilica/epoxy composites were
ultramicrotomed using glass knives on an ultra-cut
microtome  (Leica  ultracut-R  ultramicrotomed,
Germany) to produce thin sections with a nominal
thickness of 100nm. The sections were transferred
onto Cu grids for TEM observation (Philips CM200,
the Netherlands). All fracture toughness tests were con-
ducted on a universal material testing machine (Instron,
Mode 5969, USA) at RT. The fracture toughness of the
cured epoxies was measured using the compact
tension (CT) specimens according to ASTM DS5045.
The CT specimens have nominal dimensions of
48mm x 48§ mm x 10mm. To minimise the effects of
residual stress and residual plastic deformation around
the pre-crack tip, a sharp pre-crack was introduced to
the sample by razor blade tapping, using a specially
designed clip holding a fresh razor blade at the tip of
the machined crack and tapping gently with a light
hammer. All fracture tests were conducted a loading
rate of 2 mm/min. Only those specimens which fulfilled
the condition of a/W=0.45-0.55 (a: the pre-crack
length; W: the distance from the centre of the loading
pin to the edge of the CT specimen) were used to calcu-
late the critical stress intensity factor (Kjc). At least 6
CT specimens were tested for each group of epoxies.
Scanning electron microscopes (CAMScan MX2500
SEM, the Netherlands) were employed to study the frac-
ture surfaces of the CT specimens.

Results and discussion
Functionalised nanosilica

Figure 1 shows the FTIR spectra of the as-received
nanosilica with different functional groups. The char-
acteristic peaks appearing at 1490cm™" and 1550 cm™!
for the RNS-A nanosilica are ascribed to N-H stretch-
ing'® and bending vibrations,'” providing evidence that
amino groups reside on the RNS-A nanosilica surfaces.
Meanwhile, the RNS-E nanosilica obviously has a
C-O-C stretching and a C-O stretching vibrations at
846cm™"' and 909cm™!, respectively, indicating that
epoxide groups reside on the RNS-E nanosilica sur-
faces. The XPS survey curves in Figure 2 also clearly
show that an element of nitrogen exists in the RNS-A
surface, which should be contributed from the amino
groups.

The results of TGA are shown in Figure 3 for the
functionalised nanosilica samples. It can be seen that
the RNS-A nanosilica is relatively unstable. The first
obvious weight loss (~6.7 wt.%) after 100°C represents
the removal of the entrapped water and a weight loss of
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18.6 wt.% occurs when the temperature reaches 700°C.
There is comparatively less weight loss (~4.8 wt.%) for
the RNS-E nanosilica sample during the heating pro-
cess up to 250°C, probably due to the presence of less
entrapped water in the RNS-E nanosilica sample. The
total weight loss is approximately 13.3 wt.% when the
temperature reaches 700°C. Thus there is at least
11.9wt.% of functionalised amino and 8.5wt.% of
functionalised epoxide material on the RNS-A and
RNS-E surfaces, respectively.

Figure 4 shows typical TEM images of the two kinds
of functionalised nanosilica. The nanosilica showed a
preference for aggregation even after sufficient ultraso-
nication. The primary particle size of the nanosilica is
quite uniform, and with a much greater primary par-
ticle size of the RNS-A (~20nm) than that of the
RNS-E (~10nm). The standard BET model was used
to calculate the SSA with RNS-A and RNS-E of
62.54m?/g and 283.12m?/g, respectively. The RNS-E
has a significantly higher SSA (about 4.5 times) than
that of the RNS-A.

Processability of nanosilicalepoxy composites

The viscosity of the uncured neat epoxy and nanosilica-
modified epoxies at room and evaluated temperatures is
shown in Figure 5. With the addition of nanosilica, the
viscosity of the nanosilica-modified epoxies clearly
increases. The neat epoxy has a viscosity of about
20.0Pa-s at RT. With 2wt.% RNS-A and RNS-E
nanosilica in the epoxy, the viscosity increases slightly
to 23.9 Pa-s and 23.8 Pa-s, respectively. Meanwhile, the
viscosity decreases dramatically with the increase of
temperature. At the temperature of the vacuum-assisted
resin infusion moulding (VARIM) process of the fibre-
reinforced laminate (90°C), the viscosities of the neat
epoxy, 2wt.% RNS-A and RNS-E nanosilica-modified
epoxies have similar low values of 0.85Pa-s. With such
low values, silica-modified epoxy resins can easily

impregnate carbon fibre layers as the neat epoxy does
in the VARIM process.

Fracture toughness

Figure 6 shows exemplarily load-crack opening dis-
placement (COD) curves obtained from CT tests at
RT for each material. It is observed that both neat
and reinforced epoxy specimens undergo fracture in a
brittle manner when the maximum load is reached, and
the maximum loads for the modified epoxies are obvi-
ously higher than that of the pure counterpart. The
values of critical stress intensity factor (Kjc) obtained
are shown in Table 1 for both pure and modified spe-
cimens. For 2wt.% F400/epoxy composite, the Kjc
value increases by 16.3% from 0.92MPam'/? (pure)
to 1.07 MPam'?, while the 2wt.% RNS-A/epoxy Kic
values improves to 25% (1.15MPam'?) and 2wt.%
RNS-E/epoxy reaches 359% at 1.25MPam'?

10°
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2z ® RNS-AEP @RT
® A RNS-EEP @RT
3 o EP@90°C
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Figure 5. Dynamic strain sweep of neat epoxy and 2 wt%
nanosilica/epoxy composites before curing at room temperature
(RT) and evaluated temperature of 90°C.

Figure 4. TEM images of nanosilica particles of (a) RNS-A and

(b) RNS-E.
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Thus, with the same silica concentration in epoxy and
same preparation procedure for silica/epoxy compos-
ites, simply mixing commercial nanosilica and epoxy
together can achieve higher fracture toughness than
that of the commercial nanosilica-modified epoxy pro-
duced by sol-gel methods. The K¢ values of the Swt.%
RNS-A/epoxy and the 5wt.% RNS-E/epoxy compos-
ites are also reported in Table 1, where no further

significant aggregation of the RNS-A or RNS-E nano-
silica particles in epoxy composites which limits the
penetrating ability of epoxy into the nanosilica clusters
and causes incomplete wetting of the silica aggregates.

The glass transition temperatures of the neat epoxy
and silica—epoxy composite (2wt.% RNS-A/epoxy,
2wt.% RNS-E/epoxy and 2 wt.% F400/epoxy) samples
were obtained from the DSC results. Typical second

increase but a slight decrease of K¢ values heating curves for the samples are shown in Figure 7,
(5.2-12.0%) was found, compared with the 2wt.% indicating that the addition of silica nanoparticles to
silica/epoxy composites. This may be due to the
—EP
s | | - - - 2 wt% RNS-E/EP
""" ~. ---- 2 wt% RNS-A/EP
Mg --=--2 wWt% F400/EP
N\
.
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Figure 6. Typical load vs. COD curves of the neat epoxy and
nanosilica/epoxy composites (CT specimens with initial crack
length of about 20 mm).

Temperature (°C)

Figure 7. DSC second-heating curves for pure epoxy and its

nanocomposites.

Table 1. Ciritical stress intensity factor (K,c) of the neat epoxy and the nanosilica/epoxy composites.

Samples Silica content (wt.%) Kic (MPa m'’?) Increment (%) Reference
Araldite-F/piperidine 0 0.92+0.04 0
Araldite-F/piperidine/RNS-A nanosilica 2 1.15+0.04 25.0
Araldite-F/piperidine/RNS-A nanosilica 5 1.09 +0.04 18.5
Araldite-F/piperidine/RNS-E nanosilica 2 1.25+0.05 359
Araldite-F/piperidine/RNS-E nanosilica 5 1.10£0.05 19.6
Araldite-F/piperidine/nanopox F 400 2 1.07 +0.05 16.3
Araldite-F/piperidine/nanopox F 400 0 0.95+0.03 0 8,9
4 1.14+£0.06 20.0
6 1.26 +£0.04 326
Bisphenol-A/Albidur HE600/Nanopox F520 0 0.64+0.07 0 10
3.2 (1.8vol %) 0.78 +-0.04 21.9
6.1 (3.5vol %) 0.85+0.02 328
Araldite-F/DDS/Nanopox F 400 0 0.5+0.04 0 I
10 0.69 +0.02 38
Bisphenol-A/Albidur HE600/Nanopox F 400 0 0.51 0 12,13
4 0.64 255
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the epoxy did not result in any significant change in the
glass transition temperature of the composites.

Table 1 also lists the Kjc values of the epoxies with
silica nanoparticles. All the experimental data show that
K, value increases with an amount of nanosilica added
in the epoxy matrix, regardless of epoxy type, curing
agent type, nanosilica type and fabrication method.
Few reports can be found for comparison after exclud-
ing the dissimilarity in epoxy and curing agent type,
epoxy and curing agent ratio, and processing method.
Liu et al.® showed that 4wt.% (1.14 MPam'?) and
6wt.% (1.26 MPa m'’?) or more Nanopox F400 nano-
particles were needed to reach similar values of fracture
toughness Kjc to those obtained by using 2 wt.% RNS-
A (1.15MPa m'?) and RNS-E (1.25 MPa m'/?) nanosi-
lica particles reinforced epoxies, respectively.
Meanwhile, compared with the present research results,
to achieve similar K¢ incremental ratios to those of the
RNS-A/epoxy (25%) and RNS-E/epoxy (35.9%) com-
posites, a bisphenol-A/albidur HE600 system with
4wt.% Nanopox F400 particles was needed to achieve
a 25% (0.64 MPa m'/?) improvement in fracture tough-
ness,'>!* and an araldite-F/DDS system with 10 wt.%
Nanopox F400 particles was needed to obtain 38%
(0.69 MPa m'’?) more performance of the Kjc.'! When
bisphenol-A/albidur HE600 and Nanopox F520 were
used, 3.2wt.% (1.8vol.% silica) and 6.1wt.%
(3.5vol.% silica) were needed to achieve similar incre-
mental ratios (Kjc from 0.64 MPa m'/? to 0.78 MPa m'/?
and 0.85 MPam'"?).

Fracture toughness mechanism

The fracture surfaces of the neat and the modified
epoxies were compared using SEM, and some typical
micrographs are shown in Figure 8. The fracture sur-
face of the neat epoxy specimen was flat, with intensive
river-line marks near the crack initiation site, as in
Figure 8(a). This is a typical feature of brittle fracture
behaviour and accounts for the low-fracture toughness
of the pure epoxy.'® In 2wt.% RNS-A and RNS-E

nanosilica modified epoxies fracture surfaces, the some-
what roughened fracture surfaces near the crack tip
indicated considerably different morphologies, which
could be attributed to the deflection of the cracking
path because of the presence of the rigid particles,
making crack propagation more difficult. Further
SEM investigation of fractured surfaces is shown in
Figure 9. The dispersion of nanosilica particles in the
epoxy matrix is generally uniform, though most are in
the form of particle clusters of different sizes. There are
mostly isolated particle clusters of relatively large size,
up to several or even more than 10 um. Nanosilica par-
ticle clusters can interact with a crack, bridging the
crack when it passes through, resisting the advance of
the crack and thus resulting in an increase in fracture
toughness. As shown in Figure 9, uneven facades and
deformations can be clearly seen around these silica
particle clusters of different sizes. Therefore, plastic
deformation of the epoxy around particle clusters and
crack deflection through the clusters may be the dom-
inant toughening mechanisms for those composites.
Although the nanosilica particle clusters are not in
nanoscale, they consist of numerous nanosized par-
ticles. The epoxy resin indeed can penetrate into the
clusters and wet the nanoparticles, as shown in the
higher magnification images of Figure 9, which is some-
what similar to intercalated montmorillonite (MMT)'®
and Halloysite nanotube (HNT) particles.?

From the high-magnification TEM images of the
nanosilica particles in epoxy matrix (Figure 10), it is
evident that the morphologies of the nanosilica clusters
differ. In the RNS-A/epoxy composite (Figure 10(a)),
the morphology is similar to that of RNS-A particles
dispersed in acetone (Figure 4(a)) with many nanosilica
particles aggregating together and forming clusters.
These clusters mostly are not isolated but are connected
together. In contrast, the aggregation size of RNS-E in
the epoxy matrix is much smaller than that of RNS-A,
and the clusters are mostly isolated, as shown in
Figure 10(c). Meanwhile, the higher enhanced epoxy
fracture toughness of the RNS-E epoxy matrix is

c "pfdpagnﬁpn

e
—

Figure 8. SEM micrographs of fracture surfaces of CT specimens of neat epoxy and nanosilica/epoxy composites: (a) pure epoxy;

(b) 2wt.% RNS-A/epoxy and (c) 2wt.% RNS-E/epoxy.
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Figure 9. High-magnification SEM of fracture surfaces of CT specimens of nanosilica/epoxy composites with nanofillers of (a) RNS-A
and (b) RNS-E.

Figure 10. TEM images of 2 wt.% nanosilica/epoxy composite after curing with different magnifications (a) (b) RNS-A and (c) (d)
RNS-E.
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probably attributable to the fact that the RNS-E silica
particles have a much greater effective surface area in
contact with the epoxy matrix, compared to the RNS-A
silica particles. This speculation is confirmed by the
standard BET test, in which the RNS-A silica particle
had a SSA of 62.54m2/g, whereas the RNS-E silica
particle had a SSA of 283.12m%/g. The SSA of the
RNS-E silica was almost 4.5 times higher than that of
the RNS-A silica. The increased surface area provided
more surfaces to interact with the epoxy polymer chains
to further enhance the fracture toughness of the com-
posite. The interfacial strength between the silica and
epoxy can be observed clearly in the TEM character-
isations. Chemically reactable silica particles such as —
epoxide or —NH, groups show strong interfaces in
epoxy composites, as shown in Figure 10(b) and (d).
There are no clear interfaces between the particle(s)
and the epoxy matrix. Particles containing -NH, and
—epoxide may have a strong interface in epoxy compos-
ites because they react chemically with the epoxy or the
curing agent. Silica with epoxide groups has been mixed
with a curing agent to ascertain reactability.’’ Due to
the excellent compatibility of the functionalised nano-
silica particles with the epoxy matrix, even nanosilica
clusters can be effective reinforcers for epoxy matrix,
enhancing the fracture toughness of the matrix at low
reinforcer loading levels.

Conclusion

We have reported a new nanosilica/epoxy system with a
small amount of commercially available functionalised
nanosilica particles and significantly enhanced fracture
toughness of epoxy matrix. Through simple melt
mixing, nanosilica particles were homogeneously dis-
persed in epoxy matrix with similar low viscosity, a
procedure which is feasible for processing and fabrica-
tion. High-fracture toughness can be achieved with a
small amount of nanosilica loading. In contrast, high
nanosilica content is needed for the same fracture
toughness values or incremental ratios to be achieved
using other kinds of nanosilica particles, as reported by
other researchers. The functional groups on the nano-
silica surfaces and the SSAs of the nanosilica play crit-
ical roles in improving the interface between particle(s)
and matrix and increasing the interaction areas between
silica and epoxy chains, further enhancing the high
fracture toughness with a small amount of nanosilica
in epoxy composites.
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Chapter 5: Fracture toughness and wear properties of nanosilica/epoxy

composites under marine environment

5.1 Introduction and significance

In this chapter, we reported that commercially available nanosilica (Nanopox-F400) with 2 wt%
concentration can enhance fracture toughness and wear properties of epoxy composites under
marine environment. It was found that fracture toughness was weakened with salt water
immersion. However, the fracture toughness of nanosilica reinforced composite after immersion

was comparable to that of the neat epoxy without immersion. The highlights in this work include:

1. We reported that the friction coefficient of neat epoxy increased with salt water immersion
time and rotation speed increasing. By contrast, the friction coefficient of nanosilica reinforced

epoxy decreased with salt water immersion time increasing.

2. We found that fracture toughness of the neat epoxy and the nanosilica reinforced epoxy were
both deleteriously affected by salt water immersion. However, increment of the fracture
toughness by nanosilica adding was able to complement the fracture toughness loss due to salt

water immersion.

This section is included as it appears as a journal paper published by Wei Han, Sheng Chen,
Jonathan Campbell, Xiaojun Zhang and Youhong Tang. Nanosilica enhanced fracture toughness

and wear properties of epoxy under marine environment. Mater Chem Phy 2016; 177: 147-155.

5.2 Fracture toughness and wear properties of nanosilica/epoxy composites under marine
environment
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In this research, we report the use of a commercial epoxy based nanocomposite with 2 wt % nanosilica to
enhance the fracture toughness and wear performance of neat epoxy under marine environment. The
mechanical behaviours of neat epoxy and the nanosilica enhanced epoxy composite are characterised
after different periods of immersion in sea water (0 day, 7 days and 30 days). The experimental results
indicate that sea water immersion does not greatly affect the tensile behaviours of the epoxy or the
nanosilica enhanced epoxy nanocomposite. However, the fracture toughness of the neat epoxy is
weakened by the sea water immersion with an 18.5% decrease after 7 days immersion and no further
decrease after 30 days immersion. The fracture toughness of the nanocomposite also decreases after
immersion, but the final value after immersion is comparable to that of the neat epoxy without im-
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1. Introduction polymer and greatly reduce the reliability of the material. Wave

scouring, impact with floating debris and bacteria in the sea mud

Thermosetting polymers are used in various industrial applica-
tions. Most pure epoxy systems show low fracture toughness and
poor resistance to crack initiation and propagation. The use of
nanoparticles in various polymers to improve performance has
been evaluated in many studies [ 1-16]. In the marine environment,
complex conditions such as high salinity, high pressure, high hu-
midity and alkaline corrosion accelerate the degradation of
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can lead to corrosion of marine vehicles, equipment, and oil
exploration platforms to different degrees [17-19]. Mouritz et al.
[20] showed that the flexural strength of a glass/unsaturated
polyester composite decreased as the composite was exposed to sea
water. Geliert et al. [21] demonstrated that the flexural strength of
glass fibre reinforced composites with polyester, phenol, and vinyl
ester also decreased in the presence of sea water.

Many researchers have reported that nanoparticles can suc-
cessfully enhance the fracture toughness of epoxy [22-24|. When
nanoparticles are used as modifiers in epoxies, homogeneous
dispersion is necessary to achieve the nanophase structure. As
particles tend to agglomerate, special techniques have had to be
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Fig. 1. Principal scheme of the test rig and images of test samples of the epoxy and the
nanosilica enhanced epoxy composite [20].

devised and used to achieve homogeneous particle distribution,
including mechanical mixing using high shear forces, ultrasonic
vibration [25-27], and chemical methods such as a sol-gel process,
to obtain nanosilica particles [4,28]. New techniques to break down
clusters or agglomerates have been investigated extensively by
many research groups, and among these, a sol-gel technique
introducing nanoparticles into pre-polymers by chemical reaction
has proved very effective [22-29].

Due to the difficulty of large-scale production and adequate
dispersion of nanofillers into epoxy, commercial nanofiller-
modified epoxy is rare. However, several commercial and popu-
larly used nanosilica-modified epoxies are available. One such is
Nanopox F400, from Germany, with a concentration of 40 wt.%
nanosilica in diglycidyl ether of bisphenol A (DGEBA) epoxy resin
[29]. The average particle size of the silica nanoparticles is 20 nm,
with a narrow range of particle size distribution. The silica nano-
particles are synthesised in situ by a sol-gel manufacturing process,
whereby the particle size and excellent dispersion of these particles
remain unchanged during any further mixing and/or blending
operations. It has been reported that nanosilica can significantly
improve the mechanical properties of polymers, e.g. strength,
fracture toughness and scratch/creep resistance [29]. In particular,
despite the relatively high silica content of 40 wt.%, the Nanopox
F400 epoxy resin retains comparatively low viscosity due to the
agglomerate-free colloidal dispersion of the silica nanoparticles in
the epoxy resin.
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Fig. 2. Storage modulus and loss tangent of neat epoxy (EP) and nanosilica enhanced
epoxy composite (SEP) as a function of temperature.
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Table 1
Mechanical properties of epoxy (EP) and nanosilica enhanced epoxy composite
(SEP) after different periods of salt water immersion.

Tensile strength (MPa)  Strain at break (¥)  Modulus (GPa)
EP-0 days 73.60 + 0.46 3.74 + 0.09 3.38 + 0.08
EP-7 days 7257 +1.35 3.77 + 0.06 3.47 + 0.03
EP-30 days 74.09 + 047 3.72 + 0.08 3.37 + 0.02
SEP-0 days 73.04 +1.19 353+017 343 +0.10
SEP-7 days 7263 + 1.67 3.90+0.19 356 +0.13
SEP-30 days 7397 + 0.88 3.85+0.03 3.51+0.03
——EP 0 days
——EP 7 days ’
2004{—EP 30 days 4
- - - SEP 0 days T
o - - -SEP 7 days i
Z - - - SEP 30 days !
T i
o 100+ PTT
- ' '
1 1
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0.0 0.2 0.4 0.6
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Fig. 3. Typical load-crack opening displacement (COD) curves for neat epoxy (EP) and
nanosilica enhanced epoxy composite (SEP) with different periods of immersion of 0, 7
and 30 days.

In this study, further exploration of this commercial nanosilica
enhanced epoxy composite with 2 wt.% nanosilica was conducted
in a simulated marine environment. The mechanical behaviours,
including tensile properties, fracture toughness, corrosion resis-
tance and wearing properties, after different periods of immersion
in sea water were carefully characterised and the potential
enhancement mechanisms are also discussed.

2. Materials and experiment
2.1. Materials

Nanocomposites were prepared by diluting the commercialised
Nanopox F400 resin with a diglycidyl ether of bisphenol A (DGEBA)
epoxy resin, Araldite-F (Ciba-Geigy, Australia). The sample was
prepared as follows. First, the epoxy resin was placed in a glass
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© |
X ‘
|
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EP SEP

Fig. 4. The critical stress intensity factor Kic of neat epoxy (EP) and nanosilica rein-
forced epoxy composite (SEP).
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Fig. 5. SEM images of fracture surfaces of (a), (c) and (e) neat epoxy (EP) and (b), (d) and (f) nanosilica reinforced epoxy composite (SEP) after (a) and (b) 0 days, (c) and (d) 7 days,

(e) and (f) 30 days of salt water immersion.

beaker on a hotplate (Thermo Scientific, Australia) at 120 °C,and an
epoxy based nanocomposite, “Nanopox F400" (Evonik Hanse,
Germany), used as a modifier, was added to achieve 2 wt.% nano-
silica in the final epoxy matrix under fast and stable mixing using a
laboratory homogeniser (Laboratory equipment, Australia). Then,
the resin was stirred at 3000 rpm for 20 min to obtain a homoge-
neous mixture. Second, a piperidine (Sigma-Aldrich, Australia)
hardener was added at a ratio of 100: 5 by weight while stirring
slowly. The mixture was then cast into the specimen cavities of
preheated silicon rubber moulds and cured at 120 °C for 16 h. The
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specimens in the oven were cooled gradually to room temperature
before removal from the moulds. As controls for evaluation, neat
epoxy was prepared separately. The steel coupons of Cor-ten B type
(UNS number K11430) with a surface area of 1 cm? were used as the
epoxy coating substrate for corrosion mechanism understanding.

2.2. Characterisations

5 wt.% NaCl solvent was used to simulate marine water. Samples
were put under salt spray for periods of 0, 7 and 30 days



150

Table 2
Corrosion rate of epoxy (EP) and nanosilica-epoxy composite (SEP) after different
periods of salt water immersion.

Corrosion rate (jum/year) 0 day 7days 30 days
EP 5.00 + 0.25 3450 + 1.73 70.10 + 3.50
SEP 0.80 + 0.04 270+ 0.14 3.00 +0.15

respectively, according to ASTM b117 standard [30]. Mechanical
tensile tests were performed on a universal material testing ma-
chine (Instron, Model 5969, USA) at room temperature, in accor-
dance with ASTM D638. The samples were stretched at a crosshead
speed rate of 5.0 mm/min until failure; at least 5 specimens were
tested for each sample. All fracture toughness tests were conducted
on the Instron at room temperature. The fracture toughness of the
cured epoxies was measured using the compact tension (CT)
specimens according to ASTM D5045. The CT specimens had
nominal dimensions of 48 mm x 48 mm x 10 mm. To minimize the
effects of residual stress and residual plastic deformation around
the pre-crack tip, a sharp pre-crack was introduced to the sample
by razor blade tapping, using a specially designed clip to hold a
fresh razor blade at the tip of the machined crack and tapping
gently with a light hammer. All fracture tests were conducted a
loading rate of 2 mm/min. Only those specimens which fulfilled the
condition of a/W = 0.45-0.55 (a: the pre-crack length; W: the
distance from the centre of the loading pin to the edge of the CT
specimen) were used to calculate the critical stress intensity factor
(Kic). At least 6 CT specimens were tested for each group of epoxies.
Scanning electron microscopes (CAMScan MX2500 SEM, the
Netherlands) were employed to study the fracture surfaces of the
CT specimens. Dynamic mechanical analysis (DMA) was performed
on a TA Q800 dynamic mechanical analyzer, scanning from ambient
temperature to 180 °C at a heating rate of 3 °C/min. Amplitude of
10 mm with a frequency of 1.0 Hz were chosen for all DMA mea-
surements. The peak on the Tand curve was selected as the glass
transition temperature (Tg) of the samples.

In order to apply a uniform thin barrier coating on the surface of
steel, both resin and its hardener were diluted separately by
acetone with a 1:1 weight ratio. Then put the steel on a spin coater
(WS-400B-6NPP/LITE 150 mm, Laurell Technologies Corporation)
at a rate of 1000 rpm for 15 s. Electrochemical measurements were
conducted using a three-electrode system. The epoxy-coated steel
coupon served as the working electrode, while the counter elec-
trode and the reference electrode used were a platinum grid and a
saturated calomel electrode (SCE) respectively. The corrosive so-
lution was prepared by 5 wt.% aqueous NaCl solution. Two methods
were used to test the anticorrosive capacity of epoxy-coated steel:
electrochemical impedance spectroscopy (EIS) and potentiody-
namic weak polarization. The EIS measurement was carried out
periodically using a CH Instruments 1650D electrochemical
analyzer. The steel was polarized at +10 mV around its open circuit
potential (OCP) by an alternating current (AC) signal with its fre-
quency ranging from 0.1 Hz to 1 mHz.

Analysis of the wearing properties of the specimens under a
marine environment was conducted on a MCF-10 ring-on-ring rig
with a sea water tank [31]. The principal scheme of the test rig is
shown in Fig. 1. The upper ring specimens with geometry of about
$28 x 20 x 7 mm were made from the test materials, while the
lower ring specimens with geometry of ®34 x 16 x 8 mm were
made of AISI630 stainless steel. To improve the hardness and wear
resistance of the stainless steel, the specimens were all processed
by Quench-Polish-Quench (QPQ) [32]. The upper ring specimen
rotated with the shaft of the electric motor, and the rotation speed
could be controlled by a servo integration speed control system.

48

W. Han et al. / Materials Chemistry and Physics 177 (2016) 147—155

The load applied on the lower ring specimen could be modified by
regulating the oil pressure of the piston cylinder. A small sub-
mersible pump created a circulating water condition in the sea
water reservoir. The friction coefficient f was calculated using the
equation (1):

DF
f=35 (M
where F is friction force, N is load, D is nominal diameter of friction
torque, d is actual diameter of friction torque. Tests were conducted
for 20 min under a 5 wt.% salted water condition. The friction co-
efficient values given in this research were the mean values of data
from five experiments. The worn surfaces of the specimens were
observed by means of a SEM.

3. Results and discussion
3.1. Dynamic mechanical behaviour

Dynamic mechanical behaviour of the neat epoxy and the
nanocomposite has been performed. Storage modulus and tand as a
function of temperature are shown in Fig. 2. The glass transition
temperature (Tg) of a specimen can be determined at the temper-
ature where the tand rises up to its maximum value. From Fig. 2, it
can be seen that with the adding of nanosilica, the T, values are
very close with 102 °C for the epoxy and 100 °C for the nano-
composite, suggesting that the nanocomposite have similar
network characteristics as the epoxy [33]. The dynamic mechanical
behaviours of epoxy were marginally affected by the addition of
nanosilica and temperature, the storage modulus of the nano-
composite has a slight higher value than that of the epoxy at the
same temperature, for example at 50 °C, the storage modulus of the
epoxy is 2440 MPa while the nanocomposite has a value of
2490 MPa, which is consistent with the enhancement in stiffness as
shown below in Table 1. The storage modulus of both samples
decreased significantly until approaching their Tgs and had the
similar values when the temperature was higher than Tg. So, with
the small amount of nanosilica added, the epoxy dynamic me-
chanical behaviours have not been affected much.

3.2. Mechanical tensile properties under marine environment

To determine the effect of the nanosilica particles on the me-
chanical properties of the epoxy after immersion in salt water,
tensile tests were performed on the neat epoxy and nanosilica
enhanced composite specimens after periods of 0, 7 and 30 days of
salt water immersion, respectively. Table 1 summarises the me-
chanical behaviours of the neat epoxy and nanosilica enhanced
epoxy composite. From the results, with the low content (2 wt.%) of
nanosilica in the epoxy matrix, the tensile strength and strain at
break had values similar to those of neat epoxy. Meanwhile, after 7
and 30 days of salt water immersion, both the neat epoxy and the
composite showed no obvious decrease in mechanical properties.

3.3. Fracture behaviours under marine environment

To further investigate the effect of nanosilica on the epoxy resin
with different periods of salt water immersion, the fracture
toughness of the neat epoxy and the nanocomposite were charac-
terised. Fig. 3 shows exemplary load-crack opening displacement
(COD) curves obtained from CT tests at room temperature for each
material. It is observed that both neat epoxy and composite spec-
imens undergo fracture in a brittle manner when the maximum
load is reached, and the maximum loads for the nanocomposite are
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Fig. 6. A simple equivalent electric circuit model with R, associated with the elec-
trolyte resistance, Ry and C; of the resistance and capacitance of coating characteristic
of its pore network structure, and R; and C; of the corrosion resistance of the steel and
the double layer capacitance on the steel surface respectively.

Table 3
Parameters of the equivalent circuits for different materials in 5 wt.% NaCl solution.
Samples RO R1 R2 C1 (@)
EP 0 day 233 211E+05 638E+05 1.86E-09 1.77E - 06
SEP 0 day 226 124E+07 986E+06 535E-10 1.89E - 08
EP 30 days 72 111E+03 242E+04 631E-08 254E - 04
SEP 30 days 89 226E+05 728E+05 267E—-09 339 -07
(a)
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Fig. 7. Friction coefficient of (a) neat epoxy (EP) and (b) nanosilica reinforced epoxy
composite (SEP) with different rotational speeds at a load of 400 N with different
periods of salt water immersion.

obviously higher than those of the corresponding neat counterpart.
Researchers have already found that a small amount of nano-
particle can increase the fracture toughness of epoxy resin [1-5]. In
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addition, after a period of salt water immersion, the maximum load
decreases greatly for both neat epoxy and nanocomposite, making
the fracture toughness of the specimens lower than that of the
corresponding counterparts without salt water immersion.

Fig. 4 shows the critical stress intensity factor (Kic) of the neat
epoxy and the composite. Generally, the Kic of the composite is
significantly improved after nanosilica particles are incorporated
[1-5]. After 7 days salt water immersion, the Kc values of the neat
epoxy and the nanocomposite decreased by about 18.5% and 16.8%,
respectively. After 30 days salt water immersion, however, only a
further 1% decrease of Kic occurred in both the neat epoxy and the
nanocomposite compared to the 7 days' immersion. It is clear that
the sea water immersion decreased the fracture toughness in both
the neat epoxy and the nanocomposite. However, the increment of
fracture toughness due to the addition of nanosilica was able to
complement the loss due to salt water immersion. Thus, the
modified epoxy could work functionally in a marine environment,
in preference to neat epoxy which would lose its functionality due
to the loss of fracture toughness through salt water immersion.

Typical SEM micrographs of the fracture surfaces of the neat and
the modified epoxies after salt water immersion are shown in Fig. 5.
The fracture surface of the neat epoxy near the crack tip is glossy
and brittle, as shown in Fig. 5(a). The fracture surfaces of the
composite manifest small crack trajectories that are reflected and
meander through the matrix, giving rise to the increased resistance
to crack propagation, as shown in Fig. 5(b). After salt water im-
mersion (Fig. 5(c) and (d)), many micro-cracks were generated
along the crack initiation site. Meanwhile, comparing the neat
epoxy without salt water immersion (Fig. 5(a)) and after immersion
(Fig. 5(c) and (e)), the density of crack lines decreases in the fracture
surfaces. According to previous research [34], the addition of a
small amount of nanoparticles into the epoxy coating significantly
reduces the rate of corrosion. The SiO; nanoparticles tend to occupy
interspacing in the resin and serve to bridge more molecules in the
interconnected matrix, leading to improve corrosion protection for
the inner matrix.

3.4. Effect of nanoparticles on the corrosion resistance of coated
steel

Table 2 shows the temporal evolution of instantaneous corro-
sion rate of steel coated by neat epoxy and the nanocomposite, at 0,
7 and 30 days immersion in 5 wt.% salt water, respectively. Without
salt water immersion, the corrosion rate of neat epoxy is 6 times
higher than the composite. After 7 and 30 days of immersion, its
corrosion rate increased by 12 times and 23 times higher than
that of the composite. The result shows the incorporation of
small amount of nanosilica into the epoxy coating significantly
reduced the corrosion rate of epoxy-coated steel in electrolytes.

In this research, the fitting of all EIS data was performed using a
simple equivalent electric circuit model (Fig. 6) with two time
constants well separated. Ry is the solution resistance between the
reference electrode and working electrode, and Ry is not a property
of the coating. Therefore it is not technically important in the
analysis of coating performance. According to the EIS data in
Table 3, without immersion in the 5 wt.% aqueous NaCl solutions,
the adding of nanosilica increased the coating resistance R, by 58
times and reduced the coating capacitance C; by 3.5 times, indi-
cating reducing coating porosity and improved barrier performance
for corrosion protection [34]. The charge transfer resistance R; also
increased by 15.5 times and the double layer capacitance C
reduced by 93.7 times, indicating enhanced corrosion resistance of
steel at steel-electrolyte interface [35]. It was also observed that
after 30 days immersion, the Ry decreased and C, increased with R,
dropped by 54.8 times and 190 times, and C; increased by 5 times
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Fig. 8. SEM images of neat epoxy worn surfaces at a load of 400 N and rotation speeds of (a), (c) and (e) 600 r/min and (b), (d) and (f) 1000 r/min with (a) and (b) 0 days, (c) and (d)
7 days, and (e) and (f) 30 days of salt water immersion. The arrow in each image shows the rotation direction.

and 339 times for the nanosilica enhanced epoxy and the neat
epoxy coatings, respectively. It indicated the entry of electrolyte
into the epoxy coatings [36]. Meanwhile, after 30 days immersion,
the charge transfer resistance R, reduced by 13.5 times and 26.3
times, and the double layer capacitance C; increased by 17.9 times
and 143.5 times for the nanosilica enhanced epoxy and the neat
epoxy coatings respectively. The nanosilica added into the epoxy
signification improved barrier performance for enhanced the
corrosion resistance.
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3.5. Wear properties under marine environment

Fig. 7 shows the friction coefficient versus rotation speed of the
neat epoxy and the nanocomposite after salt water immersion of 0,
7 and 30 days, respectively. It is observed that the friction coeffi-
cient of the neat epoxy increases continuously with the increase in
wear rotation speeds at a load of 400 N applied on the specimens,
as shown in Fig. 7(a). Moreover, the friction coefficient increases
when the period of immersion increases. Fig. 8 shows the SEM
images of neat epoxy worn surfaces with different salt water im-
mersion periods at rotation speeds of 600 and 1000 rpm,
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Fig. 9. SEM images of worn surfaces of nanosilica enhanced epoxy composite at a load of 400 N and rotation speeds of (a), (c) and (e) 600 r/min and (b), (d) and () 1000 r/min with
(a) and (b) 0 days, (c) and (d) 7 days, and (e) and (f) 30 days of salt water immersion. The arrow in each image shows the rotation direction.

respectively. It is very clear that all the worn surfaces are tough.
Fatigue wear has been regarded as a main mechanism responsible
for the sliding of epoxy against a hard counterpart [37,38]. The
model is based on the sub-surface crack nucleation and coalescence
due to shear deformation of the softer surface induced by the
traction of the harder asperities [39]. As shown in Fig. 8, scale-like
removal of materials has left traces on the worn surface of the neat
epoxy and careful examination of the wear grooves indicates that
the distribution of flaws produced on the worn surfaces is in a
discontinuous mode, similar to a previous report [40]. In
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comparisons of the low rotation speed of 600 rpm (Fig. 8(a), (c) and
(e)) and the high rotation speed of 1000 rpm (Fig. 8(b), (d) and (f)),
the high rotation speed generates more micro-cracks in the wear
surfaces due to fatigue wear of the adhesive contact [41].

Fig. 7(b) shows the friction coefficient versus rotation speed of
the composites with salt water immersion of 0, 7 and 30 days,
respectively. Compared with the neat epoxy, the friction coefficient
of the composite increases with nanoparticles added into the epoxy
matrix from 0.082 to 0.182 before any salt water immersion under
the rotational speed of 400 rpm at a load of 400 N. A more
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Table 4
Tribological behaviors of different silica/epoxy nanocomposites.
Ref. Materials/test parameters Concentration (wt.%) Specific wear rate Friction
( x 107 mm?/Nm) coefficient
40 DGEBA, nano-Si03, SiOz-g-PMMA (9 nm), DDS/Pin-on-ring, Load = 3 or 5 MPa, P=3MPa 0 2.05 0.58
velocity = 0.4 m/s for 3 h 2.17 vol% 0.41 0.50
217 vol% (g- 0.1 0.40
PMMA)
P=5MPa 0 9.00 0.58
2.17 vol% 0.11 0.28
217 vol% (g- 0.02 0.25
PMMA)
41 DGEBA, Nanopox F400 (20 nm), Piperidine/Ball-on-plate, Load = 5 N, sliding 0 3.15 0.53
speed = 0.1 m/s for 20 h 4 5.38 0.65
6 6.12 0.67
8 6.72 0.69
10 3.74 0.82
20 2,07 0.90
Current  DGEBA, Nanopox F400 (20 nm), Piperidine/Ring-on-ring, Load = 400 N, rotation 0 0 day 0.09
study speed = 1000 r/min for 20 min 7 day 0.11
30 day 0.14
2 0 day 0.22
7 day 0.16
30 day 0.09

important observation is that after salt water immersion, the fric-
tion coefficient values of the nanocomposites are lower than those
without salt water immersion and the composite with 30 days'
immersion has the lowest value of 0.103. Meanwhile, the friction
coefficient of the nanocomposite is not significantly increased with
the increase in rotation speed compared to that of the neat epoxy.
Fig. 9 shows SEM images of worn surfaces of the composite, which
appear compact and rough. The friction coefficient was not
increased due to uneven stress concentrations built up inside the
epoxy, which might have been homogenised to some extent in the
composites due to the effect of dispersion strengthening of the
nanoparticles [40]. Bassaani et al. [42] suggested that the nominal
pressure controls the interfacial stress between counterparts
involved in such contacts, and hence the stability of transfer films.
The addition of inorganic nanoparticles into polymers might in-
crease the adhesion strength of a transfer film on the counter face
[43,44]. It can be deduced that nanosilica not only acts as a load
carrier in the composites but also helps to improve the bonding
between the transfer film and the steel counter-face.

Table 4 listed the tribological behaviors of different nanosilica/
epoxy composites. To overcome the disadvantages generated by
loosened nanoparticle agglomerates dispersed in polymer com-
posites, an irradiation grafting method has been applied to modify
nanosilica by covalently bonding polyacrylamide (PAAM) onto the
particles [40]. Sliding wear tests of the materials demonstrated that
the frictional coefficient and the specific wear rate of nanosilica/
epoxy composites were lower than those of the unfilled epoxy.
Zhang et al. [41] reported that nanosilica particles did not improve
the wear resistance of epoxy nanocomposites until the nano-
particle content exceeded a critical value, i.e., 10 wt.%, even though
the frictional coefficient of the nanocomposites were improved
with an increase in the content of nanosilica particles. Both the
wear properties and mechanical properties were effectively
increased. However; there was no simple correlation between the
mechanical properties and wear properties of the nanocomposites
[41]. Our study shows the similar trend that with the addition of
nanosilica, the friction coefficient of the epoxy increased. However,
with the long time salt water immersion (i.e., 30 days), the nano-
composite has a lower fraction coefficient than that of the epoxy.
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4. Conclusion

We report using a commercially available epoxy composite with
2 wt.% nanosilica to enhance the mechanical behaviours of epoxy
for different periods of salt water immersion. The neat epoxy and
the nanocomposite were deleteriously affected by salt water im-
mersion, with decreased fracture toughness values. However, the
increment of fracture toughness due to the addition of nanosilica
was able to complement the loss due to salt water immersion,
rendering the modified epoxy able to work functionally in a marine
environment to replace neat epoxy in terms of fracture toughness.
Sea water immersion also caused an increase in the friction coef-
ficient of epoxy with increases in immersion time and rotation
speed, but the nanocomposite exhibited less variation with rotation
speeds. More importantly, the friction efficient decreased with
increasing immersion duration. The proposed mechanisms were
also discussed.
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Chapter 6: Polydopamine as sizing on carbon fibre surfaces for enhancement
of epoxy laminated composites

6.1 Introduction and significance

In this chapter, we reported that dopamine polymerization on carbon fibre (CF) surface can be a
new sizing method to increase the adhesion ability of carbon fibre and epoxy. So, significantly
reinforced interfacial fracture toughness and impact strength was reported for the CFRP

laminates. The highlights in this work include:

1. We reported that polydopamine (PDA) can increase the stability of crack growth as sizing on
CF surfaces. The crack propagation behaviour changed from a saw-tooth-shaped curve in
neat CFRP laminates to a relative smooth trending curve in PDA-CFRP laminates.

2. We found that the fracture micro-mechanism in neat CFRP was primarily interfacial
debonding, however, in PDA-CFRP, it was the combination of fibre/epoxy debonding,
epoxy/epoxy debonding and fibre pull-out.

3. We found that the PDA sizing enhanced the interfacial layer by single fibre pull-out test,

which improved the load transfer ability between epoxy and CF surfaces.

This section is included as it appears as a journal paper published by Wei Han, Hongping Zhang,
Javad Tavakoli, Jonathan Campbell and Youhong Tang. Polydopamine as sizing on carbon fibre
surfaces for enhancement of epoxy laminated composites. Compos Part A 2018; 107:626-632.

6.2 Polydopamine as sizing on carbon fibre surfaces for enhancement of epoxy laminated
composites
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ARTICLE INFO ABSTRACT

Keywords: Carbon fiber reinforced polymer (CFRP) laminate normally has plastic dominant crack propagation behavior,
A. Carbon fibres inducing potential insecurity in the safety and reliability of structures in practical applications. In this study, we
B. Delamination report a simple process to increase the stability of crack growth by using polydopamine (PDA) as sizing on the
Fibre/matrix bond

surface of carbon fiber (CF) fabric. The crack propagation behavior changes from a saw-tooth-shaped curve in
neat CFRP laminate to a relatively smooth trending curve in PDA coated CFRP laminate with increased Mode I
interlaminar fracture tough Enhanced impact strength and interlaminar shear strength of PDA coated CFRP
laminates is also observed. A single fiber pull-out experiment and morphological study reveal that, with PDA
coating on CF fabrics, cracks tend to fracture through the epoxy matrix rather than between fiber and matrix
interfaces. The use of PDA as sizing on the CF contributes to improving the load transfer between the CF and the
polymer matrix by enhancing the interfaces between the epoxy and the CF, increasing the friction of the frac-
tured interface, reducing unstable crack growth, and thereby enhancing interfacial fracture toughness and im-

Surface properties

pact performance.

1. Introduction

Carbon fiber reinforced polymer (CFRP) is an extremely strong and
light material that is now widely used in high value-added commodities
wherever high strength-to-weight ratio and rigidity are required, such
as in aerospace, automotive, civil engineering, and sports goods appli-
cations. For example, the Airbus A350 XWB was built of 52% CFRP
including wing spars and fuselage components. One of the major pro-
blems that limits the stability and application range of CFRP is that the
binding polymer is often a thermoset resin such as epoxy, but epoxy is a
brittle material, so that the mechanical properties of the epoxy resin,
especially the strength and toughness, still need to be further enhanced
[1-8]. Engineers face unique challenges in failure detection of CFRP
because failure occurs catastrophically due to the brittle fracture me-
chanics. Meanwhile, CFRP tends to be strengthened in the fiber hor-
izontal direction when load-bearing occurs in that direction, but is
weak in the vertical direction so that little load could be placed in that
direction. Study of the mechanisms of the fracture toughness of CFRP is
mainly governed by the subsequent debonding appearance, i.e., de-
bonding between the carbon fiber (CF) and polymer matrix, fiber pull-
out, and delamination between the CFRP sheets. Therefore, many re-
searchers have studied how to toughen the epoxy resins using

= Corresponding author.
E-mail address: youhong.tang@flinders.edu.au (Y. Tang).

https://doi.org/10.1016/j.compositesa.2018.02.003

nanoparticles such as nanosilica, nanohalloysite, carbonaceous nano-
particles like graphene nanoplatelets, and graphene oxide [9-15].
However, large scale CFRP production using nanofillers has been a
challenge due to many unsolved problems such as nanoparticle ag-
glomeration or achieving homogeneous dispersion of nanoparticles of a
high weight/volume portion in resins while maintaining relatively low
viscosity. Viscous resin systems cannot easily impregnate continuous
fibers or fiber fabrics using fabrication methods based on resin infusion,
and filtering of dense fiber bundles against agglomerated nanofillers
can lead to severe segregation and depletion of nanofillers in matrices
[16,17].

Alternatively, the use of sizing to improve the poor adhesions be-
tween fiber and matrix is a promising approach. Such methods include
wet chemical or electrochemical oxidation, plasma treatment, gas phase
oxidation, etc. Bubert et al. used oxygen plasma treatment of fibers and
changed the surfaces by forming a 1nm thickness functional group
layer to improve the wetting properties of CF [18]. Xu et al. demon-
strated that both y-ray co-irradiation grafting and pro-irradiation
grafting were effective methods to improve the interfacial adhesion of
composites [19]. But these methods had drawbacks of high energy
consumption and could eventually impair the fiber strength.

Polydopamine (PDA) has been reported to have significant
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Fig. 2. SEM images of (a) CF and (b) PDA -CF surfaces.

applications in numerous biomedical and mechanical areas, due to its
superior adhesion to various material surfaces including metals, oxides,
polymers, and ceramics [20]. Researchers have reported that PDA could
also be applied to modify the surface of nanofillers such as carbon
nanotubes [21], graphene [22], and clay [23], revealing its excellent
ability to improve the mechanical, thermal, and electromagnetic in-
terference shielding performance of polymer matrices. PDA has also
been used to modify the surface of short CFs; the resulting epoxy
composites showed distinct improvement in tensile strength and
Young's modulus [21]. Recently, much research has been focused on
enhancing the interface of CFRP composites, but the effects of PDA
sizing modifications of CF surfaces on the crack propagation mechan-
isms of CFRP have seldom been reported.

In this study, a feasible method of fabricating CFRP by simply using
PDA as sizing on carbon fabric has been reported. With 3.2wt% PDA
acting as sizing of CF, the modified CFRP composites can significantly
improve energy transfer between CFs and epoxy resin, increasing the
friction of fractured interfaces, reducing unstable crack growth, and
thereby enhancing interfacial fracture toughness and dynamic impact
performance.

2. Experiments
2.1. PDA sizing on carbon fiber fabrics

To prepare PDA coated CF fabrics, first 4 g of dopamine (Sigma,
Australia) was dissolved in a mixed solution of deionized water
(4000 mL) and aqueous solution of TRIS (3.6 g, 1000 mL) with mag-
netic stirring for 30 min. Meanwhile, CF fabrics (200 gm plain-weave,
Hexcel, USA) were placed in a container. Then, the mixed solution was
transferred to the container. The container was shaken by a benchtop
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orbital shaker (Labec, Australia) at 100 rpm for 24 h at ambient tem-
perature. The modified CF fabrics were collected and washed several
times with deionized water to remove the residual dopamine, until the
scrubbing filtrate became colorless. Finally, the modified CF fabrics
were dried in a vacuum oven at 40 °C for 24 h. Fig. 1 shows a schematic
drawing of the use of PDA as sizing on the CF surface.

2.2. Preparation of PDA-CFRP composites

A vacuum bagging method was used to fabricate the CFRP compo-
sites. First, a release film was placed on a plate and the PDA modified
CF fabrics were laid upon it. A release-agent coated release film 10 um
in thickness was inserted in the middle layer of the fabrics to induce the
initial delamination. After that, a peel cloth and a diversion mesh were
placed on the fabrics and all were sealed in a vacuum bag. Raw resin
with the major ingredients of a bisphenol A epoxy (Kinetix R246 epoxy
resin, ATL Composites Pty. Ltd., Australia) and a hardener (Kinetix
H126, ATL Composites Pty Ltd, Australia) were added at the ratio of
100:25 by weight percent. After layup, epoxy resin was pumped into
the vacuum bag. The final panel was cured in a vacuum bag and placed
in a hot press machine (Carver Inc. USA) at the pressure of 15 KN/m? in
room temperature for 24 h. The measured cured panel thickness was
approximately 3mm for all plates and the fiber volume was nearly
32 vol.%. Test specimens were cut from the cured panels by bandsaw
cutting and polished by a polisher. As controls for evaluation, pure
CFRP panels were prepared separately.

2.3. Characterizations

Thermal stability analysis was performed using a thermogravimetric
analysis apparatus (Hi-Res TGA 2950, TA instruments, USA). The tests



W. Han et al.

(a) Survey —CF
5.0x10°
Cis O1s
g / ¥
i Nis
.a /
c
]
£
0.0F
0 200 400 600 800
Binding Energy (eV)
4x10*
(c)C1s —CF
~ 3x10°
3
s
2
2 210t
3
£
1x10*
282 284 286 288 290
Binding Energy (eV)
4x10°
3
G
2> 3x10°
B
[
2
£
2x10*
530 532 534 536
Binding Energy (eV)
| @ N1s —&
1.6x10° -
3
S 1.5x10'F
2
[7]
c
]
£ 15x10°+
1.4X10‘ 1 1 1 1 1
392 396 400 404 408

Binding Energy (eV)

Intensity (a.u.)

Intensity

Intensity (a.u.)

5.0x10°

0.0

3x10

2x10

Intensity (a.u.)

1x10

3.0x10°
2.4x10*
1.8x10*

1.2x10*

1.1x10°
1.1x10*
1.0x10*

9.5x10°
3

Composites Part A 107 (2018) 626-632

(b) Survey

—PDA-CF
C1s O1s

2y

Nis

/

0 200 400 600 800

Binding Energy (eV)

(d)c1s

4

4

4

—PDA-CF

284 286 288 290 292
Binding Energy (eV)

(Ho1s

——PDA-CF

532 534 536
Binding Energy (eV)

| (h)N1s

—PDA-CF

L
96 398

L L
400 402 404 406
Binding Energy (eV)

Fig. 3. The XPS spectra of CF and PDA-CF. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were carried out under N, atmosphere at the heating rate of 10.0 °C/
min from room temperature to 780.0 °C. The specimens were vacuum-
dried for 2 days at room temperature before TGA characterization. The
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XPS was performed in an ultrahigh vacuum (UHV) apparatus (SPECS,
Germany) with a nonmonochromatic X-ray source for Mg Ka
(1253.6 eV) radiation. High-resolution XPS spectra were fitted using
combined Gaussian-Lorentzian peaks with background correction using
the Shirley method.

The Mode I interlaminar fracture toughness was measured using
double cantilever beam (DCB) tests performed by an Instron (U.S.) test
machine fitted with a 500 N load cell in accordance with the ASTM D
5528 standard. The dimensions of the DCB specimen were
125 x 25 x 3 mm. Specimens were clamped in the jaws of the test
machine via the block hinges, and specimens were loaded at the rate of
1 mm/min while the load-displacement data was recorded. Fracture
surfaces of the test specimens were examined and imaged using scan-
ning electron microscopes (Inspect F50, FEI, U.S.). The SEM samples are
selected from the pre-crack tip area and all samples were sputter-coated
with a ~200 A layer of gold to minimize charging.

The interlaminar shear strength (ILSS) was measured using a 3-
point short beam strength test following the ASTM D-2344 standard.
The samples were loaded in a 3-point bending configuration as a simply
supported beam using cylindrical supports with the diameter of 3 mm
and a loading nose with the diameter of 6 mm. The sample length was 6
times the sample thickness and the span width was set at 4 times the
sample thickness. ILSS was calculated from the equation:
ILSS = 0.75*%, where P represents the breaking load, b is the width,
and d is the thickness of the specimen. At least 8 specimens per batch
were tested.

The experiments for the single fiber pull-out test were performed on
a Bio Tester 5000 (Cellscale biomaterials testing, Canada) with an op-
tical microscope and two adjustable lights to make in situ observations.
A constant test speed of 0.05 mm/min was applied.

Impact tests were performed using a 75J impact hammer on a
pendulum impact testing machine (Australian Calibrating Services,
Model AC-PIT501J-2, Australia) at room temperature following the
1SO-179 standard.

3. Results and discussion
3.1. Effects of polydopamine on carbon fiber

Polydopamine modified CF was prepared using a well-established
method based on catecholic chemistry, as shown in Fig. 1. The poly-
merization mechanism of dopamine has been well studied in previous
research [21]. The polymerization of PDA on CF surface was examined
by SEM (Fig. 2). As shown, the raw CF surface is quite smooth, but the
PDA-CF surface is fairly coarse, indicating that the dopamine success-
fully polymerized on the CF surfaces. Similar morphology was reported
by Wang et al. [22].

The surface chemical composition of CF and PDA-CF was in-
vestigated by XPS. Fig. 3a and b show the survey scan XPS spectra of CF
and PDA-CF, respectively. The elemental concentrations demonstrate
clearly that carbon and oxygen are the main surface constituents on
both CF and PDA-CF surfaces. Nitrogen is found in small concentrations
on CF surfaces, possibly deriving from the incomplete carbonization of
the PAN-based precursor. Correspondingly, the carbon and nitrogen
concentrations are increased on the surfaces of PDA-CF, indicating the
sizing of the PDA on the CF surfaces. Fig. 3c-h are the spectra of Cls,
Ols, and N1s on the CF and PDA-CF surfaces, respectively. The high-
resolution spectra of PDA are similar with reported XPS results [24].
Compared with CF, it can be seen that the carbon peak at 287.7 eV is
contributed from C—N and the peak at 289.4 eV is contributed from
C—0—C. As shown in Fig. 3h, the XPS spectrum of the N 1s of PDA-CF is
composed of 3 subpeaks centered at 398.5eV (—NH), 400.1eV
(—NH-), and 401.8 eV (—N=), respectively. These migrations of N1s
binding energy indicate that in situ spontaneous oxidative polymeriza-
tion of dopamine on the CF surface was successfully carried out.
Thermogravimetric curves of CF and PDA-CF are shown in Fig. 4. The
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Fig. 6. SEM images of the fracture surfaces after Mode 1 interlaminar fracture testing of (a) CFRP and (b) PDA-CFRP.

Table 1
Improvement of ILSS by different sizing methods.

Sizing material Epoxy ILSS Improvement (%) Ref.
(MPa)
PDA Kinetix 67.7 25.1 Current
R246 study
Polyacrylate emulsion Epoxy 616  92.7 14.2 271
Aqueous epoxy E-1 Epoxy 616 82 1 [28]
resin E-2 88 84
emulsion E-3 93 14.5
J1 sizing Epoxy 616 84 17.8 [29]
Hit sizing 85.7 20.2
Oxidized Epikote 40 17.6 (301
Epoxy sizing Rimr 935 58 70.6

weight loss of CF fabric is 8.7 wt% which comes from the original
functional groups on the CF surface. In contrast, the PDA-CF fabric loses
about 11.9 wt% of the total weight at 800 °C, the 3.2% weight loses
confirming the successful coating of PDA.

3.2. Mechanical property evaluation in CFRP

To evaluate the effectiveness of this surface modification strategy,
Mode I interlaminar fracture toughness was studied in both neat CFRP
and PDA-CFRP laminates. Fig. 5(a) shows exemplary load-crack
opening displacement (COD) curves obtained from Mode 1 fracture
toughness tests at room temperature. The CFRP laminate shows a saw-
tooth shaped curve formed as the force alternately increases and de-
creases, demonstrating unstable energy release during crack propaga-
tions. In the PDA-CFRP laminate, however, the force increases regularly
to the peak level and then declines in a relatively smooth movement.
The COD curves indicate that the PDA-CFRP laminate has the ability to
provide an equivalent peak load while eliminating the saw-tooth effect
in comparison with the behavior of the pure CFRP laminate. These
curves also give evidence that the PDA sizing on the CF is an effective
functional method for improving the interfacial load [22]. Fig. 5(b)
shows typical Mode I delamination crack growth resistance curves (R-
curves) for the CFRP laminates calculated from the load-displacement
curves. Generally, the R-curves increase over about the first 10 mm of
crack growth, probably as a result of the gradual formation of a fiber
bridging zone behind the crack front, that is the main toughening
process in these CF composites [25]. The R-curve of the CFRP shows
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Fig. 7. (a) Interfacial stress for CF and PDA-CF by single fiber pull-out testing, and images of a single fiber (b) before and (c) after pull-out. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Schematic diagrams and micro-morphologies of interface failure in (a) CFRP and (b) PDA-CFRP laminates. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

that the interlaminar fracture toughness values (Gyc) remain stable in
the range of 200-250 J/m? beyond the 10 mm of delamination length.
Meanwhile, during the DCB test, it was observed that the delamination
propagation progressed at a random rate and in an unstable manner in
the neat CFRP laminate. However, the G values in the R-curve of the
PDA-CFRP laminate are different, with a slight increase in the range of
225-275J/m? beyond 10 mm of delamination length, and during the
DCB test the delamination increases at a reasonably consistent speed
and in a stable manner. The calculated average value of G,. propaga-
tion is 216.34 J/m? and 261.25 J/m? for the neat CFRP and PDA-CFRP
laminates, respectively, showing a 21% increment for the laminate with
PDA sizing on fiber surfaces.

The energy translation under the impact test damage mechanisms of
the CFRP mainly involve 3 forms: (a) matrix powdering: the brittle
epoxy matrix is crushed and forms into debris and powder. Meanwhile,
microcrack propagation represents further efforts to convert the impact
energy into surface free energy; (b) delamination: the impact energy
continues, and delamination occurs around the interface between the
CF and epoxy or between the epoxy matrix. Because the delamination
transitional zone is very narrow, only small part of the impact energy
can be consumed; (c) fiber fracture: at the end of the impact process,
when the impact strain is greater than the fiber strain, the CF fails [26].
Fiber/matrix debonding or sliding and fiber pull-out occurs, that con-
sumes a large proportion of the impact energy. The impact strength of
the CFRP and PDA-CFRP laminates is 99.89 and 120.12 kJ/m? respec-
tively, with about 20% increment with PDA added into the CFRP la-
minate. The PDA introduced as sizing on the fiber surfaces to enhance
the interfacial strength between fiber and epoxy (as shown in the SEM
images in Fig. 6) mainly contributes to the energy conversion form of
delamination with the aforementioned damage mechanisms of CFRP,
hence increasing the impact strength of the laminate.

The interlaminar shear strength (ILSS) under three-point bending
load was found to vary significantly by virtue of the sizing. Composite
samples made from PDA-CF had an ILSS of 67.7 Mpa, 25% higher than
that of neat CFRP with an ILSS of 54.1 MPa. Table 1 summarizes recent
reports of different sizing methods used to improve the ILSS of CFRP.
Yuan et al. reported that using the polyacrylate emulsion sizing method
increased the ILSS of CFRP by 14.2% [27]. Zhang et al. reported that
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the use of aqueous epoxy emulsion with different epoxy concentrations
of 10%, 15%, and 20%. The best ILSS result came from sizing with 20%
epoxy concentration aqueous emulsion with 14.5% increment [28].
Similarly, Kafi et al. reported that electrolytic oxidation and epoxy
sizing enhanced the ILSS of CFRP by 17.6% and 70.6% respectively
[29]. Zhang et al. reported that with a commercial sizing agent J1
purchased from Japan, the aqueous epoxy emulsion Hit sizing enhanced
the ILSS of CFRP from 17.8% to 20.2% [30]. However, the epoxy sizing
method, that included three stages of production, namely carboniza-
tion, electrolytic oxidation, and epoxy sizing, was environmentally
unfriendly compared with our PDA sizing method.

3.3. Enhancement mechanism

To help understand the interface behavior and enhancement me-
chanism of the PDA-CFRP laminate, the fracture surfaces after the Mode
I interlaminar fracture testing were observed by SEM. As evidenced by
the clean, smooth surfaces of the fibers shown in Fig. 6(a), the fracture
micromechanism in the neat CFRP laminate is primarily interfacial
debonding. The epoxy resin completely detaches from the CF surfaces
because of the weak bond in the interfaces. This finding indicates that
CF/epoxy debonding is the dominant mechanism of shear failure, and
the most likely failure site of the laminates is still the interface.
Meanwhile, smooth crazes on the matrix indicate poor resistance to
crack propagation. In contrast, in the SEM micrographs as shown in
Fig. 6(b), a significantly different interface microstructure appears in
the PDA-CFRP fracture surfaces. The fiber/epoxy debonding is com-
bined with resin/resin debonding and fiber pull-out. Significant plastic
deformation is shown clearly and an amount of epoxy still adheres to
the PDA-CF surface. The development of these microstructures would
be related to the enhanced interactions between PDA and epoxy that
are responsible for the improvement in interlaminar strength.

Micromechanical tests using single fiber pull-out experiments can
simply evaluate interface strength directly [31]. Fig. 7 shows the in-
terfacial stress of CF and PDA-CF from single fiber pull-out testing. The
interfacial stress T was obtained using the equation:
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F

T=—0

DL (6]

where F is the measured maximum test load from the test and niDL
signifies the fiber-embedded area, which is the product of the fiber-
embedded length in epoxy and the circumferential length. The inter-
facial stress of the CF/epoxy and PDA-CF/epoxy is 12.36 MPa and
15.44 MPa respectively, demonstrating a 25% increment for the PDA/
CF epoxy. The PDA enhancement of interfacial strength may results
from the PDA attached on the CF surface that increases the friction of
the fractured interface. Schematic diagrams and micro-morphologies of
interface debonding in the neat CFRP are displayed in Fig. 8(a), where
the epoxy resin tends to wholly detach from the CF and retain a com-
paratively clean surface. This response is due to the weak binding en-
ergy between the epoxy and CF surfaces. In the DPA-CFRP on the other
hand, the crack propagates through the interfaces of PDA /epoxy with
non-straight crack paths and the leftover fiber is captured by the
abundant epoxy, as shown in Fig. 8(b). This response indicates that the
PDA sizing enhances the interface layer by improving the load transfer
between epoxy and CF surfaces.

4. Conclusions

In this study, 3.2 wt% polydopamine was used as sizing on CF fab-
rics. The results showed that the modified CF fabrics significantly en-
hanced the mechanical properties of the CFRP laminates, with a
20-25% increment obtained for Mode I interlaminar fracture tough-
ness, impact strength, interlaminar shear strength, and interfacial stress
compared with pure CFRP. More importantly, the crack propagation
behavior during the Mode I interlaminar fracture toughness evaluation
changed from saw-tooth-shaped curves for neat CFRP to relatively
smooth curves. The enhanced mechanism was mainly due to sig-
nificantly increased interfacial bonding between epoxy resin and CF by
the PDA sizing. The PDA layer also improved the load transfer between
CFs and polymer matrix, increasing the fractured interface friction and
reducing unstable crack growth, and thereby enhancing interfacial
fracture toughness and impact performance.
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Chapter 7: Synergistic effects of coupling agent and nanoparticle on
enhancing glass fibre/ polystyrene laminates for harsh environment

applications

7.1 Introduction and significance

In this chapter, we reported the synergistic effects of halloysite nanotubes (HNTSs) and industrial-
used coupling agent (APTES) enhanced mechanical properties of the glass fibre/polystyrene
laminates. It was found that impact, interlaminar shear strength and interlaminar fracture
toughness of the reinforced laminates significantly decreased under marine environments. The
highlights in this work include:

1. We have studied different concentration of HNTs and APTES reinforced polystyrene
composites and found the best concentration was 1 wt% HNTs combination 1 wt% APTES in

polystyrene laminate in this study.

2. We found that in the optimised concentrations of HNTs and APTES, the interlaminar shear

strength and mode 1 interlaminar fracture toughness increased by 26.5% and 11.5%.

3. We found that APTES acted as a barrier that reduced the permeability of the laminates and
significantly decreased deterioration effects under marine environment. With the synergistic
effects of HNTs and APTES in the laminates, the interlaminar shear strength and mode 1
interlaminar fracture toughness decreased by 13.9% and 6.4% after 3 weeks salt water
immersion. However, 24.8% and 12.3% decreasing was reported in the same time for the

unmodified laminates.

This section is included as it submitted and under review as a journal paper by Wei Han, Nazila
Dehbari, Sheng Chen, Tom Jung, Karl Sammut and Youhong Tang. Synergistic effects of
coupling agent and nanoparticle on enhancing glass fibre/ polystyrene laminates for harsh

environment applications, Appl Compos Mater 2017 (Under review).

7.2 Synergistic effects of coupling agent and nanoparticle on enhancing glass fibre/

polystyrene laminates for harsh environment applications
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Abstract

Polymeric laminate materials have been favored for use in harsh environments. Due to
the structural differences between polymers and crystalline solids, polymers in general
can dissolve molecules such as water and gas, this attribute implies that the
permeability of the polymer affects some properties such as interface shear strength
and interface fracture strength. In this study, a small amount of commercially-available
halloysite nanctubes (HNTs) and an industrial-used coupling agent (APTES) were
mechanically mixed with modified glass fiber (GF)/polystyrene (PS) laminates. HNTs
and APTES synergistically enhanced the mechanical properties of the PS matrix.
When the modified PS composite was incorporated with GF to form a laminate, the
interlaminate shear strength and model | interlaminar fracture toughness also clearly
increased. The synergistic effects of HNTs and APTES in the GF/PS laminate
significantly decreased the deterioration of the mechanical properties of the laminate
under marine environments. Due to commercial availability, the low cost of the raw
material, and the simple fabrication method, this modified laminate has the potential for
large-scale applications in such harsh environments.
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Abstract

Polymeric laminate materials have been favored for use in harsh environments. Due to
the structural differences between polymers and crystalline solids, polymers in general
can dissolve molecules such as water and gas, this attribute implies that the permeability
of the polymer affects some properties such as interface shear strength and interface
fracture strength. In this study, a small amount of commercially-available halloysite
nanotubes (HNTs) and an industrial-used coupling agent (APTES) were mechanically
mixed with modified glass fiber (GF)/polystyrene (PS) laminates. HNTs and APTES
synergistically enhanced the mechanical properties of the PS matrix. When the modified
PS composite was incorporated with GF to form a laminate, the interlaminate shear
strength and model I interlaminar fracture toughness also clearly increased. The
synergistic effects of HNTs and APTES in the GF/PS laminate significantly decreased
the deterioration of the mechanical properties of the laminate under marine environments.
Due to commercial availability, the low cost of the raw material, and the simple
fabrication method, this modified laminate has the potential for large-scale applications in

such harsh environments.

Keywords: nanoparticles; coupling agent; interlaminar fracture toughness; interlaminar

shear strength; marine environment; laminate

65



1. Introduction

Glass fiber reinforced plastic (GRP) has been widely used in water pipe infrastructure,
urigation, and environmental management applications, particularly where performance,
strength, and endurance are essential. GRP pipes offer superior corrosion resistance,
durability, and hydraulic flow characteristics. They also present a cost-effective upfront
and lifelong solution with low installation, maintenance, and operating costs. GRP pipes
are sandwich-type composites using polymer mortar with relatively high rigidity at the
core of pipe walls and GRP with a high tensile strength at the inner and outer surfaces of
pipe walls. Their weight per unit length is 20-25% of that of cast iron pipes and 10% of
that of centrifugally reinforced concrete pipes [1]. Moreover, GRP pipes have good on-
site applicability due to their superior impact resistance. Their flat inner surface allows
smooth flow of water and their improved corrosion resistance provides a semi-permanent
life span. In a life cycle cost analysis, GRP pipes have reportedly shown good economic
efficiency that is comparable to that of cast iron pipes. However, laminated composites
exhibit poor matrix-dominated and interlaminar properties [2-6] and are often susceptible
to various cutting and polishing process. The major problem is that the binding polymer
is often a thermoset resin such as polystyrene (PS), polyether ether ketone, polyimide,
polyphenylene sulfide, polyether ketone, polyamide, etc. Of the industry grade, PS is the
most commonly used resin in GRP pipe manufacturing due to it is an inexpensive resin
per unit weight. However, PS is a rather poor barrier to oxygen and water vapor, and it is
hard and rather brittle, which means the mechanical properties of resin, especially the
strength and toughness, still needs to be further enhanced in order to increase the stability
and application range of the composites. Meanwhile, GRP pipes have been promoted for
use in harsh environment such as the marine environment. Their great advantage over
metals is their low density and the fact that they are not susceptible to corrosion. In the
marine environment, however, sea water has other chemical properties, such as oxidizing
or reducing abilities, and these properties must be properly considered [7-9].

The incorporation of nanofillers such as halloysite nanotubes (HNTs), carbon nanotubes
(CNTs), and nanosilica has successfully improved interlaminar properties of polymeric
materials [10, 11]. HNTs exhibit unique structural properties such as high specific
stiffness and specific strength. Yet the addition of HNTs to GRP composites brings its
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own challenges. The main challenge is to uniformly disperse them in the polymer matrix
in order to obtain high interfacial areas through which stress can be transferred from the
weak matrix to the strong HNTs. Effective stress transfer through the HNTs/polymer
interface is the key to obtain superior mechanical properties in HNT modified laminated
composites [12, 13]. The large surface area of these composites due to their nanosized
dimension and very high aspect ratios of the fillers are desirable for efficient load transfer,
but are undesirable for providing high attraction forces between the HNTs themselves,
leading to the formation of agglomerates when they come close to each other in the
polymer matrix. Various methods for dispersing HNTs in polymer resins have been
reported in the literature, such as stirring, sonication, and calendaring. 3-
aminopropyltriethoxysilane (APTES) has been widely utilized industrially as a coupling
agent to enhance adhesion between organic materials and inorganic substrates [12, 13].
Three ethoxy groups in each APTES molecule can be hydrolyzed and react not only with
active groups (e.g.—OH) on the inorganic substrate, but also with those of other APTES
molecules, resulting in a polymerized network [14].

The present investigation focuses on the development of a very economical and efficient
fabrication method for a structural PS based GRP laminate modified with HNTs and
APTES. The results show synergistic enhanced interlaminate shear strength of the GRP
laminate with HNTs and APTES added together. Due to the commercial availability and
low-cost of the raw material and the simple fabrication method, these modified laminates

have the potential for large-scale applications, especially under marine environments.

2. Experimental

2. 1 Composite preparation

The raw resin, polyplex EPS-1 (Nuplex Industries Pty Ltd, Australia), is a mixture with
the major ingredient of styrene monomer. HNTs (Sigma-Aldrich, Australia) and APTES
(Sigma-Aldrich, Australia) were added into the resin and the mixture was stirred with a
fast and stable mixing laboratory homogenizer (Laboratory equipment, Australia) at 3000
r/m for 30 minutes to obtain a uniform distribution resin mixture. Then, Curox A-390
(Nuplex Industries Pty Ltd, Australia) hardener was added at a ratio of 100:1 by weight

percent (wt%) while being stitred well. The mixture was then cast into the specimen
4
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cavities of silicon rubber molds and cured at room temperature for 24 hrs. As controls for
evaluation, pure resin and resins modified with HNTs or APTES were prepared. Table 1

shows the components of the prepared composite samples.

Table 1. Components of composite samples (wt%)

PS PSIH PS3H PS5H PSIA PS2A PS1AIH PS1A2H PS2A3H

PS 100 99 97 95 99 98 98 97 95
HNT 0 1 3 5 0 0 1 1 3
APTES 0 0 0 0 1 2 1 2 2

2. 2 Laminate preparation

Laminate panels were prepared using the vacuum bag laminating method [15]. First,
hand-stacking random direction of short cut ECR-glass fiber (length =~ 10 cm, RPC
Australia) was used to obtain the desired weight, and then a release-agent coated release
film was inserted (10 um thickness) into the middle of the layer to induce the initial
delamination. After layup, PS resin was pumped into the glass fiber. Four groups of resin
were selected to fabricate the laminates: pure polystyrene (GF/PS), 1% APTES modified
PS (GF/PS1A), 1% HNTs modified polystyrene (GF/PS1H), and 1% APTES with 1%
HNTs modified polystyrene resin (GF/PS1A1H). The panels were cured in a vacuum bag
and placed in a hot press machine (Carver Inc. USA) at the pressure of 15 KN/m? at room
temperature for 24 hrs. The cured panel thickness was found to be approximately 3 mm
for all panels and the fiber volume ratio was about 32%. Test specimens were cut from

the cured panels by a bandsaw.

2. 3 Characterizations

Rheological dynamic strain sweep measurements of the uncured PS, HNTs/PS, and
APTES/PS were performed on a rheometer (Anton Paar Physica MCR301, USA) at room
temperature, with the frequency set to 10 rad/s for each test to evaluate the fillers’ effects
on the viscosity of the PS resin. Mechanical tensile tests were performed on a universal
material testing machine (Instron, Model 5969, USA) at room temperature with a 50 KN

load cell, in accordance with ASTM D638. The samples were stretched at a crosshead

68



speed rate of 5.0 mm/min until failure; at least 5 specimens were tested for each sample.
Impact tests were conducted using a 25 J impact hammer and performed on a pendulum
impact testing machine (Australian Calibrating Services, Model AC-PIT501J-2,
Australia) at room temperature following the ISO-179 standard.

Mode I interlaminar fracture toughness was measured by double cantilever beam (DCB)
tests in accordance with the ASTM D 5528 standard. The dimensions of a DCB specimen
were 125 mmx25 mmx3 mm. Specimens were clamped in the jaws of the test machine
via the block hinges and were loaded at a rate of 1 mm/min while load-displacement data
was recorded. Each specimen was initially loaded to the point of failure, at which time
the crack could propagate a short distance (generally around 3-5 mm) before the
specimen was unloaded.

The interlaminar shear strength (ILSS) was measured using a 3-point short beam strength
test following the ASTM D-2344 standard. The samples were loaded in a 3-point bending
configuration as a simply supported beam using cylindrical supports with the diameter of
3 mm and a loading nose with the diameter of 6 mm. The sample length was 6 times the
sample thickness, the width was twice the thickness, and the span length was set to 4
times the sample thickness. The maximum observed load for each sample was used for
calculating the ILSS values. The dynamic properties of the GRP laminates with various
HNTs/APTES loadings were evaluated using the dual cantilever bending fixture in a
dynamic mechanical analyzer (DMA) (TA Q800, USA). The temperature was increased
from 40 °C to 160 °C at a heating rate of 5 °C/min using a 10 pum amplitude with a
frequency of 1 Hz for all samples.

Environmental tests were performed to simulate the marine environment. 5 wt% NaCl
solvent was used to simulate marine water. Samples were put under salt spray for periods
of 0, 1, and 3 weeks in accordance with the ASTM b117 standard. Then, the samples
were washed by running water and oven dried for 24 hrs at 60 °C. Mode I interlaminar
fracture toughness in the dried samples was measured by DCB tests in accordance with
the ASTM D 5528 standard and interlaminar shear strength was tested following the
ASTM D-2344 standard. Scanning electron microscopes (SEM, Inspect F50, FEI, USA)

were employed to study the fracture surfaces of the specimens.
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3. Results and discussion

3. 1 Processability of HNTs/APTES modified PS comp osites

The viscosity of the uncured neat PS and HNTs/APTES modified PS at room temperature
is shown in Fig. 1. The neat PS has a viscosity of about 1.27 Pa-s. With 1 wit% HNTs or
APTES added in PS, the viscosity increases slightly to 1.51 Pa.s (PS1H) and 1.60 Pa's
(PS1A), respectively. Combined with 1 wt% HNTs and 1 wt% APTES, the viscosity is
1.33 Pa s (PS1A1H). With such low values, HNTs modified PS resin would easily

impregnate glass fiber layers as the neat PS does in the vacuum bagging process.
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Fig. 1. Dynamic strain sweep of neat PS and PS composites before curing at room

temperature.

3. 2 HNTs and APTES synergistically toughening polystyrene

The impact strengths of neat PS and the PS composites are shown in Fig. 2(a). The
impact strengths of PS1H and PS3H are 6.6 and 13.2 kJ/m?, respectively, higher than that
of the neat PS (5.7 kJ/m?). With the combination of HNTs and APTES, the impact
strengths are 17.3, 14.6, and 16.0 kJ/m? for PS1A1H, PS2A1H and PS2A3H, increases of
204%, 156%, and 180% respectively compared with that of the neat PS. Fig. 2(b) shows
a SEM image of an impact surface of PS1IA1IH. With HNTs added into the matrix,

70



dimple-like structures in the fracture surface reveal that a few individual HNTs located at
their centers and crazes were formed at the interfaces between the HNTs and PS [15].
Plastic deformation in the PS ligaments among neighboring HNTs was found, resulting in
a large number of dimples on the fracture surfaces. In each of the fracture events, a
substantial amount of energy was dissipated because the events involved a massive

number of localized energy dissipating processes [12].

Specimens

Fig. 2. (a) Impact strength of neat PS and PS composites and (b) SEM image of a fracture
surface of PS1A1H composite.

3. 3 Mode I interlaminar fracture toughness of the laminates

Typical mode I delamination crack growth resistance curves (R-curves) for the GRP
composites calculated from the load-displacement curves are shown in Fig. 3. Generally,
the R-curve increases over about the first 10 mm of crack growth, probably caused by the
gradual formation of a fiber bridging zone behind the crack front that is the main
toughening process in these fiber glass composites [16]. The R-curves of the GF/PS1H
and GF/PS1A laminates show that the interlaminar fracture toughness values (Gic) drop
off beyond 10 mm at arange of 0.5-0.7 kJ/m>. During the DCB test, it was observed that
the delamination increased at a random rate and in an unstable manner. The Gic values in
the R-curve of GF/PS1A1H are different, with reasonable consistency beyond 10 mm in
the range of 0.7-0.8 kJ/m?, and during the DCB test the delamination grew at a

reasonably consistent speed and in a stable manner.
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Fig. 3. Typical R-curves for mode I interlaminar fracture measurement of PS laminates.

3. 4 Interlaminar shear strength of the laminates

Interlaminar shear strength (ILSS) is used for quality control and process specification
purposes. It also can be used for comparative testing of composite materials, provided
that failures occur consistently in the same mode. Fig. 4 clearly demonstrates that the
presence of HNT dispersed into the resin contributes to the improvement in ILSS. The
GF/PS1H1A laminate was found to have maximum interlaminar shear strength of 38.2
MPa, with an increase of 26.5% over that of the GF/PS composite, The GF/PS1H
laminate had a value of 35.1 MPa, with an increase of 16.2% over that of the GF/PS.
However, the ILSS value of the GF/PS1A decreased by 18.9% compared to that of the
GF/PS. The mechanism of improvement in ILSS might be related to the increase in
wettability between fiber and matrix, the different interfacial microstructures, and
chemical bonding between nanofillers and matrix resin after the introduction of HNTs
into the interfacial region [17]. Some researchers have considered that nanoparticle
improvement in lamination shear strength may be highly dependent on the quantity and
distribution of particles in the interfacial region, being well-dispersed in the sizing and

homogeneously surrounding the fiber surfaces [16].
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Fig. 4. Interlaminar shear strength (ILSS) of GF/PS and GF/PS composites laminates.

3. S Dynamic mechanical analysis of the laminates

The variations in dynamic mechanical properties, such as storage modulus (E’), loss
modulus (E”), and loss tangent (tand) within the temperature range of 40-140 °C (T) for
the GF/PS composites are shown in Fig. 5. From Fig. 5(a), it is evident that during the
earlier glassy state of the composites, E’ increases with the addition of HNTs into the
matrix. However, E’ of the APTES modified GF/PS is similar to that of GF/PS. Fig. 5(b)
shows that the peak position of E” shifts a little to the left with the addition of APTES
into the GF/PS composite. However, with 1 wt% HNTs added into the GF/PS composite,
the peak height is higher than that of GF/PS composite, suggesting that the presence of
HNTs dissipates some energy because of the viscoelastic deformation of polymer at the
HNTSs/PS interface [18]. The Tg value drops 3.7 °C with the addition of 1 wt% APTES in
GF/PS1A and GF/PS1A1H. The APTES molecules penetrated into the inter-chain spaces
of the PS chains, restricting the formation of crosslinks and in tumn resulting in a lower Tg

value [19].

10
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Fig. 5. Dynamic mechanical properties of GF/PS and GF/PS composite laminates.

3. 6 Morphological study of fractured surfaces

To help understand the interface behavior and enhancement mechanism of HNTs/APTES
modified GF/PS laminates, the fracture surfaces after the mode I interlaminar fracture test
were observed by SEM. As evidenced by the smooth, clean surfaces of the fibers shown
in Fig. 6(a) and 6(b), the fracture micro-mechanism in the GF/PS and GF/PS1A laminates
is primarily interfacial debonding. The matrix completely detaches from the fiber
surfaces because of weak adhesion. This finding indicated that fiber/matrix debonding
was the dominant mechanism of shear failure, and the weakest part of such laminates was
still the interfaces. Meanwhile, smooth crazes on the matrix indicate poor crack
propagation resistance. In comparison, in the PS/GF1H and PS/GF1A1H laminates, a
significantly different interface microstructure appears in the SEM micrographs in Fig.
6(c) and 6(d) respectively. These images do not display complete matrix debonding from
the fiber surfaces. The fiber/fresin debonding is combined with resin/resin fracture.

Considerable plastic deformation and amount of resin adhering to the glass fiber surfaces
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can be seen. In the GF/PS1A1H laminate, dimple-like structures appear on the fracture
surfaces, facilitating the increase in the fractured surface area and degree of micro-
cracking preceding the fracture. The development of these microstructures should be
related to the interactions between the HNTs/APTES and PS, which seems to be

responsible for the improvement in the interlaminar shear strength.
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Fig. 6. SEM images of fractured surfaces of (a) GF/PS, (b) GF/PS1A, (¢) PS/GF1H and
(d) PS/GF1A1H composites laminates.
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3. 7. Deterioration of GF/PS laminates in harsh environment

Polymeric materials have been used for many years in marine environments. However,
they are weak and may be susceptible to other degradation processes. Polymers lack the
microstructure as found in metals and the mechanical properties normally determined by
the basis of molecular structure and molecular interaction. PS suffers from
environmentally-caused deterioration such as swelling or dissolution in marine
environment, and the molecular structure of PS may be attacked by chemical reactions
such as oxidation or by heat that can, for example, cause partial reversal of
polymerization reactions [20].

Generally, polymers are able to dissolve molecules and, therefore, the permeability of
polymers is very important in influencing their mechanical properties under harsh
environments such as salt water. A polymer’s moisture uptake content (A4) is calculated

by its weight before exposure (wo) and after exposure (cw:) as follows:

Wy — W
Mtz(‘w—")xwo
0

Fig. 7 depicts the A results from 1 and 3 weeks of salt spray ageing tests. In the first
week, the AM;: of GF/PS is 0.16%. The lowest moisture uptake occurs in the GF/PS1A1H
laminates, reduced by 69% compared with that of the GF/PS. The GF/PS1A has the
second lowest moisture uptake laminate, reduced by 31% compared with that of the
GF/PS. The GF/PS1H has the same moisture uptake content as the GF/PS. In the third
week, the M; of the GF/PS increases to 0.67%, over 300% more than that in the first week.
The lowest moisture uptake laminate is still in the GF/PS1A1H, 57% less than that of the
GF/PS. The moisture uptake of the GF/PS1A is 34% less than that of the GF/PS and the
GF/PS1H has similar moisture uptake content to the GF/PS in both the first and third
weeks. These findings indicated that HNTs acting as rigid particles had negligible effect
on moisture permeability in the GF/PS laminate, however, APTES had a barrier effect in
reducing the amount of moisture permeating into the GF/PS laminates. Moreover, with
the synergistic effect of HNTs with APTES, the better barrier appeared to significantly

reduce the laminate’s permeability.

13
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Fig. 7. Moisture uptake content (M;) for GF/PS and GF/PS composite laminates during
salt spray test.

Fig. 8 shows that the ILSS values of laminates decrease with time during the salt spray
ageing test. The highest ILSS results after the salt spray ageing test still come from the
GF/PS1A1H laminate, but drop 3.7% in the 1* week and 13.9% in the 3" week compared
with the original ILSS result. However, the ILSS results for the GF/PS laminate drop 7.6%
and 24.8% in the 1* and 3™ weeks, respectively. Fig. 9 shows the mode I interlaminar
fracture toughness Gic values measured after 0, 1, and 3 weeks of salt spray testing and
the results of Gic values are listed in Table 4. After a week’s salt spray ageing test, all Gic
values decrease in the range of 4.1-6.8%. Moreover, the Gi¢c values continuously decrease
over the range of 6.4%-15.4% by the 3*® week. These results indicated that both ILSS and
Gic decreased with duration of immersion. After a period of salt water permeation, the
laminates began to swell and the moisture sorption caused by the swelling volume
gradually increased. As well, physical or chemical degradation such as hydrolysis of the
polymer, chain breakage, creation of small molecules, and extraction of these molecules
from the composite began and mass loss of composite took place. Meanwhile, micro-

cracks (voids) appeared in the interfaces between fiber and polymer or interlaminate due
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to chemical degradation and water pressure, leading to a sharp increase in moisture
sorption [21]. It was noteworthy, however, that the APTES presented as films in the GF
surface, GF/PS interfaces, and within the PS resin, that could reduce the permeability of
the GF/PS laminate. Meanwhile, the synergistic effects of APTES and HNTs also greatly

improved the performance of the GF/PS laminates under the marine environment.
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Fig. 8. ILSS values of GF/PS and GF/PS composite laminates after different salt spray

test durations

Table 4. Model I interlaminar fracture toughness of GF/PS and GF/PS composite

laminate after different durations of salt spray testing.

Samples Gic.o I/m?) G (J/m?) Difference (%)  Gics (J/m’) Difference (%)
GF/PS 683+43 644+46 -5.7 599+34 -12.3
GF/PS1H 732+32 682+48 -6.8 619+35 -15.4
GF/PS1A 666+32 634+34 4.8 611+33 8.3
GF/PS1A1H  749+20 718+34 4.1 701+42 -6.4

Note: Gic.o, Gic-1 and Gic.3 is the model I interlaminar fracture toughness of the laminate

before, after 1 week and after 3 weeks salt spray test, respectively.
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Fig. 9. Mode 1 interlaminar fracture toughness of GF/PS and GF/PS composite laminates
after different salt spray test periods.

4. Conclusion

The present study demonstrates an economical and promising processing technique for
GF/PS composite laminates. With the present processing parameters, the addition of 1 wt%
of commercially available nanoparticles (HNTs) and 1 wt% of an industrially used
coupling agent (APTES) resulted in the best dispersion in the PS matrix. The
incorporation of 1 wt% HNTSs and 1 wt% APTES into the conventional structural GF/PS
composite resulted in 26.5% and 11.5% increments in interlaminar shear strength and
model interlaminar fracture toughness respectively. SEM analysis confirmed good
dispersion of 1 wt% HNTs in the matrix. Fracture surface morphological analysis showed
that dimple-like structures appeared on the fracture surfaces, facilitating an increase in
the fractured surface area and consuming the energy of micro-cracking preceding the
fracture. Meanwhile, APTES act as a barrier that reduced the permeability of the GF/PS
laminates and significantly decreased their deterioration under the marine environment.
The effects of salt water on the mechanical properties of the laminates, especially the
synergistic effects of APTES and HNTs in the GF/PS laminates, either stopped or slowed
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any decrease in interlaminar fracture toughness and interlaminar shear strength. These
findings demonstrated the great potential of such laminates to be used in harsh

environment.
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Chapter 8: Hybrid enhancements by polydopamine and nanosilica on carbon
fibre reinforced polymer laminates under marine environment

8.1 Introduction and significance

In this chapter, we reported a new method of hybrid enhancement with nanosilica (Nanopox
F400) for matrix toughening and PDA sizing for laminate interface enhancement. The Mode 1
interlaminar fracture toughness and interlaminar shear strength were significantly increased in
modified CFRP laminates and the enhancement mechanism was proposed here. Meanwhile, we
found that the nanosilica and PDA enhanced laminates successfully offset the deterioration by

salt water in the simulated marine environment. The highlights in this work include:

1. We studied that with 2 wt% nanosilica modified CFRP, the Mode 1 fracture toughness
increased by 17% and interlaminar shear strength increased by 8%, compared with the neat
CFRP. With 2 wt% nanosilica and 3 wt% PDA, the Mode 1 fracture toughness increased by
39% and interlaminar shear strength increased by 22%, compares to the neat CFRP.

2. The salt spray test results indicated that the salt water weakened the ability of rigid silica
particles to deflect cracking paths, but salt water did not show significant damage on the
PDA layer in this study.

This section is included as it submitted and under review as a journal paper by Wei Han,
Hongping Zhang, Xin Xu and Youhong Tang. Hybrid enhancement by polydomamine and
nanosilica on carbon fibre reinforced polymer laminates under marine environment, Compos
Part A 2018; 112: 283-289.

8.2 Hybrid enhancements by polydopamine and nanosilica on carbon fibre reinforced
polymer laminates under marine environment
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ARTICLE INFO ABSTRACT

In this study, two enhancement methods, i.e., toughen the epoxy matrix by commercially available nanosilica
and enhance the interfaces of fibres and matrix by autoxidation of dopamine were applied together in carbon
fibre reinforced polymer laminates with potential large-scale applicability. Significant enhancements were found
for Mode I interlaminar fracture t and interl shear strength with the combined addition of na-
nosilica and polydop in the | . The enhancement mechanism is proposed as well. Salt spray tests
were applied in this study to simulate a marine envi for the | Model I interl fracture

gh and interl shear strength both decreased under the simulated marine envir with an
increase in immersion time, but the deterioration was significantly mitigated when nanosilica and polydopamine
were added together with still much higher mechanical properties measured after 3 weeks of salt spray im-
mersion than in neat laminate without salt spray immersion, providing promising evidence for maritime en-
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gineering applications of such laminates.

1. Introduction

Growing demand exists for carbon fibre reinforced polymer (CFRP)
composite materials with enhanced properties, which are essential for
applications in engineering fields, especially in harsh environments. As
CFRP is a combination of fibre and matrix, its properties are dominated
by high strength and stiffness in fibres as well as low strength in the
ductile polymer matrix and the interfaces between fibres and matrix.
These poor polymer properties and weak interfaces between fibres and
polymer significantly limit the applications of CFRP. Consequently, it is
of interest to enhance the polymer resin as well as the interfaces be-
tween the resin and fibre of the CFRP composites to extend laminate
applications in various fields.

Significant work has been done to enhance polymer matrix as well
as interfaces in recently years, with some studies focusing on large-scale
production and commercialization. The use of nanoparticles to toughen
polymer matrix is one promising method, employing such particles as
nanosilica, halloysite nanotubes, and carbonaceous nanoparticles such
as graphene nanoplatelets and graphene oxide. Improvements in
Young’s modulus, fracture toughness and tensile strength have been
reported [1-6]. However, one of the challenges in using nanoparticles is
the achievement of homogeneous dispersion of high weight/volume
ratio nanoparticles in matrix while maintaining comparatively low
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viscosity. The difficulty is that viscous resin systems cannot easily im-
pregnate continuous fibres or fibre fabric during CFRP production.
Meanwhile, based on a resin infusion process, the filtering of dense
fibre bundles against agglomerated nanofillers can lead to severe seg-
regation and depletion of nanofillers in matrices [7,8], also significantly
offsetting the enhancement effects of nanoparticles in laminates. One of
the solutions is the use of in situ synthesized methods such as the sol-gel
manufacturing process, whereby particle size and excellent distribution
are unaffected during any further processes. Several commercially
produced nanosilica-modified epoxies are available, such as Nanopox
F400, a concentration of 40 wt% nanosilica in diglycidyl ether of bi-
sphenol A (DGEBA) epoxy resin [9], with an average particle size of
20 nm and a narrow range of particle size distribution. In our previous
research, only 2wt% nanosilica added in the epoxy improved the
fracture toughness and corrosion rate under a marine environment [9].
Meanwhile Sprenger reported using nanoparticles no longer further
improvement the delamination fracture value when the value reached
to 500 J/m?2. Above that value, the dominated delamination fracture of
laminate often changes from matrix failure to interfacial failure [10].
Therefore, the addition of a single type of nanoparticle did not further
mitigate the occurrence of delamination fracture.

Sizing is a method of wetting out fibre surfaces to improve the poor
interfacial adhesion of CFRP. Polydopamine (PDA) is a bionic material
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Fig. 1. Schematic drawing demonstrating the hybrid enhancement strategy by toughening epoxy matrix with nanosilica and enhancing the interface by applying
polydopamine on carbon fibre surfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

which has excellent adhesion to a range of solid surfaces, such as me-
tals, oxides, polymers and ceramics by autoxidation of dopamine in
basic aqueous solutions [11]. Recently, it has also been applied to
modify nanoparticles such as carbon nanotubes [12], graphene [13]
and clay [14], revealing excellent ability to improve the mechanical,
thermal and electromagnetic interference shielding performance of
polymer matrices. In addition, PDA has been used to modify short
carbon fibres, revealing significant improvement in tensile strength and
Young's modulus [12]. Furthermore, Yang et al. reported that the ca-
techol groups in PDA were forming hydrogen bonds with polar groups
in epoxy [15]. In addition, the interfacial covalent bonding was forming
between PDA and epoxy because of the primary and secondary amine
groups in PDA may react with epoxy groups and the amine hardener
may react with PDA [16,17]. We reported using a simple method for
surface modification to improve the load transfer between carbon fibre
and epoxy matrix, increase the fractured interface friction and reduce
unstable crack growth in CFRP composites [18].

The application of CFRP composites in maritime engineering was
initially the demand of building lightweight, strong, corrosion-resistant
durable naval vessels. CFRP can overcome corrosion problems experi-
enced with steel or aluminium alloys and environmental degradation
suffered by wood. Additionally, CFRP can significantly reduce the
weight of a structure but still maintain the desired performance and
structural integrity. However, under the marine environment, the me-
chanical properties of laminates degrade due to UV, moisture, tem-
perature and ageing — creating the potential of accidentally creating
fracture. Bastioli et al. reported water aging may strongly affect the
matrix behaviour, by producing changes in its chemical and physical
nature by itself or in conjunction with other chemical or physical agents
such as heat and ultraviolet light [19,20]. Moreover, the fibre/matrix
interface can be degraded by a hydrolysis reaction of unsaturated
groups within the resin under marine conditions [21-23]. A concern is
the incomplete understanding and shortage database of using fibre re-
inforced composites as marine structures with long-term durability.
Consequently, to efficiently enhance the properties of CFRP and extend
its applications in the harsh marine environment, there is interest in
improving the mechanical performance at least to offset the dete-
rioration generated by that environment.
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Current enhancements to interfacial adhesion rely on sizing wet-out
fibre surfaces. However, the inherent poor properties of polymer matrix
render these solutions inefficient. Furthermore, polymer matrix en-
hancement can only toughen the matrix itself, with less enhancement of
the interfaces. In this work, we demonstrate a feasible hybrid method to
enhance the laminate, with potential large-scale application under
marine environments. Commercially available nanosilica can provide
the necessary polymer matrix toughness, while polydopamine on
carbon fibre surfaces can provide significant interfacial adhesion among
fibres and matrix. With those hybrid enhancements, laminates can
offset deterioration under a simulated marine environment and still
achieve superior mechanical performance to that displayed by neat
laminate without salt water immersion.

2. Experiments
2.1. Polydopamine for CFRP interfacial enhancement

The as-received carbon fabric was submerged in acetone for 48 h to
wash off the commercial sizing and impurity. For fabrication of the PDA
sizing fibres, 4 g dopamine hydrochloride (Sigma, Australia) was dis-
solved in a mixed solution of deionized water (4000 mL) and aqueous
solution of TRIS (3.6g tris(hydroxymethyl)aminomethane, 1000 mL
deionized water), with magnetic stirring for 30 min. 200 gm unidirec-
tional carbon fibre fabrics (Hexcel, USA) were prepared into 8 layers
with the size of 30 cm * 30 cm then placed in a container and the mixed
solution was transferred to the container. The container was shaken by
a benchtop orbital shaker (Labec, Australia) at 100 rpm for 24 h at
ambient temperature. Then, the modified carbon fibre fabrics were
collected, washed with deionized water several times to remove the
residual dopamine, and dried in a vacuum oven at 40°C for 24 h.
Finally, the thickness of PDA layer on the carbon fabric was 50-100 nm.
From our previous report, approximately 3.2 wt% of polydopamine was
coated on the carbon fabric [20].

2.2. PDA-SiO,-CFRP composites preparation

A vacuum-assisted resin transfer moulding (VARTM) process was
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Fig. 2. (a) Typical load-crack opening displacement curves obtained from Mode
1 interlaminar fracture toughness tests and (b) typical Mode I delamination
crack growth resistance curves (R-curves) for different laminates. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

used to fabricate the CFRP composites, as shown in the schematic
drawing in Fig. 1. In this procedure, a flat metal plate was first treated
with a releasing agent. For the PDA-SiO,-CFRP, the raw resin was
prepared by using a diglycidyl ether of bisphenol A (DGEBA) epoxy
resin, Araldite-F (Ciba-Geigy, Australia) to dilute the commercialized
Nanopox F400 resin (40 wt% nanosilica) to 2wt% nanosilica epoxy
resin. A piperidine (Sigma-Aldrich, Australia) hardener was added at
the ratio of 100:5 by weight while being stirred slowly. A PDA-modified
carbon fibre ply stack was next placed on the metal plate between two
PTFE films, one above and one below the stack. A 10-um thick non-stick
film was inserted in the middle layer of the stack to create the initial
delamination. The peel films were placed between two infusion meshes
(above and below the peel films). Then the mixture resin was placed in
a vacuum oven to preheat to 80 °C and degassed as well. After that, the
resin was pumped into the vacuum bag and placed in a hot press ma-
chine (Carver Inc. USA) with a pressure at 10 KN/m? and curing tem-
perature at 120°C for 24 h. Finally, the cured panel thickness was
measured to be approximately 3 mm for all plates and the fibre volume
was measured at nearly 32 vol.%. Test specimens were cut from the
cured panels by means of bandsaw cutting and polisher polished. As
controls for evaluation, pure CFRP and 2% SiO,-CFRP were prepared
separately. Fig. 1 illustrates the hybrid enhancement strategy used in
this study.
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Table 1

Selected interlaminar fracture toughness and interlaminar shear strength values
with simple nanosilica enhancement on matrix or with current hybrid en-
hancement.

Gy (KJ/m?) Improvement (%) Ref.
CFRP 0.54 = 0.02 -
2% SiO,-CFRP 0.63 = 0.02 17
3%PDA-2% SiO,-CFRP 0.75 = 0.01 39
GFRP 0.83 - [26]
10% SiO2-GFRP 0.90 8
20% SiO, GFRP 0.95 15
CFRP 0.54 - [27]
4% Si0,-CFRP 0.62 15
6% Si02-CFRP 0.64 19
8% Si0,-CFRP 0.62 15
10% SiO,-CFRP 0.62 15
12% SiO,-CFRP 0.61 13
CFRP 1.25 - [28]
4% Si0,-CFRP 1.17 -6
8% Si0,-CFRP 1.31 5
8% Si0,-4%CSR-CFRP 1.52 22
8% Si0,-8%CSR-CFRP 1.76 41

1LSS (MPa) Improvement (%)
CFRP 55.7 = 14 -
2% Si0,-CFRP 59.9 + 1.6 8
PDA-2% SiO,-CFRP 67.8 = 1.6 22
CFRP 45.5 - [29]
2.5% GO-CFRP 46.0 1
10% GO-CFRP 50.7 11
CFRP 44.6 - [30]
3% CB-CFRP 31.8 -29
3% MWCNTSs-CFRP 46.7 5
3% GnPs-CFRP 47.5 7

2.3. Characterizations

The Mode I interlaminar fracture toughness was measured using
double cantilever beam tests carried out on a universal testing machine
(Instron, US) fitted with a 500 N load cell in accordance with the ASTM
D 5528 standard. The dimensions of the test specimen were
125mm X 25mm X 3 mm. Test specimens were clamped in the jaws of
the machine via the block hinges with a load rate of 1 mm/min while
the load-displacement data was recorded. The fracture surfaces of test
specimens were examined using a scanning electron microscope (SEM;
Inspect F50, FEI, US). The SEM samples were selected around the pre-
crack tip area and coated with gold to form a thin 1nm conductive
layer. The interlaminar shear strength (ILSS) was measured using a 3-
point short beam strength test following the ASTM D-2344 standard.
The specimens were cut to the dimensions of 50 mm X 12mm X 3 mm.
A minimum of 8 specimens per batch were tested.

Specimens were placed in a salt spray test machine for periods of 1
and 3 weeks following the ASTM b117 standard. 5wt% NaCl solvent
was used to simulate marine water and the test temperature was 42 °C.
Specimens were then washed in running water and oven dried at 60 °C
for 48 h. Model I interlaminar fracture toughness and interlaminar
shear strength were characterized after the immersion.

3. Results and discussion

ement on CRPF |

3.1. Hybrid enh

Fig. 2(a) shows load-crack opening displacement (COD) curves ob-
tained from Mode 1 interlaminar fracture toughness tests for different
laminates. The neat CFRP shows a saw-tooth shaped curve which forms
as the load increases and decreases alternately, demonstrating unstable
energy release during crack propagation. In comparison, for the SiO,-
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Fig. 3. Schematic drawings of failure mechanism for (a) neat CFRP; (b) SiO,-CFRP; (c) PDA-CFRP and (d) PDA-SiO,-CFRP, with corresponding SEM images of the

fractured surfaces after model I interl] fracture tougt

referred to the web version of this article.)

CFRP sample, the COD curve shows a saw-tooth shaped curve similar to
that of the neat CFRP but with higher load capacity than that of the neat
CFRP. For the PDA-SiO,-CFRP specimen, however, the force regularly
increases to the peak point and then drops in a relatively smooth
movement, while the load capacity increases further, as shown in
Fig. 2(a). These COD curves indicate that the addition of nanosilica
alone can increase the load capacity but may not improve the interface
adhesion. With PDA added in the SiO,-CFRP specimen, however, the
interfacial adhesion also improves [24]. Fig. 2(b) shows typical Mode I
delamination crack growth resistance curves (R-curves) calculated from
the COD curves. Generally, the R-curves grow to a plateau with crack
propagation.

286

87

characterizations. (For interpretation of the references to color in this figure legend, the reader is

The gradual formation of a fibre-bridging zone behind the crack
front is the main toughening process in these CFRP composites [25].
The average value of Gyc during propagation is 540 J/m? for CFRP and
630J/m? for SiO,-CFRP, with about 17% improvement which is at-
tributed to the deflection of the cracking paths because of the presence
of the rigid nanosilica particles consuming more energy [9]. The
average propagation G value for PDA-SiO,-CFRP is 750 J/m?, which is
a 39% increment compared to that of CFRP, as the PDA can further
provide strong adhesions between carbon fibre and epoxy resin [11].
Table 1 shows a summary of the Gyc values for the nanosilica enhanced
CFRP and its improvement ratios. As shown in the Table, Tsai et al.
reported that compared with neat laminate, Gyc values increased by
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salt spray durations used to simulate marine environment effects on laminate

performance.

Table 2
The reduction rate of salt spray test compared to properties at 0 day of each
specimen.

Salt spray test 7 days 21 days

Gic CFRP NA NA
Si02-CFRP —4% —-9%
PDA-Si0O,-CFRP -4 -9%

ILSS CFRP -9% NA
Si02-CFRP —5% —-9%
PDA-SiO2-CFRP -5% —-9%

8.4% and 14.5% when 10 wt% and 20 wt% silica nanoparticles re-
spectively were added in the laminate [26]. Obviously, the 2 wt% sol-
gel form of nanosilica provided a greater increment of the G,c than the
20 wt% unmodified nanosilica. Similarly, Zeng et al. reported that in
laminates modified with 4 wt% and 6 wt% silica nanoparticles, the G,
values increased by 15% and 19%, respectively [27]. However, further
increasing in the concentration of nanosilica did not further increase
the Gj¢ value. Meanwhile, Carolan et al. reported the use of a hybrid of
nanosilica and polysiloxane core-shell rubber (CSR) to toughen the Gyc.
They found that the use of 8 wt% SiO, with 8 wt% CSR significantly
improved the Gy¢ value by 41% compared to that of neat CFRP [28]. In
comparison, the hybrid enhancement in the PDA-SiO,-CFRP of the
current study used only 3 wt% PDA and 2 wt% nanosilica to achieve a
39% increment in the Gyc value. This result demonstrates a marked
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advantage over the use of enhancement of simple matrices by nano-
particles.

Table 1 also shows that the average ILSS value of the neat CFRP
laminate is 55.7 MPa; this value increases to 59.9 MPa for SiO,-CFRP
and 67.8 MPa for PDA-SiO,-CFRP with increments of 8% and 22%,
respectively. In the report of Zhang et al. [29], the ILSS values were
46 MPa and 50.7 MPa for laminates with 2.5 wt% and 10 wt% GO na-
noparticles, the values increasing by 1% and 12% respectively com-
pared with those of the neat laminate. Srivastava et al. found that, with
3% carbon blacks (CBs), 3% multi-walled carbon nanotubes (MWCNTSs)
and 3% graphene nanoplatelets (GnPs) added in the laminate, the ILSS
values increased by —29%, 5% and 7%, respectively [30]. Thus a sig-
nificant advantage has been demonstrated of hybrid enhancement as a
feasible way to enhance the interlaminar properties of laminates,
compared with single nanoparticle enhancement.

Fig. 3 shows a schematic drawing of the proposed toughening me-
chanisms for different laminates, with SEM images of fracture surfaces.
Fig. 3(a) shows a clean and smooth surface of the fibres in a CFRP
fracture surface, indicating that the fracture mechanism is primarily
interfacial debonding. The epoxy resin detaches completely from the
carbon fibre surfaces because of weak bonding in the interfaces. This
finding indicates that fibre/epoxy debonding is the dominant failure
mechanism, and the most likely failure site in the laminates is still the
interface. Although the SiO,-CFRP fracture toughness surface is also
clean and smooth, as observed in Fig. 3(b), the fractured resin surface is
rougher than that of the neat epoxy Fig. 3(a), because the rigid nano-
silica particles can deflect cracking paths, resulting in a higher G;cand a
rougher fracture surface, as shown in Fig. 3(b). From our previous
publication [18] regarding the PDA-CFRP laminate, with the en-
hancement on the interfaces, a higher G;¢ value has been reported with
rough fracture surfaces been observed, as shown in Fig. 3(c). In con-
trast, in the PDA-SiO,-CFRP fractured surface, a significantly different
interface microstructure is shown in Fig. 3(d). A large amount of epoxy
adhering to the PDA treated carbon fibre surfaces and the rough frac-
tured epoxy surface indicate that the failure mechanism is a combina-
tion of epoxy resin fracture and interface debonding. The development
of these microstructures is related to both PDA-enhanced interactions
between carbon fibre and epoxy and nanosilica toughened epoxy ma-
trix. Therefore, the overall G,¢ value is significantly increased.

h

3.2. Marine environment effects on the hybrid ement of 1

Fig. 4(a) shows the Mode I interlaminar fracture toughness Gy va-
lues after 0, 1 and 3 weeks’ salt spray testing to simulate marine en-
vironment effects on laminate mechanical properties. Generally
speaking, the marine environment will deteriorate Mode I interlaminar
fracture toughness. As shown in the figure, after a week’s salt spray test,
the Gy values decrease to 0.61 KJ/m? for SiO,-CFRP and 0.72 KJ/m?
for PDA-SiO,-CFRP, respectively. Moreover, the G¢ values continue to
decrease, reaching 0.58 KJ/m? for SiO,-CFRP and 0.68 KJ/m? for PDA-
SiO,-CFRP after 3 weeks’ salt spray testing. Such trends of deterioration
effects have also been reported previously [9]. After a period of salt
water permeation, it is found that laminates began to swell, and the
moisture sorption caused by the volume swelling gradually increased.
Meanwhile, physical or chemical degradation, such as hydrolysis of the
polymer, chain breakage, creation of small molecules and extraction of
these molecules from the composite began, and mass loss of composite
occurred [31]. However, the deterioration of the laminate G;. values
was diminished by the addition of nanosilica, as reported by us pre-
viously [9], with further mitigation when PDA and nanosilica were
added together. As a result, the Gy, values of SiO,-CFRP and PDA-SiO,-
CFRP after 3 weeks’ salt spray testing were still 7% and 26% higher
respectively than those of the neat CFRP (0.54 KJ/m?) without any salt
spray test. This finding shows that the hybrid enhancement significantly
improved the Mode I interlaminar fracture toughness under the marine
environment.
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Fig. 5. SEM images of fracture surfaces of (a)-(c) SiO,-CFRP and (d)-(f) PDA-SiO,-CFRP laminates (a) and (d) before salt spray testing and (b) and (e) after 1 week

and (c) and (f) 3 weeks of salt spray testing.

Fig. 4(b) shows that the ILSS values of all laminates decreases after
the salt spray test. The highest ILSS result after the salt spray test still
comes from the PDA-SiO,-CFRP laminate, with reduction rates of 5% in
7 days and 9% in 21 days compared with that in 0 day as shown in
Table 2. For the SiO,-CFRP laminate, it has the similar reduction rates
of 5% in 7 days and 9% in 21 days, respectively. However, CFRP has a
reduction rate of 9% in 7 days observed indicates that SiO, or PDA-SiO,
are applied in CFRP can efficiently reduce the degradation of me-
chanical properties under marine environment. Interestingly, the ILSS
value of the SiO,-CFRP laminate after the 3-week salt spray test de-
creases to a value which is even 2.3% lower than that of the neat CFRP
without the salt spray test. However, the ILSS value of the PDA-SiO,-
CFRP laminate is still 11% higher than that of the unmodified CFRP.
Hence, it can be concluded that in terms of mechanical properties, PDA-
Si0,-CFRP laminate is superior to SiO,-CFRP laminate under marine
environment.

Fig. 5 shows SEM images of interlaminar fracture toughness surfaces
after different salt spray periods. The morphologies of the fracture
surfaces changed significantly with the salt spray duration. Fig. 5(a)-(c)
shows SEM images of the fracture surfaces of SiO,-CFRP without and
after 1 and 3 weeks of salt spray tests. The fracture surfaces become
smoother as the salt spray duration increases. Especially in Fig. 5(c), the
fracture surfaces of SiO,-CFRP after 3 weeks’ salt spray were very si-
milar to that of the neat CFRP fracture surface shown in the SEM image
of Fig. 3(a). This result indicates that, due to salt water permeation, the
nanosilica/resin interfaces have been attacked by salt water, weakening
the ability of rigid silica particles to deflect cracking paths. Therefore,
the fracture surface of SiO,-CFRP becomes smoother. For PDA-SiO,-
CFRP, as shown in Fig. 5(d)-(f), significant amount of resin still adheres
to the PDA treated carbon fibre surfaces. Although the resin surfaces are
less rough, the PDA layers do not show significant damage. Therefore,
most of deboning comes from the epoxy resin fracture, indicating that
the salt water on the PDA layer may serve as an effective layer to slow
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the deterioration effects of swelling on the interfaces.
4. Conclusion

In this study, with the use of hybrid enhancements of CFRP lami-
nates by nanosilica and polydopamine, CFRP shows significant im-
provement of mechanical properties. Increments of 39% in Mode I in-
terlaminar fracture toughness and 26% in interlaminar shear strength
were obtained for the PDA-SiO,-CFRP compared with those of the neat
CFRP. The enhanced mechanism was mainly the result of the en-
hancement of interfacial bonding among epoxy and carbon fibres by the
PDA and the toughening of the epoxy matrix by rigid nanosilica par-
ticles. In the marine environment, the mechanical properties deterio-
rated with an increase in time. However, that deterioration could be
effectively offset by the combined enhancements from nanosilica and
PDA, an outcome that successfully demonstrates a promising use of
CFRP laminates under marine environments.

Acknowledgements

We acknowledge the use of South Australian nodes of the Australian
Microscopy & Microanalysis Research Facility (AMMRF) and Australian
National Fabrication Facility (ANFF) at Flinders University. W Han is
grateful for the research training program scholarship during his PhD
study.

References

[1] Maugis D. Subcritical crack growth, surface energy, fracture toughness, stick-slip
and embrittlement. J Mater Sci 1985;20(9):3041-73.

Ghasemnejad H, Hadavinia H, Aboutorabi A. Effect of delamination failure in
crashworthiness analysis of hybrid composite box structures. Mater Des
2010;31(3):1105-16.

Maksimov IL. Thermomechanical fracture instability and stick-slip crack

(2]

(3]



W. Han et al.

[4]

[5.

[6]

7

(8

91

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

propagation. Appl Phys Lett 1989;55(1):42-4.

Kinloch AJ, Williams JG. Crack blunting mechanisms in polymers. J Mater Sci
1980;15:987-96.

Lee C, Wei X, Kysar JW, Hone J. Measurement of the elastic properties and intrinsic
strength of monolayer graphene. Science 2008;321(5887):385-8.

Qin W, Vautard F, Drzal LT, Yu J. Mechanical and electrical properties of carbon
fiber composites with incorporation of graphene nanoplatelets at the fiber-matrix
interphase. Compos Part B 2015;69:335-41.

Wicks SS, Villoria RG, Wardle BL. Interlaminar and intralaminar reinforcement of
composite laminates with aligned carbon nanotubes. Compos Sci Technol
2010;70(1):20-8.

Chi Y, Chu J, Chen M, Li C, Mao W, et al. Directly deposited graphene nanowalls on
carbon fiber for improving the interface strength in composites. Appl Phys Lett
2016;108(21):211601.

Han W, Chen S, Campbell J, Zhang XJ, Tang Y. Nanosilica enhanced fracture
toughness and wear properties of epoxy under marine environment. Mater Chem
Phys 2016;177:147-55.

Sprenger S. Fiber-reinforced composites based on epoxy resins modified with
elastomers and surface-modified silica nanoparticles. J Mater Sci
2014;49:2391-402.

Irshidat MR, Al-Saleh MH, Almashagbeh H. Effect of carbon nanotubes on
strengthening of RC beams retrofitted with carbon fiber/epoxy composites. Mater
Des 2016;89:225-34.

Zhang RL, Gao B, Du WT, Zhang J, Cui HZ, et al. Enhanced mechanical properties of
multiscale carbon fiber/epoxy composites by fiber surface treatment with graphene
oxide/polyhedral ol ic sil i Compos Part A 2016;84:455-63.
Zhang P, Ma L, Fan F, Zeng Z, Peng C, et al. Fracture toughness of graphene. Nat
Commun 2014;5:3782.

Zhang X, Fan X, Yan C, Li H, Zhu Y, Li X, et al. Interfacial microstructure and
properties of carbon fiber composites modified with graphene oxide. ACS Appl
Mater Interfaces 2012;4(3):1543-52.

Yang L, Phua SL, Teo JKH, Toh CL, Lau SK, Ma J, et al. A biomimetic approach to
enhancing interfacial interactions: polydopamine-coated clay as reinforcement for
epoxy resin. ACS Appl Mater. Interfaces 2011;3:3026-32.

Hu X, Qi R, Zhu J, LuJ, Luo Y, Jin J, et al. Preparation and properties of dopamine
reduced graphene oxide and its composites of epoxy. J Appl Polym Sci
2014;131:39754.

Chen S, Cao Y, Feng J. Polydopamine as an efficient and robust platform to func-
tionalize carbon fiber for high-performance polymer composites. ACS Appl Mater.

289

90

(18]

[19]

[20]
[21]
[22]
(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Composites Part A 112 (2018) 283-289

Interfaces 2014;6:349-56.

Han W, Zhang H, Tavakoli J, Campbell J, Tang Y. Polydop as sizing on carbon
fiber surfaces for of epoxy lami d composites. Compos Part A
2018;107:626-32.

Bastioli C, Casciola M, Romano G. Role of the interface in composite materials

during water ageing. In: Proceedings of the third international conference oncom-
posite interfaces, Cleveland, OH, 21-24 May 1990. p. 569-81.

Blaga A. Water sorption characteristics of GRP composite: effect of outdoor
weathering. Polym Compos 1981;2(1):13-7.

Alvarez VA, Analia V. Effect of water sorption on the flexural properties of fully
biodegradable composites. J Compos Mater 2004;38:1165-81.

Csaba S, Hiroyuki H, Kiyohito K. Blister appearance in thermoplastic composites.
Adv Compos Mater 2001;10:63-75.

Kootsooks A, Maritz AP. Seawater durability of glass- and carbon-polymer com-
posites. Compos Sci Technol 2004;64:1503-11.

Qu KG, Zheng Y, Jiao Y, Zhang XX, Dai S, Qiao SZ. Polydopamine-inspired, dual
heteroatom-doped carbon nanotubes for highly efficient overall water splitting. Adv
Energy Mater 2017:1602068.

Mouritz AP, Baini C, Herszberg I. Mode I interlaminar fracture toughness properties
of advanced textile fiberglass composites. Compos Part A 1999;30:859-70.

Tsai JL, Huang BH, Cheng YL. Enhancing fracture toughness of glass/epoxy com-
posites by using rubber particles together with silica nanoparticles. J Compos Mater
2009;43(25):3107-23.

Zeng Y, Liu HY, Mai YW, Du XS. Improving interlaminar fracture toughness of
carbon fibre/epoxy laminates by incorporation of nano-particles. Compos Part B
2012;43:90-4.

Carolan D, Kinloch AJ, Ivankovic A, Sprenger S, Taylor AC. Mechanical and fracture
performance of carbon fibre reinforced composites with nanoparticle modified
matrices. Procedia Struct Integrity 2016;1:96-103.

Zhang XQ, Fan XY, Yan C, Li HZ, Zhu YD, Li XT, et al. Interfacial microstructure and
properties of carbon fiber composites modified with graphene oxide. ACS Appl
Mater Interfaces 2012;4:1543-52.

Srivastava VK, Gries T, Veit D, Quadflieg T, Mohr B, Kolloch M. Effect of nano-
material on mode I and mode II interlaminar fracture toughness of woven carbon
fabric reinforced polymer comp Eng Fract Mech 2017;180:73-86.

Yu Y, Yang X, Wang L, Liu H. Hygrothermal aging on pultruded carbon fiber/vinyl
ester resin composite for sucker rod application. J Reinf Plast Compos
2006;25:149-60.




Chapter 9: Conclusions and perspectives

9.1 Conclusions

Mechanical properties of marine composites have been significantly deteriorated in marine
environment, therefore, reinforcing mechanical properties of marine composites is necessary and
urgent. This thesis is devoted to study a variety of nanoparticles and sizing enhanced FRP
composites to offset the marine environment deterioration effects, especial salt spray effects.
This study commences with discovering concentration and functional groups of nanoparticles
(HNTs and nanosilica) effects on the mechanical and thermal properties of polymer matrix.
Following by a discussion about mechanisms of salt water effect on composites, meanwhile it is
found that nanosilica enhancement can complement the loss due to the salt water immersion.
Then, a study of synergistic effects of HNTs and APTES on toughening the mechanical
properties of glass fibre reinforced polystyrene has been conducted along with studying effect of
reinforcement in the marine environment. At last, a study of a feasible method by using
polydopamine to enhance the interface of epoxy resin and carbon fibre surfaces, and then hybrid
enhancements with nanosilica to fabricate a low-cost, large-scale and durable nanoparticle
reinforced composite has been explored to provide an alternative choice for maritime
engineering applications. Based on the research in this thesis, the following conclusions can be

drawn:

1) The morphology of (PPA)-treated HNTs changed from nanotubes to nanoplatelets, therefore
increased the contact surface between the HNTs and epoxy resin. Fracture toughness of epoxy
matrices increased with HNTs concentration going up in the composites. However, there was an
optimised concentration (5 wt% in this study), the addition of further HNTs achieves only
marginal fracture toughness enhancement and more negative effects appeared, such as HNTs
concentration gradient in cured epoxy composites, potentially significant decrease in glass

transition temperature (Tg) and potential immature tensile failure.

2) Amino and epoxide functional groups modified nanosilica significant enhanced the fracture
toughness of epoxy composites at a low concentration. The interface between the nanosilica and
the epoxy became stronger due to the chemical bonding. Meanwhile, the epoxide modified

nanosilica has more specific surface area compared to amino modified nanosilica.
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3) Synergistic effects of HNTs and 3-aminopropyltriethoxysilane (APTES) on glass fibre
reinforced composite has been studied. The interlaminate shear strength and Model |
interlaminar fracture toughness of modified composite increased as well as significantly
decreased the deterioration of the mechanical properties of the composite under marine

environments.

4) A new method was developed using polydopamine (PDA) as sizing on the surface of carbon
fibre (CF) fabric. The crack propagation behaviour changed from a saw-tooth shaped curve in
neat CFRP laminate to a relatively smooth trending curve in a PDA modified CFRP laminate.
Moreover, the Mode | interlaminar fracture toughness, impact strength and interlaminar shear

strength of PDA coated CFRP laminates was also increased.

5) A hybrid toughening method by using nanosilica to toughen the matrix and polydopamine
sizing to enhance the fibre and matrix interfaces was studied. The Mode | interlaminar fracture
toughness, impact strength and interlaminar shear strength of modified CFRP laminates was
significantly enhanced. Meanwhile, the deterioration of the mechanical properties of the
modified CFRP laminates under marine environments was offset by the improvement of the
hybrid matrix and interface toughened effects.

9.2 Perspectives
Although significant progress for nanoparticles enhanced fibre reinforced polymer composites
used in the marine environment has been made in this thesis, there are still some challenges in

the future research.

1) The enhanced properties by nanoparticles can complement the loss of deterioration of
composite due to salt water immersion, other facts such as temperature, biodeterioration and
ultraviolet also great affect the various degradation for marine composites. It is highly desirable
to combine those effects to find out whether nanoparticles enhancement still can complement the

loss of deterioration of those effects.

2) Multifunctional is very valued property for advanced materials. Nanoparticles can provide
such as electrical conductivity, thermal conductivity, magnetic and UV block characters which
are not original owned in normal marine composite materials. However, introducing such

characters may affect the mechanical property or machinability of the composite. Therefore, it is
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a big challenge to make multifunctional composite which still maintain their original

performances.

3) The purpose of this thesis is to fabricate a durable nanoparticle reinforced composite to
provide an alternative option for maritime engineering. Although the material has been made in
the laboratory, it is necessary to develop the composite structures which can be large-scale

production and commercialization.

We believe that further explorations in nanoparticle enhanced fiber reinforced composite area

will contribute to maritime engineering with all the above problems solved.
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