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Abstract

Polymer nanocomposites are widely being established within industry due to, among others, their
lightweight performance advantages and ability to meticulously target material properties with great
control and precision. Despite the beneficial properties introduced, certain nanofillers have shown
conceivable health risks and toxicity to humans and the environment. The use and introduction of
these materials into the workplace can be hazardous when human exposure is concerned. The risk,
exposure and understanding of the influence of embedded nanoparticles within commercial

composites have on release during machining processes is yet to be evaluated and quantified.

Four groups of nanocomposites incorporating seven relevant different nanoparticles at different
weight concentrations are identified to be utilised within industry and contain potentially harmful
nanoparticles if released and exposed. The materials are manufactured and the effect on mechanical
properties are investigated through tensile tests, 3-point bend flexural tests, SEM, EDX and FT-IR. An
automated drilling methodology in which the background noise is eliminated in the measurements is
used for a process approach on the assessment of nanoparticle emissions. The investigation uses real-
time measurements using a combination of a Condensation Particle Counter (CPC), Scanning Mobility
Particle Sizer Spectrometer (SMPS), a real-time fast mobility particle spectrometer (DMS50) and post-
test analytical methods. In this research work, the influence of a variety of nanofillers on nanoparticle
release during drilling from three different polymers; polyester (PE), polypropylene (PP) and epoxy
(EP) is investigated. For each polymer, respective suitable fillers for the commercial polymer
application are chosen and researched with demonstrated modified material properties. The four sets
of nanocomposites include PP-based, PE-based, EP-based and a hybrid EP/carbon fibre-based (EP/CF).
PP-based samples were reinforced with talcum (Talc), montmorillonite (MMT) and wollastonite (WO).
PE-based samples were reinforced with two weight concentrations of nano-silica (Si0;) and nano-
alumina (Al.Os). EP-based samples were reinforced with carbon nanotubes (CNT) and carbon
nanofibres (CNF). EP/CF-based samples were reinforced with three weight concentrations of graphene

oxide (GO).

The fillers utilised within the PP-based samples were ascertained to decrease the material density
without significantly affecting the tensile and/or flexural properties. The fillers in the PE-based
samples observed minimal effect on the tensile properties; however, all of the reinforcing fillers
improved both the flexural modulus and flexural strength. The incorporation of CNFs and CNTs in EP

displayed both positive and negative effects on the tensile and flexural properties in comparison to

the EP sample. The use of GO within EP/CF demonstrated minimal effect on both the tensile and

flexural properties in comparison to the sample without nanoparticle reinforcement.
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The study on the PP-based nanocomposites is the first to explore and demonstrate the nanoparticle
release from WO and Talc reinforced composites. The nano-filled samples exhibited a 33 % decrease
(PP/MMT) or a 30 % increase (PP/WO) on average particle number concentration released in
comparison to the virgin PP sample. The size distribution displayed a substantial percentage of the
particles released from the PP, PP/WO and PP/MMT samples between 5 nm to 20 nm, whereas the
PP/Talc sample emitted larger particle diameters. The results from the PE-based nanocomposites
show that the nano-reinforced samples displayed an increase in nanoparticle number concentration
by up to 228% compared to virgin PE. The study suggests that the nanofillers adhered to the PE matrix
showing a higher concentration of larger particles released (20 nm to 100 nm). The correlation
between nanoparticle weight concentration and nanoparticle release can be seen to vary considerably

between the SiO; and Al,O03 samples.

In comparison to the virgin EP, the results revealed that the EP/CNF and EP/CNT samples returned
statistically significant differences for all samples and produced an increase of 93% and 211%
respectively in average particle number concentration. The particle mass concentration indicated that
the release from EP/CNT and EP/CNF samples underlines a vital new perspective needed on CNTs and
CNFs embedded within nanocomposite materials to be considered and evaluated for occupational
exposure assessment. The incorporation of GO within the EP/CF-based samples displayed a
statistically significant increase in nanoparticle release at the three different weight concentrations.
However, no relationship between filler weight concentration and nanoparticle release was
distinguished. Also, although a statistically significant increase was observed, there was no evidence

of the independent fillers in the characterisation and particle size distribution.

Overall, 83 % of the samples investigated exhibited a statistically significant influence on the average
particle number concentration with the introduction of nanoparticles within the material. 67 % of the
nanocomposites displayed a statistically significant increase, and 17% displayed a statistically
significant decrease in the particle number concentration. No clear correlation between mechanical
properties and particle number concentration was evident, however revealed to be highly dependent
on polymer brittleness and ductility. The results demonstrated that the incorporation of most
nanofillers can produce a consequential influence on particle number concentration and therefore
may have a detrimental effect on nanoparticle release. It was observed that some samples emitted
significant concentrations that surpassed the limits of the CPC instrument on several occasions during
the drilling. The significant amount of evidence presented contributes a substantial amount of data

on the assessment of nanoparticle release from polymer nanocomposites during drilling.

Keywords: Nanoparticle, emissions, release, drilling, nanocomposite, polymer, nanofiller, mechanical
properties
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Nomenclature and Notations

Al O3
APS
ANOVA
ASTM
ATO
CB

CF

cm
CNF
CNT
CPC
CuO
CV
DMA
DMS50
EDX
ENM
EP

ESP

F

F value
FMPS
FT-IR
ISO

KX
L/min
MMT

MWCNTs

Symbol to represent unit Angstrém, equal to 0.1 nm
Aluminium oxide, also known as alumina
Aerodynamic particle sizer

Analysis of variance

American Society for Testing and Materials
Antimony-tin oxide

Carbon black

Carbon-fibres

Centimetre

Carbon nanofibers

Carbon nanotubes

Condensation particle counter

Copper oxide

Coefficient of variation

Differential mobility analyser

Fast mobility particle spectrometer
Energy-dispersive X-ray spectroscopy
Engineered nano materials

Epoxy

Electrostatic precipitator

Load

F-statistic used in F-tests and One-Way ANOVA
Fast mobility particle sizer
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Chapter One

General Introduction

1.1.Introduction

Composite materials are characterized as multi-phase materials comprised of two or more
components (Plueddemann, 2016). The combination of material constituents in composites come in
several forms such as: metallic, ceramic, polymer and bio-based composites (Vasiliev and Morozov,
2013). Polymer-based composites are beneficial for lightweight applications due to their strength-to-
weight ratio and/or stiffness-to-weight ratio (Hull and Clyne, 1996). Polymer composites can be
categorised in several comparative ways such as synthetic vs natural or oil resistant vs non-oil-
resistant. However, polymers are most regularly characterised as either a thermoset or thermoplastic
polymer depending on the behaviour when heated and chemical bonds formed during polymerisation

and curing process of the matrix (Landel and Nielsen, 1993; Pielichowski and Njuguna, 2005).

Conventional polymer composites are fabricated using a selection of material fillers to modify the
properties of the constituent polymer matrix. The size and amount of filler used to transform the
characteristics traditionally varies with different composites depending on the resin matrix and the
intended application. Due to the combination of ease of manufacture, cost, processing properties and
resulting material characteristics, polypropylene (PP), polyester (PE) and epoxy (EP) are three widely
used polymer matrices for composite materials. The persistent development, commercial competition
and continued pressure to progress within industry has seen a recent influx of composite materials
within lightweight applications, such as aerospace as shown in Figure 1 (Aerospace Technology
Institute, 2018). The transition away from metals is evident within the aeronautical industry with the
Airbus A350 jet airliner composed of more than 50% composite materials and the Airbus H160
helicopter third prototype was the first fully composite fuselage in civil rotorcraft demonstrated in

2018 (Gay, 2014; Breuer, 2016).
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Figure 1: Current aerospace composite products used within industry (Aerospace Technology

Institute, 2018).

Research into nanotechnology and refining composite materials has led to the introduction of
nanocomposites within industry. A nanocomposite is distinct, in that at least one dimension of a filler
material is in the nano range: i.e. less than 100 nanometres (Njuguna et al., 2014; Njuguna and
Pielichowski, 2003; Mai and Yu, 2006). With the development and control of the atomic and molecular
structure within nanoparticle synthesis and coating processes, such as surface functionalisation,
increasingly more nanocomposite applications are being identified, for example the use of

nanoparticles as self-healing polymer nanocomposites (Urd! et al., 2017).

The polymers used within the products shown in Figure 2, are all specified as using multiple additives
to tailor the material properties to the particular application (BASF, 2019). An example is the described
Ultramid Advanced N material used within gear wheels and structural parts within an automotive
application contains a variation of fillers to offer strong and stable mechanical properties at elevated
temperatures, dimensional stability, chemical resistance and better processing (BASF, 2019). The

example demonstrates the vast variation and opportunity for nanocomposites to be used within the
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automotive industry (Mathew et al., 2018). Figure 2 demonstrates an example of polymer composite

use within the automotive industry by BASF.
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Figure 2: Examples of interior, exterior, electronic or powertrain polymer parts manufactured by

BASF within the automotive industry (BASF, 2019).

Considered as 21°" century advanced materials, nanocomposites are still relatively new materials
within industry. Research and development of polymer nanocomposites has recently increased due
to three main reasons (Schadler et al., 2003). Firstly, recent advances and studies on the resin-filler
structure-property effect has provided an extraordinary level of flexibility and control over the
material properties. This provides the ability to tailor material properties, through the use of multiple
fillers, bespoke to the application (Paul and Robeson, 2008; Njuguna et al., 2008). Further to this,
another reason for the increase in research is due to the discoveries of more nano-sized fillers, such
as carbon nanotubes in the early 1990s, and graphene in 2006 (Rafiee, 2011). The individual
responsible for the initial discovery of carbon nanotubes is disputed (Arash et al., 2014), however only
from the 1990s were they synthesised for nanocomposite use (Ajayan et al., 1994). A review carried
out by Mittal et al., (2015) highlights the functional properties and importance of continued research
on carbon nanotubes and graphene as nanocomposite fillers for future industrial applications. The

more recent discovery of graphene has released a new field of nanoparticle research.

A third reason for the increase in research and use within industry is due to the developments in
chemical processing of nanoparticles and synthesis to control the morphology of particles within
composites (Azeez et al., 2013). Although the notion of improving materials through the addition of
other materials is not new, the recent developments in nanotechnology and ease of manufacture have

provided a new dimension of material tailoring.
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Various industries, such as the automotive and aerospace industry, have already established the use
of nanocomposites within their structures (Njuguna et al.,, 2012). An example of this is with a leading
automotive manufacturer using 300,000 kg of nanoclay nanocomposites annually for exterior
automotive parts, and according to a report in 2015, the global nanoclay market is expected to be
worth S 3.4 billion by 2023 in comparison to S 1.3 billion in 2014, growing at a compound annual
growth rate of 12 % for the period 2015-2023 (Transparency Market Research, 2015). A separate
report on nanocomposites found the total global market to be valued at $2 billion in 2017, and
estimated an increase to reach $7.3 billion by 2022, growing at a compound annual growth rate of

29.5% for the period 2017-2022 (BCC Research, 2018).

The use of nanoparticles to reinforce polymer-based materials has shown drastic improvement,
control and potential in material performance tailoring, predominantly due to the high aspect ratio,
strength and modulus of the nanoparticles (Koo, 2016; Paul and Robeson, 2008; Azeez et al., 2013;
Mittal et al., 2015). However, along with the many advantages interpolated, the nanoparticles used
to enhance the material properties have also shown to be hazardous and toxic to humans and the
environment when exposed at a certain dosage (Love et al.,, 2012, Yang et al., 2010; Bergin and
Witzmann, 2013; Kobayashi et al., 2017). One potential route for exposure is during composites and
components manufacturing stages involving processes such as drilling for joining, integration and
assembly of parts. For example, approximately 180,000 holes are drilled to produce a single Airbus
A380 wing, and around 60 % of rejected parts are due to defects introduced in holes (Zitoune et al.,
2010). Composites drilling is therefore an important operation at manufacturing stage that is also
prone to causing damage on components as well as lead to generation of dust and potential

nanoparticles release, the concern of this thesis.

1.2.Aim and Objectives

The overarching aim of this thesis is to investigate the influence of various nanoparticles utilized within
industrial polymer nanocomposites has on nanoparticle emissions during drilling. In order to achieve

this principal aim, the thesis objectives are:

a. Literature review on the use of nanoparticles within polymer composite materials and the
release of nanoparticles from embedded nanocomposites during drilling.
b. Investigate the influence of the talcum (talc), montmorillonite (MMT), wollastonite (WO),

silicon dioxide (SiO;), aluminium oxide (Al,O3), carbon nanotubes (CNT), carbon nanofibers
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(CNF) and graphene oxide (GO) nanoparticles have on the corresponding polymer composite
mechanical properties (tensile, flexural and morphology).

o Investigate the influence of selected MMT, WO and talc on nanoparticle emissions from PP-
based nanocomposites during automated drilling.

d. Investigate the influence of SiO; and Al,Osz on nanoparticle emissions from PE-based
nanocomposites during automated drilling.

e. Investigate the influence of CNTs and CNFs on EP-based nanocomposites and GO on EP/CF

hybrid composites on nanoparticle release during automated drilling.

The objectives given above will evaluate the influence of the nanoparticles inclusion within
nanocomposites on the nanoparticle release during drilling as well as the correlation to the tensile
and flexural properties of the materials. Focusing on this relationship, the research project will explore
the performance of the nanocomposites and the influence of the reinforcing nano-filler and matrix

combination have on nanoparticle during an automated drilling scenario.

This project is part of the European collaboration project, SIRENA Life, which is part of the European
Commission 7th Framework Programme SIRENA, Pr. No. LIFE 11 ENV/ES/596. SIRENA life project aims
to increase the existing knowledge in relation to risk associated to nanocomposites by investigating
the simulation of the release of nano-materials from consumer products for environmental exposure
assessment. The project has identified the need to develop standardized methods for the assessment
of risk of nanocomposites throughout their lifecycle. The work carried out within this thesis is

completed by the author unless otherwise stated.

1.3.Methodology Overview

The initial steps are to review the use of nanoparticles use within nanocomposite materials to identify
particles that have proven both material benefits and shown to be potentially toxic. Simultaneously a
setup for the assessment of nanoparticle release during drilling is chosen along with the setup of an
environmentally controlled test chamber. As drilling is the scenario in which nanoparticle release will
be assessed, the drilling tool is selected and setup. An outline of the approach demonstrated in Figure
3 highlights this by separating the release test procedure from the nanocomposite selection and

manufacture.

The nanoparticle release methodology consists of the background interference control, nanoparticle
release instrumentation, and the drill tool selection. The aim of the chamber is to remove any

influencing parameters, and only evaluate the influence of the nanoparticles used within the materials
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on nanoparticle release during drilling. Without the interference of background particles and noise,
the right instrumentation and control over the mechanical process, only the one parameter, varying
material, is changed and evaluated. The air within the chamber is cleared to have no particle
influencing prior to testing and therefore provide an environmentally controlled test chamber. The
drilling procedure is setup so that the drill tool and drill bit does not introduce any particles. With a
constant set of drilling parameters, and an environmentally controlled test chamber, the focus of the

study is to evaluate the influence the nanoparticle fillers have on the release from the materials.

Thesis aim and objectives
+
Literature Review
v . 1
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‘ simolation dkie o deling : Nanncn_n:pomte material identification -
¢ 1
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Figure 3: Workflow diagram demonstrating the approach towards the thesis.

Once the nanofillers and polymer combinations are identified, these are manufactured (at Tecnalia)
and then can be evaluated for material mechanical properties and nanoparticle release. The influence
of the fillers on tensile properties and flexural properties will be correlated to the data from the

nanoparticle release. The influence of the fillers on nanoparticle release during drilling will be
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quantified in terms of particle number concentration, particle size distribution, particle mass
distribution and an assessment on the deposited particles. The analysis thereafter will evaluate and

correlate the data to investigate the influence of the nanoparticle fillers on the nanoparticle emissions.

1.4. Motivation

Despite the many advantages introduced, nanofillers have shown conceivable health risks and toxicity
to humans and the environment. Due to the use of nano-sized particles, hanocomposites can

introduce a potential toxicological and/or eco-toxicological hazard. With the need to assess each

particle for nano-related toxicity, literature has seen a huge increase in publications over the past
decade. In a review carried out by Krug, 2014, the author found that up until 2011, around 5000 papers
had been published on nano-toxicology, whereas, the total number had more than doubled by 2014.
Although the substantial number of publications has provided significant enhancement in nanotoxicity
knowledge, literature still lacks an all-inclusive comprehension with various conflicting results due to
many difficulties in determination of the mechanism of nanotoxicity in cells and in vivo (Fu et al.,
2014). The nanoparticles identified to have demonstrated potential toxicity effects is included here to
substantiate the selection and the necessity to investigate the release of the nanoparticles from

nanocomposite materials.

Carbon-based nanofillers have been a key interest within toxicity studies. Many carbon-based
nanofillers such as, CNTs and CNFs, have already been established within industry. Despite the
beneficial material properties of CNTs and CNFs, the nanofillers have shown conceivable health risks
and toxicity to humans and the environment. Studies have validated that certain concentrations of
CNT exposure has shown to induce cytotoxicity and apoptosis (Wang et al., 2011; Bottini et al., 2006),
genotoxicity (Patlolla et al., 2010; Guo et al., 2011), systemic immune function alterations (Mitchell et
al., 2007) and pulmonary damage, inflammation and granuloma lesions (Chou et al., 2008, Porter et
al., 2010; Poland et al., 2008). Review papers have been released in an attempt to quantify various
CNT attributes to the level of toxicity. The many studies, varied types of CNTs, different evaluation
methods and different exposure conditions have shown conflicting results as presented by Liu et al.,
2012. Consequently, we are still, at present, unable to classify and gauge exact level of toxicity factors
such as size, shape, purity and functionalisation to CNT toxicity (Madani et al., 2013). However, in the
findings from Aschberger et al. (2010) studies suggest that chronic occupational inhalation; especially

during activities involving high CNT release and uncontrolled exposure are the main risks for humans.

Equally, CNFs are increasingly being investigated for toxicity. Studies have shown inhalation or

exposure to a varied concentration of CNFs to cause respiratory tract and pulmonary inflammation

v
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(Delorme et al., 2012; Castranova et al., 2012; Warheit et al.,, 2011), DNA damage (Lindberg et al.,
2009) cell proliferation inhibition and cell death (Magrez et al., 2006). Despite the evidence of toxicity
and widespread use of CNFs, most studies have investigated CNTs. However, additional to offering
economic benefits over CNTs with a better cost to strength ratio, some studies have suggested that
CNFs show less toxicity than CNT’s (Delorme et al., 2012; Kisin et al., 2011; Murrary et al., 2012).
Carbon-nanofillers are of big interest within the nanotoxicity literature available due to the beneficial
material properties. GO is another carbon-based filler that has demonstrated potential cytotoxicity
affects (Akhavan et al., 2012; Matesanz et al., 2013; Seabra et al., 2014; Lalwani et al., 2016; Kang et
al., 2017).

Although carbon-based nanofillers have demonstrated to be particularly hazardous materials, other
nanofillers such as nano-alumina and nano-silica have shown conceivable health risks and toxicity to
humans and the environment. Considered the foremost toxicity mechanism relating to nanoparticle
exposure, nano-silica has reported to increase oxidative stress (Lin et al., 2006; Eom & Choi, 2009) and
pro-inflammatory responses (Park & Park, 2009; Kaewamatawong et al., 2006). Soutar et al. (2000)
summarized a significant number of epidemiological studies linking exposure to silica and
carcinogenicity. And an extensive review focused on inhalation exposure to nano-sized silica by Rabolli
et al. (2010) encapsulates the hazard and physico-chemical properties of nano-silica that can affect
cytotoxicity with studies linking nano-silica to causing silicosis, chronic obstructive pulmonary disease

(COPD) and pulmonary tuberculosis (Calvert et al., 2003).

Similarly, nano-sized aluminium oxide nanoparticles (alumina) are increasingly being investigated for
toxicity. Studies have shown nano-alumina to cause cellular toxicity and increase in oxidative stress
(Alshatwi et al., 2013), and a study in mice has shown nano-alumina to increase the lactate
dehydrogenase level in the blood and induced the development of a pathological lesion in the liver
and kidneys (Park et al., 2015). Studies by Zhang et al. (2013) and Zhang et al. (2011) have shown
nano-alumina to have neurotoxicity effects inducing cell necrosis and apoptosis, including indications
of higher cellular toxicity than nano-carbon particles. Hence, it is generally agreed upon throughout
literature that nano-silica and nano-alumina have shown toxic effects to humans and the

environment.

Likewise, nanoclay fillers such as wollastonite (WO) and montmorillonite (MMT) have also
demonstrated toxicity effects. In a study by Lordan et al. (2011) two variations of organically modified
MMT demonstrated cytotoxicity by inducing intracellular reactive oxygen species (ROS) and increased
cell membrane damage to human hepatoma HepG2 cells. In a review article by Maxim and McConnell,

(2005) a conclusion at that point on WO found it to increase bronchitis and reduced lung function in
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morbidity studies. However the limited epidemiological studies demonstrated no significant risk of
increased incidence of pulmonary fibrosis, lung cancer or mesothelioma. An updated health
surveillance study on workers by the same authors in 2014, found a decrease in toxicity effects which
failed to reveal any elevated standardized mortality ratio (SMR) for malignant neoplasms or cancer of
the lung and bronchus, which is expected to directly reflect progress in reducing workplace fibre

concentrations and exposure (Maxim et al., 2014).

As these fillers are mostly already established within industry, it is important to fully understand the
potential toxicity associated, and acknowledge that throughout their lifecycle, may undergo
mechanical processes that unintentionally release the particles. Therefore, the use and introduction
of these materials into the workplace can be hazardous when human exposure is concerned.
Throughout its use, a nanocomposite structure will undergo industrial machining where drilling can
lead to exposure to the potentially toxic nanoparticles. A full understanding of the inadvertent release
of nanoparticles within the workplace poses unknown risks which are yet to be quantified. The current

state and gap of knowledge is demonstrated in Figure 4.
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Figure 4: Outline demonstrating the current state of the art (featured in green) and gap in

knowledge (featured in red) on the nanoparticle release due to mechanical processes from

nanocomposites.

Numerous studies have identified and are in unison to control and limit the exposure of unintended

nanoparticles released during synthesis and handling. However, the release of nanoparticles from
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nanocomposites is less understood or regulated. Research is now comprehensively investigating the
potential nanoparticle release and exposure to humans and the environment from nanocomposites.
Several studies have investigated the release of nano-sized particles from nanocomposites due to a
variety of processes. So far however there is no harmonized conclusion on the particles released and
no standardized method established to simulate the release scenarios. From the literature available,
including the studies performed on nanocomposite drilling, it can be said that most studies illustrated
that nano-sized particles are released during some of the scenarios, but to a certain extent. There is
therefore currently a lack of knowledge on release and the influence the filler-matrix combination has
on the release due to a mechanical processing on nanocomposites. This study investigates the effect

the nanofillers have on nanoparticle release due to mechanical drilling.

Since nanocomposites are manufactured to embed nanoparticles within the material, less literature
has been reported on the release of the nanoparticles during machine relative to number of studies
on handling independent nanoparticles. It is crucial that any potential health or environmental risks
associated with the materials are known and avoided where possible. As described, there is currently
conflicting conclusions on the effect nanoparticles have on the particles released and the exposure

levels to humans.

1.5.Thesis Structure

Chapterl is presented as an introduction to the thesis which states the aim, objectives and motivation
which leads into an overview of the methodology and structure of the thesis. This introduction allows
the reader to have a general scope and the motivation behind the nanoparticle release study carried

out as a whole.

Chapter 2 provides an overview of existing relevant research in nanocomposite drilling, presenting the
gap in knowledge and the originality of the research project. The latest state of the art knowledge
available on nanocomposites are first presented leading into the toxicity and safety concern of the
materials. With the hazards identified, the current knowledge on release scenarios and exposure
measurements reveal conclusive but incomparable data, accentuating the need for a standardised

methodology and more data to understand the nanoparticle release during machining.

Chapter 3 presents the materials chosen, fabrication and mechanical testing of the materials for this

thesis. Since the justification and characterisation methods of the materials chosen are related, this

chapter goes through the selection and synthesis, followed by the mechanical properties. The

10
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characterisation of the materials is included in this chapter to demonstrate the differences between

the materials.

Within Chapter 4, the influence of the selected nanoparticles on nanoparticle release from the PP-
based nanocomposite samples is presented. The results go through the particle number

concentration, particle size distribution, particle mass distribution and deposited particles.

Chapter 5 presents the nanoparticle release experimental investigation of the PE reinforced
nanocomposites with nano-sized alumina and silica. The chapter demonstrates the differences and
effect of filler on nanoparticles release during drilling. It includes two weight concentrations of similar

mechanical performance but varying nanoparticle release data of the two nanofillers.

Chapter 6 presents the nanoparticle release study on the EP reinforced with CNTs and CNF

nanocomposites. The investigation is a comparison and effect of CNFs and CNTs to neat EP matrix.

Chapter 7 presents the influence of GO on EP/CF based nanocomposites on nanoparticle released
during drilling. Three concentrations of GO are investigated to see the consequential effect on

nanoparticle release.

Within Chapter 8, a discussion on the results and an analysis on the correlation of all previous results

is presented. This chapter combines the data of all previous chapters to identify the correlation

between mechanical properties and nanoparticle release during drilling.

The conclusion of the findings of this thesis and detail of the future work that has been identified from
the discussion within each chapter is presented in Chapter 9. This is followed by the references and

Appendices.

11
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Literature Review

2.1.Introduction

Over the past decade, polymer nanocomposites have undergone intensive research and development
ensued by its increasing implementation within commercial applications (Mittal et al., 2015). The
benefits and unigue advantages and effect nanoparticles have on the material properties, accompany
potential exposure to unique toxic effects within biological systems. Throughout its use, a
nanocomposite will undergo industrial machining where drilling, along with other machining
scenarios, can lead to material damage and/or release of potentially toxic nanoparticles (Basinas et
al., 2018). Within this chapter, a critical literature review on the current knowledge on the release of
nanoparticles from nanocomposite drilling is discussed. An overview of the relevant present

knowledge and current state of the art is presented, leading into the gap in the knowledge and the

contribution of this research project to the field. The use of polymer nanocomposites will first be
reviewed providing the developments and significance in a variety of material applications. This will

provide an understanding into the influence nanoparticles have on nanocomposite mechanica

properties. Although the influence of some nanoparticle fillers is recognised, the effect on mechanica
properties of some nanoparticles are still to be evaluated (Kumar et al., 2017; Kotal and Bhowmick,
2015). The assessment of the literature available on nanoparticles released from polymer
nanocomposites and release scenarios will then be evaluated. A comparison of the studies will provide
the advantages and limitations of methods used to measure, quantify and characterise the
nanoparticle release from an assortment of release scenarios. Currently, although considerable
amount of studies have investigated machining on conventional composite materials (Liu et al., 2012;
Xu et al., 2016; Feito et al., 2018), there is a lack of knowledge on the influence nanoparticle fillers

have on release due to drilling (Celik et al., 2019; Panchagnula and Palanivandi, 2018; Kulkarni et al.,

2019). Importantly, previous studies have identified the possibility of potentially toxic nanoparticles

to be released from nanocomposites during mechanical processes (Basinas et al., 2018; Harper et al,,

12



2015; Froggett et al., 2014). It is therefore crucial to develop an understanding on the influence
nanoparticles have on material mechanical properties and how these effect the nanoparticle release

during drilling.

2.2.Polymer Nanocomposites

As multi-phase materials comprised of two or more constituents, conventional polymer composites
are fabricated using a selection of material fillers to improve the properties of the polymer matrix

(Plueddemann, 2016; Vasiliev & Morozov, 2013). The size and amount of filler used to modify the

characteristics traditionally varies with different composites depending on the resin matrix and the
intended application. Although the combination of two materials to form a composite has been known
for centuries, modern advances over the past several decades have transformed engineered

composites (Hull and Clyne, 1996).

The use of conventional polymer composite materials has seen an increase mainly due to the advances
in filler materials and improved manufacturing abilities (Ajayan et al., 2006). Composite materials offer
distinct properties with advantages in strength-to-weight ratio, stiffness-weight, improved fatigue life
and corrosion resistance properties compared to other materials (Campbell, 2010, Njuguna &
Pielichowski, 2003). But the composite material structure of combining performance of individual
constituents, allow the material to be flexible in design and tailoring towards the application needs.
In theory, this therefore allows for materials to be designed for each application instead of a structural

design based on material properties (Barbero, 2010).

Fibre reinforced composites have been the prominent combination over other composites due to the
increased specific strength, modulus and stiffness in fibrous form (Reddy and Miravete, 2018).
However, this also results in anisotropic behaviour in the fibre direction. Alternative reinforcement
constituents can come in various forms including: particles, flakes, short fibres, continuous fibres,
sheets or whiskers (Chawla, 2013). The extensive research on fibre-reinforced composites has
developed several models in predicting material mechanical properties; however, the models are still
limited with no universally accepted failure criterion and employ a probabilistic method to predict the
behaviour or the basis of assumptions due to the random nature of fibre strengths (Tsai, 2018; Hyer

and White, 2009).

Whilst the selection in filler is vital in the influence on material properties, the polymer matrix resin
can dictate a major fraction of some material properties (Barbero, 2010). Each polymer has its benefits

and limitations, which are selected based on the desired application as with normal material selection

13
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criteria (Plueddemann, 2016). However, the fillers used to reinforce the polymer are chosen based on
compatibility with the polymer as the nature of the interface between the fillers and the matrix has a
bearing on the extent of influence on the material properties (Kim and Mai, 1998). The cohesion at
the interface between the filler and polymer is achieved through mechanical bonding, physical

bonding, chemical bonding or multiple bonds formed through solid solution effects (Tsai, 2018).

2.2.1 Nanofillers

Research in development of engineered polymers and fillers to optimise material properties has led
to the discovery of nanocomposites (Koo, 2016). A nanocomposite is distinct from conventional
composites, in that at least one dimension of the reinforcing filler material is in the nano range.
(Njuguna et al., 2014; Njuguna & Pielichowski, 2003; Chapman & Mulvaney, 2001). Many studies have
established that the introduction of nano-sized fillers can significantly further improve multiple
properties of traditional polymer composite materials. As an example, carbon nanotubes (CNTs) use
within polymer nanocomposites have demonstrated enhanced mechanical (Ashrafi et al., 2011),
electrical (Ayatollahi et al., 2011), thermal (Guadagno et al., 2011) and fire-retardant properties (Wu
etal.,, 2010) from just a selected number of researches. As a result, worldwide CNT production capacity
has increased at least 10-fold since 2006 (De Volder et al., 2013), and the CNT market size has more
recently been forecast to be worth over S 8 billion by 2024, growing from over $2 billion in 2017 at a

compound annual growth rate of 22% for the period 2018-2024 (Global Market Insights, 2018).

A benefit of a nano-sized filler over a micron-sized filler is attributed to the higher ratio of surface area
to volume, aspect ratio and shape of the particles (Mago et al., 2010). The higher surface area to
volume increases the molecular interface between the filler and the polymer, which in turn controls
the material properties. The interfacial region is the defining region at which the properties differ from
those of an independent filler and matrix to a combined altered chemistry and structure (Ajayan et
al., 2006; Vaia & Wagner, 2004). The overall properties of the material are defined by the number of
interfacial regions and the interparticle spacing. If the interfacial region is reduced or widened, a
different interaction behaviour of the polymer composite will occur. Therefore, when the interfacial

region is controlled and manipulated, the material properties can also be controlled.

The developments over the past decades have improved the processing methods to control the
particle size and dispersion which will affect the interfacial interactions (Ajayan et al., 2006). Many
technologies available are attempting new methods to identify and maximising these parameters for

material improvement and control (Zhou et al., 2015; Yoonessi et al., 2014, Alian et al., 2015). The
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advancements in ability to incorporate the nanoscale fillers within polymers has permitted extensive

research and progress in targeting specific material properties with great control and precision.

As defined by ISO, nanomaterials involve materials at the nanoscale. The ISO defines the “nanoscale”
to mean size range from approximately 1 nm to 100 nm (/SO/TS 80004-2, 2015). The shape and size
of the nanofillers are critical in the structure and bonding with the polymer matrix. Nanofillers are
classified into three categories based on the geometry: nanoparticles, nanofibre or nanoplates (/SO/TS
80004-2, 2015). The three categories are defined by the varied shapes and dimensions. A nanoplate
is a one-dimension nanofiller, in that the thickness of the plate is less than 100 nm. Nanofibres or
nanotubes are classified as having a diameter in the nano range. And a nanoparticle has all dimensions
less than 100 nm and is therefore three-dimensional nano (Koo, 2016). Due to the high surface to
volume ration of the nanoparticles, the nanofillers are commonly dispersed within the polymer at a

mass concentration typically between 0.1 - 10 wt. % (Gupta et al., 2009).

The nanofiller is one of three said main contributing factors of the composite material. The other two
influences are the polymer matrix and the interfacial region. The ascribed properties, different from
the individual constituents, are attributed to the interface of the filler to the matrix, and the impact

on the matrix radius of gyration, R;. R is understood to be a significant spatial parameter to which the

majority of polymer’s static and dynamic properties are related (Sen et al., 2007). The smaller the
particles and increased density of particles causes the distance between particles to become
comparable to the interfacial region and thus increasing the volume fraction of interfacial material to
the bulk. The low filler aspect ratio is therefore, understood to influence the volume fraction and
consequently the interfacial region (Vaia & Wagner, 2004). Figure 5 illustrates a log-log plot of the

surface area per volume with respect to the aspect ratio (a) and largest dimension of various fillers.
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Figure 5: Logarithmic map of interfacial (surface) area / volume of particles (um™ = m?/ml) with
respect to the aspect ratio, o = H/R, and largest dimension of particle (R = radius, H = height, length)
based on approximating particles as cylinders (area/volume =1/H+1/R) (Vaia & Wagner, 2004).

The first real understanding of nanofillers explored polyamide-6 filled with nanoclays (Okada et al.,
1988) from Toyota, and is now considered a milestone and initiation of the modern nanocomposite
era. Nowadays, nanoclays are common nanoparticle fillers in the automotive industry, including car
manufacturers General Motors and Maserati (Proveda and Gupta, 2016). A nanoclay is a layered
mineral silicate, of which MMT has the broad acceptance within polymer nanocomposite use (Njuguna
et al., 2014). Other clays researched include WO (Luyt et al., 2009), hectorite (Awad et al., 2009), and

others, but MMT is most readily used due to its natural abundance, high surface area and its well-
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known intercalation and exfoliation chemistry (Pielichowski et al., 2014). The benefits have lead
nanoclays to become a common nano-sized constituent used within automotive components since
the early 2000s (Liu et al., 2005). The clays can be natural or synthetic, as well as phosphates of
transition metals. The most common improvement seen with the introduction of clays are mechanical
properties. The clays are a shell-shaped nanoplates with a thickness or one-dimension in the nano
range. The crystalline structures and the quantity and position of the ions within the elementary mesh

are what classify the clays (Njuguna et al., 2012).

Another massive influence in the development in nanocomposites has emerged from carbon-based
nanofillers since the discovery of the CNT in 1991 and buckyball, Ceo, in 1996 providing insight into
new carbon nanostructures (Girifalco et al., 2000). Stemming from the sp” carbon units based on
simple geometrical principles, the carbon filler developments have resulted in new symmetries and
structures that have intriguing and practical properties. CNFs and CNTs have been of great attraction
within research over the past couple of decades and are now widely used within industry. This is due
to their exceptional mechanical, electrical and optical characteristics. A CNT is unique in the helicity in
the arrangement of the carbon atoms in hexagonal arrays on their surface honeycomb lattices (Ajayan
et al.,, 2001). Research has been able to develop a CNT down to a diameter thickness of 3 A, or 0.3 nm
(Zhao et al., 2004). The combination of size, structure and topology provides CNTs with important
mechanical properties. Furthermore, a one atom thick allotrope of carbon, known as graphene, has
been a new focus point within research due to its superior electrical and thermal efficiency
characteristics (Mittal et al., 2015). CNTs differ from graphene as it consists of layers of graphene
wrapped into tubular shapes which can be multiwall (MWCNTs) or single wall (SWCNTSs), whereas

CNFs are identified as layers of truncated conic sections of graphene (Gupta et al., 2009).

The development in carbon based fillers since the discovery of graphene has demonstrated significant
iImprovement over the past decade. However, graphene is highly unstable due to delocalised n
electrons, costly synthesis and is challenging to bond with polymers. Graphene is a two-dimensional
carbon allotrope with a honeycomb structure of C¢ molecules. The sp,; hybridised carbon atoms are
bonded to neighbouring atoms by three covalent o-bonds which leaves the m-electrons delocalized
and thus causing the instability (Mohan et al., 2018). Research has therefore attempted to overcome
these limitations with a derivative of graphene, called GO, a relatively more stable form and less costly
to synthesise from graphite. The widely accepted Lerf-Klinowski model of GO proposes a sp2 and sps
Cs skeleton with epoxide and hydroxyl functionalities on the basal plane and carboxylic acid groups on
the edges (He et al., 1998). This has triggered interest and increasing implementation within
commercial applications for both textile and engineering hybrid composites (Nikfar et al., 2014,

Njuguna et al., 2008; Njuguna et al., 2009, Khobragade et al., 2016). The mechanical properties
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provided by the carbon fibre to the polymer are currently limited due to the chemical inertness and
poor wettability affecting the bonding at the interphase (Hung et al., 2018). Chemical treatment or
the use of nanofillers is therefore necessary to reduce de-bonding and improve the interphase. Use of
reduced graphene oxide (RGO) and graphene oxide (GO) in EP-carbon fibre reinforced composites is
still at the infancy stages and has been limited due to the challenges in processing and dispersion of
the fillers along with the high price associated therewith (Mohan et al.,, 2018). As with other
nanofillers, homogeneous dispersion of the filler within the polymer and the strong interfacial
interactions required between the filler and the matrix are the two biggest concerns when fabricating
polymer nanocomposites (McAllister et al., 2007). The oxygen groups within GO offer and allow for a
versatile, less fastidious and enhanced chemical cross-interlocking with the polymer chains. The
oxygen functional groups that GO possesses on its basal planes and edges permit it to be manipulated,
exfoliated and functionalised to yield well-dispersed solutions of graphene oxide sheets (Dreyer et al.,
2010; Park et al., 2008; He et al., 1998; Desai et al., 2013). Researchers have therefore identified the
combination of GO nanofillers with the micro-sized carbon fibre fillers to create hybrid composites as

a novelty and a future in composite development (Hadden et al., 2015; Jiang et al., 2016; Qin et al.,

2016).

Further examples of beneficial nanofillers include ceramic and metallic nanomaterials. Various
nanoparticles, such as titanium dioxide (TiO;), alumina (Al,03), antimony-tin oxide (ATO) and silica
(SiO,) have all shown to improve material properties when integrated at the nanoscale (Ribeiro et al.,
2015; Gaminian & Majid, 2015; ; Rusmirovic et al., 2016; Georgopanos et al., 2017). Many of these
fillers are customarily micron-sized but can be reduced to the nano scale, such as alumina which
ranges spherical crystal particles from 20 nm to micrometric sizes. Whereas synthetic nano silica forms
particles from 5 nm to 100 nm (Marquis et al., 2011). The nanoparticles offer a variety of improved
properties depending on the structure and characteristics and are increasingly being researched as a
relative cost-effect material to target material properties (Ajayan et al., 2006). Two separate reports
estimated the global market size of nano silica to be 3348 kilo tonnes in 2015 (Market Research
Report, 2017) and the global high purity alumina market size to be over 20 kilo tonnes in 2015 (Market
Research Report, 2016).

2.2.2 Nano-reinforced Polymer Nanocomposite
Property Behaviour

The sole aim of integrating nano-sized fillers is to develop the characteristics of the primary polymer

matrix which therefore, are typically classified as reinforcement agents. Nanocomposites have the
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advantage over conventional composite materials in that only small weight concentrations are
required to improve the properties and consequently minimising the material weight increase.
Composites within industries are predominantly used in lightweight applications and are continuously
trying to improve material properties without increasing, and if possible decreasing, material weight
(Njuguna et al., 2008). The nature and extent of reinforcement is dependent on numerous factors,
such as the properties of the matrix, properties and distribution of the filler, and the material
preparation method. The introduction of the nanofiller can improve properties such as: mechanical
properties (e.g. tensile, flexural, stiffness, toughness), gas barrier, flame retardant properties,
dimensional stability, thermal conductivity, electrical, and optical properties. However, the
improvement of one property has also shown to have a subsequent negative effect on another. An
example of this is common in nanoclays with the improvement of tensile strength and stiffness can

decrease the elongation and impact resistance (Svab et al., 2005, Selvakumar et al., 2010).

A governing factor for polymer nanocomposite properties is attributed to the compatibility between
the nanofiller and polymer matrix. Principal features such as homogeneous dispersion of the filler
within the polymer and the strong interfacial interactions required between the filler and the matrix
are the two biggest concerns when fabricating polymer nanocomposites which is directly influenced
by the compatibility (McAllister et al., 2007). Research has consequently studied chemical
modification to manipulate the physical and chemical properties of nano-fillers, as to improve the
compatibility, dispersion and interfacial interaction of nanofillers in polymer matrix to influence the

properties (Bao et al., 2011).

Nanoclays are some of the most extensively investigated nanofillers to be used within composite
materials due to their low cost, high aspect ratio, high surface area > 750 m?/g and high modulus up
to 176 GPa (Baniassadi et al., 2011). Research has continuously attempted to maximise the properties
through preparation and processing techniques to control intercalation and exfoliation (Ray &
Okamoto, 2003). The clay dispersion within the polymer matrix has been of significant interest within
literature, and can be divided into four different describable states: conventional miscible, partially
intercalated and exfoliated, fully intercalated and dispersed and finally, fully exfoliated and dispersed
(Luo & Daniel, 2003). In a review by Baniassadi et al., 2011, fully exfoliated structures, in relation to
intercalated ones, were found to give the best performance due to the higher homogeneity of the
phase. Clays have therefore since been modified with organic surfactants to increase the exfoliation
(also known as d-spacing), such as organic modified montmorillonite (OMMT) giving enhanced
properties such as increasing tensile strength from 69 MPa to 107 MPa with 4.2 % modified nanoclay

(Chen et al., 2008) or increased modulus by approximately 500 % with the addition of 10 wt. %
y ap y
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organoclay (Becker et al., 2002). However, where exfoliation has shown to increase stiffness of the
nanocomposite with increasing clay content, the impact strength and tensile ductility have shown a
decrease (Tjong, 2006, Park & Jana, 2003). Therefore, consideration in concentrations volumes are
required to balance the material properties. Different nanoclay fillers have observed improved
mechanical properties at different weight concentrations, e.g. talc at 20 wt. % (Lapcik et al., 2009), in
comparison to studies on WO (Wetzel et al., 2003) and MMT (Selvakumar et al.,, 2010;
Kampeerapappun et al., 2005) at 5 wt. %. More research that is recent has progressed with nanoclays
utilised to improve fire retardant properties. Although there are currently no commercialized
individual fire-resistant materials containing nano-sized materials, there is considerable amount of
research being carried out to develop one (Visakh and Yoshihiko, 2015; Bourbigot et al., 2007). Heat
properties such as thermal conductivity, oxidation resistance, flammability, heat deflection or related
properties such as reducing the fraction of radiation absorbed from a fire through reflectivity, are all

properties that are being investigated in relation to flame retardant properties (Cinausero et al., 2008).

PE-based nanocomposites are tailored with a variety of nanofillers including metallic, ceramic or
polymer particles having shown improved material properties such as alumina (Baskaran et al., 2011;
Ribeiro et al., 2015; Rajesh et al., 2014), silica (Chen et al., 2003; Changizi & Haddad, 2015; Rusmirovic
et al.,, 2016), zinc oxide (Liufu et al., 2005), polyetheretherketone (Wang et al, 2010),
polytetrafluoroethylene (McElwain et al., 2008), halloysite (Saharudin et al., 2016; Lin et al., 2017) and
titanium dioxide (Gaminian & Majid, 2015; Patel & Dhanola, 2016). Similar to other polymer
nanocomposites, PE-based materials are established in lightweight applications with reinforcement
fillers such as ceramic based nano Al;Os or nano SiO; used to improve mechanical (Baskaran et al.,
2011; Trinath et al., 2016), thermal (Chen et al., 2003; Leszczynska et al., 2007), electrical (Paszkiewicz
et al., 2012) and optical (Zhao et al., 2007; Zhou et al., 2003) properties. A study by Rusmirovic et al.
(2016), observed a 156 % increase in flexural strength with 1 wt. % nano SiO, added to a PE-based
composite. The same study reported 2 wt. % nano SiO; to show similar increase in flexural strength,
followed by either a constant or slight decrease with further increase in weight concentrations. In

contrast, a study by Baskaran et al. (2011) evaluated the influence of nano Al,O3; weight concentrations

on PE nanocomposites and concluded a maximum tensile strength at 5 wt. % and any further additions
resulted in a tensile strength decrease. The decrease in strength at higher weight concentrations were
attributed to a limitation in adhesion between the nano alumina and resin and therefore leading to
the formation of agglomerations creating defects and stress concentrations (Chen et al.,, 2004;
Baskaran et al., 2004). A study by Ribeiro et al. (2015) that evaluated both Al;O3 and SiO;, reported an
average increase of 19 % in flexural elasticity modulus for different variations in weight

concentrations. Although optimum weight concentrations have varied between 1 wt. % to 5 wt. %,
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and as with other filler/polymer combinations, the manufacturing process is influential, as the

dispersion of both Al,O3 and SiO, will have a significant effect on the properties (Zou et al., 2008).

Carbon-based fillers within the nanoscale have shown some of the greatest potential mechanical and
electrical strengths. CNTs have shown to be the stiffest and strongest fibres known. Literature has
presented CNTs to have a Young’s modulus of over 1TPa (Arash et al., 2014) and with an elongation
to failure of 20 % to 30% combined with the stiffness projects a tensile strength well above 100 GPa
(possibly higher). In comparison, the Young’s modulus of high strength steel is around 200 GPa and
tensile strength is 1 GPa to 2 GPa (Khare & Bose, 2005). However, the challenge is transferring this
into @ macroscopic scale in a polymer composite. The individual CNTs have high van der Waal forces
making it difficult to avoid agglomeration. However, when dispersed properly, CNTs have shown
significant strength and stiffness properties with weight concentration levels of 1 wt. % to 5 wt. %
(Prashantha et al.,, 2009). Spitalsky et al., 2010, carried out a review on the mechanical strength
exhibited from incorporation of CNTs and found that matrices with CNTs bearing covalently attached
polymer chains show enhanced mechanical properties. Furthermore, the review identifies the
electrical improvements to exceed the mechanical. However, numerous studies found CNTs to
increase the maximum tensile strength by over 100 % with small weight concentrations of less than 5
wt. % (Bhattacharyya et al., 2006, Blake et al., 2004; Liu et al., 2007). A more recent review study by
Liu et al. (2018) highlights similar material property increase, but also concludes there is still a lack in
knowledge on how to optimise the interaction between both CNTs and CNFs with the epoxy matrix.
CNTs differ from CNFs as they are hollow and better covalent bonds between hexagonal shaped
structure (Ajayan et al., 2001). The property improvement is therefore seen to be less effective than
the use of CNTs with studies such as by Zhu et al. (2010) having demonstrated a 12.6 % improvement
in flexural properties with 0.1 wt. % CNFs, 10 % increase in flexural strength with 0.25 wt. % CNFs
(Shokrieh et al., 2014), or a 49 % increase in flexural modulus with 1 wt. % CNFs (Bal, 2010) in
comparison to neat EP samples. As concluded within the review by Liu et al. (2018), factors seen to
affect the varied properties observed within literature include the intrinsic properties of the CNFs or

CNTs, dispersion of the fillers, and the interaction between the fillers and epoxy.

CF-based composites have become well-established materials within various lightweight applications,
most prominently, aeronautical and automotive. CFs alone typically have an ultimate tensile strength
of around 3.5 GPa, compared to an upper limit of around 1 to 1.5 GPa for an EP/CF composite. Various
studies have already presented GO to improve the CF/polymer matrix material mechanical properties
as summarised in a thorough review study on the modification of CFs using graphene-related materials

(Hung et al., 2017). The study highlights that weight concentrations between 0.1 wt. % and 0.5 wt.%
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GO have the improved tensile and flexural properties. An underlined study, included in the review, by
Ashori et al. (2015) demonstrated an increase in 22.4 % in tensile strength and 76 % in flexural strength
with a 0.3 wt. % GO functionalised in CF reinforced EP. Lower improvements were also observed, as
shown in He et al. (2016), which revealed a 14 % increase in flexural strength by densely covering the
CFs and established insufficient bonding between the polymer and fillers. Studies since the review
have shown a similar increasing trend in material properties, as demonstrated by a study by Hung et
al. (2019), establishing a flexural property improvement with the deposition of GO onto the surface of
CFs. The study found optimum weight concentrations of GO between 0.25 wt. % and 0.5 wt. %
demonstrated enhanced flexural strength of up to 29 % and flexural modulus by 55 %. The study also
concluded concentrations higher than 0.5 wt. % observed a redundancy in nanoparticles with
agglomerations evident. GO is non-stoichiometric and therefore properties can be variable depending
on degree of oxidation; as shown by Feicht et al (2017) in a report on how the in-plane modulus of GO
produced by Hummers or Brodie methods varied from around 300 GPa to around 500 GPa
respectively. However, although GO has shown to improve a conventionally used CF reinforced EP,
the particles also pose a potential hazard if unintendedly released into the environment and/or

exposed.

2.3 Composite Drilling Operation

Drilling is a common process utilised within the manufacturing industry and cannot be avoided in many
structures, such as drilling for rivet and bolt joining, integration and assembly of parts (Hufenbach et
al., 2007). The process is classified as a conventional machining process within industry and is required

as a material removal process through a combination of rotational and translational movement

between the workpiece material and the drilling tool. The increased use of composites within industry,
has led to a significant amount of research into the fracture mechanics, stresses and failure analysis
behind drilling on composites (Karatas and Hasan, 2018). For most composite applications, such as
aerospace, damage-free and precise holes must be drilled to ensure high joint strength and precision

(Liu et al., 2012).

Composite materials differ from conventional single-phase materials due to having anisotropic and
inhomogeneity material properties that, generally, do not exhibit plastic deformation (Karatas and
Hasan, 2018). Furthermore, composites can be composed of highly abrasive and hard reinforcement
fillers, which result in difficulty in machining (Abrao et al., 2007; Liu et al.,, 2012). The interaction
between the fillers and cutting tools is therefore distinguishably different from the interfaces during

the drilling of metallic materials. The separation of phases within the composite material are therefore
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of particular interest. This leads to damage distinctively associated to drilling on composites, such as
delamination. Most literature available investigates delamination mechanisms, as this is the leading
and major cause of material failure (Liu et al., 2012; Geng et al., 2019). Other damage modes induced
by drilling include interlaminar cracking, fibre pull-out and fuzzing, matrix catering and thermal
alterations (Tagliaferri et al., 1990). Figure 6 demonstrates various failures due to delamination on

fibre-reinforced composite materials.

a.) Peel-up delamination
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Figure 6: Mechanisms of drilling-induced delamination in fibre-reinforced composite materials
shown through a.) peel-up delamination, b.) push-out delamination, c.) an SEM image of
delamination intersection of a glass-fibre reinforced composite, and d.) a surface image of carbon-

fibre reinforced composite used to measure delamination factor (Liu et al., 2012).

One of the main assumptions in classical lamination theory, is a state of plane stress across all of the
layers in the laminate, i.e. all out-of-plane stress components are equal to zero (Isaac and Ori, 1994).
However, within composite materials interlaminar stresses or peel stresses incline to separate the
laminate layers from each other. The interlaminar stresses can cause interlaminar separation, which
is known as delamination (Isaac and Ori, 1994; Jones, 2014; Christensen, 2012). The strength of the

composite material to withstand the interlaminar stresses, is known as the interlaminar strength. It is
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a well-known assessment that the failure of a composite laminate due to interlaminar stresses is
challenging to analyse and model (Jones, 2014). The failure criteria and prediction is a combination of
basic lamina strengths, interlaminar shear, interlaminar tensile strengths and fibre orientation (Isaac
and Ori, 1994). Furthermore, due to the anisotropic and inhomogeneity material properties, the
interlaminar strengths are not constant, and are only known through parametric investigations or
qualitative evaluations of performance. The delamination within composites can also lead to
interlaminar cracking. The delamination can occur due to the established three modes of failure:
opening mode (Mode |), sliding shear mode (Mode I1), or tearing mode (Mode Ill) (Isaac and Ori, 1994).
The ability of a material to withstand the delamination growth is expressed as the interlaminar
fracture toughness (Christensen, 2012). This is measured by the strain energy release rate dissipated
per unit area of delamination growth (Jones, 2014). Despite the definitions of delamination, there is
still a challenge in measuring and quantifying it. A study by Abrao et al. (2007) found techniques used
within literature vary considerably: some have a tendency to measure damage directly (by means of
parameters such as damage width, delaminated area or delamination factor), whilst others measure
the damage indirectly through thrust force, torque or power. One of the most common measures of
delamination within materials is through the measure of the delamination factor (F4q) which is

determined using the equation (Liu et al., 2012):

D
F, = —= Equation 2.1

Where:
Dmax = maximum diameter of the hole,

Do = actual diameter of hole.

Several reviews on drilling on composite materials do exist, however, are predominantly on the drilling
on fibre-reinforced composite materials (Abrao et al., 2007; Liu et al., 2012; Teti, 2002; Hocheng and
Tsao, 2006; Geng et al., 2019). Liu et al. (2012) and Abrao et al. (2007) provide two similar reviews on
mechanical drilling on fibre-reinforced composites. The two reviews conclude similar findings stating
that although significant improvements have been made in identifying some empirical models on
delamination, there is still insufficient knowledge to be able to emphasise the physical meaning of
drilling of composite laminates. A study by Teti (2002) provides a comprehensive review of drilling on
both fibre-reinforced composite laminates as well as metal matrix composites up until 2001. And a
study by Hocheng and Tsao summarises the critical force models of various drill bits for delamination
of fibre-reinforced composites. A more recent review study by Geng et al. (2019) reviews the
delamination formation, evaluation and suppression during drilling of composites. With a focus purely

on delamination, the review article concludes that although present factors (such as tool speed,
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thrust, feed rate) affecting delamination are widely used to direct drilling-induced delamination
control within industry, a comprehensive understanding of the contributions of damaged area and

cracks on delamination is still missing and difficult to evaluate.

As the review studies highlight, there is still a lack in understanding of the behaviour of composites
under drilling. Nonetheless, the uniqueness of composite material properties and use within industry
has led to numerous studies throughout the past couple decades attempting to model the
machinability and behaviour of the more common, fibre-reinforced composite materials (e.g. Kopleve

et al., 1983; Lachaud et al., 2001; Che et al., 2014; by Hocheng and Tsao, 2001; 2003a; 2003b).

The first experimental investigation by Kopleve et al., (1983) on chip formation from a carbon-fibre
reinforced composite, indicate that fracture and chip formation is a process of serial material
fractures. The fracture was suggested to be at the interface between the composite and drilling tool
and is related to the tool tip pressure. The work is considered to be one of the first to reveal a different

cutting mechanism to that of common metals (Hocheng and Puw, 1993).

The initial penetration of the drill bit on the surface is identified as causing a crack opening mode due
to the normal stress perpendicular to the surface (Christensen, 2012). This is the initiation of the hole
through the contact of the drill bit tip and workpiece material. The energy from the drill bit exceeds
the critical energy required to extend the crack to the work done by the normal force applied and
subsequent Mode | crack propagation (Abrate, 1997). The corresponding surface defines the part of
the material thatis also liable to undergo flexural bending as the drill penetrates the material (Lachaud
et al., 2001). Studies have demonstrated how this initial contact and interaction between the drilling
tool and material is correlated to the bending stiffness in composite materials (e.g. Zitoune and
Collombet, 2007; Lachaud et al., 2001). The thrust force at the tip of the drill bit must exceed the
critical force required to cause initial delamination at the surface. The type of drill bit edge has shown
to increase the thrust force and consequent normal stresses (Che et al., 2014; Hocheng and Tsao,
2003a). The material is considered to be limited to the performance of the interlaminar strength and
bonding between the filler and matrix. The delamination is therefore used as a measure of the
performance of the composite under drilling. A model used throughout literature, originating from

work by Ho-Cheng and Dharan (1990) provides a critical force F, at which delamination will occur:

(=Y

- BG;CE B]E .
F,=m T (h) Equation 2.2

Where:

Gic = the critical energy release rate in Mode |,
h = workpiece thickness beneath drill,

E = global tensile modulus,
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v = homogenised Poisson’s ratio.

The expressed model assumes a global tensile modulus, homogenised Poisson’s ration, purely elastic
and isotropic, and therefore does not take into account the role of anisotropy in inhomogeneity
properties (Zitoune and Collombet, 2007). More recent analytical models allow for the initial normal
stress and the critical axial force required to exceed the critical energy of propagation of cracks in
Mode | crack propagation (tensile stress normal to the plane of crack initiated). Analytical models by
Hocheng and Tsao (2003a; 2001; 2003b) are available and correlate the thrust force with the onset
delamination. However, the models still employ linear elastic fracture mechanics to solve the critical
force for fibre reinforced composites. The models do not account for nonlinear and inelastic material
behaviour for other composite materials. Therefore, as concluded within the drilling on composite
review studies (Abrao et al., 2007; Liu et al., 2012; Teti, 2002; Hocheng and Tsao, 2006; Geng et al.,
2019), empirical models on delamination are based on considerable assumptions but are able to
identify present factors (such as tool speed, thrust, feed rate) affecting delamination and are widely
used to direct drilling-induced delamination control within industry. There is still insufficient
knowledge to be able to reproduce the physical and theoretical prediction of drilling of composite

laminates (Abrao et al., 2007; Liu et al., 2012; Geng et al., 2019).

Whilst the current models are still being developed to understand the formation mechanism of
drilling-induced delamination (Geng et al., 2019), literature is still unable to model the chip formation
from composites during drilling. The creation of chips or material separation from the workpiece, the
combination of various forces must exceed the critical delamination force, material strength, including
the cutting force, thrust force, shear force, normal force, and frictional force (Abrate, 1997). The only
literature available on understanding the formation of nano-sized and micro-sized particles generated

from materials during drilling is on metallic materials. The chip formation within metals has been

studied within literature mainly due to correlation between chip formation and drill tool wearing
(Songmene et al., 2015). Within metals, the variation in chips formed can have a detrimental effect on
the drill bit and thus reducing the life and increasing the drilling cost (Niknam et al., 2014). No studies
however were found on chip formation due to drilling on nanocomposite materials. Instead, literature
available is mainly on the analysis of chip formation to identify the optimal conditions for improving
machining and machinability. The knowledge on nano-sized and micro-sized particles generated
during drilling on metals could potentially provide a foundation for the necessary research on

understanding the mechanism for composite materials.

A study by Xie et al. (1996) was one of the first reports on a coefficient identifying chip segmentation

in aluminium drilling, a process that has significant effect on the cutting force fluctuation during
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drilling which will affect the tool vibration and tool wear. A more recent study by Songmene et al.
(2011) attempted to evaluate the effect on material brittleness on chip formation from aluminium
during drilling. The authors observed that both brittle and ductile materials produced continuous and
long chips at low cutting speeds. However, the study was able to conclude that the chip length
decreases as the cutting speed increases for the aluminium alloys investigated. The authors also
concluded a reasonably broad statement that the chip length depends on material properties and
cutting conditions. Also, in the study by Songmene et al. (2011), the effect of various parameters and
materials on ultrafine particles were evaluated. An isolated system was setup to capture all particles
released. The study highlights the particle formation process through two main steps which depend
on the material workpiece. The first step occurs during the material separation (i.e. drilling forces
exceeding fracture forces), and step two occurs when the chip slides on the tool rake face. The fracture
of the material is highly associated to the brittleness of the material. A brittle material will cause chip
formation by brittle fracture, with very small chip contact length. The authors also indicate that the
contact between the drill bit and irregular chip surface, caused by the brittle fracture, can break up
particles from the internal chip surface. In contrast, in more ductile materials, the chip is formed by
micro-segments that undergo a local work hardening due to the contact roughness of the drill bit tool.
The hardened small part is then separated by a local brittle fracture. The two steps are displayed in

Figure /.
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Figure 7: Schematic illustration of chip and dust emissions at drill tool tip-workpiece interface
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In contrast however, the influence of nanoparticles within polymer nanocomposites on the material
performance during drilling is far less studied. Most frequent reoccurrence of use of nanocomposites
and drilling searches returns the use of nanoparticles to alter drilling fluids in oil and gas drilling
operations (such as Cheraghian et al., 2018; Sadeghalvaad and Sabbacghi, 2015). Within the separated
relevant literature, only one review article was identified to include a review on the influence of
nanoparticles within polymer nanocomposites on material performance during drilling (Panchagnul
and Palaniyandi, 2018). The article reviews published studies up until 2017 and reported only nine
studies to have investigated the influence of nanoparticles within polymer nanocomposites on
material performance during drilling. Three of the studies are investigations on the nanoparticle
release (Sachse et al., 2012a; Irfan et al., 2013; Bello et al., 2010) and do not relate to the damage or
fracture mechanics within the materials. Another article in the review is a paper published from this
thesis (see Scientific Contributions section for publications, Starost and Njuguna, 2014). The remaining
five articles evaluate the influence of incorporating nanoparticles on either hybrid composites or as
coatings on material performance during drilling (Rajakumar et al., 2013; Tan et al., 2015; Li et al.,

2015, Gowda et al., 2015; Baker et al., 2002).

The study by Rajakumar et al., (2013) is focused as an investigation on the utilisation of acoustic
emissions to monitor the drilling of carbon-fibre reinforced composites. However, the study includes
the dispersion of 0.5 - 1.5 wt. % CNFs within the hybrid carbon-fibre/epoxy nanocomposite. The results
demonstrated an increase in stiffness with increase in CNF wt. %, and a decrease in delamination
factor with an increase in CNFs. The improvement is attributed to the CNFs providing a better
interlaminar bond strength. In similar work by Li et al. (2015), a carbon-fibre reinforced epoxy is
modified to become a hybrid nanocomposite with the incorporation of 1 wt. % CNTs. The authors
demonstrate the nanoparticles are able to decrease the deamination factor by 16 % and the mode |
interlaminar fracture toughness increased by more than 66 %. The improved properties are associated
to the bonding interface improving with the inclusion of CNTs. Furthermore, the CNTs were attributed
to being able to bridge cracks and transfer the load. The remaining studies included within the review
article by Panchagnul and Palaniyandi (2018) do not demonstrate the influence of nanoparticles on
material performance during drilling, but evaluate hybrid carbon/glass fibres (Tan et al., 2015),
optimising drilling parameters for epoxy/silicon nitride (Gowda et al., 2015), and investigate

nanocomposite coating on stainless steel (Baker et al., 2002).

Two more studies on evaluating the influence of nanoparticles within polymer nanocomposites on
material performance during drilling have since been released (Kumar and Singh, 2019; Buruk Kaybal
et al., 2019). The study by Kumar and Singh (2019) investigated drilling on carbon-fibre/epoxy hybrid

nanocomposites reinforced with CNTs. Similarly, the study demonstrated a decrease in delamination
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factor by up 28.6 % with the inclusion of CNTs. The improvement is attributed to the increase in
interlaminar shear strength with the addition of CNTs. In the most recent article, the study by Buruk
Kaybal et al. (2019) evaluated drilling on the use of boron nitride nanoparticles within a hybrid carbon-
fibre/epoxy nanocomposite. Correspondingly, the study demonstrated how the addition of the
nanoparticles were able to reduce the delamination factor. The property improvement was shown to
be due to indicated strong interface and interlaminar bonding due to the ceramic structure and

hexagonal crystal structure of the nanoparticles.

From the available literature therefore, most studies evaluated the use of nanoparticles to improve
the bonding within hybrid nanocomposite materials. The studies thus far, are in agreement, that the
nanoparticles used, mostly CNTs or CNFs, are able to improve the interlaminar strength between the
micro-sized fibres and the epoxy, as well as providing a potential bridge when cracks form and transfer
the stresses. This in subsequence has demonstrated a decrease in delamination factor for the hybrid
fibre-reinforced composite materials. The available literature also does not provide sufficient
knowledge on the influence of nanoparticles within composite materials on chip formation. Not
overlooking the major differences in material characteristics, the literature on drilling on metallic
materials might provide a foundation for nanocomposites. As there is still insufficient knowledge to
be able to understand the phenomena and reproduce the physical and theoretical prediction of
drilling of composite laminates (Liu et al., 2012), the effect on nanocomposites is still required. The
literature demonstrates, and as concluded within Panchagnul and Palaniyandi (2018), there is a clear
lack of knowledge on the influence of incorporating nanoparticles within polymer nanocomposites on

material performance during drilling.

2.4 Nanoparticle Toxicity

Due to the use of the nano-sized particles, nanocomposites introduce a potential toxicological and/or
eco-toxicological hazard. Research is comprehensively investigating the potential nanoparticle release
and exposure to humans and the environment (Fadeel et al.,, 2018). In addition to machining the
material, mechanical processes such as drilling on nanocomposites has shown to unintentionally

release nanoparticles into the environment and/or workplace (Basinas et al., 2018).

Literature recognises that certain nanoparticles at certain dosages have the potential to be hazardous
to humans (Fadeel et al., 2018; Brown et al., 2013). The advantages of the nanoparticle physiochemical
properties employed for the use within materials also render potential unique toxic effects within

biological systems (Hristozov et al., 2012). The use and introduction of these materials into the
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workplace can be hazardous when human exposure is concerned (Njuguna et al., 2009; Njuguna et

al.,, 2014; lee et al., 2019; Froggett et al., 2014, Basinas et al., 2018).

It is important to note that not all nanomaterials induce toxic effects. The hypothesis that smaller
means more reactive and thus more toxic, cannot be substantiated (Baalousha & Lead, 2013).
Potential differences in physio-chemical properties compared to the bulk chemical and numerous
applications spread over a wide range of fields (Hankin & Reat, 2016), necessitate nano-sized materials
to be evaluated on a case-by-case basis (Aitken et al., 2008; Stone et al., 2010). However, studies have
attempted to classify the key particle characteristics that have exhibited to cause toxicity effects (such
as Froehlich, 2012; Gnach et al., 2015; Johnston et al., 2010; Stone et al., 2010). Literature has been
able to identify that the physio-chemical properties of the nanoparticles have a strong influence on

the adverse health effects (Vega-Villa et al., 2008). Figure 8 illustrates some key characteristics

identified.
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Figure 8: A selection of identified nanoparticle characterics that have demonstrated to have an

efffect on toxicity (Hristozov et al., 2012).

Particle size has been highlighted to be one of the most influential material properties effecting
toxicity. Studies have shown that the size of a particle can be directly linked to toxicity and generate

size-dependent genotoxicity (Jacobsen et al., 2008; Park et al., 2011). This increased biological
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response (whether beneficial or detrimental) to certain nanoparticles compared to that “of the same
mass of larger particles of similar chemical composition” is highlighted in the hazard characterization
in a recent ISO technical report on “Health and safety practices in occupational settings” (ISO/TR
12885, 2018). However, a study carried out by Karlsson et al., 2009, reported an inverse correlation
between certain particles on size and toxicity effects. The study found nanoparticles of copper oxide
(CuO) to be significantly more toxic when exposed to human cell line A549, compared to CuO micro-
sized particles. In contrast, titanium dioxide (TiO;) micro-sized particles demonstrated more DNA
damage compared to the nanoparticles. Separately, two iron oxides (Fe;Os and Fes04) displayed
similar low toxicity and no difference between nano and micro sized particles (Karlsson et al., 2009).
Therefore, although specific particles have demonstrated to be toxic due to certain characteristics,
each particle is different and requires to be individually assessed based on current knowledge. A
review on the toxicity of CNTs alone by Aschberger et al.,, (2010) concluded there is currently
inconclusive data to draw definitive conclusions on the genotoxic potential and the dependence on
physico-chemical properties, requiring a case-by-case approach for the time being. A more recent

study by Obertdoerster et al. (2015) concluded similar findings and the need for more data.

Further to the characteristics mentioned in Figure 8, other factors such as aggregation, agglomeration,
solubility, particle uptake and presence of mutagens etc. have been acknowledged to influence
toxicity (Hristozov et al., 2012; Froehlich, 2012; Gnach et al., 2015). With the dosage established as
one of the most crucial characteristics, the particle size, shape, chemical composition and size
distribution have shown to be the influential particle characteristics (Hristozov et al., 2012). Various
studies have attempted to summarise literature findings and narrow down and focus concerns on
certain characteristics such as size, composition etc. for example fibres with aspect ratio of more than

3:1 (NanoPortal, 2017).

A human can be exposed to nanoparticles into the circulatory system through four main pathways:
ingestion, injection, transdermal delivery, and inhalation (Gnach et al., 2015). Toxicological studies
involve the assessment of the particle effect on the cell type within the pathway of exposure. A
challenge therefore is to understand the potential route of nanoparticles once inhaled, with the
purpose of subsequently identifying any conclusive assessment on the potential health risks. Figure 9
illustrates a predicted deposition location within the respiratory tract of all nanoparticles that are

inhalable based on particle diameter if inhaled through the nose (Oberdoerster et al., 2005).

Airborne particles are also classified into separate categories in relation to the probability of the
particles penetration: inhalable, thoracic and respirable (Sanchez Jimenez et al., 2012). The inhalable

fraction is the mass fraction of total airborne particles that can penetrate the nose and mouth. The
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thoracic fraction is the fraction that can penetrate the bronchial region. Whereas, the respirable
fraction is the fraction of inhalable particles that reach the alveolar region of the lung (Lidén and

Harper, 2007).
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Figure 9: Predicted percentile deposition of nanoparticles within respiratory tract if inhaled through

the nose in relation to particle diameter (Oberdoerster et al., 2005).

The pathway of entry for the particles into the human body has significant effect on the toxicity.
Inhalation models of toxicity assessment are the most commonly employed of the four modes of
nanoparticle uptake (Love et al., 2012) through the use of common lung cell lines. As shown in Figure
9, the particle will deposit at various locations along the respiratory tract depending on the diameter.
Significantly, different sizes can target all three regions of the respiratory tract. Once deposited within
the pulmonary system, the particles will translocate to reach various organs via different transfer
routes and mechanisms such as via the blood circulation or lymphatics (Oberdorster et al., 2005). The
extent and toxicity effects thereafter are particle-dependent and therefore required to be studied

individually.

Healthy skin generally works as a protective barrier, however as summarised in a review article by

Crosera et al. (2009) numerous studies have shown interaction between human dermal cells and
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nano-sized particles. The review nonetheless does call for more studies on nanoparticle skin
absorption as the findings thus far have been contradictory. As with particles exposed to human cells
through inhalation, and ingestion, it is necessary to study each nanoparticle individually to fully

understand the toxicity effects (Crosera et al., 2009; Hristozov et al., 2012).

Additionally, projects have developed into databases which provide various toxicity metrics on
nanomaterials such as the Hazardous Substances Data Bank assembled by the National Institutes of
Health (NIH, 2017) or the NanoSafer tool maintained by the Danish National Research Centre for the
Working Environment (NanoSafer., 2017), both of which are revised after assessment by a scientific

review panel.

Due to the significant amount of literature available having established various nanoparticles
potentially being toxic, industry and research labs are institutionalising the safe handling, exposure
limits and working with nanoparticles. Recommended exposure limits and safe handling handbooks
are in place when manufacturing or handling certain nanoparticles (e.g. NIOSH, 2013; EU-OSHA, 2009;
ISO/TS 12901-2, 2014; CEN/TC 352, 2016; OECD, 2017; ASTM E2535, 2018; BSI PD 6699, 2007; WHO,
2017). An example is by the National Institute for Occupational Safety and Health (NIOSH) in the
United States recommending the exposures to CNT and CNF be kept below the recommended
exposure limit (REL) of 1 pg/m? of respirable elemental carbon as an 8-hr TWA (NIOSH No. 2013—-145,
2013). Legislation now instruct the assessment of exposure to certain nanoparticles such as under the
European law known as the Regulation on Registration, Evaluation, Authorization and Restriction of
Chemical (REACH), requiring manufacturers and chemical importers to carry out a consumer exposure
assessment if the chemical is classified as hazardous (REACH No. 1907/2006, 2017). However, a
systematic review by Mihalache et al. (2017) on occupational exposure limits for manufactured
nanomaterials concluded that whilst current OELs can provide a valuable reference point for exposure
reduction measures in workplaces, there is a need for more and better supported OELs. The current
exposure limits comprise of working solely with the nanoparticles prior to being embedded into
materials. The nanoparticles are utilised within polymer nanocomposites and only relatively recently
have studies started evaluating the potential release of the nanoparticles from the nanocomposite

materials (Basinas et al., 2018).

Literature is also in agreement in that despite studies having demonstrated potential risks to human
health and the environment from the manufacture and use of nanoparticles, there is also a lack of
knowledge about what the risks might be and how to deal with them (Hankin & Read; 2016). Literature
has therefore reported on the challenge in handling the uncertainty and concerns through innovation

governance and responsible development (Hankin & Read; 2016; BASF, 2008; EC, 2008). Hankin &
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Read (2016) discuss both concepts (among others) in a report along with the challenges and the
purpose of governance of nanotechnology in relation to anticipate and realise future developments,

ensure safety and sustainability and generate trust and confidence.

2.5 Nanoparticle Release and Exposure Scenarios
(Mechanisms)

2.5.1 Routes of Exposure to Engineered Nanoparticles

Although control and regulations on inhalable particles exist, there are currently no exposure limits
comprising of nanoparticles released from engineered nanocomposites (Debia et al., 2016; Methner
et al., 2007). However, the nanoparticles are also utilised within nanocomposites and only relatively
recently have studies started evaluating the potential release of the nanoparticles from the materials
(Basinas et al., 2018; Debia et al., 2016; Froggett et al., 2014). Since nanoparticles are manufactured
to be embedded within the polymer composite, the nanoparticles cannot be released without an
energy input. Throughout its lifecycle, after synthesis and manufacturing, nanocomposites may
encounter potentially degrading mechanical, thermal and/ or chemical energy inputs that results in
the unintentional release of the nanoparticles (Froggett et al., 2014). Although the unintentional
release may occur randomly and due to unrepeatable events throughout its life, some of the causes
may take place on a more regular basis, such as within the workplace when working with the materials
on a daily basis. The toxicity of the nanoparticles thereby becomes critical when considering exposure
during the workplace. Figure 10 illustrates the various elements to consider in an occupational

exposure scenario (Ding et al., 2017).

As can be seen in Figure 10, there are a considerable number of factors and elements to consider
when evaluating the release of nanoparticles. When not taking place within a controlled environment,
parameters such as the ventilation, room volume, distance from personnel, personal protective

equipment (PPE) etc., all need to be included in the assessment of occupational exposure.
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Figure 10: Diagram representing various elements and processes in an occupational exposure

scenario (Ding et al., 2017).

Various studies have investigated the release of the particles from nanocomposite materials. As the
quantification of the release is carried out due to the concerns of release of potentially toxic
nanoparticles, studies have attempted to integrate current literature to identify likely scenarios of
nanoparticle exposure. Three similar studies have collated the findings of numerous papers on the

routes and forms of exposure to ENMs (Froggett et al., 2014; Basinas et al., 2018; Debia et al., 2016).

Another earlier study by Van Duuren-Stuurman et al. (2010) evaluates the assessment of ENM dermal
exposures. The study groups the exposure likelihood with the identified activities. The findings
however are limited to dermal exposure and provide few details on the scenario conditions in the
assessment. The findings from the study conclude that the likelihood of exposure is increased when
feeding into a process, packing and extruding. The synthetisation of materials showed little likelihood

of exposure, and no information is provided on the assessment from machining on ENMs.

In contrast, a review study by Froggett et al. (2014) summarised the existing nanoparticle release
studies up until 2014, highlighting the current gap in knowledge with 54 publications covering the

release from solid non-food nanocomposites. From the experimental studies, 96% demonstrated

35



Chapter Two

release of nanomaterial from the nanocomposites. The review divided the type of release scenario
into five categories: machining, weathering/UV, washing, contact and incineration. The summary of

the investigated studies is demonstrated in Figure 11.
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Figure 11: Summary of 54 reviewed articles by Froggett et al., 2014, concerning the release of

nanomaterials from solid nanocomposites.

As can be seen in Figure 11, a large variety of nanomaterials, matrixes, release scenarios and exposure
study types have been considered. Machining was found to be the most examined scenario with 43%
of the studies including machining. This is due to the high energy input required for machining and
thus higher expected quantity of particles released. This scenario is therefore covered in the following

section.

The second most investigated release scenario, with 32 % of the studies, was due to weathering such
as UV exposure (Nguyen et al., 2012; Gorham et al., 2012), fluorescent lamps (Hsu & Chein, 2007) and
saline water contact (Zann et al., 2010). The review found and concluded that a broad range of
nanocomposites and matrices were tested via different setups and exposures. 94 % of the weathering
studies found the release debris to be the nanocomposite alone and 65 % found the nanoparticles
embedded within the debris (Froggett et al., 2014). The studies show contrasting evidence, with
Nguyen et al., 2012, presenting clear evidence of nanosilica released from epoxy/nanosilica
nanocomposites exposure to UV light within a controlled environmental chamber, whereas other
studies such as Al-Kattan et al. (2013) showed low release quantities of nano-TiO, close to the
background values. A more recent study by Nguyen et al. (2017) found MWCNTSs to form a dense

entanglement layer on the surface of the material due to UV light exposure, but resisted release.
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As seen in Figure 11, other studies have investigated the release due to washing (Pasricha et al., 2012;
Lorenz et al., 2012), contact (Von Goetz et al., 2013; Moreau et al., 2012) and incineration (Motzkus
et al., 2011; Bouillard et al., 2013). Washing studies demonstrated almost no evidence of identifiable
separate nanoparticles. Whereas contact scenarios reported some evidence of release dissociated
nanomaterials (Von Goetz et al., 2013), whilst others reported none or the matrix alone (Moreau et
al.,, 2012). The incineration studies identified within the available literature mostly focused on the
addition of CNTs to thermoplastics, and only one study reported the release of the nanomaterial
(Bouillard et al., 2013). However, it was also noted that the incineration process makes it difficult to
distinguish the released particles from combustion (Motzkus et al., 2011). The limited literature
available highlights the current understanding being in a preliminary stage where, although a slight
majority of the studies did not report identified release of separate nanomaterial, the contrasting
results raise interesting data of potential release. More data, analysis and correlation between the

materials and methodology are required.

A review study by Debia et al., (2016) focused on literature on reported exposure to engineered
nanomaterials. The study evaluated literature available between 2000 and 2015 and found 306
exposure situations in the workplace. The paper follows a strict set of criteria in assessing exposure
studies, following another study (Brouwer et al., 2009), in meeting the inclusion criteria only selecting
studies with high methodological strength. To simplify the presentation and ease of understanding
the results in terms of the nanoparticles, the data is grouped into nanoparticle fillers as opposed to
exposure scenario. The results from the study found exposure to occur in 83 % (N=107) involving
carbonaceous ENMs, in 73 % (N=120) involving metallic ENMs and in 100% (N=6) involving nanoclays.
The study concluded therefore that a potential for occupational exposure to nanoparticles, especially
during handling tasks, is consistently reported in literature. Furthermore, given the limitations found
in studies, e.g. evaluating differences across different seasons or days, the review emphasised the

urgent need for more and better exposure data.

In @ more recent study by Basinas et al. (2018), a systematic review found 174 articles to meet a
rigorous selection criteria on literature published between 2000-2015 on measurements studies on
inhalation or dermal exposure from ENMs. Not only does the study report an increase in research on
release from ENM materials, but also concludes the lack of high-quality data. The authors found that
in certain life-cycle scenarios, there is sufficient evidence to conclude that there is no likelihood of
exposure to the nanoparticles. For example, from 27 studies reviewed, CNTs and CNFs were concluded
to not show inhalation exposure during synthesis. However, from 37 studies, the data showed there
was a sufficient evidence showing a likelihood of exposure during machining and abrasion to CNTs and

CNFs. Similarly, from 6 studies found to meet the inclusion criteria, Si-based fillers results were
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“unclear”, whilst evidence from 17 studies on other nanofillers were also “unclear”. Furthermore,
results from large and pilot production exposure assessment situations for CNTs and CNFs provided
evidence that inhalation exposure occurs when the process is of high-energy input, manual, and dry.
Additionally, the study concludes that although there is a lack of measurement data for ENM exposure
and with limitations between data, the results of the study suggest that all three routes of exposure
(i.e. inhalation, dermal and ingestion) are relevant for workers in the manufacturing of ENMs (Bainas

et al., 2018).

2.5.2 Nanoparticles Released due to Machining

Within the life cycle analysis of nanocomposites, studies (e.g. Bainas et al., 2018; Debia et al., 2016;
Froggett et al., 2014) have identified that machining is a key relevant scenario where the embedded
nanoparticles can potentially be released due to the high energies involved. Throughout its life-cycle,
a nanocomposite material will undergo various machining processes during assembly operations to
fabricate and regulate to its corresponding application where the nanofillers could unintentionally be
released and exposed to workers and/or consumers. Various studies have looked into nanoparticle
release due to a variety of mechanical processes nanocomposite materials will go through such as
cutting (Methner et al., 2012), abrasion (Schlagenhauf et al., 2012), sanding (Saber et al., 2012), sawing
(Gomez et al., 2014) and drilling (Sachse et al., 2012a, b). Froggett et al. (2014) reported twenty-three
studies to have investigated the release due to machining methods. Of the studies on machining, 30%
of studies reported the identification of dissociated nanomaterial alone among the release debris.
However, in contrast, 91% of the studies reported the release measurement of matrix alone and 87%
reported identified nanomaterial within the matrix. Drilling, abrasion, sanding, cutting and grinding

scenarios all demonstrated release of individual nanoparticles. However, studies carried out using the

same scenarios also reported no evidence nanoparticle release (Froggett et al., 2014). As with the
previous section 2.5, it is difficult to draw comparisons and distinct conclusions due to the varied
material and methodologies. A general conclusion that can be drawn from review would be the limited
literature highlights a need for a harmonised methodology in order to compare the materials and
processes. The review also concludes that whilst the data currently indicates a high portion of the
release to be partially or fully embedded nanomaterials, there is a shortage of research into the
release of manufactured nanomaterials. From the few studies available, literature has indicated that
fragments of polymer matrix with protrusions of ENMs, have shown no more toxicity than fragments
of control polymer without the nanofiller (e.g. Wohlleben et al., 2011; Wohlleben et al., 2013, Saber
et al., 2012; Saber et al., 2012, Schlagenhauf et al., 2015).
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A similar earlier review study by Kuhlbusch et al. (2011) reviewed the current studies in nanoparticle
exposure in workplaces. The authors found a similar conclusion on the difficulty in comparison of the
results. A lack of coherent approach towards exposures assessment, measurement metrics and major
drawbacks such as differentiating background particles from nanomaterial related particles, and
instrument sensitivity, all made it challenging to compare studies. A key challenge is the ability to
relate the simulated and workplace scenarios. The summary of findings observed agglomerations of

nanomaterials of < 100 nm to be released in only a few cases, but a regular release of > 300 nm was

observed (Kuhlbusch et al., 2011).

The review of reported exposure scenarios by Debia et al., (2016) identified several industrial
processes in which the exposure to nanoparticles were investigated. The study focuses on the
nanoparticles used as opposed to exposures scenario and groups all activities under industrial
handling tasks, which include pouring, weighing, drilling, sanding, sawing etc. As a result, the
machining processes are not separated and many of the studies crossover with the studies reported

in Froggett et al. (2014).

In the review study by Basinas et al. (2018) on routes and forms of exposure to ENMs, the authors put

emphasis on a clear lack in data from studies relating to machining and abrasion scenarios. From the

studies found on machining (Mazzuckelli et al., 2007; Takaya et al., 2012; Lo et al., 2012; Ono-
Ogasawara et al., 2013) on CNTs/CNFs, the authors conclude that the studies “provide a clear evidence
that inhalation exposure occurs when the process is of high-energy input, manual, and dry”. The
process include cutting, abrasion, drilling, sawing and weaving. The authors also found that literature
provides high-quality evidence that dermal exposure is likely during machining and abrasion in 15

assessments.

As demonstrated in Figure 11 in the review by Froggett et al. (2014), Debia et al. (2016) and Basinas
et al. (2018), a variety of machining processes have been investigated within available literature. From
the results, drilling has been identified as a fundamental and significant machining process used during
assembly operations which can produce nanoparticles. An Airbus A350 will undergo 16000 holes

drilled per composite wing set (Griffiths, 2013). However, only six studies were identified to have

investigated the release of nanoparticles from nanocomposite materials during drilling (Bello et al.,
2010; Sachse et al., 20123, b; Irfan et al., 2013; Gendre et al., 2015; Ding et al., 2017). All six studies

demonstrated nanoparticles to be released.

In the work carried out by Sachse et al (2012a), the release of polyamide 6 reinforced with SiO;
nanoparticles and micro-sized glass fibres is investigated. The findings displayed that with a 5 wt. %

SiO; reinforced nanocomposite, fifty-six times more nanoparticles were released in comparison to the
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neat polyamide. However, the study also observed the majority of the particles released to be in the
same size range 22.6 nm to 42.5 nm. The silica reinforcement therefore was not reported to have
introduced particles at a new size range, but instead, increase the concentration at the same size range
as the neat polyamide 6. In the similar study carried out by the same authors, but with the use of 5
wt. % MMT as a nanofiller for the polyamide 6 resin, a reverse trend was observed. The reinforced
nanocomposite was seen to release twenty times fewer airborne nanoparticles than the neat
polyamide, but double the number of deposited nanoparticles (Sachse et al., 2012b). The authors
associate the reduction in airborne nanoparticle release to the exfoliation of the nanoparticles within

the matrix.

In a similar study by Irfan et al. (2013) and using the same equipment, polyamide and polypropylene
were reinforced with 5 wt. % SiO, and MMT. The study found polyamide nanocomposites displayed
up to ten times more nanoparticles generated than from polypropylene nanocomposites. The matrix
can therefore be seen to have a significant effect. The study also reported silica nanoparticles
increased the nanoparticles released, whereas MMT was found to decrease the release of
nanoparticles, and therefore demonstrated corresponding findings to both Sachse et al. (2012a and
2012b) studies. The study also evaluated the cytotoxicity of the particles released in human lung
epithelial A549 cells. The authors concluded the polyamide-based nanoparticles released were much
more toxic than the polypropylene-based nanoparticles and that the toxicity however, was much less

than that induced by the individual SiO; nanoparticles.

In the drilling study by Bello et al. (2010), hybrid composites incorporating Al.Os fibres and graphite
with reinforced CNTs within epoxy were investigated for nanoparticle release during drilling. The
study reports the inclusion of CNTs demonstrated an increase in geometric mean particle number
concentration when included in both the Al,Os fibres and graphite hybrid composites. Two different
drilling speeds were evaluated for the comparison of including CNTs within the Al,Os fibres samples.
At 725 rpm, the CNT reinforced sample displayed a 70 % increase in geometric mean particle number
concentration in comparison to the Al;Os3 fibre epoxy sample without CNTs. In contrast, the inclusion
of CNTs within the graphite epoxy sample displayed a 35 % reduction in geometric mean particle
number concentration in comparison to the graphite fibre epoxy sample. The microscopy analysis
revealed aggregates of CNTs in the emissions after drilling on CNT-alumina and CNT-carbon
nanocomposites. Furthermore, with a similar study on the same materials using cutting, drilling
demonstrated significant differences and an increase in overall nanoparticle release (Bello et al., 2009,
Bello et al. 2010). The particle release measurements were taken and compared for both the
unmodified and carbon nanotube reinforced samples. The studies observed that nanoparticles were

detected regardless of the composite type and presence of the CNT fillers. 1% to 10% of particles
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released were shown to be within the nanometre range (<100nm), whilst 71% to 89% were in the 1
um to 10um range. When examined using scanning electron microscopy (SEM) and transmission
electron microscope (TEM), the released nanoparticles from the cutting experiment exposed no
clearly distinguishable CNTs, contrasting the findings from the drilling experiment. The data suggests
the nano-fillers continue to be embedded within the polymer resin. The authors therefore reported
the need to assess different processes in evaluating the nanoparticle release from CNT reinforced

nanocomposite materials and recommended effective exposure controls for both processes.

The study by Gendre et al. (2015) replicates similar nanofillers used by Sachse et al. (2012a and 2012b)
and Irfan et al. (2013). The paper investigates the nanoparticle release from hybrid micro-sized glass
fibre polyamide composites reinforced with nano SiO, and MMT at different weight concentrations.
The authors found the different weight concentrations of both SiO, and MMT to demonstrate
different particle number concentrations. However, the author’s main findings from the study is the
variability of the process. Measurements were taken on different days of the week and found different
values for the same sample on different days. This was due to the lab air changing each day, producing
a variable background of airborne particles before the drilling experiment is initiated. The study
therefore concluded the necessity of a controlled environment. Furthermore, the authors also utilised
a handheld drill and demonstrated the variability of results depending on the feed rate of the user.
The study therefore also concludes the need for a controlled drilling process in order to evaluate the

release of the nanoparticles during drilling.

The final study available within literature, by Ding et al. (2017), investigated the influence of 0.09 wt.
% multiwalled CNTs, carbon black (CB) and SiO; within polyurethane nanocomposites on nanoparticle
release during drilling. The weight concentrations are substantially lower than the other studies, but
are correlated to beneficial electrical conductivity properties. The introduction of the SiO; and CB
demonstrated minor increases in particle number concentration in relation to the neat PU, whilst the

PU/CNT sample demonstrated the lowest number of particles released. The authors also observed a

difference in particle number concentration due to different drilling speeds and drill tool size. The
study concludes, that apart from the PU/CNT sample, the other materials did not have substantial
influences on the release results. No free nanoparticle fillers separate from the matrix were observed,
apart from protrusions on the surface. The same materials were compared to sawing tests, and
concluded the drilling to produce higher particle number concentrations. The study concludes the
need to evaluate the influence of different nanofiller weight concentrations within the

nanocomposite, due to the low concentration investigated.
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The results from the six studies on drilling exhibited agreement with the general findings in the
machining review articles (Froggett et al., 2014; Kuhlbusch et al., 2011, Basinas et al.,, 2018). A finding
recurrently mentioned within studies is that there is currently a lack of systematic harmonised
methods to compare the results and identified the need of a standardised method to test and quantify
the release and exposure of nanoparticles from nanocomposites during a machining lifecycle scenario.
The differences in study approaches and conditions make it challenging to make conclusions of the
effect of various parameters such as matrix or filler due to drilling. However, all studies also
emphasised the current lack in data and knowledge on the influence nanoparticles have on
nanoparticle release from nanocomposite due to both machining and drilling. From the literature
available on nanocomposite drilling however, all studies illustrated that nano-sized particles are

released, but differ in the quantity.

A summary and comparison of the materials used and maximum nanoparticle release concentrations
observed are displayed in Table 1. As the half of the studies (Sachse et al., 2012a and 2012b; Irfan et
al., 2013) were investigated using similar instrumentation and setup, the materials can also be seen
to be comparable. The studies conclude unanimously that the introduction of SiO; increased the
particle number concentration in comparison to the neat polyamide. The study by Ding et al., (2017),
also observed a minor increase with the incorporation of SiO, nanoparticles. Studies agree that the
use of MMT observed to reduce the particle number concentration during drilling (Sachse et al., 20123
and 2012b, Irfan et al., 2013). The maximum quantity of nanoparticle release concentration varies
quite significantly. The similar compositions of materials used in Irfan et al., (2013) and Sachse et al.
(2012a and 2012b), demonstrated substantial differences in particle number concentration, which is
likely to be due to the same conclusion drawn in Gendre et al. (2015): variability due to variation in

lab air and manual drilling tool.
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Table 1: Overview of materials and maximum nanoparticle release concentrations observed during

drilling in current studies on the effect nanofillers have on nanoparticle release during drilling on

nanocomposites.

Materials Nanoparticle
Release Release findings in comparison to no
Base Polymer Nano filler | Concentration nano reinforcement efarerga
Material [#/cm?]
Integration of nano SiO, strongly
_ _ suggest changes in particles emitted Sachse et al.
Polyamide BARE 305K > 14x10° during drilling displaying 56 times the (2012a)
neat polyamide.
Epoxy-alumina
2 ey Introduction of CNTs demonstrated a
3 70% increase over neat epoxy-alumina Bello et al.
EpD}{‘f— f?i(zb;t:fi;) 21810 and a 35 % reduction over the epoxy- (2010)
E;jg:;f: 2T es WD graphite.
Airborne particles of MMT reinforced
sample displayed 20 times lower
polyamide &t % MMT 59 x 10 particle number concentration but Sachse et al.
doubled the deposited number of (2012b)
particles in comparison to the neat
polyamide.
Polyamide Inclusion of SiO; increased the
2 5 wt. %0 MMT o175 y 108 nanoparticles released significantly, Irfan et al.
5 wt. % SiO» ' whereas MMT was found to decrease (2013)
Polypropylene the release of nanoparticles.
polyamide — 5-10 wt. % No comparison to neat material
ol Bl MMT S il without nano reinforcements and Gendre et al.
pbri 05-3wt. % concluded variability due to variation (2015)
Si0, in lab air and manual drilling tool.
SiO; and CB demonstrated minor
0.09 wt.% CNT increases in particle number
. ] concentration in relation to the neat Ding et al.
Polyurethane  0.09 wt.% CB >2.2x10 P whereas the ONT Ssimple (2017)

0.09 wt.% SIO;

demonstrated the lowest number of
particles released.

The studies demonstrate the incorporation of nanofillers to have either a positive or a negative
influence on the nanoparticle release. Within the data that showed the fillers to have a positive
increase in particle number concentration (Bello et al., 2010; Sachse et al., 2012a, b; Irfan et al., 2013;
Ding et al., 2017), only Bello et al. (2010) reported of evidence found in microscopy analysis of

separated nanofillers. Other studies reported of the nanoparticles to be either embedded or extruding
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from the matrix. The released nanoparticles identified to be embedded within the matrix are less likely
to be harmful (Debia et al., 2016). Although some studies have demonstrated no increased toxicity
(e.g. Wohlleben et al., 2011; Wohlleben et al., 2013; Saberet al., 2012; Saber et al., 2012; Schlagenhauf
et al., 2015), there is still a lack of understanding whether most embedded nanoparticles within the
matrix are toxic as they have not been investigated due to the complexity and variations in material
phases (Froggett et al., 2014; Debia et al., 2016). The toxicity studies previously reported within this
thesis report the understanding and toxicity of only the individual nanoparticles as opposed to a
matrix/filler combination. Additionally, the identification of release of the embedded hazardous
nanoparticles must also be linked to the exposure of the released particles for toxicological

assessments (Kuhlbusch et al., 2011).

Various studies (e.g. Vorbau et al., 2009; Guiot et al., 2009; Gendre et al., 2015) have attempted to
control the experiments to be able to create a repeatable methodology for other researchers to use.
The machining is moderately simple in terms of parameters control and following standardised testing
methods for certain types of machining, e.g. taber abrasion. Two studies by Vorbau et al. (2009), and
Guiot et al. (2009), adapted the standardised testing method for taber abrasion (ASTM D 4060, 2007)
and added a small enclosure around the test sample to measure the particles released. However, due
to the different materials, lab environment, measuring equipment and background interference, the
studies show varying results. The authors conclude that even with a small enclosure placed around
the test sample, particle number concentrations were variable and therefore concluded the need for

a modified test rig which can have a controlled environment.

Although some similar conclusions can be drawn up from the studies investigating drilling on
nanocomposites, the studies also utilised different drilling parameters and setups. Table 2
demonstrates some of the differences between the collected data. As discussed, a connected group
of authors are responsible for three of the studies (Sachse et al., 2012a, b; Irfan et al., 2013), and
therefore have similar setups. Noticeably, Irfan et al. (2013) was the only drilling study to directly
investigate the particles collected for a toxicity study. The particles showed indications of toxicity in
human lung epithelial A549 cells, however, the results suggest much less toxicity than that induced by
the individual SiO; nanoparticles. The approach demonstrates the possibility of the assessment of
nanoparticle release integrated with a nanoparticle toxicity study (/rfan et al., 2013). Other studies
have carried out a similar approach in evaluating the release directly for toxicity from machining
scenarios (e.g. Wohlleben et al., 2011). Fewer details on the drilling parameters are known for the
study by Bello et al. (2010) as well as the real-time nanoparticle release equipment being placed at

the breathing zone within a lab environment instead of a test chamber in the other studies.
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Table 2: Overview of drilling parameters used and measurement techniques in current studies on

the effect of drilling on nanocomposites.

Drilling parameters

Nanoparticle Release

Experiment
Speed Drill bit | Nanoparticle Nanoparticle Toxicity (E) or Reference
Feed rate _ : i .
[rpm] Diameter |ConcentrationCharacterization study observation
(O)
Unknown Sachse
1800 (Manually 10 mm X X E et al.
controlled) (2012a)
Unknown Bello et
1355 (Weight 9.5 mm X X @)
al. (2010)
controlled)
Unknown Sachse
1800 (Manually 10 mm X X E et al.
controlled) (2012b)
Unknown v ;
rfan e
1800 10 mm X X X E
(Manually al. (2013)
controlled)
Unknown 5mm Gendre
1800 (Manually & X X E et al.
controlled) 8 mm (2015)
1200,
- Unknown 4 mm Ding et
* ing e
& X X E
& (Stp”:;gd) . al. (2017)
controlle
1880 mm

As also highlighted in the review studies on machining (Basinas et al., 2018; Debia et al., 2016; Froggett

et al., 2014), studies have approached the nanoparticle release investigation as either an exposure or

an experimental release measurement. Table 2 shows that from the studies that investigated the

nanoparticle release during drilling, only one study (Bello et al. 2010) used an observation approach.

All five other studies created an experimental setup to evaluate a simulation of the release during a

drilling scenario. As also shown, a variation in drill bit diameters, speeds and feed rates were used.

Two studies (Gendre et al., 2015; Ding et al., 2017) included the comparison of release data using

different drill bit diameters. Both studies demonstrated a clear influence in particle number

concentration with a different drill bit diameter. Ding et al. (2017) determined the number of particles
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to increase with the larger drill bit diameter from 4mm to 8mm. The particles released soared from
4.3 x 10’ #/cm?®to 65.2 x 10’ #/cm? (roughly 15.2 times higher) with the increase in drill bit diameter.
The authors demonstrated both an increase and decrease with different nanocomposite samples in
particle number concentration with an increase in drill bit speeds. The authors therefore concluded
the drilling speed to have an effect, but was dependent on the material. The variation in drill bit
diameter in the study by Gendre et al. (2015) was unable to draw conclusive evidence on the influence

on nanoparticle release due to the variation in data from the differentiating lab air and manual feed

control of the drill.

Two of the studies also compared the results from drilling with another machining method. Ding et al.
(2017) compared the same materials with sawing. The authors concluded that the process clearly
demonstrated an influence in the number and size of particles release and can therefore be classified
as process-dependant. Drilling observed an increase in particle number concentration in comparison
to sawing. In the study by Bello et al. (2010), the materials were evaluated during drilling and cutting.
The authors concluded major differences noted in the size distribution, fibre concentration, particle
morphology and observation of CNT aggregates. The only similarities the authors were able to find
were the transitional nature of exposures consistent with short task durations, high peak exposure
levels and the generation of inhalable fibres and nanofibers. The two studies therefore agree with
similar findings to those presumed from the review articles (Basinas et al., 2018; Debia et al., 2016;

Froggett et al., 2014), in the release of nanoparticles from nanocomposites to be process-dependent.

As shown, the studies identify the nanoparticle filler, matrix, process, drilling parameters, and

environment to all have an effect on the nanoparticle release data. The evidence of nanoparticle

release to be process-dependent highlights a need for more data on nanoparticle release from
nanocomposites that have not been investigated. Nano SiO, has been demonstrated to increase the
particle number concentration in comparison to the neat polymer, whereas MMT has be reported
twice to reduce the particle number concentration during drilling. There is however, a lack in data on
the influence of particle filler concentration on the nanoparticle release during drilling. The study by
Ding et al. (2017) utilised a 0.09 wt. % SiO; in polyurethane and only observed a minimal increase in
particle number concentration, in comparison to a 56 times increase in particle number concentration
with 5 wt. % SiO; in polyamide (Sachse et al., 2012a). Ding et al., (2017) associates the minimal effect
to the low weight concentrations investigated and concludes the need to evaluate the influence of
different nanofiller weight concentrations. Studies (Sachse et al., 2012a; Gendre et al., 2015; Bello et
al.,, 2010) also concluded the need for a controlled drilling process and environment in order to

evaluate the release of nanoparticles during drilling. The study by Irfan et al. (2013) is the only study
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to investigate more than one polymer base material for nanoparticle release during drilling. The study
concludes the polymer to have a substantial influence in nanoparticle release as the PP demonstrate
substantially less particles released in comparison to the polyamide. The difference in concentration
values observed between the six studies and different polymer materials suggests the polymer matrix
has a significant effect on the nanoparticle release. However, this could also be associated to the
different environment, drilling setup, drilling parameters etc. The influence of the polymer matrix on
nanoparticle release during drilling is therefore also needed. The findings from the six studies on
influence of nanoparticles on nanoparticle release during drilling are in general agreement with the
future work needed that is reported in other machining studies (Basinas et al., 2018; Debia et al., 2016;

Froggett et al., 2014).

2.6 Sampling and Measurement of Release
Nanoparticles and Debris

Currently within the relevant detailed literature, there is still an insufficient and in depth
understanding of the full result of nanoparticle release and exposure (Clark et al., 2012). In order to
assess the exposure and quantify any risks, studies have investigated several characteristics of the
released particles such as the particle concentration, particle size distribution and particle mass
distribution. The method and even apparatus used to measure the same release or exposure
characteristics can differ quite significantly. Different approaches are used throughout studies
depending on the process, equipment, methodology and parameters used. Due to the variation in

approaches reported within literature, this study will review the methods and measurements in use.

2.6.1 Instrumentation

The equipment used to assess nanoparticles can commonly be categorized between local, in situ, and
external, ex situ, measurement techniques. The full characterization of the released particles cannot
be fully achieved in situ from the material, and must therefore also be analysed using ex situ
characterisation equipment. In the case of released nanoparticles, several studies categorise the
characterisation into the assessment of airborne particles and deposited particles. Due to the
considerably small size and densities of particles released, a majority of the released particles will not
drop to the surface (Kuhlbusch et al., 2011). As will be reviewed, it is comparatively simpler to
characterize the released deposited nanoparticles, however, the airborne particles are critical for

exposure assessment.
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Since there are currently limited established occupational exposure limits or regulations specific to
engineered nanomaterials (ENMs) (Methner et al., 2010a), it is still unknown which exact particle
characteristics to measure in contributing terms of exposure and/or toxicity. Whilst there are
numerous factors such as size, shape, morphology, resin matrix, concentration and quantity, all
relating to the actual individual particle characteristics, there are also other factors including exposure
time, distance and location, PPE equipment etc. (Hristozov et al., 2012). As mentioned within the
previous section, studies have identified the influential factors contributing to exposure and potential
toxicity. These have been chosen as particle concentration, particle size distribution, particle

chemistry and particle mass distribution.

Reviews on nanoparticle measurement instrumentation have previously been carried out, such as the
review by Kuhlbusch et al. (2011). Table 3 illustrates the particle measuring parameters, size range
and functionality of the selected in situ instrumentation for airborne nanoparticles. The information
in Table 3 is collected from various sources (Hornsby & Pryor, 2014; Kulkarni et al., 2011; Methner et

al., 2010a; Wiedensohler et al., 2012).

The principles behind each instrumentation to quantitatively or qualitatively characterise the particles
differ, and characterise, depending on the geometric, electrical or mass properties of the particles. As
shown in Table 3, the instrumentation offer several measuring parameters, size ranges and principles
behind the measurement. The selection of the instrumentation is therefore dependent on the

methodology and nature of the nanoparticle assessment. Frequently instrumentation can be

combined together to gather more detailed data. The SMPS and CPC are most commonly linked to

give the size distribution and number concentration as exemplified in Table 4.

The instrumentation shown in Table 3 collect data in real time. Other devices are then used to
characterize nanoparticles for ex-situ assessment. Most studies use electron microscopy to determine
the morphology and surface topography of the nanoparticles through either an SEM or TEM. An
electrostatic precipitator or thermal precipitator has also been used for chemical analysis and

morphology characterization.
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Table 3: Principle airborne nanoparticle measuring instrumentation (in situ).

_ Measurin : . .
Instrumentation g Size range Functionality
Parameters
Condensation * -
| Dt e R R > B ta 1 Cou.nts particles after enlarging
Particle Counter , particle nucleus through vapour
concentration LLm : :
(CPC) condensation (aka Nucleation)
Particle electrical mobility diameter is
used to measure paticle size. Linked
Scanning Mobilit : - :
| g ‘ Yy Particle Size 25 nm to 1 with a CPC, Partlcle concentration at
Particle Sizer o the size can be found.
distribution LLm . o
(SMPS) If particle charge and density is
known, mass concentration can also
be calculated
Fast Mobility | | Using similar electrical mobility
. . Particle size 5.6 nm to measurement, but linked with
Particle Sizer o : :
(FMPS) Distribution 560 nm electrometers instead of CPC. Time
resolution of 1s (SMPS >30s)
Measures particles through either
Optical Particle Particle Number 5300 nm light scattering or direct imaging. Can
Counter (OPC) Concentration be used in combination with CPC for
particles <300nm
Aerodynamic Particle Size 500 nm to Using plrlnmpI;s:f me}:tla, p.a:c*ltmles
. . L are accelerated through an airflow to
Particle Sizer (APS) Distribution 20 pum *g .
calculate particle sizes
Diffusion Charger | 5 ey o !ons'are att'ached to the particle via
Particle Surface Area diffusion which allows for the “Fuchs”
(DC) lpm |
surface area to be determined
Eiactrical Low | | Particles are electrically charged and
Particle Size /nmto10  collected in different low pressured
Pressure Impactor S _ *
Distribution LLm impactor stages according to surface

(ELPI1)

area to give size distribution
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In-situ instrumentation can quantify the airborne released nanoparticles in real time, but there is yet
to be a method to analyse the chemical composition and morphology of airborne particles in real-
time. For nanoparticle assessment, a more qualitative characterisation of the nanoparticles is
generally required to back up the findings of the real-time data. The in situ equipment is able to
quantify the particles and the size and mass distribution, but ex situ analysis is required to be able to
identify the content of the release. This is especially important in the assessment of nanoparticles
embedded within a matrix. The in situ instruments are unable to differentiate embedded and
independent nano-fillers. Studies have therefore observed the deposited particles through either an
SEM or TEM. Since airborne particles are currently not able to be analysed for chemical composition
and morphology in real time, deposited particles have to be evaluated. This however, does highlight
a limitation in equipment, as deposited particles cannot fully represent the airborne particle

characteristics.

A condensation particle counter (CPC) is the most commonly used instrument to measure the particle
number concentration (Hameri et al., 2002). The CPC works on the principle of enlarging the particles
through the process of nucleation via condensation with use of another fluid. Particles are initially
continuously drawn into the CPC via an external pump at the specific flow rate. The particles are then
grown by creating a vapour from a working fluid (e.g. water) onto the particles to allow them to be
optically counted. Conventional optical techniques are currently unable to accurately measure
particles down to the 7 nm lower range of the CPC (Collings et al., 2014). This is why the particles are
required to go through the nucleation via condensation. A common TSI 3783 model uses the water-
based condensation growth technique. The particles pass through a growth tube where heated
wetted walls produce an elevated pressure resulting in a thermodynamic supersaturation condition.
The particles in the flow stream act as nuclei for condensation (nucleation) and grow into micron sized
droplets to be optically quantified. The droplets pass through a laser beam and create a large light
pulse. Each pulse is detected and counted (7S/ CPC-003-A4, 2014). Figure 12 below demonstrates a
basic flow schematic of the TSI CPC model 3783.
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Figure 12: Basic flow schematic of TSI Environmental Particle Counter (CPC) model 3783 (TSI CPC-

003-A4, 2014).

The concentration is a fraction of the total particle count over the sampling time and flow rate as

shown in Equation 2.3 (7TS/ CPC-003-A4, 2014).

. |particle CPC Counts |particles]
concentration l 3 J = Liter cm?3
cm Sample Time [s] * CPC Flow rate [ e ] + 1000 [Lite‘r]

Equation 2.3

The total particle number concentration will be limited to the size range capability of the CPC. Any

particles outside of the range will not be included in the concentration. The flow rate and sample time

can change between CPCs and as shown above, will have an effect on the particle number

concentration. Literature has reported on taking the sample time and flow rate into consideration will

allow for comparison between any technical differences of various CPC models (Hameri et al., 2002).

The particle size distribution is measured using a scanning mobility particle sizer spectrometer (SMPS),

fast mobility particle sizer (FMPS) or an aerodynamic particle sizer (APS). The instruments differ in

method of size measurement using electrical mobility or optical sizing. The SMPS is the commonly

used aerosol nanoparticle sizer in literature although it has limitations for fast changes in the particle
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size distributions due to its time resolution (Kuhlbusch et al., 2011). Figure 13 illustrates a schematic

of the process for a TSI 3080 Electrostatic Classifier SMPS.
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Figure 13: Basic schematic of SMPS TSI model 3080 Electrostatic Classifier utilizing a nano DMA (TSI
P/N 1933792, 2009).

The principle of the TSI CPC Model 3080 Electrostatic Classifier with the differential mobility analyser
(DMA) is based on the monotonic relationship between electrical mobility and particle size with singly
charged particles. This parameter is inversely related to particle size and proportional to number of

charges on the particles.

The polydisperse aerosol particles go through a process of bipolar charging or “neutralization” through

a radioactive bipolar charger, creating a bipolar equilibrium charge level on the particles. The particles
are then classified with the DMA based on their electrical mobility. Firstly, the polydisperse aerosol
and sheath air are introduced into the DMA. Two concentric metal rods within the DMA create an
electric field as one is maintained at a negative voltage whilst the other is electrically grounded. This
electric field causes the charged particles to be attracted through the sheath air to the negatively
charged collector rod. According to their electrical mobility, particles precipitate along the rod, and

particles within a narrow range of electrical mobility exit through the small slit at the bottom of the



Chapter Two

negatively charged rod as shown in Figure 13. The particles exit with the monodisperse air flow to a
condensation counter where the particle concentration at that electrical mobility is determined. The
given particle size distribution is therefore corresponding to the electrical mobility of the particles.

Other small subsystems are required to control the system as shown (7SI P/N 1933792, 2009).

If the particle is carrying electrical charges within an electric field, it experiences an electric force
causing it to move through the fluid it is suspended in. The resulting drag force on the particle is given
by Stokes law and can be equated to the electrical force to determine the electrical mobility of the

particle. The electrical mobility Z, is defined as shown in Equation 2.3.2 (TSI P/N 1933792, 2009):

necC

P == - Equation 2.4
& 3TTUDy L

Where:

n=number of elementary charges on the particle
e = elementary charge (1.6 x 10’ Coulomb)
C = Cunningham slip correction = 1 + Kn[a+p exp(-y/Kn)]
a=1.142
B=0.558
v=0.999 (Allen & Raabe, 1985)
kn = Knudsen Number = 2A\/Dp

A= gas mean free path = A, = (&) (1) (HS/TT)

PJ)\T) \ 1+5/;
S= Sutherland Constant (K)
T = temperature (K)
T = reference temperature (K)
3

U = gas viscosity (dyne s/cm?) poise = U, (7;,:55) (:)2
r

Dp = particle diameter (cm)

The gas mean free path and gas viscosity parameters are based on values for S and T which are
consistent values. The values for common gases can be found in Radar (1990) with explanations of the
gas equations in Kulkarni et al. (2011). The relationship between the electrical mobility and classifier

parameters to give the particle diameter are given in Equation 2.3.3 and Equation 2.3.4 (TS/ P/N
1933792, 2009):

Z," = =tin (E) - Equation 2.5
2ntVL 1

And mobility bandwidth:

23



Chapter Two

AZ, = q—“Zp* - Equation 2.6

Where:

Z, = set mobility (if go = gsn then Z, = Z,")

g. = aerosol flow rate through the classifier ( gs + gp, monodisperse flow rate and the polydisperse
flow rate)

gsn = sheath air flow rate (equal to excess air flow rate)

r> = outer radius of annular space = 1.905 cm (for Nano DMA)

r1 = inner radius of annular space = 0.937 cm (for Nano DMA)

V = average voltage on the inner collector rod (volts)

L = length between exit slit and polydisperse aerosol inlet = 4.987 cm (for Nano DMA)

b = gap spacing between plates

Combining the two equations gives the direct relation of the particle diameter to negative rod voltage,

number of charges on particle, classifier flow rate and geometry for the nano DMA as shown in

Equation 2.3.5 (TSI P/N 1933792, 2009).

?p = - - Equation 2.7

Once the particles have gone through the SMPS and are classified according to electrical mobility, the
concentration is measured using a CPC. The SMPS uses the assumption of spherical particles which is
a limitation when investigating the release of non-spherical nanoparticles such as nanotubes or
nanofibers. However, from the diameters of the particle size distribution measured, and the material
density of the nanocomposites, the particle mass size distribution can be estimated. The data from the
SMPS will therefore be able to provide a particle size and particle mass distribution which are both

influencing parameters when investigating nanoparticle exposure (7SI P/N 1933792, 2009).

A somewhat different technique in gathering the particle size distribution is using an FMPS. The
technique uses similar electrical mobility principles, but with either fewer size ranges or a relatively
lower accuracy. However, it is capable of giving a particle size distribution quicker than the slower
SMPS, e.g. every second instead of every minute (Hornsby & Pryor, 2014). The Cambustion DMS50

fast particle size spectrometer utilizes a unipolar corona charger placing positive charges on each

particle which are then classified along electrometer detectors based likewise on mobility and hence
particle size. The charge is conducted via an electrometer amplifier whose output indicates the flux of

particles giving the particle concentration at that given particle size. The outlet of the DMA is linked
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to a CPC to give the particle number concentrations of a given mobility diameter (Cambustion DMS50

MKII, 2008). A basic schematic of the theory of operation is displayed in Figure 14.

HEPA filtered sheath flow Electrometer Detectors
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Figure 14: Basic schematic of Cambustion DMS50 fast particle size spectrometer (Cambustion

DMS50 MKIl, 2008).

Since the classification of particles according to their differing electrical mobility takes place in parallel
(rather than in series as in the SMPS) the DMS50 is able to offer the faster sampled particle size
distribution. This allowed for a size distribution every second compared to the SMPS TS| model 3080
of 1 minute period and therefore an accurate representation of the particles being released from the

sample in a given time.

Particle characterisation is carried out ex situ with more conventional instruments such as an SEM,
TEM, etc. The method and instrumentation used to measure the released particles varies throughout
studies, by reason of the selection of instrumentation having direct influence on the detection of the
nanoparticles. Table 4 identifies some of the techniques used to characterize the nanoparticles

released in a selected sample of studies.

For the studies carried out by Sachse et al. (2012a, b) the airborne particle size distribution was
measured using an SMPS+C, comprising of a CPC with classifier Vienna DMA 5.5-U, Grimm, Aerosol
Germany. The SMPS+C measured sub micrometer particles generated during the drilling process over
a particle size range of 5.6 nm to 1083 nm and a particle size total resolution of 32 channels. An
Electrostatic Precipitator was utilized to sample the generated airborne particles. The deposited
particles were attracted to a sampling plate to then be studied separately. Dynamic Light Scattering
(DLS) was used to measure the deposited particle size distribution, and furthermore, the particle
characterization was investigated using a TEM, an SEM, powder X-ray diffraction (XRD), small angle X-
ray diffraction (SAXD), and differential scanning calorimetry (DSC). As with most nanoparticle

assessment research, an enclosure was used to contain the particles without contamination from the
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surroundings. The data acquired and results from the equipment will be discussed in the following

sections.

Table 4: Instrumentation used in selected mechanical studies to identify and characterise released

nanoparticles.

Deposited
Mechanical Process Airborne Particles Reference
Particles
Dry drilling SEM, TEM SMPS, CPC, Sachse et al. (2012a,b)
Wet & dry drilling SEM, TEM FMPS, APS, CPC, Bello et al. (2010)

SMPS, CPC, Nuclepore
Grinding SEM Ogura et al. (2013)
membrane filters

Sanding TEM CPC, OPC Cena & Peters (2011)
SEM, TEM, Schlagenhauf et al.
Abrasion FMPS, APS, SMPS, CPC
EDX (2012)
Abrasion SEM, TEM SMPS, CPC Vorbau et al. (2009)

In comparison, the similar study assessing the effects of drilling on nanocomposites by Bello et al.
(2010) used alternative apparatus. The measurement of the airborne particles were attained using an
FMPS for particle size distribution in the range of 5.6 nm to 560 nm, an APS with a size range of 0.5
um to 20 um, and a CPC for particle number concentration within the range of 10 nm to 1 um. Similar
to the studies by Sachse et al. (2010a, b), particles were sampled for electron microscopy
characterisation but with a thermophoretic precipitator (TP) and sampling filters. In comparison Cena
& Peters (2011), used a CPC with size range of 0.01 um to 1 um and an optical particle counter with
15 channels from 0.3 um to 20 um. Although a lot of the studies use similar equipment, the size ranges

and measurement technique varies.

Additional to characterising the deposited particles on the surface of the chamber, airborne particles
were collected within the chamber for characterisation in most studies. Ogura et al. (2013) collected

aerosol particles on Nuclepore membrane filters to be observed using an SEM. The procedure will not
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characterise the particles in real time, but the morphology of the airborne particles can be analysed

separately from the particle sizer, particle counter and deposited particles on the surface.

2.6.2 Controlled Environment for Particle Measurement

In order to utilize the instrumentation, the methodology must also be considered when assessing
nanoparticle release. Alternative approaches are used depending on the nature of the particle
assessment. The strategy on nanoparticle release assessment will determine the selection of
instrumentation and its implementation. Parameters, accuracy and relevant metrics are to be
identified in order to classify the methodology. In the work carried out by Kuhlbusch et al. (2011)
several approaches were identified and categorized as: personal exposure approach, process related

approach, or toxicological approach. The three approaches are highlighted in Figure 15.

'
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Figure 15: Approaches towards measurement of engineered nanomaterial released from a lifecycle

scenario (modified from Kuhlbusch et al. 2011).

The breakdown of approach is to maximise efficiency in terms of cost effectiveness for the desired
measurements. A full study or investigation into an ENM may be necessary and could take all three
approaches into consideration. However, this would come at a substantial financial and time cost. The

three tiered hierarchal approaches are developed to increase financial effectiveness.
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The personal exposure approaches are methodologies that are targeted towards assessing the
airborne nanoparticles that people are exposed to. An ideal design of this approach would involve
taking measurements at a workplace to investigate the personal exposure of an industrial scenario.
This consists of a combination of selecting the necessary metrics and positioning the sampling within
an identified breathing zone (Maynard & Aitken, 2007). The end calculation is therefore in terms of
personal exposure and could therefore also be defined as an exposure assessment. This can then be
directly related to exposure safety frameworks and regulations. Thus far, this approach has been used
mostly for occupational exposure scenarios in observational studies instead of experimental. The
method provides a good exposure observation for the particular case, however can be limited in use
as comparison due each workplace having dissimilar environmental conditions and air quality; hence
a different background. The approach requires the distinction of nanomaterial released from the
background. Numerous studies (e.g. Brouwer et al., 2011; Ding et al. 2016) have investigated the most
suitable mathematical method at tackling the distinction. The approach is most suited when tackling
materials with known maximum exposure limits from toxicity studies (although little is known about
exposure limits for embedded nanoparticles within matrix resins) and could therefore be identified as

an occupational exposure assessment (Kuhlbusch et al. 2011).

The process related approach is designed to give more of an absolute enumerated measurement
through the use of several measurements. This may differ from the personal exposure approach by
placing the sampling instrumentation closer to the release process to quantify any nanoparticle
release rather than the exposure at a given distance (Kuhlbusch et al., 2011). Furthermore, since the
approach isn't directly related to a worker’'s exposure, it is possible to exclude the background
environment i.e. a controlled environment. Therefore, a full and absolute measurement of the
particles released can be assessed. The process approach therefore, provides a worst case scenario of
the nanoparticles released, and is task-based scenario instead of an exposure scenario. A toxicological
study and personal exposure study could be avoided if an absolute measurement of the material and
process would indicate no release of hazardous material. This approach can therefore be taken as an

initial measurement to indicate if any further analysis is needed.

Toxicological approaches aim at gathering data which can be linked to toxicological metrics. A full
understanding of the toxicological effects of all ENMs is still under debate and therefore difficult to
select for each ENM. A considerable amount of research has been directed into identifying the
biological and physical attributes of nanoparticles with potential toxicological and eco-toxicological
hazards. This approach towards the nanoparticle assessment will include the various attributes to
select the measurement device metrics directly relating to the health effects. Additionally, particles

could be collected so as to directly use in a toxicological study (Kuhlbusch et al., 2011). This approach
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could therefore provide an accurate result of toxicity given the exposed dosage for the particular

pProcess.

Alternatively, the National Institute for Occupational Safety and Health developed a more general
approach for a standardized assessment of nanoparticle release known as: Nanoparticle Emission
Assessment Technique (NEAT) (Methner et al., 2010a, b). In the study, a common set of parameters
were set out to be then tested across numerous laboratories as validation. The approach consists of
using the in situ instrumentation with an SMPS and CPC to give the particle number concentration. If
the in situ instrumentation demonstrates a given increase and distinction in nanoparticle release
related to regular background data, further comprehensive analysis would take place. The personal
exposure, process related or toxicological approaches would then be taken into consideration for the

release assessment (Methner et al., 2010a, b).

The NEAT is an example of a tiered approach involving the three identified approaches in the study by
Kuhlbusch et al. (2011). An alternative 3 tier approach has been suggested by a collaboration of
authors within Europe (IUTA et al., 2011). The first step involved evaluating the possibility if nanoscale
aerosols would be released through the information on the case. If there is a possibility of release, a
basic exposure assessment is carried out e.g. with a CPC. Finally, if there is enough evidence, a more
advanced, expert exposure assessment would be performed including an SMPS, CPC, filter etc. (/UTA
et al, 2011). The concept of using a tiered approach would ideally avoid any unnecessary data

collection where the risk of nanoparticle release or exposure is established to be insignificant.

A key influence in the data thus far, also mentioned in the NEAT approach (Methner et al., 2010a, b),
is the distinction of nanoparticle release and background particles. Within any environment
nanoparticles will naturally be airborne and therefore influencing the particles released from any
material tested (Brouwer et al., 2009). Studies thus far have been unable to eliminate or control the
background interference and studies have instead developed background distinction models and
approaches. All of the approaches have drawbacks and limitations, and in a study by Brouwer et al.
(2012), the authors concluded that none one of the approaches would be suitable for all scenarios and

would therefore require the use of different approaches depending on the scenario.

Kuhlbusch et al. (2011) identified four approaches towards background distinction for the
measurement strategies:

- time series approach,

- spatial approach,

- approach based on comparative studies with and without nanomaterial

- (size resolved) chemical and/or morphological analysis
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The approaches differ and it is still unclear if the background measurements should be subtracted
from the data or reported separately (Brouwer et al. 2012). However, the strategy and approaches
towards measurement and background distinction are directly interconnected. A time series approach
would take the background count during no activity and then any increase over time is assumed to be
the release from the nanomaterial and process. Conversely, spatial analysis assumes a background
measurement location is representative for the background at the workplace of interest. Any
difference between the determined background and workplace concentrations is linked to the work
activity and the nanomaterial investigated (Kuhlbusch et al., 2011). Within the review studies by
Kuhlbusch et al. (2011), more than 50% of the studies utilised a combined time series and spatial
approach. Studies have also compared materials with and without nanomaterial in an attempt to
neglect the background (Bello et al., 2009). A comparison with morphological analyses are generally

included to complement and validate the real time measurements.

With a gaugeable background present, the interaction between the nanoparticles released and the
background cannot be represented or fully understood for each environment. Altering the
environment can have a different influence on the particles released. The testing of identical processes

and materials in different environments could potentially give dissimilar data.

The approach and distinction of the background to the nanoparticles released varies in most studies.

The details of approach and background distinction from a selected 10 studies are shown in Table 5.

The studies were selected based on availability of the required details and presenting a variety of
mechanical processes. The columns provide the particle number concentrations details as well as the
measurement approach and background distinction approach. Quite often some of the samples were
backed up with chemical and/or morphological analysis, however this has not been included in Table

S,
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Table 5. Study measurement strategy and background distinction methods in 10 selected

mechanical studies to identify and characterize released nanoparticles from a mechanical process.

Max PNC

PNC . Measurement Distinction from Background Process
Process [particles/c Reference
(range) m] strategy background control setup
5.6 nm Enclosed Process Sachse et
Dr ‘ 3
dl‘i”iT’l to 512 20,000 Time series mngz?;tﬁiel lsi::m within external to al.
& nm & chamber chamber (2012a,b)
Wet&  2:6nm C i ith and
Time series & nmpan?nn withan No Influence Bello et al.
dry 10,000,000 _ without
e to 1um spatial : enclosure unknown (2010)
drilling nanomaterial
o 10 nm to | Comparison with and Enclosed Process Ot
Grinding 2,500,000 Time series without within external to
1um . al. (2013)
nanomaterial chamber chamber
3,889
; 10 nm to : Time series & Process-to- Encﬂlnsﬁ-ed PF{EICE?:SS CERS
Sneing lpum (EDmER spatial background ratio il Within FELers
H c mean) P 5 chamber chamber (2011)
. Enclosed Process Schlagenh
Abrasion 1;'3 mn:c} 20,000 Time series aveizb;rzisnrzfm 9 within external to auf et al.
H & 5 chamber chamber (2012)
Background below Enclosed Process
; 16 nm to Vorb t
Abrasion 300 Time series SMPS limit of within external to orbau
626 nm , al. (2009)
detection chamber chamber
' Enclosed
Sarting 4.5nm to 460.000 Time series &  <3,000 particles/cm? nwcitigiﬁ Influence Gomez et
& sawing 3 um spatial before process it unknown al. (2014)
5.6 nm Enclosed Process
Dr ; 3
_ '?' to 512 1,800,000 Time series 1,000 particles;cm within external to i ek,
drilling before task (2013)
nm chamber chamber
Sanding,
friction,  6nmto Time series & . B:'ackg-rmund Encﬂlms;ed PF?CE-SS Géhler et
e —— 57,000 cpatial elimination < 0.01 within within al. (2013)
. & G particles/cm?® chamber chamber '
erosion
Grinding
Subtraction of
20 nm to N Infl Meth t
and 491,599 Spatial average background © MTUence etner
300 nm enclosure unknown al. (2012)
cutting before and after task

From the selected studies in Table 5 it can be seen that the variety in data collected clearly differs

between all of the studies. Although the particle number concentration is a commonly measured

characteristic and usually appears to be one of the only equivalent parameters measured, numerous

influences of the characteristic can still be observed in the studies. The particle number concentrations
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can be seen to not be entirely comparably due to the contrasting size ranges of the particles measured,

measurement strategy and the influencing background measurements.

Almost every study has a different approach towards the background distinction. Few studies were
able to reduce the background count to negligible (Géhler et al., 2013; Vorbau et al., 2009), whilst
other studies subtracted an average background count from the data (Schlagenhauf et al., 2012;
Methner et al., 2012). Furthermore an enclosure of the nanoparticles released was not always used
such asin Bello et al. (2010), as well as the unknown influence of the process mechanism on generating
nanoparticles. Previous studies have found nanoparticle readings produced entirely by the mechanical

process (Brouwer et al. 2012).

The methodology and background distinction approach selection is directly dependent on the nature
of the nanoparticle assessment. |dentifying the necessary metrics is vital for the approach towards
assessing the nanoparticle release. If a more comprehensive and conclusive approach is required, a
combination of the methodologies could be beneficial. Ideally, a methodology that could completely
eliminate the background interference would be beneficial. This would be through a controlled

environment to measure the nanoparticles released.

As stated, the evidence of nanoparticles potentially being toxic, has led to industry and research labs
institutionalising the safe handling, exposure and working with nanoparticles. Recommended
exposure limits and safe handling handbooks are in place when manufacturing or handling certain
nanoparticles (e.g. NIOSH, 2013; EU-OSHA, 2009; ISO/TS 12901-2, 2014; CEN/TC 352, 2016; OECD,
2017; ASTM E2535, 2018; BSI PD 6699, 2007, WHO, 2017). Similarly, various test guidelines on
exposure assessments are available to assist in carrying out an adequate approach. The OECD has
published numerous reports concerning the physico-chemical properties and characterisation,
exposure assessment and control of nanomaterials, including reports titled “Preliminary Analysis of
Exposure Measurement and Exposure Mitigation in Occupational Settings: Manufactured
Nanomaterials” (OECD ENV/JM/MONO, 2009a), “Consumer And Environmental Exposure To
Manufactured Nanomaterials - Information used to characterize exposures: Analysis of a Survey”
(OECD ENV/IM/MONO, 2017), “Emission Assessment for Identification of Sources and Release of
Airborne Manufactured Nanomaterials in the Workplace: Compilation of Existing Guidance” (OECD
ENV/IM/MONO, 2009b), “Harmonized Tiered Approach To Measure And Assess The Potential
Exposure To Airborne Emissions Of Engineered Nano-Objects And Their Agglomerates And Aggregates
At Workplaces” (OECD ENV/IM/MONO, 2015), and “Physical-Chemical Decision Framework To Inform
Decisions For Risk Assessment Of Manufactured Nanomaterials” (OECD ENV/JM/MONO, 2019). The

reports provide substantial information on approaches towards the exposure assessment of

62



Chapter Two

nanoparticles from manufactured nanomaterials. A review article by Rasmussen et al., (2016)
summarises some main achievements and guidelines of the OECD group. The reports are available to
the public to help provide guiding principles in conducting studies, in addition to promoting consistent
data reporting. As stated within the report by OECD (2019), which provides a framework for
approaches, “the document is not intended for risk assessment” but to be “utilised to guide and
prioritise” and “expert judgment is require to determine if the hazard assumptions of each
nanomaterials are valid”. The guidelines, reports and frameworks have provided a significant set of

beneficial principles to follow, but emphasise the current lack in a harmonised approach.

ISO have similarly produced technical reports and guidelines on exposure to nanoparticles. ISO/TR
19601 (2017) provides a complement to the OECD guidelines and relevant documents. The TR
provides information on inhalation studies to assist researchers to choose appropriate aerosol
generator for their target nano-objects and their aggregates and agglomerates. The TR identifies three
aspects to consider when designing and conducting nanomaterial inhalation toxicity studies: 1)
uniform and reproducible nano-objects generation that is relevant to realistic exposures; 2) thorough
characterization of nanomaterials throughout the duration of testing including starting and generated
materials; 3) use of occupational exposure limits (OEL). An article which reviews the TR by Ahn et al,,
(2017), states that whilst the TR provides aid in selecting appropriate aerosol generators to fulfil a
proposed toxicology study design, the TR does not provide guidance for specific aerosol generation
and is mainly focused on the synthesis procedures. ISO (ISO/TS 12901-2, 2014) also provides another
approach in controlling the workplace exposure to possibly hazardous agents through control
banding. The approach is based on grouping controls with the level of risk. The risk management is
applied on the concept of the greater the potential for harm, the greater the levels of protection
needed for exposure control. The approach is regarded as being useful for the current level of

uncertainty in work-related potential health risks to nanoparticles.

Although the various test guidelines and reports on exposure assessments have made remarkable

progress and are available to assist in carrying out an adequate approach, there is no available
standard or harmonised method in assessment of nanomaterial release during machining (Bainas et
al., 2018; Debia et al., 2016; Froggett et al., 2014). The literature available and the incomparability
highlight the need for a standardised approach towards measurement and background distinction
(Brouwer et al. 2012). The two approaches are directly linked and it is essential for them to be defined
if comparisons between studies and assessments are to be carried out. Numerous studies have agreed
with this deduction (Froggett et al., 2014; Brouwer et al. 2012; Kuhlbusch et al., 2011; Methner et al.,
2010a, b; Bainas et al., 2018; Debia et al., 2016).
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2.7 Safety by Design of Polymer Nanocomposites

With a better understanding of the emissions and exposure introduced from nanocomposites,
materials can be manufactured to be safer by design. The data collected for the nanoparticle release
can be used towards developing materials which will avoid or minimise the release the potentially
toxic nanoparticles and hence, reduce exposure for workers and consumers. It is now recognised that
safety by design concepts allow bridging the gap between the rapid developments in nanotechnology
and nanosafety concerns (e.g. Varsou et al., 2019; Lynch et al., 2016; Hjorth et al., 2017; Njuguna et
al. 2014; Falk et al, 2016, Bastus and Puntes, 2018; Lin et al., 2018). The studies on the

implementation of safety by design concepts for nanomaterials highlight however that there is still a
lack of knowledge on the release of nanoparticles and its mechanism from nanocomposites
undergoing industrial machining such as a mechanical drilling process. Considering nanocomposites
are still relatively new to industry, there is still a lack in knowledge on how the material will perform
over its entire life cycle. But With the better understanding of the release characteristics, the hazard

can be reduced. Figure 16 illustrates a risk mitigation matrix of the concept.

Moderate risk High risk
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High
High toxicity and low High toxicity and high
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Hazard/
Toxicity

Low risk Moderate risk
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Figure 16: Risk mitigation matrix of nanoparticle release adapted from Morose (2010).
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The process is thought to originate from processes used in drug discovery and development
(Damoiseaux et al., 2011; NANoREG; 2015) and has since been a touted aspiration in the field of
nanotoxicity and exposure (Hjorth et al., 2016). When there is a higher risk of either exposure and/or
hazard, a natural approach is to reduce the relevant risk. Morose et al., 2010, developed a strategy
composed of five principles towards the design for safer nanotechnology. The aim of the paper is to
mitigate the health risk associated to nanoparticles by either reducing the hazard and/or exposure
potential. The general principles were structured as: “size, surface and structure”, “alternative
materials”, “functionalisation”, “encapsulation” and “reduce the gquantity”. The size, surface and
structure are three major characteristics attributed to the toxicity, and if these could be modified, the
toxicity could also be reduced. The second principle involves the approach towards identifying an
alternative material to reduce the toxicity. Thirdly, functionalising the material and nanoparticles in
different ways might reduce the hazard and/or exposure potential if the release characteristics are
affected. The fourth approach involves the enclosure and control over the release of the nanomaterial
and therefore reducing the exposure. The final approach involves attempting to use smaller quantities

of the hazardous nanoparticles whilst simultaneously maintaining the product functionality (Morose

etal.,, 2010).

The nanoparticle release characteristics play a vital role in all of the principles mentioned by Morose
et al. (2010). If the release or exposure can be reduced/controlled, the risk can be minimised. Aligning
to similar material design processes such as self-principles in design (Xia, 2016), the inputs into the
design will determine the output. The knowledge on release can be used towards developing and
designing the materials which will reduce the release of the potentially toxic nanoparticles and hence,
reduce exposure for workers and consumers. Although there are different ideas towards the concept
and approach, the general concept refers to anticipating potential impacts and pre-emptively

addressing safety concerns early in the innovation process through altering the product design (Hjorth

et al., 2016).

In an article by Lynch et al. (2016), the authors highlight how EU projects are “increasing focus on
safety-by-design consideration for nanomaterials”. Another article, by NSC et al., (2016) concludes
“the focus of investment and research has moved increasingly towards predictive and high throughput
approaches to nanosafety, including safety-by-design...”. The attention towards the implementation
of safety by design concepts is therefore increasing within literature, and evident in existing FP7
projects (Lynch, 2014; 2015; 2016b), as well as an emphasis continuing into the Horizon 2020 projects
(Hjorth et al., 2016). An article by Falk et al. (2016) reviewing the roadmap of nano-product and nano-
enabled applications, identifies safety by design concepts as an “interesting option” as it enables the

number of considered solutions without increasing costs. A review of the concepts and application
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within nanosafety by Hjorth et al. (2016), concludes that safety by design concepts provides a good
starting point on the road towards developing innovate new products and would best adopt similar
approaches (relating to safety by design concepts implemented in drug discovery development). The
article does conclude however, that the field should also acknowledge the limitations and challenges
in implementing such concepts into practice. As with the implementation within drug discovery
development, the article states that despite the best intentions and the best design, no drug is without
side effects, and should therefore also be taken into consideration in safety by design for engineered
nanomaterials. The concept therefore is widely becoming a recognised strategy towards facilitating
design of nanomaterials. The knowledge on release can be used towards developing and designing
the materials to minimise the release of the potentially toxic nanoparticles and hence, reduce
exposure for workers and consumers. Research on the nanoparticle release from nanocomposite
materials during drilling presents an opportunity to provide data that could be implemented within

safety by design strategies.
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2.8 Conclusion

The benefit of nanoparticle fillers has caused a surge in investment and research across the world. The
nanocomposite developments and research are continuously trying to improve the tailoring of
material properties, including the mechanical and potentially, the safety of the materials. Industries
are increasing looking towards the use of small weight concentrations of nanoparticles to tailor

material properties whilst simultaneously reducing the weight.

However, the nanoparticles providing material improvement, have also been established to exhibit
potential toxic effects to humans and the environment at certain dosages. The use of these
nanoparticles within nanocomposite materials has therefore consequently increased the risk of
nanoparticle release and exposure. Regulatory and safety bodies have introduced exposure limits and
handling procedures for handling of independent nanoparticles such as CNTs and CNFs. The
procedures and handling of the independent nanoparticles prior to embedding within the material
can be relatively controlled. However, the unintended release from nanocomposites during a
mechanical process is yet to be fully evaluated or understood. It is crucial that more data on
nanoparticle release during machining is investigated in order for any potential health or

environmental risks associated with the materials to be better understood and characterized.

From the literature, several key findings were found:

e Discoveries and improvements in nanoparticle technology has led to an increase into

nanoparticle inclusion within composite materials. Small weight concentrations have
demonstrated significant improvement in material properties. Despite the increased use and
number of studies, there is no common rule or model to predict the material properties with
the addition of nanoparticles within nanocomposite materials. There is therefore a lack in
knowledge on the full influence on property behaviour with the addition of nanoparticles, and
IS unique for each nanocomposite combination. Literature has identified homogeneous
dispersion of the filler within the polymer and the strong interfacial interactions required
between the filler and the matrix as the two biggest concerns when fabricating polymer
nanocomposites which is directly influenced by the compatibility of the filler and matrix.

e The phenomena associated to the drilling mechanism on composite materials has been
studied and models developed to predict delamination and critical forces required. However,
the models are still limited due to the material assumptions and are restricted to mainly fibre-

reinforced composites. The fracture mechanics and mechanism behind nano-sized chip

formation to predict the nanoparticle emissions during drilling has only been reported on
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metallic materials. The studies highlight the brittleness of metallic materials to be the major
factor in particle generation. The literature on drilling on nanocomposite materials
demonstrates that there is a clear lack of knowledge on the influence of incorporating
nanoparticles within polymer nanocomposites on material performance during drilling.
Nanotoxicology has demonstrated the potential toxicity of nanoparticles and some exposure
limits have been introduced for working with independent nanoparticles. However, no current
regulations are available on the exposure limit of nanoparticles that have been embedded
within nanocomposites. Literature has therefore reported on the challenge in handling the
uncertainty and concerns through innovation governance and responsible development.
Three review studies (Froggett et al., 2014; Basinas et al., 2018; Debia et al., 2016) on the
release of nanoparticles during machining on polymer nanocomposite materials all concluded
similar findings that high quality evidence has demonstrated all three routes of exposure are
relevant during machining. Whilst in some cases synthesis of nanoparticles has shown to not
present evidence of clear nanoparticle exposure, processes of high-energy input have
provided evidence that inhalation exposure occurs (Bainas et al., 2018; Debia et al., 2016).
From the studies available, there is also a clear lack in data on nanoparticle release during
machining.

Studies have demonstrated that nanoparticles are released from composite materials
reinforced with nanoparticles, but there is still a lack in understanding in the release. The
unintentional release of nanoparticles has demonstrated conflicting results within studies,
with some observing substantial nanoparticle release and identification of independent
nanoparticles, whilst others showing minimal release and no free standing nanoparticles. The
observed nanoparticle release studies have highlighted the potential hazard and exposure to
humans which needs to be understood. From studies that have investigated different
machining processes on the same nanocomposites, drilling demonstrated the higher quantity
of nanoparticle release. There is a lack in data on the influence of filler/polymer and filler
concentration on nanoparticle release during machining and is therefore, yet to be
understood.

The current studies have used multiple methodologies, materials and approaches towards the
nanoparticle release control, which present limitations and challenges in the comparison.
Although the various test guidelines and reports on exposure assessments have made
remarkable progress and are available to assist in carrying out an adequate approach, there
is no available standard or harmonised method in assessment of nanomaterial release during

machining. A need for a standardised methodology that can easily be repeated and controlled
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to give consistent results is necessary. A methodology that can allow for a variety of materials,
control over the background environment, repeatable and reliable is critical in the
understanding of nanoparticle release and the conceivable health risks and toxicity hazard to

humans and the environment.

A key concept which can be found within literature as an alternative approach to handling the data
from release of potentially toxic materials, is to adopt safety by design concepts. Understanding the
release characteristics of the materials and reducing the hazard is required to improve the safe use of
nanocomposites. Further, there is currently conflicting and/or incomparable data from available
release studies. Due to different methodologies, materials and environments, the data is challenging
to compare and draw confident conclusions. Therefore, accepting the limitations and challenges to
implement in practice, knowledge on release has potential to be used towards developing and
designing the materials to minimise the release of the potentially toxic nanoparticles and hence,
reduce exposure for workers and consumers. The findings from the literature review demonstrate
that although remarkable progress has been made in understanding the influence of nanoparticles on
nanocomposite properties and release of nanoparticles, the review also highlights the urgent need for

continued development and more data.
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Mechanical Properties of EP-based, PE-based and

PP-based Nanocomposite Materials

3.1. Introduction

As demonstrated within the literature review, the use of nanoparticles to reinforce polymer materials
has demonstrated beneficial material properties. The use of micron-sized fillers is established within
industry, with high-end applications, due to the relative significant cost benefit, making use of the
advantage of high strength-to weight ratio composite materials offer. More recently, with progress in
nanoparticle synthesis and manufacturing, nanoparticles have started to be implemented into
composite materials and therefore become nanocomposite materials. Another benefit nanoparticles
offer composite materials as particulate fillers is the uniform strength in multiple directions and
therefore becoming quasi-isotropic composites (Chawla, 2012). The overall philosophy behind the
study of composite materials is to optimise material composition and performance. This chapter will

therefore evaluate the influence of selected nano-sized fillers in polymers on mechanical properties.

PP is an extensively established thermoplastic used within various industries, though most significantly
within the automotive industry (Cantor et al., 2008). According to a report in 2018, PP is also the most
sought-after polymer type, representing 19.3 % of all plastics demand within Europe (PlasticsEurope

Market Research Group, 2018). Furthermore, according to a different report published in December

2018, the global PP compound market is expected to reach an estimated $11.7 billion by 2023 with a
compound annual growth rate of 3.7 % from 2018 to 2023 (Lucintel, 2018). The high consumer

demand for the thermoplastic is mainly due to its simplicity in processing, lightweight, low cost and

high recyclability (Liang et al., 2016). To improve the materials properties, PP is usually modified with
inorganic fillers, such as talc (Lapcik et al., 2009; Weon and Sue., 2006), MMT (Selvakumar et al., 2010;
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Ghasemiet al., 2016), metallic powders (Esthappan et al., 2015; Shimpi et al., 2017), calcium carbonate
(Payandehpeyman et al., 2017; Yong et al., 2011), glass fibres (Ashori et al., 2016; Luo et al., 2017),
wood powder (AlIMaadeed et al., 2012; Haque et al., 2019) and WO (Luyt et al., 2009; Ding et al., 2019).
Identified from the review of literature and to follow common uses within the automotive industry,

talc, MMT and WO are used as fillers within PP in this study.

PE is a widely used thermoset within polymer engineering and composite materials. A report on the
use within industry expects the industry to surpass $14.5 billion by 2024 at a compound annual growth
rate of 7.5% (Graphical Research, 2018). PE resin is a comparatively low-cost with strong mechanical
properties and high heat-resistance. This has led PE into being widely used within the construction
industry and expected to grow at a rate of around 6% over 2018-2024 within the industry alone
(Graphical Research, 2018). PE is a commonly used resin within composites and is widely researched
within literature (Li et al., 2015). In order to tailor and enhance mechanical properties, PE has been
combined with various fillers in composite development, including: Al,Os (Ribeiro et al., 2015; Rajesh
et al., 2014), SiO, (Changizi & Haddad, 2015; Rusmirovic et al., 2016), halloysite (Saharudin et al., 2016;
Lin et al., 2017), TiO, (Gaminian & Majid, 2015; Patel & Dhanola, 2016), natural fibres (Manalo et al,,
2015; Gopinath et al., 2014; Saba et al., 2016) and glass fibres (Luo et al., 2014). As identified from the
literature, Al,O3 and SiO; are used as nanofillers to alter the mechanical properties of PE within this

study.

EP resin is one of the most extensively used thermosets within industry, and according to a report, the

global EP resin market is forecast to increase to $10.2 billion by 2022 with a compound annual growth
rate of 6.2% between 2016-2022 (Sahu, 2016). A similar later report from a different publisher,
estimates the global EP resin market to be $10.6 billion by 2023 with a slightly slower compound
annual growth rate of 5.24% during 2017-2023 (Cooked Research Reports, 2017). EP is commonly
used due to its beneficial mechanical strength, heat resistance, chemical resistance, adhesive
properties, and electrical insulating superior properties in relation to other polymers and are often
used within the aeronautical and automotive industry (Zheng et al., 2010). Similar to PP and PE, EP is
continuously being researched to enhance the mechanical properties with use of various micron-sized
and nano-sized fillers, including: CNTs (Yue et al., 2014; Gardea et al., 2014), CNFs (Ahmadi et al., 2015;
Shokrieh et al., 2014), graphene (Chandrasekaran et al., 2014; Ahmadi-Moghadam et al., 2015), GO
(Wan et al., 2014, Shen et al., 2014), carbon fibre (Kafi et al., 2014; Zhang et al., 2015) and glass fibre
(Dong & Davies, 2015; Borrego et al., 2014). As identified within literature, the use of CNTs and CNFs
as nanofillers within neat EP and combining a hybrid nanocomposite with conventional carbon fibre

reinforced EP with nano-sized GO will be included within this study.
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The selection of the materials links directly to the appropriate use within industry and demonstrated
potential improvement in material properties. The materials are therefore commercially relevant and
representative of a wide range of material characteristics. The chosen nanoparticles have also all
demonstrated potential toxicity effects and will therefore be investigated for nanoparticle release in
subsequent chapters. The material manufacture, characterisation and material mechanical properties
are included within this chapter. An overall discussion and link of the results to other chapters is

included in Chapter Eight.

3.2. Experiment

The industry sectors selected as representative of application of the chosen materials are the

aeronautical, construction and automotive industries with EP, EP/CF, PE and PP as the polymers. The
following sections will detail the material manufacturing, characterisation and testing techniques used

for the subsequent results section.

3.2.1. Materials and Manufacture

The review of the literature identified CNTs and CNFs commonly used nanoparticles to reinforce EP.
From the available literature, a relatively large variation of weight percentage was reported to
improve the mechanical properties (Gantayat et al., 2018). Therefore, as highlighted within several of
the studies (Yue et al., 2014; Ahmadi et al., 2015), weight concentrations of 0.5 wt. %, 1 wt. % and 2
wt. % were chosen as the filler concentrations for CNTs and CNFs. Similarly, EP is vastly reported and
used within industry to be reinforced with more conventional, micron-sized carbon fibre. Whilst
studies have demonstrated the benefit of graphene-based fillers in EP, only recently have some
nanoparticles been incorporated into hybrid carbon fibre and epoxy composites (Hadden et al., 2015;
Jiang et al,, 2016; Qin et al., 2015). For that reason, this study investigates the combination of
established carbon fibre reinforcement with nano-sized GO to further enhance the hybrid material
mechanical properties. Therefore, based on literature (Shen et al., 2013; Wan et al., 2014; Bortz et al,,

2011), GO was chosen as a filler with concentrations of 0.05 wt. %, 0.1 wt. % and 0.5 wt. %.

As previously discussed, Al,O3; and SiO; are chosen as the reinforcing fillers for the PE-based
composites materials due to their demonstrated potential improvement in mechanical properties.
Literature has demonstrated that mechanical properties have shown to peak at around 5 wt. % for
both nanoparticles for various polymer composite (Kaskaran et al., 2011; Ribeiro et al.,, 2015;
Rusmirovic et al., 2016), which has therefore led to two chosen concentrations of 2 wt.% and 5 wt. %
nanofillers to compare. Conversely, PP has shown to be used within the automotive industry and

established to be reinforced with Talc. The 20 wt. % Talc reinforced PP is therefore used as an
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additional reference material representative of the automotive industry, and compared against the
use of 5 wt. % nanofillers MMT and WO. However, these fillers are also highlighted as a reinforcing
fillers as they will potentially decrease the density of the material without significantly affecting the
mechanical properties (Dasari et al., 2004; Hadal et al., 2004). The material manufacturing process for

the mechanical testing and nanoparticle release study is included below.

Polypropylene Nanocomposites

The PP-based materials are manufactured at Tecnalia, Donostia (Spain). A commercially available PP
homopolymer (Moplen HP648T, Lyondell Basell Industries, Netherlands) was selected to represent
the automotive industry. The reinforcements and concentrations chosen were 20 wt. % talc as a
common filler within industry and 5 wt. % WO (Harwoll 7ST5, Nordkalk, Finland) and 5 wt. % of MMT
(Nanomer 130T, Nanocor Corporation, USA). Neat samples of the PP were chosen to be used as

reference materials as a comparison to evaluate the influence of the nanofillers.

The Coperion ZSK 26 MEGA compounder twin-screw extruder was used for homogenization of the
nanocomposites. The extruded pellets of the materials were moulded by injection process by means
of an Arburg All Rounder 270C-300-100 Injection Machine. Due to the diverse polarity nature of the
polypropylene and the MMT and WO, a coupling agent (POLYBOND 3200 from ADDIVANT) was used

to ensure adhesion between the nanofillers and the polymer.

Therefore, four sets of samples were fabricated: PP, PP with 20% talc (PP/Talc), PP with 5wt. % MMT
and 2 wt. % coupling agent (PP/MMT), and PP with 5 wt. % WO with 2 wt. % coupling agent (PP/WO).
A common sample size of 70mm x 45mm x 5mm were prepared for the drilling investigations. The
corresponding standard sample was fabricated for the polymer reference standard ASTM D 3039/D
tensile test (ASTM D3039, 2017) and reference standard ASTM D 7264/M flexural test (ASTM D7264M,
2015).

Polyester Nanocomposites

The materials are manufactured at Tecnalia, Donostia (Spain). A commercially available unsaturated
orthophthalic PE (RESICHIM-Resina Poliester, Gazechim Composites, France) was chosen as the matrix
polymer due to its common use within industries such as the energy and construction industry. The
polyester was reinforced with unmodified nano-sized SiO; (61Vall Type 1 ,TORRECID S.A., Spain) and
nano-sized Al,Os; (30VA12 Type 1, TORRECID S.A., Spain). Neat samples of the PE were chosen to be

used as reference materials to demonstrate the influence of the nanofillers.

Two weight concentrations of 2 wt. % and 5 wt. % of SiO, (PE/SiO;), and 2 wt.% and 5 wt.% of Al,O;

(PE/AL,O3) was chosen based on performance (Liu and Kontopoulou, 2006; Allahverdi et al., 2012).
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The SiO; and Al;Os nanofillers were added to the liquid PE resin (Cobalt salt pre-accelerated resin
combined with a tyxotropic agent) and the samples were prepared using a dispermat high speed mixer
to create a homogeneous concentration within the polyester resin, followed by casting processes. The
materials were cured at room temperature in a mould. A common sample size of 70mm x 45mm x
5mm were prepared for the drilling tests. The corresponding standard sample was fabricated for the
polymer reference standard ASTM D 3039/D tensile test (ASTM D3039, 2017) and reference standard
ASTM D 7264/M flexural test (ASTM D7264M, 2015).

Therefore, five sets of samples were fabricated: neat PE (PE), PE with 2 wt. % SiO; (PE/SiO; 2 wt. %),
PE with 5 wt. % SiO, (PE/SiO2 5 wt. %), PE 2 wt. % Al,Os (PE/AILO3 2 wt. %) and PE with 5 wt. % of Al,O3
(PE/AI,O3 5 wt. %).

Epoxy Nanocomposites

The materials are manufactured at Tecnalia, Donostia (Spain). An aeronautical grade and commercially
available bi-component EP resin system (MVR444R, CYTEC Solvay Group, UK) was selected as the
representative polymer for the aeronautical industry. The EP was reinforced with unmodified multi-
walled CNTs with an average diameter of 10 nm to 15 nm (Multi-walled Graphistrength C100, Arkema
Inc., USA) and unmodified CNFs with an average fibre diameter of 100 nm (PYROGRAF PR24-XT-LHT,

Applied Sciences Inc., USA) due to their electrical properties.

A concentration of 2 wt. % of CNTs (EP/CNT) and 2 wt. % of CNFs (EP/CNF) were dispersed in the epoxy
matrix through calendaring using a commercially available laboratory scale three-roll mill (EXAKT 80E,
EXAKT Technologies Inc., USA) and cured in an oven process. The process involves employing repeated
high shear stresses generated by the gap within the three rollers to disperse the CNTs and CNFs
homogeneously in the epoxy. Manufactured sample measuring 70mm x 45mm x 5mm were prepared
for the drilling tests. The corresponding standard sample was fabricated for the polymer reference
standard ASTM D 3039/D tensile test (ASTM D3039, 2017) and reference standard ASTM D 7264/M
flexural test (ASTM D7264M, 2015). Neat samples of the Epoxy were chosen to be used as reference
materials to demosntrate the influence of the nanofillers. Therefore, three sets of samples were

fabricated: neat EP (EP), EP with 2 wt. % CNTs (EP/CNT) and EP with 2 wt. % CNFs (EP/CNF).

Epoxy Carbon Fibre Nanocomposites

The materials are manufactured at RGU. A commercially available high performance bisphenol-A-
(epichlorhydrin) based epoxy resin specifically formulated for use invacuum resin infusion from
Easycomposites (IN2 Epoxy Infusion Resin) combined with a polyoxypropylendiamin based
hardenerfrom Easycomposites (AT30 Epoxy Hardener =Slow) was chosen for the matrix. Graphene

oxide (GO) flakes, 15-20 sheets with 4-10 % edge-oxidized from Sigma-Aldrich (796034 Aldrich) was

74



Chapter Three

employed in this investigation. The 3k 2/2 twill woven carbon fibre was obtained from Easycomposites

(Carbon Fibre 2/2 Twill 3k 210g).

The composite samples were manufactured through the vacuum resin infusion method.
Concentrations of 0.05 wt. %, 0.1 wt. % and 0.5 wt. % were initially dispersed within methanol
with the use of a sonication bath for 1 hour to allow for later dispersion of the GO in the Epoxy.
Once fully dispersed, the solution was then homogenously dispersed within the bisphenol-A-
(epichlorhydrin) based epoxy and placed in a vacuum oven for 2 hours at 60 °C to allow for slow
solvent evaporation. The solution was then mixed together with the hardener using a magnetic
stirrer and manual mixing. This was followed by the vacuum resin infusion process with 6 layers of
the carbon fibre textile layered within a mould and left to cure for 7 days at room temperature. The

corresponding standard sample was fabricated for the polymer reference standard ASTM D 3039/D
tensile test (ASTM D3039, 2017) and reference standard ASTM D 7264/M flexural test (ASTM D7264M,
2015). A reference sample without any GO was also manufactured (EP/CF), with 0.05 wt. % GO
(EP/CF/GO 0.05 wt. %), with 0.1 wt. % GO (EP/CF/GO 0.1 wt. %) and with 0.5 wt. % GO (EP/CF/GO 0.5

wt. %).

An outline of the chosen material combinations representing the industrial sectors are displayed in

Table 6.

Table 6: Polymer materials selected and chosen nanofiller and weight concentrations.

Composite Properties to Nanoparticle Reference Nanocomposite
Polymer be improved reinforcements Material formulation

EP+ 0.5 wt. % CNTs
EP +1wt. % CNTs

Mechanical
properties CNTs EP +2 wt. % CNTs
Epoxy (EP Neat Epox
ROXYAEP) (flexural and CNFs s EP + 0.5 wt. % CNFs
tensile) EP + 1 wt. % CNFs
EP + 2 wt. % CNFs
Mechanical P+2wt. % SiO;
rti SiO P+5wt. % SIO
Polyester (PE) PTOPEItEs ’ Neat Polyester ’ ’
(flexural and Al,Os3 P+2wt. % Al,Os3
tensile) P +5wt. % Al,Os
Density,
Polypropylene mechanical WO Neat PPPP -;20:/6;1150
{PP) pfﬂﬂertles MMT PDI?DTDDY'EHE + 2O WL 7
(flexural and PP+ 5wt. % MMT
tensile)
Epoxy Mechanical EP/CF +0.05 wt. % GO
reinforced with properties Epoxy/carbon
: GO . EP/CF+ 0.1 wt. % GO
carbon fibre (flexural and fibre 1GF-+ MR
(EP/CF) tensile) EP/CF + 0.5 wt. % GO
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3.2.2. Characterisation

The materials were characterised to demonstrate the nanofiller and nanocomposite materials
structure and morphology. Both a Zeiss EVO LS10 Variable Pressure Scanning Electron Microscope and
an SEM/EDX (FEI Quanta 200F) with a beam current of 208 uA and voltage of 10 kV were used in the
upcoming study and cross-checked using an electron probe microanalyser (EPMA) JEOL JXA-8621MX,
with beam current of 30 nA and voltage of 15 kV. SEM samples of the materials were prepared using
sputter coating of an ultra-thin coating of gold to minimize charging. The materials were further

investigated using a NICOLET iS10, Thermo Scientific ATR-FT-IR.

The average densities of the materials were also calculated using the mass and volume of the samples.

The volume was calculated from measurements using Draper Expert Digital Vernier Callipers with &
0.1mm and the mass was calculated using a Kern ABT Analytical Balances Model 120-5DM with a

resolution of 0.1 mg.

3.2.3. Mechanical Testing

Materials selected were investigated for mechanical properties (tensile and flexural). The influence of
the addition of the nanofillers is evaluated and compared. To achieve this, the materials underwent a
tensile test in accordance to ASTM D 3039/D tensile test (ASTM D3039, 2017) and 3-point flexural test
in accordance with reference standard ASTM D 7264/M flexural test (ASTM D7264M, 2015). The tests
were carried out with the use of an Instron 3382 universal testing system with a 100 kN load range.
Raw data was collected using the Bluehill 3 software as measured in terms of load and extension. As
per the respective standards, a constant head-speed of 2mm/min for the tensile test and 1mm/min
for the flexural test was used, and data is collected at 10 Hertz. The equations used to convert the
data from the load and extension to stress vs strain and relevant material properties is explained in

Appendix E.

The Instron 3382 universal testing system setup for the tensile test in accordance to ASTM D 3039/D
tensile test (ASTM D3039, 2017) and 3-point flexural test in accordance with ASTM D 7264/M flexural
test (ASTM D7264M, 2015) used is shown in Figure 17.
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Figure 17: Instron 3382 universal testing system used for a.) tensile test (ASTM D3039, 2017) and

b.) 3-point flexural test (ASTM D7264M, 2015).

3.2.4. Statistical Data Analysis

As per the standards (ASTM D3039, 2019; ASTM D7264, 2019), statistical analysis on the number of

samples incudes the sample mean, X, the standard deviation, s,.1, and the coefficient of variation, CV,

for each property determined; i.e. Young’'s Modu

ultimate flexural strength, strain at ultimate f

us, flexural chord modulus, ultimate tensile strength,

exural strength and the strain at ultimate tensile

strength using (ASTM D3039, 2019; ASTM D7264, 2019):

n :
X = (Z‘j xi) - Equation 3.1
N (2 52
Sp1 = \/(21_115—11 ) - Equation 3.2
CV =100 x »=t - Equation 3.3

X
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Where:
n = number of specimens
Xi = measured property

The statistical data determined is presented in a table following the presented of the stress vs strain
data for each specimen. To compare the reference polymer with the reinforced samples, the

percentage change is also determined using (ASTM D3039, 2019; ASTM D7264, 2019):

XSample~Xreference x 100

Percentage change = - Equation 3.4

Xreference

Where:

Xreference = Measured property from reference sample
Xsample = Measured property from comparative sample

Further to the mean, standard deviation, coefficient of variance, a direct comparison between samples
can be obtained using inferences on the sample mean. When assessing the data for each material, the
variation in property value can be used to provide confidence interval construction and hypothesis
testing. These are two fundamental techniques of statistical inference (Shao, 2008). Acommonly used
statistical analysis and given that the data collected is a sample valuation of the data with unknown
population variance, the estimated mean, standard deviations and variance can be projected in a t-
distribution. From the distribution, a confidence interval can be constructed giving an inference of a
chosen confidence interval of the population mean will lie in (from sample collected). The calculation
carried out to identify the 90% confidence interval for the measured property is as follows (DeCoursey,
2003):

. e = i ( S ) ) i3
Confidence limits =X T T T Equation 3.5

Y = SR (X xi)
X = mean of measured property: X = -

s . 1 _

s = standard error (standard deviation) where variance: s* = —Y"  (x; — X)*
n—-1

n = sample size

t = t-score value for 90% confidence interval = 1.645

The calculated confidence intervals will provide the upper and lower limit values of a 90% confidence
the mean of peak concentration will sit within. This deduction provides the inference about one
sample mean. The t-test can also be used to evaluate the two samples with a two samples t-test. This
is also called a two samples test of significance. The samples are assessed by performing a hypothesis
test between the two samples to identify if there is a statistically significant difference. The description

of the method used for the test is displayed in Equation 3.6 and Equation 3.7.
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t = - Equation 3.6

Where:

X 1= mean of measured property of first sample

X »= mean of measured property of second sample

The mean of the difference between samples means will be zero: pz_z =0
oz_5 = standard error defined by the mean of difference equal to zero

r(*nl— 1)s:24+(ny,—1)s,% [nq{+n,

Of—5 = J - Equation 3.7

\ n1+n2—2 USRS,

The t-score is referred with the critical values of a t-distribution to see if it lies within a 90% confidence
interval. If the t—score is within the 90% confidence interval critical values, the t-test is classified as
statistically insignificant and demonstrated possibility of no change. If the t-score is not inward of the
90% interval, the sample means are not within the confidence interval and are therefore deemed

statistically significantly different to one other.

The t-test can be performed to assess the differences between any additional samples. However,
when dealing with more than two samples, the equality of means can be tested all at once using
analysis of variance F-test. This is a popular approach and is commonly known as the one-way Analysis

of Variance (ANOVA). The ANOVA procedure evaluates a null hypothesis that the samples are the

same and perform equally (Montgomery, 2001).

Principally, one-way ANOVA compares the amount of variation between the samples with the amount

of variation within the samples as shown in Equation 3.2.14.

variance between samples

F = -Equation 3.8

variance within samples

Where:

Total sum of squares (TSS) = ¥, x7 — nix?

sum of squares between (SSB) _ Y ng (X—x)*°

Variance between samples =

degrees of freedom k—1
: s sum of squares within (SSW TSS—-SSB
Variance within samples = AL W
degrees of freedom fromeachof k n—k

2 s Uy
_ X xi-nx?— Y ng(xs—x)?

N n—k

X.= mean for given sample
n.= number of cases in given sample
k = number of samples

79



Chapter Three

The calculation returns an F-ratio which is compared to the critical values from an F-score table to
identify the exact significance level and whether or not to accept the null hypothesis of no difference.
If found true, the result indicates that the sample means (accounting standard deviations and errors)
have a probability of being equal to each other. If the hypothesis is rejected, the materials can be
regarded significantly different. The approach returns the probability that the observation could have
been due to random error alone on top of accepting or rejecting the hypothesis that the samples

displayed a difference (Montgomery, 2001). As a universal method of statistically evaluating the
variance between results, several software tools are available such as MS Excel, which is used to

execute this analysis.

This data analysis provides a statistical comparison between the materials. The hypothesis testing
measures the probability that a relationship between the data is caused by the one variable factor
that is being changed (i.e. in this case, the change in material) and not random chance. The confidence
intervals inference the range the mean value will be with a confidence interval of 90%. When

measuring the effect of a change in parameter, as with material filler, this analysis is essential.

3.3. Results & Discussion

3.3.1. Morphology study

Polypropylene Based Samples and Fillers

MMT and WO are the two representative nanofillers used as reinforcing particles for the PP samples.
This section includes the SEM and EDX analysis of the fillers to demonstrate the morphology and

chemical composition. Two magnifications of the fillers are illustrated in Figure 18.
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Figure 18: SEM images taken using Zeiss EVO LS10 of nanofillers used within PP-based samples.

Images represent two magnifications a.) and b.) of MMT particles and c.) and d.) of WO particles.

WO is a calcium silicate (CaSiOs3) and is used as a functional filler in polymer materials. WO is the only
naturally occurring white mineral that is wholly acicular (Svab et al., 2005), and can therefore be seen
in Figure 18 in fibrous forms. The aspect ratio however will vary and depend on natural conditions and
preparation techniques (Ding et al., 2013). In contrast, MMT is composed of silicate layers with nm
thicknesses. The structure consists of fused silica tetrahedral sheets with octahedral sheets of Al,O;
sandwiched in-between (Kampeerapappun et al., 2007) and therefore be visible as more circular
plate-like particulates. As MMT is a clay containing phyllosilicate group of minerals and composed of
two tetrahedral sheets of silica sandwiched a central sheet of alumina the material has the formula:

(Na,ca)n,ﬂ(ﬁd,Mg)z(Siq,Om] .

The fillers demonstrate two forms of nanoparticles. The MMT can be seen to be composed of crystals
with a diameter close to 1 um and average thickness around 10 nm. The thicknesses and diameters
vary significantly as visible in both Figure 18a and 18b. Agglomerations and larger particles of both

nanofillers can also be observed in Figure 18. In contrast to the MMT, the WO fillers are in the form
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of fibres with a diameter in the nano-range but up to 4.5 um. The variation in filler shape and
composition will therefore offer a different interfacial bonding to the polymer and subsequent
material properties (Chen et al., 2003; Svab et al.,, 2005). Both the MMT and WO SEM images

correspond to fillers used in similar studies (Delva et al., 2014; Luyt et al., 2009; Dasari et al., 2004).

Using EDX analysis, the elemental characterisation of the fillers is achieved and shown in Figure 19. A
high-energy beam of charged particles was focused over an area shown in Figure 19a to simulate the

emission spectrum from the fillers.

a.)

90um Electron Image 1
b.)

Spectrum 2
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Figure 19: SEM image using Zeiss EVO LS10 of a.) representing the location of b.) EDX spectrum

analysis of MMT particles used to reinforce PP samples.
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The EDX analysis as presented in Figure 19 detected the four main elements in silicon (Si), aluminium
(Al), magnesium (Mg) and oxygen (O). Of the significant elements identified, the values represented
in the spectrum in Figure 19 consisted of 60.6 wt. % O, 1.5 wt. % Mg, 8.2 wt. % Al and 29.7 wt. % Si.
As expected, the Si and O represented the two highest weight concentrations as they act as the

sandwiching sheets of the particles. The peak at 0 energy value in Figure 19 is an electron noise peak.

The EDX analysis on WO is illustrated in Figure 20b.

a.)

v
Spectrum 2
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Figure 20 SEM image using Zeiss EVO LS10 of a.) representing the location of b.) EDX analysis of WO

filler used to reinforce PP samples.
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WO is a calcium silicate mineral with a chemical formula of CaSiOs. The EDX analysis of the fibres
illustrated in Figure 20, confirms the three elements in WO: calcium (Ca), silicon (Si) and oxygen (O).
The atomic weight concentration of the EDX analysis presented in Figure 20 consists of 53.4 wt. % O,
15.6 wt. % Si and 31 wt. % Ca. A pure CaSiOs particle can expect to be nearly half CaO and half SiO;
(Ding et al., 2013). The SEM images of the surface is shown in Figure 21.

a.)

g
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Figure 21: SEM images at same magnitude of the surfaces of manufactured samples a.) neat PP, b.)

PP/Talc, C.) PP/MMT and d.) PP/WO.

Figure 21 presents the SEM images of the surfaces from the manufactured PP based samples carried
out using at SIRENA collaboration partners Cranfield University. Spherical nanoparticles can mainly be
seen on the PP/MMT sample and in a smaller proportion on the neat PP sample. In comparison the
PP/WO sample illustrates particles with diameter larger than 500 nm. The PP/Talc sample has the
largest fillers and displays presence of short filaments of Talc with diameters of around 100 nm.
Therefore, the SEM analysis was unable to identify the WO fibres on the surface of the material, most
likely due to the low weight concentration. This is a common observation reported within literature

(Luyt et al., 2009; Dev et al., 2015; Dasari et al., 2004).
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Polyester Based Samples and Fillers

Equally, the nanofillers and surfaces of the PE-based samples were examined using an SEM and EDX.

The nano-sized silica and alumina are displayed in Figure 22.

a.) b.)

Figure 22: SEM images taken using Zeiss EVO LS10 of nanofillers used within PE-based samples.

Images demonstrate two magnifications of the a.) and b.) Al,Os filler and c.) and d.) SiO:filler.

Due to the small size and limited resolution of the SEM, individual particles are harder to identify. Both
the Al,O3 and SiO; have particle diameters below 50 nm, which is not entirely observable through the
resolution of the images in Figure 22. Agglomerations of the nanoparticles are seen due to the active

nature of the particles to cluster and agglomerate.

The morphology of the particles differs slightly, as the silica has a spherical form, whilst the alumina is
considered to have a nearly spherical shape. This is observable in the cluster formation difference of
the particles. The cluster of silica particles can be seen to be more compact than the alumina. The
particulate formation and observation of agglomerates correlate to similar Al,Os and SiO;

nanoparticles used within other studies (Cho et al., 2006; Conradi et al., 2014).

An EDX analysis was also performed on the nanoparticles and can be seen in Figure 23.

85



Chapter Three

Spectrum 2

0 1 2 3 B 8 E 10 1 12
Full Scale 5014 cts Cursor: 9.563 (20 cis) ke

LA
n
~d

Figure 23: SEM image using Zeiss EVO LS10 of (a.) representing the location of EDX analysis (b.) of

Al,O3 particles used to reinforce PE samples.

The EDX analysis of the Al,O; particles exhibited the concentrations of elements Al, O, and C. The
atomic concentrations consisted of 42 wt. % Al, 14 wt. % C and 44 wt. % O. The trace of C with the

alumina is expected to be due the active adsorbent nature of alumina. The particles have a high
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surface activity and are used as adsorbent and catalyst materials (Lee and Kang, 2013). The
concentration of C, is relatively low in comparison to the presence of Al and O as demonstrated in

Figure 23. The EDX analysis on SiO; particles is shown in Figure 24.
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Figure 24: SEM image using Zeiss EVO LS10 of (a.) representing the location of EDX analysis (b.) of

Si0; particles used to reinforce PE samples.
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The EDX analysis on the SiO; particles exhibited the concentrations of elements of Si, O and C. The
atomic concentrations consisted of 22 wt. % C, 44 wt. % O, and 34 wt. % Si. Similar with the Al,O3
particles shown in Figure 23, the SiO; particles shown in Figure 24, also exhibited a small traces of C.
As demonstrated within literature (Lee and Kang, 2013), the adsorbent nature of the fillers is most
likely the cause is demonstrating a peak at C. The concentration is relatively lower in comparison to

the other elements.

The material surface morphologies are displayed in Figure 25. The filler reinforcements are visually

recognisable for the two reinforcements.
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Figure 25: SEM images of the surfaces of manufactured samples a.) neat PE, b.) PE/Al,032% c.)
PE/SiO, 2%.

The samples demonstrated in Figure 25 exhibit the introduction of the nanofillers on the surfaces of
the PE-based materials carried out at SIRENA collaboration partners Cranfield University. The particles
can be seen to be dispersed within the manufactured nanocomposites. A higher magnification of the
PE/AIl,Os shows the particles in a better resolution than the PE/SiO, sample. The embedding of the

particles show a clear surface morphology transformation. Nanoparticles can be identified on the
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surface of the turns of every PE based samples. A smoother surface without any of the filler/matrix
structures is observed. Although agglomerates of the fillers are distinguishable, the materials can be
seen to have a good filler dispersion within the polyester matrix and correlate to similar surface

changes observed in other studies (Allahverdi et al., 2012; Chen et al., 2005).

Epoxy Based Samples and Fillers

The epoxy-based composites and nanofillers used to reinforce the matrix are characterised using SEM

and EDX. The SEM of CNT and CNF fillers is shown in Figure 26.
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Figure 26: SEM images taken using Zeiss EVO LS10 of nanofillers used within EP-based samples.

Images demonstrate two magnifications of the a.) and b.) CNF filler and c.) and d.) CNT filler.

The CNF particles clearly demonstrate their discontinuous fibrous structure in Figure 26 (a+b). The
magnification of the fibres shows an average diameter of around 100 nm. The comparison of the CNFs
to CNTs (Figure 26¢ and 26d) can be seen with some of the images being at the same magnification,
and emphasising the dissimilarity in diameter of the fibres and tubes. At the resolution available and
an average diameter between 10 nm to 15 nm, the CNTs are significantly smaller than the CNFs. The

CNTs can also be seen to agglomerate more than the CNFs. Big clusters of the CNTs are observable in
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Figure 26d. The structure and size of the particles correlate to similar studies on CNFs and CNTs (Kim

et al., 2006; Zhuo et al., 2008; Gojny et al., 2004).

As with the other nanofillers, EDX analysis was carried out on the CNFs and is illustrated in Figure 27.

Due to the resolution required on the SEM for EDX, the image is at a different magnitude to Figure 26.
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Figure 27: SEM image using Zeiss EVO LS10 of (a.) representing the location of EDX analysis (b.) of

CNFs used to reinforce EP-based samples.
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The EDX analysis of the CNFs confirm the composition of the fibres to be entirely out of C. The atomic

concentration is therefore, 100 wt. % C. Figure 28 illustrates an EDX analysis on the CNTs.
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Figure 28: SEM image using Zeiss EVO LS10 of (a.) representing the location of EDX analysis (b.) of

CNTs used to reinforce EP-based samples.
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Similar

to the CNF characterisation through EDX analysis, the CNTs demonstrated to be entirely

composed of C. The atomic concentration is also given as 100 wt. % C.

Correspondingly, SEM analysis was carried out at SIRENA collaboration partners Cranfield University

on the manufactured EP-based sampled, demonstrated in Figure 29.
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Figure 29: SEM images using FEI Quanta 200F of the surfaces of manufactured samples a.) neat

EP, b.) EP/CNF 2% c.) EP/CNT 2%.

From the manufactured samples illustrated in Figure 29, nanoparticles and nanoparticle agglomerates

can be noticed on the surfaces of all three EP-based samples. The SEM analysis was unable to identify

the CN°

's and CNFs on the surface of the materials. However, the surface morphology can be seen to

have a

tered, with the introduction of the fillers. The fillers can be seen to have more particle

agglomerates on the surface. The reinforced samples show particles visible on the surface to have

more rugged edges and causing additional layers to the surface of the material.

92



Chapter Three

Epoxy Carbon Fibre Based Samples and Filler

The EP reinforced with conventional micro-sized carbon fibre and GO composites and fillers used to

reinforce the matrix are characterised using SEM and EDX. The SEM of GO filler is shown in Figure 30.
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Figure 30: SEM images taken using Zeiss EVO LS10 of GO nanofiller used within EP/CF-based

samples. Images demonstrate GO at a.) 6 kx and b.) 50 kx magnifications.

The GO fillers demonstrate the platelets and flake form expected with nano-range thicknesses.
Agglomerations and different thicknesses are observed in Figure 30, showing individual platelets, or
multiple agglomerated together. The particles are synthesised to have 15-20 layers thick, and
therefore can be seen to have thicknesses of less than 200 nm as shown in Figure 30b. The limited
resolution is unable to confirm particles with smaller dimensions, however Figure 30b does shown
several separate platelets with a thickness clearly visibly lower than the 200 nm scale. The image

correlates to studies on the use of GO particles (Zhu et al., 2010; Wan et al., 2014).

As with the other nanofillers, EDX analysis was carried out on the GO filler and is illustrated in Figure
31. The EDX analysis of the GO confirms the composition of the filler to have a composition of C and
O. The atomic concentration demonstrated, 94.6 wt. % Cand 5.40 wt. % O. Although the concentration
is far smaller than that of C, the identification of O within the elements, relate to the reactive oxygen
functional groups within GO that will render it a good candidate bond with the EP matrix (Dreyer et

al., 2009). As expected, therefore, a majority presence of C was recognised in the elemental EDX

analysis.
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Figure 31: SEM image using Zeiss EVO LS10 of (a.) representing the location of EDX analysis (b.) of

GO used to reinforce EP/CF-based samples.

Correspondingly, SEM analysis was carried out on the manufactured EP/CF-based samples,

demonstrated in Figure 32.
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Figure 32: SEM images taken using Zeiss EVO LS10 of the surfaces of manufactured samples a.)

neat EP/CF, b.) EP/CF/GO 0.05 wt.% c.) EP/CF/GO 0.1 wt.% and d.) EP/CF/GO 0.5 wt.%.

The microscopy on the surfaces demonstrate a clear change in surface morphology with the
introduction of GO as a filler. In all images, the outline of the micron-sized carbon fibres are noticeably
visible. With the magnification being quite significant, the images demonstrate the weave of the fibres
in one direction. However, the EP/CF/G0 0.1 wt. % and EP/CF/GO 0.5 wt. % show several fibres out of
the 90/90 twill weave. Several particles appearing as lumps are observable in all four samples. This is
expected to be the EP matrix as it is seen in all four samples. The GO can be seen to create a smoother
surface on the material, but individual GO particles and higher concentrations of GO particles are not
evident in the images. This is again, due to the low weight concentration and the lack of identification

of individual particles and change in surface is a common observation within literature (Shen et al.,

2013; Wan et al., 2014).

3.3.2. FT-IR study

FT-IR analysis was also carried out on the samples to evaluate the differences with in incorporated

nanofillers, as demonstrated for the PP-based samples in Figure 33.
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Figure 33: FT-IR spectrum analysis of manufactured PP based samples.

The introduction of the fillers can be seen to introduce new peaks into the FT-IR analysis compared to
the neat PP sample. The similar wavelengths and largest peaks of all four samples depicts the PP, C3Hg,
molecule chain of carbon bonds in forms of a CHs asymmetric stretch, CHs; asymmetric bend and CHs
symmetric bend at approximately 2900cm™, 1460 cm™ and 1370 cm™ respectively (Paluszkiewicz et
al., 2011). The chemical changes can then be distinguished and confirm the presence of the fillers with
peaks introduced between 600 cm™ to 1100 cm™ for the PP/Talc, PP/WO and PP/MMT samples, such
as the high peaks observed at approximately 1000 cm™ assigned to CaO stretch, 950 cm™ attributed
to an Si-O stretch, and bending vibrations of Si—-O bands at around 700 cm™ (Beheri et al., 2013).

Conversely, the small weight concentration of fillers show obscurity to differentiate between the

fillers.

FT-IR analysis, illustrated in Figure 34, was carried out on the samples to obtain the infrared spectrum

of absorption to characterise the PE-based materials.
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Figure 34. FT-IR spectrum analysis of manufactured PE based samples.

The use of the fillers and concentrations can be seen to have few differences on the FT-IR spectroscopy
represented in Figure 34. All samples introduced numerous peaks below 1720cm™ representing, as
observed in literature, the spectrum of PE based materials (Gubbels et al., 2013). A peak at 1720 cm™
is generally attributed to the formation of ester bonds characteristic for the C=0 stretching vibrations.
Peaks at 1448 cm™ and 1380 cm™ are assigned to CHs; asymmetrical and CHsz symmetrical bending
vibrations respectively, whilst an aliphatic C-H stretch is observed at around 2900 cm™ in polyester
(Zhao et al., 2007). The only observable difference with the introduction of the reinforcements is a
peak at 2360 cm™, which is a CO, asymmetric bond-stretching peak and normally attributed to the lab
air and not the material samples, however, it has been reported as a characteristic peak of Al,O3
(Baskaran et al., 2011). The difference in peak sizes is due to the transmittance intensity. From the FT-
IR analysis therefore, the spectra are unable to show the presence or difference between the samples,

also likely due to the low weight concentrations.

FT-IR analysis, illustrated in Figure 35, was carried out on the samples to obtain the infrared spectrum

of absorption to characterise the EP-based materials.
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Figure 35: FT-IR spectrum analysis of manufactured EP based samples reinforced with a.) CNF filler

and b.) CNT filler.

The introduction of the CNT and CNF fillers in the samples observed minimal influence on the FT-IR
spectra. The intensity of the peaks observed to change, but the fillers do not appear to influence the
spectra. As expected with epoxies, C—H stretching peaks at 1460 cm™ and 1300 cm™ are assigned to
CHs asymmetrical bending and CHs symmetrical bending respectively, whilst aliphatic C-H stretch

peaks are observed at around 2960 cm™in EP (May, 2018). A minor peak can be seen in the samples

98



Chapter Three

at 1650 cm™ which can be attributed to Stretching C=C of aromatic rings (May, 2018). A characteristic
peak of epoxide rings appears at 829 cm™ (Zheng et al., 2017) and other peaks located at wavelengths
lower than 1500cm™ are limited in comparison, however peaks located at 1247 cm™ and 1024 cm™
are assigned to C—O of epoxy groups and C—OH groups respectively (Pathak et al., 2016). The slight
peaks observed for all samples around 3400 cm™ originate from the stretching vibrations of —OH (Li et
al., 2019). The minor shift in peak at 3600 cm™ observed from the EP/CNT 2 wt. % sample is also
attributed to stretching vibrations of —OH (Cui et al., 2013). Therefore, similar with the PP-based
samples, the FT-IR analysis is unable to show the significant peak changes due to the low weight

concentrations of the fillers.

FT-IR spectroscopy analysis, illustrated in Figure 36, was carried out on the samples to obtain the

infrared spectrum of absorption to characterise the EP/CF-based materials.

B W
96.5- o
0 N e
95.5- Ry
j %\-ﬂ
95.0- — EP/CF wa
: — EP/CF/GO 0.05 wt. % 11_
I — EP/CF/GO 0.1 wt. %
94.9- —— EP/CF/GO 0.5 wt. %
3 94.0-
&
E 93.5-
&
!‘: ]
#  930-
92_5—:
92.0-:
91 5
91 .ﬂ"-_ {J’P\ '
90.5- '
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm-1)

Figure 36: FT-IR spectrum analysis of manufactured EP/CF based samples reinforced with GO (EP/CF,
EP/CF/GO 0.05 wt. %, EP/CF/GO 0.1 wt. % and EP/CF/GO 0.5 wt. %).

The incorporation of the GO fillers at different weight concentrations, observed few differences on
the FT-IR spectroscopy, as shown in Figure 36. As expected and similar with the epoxies samples
without CF, C—H stretching peaks at 1460 cm™ and 1300 cm™ are assigned to CHs asymmetrical

bending and CH3; symmetrical bending respectively, whilst aliphatic C-H stretch peaks are observed at
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around 2960 cm™ in EP (May, 2018). The slight peaks introduced around 3400 cm™ originate from the
stretching vibrations of —OH (Li et al., 2019). Peaks located at wavelengths lower than 1500cm™ are
limited in comparison, however peaks located at 1247 cm™ and 1024 cm™ are assigned to C—0 of epoxy
groups and C—OH groups respectively (Pathak et al., 2016). The most evident difference between the
spectra is seen at 1651 cm™ which is attributed to the shifting of carbonyl peak of GO as a result of H-
bonding between GO and epoxy (Yang et al., 2013). The embedding of GO can therefore be seen to

have a slight change in the spectra in comparison to the EP/CF sample.

3.3.3. Mechanical properties

Following the tensile testing standards of polymer matrix composite materials (ASTM D3039, 2019),
the tensile properties of the materials are determined. Similarly, the flexural properties of the
materials are determined from the standard for flexural properties of polymer matrix composite

materials (ASTM D7264, 2019).
Polypropylene Based Samples and fillers

The averages (n=3) of the stress vs strain plots of the PP-based samples is displayed in Figure 37. The
tensile stress vs strain plots of the repetitions on individual PP-based samples is included in Appendix
D. The initial clear observation is the consistency in material behaviour from the neat PP samples
relative to the reinforced samples. None of the samples observed to fracture and continued to extend.
This is observed in the average PP plot, shown in Figure 37, not having any sudden drops in tensile
stress. In contrast, the reinforced materials observed some fracture, or crack formation to cause a
decrease in tensile stress. The total energy required to therefore fracture the materials, i.e. material
toughness, can be seen to decrease with the use of additives as the area under the curve is larger for
the neat PP sample due to no fracture point. Furthermore, all samples observed a similar

corresponding ultimate tensile stress Ouiimate.
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Figure 37: Stress vs strain curve averages from tensile tests on PP, PP/Talc, PP/MMT and PP/WO

samples.

As expected with PP being a thermoplastic, the material observed ductile behaviour with a clear yield
and plastic region (Shubhra et al., 2013). This is further demonstrated with a high percentage of
elongation with strain values up to 100 % without fracture for the neat PP sample. The yield stress is
seen to be consistent with all materials and followed closely by the ultimate tensile stress, Ouitimate. FOr
this reason, the ultimate tensile stress is presented in the data summary Table 7 without the need of
replication with determining the yield stress. Since the average stress vs strain plot will continue if a
sample were to fracture and therefore not represent the mean ultimate tensile stress, the bar chart
and numerical data presented in in Figure 38 and Table 7 respectively, are an adjusted representation
to allow for this. The ultimate tensile strength and Young’s modulus are determined and compared in

Figure 38.
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The comparison between the materials shows few differences between samples. The PP/Talc sample
observed a marginal increase in tensile strength and Young’s Modulus, whilst the PP/MMT and PP/WO
observed a slight decrease. As is also highlighted in the numerical values of the tensile test data,
represented in Table 7, all of the samples observed a slight increase in mean Young’s Modulus but
with higher standard deviations between samples. In contrast, the tensile strength only observed an
increase for the PP/Talc sample and larger standard deviations between the reinforced samples.
Whilst, the incorporation of fillers exhibited a slight effect on the Young’'s Modulus and tensile
strength, the samples demonstrated more inconsistent material performance. This is also highlighted
in CV values comparing PP/Talc (e.g. Young’s Modulus CV = 22.0 MPa) to PP (Young’s Modulus CV =
2.84 MPa).

In order to statistically analysis the effect of the fillers, and as mentioned previously, a t-test can be
used to evaluate the two samples with a two samples t-test. This is also known as a two samples test
of significance (DeCoursey, 2003). As explained, the samples are assessed by performing a hypothesis
test between the two samples to identify if there is a statistically significant difference. If the t-score
is not inward of the 90% interval, the sample means are not within the confidence interval and are
therefore deemed statistically significantly different to one other. From the t-test between each
sample and the PP sample, only the PP/Talc returned a statistically significant different for Young’s
Modulus (P = 0.0203). However, for the tensile strength, only the PP/MMT returned a statistically
significant difference (P = 0.00663). The materials can therefore be seen to perform in a similar
manner in relation to the modulus of elasticity and tensile strength. If the material were to exceed the
vield stress and ultimate tensile strength, the reinforced samples would however show a significant
decrease in elongation. This is a common phenomenon observed throughout literature (Lapcik et al.,
2009; Weon and Sue et al., 2006; Dasari et al., 2004; Yousfi et al., 2013), where the use of fillers within

PP has mostly shown to have a negative effect on the elongation. For example, although the use of
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talc as a filler within PP has shown to improve tensile strength, it has also revealed to reduce the
elongation from a similar 20 % (Yousfi et al., 2013) to a more substantial difference of reduction of
286 % (Weon and Sue, 2006). PP materials however are normally selected on tensile strength and

Young’s modulus (Shubhra et al., 2013).

Table 7: Summary and comparison of material properties collected from tensile tests on PP-based

samples
: : Strain at

Young’s Percentage Tensile Percentage Tensils Percentage

Modulus difference  Strength: difference St th difference
Sample _ reng

Evoung’s £ Sn-1: compared Ouikimatet Sh.1  COmMpared R compared to
[MPa] to PP [MPa] to PP Tensile PP
Oultimate
PP 151 + 1.69 / 20.4 +£0.043 / 0.35 + 0.0020 /

PP/Talc 165 + 4.20 9.13 % 21.3+0.45 4.23 % 0.28 + 0.0017 -26 %
PP/IMMT 158 +14.35 4.09 % 19.7 £ 0.14 -3.38 % 0.26 + 0.015 -19 %
PP/WO 153 £ 9.69 0.89 % 20.1 £0.29 -1.75 % 0.29 £ 0.0043 -16 %

When comparing more than two samples, the equality of means can also be tested all at once using
analysis of variance F-test. This is a popular approach and is commonly known as the one-way Analysis
of Variance (ANOVA). The ANOVA procedure evaluates a null hypothesis that the samples are the
same and perform equally (Montgomery, 2001). ANOVA single factor analysis was performed to assess
the variability in the Young’s Modulus and the