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Abstract

Magnesium (Mg) offers a tremendous weight saving potential as an advanced lightweight
material in the automotive and aerospace industries. However, the application of Mg is limited
by its low corrosion resistance and low mechanical properties especially at elevated
temperature. To overcome the limitations of Mg, carbon nanotubes (CNTs) are considered to
be ideal for the fabrication of Mg matrix composites due to their high aspect ratio and superior
mechanical properties. However, the design of CNTs-reinforced Mg matrix composites
requires a homogeneous dispersion of CNTs and a good interfacial bonding between the CNTs
and the Mg matrix for an effective strengthening of the composites by CNTs. Consequently,
the coating of CNTs is considered to be an effective strategy to improve the wettability of
CNTs by Mg and promote the dispersion of CNTs in the metal matrix. In this work, a new
technique was developed for the coating of CNTs with either SiOC or SiC using a
polymethylhydrosiloxane (PMHS) precursor to enhance the properties of AZ91 composites.
Initially, the transformation of PMHS to SiOC and SiC was established via a simple curing
technique followed by pyrolysis in Ar at 900 and 1500 °C, respectively. Then, a preliminary
application of PMHS as a coating precursor for CNTs found that SiOC can be coated on the
individual CNTs as a discontinuous or continuous coating layer or precipitated densely on the
CNTs agglomerates. The effect of coating concentration on the morphology and dispersibility
of the CNTs were further studied through a more extensive production of SiOC and SiC coated
CNTs. Intermediate coating concentration (i.e. 45-55 wt%) was found to be suitable for the
wetting of CNTs by the AZ91. The addition of either SiOC coated CNTs or SiC coated CNTs
had successfully led to a notable grain refinement by up to 66 % in grain size reduction, increase
in hardness by up to 17 %, and increase in yield strength by up to 15 % in the AZ91 composites

in comparison to the pure AZ91.
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Chapter 1 : Introduction

1.1 Background and motivation

Advanced lightweight materials are increasingly used in the automotive and aerospace
industries to produce vehicles with high operating efficiency which are capable of reducing
greenhouse gas emission (GHG) and energy consumption simultaneously fulfilling emission
and fuel economy standards [1]. According to the report by the United Nations
Intergovernmental Panel on Climate Change [2], lightweighting is considered among the
highly potential mitigation measures for near-term GHG emission reduction especially during
the next 10-20 years [3] through direct reduction of energy loads for vehicles ranging from
passenger cars to aircrafts. It was also reported that between 2-20 tonnes life-time CO> savings
can be achieved by a 100 kg weight reduction for light duty, heavy duty and rail vehicles [4].
Meanwhile, in aviation, lightweighting design is not only an effective way to reduce fuel
consumption [5] but can also contribute to improvements in flight performance such as better

acceleration, higher structural strength and stiffness, and better safety performance [6].

Magnesium (Mg) offers a tremendous weight saving potential for the substitution of
conventional structural metals such as steel, titanium (Ti) and aluminium (Al) by 77%, 61%
and 33% of weight reduction, respectively. However, the current application of Mg in the
automotive and aerospace vehicles is very limited such that only less than 1% by weight is used
in an average automobile [7]. Nevertheless, the interest in Mg alloys in the research field has
continued to grow in the recent years such that they account for 20% of all alloy research [8,
9]. Mg and its alloys offer many desirable properties such as high specific stiffness and strength

that are comparable to Al and steel [10, 11] and excellent castability [12]. Particularly, Mg
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AZ91 is interesting for further development since it is used in a vast majority of Mg die casting
applications due to its relatively high strength and good castability [13-15]. However, the
application of Mg is mainly limited due to its low corrosion resistance and low mechanical
properties at elevated temperature. Consequently, the fabrication of Mg matrix composites, is
considered to be an effective strategy to improve the mechanical properties of Mg and to
overcome their limitations [16-18]. An effective strengthening of metal matrix composite
would require the reinforcements to have high strength, high aspect ratio, small size and a large
difference in the coefficient of thermal expansion from the matrix. Carbon nanotubes (CNTs)
are considered to be an ideal reinforcement for the strengthening of metal matrix due to their
high aspect ratio [19], superior elastic modulus (of up to 1 TPa [20-25]) and extremely high

strength (of up to 150 GPa [26]).

The fabrication of CNTs-reinforced Mg composites faces critical challenges due to the
tendency of CNTs to agglomerate and the poor wettability of CNTs by Mg. Even though many
strategies had been employed to effectively improve the dispersion and distribution of CNTs
in the Mg matrix, the poor wettability of CNTs would eventually lead to the deterioration of
the mechanical properties of the composites especially at a higher loading. An effective
strategy to overcome this limitation would be by coating the CNTs with a suitable material that

can be wetted by the Mg matrix.

1.2 Aim and objectives
The aim of this PhD project is to develop and investigate the surface modification of CNTs for

enhancing magnesium alloys. The key objectives are:

e To develop a feasible and scalable technique for coating the CNTs with a suitable
coating material that can enhance the wettability of CNTs by the Mg matrix.
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e To understand the influence of coating concentration and morphology on the CNTs
dispersion and wettability by the Mg matrix.
e To investigate the effect of CNTs coating on the microstructure and mechanical

properties of Mg composites.

1.3  Thesis structure

This thesis consists of 6 chapters. Chapter 1 introduces the background, motivation, aim and
objectives as well as the description of the thesis structure. Chapter 2 provides a literature
review which covers the challenges and strategies in the fabrication of CNTs-reinforced Mg
matrix composites and reviews the current literature works for the fabrication of coated CNTs-
reinforced Mg matrix composites. Chapter 3 describes the materials, experimental methods and
characterisation techniques used in this work. Chapter 4 explores the use of
polymethylhydrosiloxane (PMHS) as a precursor for the coating of CNTs with either SiOC or
SiC. In Chapter 5, the SiOC coated CNTs are studied more extensively to understand the effect
of SiOC coating on the morphology and dispersibility of CNTs, and the properties of AZ91
composites. Chapter 6 focuses on the study of SiC coated CNTs and the types of morphologies
formed as well as their effects on the dispersibility of CNTs and the properties of AZ91
composites. Chapter 7 summarises the findings in this work and provides suggestions for future

works.
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Chapter 2 : Literature Review

2.1 Magnesium (Mg) as a lightweight material

A key strategy for lightweighting is through the substitution of conventional materials such as
mild steel and cast iron with lightweight materials such as high-strength steel and aluminium
(Al) [27]. As shown in Figure 2.1 (a), a generic car is made from nearly 50% steel, 13%
aluminium (Al) and 5% iron (Fe) [28]. Steel, despite of its high density of about 7.8 g/cm?, is
attractive due to its low cost, manufacturability and recyclability such that advanced high-
strength steels (AHSS) have also been developed for the purpose of lightweighting which allow
for thinner sheets and therefore vehicle weight reduction [29]. In the aerospace applications,
high performance composites such as fibre reinforced polymer and fibre metal laminates are
now replacing metals due to their lower density and higher specific strength and stiffness
despite of their higher cost [30]. For example, more than 50% of the Boeing 787 fuselage is
made of carbon-fibre reinforced polymer composite in comparison to 20%, 15% and 10% of
Al titanium (Ti) and steel, respectively (Figure 2.1 (b)) [31]. Nevertheless, metals have the
advantages of manufacturability, much lower cost, lightning safety and easy detection of

damage for repair which make them still extensively used in many aerospace applications [32].

In the longer term, magnesium (Mg) can provide a tremendous weight saving potential for
structural metals by offering 77%, 61% and 33% weight reduction than steel, Ti and Al,
respectively. Currently, the application of Mg was reported to be limited to only less than 1%
of an average vehicle by weight [7] and the use of Mg in automotive vehicles is predicted to
remain only at 4-5 kg per vehicle towards 2040 [29]. Considering the current Mg market, the

main obstacles to the use of Mg in high-volume vehicle applications include manufacturing
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and processing due to its low formability at typical automotive processing conditions, in-
service performance such as low corrosion resistance when joint with other automotive
materials, and higher cost in comparison to Al and steel [15]. Nevertheless, the interest in Mg
has continued to grow in the recent years such that publications on Mg alloys in the past decade
accounted for 20% of all alloy research [8, 9]. Despite of the technical and commercial barriers
that must be overcome for significant Mg applications in the long-term, sustained effort in the
reduction of primary metal cost and the development and deployment of corrosion protection
technologies would help to unlock many potential applications for Mg in the automotive and
aerospace industries [15, 33]. Furthermore, the improvement in the properties of Mg can also
be achieved through various methodologies and technologies such as heat treatment, alloying,

composite fabrication, surface treatment and deformation processes [34].
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Figure 2.1. Material composition of (a) a generic vehicle (Honda Accord, Internal combustion engine,
2011) and its principal part production process, and (b) a Boeing 787 aircraft. Images reproduced from

[28, 31].
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2.1.1 Properties of Mg and its alloys
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Figure 2.2. Major crystallographic planes and directions in a hexagonal close-packed crystal lattice.

Image reproduced from [35].

Mg in its purest form has a density of 1.74 g/cm?, but the density of its alloys can range from
1.3 to 1.87 g/em® [36, 37]. Due to its hexagonal close-packed structure (Figure 2.2), the
deformation of Mg at room temperature is restricted to only two independent slip systems
occurring on the basal plane (0001) along the <1120> direction meanwhile the non-basal slips
on prismatic or pyramidal planes are usually activated at elevated temperatures [35]. Therefore,
Mg fails to satisfy the von Mises-Taylor criterion which requires a minimum of 5 independent
slip systems to accommodate a homogeneous polycrystalline deformation [38]. As a result, Mg
alloys exhibit poor formability at room temperatures and are much more workable at elevated

temperatures [39].

Table 1 compares the mechanical properties of cast Mg alloys with other competing materials.
Aside from being the lightest structural metal, Mg and its alloys offer many desirable properties
such as high specific stiffness and strength which are comparable to those of Al and steel [10,
11], high machinability, high damping capacity, good electromagnetic shielding and
biocompatibility [7, 40, 41]. In comparison to plastics, the elastic modulus of Mg is almost 20

times higher despite of being slightly heavier. Furthermore, due to its high fluidity and low
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susceptibility to hydrogen, Mg is often considered to have better castability than other cast
metals such as Al and copper (Cu) [12]. However, the application of Mg is limited mainly due
to its low corrosion resistance and low mechanical properties at elevated temperature [11, 33].
The poor corrosion resistance of Mg can be attributed to its highly negative electrode potential

which leads to galvanic corrosion when it is in contact with other structural metals [42-44].

Table 1. Mechanical properties comparison of cast Mg alloys with other materials. Data collected from

[45-48].

Material Cast Mg Steel Cast  Plastics
Al (polycarbonate/

acrylonitrile-
butadiene-styrene
blend)

Alloy/Grade AZ91 AM60 AE44 Galvanised A380 Dow Pulse 2000

Density (g/cm?) 1.81 1.80 1.82 7.80 2.68 1.13

Elastic modulus (GPa) 45 45 45 210 71 2.3

Yield strength (MPa) 160 115-130  100-135 200 159 53

Ultimate tensile strength 240 205-225  185-240 320 324 55

(MPa)

Elongation (%) 3 6-8 6-12 40 3 5 at yield and 125 at
break

Alloying is usually employed to enhance the material properties of Mg whereby the formation
of intermetallic phases influences the microstructure and alters the material properties of the
alloys. AZ91D, consisting of Mg, Al, zinc (Zn) and manganese (Mn), is the most commonly
used alloy for commercial high-pressure die casting which exhibits good mechanical properties
at room temperature, excellent castability and corrosion resistance [39]. While the addition of
Al provides good fluidity to the alloy, the formation of f-Mg17Al:2 intermetallic has an adverse
effect on the creep resistance. AZ91 starts to creep at temperatures above 100 °C up to a
maximum operating temperature of 125 °C therefore making it unsuitable for the
manufacturing of power train and engine castings [14, 49]. Subsequently, the addition of rare

earth (RE) elements such as in the WE43 (4 wt% RE), AE44 (4 wt% RE) and ZEK 100 (0.5
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wt% neodymium (Nd)) alloys can help to significantly improve creep performance and
mechanical properties in temperatures up to 300 °C [50-52]. However, the alloys are costly and

not suitable for use in long-term, high volume applications [15].

2.2 Carbon nanotubes-reinforced Mg matrix composites

The enhancement of Mg alloys properties such as strength and creep resistance can be achieved
via the fabrication of Mg matrix composites using various types and sizes of reinforcements
such as silicon carbide (SiC), aluminium oxide (Al203), titanium carbide (TiC), boron carbide
(B4C) and boron nitride (BN) [16, 17]. In comparison to ceramic reinforcements, carbon
materials such as carbon fibres and graphite particulates are particularly attractive to be used
as reinforcements due to their high thermal conductivity, low coefficient of thermal expansion
(COE), high damping capacity and good self-lubricant property [18, 53]. Furthermore, the
strength, ductility and failure mode of the composite can also be strongly affected by the size
of the reinforcement particles whereby the strength and ductility would be decreased with the
increase in particle size [54]. Therefore, large particulates such as graphite particulates with
sizes from several micrometres to few millimetres are susceptible to cracking and void
formation at the particle-matrix interface which results in premature failure of the composites

during the mechanical testing [18, 55].
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2.2.1 Strengthening mechanisms in metal composites
The strengthening in metal matrix composites can be explained by a few possible reinforcing
mechanisms, namely Orowan strengthening, load transfer, thermal mismatch strengthening and

grain refinement. The mechanisms are briefly explained in this section.

1. Orowan strengthening
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Figure 2.3. Schematic illustration showing the Orowan looping mechanism in which dislocation must
loop around the reinforcing particles (blue circles) to traverse through the matrix. Image reproduced

from [56].

Reinforcements can act as obstacles to impede the dislocation motion in a metal matrix. Gliding
dislocation or dislocation pairs must bow or loop around the reinforcing particles in order to
further traverse through the matrix (Figure 2.3). The looping mechanism involves a higher
energy path which therefore requires a higher applied stress to drive the dislocations to bypass
the particles. As a result, the yield strength of the matrix would be increased. The increase in

yield strength due to Orowan looping is given by [57]:

0.8 G,,bM

Ao, =
Oorowan L, Equation 2.1

where G,, is the shear modulus of the matrix, b is the Burgers vector of the matrix , M is the

Taylor factor (assumed to be 3 [18, 58]) and L,, is the interparticle distance. From this equation,
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it can be seen that the reinforcements should ideally be small in size and homogeneously

dispersed in order to keep the interparticle spacing small.

2. Load transfer

According to the shear lag model [59], load can be transferred from the elastically softer metal
matrix to the stronger and stiffer reinforcements by the generation of interfacial shear stress.
Assuming that there is an ideal load transfer efficiency through an interface, the increase in

yield strength due to load transfer in its simplest form [58] can be described as follows:

AG1oaa = OreVre
Equation 2.2
where g, is the yield strength of the reinforcement and v,, is the volume fraction of the
reinforcement. Variations to the shear lag model had also been made to consider the
disorientation of the nanoparticle reinforcements with respect to the loading direction [60]. For

an effective load transfer strengthening to occur, reinforcements should ideally have high

aspect ratio and can also form a good interfacial bonding with the metal matrix.

3. Thermal mismatch strengthening

Next, a significant difference in the coefficient of thermal expansion (CTE) between the metal
matrix and reinforcement can also result in the increase in prismatically punched geometrically
necessary dislocations at the metal-reinforcement interface to accommodate the thermal strain
and internal stress generated due to the thermal mismatch [61]. The increase in yield strength

due to thermal mismatch strengthening is described as [62]:

AGthermal = aGmb\/E
Equation 2.3
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where « is a geometric constant (1.25 for Mg [58]). p is the increase in dislocation density due

to the difference in the CTE between the matrix and reinforcement, and is defined as [61, 63]:

By ACTEAT
P= bd(1 — v,,) Equation 2.4

where B is a geometric constant (theoretically [61]), ACTE is the difference in coefficient of
thermal expansion between the matrix and reinforcement, AT is the difference between the
process and test temperature. Based on this strengthening model, a large difference in the CTE

between the reinforcement and the matrix is required.

4. GQGrain refinement

(a ) a _Metal solution Initial grain ( b) a

Carbon nanotube Initial nucleus

Dispersed secondary particle

Figure 2.4. Schematic illustrations showing the grain refinement mechanisms of reinforcement
particles in a metal matrix via (a) heterogeneous nucleation and (b) Zener pinning effect. Images are

reproduced from [64] [65].

Grain refinement can also contribute to the strengthening of material via the Hall-Petch effect

[66] as described by the following equation:

1
Ograin = Op T kd 2 Equation 2.5
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where g, is the frictional stress of the matrix, k is the strengthening coefficient and d is the
grain size. Dislocation motions initiate within a single crystal pile-up at the grain boundaries;
hence, decreasing the grain size increases the total grain boundary area which can impede the
dislocation motions therefore resulting in the improvement of the mechanical properties of the
material. The addition of secondary particles to a metal matrix can lead to grain refinement
through nucleation and/or the Zener pinning effect. In the nucleation mechanism, the
reinforcing particles can act as heterogeneous nucleus substrate to stimulate the generation of
nuclei from which smaller grains could grow [64] (Figure 2.4 (a)). On the other hand, the Zener
pinning effect results in the impedance of grain growth due to the pinning force exerted by
dispersed secondary particles [67] (Figure 2.4 (b)). Therefore, for grain refinement to be

achieved, the reinforcing particles should be homogeneously dispersed.

The strengthening contribution from each mechanism can be simply added linearly to predict

the theoretical yield strength of the composite [58] as follows:

Oc = Oy + +Ao-load transfer + AO-thermotl + AO-grain Equation 2.6

Based on the strengthening mechanisms, the main requirements for the reinforcements include
high strength, high aspect ratio, small size, large difference in the coefficient of thermal
expansion than the metal matrix and a homogeneous dispersion in the metal matrix. Therefore,
based on these criteria, carbon nanotubes (CNTs) are considered to be an ideal reinforcement
for metal matrix composites due to their high aspect ratio and superior mechanical properties

[18].
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2.2.2 Carbon nanotubes (CNTs)

B: SWCNT C: DWCNT D: MWCNT

Rolling

—

Figure 2.5. Single-walled CNTs (SWCNTs) can be visualised as a single layer of graphene rolled into
a cylinder. Double-walled CNTs (DWCNTs) and multiwalled CNTs (MWCNTs) consist of two or more
concentric SWCNTs. Image reproduced from [68].

Since the rediscovery of carbon nanotubes (CNTs) by lijima in 1991 [69], the interest in CNTs
in various different applications has increased rapidly due to their unique set of electrical and
mechanical properties. CNTs can be distinguished as single-walled CNTs (SWCNT), double-
walled CNTs (DWCNTs) or multiwalled CNTs (MWCNTs) (Figure 2.5). SWCNTs can be
regarded as a single graphene layer rolled into a cylinder with a diameter of 1-2 nm meanwhile
DWCNTs and MWCNTs consist of two or more concentric SWCNTSs with diameters typically
ranging from 4 to 50 nm [18, 70]. The tips of MWCNTs are usually capped by dome-shaped
half-fullerene molecules. Similar to graphene, the carbon atoms in CNTs are densely organized
in an sp’-bonded honeycomb (hexagonal) lattice which provides CNTs with their unique
strength [71]. Furthermore, based on the orientation of the tube axis relative to the carbon

network, CNTs can also be further identified as either armchair, zigzag or chiral [72].

Generally, CNTs are produced by three main techniques namely arc discharge process, laser
ablation method and chemical vapour deposition (CVD) [73]. While arc discharge technique
is able to yield high-quality CNTs with more perfect crystalline lattice, CVD is the most

preferred technique for large-scale production of CNTs whereby high purity material can be
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obtained and the reaction course can be easily controlled at low temperature [ 74]. Alternatively,
the laser ablation method is capable of producing CNTs with a higher purity (of up to 90%)
and better graphitisation than those produced by the arc discharge process; however, the yield

is relatively smaller [75].

The elastic modulus of MWCNTs was measured to be up to 0.027 TPa for CVD-grown [20],
1.25 TPa for laser ablation-grown [76] and in the range of 0.81-1.8 TPa for arc grown [21].
Due to their excellent elasticity, it has been shown that stresses imposed on the nanotubes led
to the elastic buckling of the tubes which upon release of the stress can return to its original
straight form [77]. This behaviour distinguishes CNTs from conventional carbon fibres and
other known fibres which are more likely to fracture when applied with stress beyond the elastic
limit. Furthermore, the tensile strength of MWCNTs had also been measured to be 0.15 TPa
for arc-grown [26] and 0.11 TPa for CVD-grown [78]. CNTs are also known to be very good
thermal conductors with thermal conductivity ranging from 500 to 2069 W/mK depending on

the size of the tube [79].
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2.2.3 Composite design and fabrication: Challenges and strategies
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Figure 2.6. Plot showing the comparison between the theoretical calculations (excluding grain
refinement which was not observed in the study) and experimental results (black rectangles) for the
yield strength of pure Mg-As received CNTs composites over a range of CNTs volume fractions. Image

reproduced from [80].

A study conducted previously by a student in our group [80] showed that the yield and ultimate
compressive strength of pure Mg-0.05 vol% As-received CNTs composite could be improved
by 21 and 8%, respectively, in comparison to the pure Mg alloy, but no improvement was
measured in the yield strength, ultimate compressive strength and compression at failure as
the CNTs loading was increased to 1.0 vol%. Furthermore, as shown in Figure 2.6, the
theoretical yield strength calculated from the strengthening models discussed previously
(except for grain refinement which was not observed in the study) showed a large discrepancy
with the experimental results. These results highlight the huge potential that can be achieved
with the fabrication of CNTs-reinforced Mg matrix composites, but further investigations are
still required to improve the design and fabrication of the composites to meet the theoretical

expectations.
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The predicted increase in yield strength shown in Figure 2.6 assumes that the CNTs are
perfectly aligned and individually dispersed while having an ideal interface with the Mg matrix.
In reality, the fabrication of CNTs-reinforced Mg matrix composites faces the challenges to
produce a homogeneous dispersion of CNTs in the metal matrix and to obtain a good interfacial

bonding between the CNTs and the metal matrix.

The effect of CNTs agglomeration on the mechanical properties of Mg-CNTs composites could
be observed in the literature works. As shown in Figure 2.7, at CNTs loading below 1.5 wt%,
the yield strength, ultimate tensile strength and ductility could be increased with the increase
in CNTs loading. However, at CNTs loading higher than 1.5 wt%, the mechanical properties
were reduced as the CNTs loading was increased such that they could be worse than the
mechanical properties of the pure Mg matrix alloy. The deterioration of the mechanical
properties at high CNTs loading had been attributed to the increase in CNTs agglomeration or
clustering in the metal matrix as the CNTs content became larger which had also led to the
increase in the porosity of the composites thereby contributing to crack initiation during

deformation [81, 82].

CNTs have a very large surface area of up to 1000 m?/g [83] which can be very effective for
load transfer via the interfacial shear stress [84]. However, due to the van der Waals forces
between the CNTs surfaces, CNTs tend to tangle with each other which results in the formation
of agglomerates with hundreds or thousands of CNTs [85]. This behaviour makes it challenging
for the CNTs to be homogeneously dispersed in the metal matrix meanwhile the agglomeration
of the tubes can significantly decrease the number of individual tubes distributed in the matrix.
Furthermore, agglomeration is undesirable since the high axial strength and modulus of the

nanotubes can be reduced due to sliding between the tubes [86].
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Figure 2.7. Plots showing the variation of tensile properties of Mg-CNTs composites relative to the
unreinforced Mg matrix as a function of CNTs loading based on the results reported in [81, 82, 87-90]:

(a) increase in tensile yield strength, (b) increase in ultimate tensile strength and (c) increase in ductility.

Several strategies had been employed in the literature to improve the CNTs dispersion and

distribution in the Mg matrix such as:

1. Mechanical mixing of CNTs with metal powder
CNTs can be effectively dispersed in the powder feedstock by mechanically mixing the
CNTs with Mg metal powder using a few techniques such as roll mixing [91], ball milling
[92-96] or V-blender mixing [82]. Shi et. al. [96] found that ball milling helped to break
the entangled raw CNTs and led to the adherence and homogeneous dispersion of the CNTs
on the metal flakes as shown in Figure 2.8 (a). However, the mixing techniques should also
be applied carefully so as not to cause damage that can compromise the structural integrity

of the CNTs [97-99].
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2. Use of dispersants
Generally, ultrasonication provides a more effective dispersion of CNTs whereby the local
shear stress provided is much more sufficient than that generated from the mechanical
mixing techniques [53]. The ultrasonication of CNTs in aqueous solutions can be assisted
by the use of dispersants to promote the debundling of CNTs agglomerates and the
dispersion of individual CNTs [58, 64, 100, 101]. For example, block copolymer which
works by hindering the nanotubes aggregation via steric repulsion had been used by Li et.
al. to pre-disperse the CNTs on the surface of Mg metal as shown in Figure 2.8 (b) prior to

the melt stirring process [58].

3. Stir casting
For the dispersion and distribution of CNTs during composite processing, mechanical
stirring employed in the melt stirring technique can help to create and maintain a good

distribution of the reinforcements in the metal melt prior to casting [18].

4. Ultrasonic melt processing
Ultrasonication also be applied during the melt processing whereby the acoustic streaming
and cavitation can help to promote a more homogeneous distribution of CNTs in the metal
melt [99, 100, 102]. Shi et. al. [96] found that by combining the ball milling technique in
the pre-dispersion step and ultrasonic vibration assisted mechanical stirring, a uniform
dispersion of CNTs with a small amount of clustering could be observed in their as cast

Mg-Zn-CNTs composite as shown in Figure 2.8 (¢) and (d).
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0.1wt% MWNT on Mg alloy chips

Figure 2.8. SEM images showing the results from using several CNTs distribution techniques: (a) as-
received CNTs dispersed on the surface of a metal flake after ball milling, (b) as-received CNTs
dispersed on the surface of a Mg chip after pre-dispersion using block co-polymer and (¢ and d)
homogeneous as-received CNTs dispersion in the as-cast Mg-Zn-CNTs composite following an

ultrasonic vibration assisted mechanical stirring process. Images reproduced from [58, 96].

While most of the techniques discussed were able to show successful results in the dispersion
and distribution of CNTs, their effectiveness had mostly been demonstrated for low CNTs
content and in some cases were found to be ineffective at higher CNTs content as shown in
Figure 2.7 [81, 88]. Furthermore, based on our experience, despite of successfully producing
homogeneously dispersed CNT on the surface of the metal matrix using an enhanced pre-
dispersion step, no significant improvement was observed in the mechanical properties of the
composite in comparison to the pure alloy due to a possible reagglomeration of the CNTs

during melt stirring and the rejection of as-received CNTs from the melt [80].
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Therefore, aside from the dispersion and distribution of CNTs, equal consideration should also
be given to the wettability between CNTs and the Mg matrix which significantly influences the
integrity of the CNTs/Mg interface. A strong adhesion at the CNTs/metal interface would lead
to an effective stress transfer from the matrix to the CNTs allowing the stronger and stiffer
CNTs to take a disproportionate share of the load [103]. Unfortunately, it is widely known that
CNTs are poorly wetted by Mg. Based on the thermodynamic calculations, the formation of
magnesium carbides, i.e., Mg>C3 and MgC; at the temperature range of 923-1150 K requires a
really high positive free energy of formation (AG®) where AG°mgac3 = 15.912 + 3.56T kJmol
'K and AG°mec2 = 36.056 + 0.5T kimol 'K [104]. The surface tension of liquid Mg (i.e., 560
mJ/m?) also far exceeds the maximum surface tension required for the wetting of CNTs (i.e.,
around 200 mJ/m?) as determined by Dujardin et. al. [105]. Furthermore, sessile drop
experiments also showed that molten Mg droplet would form a non-wetting contact angle (i.e.,
120-125 © for the temperature range of 973-1189 K) on the basal plane of graphite [106, 107].
Given these points, further steps need to be done to improve on the wettability between CNTs
and Mg. The coating of CNTs with a wettable coating material is an effective way to achieve

this goal which became the main strategy explored in this PhD work.

2.3  Surface modification of CNTs

2.3.1 Properties of coated CNTs-reinforced Mg matrix composites

Table 2.2 presents the fabrication process and properties of the coated CNTs-reinforced Mg
matrix composites from the literature works. A few CNTs coating materials had been
considered for the fabrication of Mg matrix composites, namely MgO, Ni, NiO and Si, as also
shown in Figure 2.10. Ni-coated CNTs were the most commonly used mainly due to the

possible wetting of Ni by Mg [108, 109] and the feasibility of the coating technique using the
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established electroless deposition technique [110-112]. Liang et. al. [113] found that the contact
angle of AZ91 droplet was reduced from 84° on a carbon substrate to 51° on a Ni substrate
indicating that Ni can be better wetted by Mg than CNTs. Furthermore, using the electroless
deposition technique, a thin and continuous Ni coating layer could be formed on the surface of
the CNTs as shown in Figure 2.11. Alternatively, MgO was chosen as the coating material for
CNTs due to the availability of an established coating technique [114, 115] and the ability of
MgO to form a coherent interface with a-Mg matrix [116]. Based on the coating materials used
in the literature, a few guidelines can be drawn for the selection of the suitable CNTs coating
material for the fabrication of Mg matrix composites which include the wettability of the
coating material with the Mg matrix, the adhesion of the material coating on the CNTs for
example based on the bonding strength and wetting property, and the feasibility of the coating

technique and its ability to preserve the structural integrity of the CNTs.

Figure 2.9 compares the tensile properties of Mg matrix composites reinforced with as-received
CNTs and coated CNTs as reported in the literature. In most cases, the addition of as-received
(i.e, uncoated) CNTs led to an improvement in the tensile yield strength and ultimate tensile
strength of the composites in comparison to the unreinforced Mg. Subsequently, when coated
CNTs were used, the mechanical properties of the composites were found to be significantly
larger than those of the Mg-As received CNTs composites. These findings demonstrate the
effectiveness of CNTs coating in realising the strengthening potential of the CNTs. The largest
increase in yield strength was observed for the AZ91-4.5 wt% Si-coated CNTs (by 216%)
compared to the unreinforced Mg matrix, but its ductility was simultaneously decreased (by
64%) most likely due to the composite becoming harder and stiffer [117]. Furthermore, based
on the literature works which assessed the composites over a range of CNTs loading [113, 118,

119], the tensile properties were found to increase gradually with the increase in CNTs loading
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up to a maximum point after which the tensile properties would start to decrease. As seen in
Figure 2.9, different maximum points were found in the literature works, for example as high
as 3.0 wt% for the AZ91-MgO coated CNTs composite [119] and as low as 1.0 wt% for the
AZ91-Ni coated CNTs composite [113]. This behaviour was attributed to the increase in CNTs

agglomeration even for the coated CNTs as the CNTs loading became larger.
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Figure 2.9. Plots showing the variation of tensile properties of Mg matrix composites reinforced with
as-received and coated CNTs relative to the unreinforced Mg matrix as a function of CNTs loading
based on the results reported in [113, 117-122]: (a) increase in tensile yield strength, (b) increase in
ultimate tensile strength and (¢) increase in ductility. Each literature work is labelled with a different
symbol and colour. Mg-as received CNTs composites are labelled with filled symbols meanwhile Mg-

coated CNTs composites are labelled with unfilled symbols.
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Table 2.2. Properties of Mg matrix composites reinforced with as-received CNTs and coated CNTs.

CNTs Coating technique Matrix = Composite fabrication As received Coated CNTs 0.2 % tensile ~ Ultimate tensile Ductility Ref
coating process CNTs loading loading yield strength  strength (MPa)
material (wt%) (wt%) (MPa)
Si Ball milling AZ91 Preparation of CNTs 0 80+5 205+5 5+£2 [117]
preform; squeeze infiltration 4.5 210£2 243 £10 1+£2
4.5 253 +£10 296 + 10 1.3£2
Ni Electroless AZ91 Melt stirring; ultrasonic 0 - 350 - [120]
deposition processing; casting; hot 0.5 - 410 -
extrusion; T4 treatment; T6 1.0 - 343 -
treatment
Ni Commercially Pure Mg Mechanical blending of Mg 0 126 + 1 1712 79+03 [121]
obtained and CNTs; cold compaction; 0.3 119 +4 163 +7 57+0.2
microwave assisted 0.3 206 +2 237+ 1 6.4
sintering; hot extrusion
Ni Electroless AZ91 Preparation of AZ91-CNTs 0 253+8 321 10£2 [113]
deposition preform; ultrasonic 0.5 282+5 375 10£1
processing, casting, hot 1.0 291+ 4 382 14+1
extrusion; T4 treatment; T6 1.5 273+6 368 12+1
treatment 2.0 269+ 4 350 8§+2
3.0 262 +3 337 5+1
MgO Surfactant AZ91 Preparation of AZ91-CNTs 0 168 +5.0 215+6.0 7.0+02 [119]
preform; compaction; 1.0 173+4.0 228 +5.0 8.6+0.1
sintering; extrusion; T4 2.0 197 +4.5 263 +5.5 8.7+0.2
treatment 3.0 250+£3.8 301 +4.5 9.4+0.1
4.0 187 +£3.5 248 +£3.9 8.5+0.1
5.0 154+4.4 228+5.6 7.8+£0.2
1.0 190 £ 3.6 260+4.2 7.6£0.1
2.0 210£5.0 294 £6.0 82+0.2
3.0 284 +£4.6 331+5.0 8.6+£0.1
4.0 206 +£3.7 272 +4.8 8.0+0.1
5.0 175+£5.5 255+5.0 7.4+0.2
Ni Electroless Pure Mg  Preparation of Mg-CNTs 0 - - - [122]
deposition powders; hot compaction; 0.3 171.6 214.1 -
pressureless sintering; hot 2.0 157.1 205.9 -
extrusion 0.3 216.5 248.5 -
2.0 278.3 304.5 -
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NiO Electroless Mg-4.0 Ball milling of CNTs-Zn 0 98+ 1 159+4 57£0.2 [123]
deposition Zn powder; melt stirring; casting 1.0 105+ 1.5 176 £ 5 6.8+0.3
1.0 142 +2 212+3.5 79+04
Ni Electroless AZ31 Preparation of Mg-Al-Zn- 0 149 248 15.24 [118]
deposition CNTs mixture; hot press 0.5 163 267 15.91
sintering 1 184 296 22.59
1.5 176 260 20.39
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MgO Ni NiO Pt Si
CNTs coating material
Figure 2.10. Variation in the CNTs coating material used in the fabrication Figure 2.11. SEM images showing (a) as-received CNTs and (b) Ni-coated
of coated-CNTs reinforced Mg matrix composites as reported in the CNTs whereby the latter was produced using electroless deposition
literature. technique. Images reproduced from [121].
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The improvement in the mechanical properties of the coated CNTs-reinforced Mg matrix
composites was attributed to a few factors, namely improved wettability, grain refinement and
improved CNTs dispersion. The improvement in the wettability of the CNTs and the
enhancement in the interfacial bonding between the CNTs and the Mg matrix due to the
presence of the coating was demonstrated through the characterisation of the CNTs-Mg
interface. Individually distributed CNTs observed by Yuan et. al. in their Mg-4.0 Zn composite
showed no nanopores at the CNTs-matrix indicating a good interfacial bonding [123]. On the
other hand, a discontinuous nanoscale Mg>Ni phase was observed by Han et. al. [122] at the
interface of the Ni-coated CNTs and AZ91 as shown in Figure 2.12 (a) suggesting that the
wettability of CNTs had been induced via the interfacial reaction between the coating layer and
the matrix. They were also able to observe a coherent interface formed between the Mg>Ni and
Mg phases (Figure 2.12 (b)) which suggests a strong adhesion at the interface. The
improvement in the wettability and interfacial bonding demonstrated in these reports allowed
for an effective load transfer to occur from the matrix to the CNTs therefore leading to the

improvement in the mechanical properties of the composites.

(b)
0.205 nm/,

" Interface layer

Figure 2.12. TEM images showing (a) a discontinuous Mg,Ni layer formed at the Ni-coated CNTs-Mg
matrix interface and (b) a coherent interface formed between Mg>Ni [1124] plane and Mg [1011] plane
with a coherent relationship angle of 126.85 °. Images reproduced from [122].
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A significant reduction in the grain size of the composites from the addition of the coated CNTs
had also been observed in some of the literature works which indicates that the grain refinement
strengthening could also be contributing to the improvement in the mechanical properties of
the composites [119, 122, 123]. For example, Nai et. al. [122] reported a grain size reduction
by 83% in their pure Mg-0.3 wt% Ni coated CNTs which had shown improvement in yield
strength and tensile strength by 64 and 39 %, respectively, in comparison to the pure Mg.
Finally, the improvement in the mechanical properties had also been attributed to the
improvement in the coated CNTs dispersion, but the evidence provided were less convincing.
For example, Nai et. al. [122] argued that the lower level of porosity observed in their Mg-Ni
coated CNTs composites in comparison to the Mg-As received CNTs composite could be
attributed to the Ni coating role in producing less agglomeration and more uniform dispersion
of the CNTs. However, no microstructural observation was provided to further support this

argument.

The agglomeration of CNTs seems to be a recurring problem even for the fabrication of coated
CNTs-Mg matrix composites. Other than the effect of CNTs coating on the dispersion and
distribution of the CNTs in the metal matrix, several other research gaps can also be found in
these literature works. For example, it is often observed that equal CNTs loading was used
when comparing between the as-received CNTs and the coated CNTs. This experimental
design questions if whether the concentration of the coating had also been included in the
loading and if whether equivalent CNTs amounts had actually been compared. Furthermore, it
is also interesting to discuss if the processing technique could have influenced the
wetting/infiltration of the CNTs and also how much strengthening could be caused by the
coating material itself. Therefore, in this work, a more accurate comparison will be made

between the as-received CNTs and coated CNTs composite, and the effect of CNTs coating
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would not only be investigated on the properties of AZ91 but also on the dispersion and

distribution of the CNTs.

2.3.2 Silicon oxycarbide (SiOC) and silicon carbide (SiC) for CNTs coating

Based on the literature works, Ni coating was proven to be effective at improving the
wettability of the CNTs and creating a good Mg-CNTs interface which resulted in a significant
improvement in the mechanical properties of the composites. However, based on our previous
work using our own composite fabrication process [80], no significant improvement could be
observed in the compressive properties of the composites by adding 0.1 and 0.8 wt% of Ni-
coated CNTs (which was obtained from Nanostructured & Amorphous Materials, Inc) despite
of observing wetted Ni-coated CNTs in the composite microstructure. Furthermore, it is also
undesirable to add Ni to Mg alloys since it can have extremely deleterious effects on the
corrosion resistance of the alloy due to its low solid-solubility limit and its ability to serve as
active cathodic sites for the reduction of water [42]. Therefore, a more suitable coating material

had to be determined for this work.

SiC is one of the most widely used reinforcements in the fabrication of Mg matrix composites
[16, 124] which could lead to a significant improvement in the mechanical properties of the
composites such as the stiffness and strength. More importantly, micro- and nano-sized SiC
reinforcements were always observed to be well-bonded with different Mg matrices including
the AZ91 alloy [125-128] using optimised manufacturing parameters. Therefore, SiC seems to
be an obvious choice of coating material for CNTs which can help to improve the wetting of
CNTs by the AZ91 matrix. Figure 2.13 illustrates the reaction mechanism for SiC and Mg-Al

matrix as proposed in the literature [129, 130]. Initially, the native oxide layer on the SiC

50



surface (i.e. S102) reacts with the Mg-Al alloy which leads to the formation of MgO and Al,O3

as follows:
2Mg + Si0, » 2MgO + Si Equation 2.7

44l + 3Si0, - 241,04 + 3Si Equation 2.8

Then, the liquid Mg-Al infiltrates through the MgO and Al>O3 layers, comes into contact with
the SiC surface and begins to dissolve the SiC to release Si and C atoms. Consequently, as the
thermodynamic conditions are satisfied, the dissolved Si can react with Mg meanwhile Al may

react with C as follows:
2Mg + Si - Mg,Si Equation 2.9

4Al + 3C - Al,C, Equation 2.10
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Figure 2.13. Reaction mechanism for Mg-Al/SiC system: (a) initial configuration, (b) formation of

MgO and Al,O;3, (c) dissolution of Si into Mg-Al and precipitation of C, and (d) precipitation of Mg,Si
and Al4Cs. Figure redrawn from [129, 130].
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Based on Equation 2.7 to Equation 2.10, the reaction products that may be found at the interface
of Mg-Al/SiC composite are MgO, Al,O3, Mg>Si and Al4Cs. Furthermore, the occurrence of
the reactions above may also depend on the Mg and Al concentrations. Based on the
thermodynamic calculations provided by Shi et. al. [130] for Mg-Al/SiC system at 1173 K, the
formation of Al4Cs happens when the concentration of Mg in the alloys is less than 94.7 mol%

meanwhile Mg>Si is formed when the concentration of Mg is in between 19.7 to 93.7 mol%.

Moreover, since SiCp are often covered by a thin film of SiO», the wettability and reactivity of
SiC is usually driven by the reduction of the SiO; film by Mg-Al, as described in Equation 2.7
and Equation 2.8, due to the instability of the SiO; film in Mg. SiO; plays an important role in
the wetting of SiC by the Mg-Al matrix; therefore, it will be interesting to also consider silicon
oxycarbide (SiOC) as a CNTs coating material and to investigate its wettability by the AZ91

matrix.

2.3.3 Polysiloxane conversion to SiOC and SiC

Since the pioneering work of Yajima et. al. [131, 132] for the synthesis of SiC fibres from
polycarbosilanes, many other Si-based preceramic polymers such as polysiloxanes,
polysilazanes and polyborosilanes have been considered to produce a wider range of ceramic
materials such as SiOC, silicon nitride (Si3N4) and silicon carbonitride (SiCN) [133]. The
advantages of using Si-based preceramic polymers include high thermal stability and chemical
resistance, the feasibility to produce ceramic products upon thermal, chemical and/or radiative
processes, and low processing temperature [134] in comparison to the sintering technique
which requires much higher temperatures [135, 136]. For the purpose of coating, the use of Si-
based polymers involves a simpler preparation technique in comparison to some other

techniques such as physical vapour deposition (PVD), chemical vapour deposition (CVD),
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thermal spraying and sol-gel techniques [137, 138]. Additionally, some requirements should
be satisfied to enable the preparation of coatings from Si-based polymers such as an appropriate
solubility in common solvents to enable coating deposition in liquid states, the presence of
reactive (i.e., unsaturated) organic groups or reactive bonds to provide latent reactivity for
cross-linking, and a sufficiently high molecular weight to prevent the volatilization of low
molecular weight compounds during the cross-linking and ceramisation processes [133, 139,

140].

Polycarbosilane, which contains a Si-C backbone, had been previously used in a few studies
as a precursor for the coating of SiC on the CNTs [141-144]. The SiC coated CNTs obtained
had also been used in a polymer composite to improve the dispersion of CNTs which resulted
in the improvement of the tensile strength, storage modulus and thermal decomposition
temperature of the polymer composite [141]. Inspired by this technique, another type of Si-
based polymer, i.e. polysiloxane was chosen as a precursor for the coating of SiOC and SiC on
the CNTs in this work. Another technique for coating SiC on the CNTs reported in the literature
[117, 145] involves the mechanical blending of CNTs and Si powder together using ball milling
before annealing at high temperature. However, the use of ball milling may potentially be
damaging to the structural integrity of CNTs and may not be very effective to ensure that the
CNTs are well dispersed during the powder coating. On the other hand, polysiloxanes can be
very effective for dispersing CNTs as demonstrated by the use of polysiloxanes as surfactants
for the dispersion of CNTs in a few studies [146, 147]. Therefore, coupled with ultrasonication,
the use of polysiloxane as a coating precursor seems to be a promising technique for producing

uniformly coated CNTs.
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Polysiloxanes (also called silicones) contain alternating silicon (Si) and oxygen (O) atoms in
the backbone structure, and are one of the most widely used preceramic polymers other than
polycarbosilanes. Several advantages of using polysiloxane precursors include easy storage
and processing, high ceramic yield, excellent mechanical strength even in the amorphous phase
and good thermochemical stability [148-152]. The production of SiOC and SiC from
polysiloxane precursors generally involves the polymer-to-ceramic transformation via the
crosslinking and pyrolysis steps. Table 2.3 shows the production of SiOC and SiC using various
types of polysiloxane precursors and the production parameters. Various curing techniques had
been used for crosslinking the polysiloxane precursor meanwhile the production of ceramic
materials can be achieved from using a pyrolysis temperature of as low as 800 °C for SiOC and

as high as 1700 °C for SiC.

Crosslinking (or curing) is an essential step to transform the liquid preceramic polymers into
rigid thermoset polymers in order to reduce the volatilisation of low molecular weight polymers
in the following pyrolysis step so that a high ceramic yield can be obtained. Crosslinking of
polysiloxanes can be carried out using different techniques such as heat treatment, catalysis

and non-conventional treatments using laser or ionizing radiation.
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Figure 2.14. Crosslinking of polysiloxanes can be carried out via (a) hydrolysis and condensation

reactions, and (b) platinum catalyst assisted hydrosilylation reaction. Images modified from [153, 154].
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Table 2.3. Various types of polysiloxane precursors used in the literature for the production of SiOC and SiC ceramics, and their processing parameters.

Polysiloxane precursor(s) Curing technique Pyrolysis parameters Final ceramic product Ref.
Environment Heat treatment
Polymethylhydrosiloxane Hexa-1,5-diene cross-linker Ar 1000 °C for 5 hr at 5 °C/min Si01.33C1.52Ho 55 [155]
1500 °C for 5 hr at 5 °C/min Si00.11Co.96
Hexane-1,6-diol cross-linker 1000 °C for 5 hr at 5 °C/min Si101.67Co.73H0.40
1500 °C for 5 hr at 5 °C/min Si01.61Co.61
Vinylmethoxysiloxane, Photo cross-linking by UV light for Ar (100 1000 °C for 1 hr at 0.5-5 Amorphous SiOC [156]
methylsiloxane and benzoin 5 min, then post curing at 200 °C for mL/min) °C/min
dimethylether 2 hr 1600 °C for 1 hr at 0.5 °C/min  Crystalline B-SiC
Ar + H,O (500 1400 °C for 2 hr at 1°C/min SiOC, SiO;, C and SiC with
mL/min) Si0y/SiC =4
Polysilsesquioxane Addition of NH4OH, then gelation Ar 800 °C Amorphous SiOC [157]
for 48 hr
Alkoxy polysiloxane Photo cross-linking by UV light N, (400 mL 900 °C for 1 hrat 5 °C/min Amorphous SiOC [158]
/min)
Vinyl terminated- Using platinum catalyst, then heat Ar (900 1400 °C for 2 hr at 1°C/min S101.16Co.42 + 2.87C [159]
polyphenylmethylsiloxane treatment at 50 °C for 12 hr and at mL/min)
120 °C for 6 hr Ar + H,O flow Si0171Co.14 + 2.62C
(5:1 molar ratio)
Polymethylhydrosiloxane Polycondensation reaction Ar (50 mL/min) 1100 °C for 30 min at Amorphous SiOC [160]
10°C/min
Ar (50 mL/min) 1500 °C for 30 min at Mainly amorphous SiOC, some
10°C/min crystalline SiC detected
Polymethyphenylhydrosiloxane  Polycondensation reaction Ar (50 mL/min) 1100 °C for 30 min at Amorphous SiOC
10°C/min
Ar (50 mL/min) 1500 °C for 30 min at Crystalline SiC
10°C/min
Methylsilsesquioxane Polycondensation reaction, then Ar 1200 °C at 10 °C/min Si01.69Co.16 + 0.65 C [161]
stirring at room temperature for 1
day
Phenylsilsesquioxane Hydrosilylation with chloroplatinic ~ Ar 1200 °C at 10 °C/min Si0184Co08 +3.18 C [162]
acid catalyst
Polymethylphenylsiloxane Heat treatment in air at 250 °C for4 Vacuum 1250 °C for 1 hrat 15 °C/min ~ Amorphous SiOC (SiO133Co31 + [163]

hr

2.10C)
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1500 °C for 1 hr at 15 °C/min

Crystalline SiC (SiOg.0sCo.96 +
0.16C)

Polymethylhydrosiloxane 1,3,5,7-tetravinyl-1,3,5,7- Ar (200 1200 °C for 1 hr Si0125Co38 +0.61 C [164]
tertamethylcyclotetrasiloxane mL/min)
(D4Vi) crosslinker using platinum
Kardtedt’s catalyst
Divinylbenzene crosslinker using Ar (200 1200 °C for 1 hr Si01.00Cos0 + 0.61 C
platinum Kardtedt’s catalyst mL/min)
Linear Divinylbenzene crosslinker using Ar (150 1400 °C for 1 hr at 5 °C/min SiOC with mainly amorphous [165]
polymethylhydrosiloxane platinum Kardtedt’s catalyst mL/min) Si0; and some B-SiC
Cyclic 1,3,5,7-tetramethyl- Divinylbenzene crosslinker using Ar (150 1400 °C for 1 hr at 5 °C/min SiOC with mainly cristobalite
1,3,5,7-tetracyclotetrasiloxane  platinum Kardtedt’s catalyst mL/min) Si0; and some B-SiC
Polysilylacetylenesiloxane In vacuum at 120 °C for 1 hr, at Ar 900 °C for 2 hr Amorphous SiOC [166]
160°C for 1 hr, at 210 °C for 2hr and 1500 °C for 2 hr Mainly crystalline B-SiC
at 250 °C for 2 hr
Polymethylhydrosiloxane Divinylbenzene crosslinker using Ar 900 °C for 1 hr at 0.83 °C/min ~ Amorphous SiOC [167]
platinum Kardtedt’s catalyst, then 1400 °C for 1 hr at 0.83 °C/min  Mainly crystalline f-SiC
gelation for half an hour and drying
overnight
Polymethylhydrosiloxane Addition  of  1,4-diazabicyclo Ar (5 L/min) 1400 °C for 2 hr at 5 °C/min Amorphous SiOC with minimal [168]
[2.2.2]octane (DABCO), then left at B-SiC
room temperature overnight 1400 °C for 10 hr at 5 ¢/min Amorphous SiOC with increased
B-SiC
Polymethylhydrosiloxane D4Vi crosslinker using platinum Ar 1000 °C for 2 hr at 5 °C/min Amorphous SiOC (SiO005Ci.12)  [169]
Kardtedt’s catalyst, then heating at
for, then heating at 50 °C for 6 hr
and 80 °C for 2 hr
Polymethylhydrosiloxane D4Vi crosslinker using platinum Ar (100 1000 °C for 2 hr Amorphous SiOC [170]
Kardtedt’s catalyst mL/min) 1600 °C for 2 hr B-SiC + amorphous SiO,
1,3,5,7- Ar (100 1000 °C for 2 hr Amorphous SiOC
tetramethylcyclotetrasiloxane mL/min) 1600 °C for 2 hr Crystalline B-SiC
(D4H)
Methylphenylvinylhydrogen Heat treatment in air at 200 °C for 1~ Ar 1700 °C for 1 hr at 1 °C/min Crystalline B-SiC [171]

polysiloxane

hr
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Heat treatment is widely used due to the feasibility of curing at low temperatures (i.e., 100-400
°C) without using catalysts or high-pressure applications. Generally, the process involves
hydrolysis of alkoxy (-OR) groups and condensation of hydroxy (-OH) groups that lead to the
Si-O-Si bonding as shown in Figure 2.14 (a). Crosslinking is also commonly assisted by using
catalysts and initiators such as platinum (Pt)-derived complexes for hydrosilylation curing (as
shown in Figure 2.14 (b)), tin or titanium derivatives for moisture or room temperature
vulcanization curing and azo- or peroxide catalysts for radical cure [172-174]. However,
incomplete removal of catalysts may compromise the thermal stability of the material while
the use of heavy metals may pose safety concerns for humans and environment [154]. Finally,
unconventional crosslinking methods like laser treatment and ionising radiation using electron
beam or gamma rays can also be used especially for polymers with low softening, melting or
decomposition temperatures since the processing can be carried out at ambient temperature

[175-177].

Next, pyrolysis is carried out via heat treatment typically at the temperatures between 1000-
1700 °C whereby the thermoset polymer is converted into an amorphous or crystalline material.
The ceramisation process can be very complex as it involves numerous chemical reactions
taking place simultaneously. Nevertheless, the pyrolysis reactions and the resulting ceramic
products can be studied and understood using various characterisation techniques such as
nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy (FTIR),

thermogravimetric analysis (TGA) and X-ray diffraction (XRD) [153].
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Figure 2.15. Structural evolution of crosslinked polysiloxane precursor with increasing pyrolysis

temperature. Image reproduced from [178].

Figure 2.15 illustrates the structural evolution of crosslinked polysiloxane precursor as the
pyrolysis temperature increases. Depolymerisation reactions occur at low pyrolysis
temperatures which involve interchain and/or intrachain redistribution of Si-O-Si bonds and
the decomposition of aliphatic chains which lead to the evolution of hydrocarbons and volatile
oligomers [179, 180]. At the temperature below 400 °C, the presence of unreacted Si-OH and
Si-OR groups may also lead to condensation between the hydroxy (-OH) and ethoxy (-OR)
which results in further siloxane crosslinking [180]. Between 400-600 °C, redistribution
reactions between Si-O-Si, Si-C and Si-H bonds would lead to the onset formation of
amorphous SiOC network which is composed of SiCxO4x units where 0<x<4. Successive
redistribution reactions may also lead to the formation of volatile silicon compounds such as
SiH4 [153, 180]. Between 600-1000 °C, cleavage of Si-C, Si-H, C-C and C-H bonds occur via
homolytic bond cleave which leads to the formation of SiC units in the oxycarbide phase and

the evolution of hydrogen and hydrocarbon (e.g., CH4) [181].

At elevated temperature, i.e. >1100 °C, SiOC undergoes structural rearrangement and phase
separation which leads to the formation of a multi-phase amorphous material consisting mainly

of 0-Si02, a-SiC and free carbon [156] as follows:
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25i0C(s) = Si0,(s) + C(s) + SiC(s) Equation 2.11

At the temperatures of 1400 °C and above, the SiOC network would become more unstable
and carbothermal reduction reactions would start to occur between SiO; and free carbon to give

SiC and CO as a byproduct:

Si0,(s) + C(s) = Si0(g) + CO(g) Equation 2.12

Sio(g) +2C(s) » SiC(s) + C0(g9) Equation 2.13

2.3.4 Polymethylhydrosiloxane (PMHS) as CNTs coating precursor

Since polymethylhydrosiloxane (PMHS) had been successfully used in the literature as a
polysiloxane precursor to produce SiOC and SiC products (see Table 2.3), PMHS obtained
from Sigma Aldrich was selected as the preceramic precursor for the coating of SIOC and SiC
on the CNTs in this work. Figure 2.16 shows the molecular structure of PMHS which consists
of a Si-O backbone, hydrogen (-H) and methyl (-CH3) side groups, and trimethylsilyl (-

Si(CHs3)3) end groups.

CHs CHs CHs
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Figure 2.16. Molecular structure of polymethylhydrosiloxane (PMHS).
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Several mechanisms can be proposed based on the molecular configuration of PMHS. The
coating of PMHS on CNTs can be achieved via non-covalent interactions between the C-H
bonds of the methyl groups and the n-electron-rich surface of the CNTs which may lead to the
polymer adsorption and wrapping on the CNTs surface [182, 183]. The presence of reactive
bonds such as Si-H provides a latent reactivity for cross-linking upon thermal, radiative or
chemical activation which can ultimately increase the ceramic yield of the polymer [140].
Meanwhile, the methyl end groups may be able to provide a higher thermal degradation
stability than reactive end groups such as vinyl to prevent the volatilisation of polymer at low
temperatures [184]. Furthermore, the low viscosity of the polymer (i.e. 12-45 cps at room
temperature) and its stability at room temperature would make the polymer processing easy.
Finally, since the synthesis of the preceramic precursor was not considered in this work, it was

also important that the PMHS can be easily obtained from commercial suppliers at a low cost.

In this work, a novel coating technique was developed using a polymethylhydrosiloxane
precursor for the production of SiOC and SiC coated. The effect of coating on the CNTs
morphology and dispersibility were investigated. The fabrication of AZ91 composites using
the SiOC and SiC coated CNTs was carried out to assess the effect of coating on the properties

of the AZ91 composites.
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Chapter 3 : Experimental

This chapter describes the materials, experimental methods and characterisation techniques
used in this work. The experimental methods for the production of SiOC and SiC coated CNTs,
and the fabrication of AZ91 composites are described. The operating parameters for various
techniques that were used for thermal, morphological and mechanical characterisations of the

samples are explained.

3.1 Materials

NC7000 multi-walled carbon nanotubes (average diameter of 9.5 nm and average length of 1.5
um) were obtained from Nanocyl. Polymethylhydrosiloxane (PMHS) with a number average
molecular weight (Mn) of 1700-3200 was obtained from Sigma Aldrich. Tetrahydrofuran
(THF, >99% stabilised, GPR RECTAPUR®), ethanol (>99.8%, AnalaR NORMAPUR®), iso-
propanol (2-propanol, >99.7%, AnalaR NORMAPUR®) and glacial acetic acid (=98%,
TECHNICAL) were obtained from VWR. Magnesium AZ91D in the form of chips (as shown
in Figure 3.1) were obtained from non ferrum GmbH. Their elemental composition can be

found in Table 3.1.

Figure 3.1. Photograph of Mg AZ91D chips.
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Table 3.1. Elemental composition of the Mg AZ91D chips used in this study.

Element Al Zn Mn Si Cu Ni Fe Be Others Mg
Mass % 8.9100 0.5334 0.2067 0.0373 0.0052 0.0010 0.0026 0.0010 <0.010 Balance

3.2 Experimental methods
3.2.1 Production of SiOC and SiC coated CNTs

The SiOC and SiC coated CNTs production process is outlined in the flowchart below:

Heat treatment

Preparation of Heat treatment e
CNTs dispersion PMHS-CNTs in air atmosphere
samples (i-e. curing) (i.e. pyrolysis)

Figure 3.2. Process flowchart for the production of SiOC and SiC coated CNTs.

3.2.1.1 CNTs dispersion

CNTs dispersion was carried out to break down the large CNTs agglomerates and to allow the
CNTs to be efficiently coated by the coating precusor. CNTs and THF were added to a
borosilicate glass bottle at a concentration of 1 mg/mL. The bottle was clamped and kept
suspended in an ice bath to prevent overheating of the solution during sonication. Sonication
was performed using an ultrasonic processor with a probe fitted with a titanium tip (VCX 750,
Sonics & Material, Newton, USA) in a sound enclosure (Qsonica 432A, Cole-Parmer
Instrument Co. Ltd., St. Neots, UK). The following sonication parameters were used in all
experiments except when stated otherwise: 30 min actual pulsing time, 5 s on and 3 s off pulser,

and 25% vibrational amplitude.
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3.2.1.2 Preparation of PMHS-CNTs samples

PMHS, which was used as the coating precursor, was added to the CNTs dispersion (prepared
as described in Section 3.2.1.1) at the desired PMHS/CNTs w/w (i.e. weight-to-weight ratio).
Then, sonication was performed for an additional 10 min with 5 s on and 3 s off pulser at 25%
vibrational amplitude. Next, the mixture was transferred to a crystallising dish and stirred for
1 hr on a hotplate stirrer (US 152, Stuart, St Neots, UK) at room temperature with the
crystallising dish covered with a paraffin film to prevent solvent evaporation. The paraffin film
was removed, and the mixture was continually stirred at 60 °C overnight to completely remove

the solvent. Finally, the PMHS-CNTs sample was collected for the subsequent steps.

3.2.1.3 Heat treatment in air and inert atmosphere

The heat treatment in air and inert atmosphere was carried out using a tube furnace (STF 15/610
+ 3216 Controller, Carbolite Gero, Hope, UK) fitted with a recrystallised alumina work tube
(1500 x 86 x 75 mm length, outer diameter (OD) and inner diameter (ID), respectively,
Carbolite Gero, Hope, UK). The schematic diagram and photographs of the set-up are shown
in Figure 3.3 and Figure 3.4, respectively. The furnace was placed on a large workbench (2500
x 750 x 900 mm length, width and height, respectively, Benchmaster Ltd., Lancashire, UK) to
keep the radiated energy from heating any adjacent surfaces. A stainless steel end seal
consisting of either a gas inlet and outlet was fitted to each end of the work tube. The heat
treatment in air was carried out under airflow generated by an air pump (Aquarium Air Pump
MA-60, Uniclife, UK). On the other hand, the heat treatment in inert atmosphere was carried
out using argon (Ar) gas (Pureshield Argon, 99.998%, BOC) which was purified by a Drierite
gas purifier containing indicating Drierite (calcium sulphate and cobalt chloride) and 5 A

molecular sieves (Cole-Parmer Instrument Co. Ltd., St. Neots, UK).
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Figure 3.3. Schematic diagram of the tube furnace set up showing the air and inert gas connections at

the inlet, and the exhaust gas route at the outlet.
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Figure 3.4. Photograph of the tube furnace set-up used for the heat treatment of samples in air or inert

atmosphere.
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Prior to heating in Ar, the work tube was continuously flushed with Ar at a flow rate of 1 L/min
for 1 hr. The connection between the air pump and the gas cylinder was controlled using a 3-
way valve. The exhaust gases were passed through a carbon/HEPA filter (Whatman Carbon
Cap 150, Sigma Aldrich, Dorset, UK) to trap any hazardous hydrocarbon gases and loose CNTs
in the gas flow, followed by a paraffin bubbler which was used to maintain the inert atmosphere
inside the apparatus, before finally extracted by a local exhaust ventilation (LEV) unit. A gas
detector (GasAlert Extreme — O2, BW Technologies) was also placed at the exhaust gas outlet
for detection of exhaust gas leakage, if any. Each sample was held in a flat bottom alumina
boat (80 x 30 x 16 mm length, width and height, respectively, Almath Crucibles Ltd., Suffolk,
UK) and covered with a lid, if necessary. Since the furnace has a uniform hot zone of about
500 mm (see Figure A.1 in Appendix), up to three alumina boats can be placed at a time during

the heat treatment.

The determination of the curing procedure will be discussed in Section 4.2.1. The curing
procedure was carried out via heat treatment in air at a heating rate of 10 °C/min at 160 °C for
45 min, 170 °C for 75 min, 190 °C for 30 min and 210 °C for 30 min, and followed by cooling
down to room temperature. Following the flushing of the work tube with Ar gas for 1 hr, the
pyrolysis procedure was carried out in Ar at a flowrate of 83 mL/min from room temperature
to a maximum pyrolysis temperature at a heating rate of 5 °C/min and a holding time of 1 hr,
followed by cooling down to room temperature. The maximum pyrolysis temperature used for

the production of SiOC and SiC products were 900 and 1500 °C, respectively.

The curing, pyrolysis and ceramic yield of PMHS are calculated as follows:

Curi old of PMHS Mass of crosslinked PMHS 100%
= X .
uring yield of Initial mass of PMHS ’ Equation 3.1

Purolvsis vield of PMHS = Mass of pyrolysis product % 100%
yrolysis yield of ~ Mass of crosslinked PMHS ° Equation 3.2
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c e vield of PMHS — Mass of pyrolysis product % 100%
eramic yield of ~ Initial mass of PMHS ’ Equation 3.3

On the other hand, the total curing, pyrolysis and ceramic yield of PMHS-CNTs:

Total curing yield of PMHS — CNTs
Total mass of crosslinked product
= X 100%

Initial mass of PMHS — CNTs Equation 3.4

Total pyrolysis yield of PMHS — CNTs
Total mass of SiOC/SiC coated CNTs
= X 100%

Total mass of crosslinked product Equation 3.5

Total ceramic yield of PMHS — CNTs
Total mass of SiOC/SiC coated CNTs
= X 100%

Initial mass of PMHS — CNTs Equation 3.6

Assuming that the mass of CNTs is unchanged throughout the curing and pyrolysis processes,

the SiIOC/SiC coating concentration in the SiOC/SiC coated CNTs are calculated as follows:

Si0C/SiC coating concentration in SiOC/SiCcoated CNTs

Total mass of SiOC/SiC coated CNTs — Initial mass of CNTs 100%
= X .
Total mass of SiOC/SiC coated CNTs ° Equation 3.7

The expected SiOC/SiC coating concentration and coating thickness in the SiOC/SiC coated
CNTs are calculated as follows:

Expected SiOC/SiC coating concentration

_ Initial mass of PMHS X Expected ceramic yield of PMHS
" Initial mass of PMHS X Expected ceramic yield of PMHS + Initial mass of CNTs

X 100%

Equation 3.8
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Expected SiOC/SiC coating thickness

Outer diameter of SiOC/SiC coating — Outer diameter of CNT
2

Equation 3.9

where

Outer diameter of SiOC/SiC coating

2

_ 2\/Cross sectional area of SiOC/SiC coating N (Outer diameter of CNT)2
s

Equation 3.10

Cross sectional area of SiOC/SiC coating

Volume fraction of SiOC
1 — Volume fraction of SiOC

= C(ross sectional area of CNT X

Equation 3.11

Cross sectional area of CNT

<(0uter diameter of CNT)2 (Inner diameter of CNT)2>
=T —_—
2 2

Equation 3.12

Volume fraction of SiOC/SiC

Expected SiOC /SiC coating concentration/100

_ Density of SiOC/SiC
" Expected SiOC/SiC coating concentration/100 n Expected CNT concentration/100
Density of SiOC/SiC Density of graphene

Equation 3.13
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3.2.2 Stir casting

The stir casting process was carried out using an automated vertical tube furnace (FVRT-
150/300/1100-Special, Linn High Therm GmbH, Eschenfelden, Germany) fitted with a
Kanthal APM work tube (600 x 100 x 110 mm length, OD and ID, respectively, Linn High
Therm GmbH, Eschenfelden, Germany) and enclosed in a poly(methyl methacrylate) (PMMA)
housing as shown in Figure 3.5. The operation of the tube furnace was automatically controlled
using a control system (SE-702) connected to the tube furnace. Generally, 180 g of Mg AZ91
chips was used for each casting. The chips were first added to a H13 tool steel crucible (see
Figure A.2 in Appendix for the crucible design) which was precoated with boron nitride
(Combat® Boron Nitride Aerosols, Precision Ceramics). Then, the crucible was placed on the
bottom lifting unit and elevated into the furnace. The upper lifting unit which was fitted with a
boron nitride coated stirrer (see Figure A.3 in Appendix for the stirrer design) was brought
down to seal the furnace. The stirrer was positioned above the crucible during the heating up
stage before stirring was performed. Simultaneously, a permanent steel mould (see Figure A.4
in Appendix for mould design) was also precoated with boron nitride and preheated at 200 °C
in an oven (VT 6025, Thermo Scientific, Langenselbold, Germany). Next, Ar gas was
introduced at a flow rate of 500 L/min and the furnace was heated to 650 °C. The flow rate was
further increased to about 875 L/min when the temperature reached 400 °C to reduce the risk
of oxidation at the higher temperature. Once the temperature reached 650 °C, the stirrer was
lowered into the crucible and stirring was performed at 390 rpm for 30 minutes. After stirring
was completed, the temperature was increased to 680 °C, the crucible was brought down and
the melt was poured into the mould as shown in Figure 3.6 (a) while the casting area was
continuously flushed with a large volume of Ar gas. The cast was left to cool down in air at

room temperature before the sample (as shown in Figure 3.6 (b)) was retrieved.
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- PMMA housing

' Bottom lifting unit

Figure 3.5. Photograph of the automated vertical tube furnace used in the stir casting process.

Figure 3.6. Photographs showing (a) gravity casting of AZ91 melt into the mould and (b) as-cast sample

obtained after cooling down to room temperature.
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3.2.3 CNTs addition to AZ91 melt

The CNTs powder sample was grinded using mortar and pestle for 10 min with a few mL of
THF to break down any large clumps. The paste was transferred to a borosilicate glass bottle
and the remaining THF was added to achieve a concentration of 1 mg/mL. (Note: The
concentration is defined as the equivalent as-received CNTs amount per mL of THF.) Then,
the mixture was ultrasonicated according to the sonication parameters in Section 3.2.1.1. Next,
the dispersion was transferred to a crystallising dish and stirred at 60 °C overnight on a hotplate
stirrer to completely remove the solvent. Simultaneously, three Al parcels, each with the
dimension of 7.8 x 8.6 cm in width and length, respectively, and weighing about 0.2 g, were
prepared. The dry products were collected and transferred evenly into the Al parcels which
were then folded as shown in Figure 3.7. Before adding the parcels to the AZ91 melt, the
parcels were kept in a vacuum environment using the drying vacuum oven. Once the furnace
temperature reached 650 °C, the bottom lifting unit holding the crucible (see Figure 3.5) was
brought down while the emergency Ar gas was activated to apply a large volume of protective
gas in the area. Then, the parcels were added to the melt with a pair of tongs and the crucible
was lifted again into the furnace. After waiting for a few minutes for the temperature to

stabilise, stirring was carried out at the desired duration before the melt was finally casted.

-

Figure 3.7. Photograph of an Al parcel containing the nanoparticle powder sample.
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3.2.4 Post-processing treatment

As-cast samples which would be subjected to hot rolling were first machined into rolling slabs
each with the dimension of 50 x 16 x 5 mm in length, width and height, respectively, as shown
in Figure 3.8 (a). The solution (or homogenisation) heat treatment was carried out by heating
the sample at 400 °C for 22 hours in air [185] with a chamber furnace (N 41/H, Naberthem
GmbH, Lilienthal, Germany) followed by quenching in room temperature water. The hot
rolling process was carried out using a rolling mill (DRM C130, Durston Tools, High
Wycombe, UK) with a single 65 mm in diameter flat roller that was kept at room temperature
at a rolling speed of 0.009 m/s. The procedure for each hot rolling pass is illustrated in Figure
3.9 where the rolling slab was preheated to 400 °C for 10 min, hot rolled at a 10% reduction
per pass and quenched in a room temperature water in a quenching tank. The process was
repeated to a total of eight hot rolling passes. Finally, cold rolling was performed by rolling the
slab at room temperature at a 5% reduction to a final thickness of around 2.20 mm as shown in

Figure 3.8 (b).
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(@)

(b)

Figure 3.8. Photographs of the rolling slab produced (a) from the as-cast sample prior to rolling and (b)

after the hot and cold rolling processes showing the parallel (left) and transverse (right) planes relative

to the rolling direction.
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Figure 3.9. Schematic diagram of a single hot rolling pass.
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3.2.5 Metallographic sample preparation

Prior to the microstructural and mechanical characterisation, a flat and polished surface of the
sample may need to be produced. Firstly, the sample was sectioned with a hand saw and then
mounted in 25 mL of resin (Black Phenolic Standard Mounting, Spectrographic Limited) by
using a mounting press (CitoPress-20, Struers ApS, Ballerup, Denmark) using the following
parameters: heating temperature of 180 °C, heating time of 3 min, heating pressure of 250 bar,
high cooling rate and cooling time of 2 min. Then, manual grinding and polishing were carried
out using a polishing machine (Saphir 350 E, ATM GmbH, Altenkirchen, Germany). Grinding
was done successively with P180, P600, P1200, P2500 and P4000 grit size silicon carbide
grinding papers (DISCS 250mm dia PSA, MetPrep Ltd.) using water and ethanol (only with
P4000) as lubricants. Polishing was done with a napless porous synthetic cloth (Chemicloth M,
MetPrep Ltd.) using 0.04-micron colloidal silica suspensions (OPUS non crystallising colloidal
silica suspension, MetPrep Ltd.) as lubricant until a mirror-like finish was achieved. Finally,
the polished sample was ultrasonicated in ethanol and isopropanol, successively, to remove

any polishing lubricant contaminants.
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3.3 Characterisation techniques

The techniques used to characterise the samples produced throughout this work are summarised

in Table 3.2.

Table 3.2. Summary of the characterisation techniques used at different processes throughout this work.

Process Technique Purpose
Transformation of PMHS to DSC e Thermal analysis of PMHS
SiOC and SiC e Determination of curing temperature
and duration
TGA-MS e Thermal analysis of PMHS
e Analysis of gaseous byproducts
SEM e Morphological characterisation of
crosslinking and pyrolysis products
IR spectroscopy e Identification of polymer structures.
XRD Identification of phase composition
and crystallographic structure of
crosslinking and pyrolysis products
Production of SiOC and SiC SEM-EDX e Morphological and elemental
coated CNTs characterisation of CNTs samples
TEM-EDX e High resolution morphological and
elemental characterisation of CNTs
samples
TGA e Thermal analysis of CNTs samples
Dispersion of CNTs oM e Qualitative characterisation of degree
of dispersion of CNTs samples
UV-Vis e Quantitative characterisation of degree
spectroscopy of dispersion of CNTs samples
Characterisation of pure AZ91 OM e  Microstructural imaging of polished
and AZ91-CNTs composites cross sections
e Qrain structure imaging of etched cross
sections
SEM-EDX e Microstructural and elemental
characterisation of pure alloy and
composite samples
Archimedes e Density and porosity measurement of
density pure alloy and composite samples
measurement
Hardness e Hardness measurement of pure alloy
measurement and composite samples

Tensile testing

Compression
testing

Tensile properties measurement of
pure alloy and composite samples
Compressive properties measurement
of pure alloy and composite samples
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3.3.1 Infrared (IR) spectroscopy

Infrared (IR) spectroscopy is primarily used for the identification of molecular structure of
polymers and it can also be used to monitor polymerisation reactions such as curing [186]. IR
spectra are conventionally reported for the mid-infrared region which is in the range of 4000-
400 cm™ and a correlation table such as in Figure 3.10 is typically used to assign the absorption
band to the vibrational mode associated with the specific functional group. In this work, an FT-
IR spectrometer (Alpha-P, Bruker) equipped with a diamond attenuated total reflectance (ATR)

accessory was used for the measurement of liquid and solid samples.

T
Wts X-H Stretching C=X Stretching
— <] ) .
C=X Stretching X-H Deformation and C-X Stretching
-
Functional group absorption regions
OH, NH c=0 c-0
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Figure 3.10. Correlation table for the assignment of absorption band to the specific functional group.

Image reproduced from [187].

3.3.2 Ultraviolet-visible (UV-Vis) spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a simple technique used to measure the light
absorbance of the sample in the wavelength range of 190-800 nm. The absorbed energy reduces
the intensity of the light transmitted through the sample (I) from the intensity of the incident

light (Io). Therefore, transmittance (T) is defined as:
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T=— Equation 3.14
while absorbance (A) is defined as:

Iy
A= —logio T =logy T Equation 3.15

According to the Beer-Lambert law, absorbance is related to € (molar absorption coefficient of

the analyte), b (light pathlength) and ¢ (concentration of the solution) as follows:

E = ebc Equation 3.16

UV-Vis spectroscopy had been used extensively in the literature to evaluate the dispersibility
of single walled and multi walled CNTs in aqueous and organic solvents [188-191]. While
bundled CNTs are hardly active in the UV-Vis region due to the electronic intertube coupling,
clear absorption peaks can be observed from individual CNTs exfoliated from the bundle [192].
Therefore, it is possible to correlate between the absorbance in the UV-Vis spectrum with the

amount of individually dispersed CNTs in a dispersion.

In this work, a double beam UV-Vis spectrophotometer (Lambda 365, Perkin Elmer, South
Korea) was used to measure the absorbance of as-received and coated CNTs dispersions. The
dispersion was prepared by sonicating the CNTs in THF for 30 min as described in Section
3.2.1.1 ata concentration of 1 mg of as-received CNTs equivalent per mL. Then, the suspension
was centrifuged at 8000 rpm (equivalent to 10 375 g of relative centrifugal force) for 1 hr
(SIGMA 4-16S, SciQuip Ltd., UK), and the supernatant was carefully decanted. The
centrifugation process was repeated two more times until no large agglomerates were observed
in the final supernatant solution. The supernatant was diluted by a factor of 10 prior to the UV-

Vis absorbance measurement.

76



3.3.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a fast and non-destructive technique which is primarily used for the
identification of phase composition and crystallographic structure of a sample. In this work,
XRD measurement was performed with a Panalytical X’Pert MPD Multi-Purpose
Diffractometer operating under 40 kV at 40 mA. Powder samples were generally deposited on
a monocrystalline silicon zero diffraction plate and flattened with a glass slide before the plate
was fixed into the sample holder. CNTs powder samples, however, must be sealed with a
Kapton film using an air-tight sample holder to prevent CNTs from becoming airborne. On the
other hand, solid samples could just be fixed on the sample holder with a plasticine before

flattened with a glass slide.

3.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) works by measuring the change in the sample mass as a
function of temperature in a controlled atmosphere such as air or inert gas. This technique can
be used to measure the thermal stability of materials and to provide information relating to
specific chemical occurrences such as decomposition, oxidation and reduction processes.
Additionally, the TGA instrument can also be coupled with a mass spectrometer (MS) to obtain

qualitative information on the evolved gases during the heating procedure.

TGA measurement was done with a Discovery TGA (TA Instruments, Elstree, UK) under air
or nitrogen (N2) at a flow rate of 50 mL/min. For each measurement, 2-3 mg of sample was
loaded to a platinum pan. TGA-MS was carried out with a METTLER TGA/DSC 1 (Mettler-
Toledo International, Beaumont Leys Leicester, UK) coupled with an HPR-20 QIC R&D mass

spectrometer (Hiden Analytical Ltd., Warrington, UK).
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3.3.4.1 Determination of coating concentration in coated CNTs samples

In this work, TGA was used to determine the coating concentration in the coated CNTs samples
by heating the sample from room temperature to 100 °C at 10 °C/min, dwelling at 100 °C for
1 hr to remove any moisture and heating from 100 to 800 °C at 10 °C/min. The measurement
will need to be performed for the as-received CNTs and the coated CNTs of interest. Then, the

following equation is generally used to determine the coating concentration:

Coating concentration in coated CNTs sample
= Residual weight % of coated CNTs at 800 °C — Residual weight % of as

— received CNTs at 800°C

Equation 3.17

3.3.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measures the change in the difference in the heat flow
rate of a sample and a reference material as a function of temperature. This technique is used
to characterise a broad range of materials especially polymers in terms of their endothermic or
exothermic processes by evaluating the heat input or output from the sample, heat flow rates,
total and partial heat of reaction, and characteristic temperature of a reaction or transition [193].
Some parameters such as the type of DSC pan (crimped, hermetic, pinhole or open pan), sample
size and heating rate should be considered to achieve reliable and reproducible measurement

[194].

DSC was performed using a Discovery DSC (TA Instruments, Elstree, UK) under air or N>
atmosphere. 4-6 mg of sample was loaded to a Tzero aluminium pan while no sample was

added to the reference pan. In both cases, no lids were used (i.e. open pans) to allow for the
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maximum interaction between the sample and the controlled atmosphere, and for the escape of

the volatile byproducts.

3.3.5.1 Degree of cure measurement

The degree of cure (or crosslinking) measurement was involved in the determination of curing
procedure of PMHS which will be discussed in Section 4.2.1. Initially, DSC measurement of
the uncured sample was carried out and the total heat of reaction (Hr) was measured from the
area under the exothermic peak. Then, DSC measurement was carried out on the cured sample
and the heat of reaction (Hs) was determined from the area under the exothermic peak. These

values were used to calculate the degree of cure as follows [195, 196]:

Degree of cure = (1 — ZI—;) X 100% Equation 3.18
3.3.6 Optical microscopy (OM)

Optical microscopy (OM) (or also light microscopy) uses visible light (which is in the range of
400-700 nm) and a series of lenses to magnify the images of small samples down to the
submicron level [197]. In this work, a light microscope (Olympus BX53M) was used to
characterise the dispersion of CNTs samples and to characterise the microstructure of polished
AZ91 samples. For the dispersion characterisation, the CNTs sample was ultrasonicated in 20
mL of THF according to the parameters in Section 3.2.1.1 at a concentration of 1 mg equivalent
of as received CNTs per mL of THF in a glass vial. Then, liquid was drawn from the middle
location of the solution in the glass vial using a pipette and a single drop (less than 1 mL) was
deposited on a glass well slide. The dispersion was tightly sealed in the well using a cover slip

and some vacuum grease before imaging was carried out under light microscope.
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3.3.7 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an invaluable technique for the morphological
characterisation of micro- and nanostructured materials. Some micro analysis techniques such
as energy-dispersive X-ray spectroscopy (EDX) and electron backscatter diffraction (EBSD)
can also be carried out in SEM to perform elemental and structural analyses of the sample.
EDX is a convenient technique for elemental identification and quantification of the sample
meanwhile EBSD, which requires a higher energy than secondary electron imaging, can
provide crystallographic information of the specimen such as the crystal orientations, texture,

grain size and grain boundaries [198, 199].

In this work, SEM was performed with an Auriga Cross Beam (Carl Zeiss NTS GmbH,
Oberkochen, Germany) at an acceleration voltage of 5 kV and a working distance of 5 mm
using an in-lens detector for a high-resolution image acquisition. Chemical analysis with EDX
was carried out on the Oxford Instruments INCA where a higher voltage may be used. The
sample was mounted on a sample stub using carbon adhesive to provide a conductive pathway
and to prevent charging. If necessary, other alternatives were also employed such as the
application of conductive silver paint and the coating of sample with a thin chromium (Cr)
coating via sputtering. SEM had also been used to characterise dispersed CNTs samples as
follows: the CNTs sample was ultrasonicated in 20 mL of THF according to the parameters in
Section 3.2.1.1 at a concentration of 1 mg equivalent of as received CNTs per mL of THF in a
glass vial. Then, liquid was drawn from the middle location of the solution in the glass vial
using a pipette and a single drop (less than 1 mL) was deposited on an Al foil surface which
had been adhered to an SEM sample stub by using carbon adhesive. The THF solvent was

completely dried in air before imaging under SEM.
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3.3.8 Transmission electron microscopy (TEM)

Transmission electron microscopy offers a magnificent spatial and analytical resolution
making it an essential tool for the characterisation of nanoscale materials. However, due to its
sampling size, it is strategic to understand the material at a low magnification first, for example
by using visible light microscopy and SEM, before TEM is considered. Typically, bright field
imaging is done to generate images in TEM where the mass and thickness of the specimen
region influences the image brightness meanwhile the contrast can be enhanced by inserting
the objective aperture [200]. Similar to SEM, X-ray analysis techniques such as EDX can also
be employed in TEM to obtain qualitative and quantitative elemental information of the

specimen [201].

In this work, TEM was performed using a JEOL STEM/TEM 2100 Plus at an operating voltage
of 200 kV and a beam current of 104-108 pA. Image acquisition, processing and analysis were
done in Gatan Microscopy Suite. EDX was carried out with Oxford Instruments ultra-thin
window. Powder samples were prepared by dispersing a small amount of powder (less than 1
mg) in ethanol using bath sonication. A TEM grid (lacey carbon films on copper TEM grids,
Agar Scientifics) was immersed in the solution for a few seconds and then dried in air on a
filter paper for a few minutes. A single tilt holder was used to load the grid into the TEM

instrument.

3.3.9 Density measurement
Density measurement was performed based on the Archimedes method with an electronic
balance and a density determination kit (OHAUS) using water as the auxiliary liquid. This

technique offers a high accuracy and reproducibility density determination for bulk solid
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samples [202]. At least three measurements were performed for each sample. The density of

the sample p was calculated as follows:

P=71_"g (po —pL) +pL Equation 3.19

where A is the weight of sample in air, B is the weight of sample in water, po is the temperature-
dependant density and pr=0.0012 g/cm? is the air density. Subsequently, the porosity was

calculated based on the theoretical and measured densities as follows:

b = Theoretical density — Measured density % 100%
orosity = Theoretical density ° Equation 3.20

where theoretical density was measured based on the theoretical density of the material and the
rule of mixture in the case of the composites. The measured density was calculated using

Equation 3.19.

3.3.10 Grain size measurement

Grain size measurement was carried out to determine the grain coarsening or refinement effect
in the material. Colour etching was performed to reveal the grains of Mg matrix samples
according to the method developed by Maltais et. al. [203, 204]. Polished specimens (prepared
as described in Section 3.2.5) were immersed in an etching solution consisting of glacial acetic
acid, distilled water and ethanol in the ratio of 1:44:156 by volume for 180-240 seconds. Then,
they were rinsed with ethanol and dried with compressed air. The etched specimens were
examined under a light microscope (Olympus BX53M) using a U-TP530 wave plate and a U-

AN360-3 rotatable analyser (Olympus, Japan). The optical contrast between the grains was
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achieved under the polarized light due to the birefringence produced from the etched films

which were aligned to the orientation of the underlying grains [203].

Horizontal line 2

Figure 3.11. Optical micrograph of the etched surface of Mg matrix sample showing six test lines (three
horizontal and three vertical lines) drawn for the measurement of average grain size using the mean

linear intercept method.

The average grain size (d) was measured using the linear intercept method [205] according to

the following equation:

S W]
Il

Equation 3.21

o~

where L is length of the test line and P is the grain boundary intersection count. Six principal
test lines consisting of three horizontal and three vertical lines were drawn for each image field
as shown in Figure 3.11. P is determined based on the number of times the test line cuts across
a grain boundary (counted as 1 intersection), is tangent to the grain boundary (counted as 1
intersection) or coincides with the junction of three grains (counted as 1 % intersections). A
sufficient number of images were acquired until at least 500 grain boundary intersections were

counted so that a reliable average grain size can be determined for each sample [206].
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3.3.11 Hardness test

Hardness of a material can be defined as its resistance to localized plastic deformation [66].
Indentation hardness test is a simple and fast technique to characterise the mechanical property
of a material such that other mechanical properties such as the tensile strength can also be

extrapolated from the hardness data [207].

In this work, macroindentation and microindentation tests were performed on polished
specimens (prepared as described in Section 3.2.5) using a Vickers square-based pyramidal
diamond indenter [208]. Macroindentation test was carried out using a 6030 LKV Vickers
hardness tester (Zwick Roell Indentec, Brierley Hill, UK) with a load of 3kgf and load time of
10 s. Microindentation test was carried out using a Wilson VH1202 microhardness tester
(Buehler, Shanghai, China) with a load of 1 kgf and load time of 10 s. The Vickers hardness

(HV) value was determined as follows:

F
HV = 1.8544 x Pr Equation 3.22

where F is the indentation test force in kilograms-force (kgf) and d is the mean indentation
diagonal length as shown in Figure 3.12. Indentation diagonal length and the hardness value
were determined and calculated by using an image analyser software on the computer

connected to the indenter equipment.
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Figure 3.12. Optical micrograph showing a Vickers indentation made on a Mg matrix sample and the

measurement of the mean indentation diagonal length (d) in the inset.
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Figure 3.13. Minimum sample thickness required based on the indentation load and Vickers hardness

value. Image reproduced from: https://www.tec-science.com/material-science/material-testing/vickers-

hardness-test/

At least three specimens were tested for each sample. The thickness of the specimen was kept
at least 1.5 times as large as the diagonal length of the indentation. A chart as shown in Figure
3.13 can be used to determine the minimum specimen thickness according to the load and the
hardness value. Depending on the size of the specimen, between 5-9 indentations were made

on each specimen. The spacing between indentations and from the edge was kept 2.5 times the
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indentation diagonal length [208] to prevent the overlapping of the plastic-elastic zones of the

adjacent indentations which could influence the hardness measurement [209].

3.3.12 Tension test

Tension test is used to assess the strength and ductility of materials under a uniaxial tensile
load [210] as illustrated in Figure 3.14 (a). During the testing, the specimen is elongated at a
constant rate while the instantaneous applied load and the elongation are measured
simultaneously [66]. Load and elongation are normalised to stress (o) and strain (€),

respectively, according to the following equations to produce a stress-strain curve as shown in

Figure 3.15.
F
o=— :
Ay Equation 3.23
-1
€= lo Equation 3.24

where F is the instantaneous applied load, 4, is initial the cross-sectional area of the specimen,

[ is the instantaneous length and [ is the initial length of the specimen [66].

In a stress-strain curve, elastic deformation is represented by a linear relationship whereby the
slope corresponds to the modulus of elasticity (E) (or Young’s modulus). As the load increases,
plastic deformation occurs whereby the material is permanently deformed and the yield
strength which is the stress at which plastic deformation of the material has begun can be
determined. Since the precise point is difficult to measure, yield strength is determined,
conventionally, from the intersection of the stress strain curve and a line drawn parallel to the
elastic portion of the stress strain curve at a strain offset of 0.2% as drawn in Figure 3.15.

Tensile strength (or also called ultimate tensile strength) is the maximum tensile stress that can
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be sustained by the material at which a small constriction or neck begins to form in the material

that progresses towards fracture [66, 211, 212].
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Figure 3.14. Schematic diagram of (a) a uniaxial tensile loading which produces an elongation and a
positive linear strain and (b) a uniaxial compressive loading which produces a contraction and a negative

linear strain. Images reproduced from [66].
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Figure 3.15. Typical engineering stress-strain curve under tensile load.
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In this work, tensile testing was performed using a 50 kN Instron 5969 test machine and an
Imetrum optical strain measurement system at a strain rate of 0.016 mm/s. Each test specimen
was machined into a “dogbone” configuration with a gauge length of 17 mm, width of 3 mm
and thickness according to the original sample’s thickness (see Figure A.6 in Appendix for the

tensile test specimen configuration).

3.3.13 Compression test

Compression test involves the application of a uniaxial compressive load and a subsequent
contraction of the specimen along the direction of the stress [213] as shown in Figure 3.14(b).
Equation 3.23 and Equation 3.24 can be used to determine the compressive stress and strain
but instead with the compressive load (F) and strain taken to be negative since the instantaneous
length (I) is smaller than the initial length (/). Compressive properties are interesting for the
assessment of materials which are subjected to compressive or bending loads in material
applications such as structural support and in material processing such as forging and rolling
[214]. A typical compressive stress-strain curve can also be represented by Figure 3.15 but
instead with ultimate compressive strength as the maximum compressive stress that the
material can sustain [211]. Compression testing is a convenient method to determine the stress-
strain response of materials under large plastic strains which is limited in tensile testing due to
the unstable flow of stress that leads to necking. However, compression testing can be affected
by errors due to specimen buckling and barrelling which create nonuniform stress and strain
distributions. Buckling, which occurs due to unstable material deflection under compressive
stresses, can be mitigated by using a low length-to-diameter ratio (of less than 2) specimen
geometry and by ensuring that the loading train is properly aligned. On the other hand,
barrelling occurs due to friction at the loading faces of the specimen and can be reduced by

using lubricant at the loading surfaces of the specimen [214, 215].
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In this work, compression testing was performed using a 50 kN Instron 5969 test machine and
an Imetrum optical strain measurement system at a strain rate of 0.016 mm/s. At least five
specimens must be tested for each sample [213] and each test specimen was produced in the
form of solid circular cylinder with a length of 7 mm and diameter of 5 (i.e. length to width

ratio of 1.4).
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Chapter 4 : Development of CNT's

coating process

4.1 Introduction

Polysiloxanes are a versatile group of preceramic polymers which can be converted to SiOC
and SiC via heat treatment processes. The use of preceramic polymers offers a feasible route
for the production of ceramics in comparison to solid state reaction sintering which can be more
complex and requires much higher processing temperatures [136, 216]. As discussed in Section
2.3.3, various types of polysiloxanes can be used to produce monolith SiOC and SiC ceramic
products. Subsequently, polysiloxane-derived SiOC and SiC composites had also been
fabricated using different types of fillers [134, 153, 217-220]. However, to the author’s
knowledge no attempts had been made to use polysiloxane as a preceramic precursor for the
coating of S1OC or SiC on the CNTs. Inspired by the use of polycarbosilane as a precursor for
SiC coating on CNTs in a few works [141-144], polymethylhydrosiloxane (PMHS) was used
as a preceramic precursor for the coating of CNTs with either SiOC or SiC in this work. This
coating technique will not only allow the coating of either SiOC or SiC using the same
polysiloxane precursor, but it is also a non-damaging coating process that can potentially offer
a more uniform coating on the CNTs in comparison to some other known techniques for

producing SiC coated CNTs [117, 145, 221].

Since various curing and pyrolysis techniques can be used for the conversion of polysiloxane
precursors to SiOC and SiC, this chapter will initially demonstrate the conversion process of

PMHS to SiOC and SiC. The determination of a simple, catalyst-free curing procedure is
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demonstrated, and the importance of crosslinking is discussed. Then, the behaviour of the
polymer during pyrolysis is studied and the crystallographic structure and thermal properties
of the pyrolysis products are investigated. Subsequently, the application of PMHS as the
coating precursor is explored. The coating behaviour of the polymer on the CNTs is

investigated through a preliminary production of SiOC coated CNTs.

4.2 Transformation of polymethylhydrosiloxane (PMHS) to silicon
oxycarbide (SiOC) and silicon carbide (SiC)

Polysiloxane precursor can be converted to SiOC/SiC ceramics via the crosslinking and
pyrolysis processes as explained in Section 2.3.3 and summarised in Figure 4.1. The next two
sections explain the procedures established in this work and the processes occurring during

crosslinking and pyrolysis.

Pyrolysis at Pyrolysis at
P0|y5||0xane Crossllnklng Crossllnked T >800 °C T21500"C .
. - >
precursor polysrloxane SioC SiC

Figure 4.1. Process flowchart for the conversion of polysiloxane precursor to SiOC and SiC ceramics.

4.2.1 Crosslinking via thermal oxidation

Crosslinking (or curing) is an essential step to prevent the depolymerisation of polymer at low
temperatures and to produce a good ceramic yield upon pyrolysis. Various methods can be
employed for the crosslinking of PMHS (see Table 2.3) which mainly involve the use of
crosslinkers and catalysts to induce crosslinking via hydrosilylation reactions [155, 164, 167-
170]. While this is a popular technique for curing PMHS, the presence of heavy metal catalysts
may compromise the structural integrity and thermal stability of the CNTs coating and diminish
the lightweight quality of the final composite materials. Therefore, this work aims to establish
a simple curing process without using catalysts or additives. The high concentration of Si-H
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bonds in PMHS can be exploited to promote the crosslinking of the polymer by a simple heat
treatment in the presence of oxygen. A few parameters were investigated to establish an
optimum curing procedure for PMHS via heat treatment, namely the curing environment,

temperature(s) and duration.
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Figure 4.2. (a) DSC and (b) TGA curves of as-received PMHS under heating in air and N».

For the purpose of crosslinking at low temperatures, the thermal reactivity of PMHS in air and
N2 (i.e. inert atmosphere) was investigated using DSC by heating the polymer from room
temperature to 350 °C at a heating rate of 10 °C/min as shown in Figure 4.2 (a). Heat treatment
of PMHS in air exhibited a large exothermic peak at 227 °C and a broad peak at 289 °C which
can be attributed to bond forming reactions (i.e. crosslinking). On the other hand, heating the
polymer in N2 led to an endothermic reaction with a peak temperature of 300 °C which
indicates bond-breaking reactions (i.e. depolymerisation). Furthermore, TGA measurement
under the same conditions (Figure 4.2 (b)) showed that the thermal stability of PMHS was
higher in air than in N> such that a large yield (i.e. 80%) was retained after the heat treatment
of PMHS in air up to 350 °C. On the other hand, the polymer was almost completely

decomposed (i.e. 12% yield) when heated in N». Therefore, these findings indicate that air is a
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suitable curing environment for the crosslinking of PMHS meanwhile heating in inert

atmosphere at low temperatures would only lead to the decomposition of the polymer.

The appropriate curing temperature(s) and duration were determined by identifying the onset
temperature(s) of the exothermic peaks and heating the polymer isothermally at that
temperature for an appropriate amount of time until a maximum degree of cure was achieved.
The degree of cure was calculated according to Equation 3.18 whereby the total heat of reaction
(Hr) was measured from the area under the exothermic peaks of the as-received (i.e.
uncrosslinked) PMHS. On the other hand, the heat of reaction (Hs) was obtained from the area
under the exothermic peaks of the PMHS sample that had been subjected to a heat treatment in
air. Step by step DSC experiments and degree of cure measurement for the determination of
curing temperature(s) and duration are provided in Appendix A.7. Figure 4.3 shows the DSC
heat ramp measurement of PMHS samples which had been subjected to various curing
treatments as described in Table 4.1. Isothermal heating at the onset temperatures of the
exothermic peaks led to an increase in the degree of cure of the polymer until a completely
crosslinked sample, crosslinked PMHS D, was obtained where no remaining exothermic peaks
could be observed in the DSC curve. Based on the DSC experiments, the optimum curing
procedure of PMHS was established through the heat treatment in air at a heating rate of 10
°C/min at 160 °C for 45 min, 170 °C for 75 min, 190 °C for 30 min and 210 °C for 30 min, and

followed by cooling down to room temperature.
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Figure 4.3. DSC curves of as-received and crosslinked PMHS samples. The crosslinked PMHS samples

had been subjected to various curing treatments as described in Table 4.1.

Table 4.1. Degree of cure measurement of as-received and crosslinked PMHS samples based on the

DSC measurement in Figure 4.3.

Sample Applied curing treatment (in air) Total heat of Heat of Degree
reaction, Hr reaction, Hs of cure
J/g) J/g) (%)

As- None 1482.4 - 0

received

PMHS

Crosslinked 160 °C for 45 min - 503.4 66.0

PMHS A

Crosslinked 160 °C for 45 min + 170 °C for 75 min - 192.0 87.0

PMHS B

Crosslinked 160 °C for 45 min + 170 °C for 75 min + - 70.4 95.3

PMHS C 190 °C for 30 min

Crosslinked 160 °C for 45 min + 170 °C for 75 min+ - 0 100.0
PMHS D 190 °C for 30 min + 210 °C for 30 min

The curing procedure was simulated using TGA as shown in Figure 4.4 and the curing yield

was determined to be 87.1% (see Equation 3.1 for the calculation of curing yield). The mass
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loss experienced during crosslinking was due to the evolution of water as shown by the mass
spectrometry measurement in Figure 4.4. Water (H20, m/z = 18) was evolved in the range of
157 to 170 °C which is consistent with the temperature range of the large exothermic peak
observed in the DSC measurement in Figure 4.2. This observation suggests that the
crosslinking of PMHS in air had occurred via the condensation reactions between the polymeric

chains.
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Figure 4.4. TGA-MS of as-received PMHS in air under the established curing procedure.

The molecular structure of the cured PMHS was investigated with FT-IR spectroscopy as
shown in Figure 4.5. In comparison to the as-received PMHS and the partially cured PMHS
(heat treated in air only at 210 °C for 30 min), the completely cured PMHS showed reduced
intensity for the Si-H peak at 2100 cm™ and the Si-CHj peaks at 1260, 840 and 755 cm’
suggesting that these bonds had been highly involved in the crosslinking reactions. The reduced

intensity observed for Si-O-Si peak in the cured PMHS products in the range of 1130-1100
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cm’! may be interpreted as an effect of crosslinking as the bond vibrations were likely reduced
due to the rigidity of the crosslinked network. Additionally, a small Si-C peak could also be
detected in the cured PMHS samples at 800 cm™ indicating the presence of SiOxCax (Where
0<x<4) phases at this stage. XRD measurement of the completely cured PMHS will be

discussed together with the pyrolysis products in the next section.
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Figure 4.5. FT-IR spectra of as-received, partially cured and completely cured PMHS.

Based on the thermal analysis of the curing process and the characterisation of the cured
product, the crosslinking reactions had most likely occurred via the oxidation of Si-H and Si-
CH3 groups to produce silanols (Si-OH). Then, the condensation of silanols would lead to the
crosslinking of the polymeric chains via Si-O-Si bonding and the evolution of water as
byproducts [153, 154]. The involvement of Si-H and Si-CH3 bonds during crosslinking can be
confirmed from the IR spectroscopy results in Figure 4.5 meanwhile the evolution of water as
crosslinking byproduct is consistent with the TGA-MS measurement in Figure 4.4. The
crosslinking mechanism of PMHS via heat treatment in air may occur as follows:

96



(a) CHs
! .

OH
2 s|i—o i:- 2 S|i—0 e i ‘ -
| n heat | N e} + H0
CH; [

CHy

(b)

CHs

H
OH %ii—o%
‘_ 0, | | B
2 %SI—O}* H" 2 %TI—O% — o
H H % | %
Si—O0
+ CH,0 | i
H

Figure 4.6. Possible mechanism for the crosslinking of PMHS via heat treatment in air by the oxidation

+ H,O

of (a) Si-H and (b) Si-CH3 groups which leads to the formation of Si-O-Si bonds and the evolution of

water.

The effect of crosslinking on the pyrolytic behaviour of the polymer was investigated using
TGA by simulating the pyrolysis process via heat treatment in N2 from room temperature to
800 °C at a heating rate of 10°C/min as shown in Figure 4.7. The pyrolysis and ceramic yield
were notably improved for the completely cured PMHS in comparison to the as-received and
partially cured PMHS as also reported in Table 4.2 (see Equation 3.2 and Equation 3.3 for the
calculation of pyrolysis and ceramic yield, respectively). The completely cured PMHS also
exhibited an obvious improvement in thermal stability in the low to moderate temperature
range such that the decomposition of the polymer only started to occur at 342 °C in comparison
to the uncrosslinked PMHS which began to decompose immediately upon heating and was
completely decomposed at 360 °C. On the other hand, the partially cured PMHS showed a
lower onset degradation temperature at about 200 °C and a lower ceramic yield than those of
the completely cured PMHS which highlights that an incomplete crosslinking would inevitably
lead to the volatilisation of the remaining uncrosslinked chains and the reduction in ceramic

yield. This investigation shows that the crosslinking of PMHS is an essential step to prevent
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the decomposition of the polymer at low to moderate temperatures which subsequently leads

to an enhancement in the ceramic yield.
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Figure 4.7. TGA of as-received, partially cured and completely cured PMHS in N;.

Table 4.2. Curing, pyrolysis and ceramic yield of as-received, partially cured and completely cured

PMHS based on the TGA investigation in Figure 4.7.

Sample Curing yield (%) Pyrolysis yield at Ceramic yield at
800 °C (%) 800 °C (%)

As-received PMHS - 5.7 5.7

Partially cured PMHS 88.9 56.2 50.0

Completely cured PMHS 85.5 68.1 58.2
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4.2.2 Ceramisation via pyrolysis
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Figure 4.8. DTG-MS of crosslinked PMHS in N». Inset showing a close-up for m/z =2, 15, 30 and 44
between 300 to 500 °C.

The pyrolytic behaviour of the crosslinked PMHS was further analysed from the derivative
thermogravimetry-mass spectrometry (DTG-MS) curves as shown in Figure 4.8 which were
obtained via the heat treatment of the crosslinked PMHS in N> from room temperature to 900
°C at a heating rate of 10 °C/min. No mass loss was recorded below 200 °C which indicates
the absence of any depolymerisation reactions as a result of the crosslinking of polymeric
chains. The first stage of mass loss occurred in the 300-500 °C temperature range due to the
evolution of hydrogen (H2, m/z = 2), methane (CHz m/z = 15), water (H>O, m/z = 18), silane
(SiH4, m/z = 30), carbon monoxide (CO, m/z = 29) and carbon dioxide (CO2, m/z = 44) as
detected by the mass spectrometry measurement. The evolution of hydrogen, methane and
silane gases at this stage can be explained by the increase in the thermal stability of the

crosslinked PMHS which allowed the redistribution reactions between Si-H and Si-O bonds to

99



occur that leads to the formation of an amorphous SiOxCs.-x network [180]. On the other hand,
water was largely evolved at this temperature range and continued to be released up to 900 °C
most likely due to the condensation reactions between the unreacted Si-OH groups which led
to a further formation of siloxane linkages [222]. The second stage of mass loss occurred
between 600-900 °C which was accompanied by the release of hydrogen and methane. This
observation was consistent with the literature reports whereby cleavage of Si-H, Si-C, C-C and
C-H bonds was expected to occur via the formation of free radicals, hydrogen abstraction and
combination and/or rearrangement reactions which would lead to the evolution of hydrogen
and hydrocarbon gases [181, 222]. The evolution of carbon monoxide and carbon dioxide were
also observed between 200-700 °C and 300-500 °C, respectively, suggesting that the
carbothermal reduction reactions had probably already initiated below 1000 °C. These
reactions had most likely taken place due the formation of SiOxCax mixed units and free carbon
from the redistribution and bond cleavage reactions. Based on the mass loss experienced by
the cured PMHS and the evolution of the gaseous byproducts, this investigation signifies the

transformation of the polymer to an inorganic material during pyrolysis.

This work aims to produce SiOC and SiC ceramics for the coating of CNTs. As explained in
Section 2.3.3, SiOC can be produced by carrying out pyrolysis at the temperature of 800 °C
and above meanwhile SiC can be produced from pyrolysis at the temperature of 1500 °C and
above. Therefore, two different temperatures, i.e. 900 and 1500 °C, were used during the
pyrolysis of crosslinked PMHS using the procedure described in Section 3.2.1.3. For
simplicity, the pyrolysis products were labelled as PMHS-900 and PMHS-1500 in this section
based on the maximum temperature used during pyrolysis. Figure 4.9 shows the crosslinked
PMHS changing from clear to opaque brown upon pyrolysis at 900 °C and to iridescent black

at 1500 °C signifying the change in the composition of the materials at the different temperature
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stages. The cracks observed in the crosslinked and pyrolysis products were due to the shrinkage
and densification effects during the crosslinking and ceramisation processes which are
negligible in this work since the PMHS will be used as a coating precursor instead of producing

monoliths.

PMHS-900

As-received PMHS Crosslinked PMHS

Curing
PMHS-1500

Figure 4.9. Photographs of the as-received PMHS, the crosslinked PMHS and the pyrolysis products,
PMHS-900 and PMHS-1500, contained in flat boat alumina boats.

The curing, pyrolysis and ceramic yield of PMHS-900 and PMHS-1500 were calculated and
are presented in Table 4.3. The curing yield for both samples were found to be similar which
highlights the consistency in the degree of crosslinking of PMHS in the laboratory experiments;
however, the yield was found to be slightly higher (by 7%) than it was measured from TGA
(see Table 4.2). The higher curing yield can probably be attributed to the incomplete
crosslinking of polymer due to the increase in the sample size in the actual experiments (i.e. 32
mg for TGA measurement vs. 2000 mg for the actual experiment) and/or the incomplete
removal of crosslinking byproducts (i.e. water) during the curing process. Nevertheless, the
evolution of water in Figure 4.8 suggests the remaining crosslinking reactions and removal of
water byproducts could still be accomplished during pyrolysis. Finally, the pyrolysis and

ceramic yield of PMHS-1500 were found to be lower than those of PMHS-900 which can be
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explained by the additional mass loss resulting from the onset of carbothermal reduction

reactions at a higher pyrolysis temperature to produce the SiC products.

Table 4.3. Curing, pyrolysis and ceramic yield of PMHS-900 and PMHS-1500.

Sample Curing yield (%) Pyrolysis yield (%) Ceramic yield (%)
PMHS-900 93.84+2.9 69.5+2.7 64.9+22
PMHS-1500 92.7+1.8 61.4+1.3 57.0+1.9
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Figure 4.10. XRD patterns of crosslinked PMHS and the pyrolysed products, PMHS-900 and PMHS-
1500.

The phase composition and the crystallographic structure of the crosslinked PMHS and the
pyrolysis products were investigated using XRD as shown in Figure 4.10. The XRD pattern of
the crosslinked product shows two diffraction halos centred at 20 = 11.9° and 22.9° which
indicates the amorphous nature of the crosslinked PMHS due to the immobilisation of the
polymer chains and the formation of disordered crosslinked network during the curing process.

After the pyrolysis at 900 °C, the resulting PMHS-900 still appeared to be highly amorphous
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as expected for SiOC glasses whereby diffraction halos are observed at 26 = 13.1 and 27.9°
indicating the presence of amorphous SiO» phase. Additionally, the broad peak centred at
around 20 = 67.3° seems to indicate an onset of SiC crystallisation which is also consistent
with the evolution of carbon monoxide and carbon dioxide as previously observed in Figure
4.8. The presence of SiO and the onset of SiC crystallisation indicates that a phase separation
must have occurred from the SiOC network (see Equation 2.11) in the PMHS-900 sample.
Subsequently, when the pyrolysis was carried out at 1500 °C, SiC phase could be detected in
the resulting PMHS-1500 sample based on the peaks at 26 = 35.6, 60.0 and 71.8°, in addition
to the broad peaks at 20 = 13.1° and 22° which can be assigned to SiO.. The presence of SiO>
in this sample indicates that the SiC phase was mainly yielded by the phase separation of SiOC
instead of the carbothermal reduction reactions. Based on the TGA-MS and XRD results, the
PMHS-900 and PMHS-1500 samples can be characterised as predominantly SiOC and SiC,
respectively. Therefore, as a general rule, any samples which undergoes pyrolysis at 900 and

1500 °C will be denoted as SiOC and SiC, respectively, in later works.
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4.3 PMHS as a coating precursor for CNTs

4.3.1 Wettability of carbon by PMHS

PMHS was initially screened for its application as the coating precursor for CNTs by estimating
its wetting behaviour on the CNTs using the sessile drop technique where a drop of liquid
PMHS was deposited on a carbon surface and the contact angle of the droplet was measured.
Figure 4.11(a) shows as-received PMHS forming a thin film on the surface of a carbon substrate
where the contact angle of the droplet was measured to be 11.1° indicating a very well wetting
of carbon by PMHS. For comparison, carbon can also be wetted by water as shown in Figure

4.11(b) albeit at a higher contact angle of 50.1°.

PMHS droplet Waten::iroplet

Carbon substrate St

Figure 4.11. Photographs of (a) As-received PMHS and (b) water droplets on a carbon substrate.

However, these results may not necessarily reflect on the actual wettability of CNTs by these
liquids as in the case of water, it is generally known that CNTs exhibit hydrophobicity [223,
224] due to their graphitic surface and some experimental works had reported non-wetting
behaviour of CNTs by water with contact angles ranging between 90-156° [225, 226].
Nevertheless, PMHS is still expected to achieve a good wetting on the CNTs as the presence
of methyl side groups may induce non-covalent interactions with the sp® surface of CNTs
leading to the polymer adhesion on the CNTs [182, 183]. Furthermore, as found by Dujardin

et. al., the wetting of CNTs can be achieved by liquids with surface tensions below ~130 mN/m
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[105, 227]; therefore, the low surface tension of PMHS (i.e. 17-19 mN/m [228]) strongly

suggests the ability of the polymer to wet the CNTs.

4.3.2 CNTs dispersion in organic solvents

The state of agglomeration of as-received NC7000 multiwalled CNTs is depicted in Figure
4.12 and Figure 4.13 where bundle-like structures of CNTs can be observed. Therefore, the
dispersion of CNTs needs to be carried out to ensure that the large CNTs agglomerates are

broken down and the individual tubes are separated so that PMHS can be efficiently coated on

the individual tubes during the preparation of PMHS-CNTs samples.

Residual
alumina
catalyst

Figure 4.12. SEM images of as-received NC7000 multiwalled CNTs at (a) low and (b) high

magnifications.

Figure 4.13. TEM images of as-received NC7000 multiwalled CNTs at (a) low and (b) high

magnifications.
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Ultrasonication is a very effective dispersion techniques which requires a good solvent to
effectively debundle and disperse the CNTs. Additionally, the solvent must also be able to
dissolve the PMHS well, can be easily removed during sample preparation and can be safely
handled at large volumes. Most of the solvents which were identified to be good at dispersing
CNTs such as NMP, DMF, DMA, N12P and DMF [190] have high boiling points ranging
around 150-200 °C; therefore, they are unsuitable for the preparation of coated CNTs.
Consequently, the dispersibility of CNTs in a few common solvents with low boiling points,
namely acetone, ethanol and THF, were investigated by preparing the dispersions of CNTs

(according to the procedure described in Section 3.2.1.1) at a concentration of 1 mg/mL each.

¥4, 500 pm

Figure 4.14. Optical micrographs of CNTs dispersions in (a) acetone, (b) ethanol and (c) THF each at

a concentration of 1 mg/mL after ultrasonication for 30 min.
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Figure 4.15. Photographs of CNTs dispersions in (a) acetone, (b) ethanol and (¢) THF at t=0, 1 hr and

2 days after 30 min ultrasonication.

The optical micrographs in Figure 4.14 show that the best dispersion of CNTs was produced
in THF where smaller and thinner agglomerates could be observed in comparison to the larger
and thicker CNTs agglomerates found in acetone and ethanol dispersions. The increased
dispersibility of CNTs in THF than acetone and ethanol had also been reported elsewhere [191,
229]. Furthermore, the stability of the CNTs dispersions was also investigated by observing
the dispersions at t =0, 1 hr and 2 days after the ultrasonication. However, as shown in Figure
4.15, all dispersions showed similar results where they appeared to be stable after 2 days
without any phase separation nor sedimentation. Nevertheless, since the preparation of PMHS-
CNTs requires the mixing of PMHS and the CNTs dispersion for an hour at room temperature
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(see Section 3.2.1.2), this finding ensures that CNTs reaggregation and sedimentation would
not occur at this stage. Based on the qualitative assessment of the degree of CNTs dispersion
and the dispersion stability, THF was selected as the most suitable organic solvent to be used
for the preparation of coated CNTs. Even though CNTs dispersions in acetone and ethanol had
also shown stable suspensions after a few days, the agglomerates observed in these solvents
were larger and denser. Furthermore, the high solubility of PMHS in THF [230] and the low
boiling point of THF at 65 °C are suitable for the preparation of the PMHS-CNTs samples and

the subsequent removal of the solvent prior to the curing process.

4.3.3 Coating morphology of SiOC coated CNTs

The effect of PMHS concentration in the PMHS-CNTs samples on the coating characteristics
of the final coated CNTs products was investigated through a preliminary study involving the
production of SiOC coated CNTs from PMHS/CNTs w/w of 0.5/1 to 6/1 using the procedure
described in 3.2.1. Assuming that the CNTs would be well wetted by PMHS and that the
polymer would form a continuous coating on the individual CNTs, the coating concentration
and coating thickness of the final SiOC coated CNTs products (see Equation 3.8 and Equation
3.9 for calculations) were expected to increase with the increase in the starting PMHS

concentration as presented in Table 4.4.

Table 4.4. Expected SiOC coating concentration and coating thickness of the SiOC coated CNTs

produced from a range of PMHS concentrations.

PMHS-CNTs samples SiOC coated CNTs products

PMHS concentration Expected SiOC coating Expected SiOC coating
(PMHS/CNTs w/w) concentration (wt%) thickness (nm)

0.5/1 24.5 0.8

1/1 39.5 1.4

2/1 56.6 2.6

3/1 66.1 3.6

4/1 72.3 4.5

5/1 76.4 5.3

6/1 79.0 6.0
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The coating morphology of as-received (i.e. uncoated) CNTs and a few selected SiOC coated
CNTs products were characterised with TEM-EDX as shown in Figure 4.16. The presence of
SiOC coating layer on the individual CNTs was confirmed by determining the outermost layer
of the multiwalled CNTs and by the detection of Si, O and C via EDX. Based on the
representative images of the SiIOC coated CNTs, the thickness of the coating layer appears to
be similar across all samples and had not increased with the increase in the starting PMHS
concentration as predicted in Table 4.4. The variation in the coating morphology of the SiOC
coated CNTs which were observed in TEM is further summarised in Figure 4.17. Regardless
of the starting PMHS concentration, the coating morphology of the individual tubes in the SiOC
coated CNTs products were found to consist of a combination of minimal to no apparent

coating, thin and continuous layer and discontinuous layer.

Furthermore, the characterisation of the coated CNTs at a lower magnification in TEM as
shown in Figure 4.18 seemed to indicate that the coating products had also been deposited on
the agglomerated CNTs network. The darker region on the agglomerates was identified with
EDX to consist of Si, O and C which suggests for the presence of the coating material, in
addition to Al which is attributed to the residual alumina impurities in the as-received CNTs

(see Figure 4.12 (b) and Figure 4.13 (a)).
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Figure 4.16. TEM images and EDX spectra of (a) as received (i.e. uncoated) CNTs and SiOC coated
CNTs produced from PMHS/CNT w/w of (b) 2/1, (c) 3/1 and (d) 6/1. The outer surface of CNTs and
the outer layer of SiOC coating are highlighted with yellow and black dotted lines, respectively, to
outline the coating layer. The area of EDX measurement is outlined with white dotted circle. Cu

detected in the EDX spectra is attributed to the TEM copper grid.
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As-received
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SiOC coated CNTs

Starting PMHS/CNT w/w
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Figure 4.17. Variation in coating morphology found in the SiOC coated CNTs grouped according to
(a) minimal to no apparent coating (b) thin and continuous layer and (d) discontinuous layer. The outer
surface of CNTs and the outer layer of SiOC coating are highlighted with yellow and white dotted lines,

respectively, to outline the coating layer.
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Figure 4.18. TEM images and EDX spectra of CNTs agglomerates for (a) as-received CNTs and SiOC
coated CNTs produced from PMHS/CNT w/w of (b) 2/1 and (c) 3/1. The area of EDX measurement is
outlined with white dotted circle and labelled with letters A and B. Al detected in EDX is attributed to
the residual alumina impurity in the as-received NC7000 CNTs.

The variation in the coating morphology and the lack of increase in the coating thickness of the
individual tubes may be explained by the actual wetting behaviour of PMHS on the CNTs
during the sample preparation. Liquid polymer preferentially forms clam-shell and barrel-type
droplets upon precipitation on the outer shell of CNTs [231] therefore resulting in the formation
of a thick and discontinuous coating as observed in Figure 4.17 (c). Such conformation of liquid
polymer droplets on the outer surface of fibres had been discussed and reported in the literature
[232-234]. The instability of liquid films on convex surfaces occurs due the positive Laplace
pressure acting on the surface of the liquid film which squeezes the liquid out of the film

creating a periodic array of droplets while adhesion forces caused by liquid-solid interactions
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simultaneously compete to stabilise the film [235]. Consequently, the formation of continuous
coating layer on the CNTs observed in Figure 4.17 (b) could have resulted from the merging
of the polymer droplets. On the other hand, the thick precipitation of coating product on the
agglomerated CNTs as observed in Figure 4.18 (b) and (c) can be explained by the tendency
of the liquid polymer to adhere on the interconnected network due to the wicking effect [236].
Crossover sites between CNTs attract the polymer especially during heating causing liquid
droplets on the single fibres to flow into them. Therefore, this behaviour diminishes the
polymer coating on the individual CNTs and leads to polymer pooling between the entangled
CNTs. Additionally, the adhesion of the polymer on the CNTs agglomerates may also be
encouraged by the non-covalent interactions between the CNTs surfaces and the C-H bonds of
the polymeric side groups. Consequently, the PMHS concentrated on the CNTs agglomerates

would be converted to a thick SiOC deposit upon curing and pyrolysis.

The expected and actual SiOC coating behaviour on the CNTs are illustrated in Figure 4.19.
Theoretically, the polymer was expected to form a continuous coating on the CNTs based on
the wetting CN'Ts by PMHS. Hence, the thickness of the resulting SiOC coating was expected
to increase with the increase in the starting PMHS concentration as presented in Table 4.4.
However, the TEM-EDX investigations (Figure 4.16 to Figure 4.18) revealed that the SiOC
coated CNTs products were made up of individually coated CNTs with various types of coating
morphology and agglomerated regions covered with SiOC precipitates. Due to the actual
behaviour of the polymer on the individual CNTs and the CNTs crossover sites, the SIOC
coating had a tendency to form a discontinuous layer on the individual CNTs and to pool on
the agglomerated networks as shown in Figure 4.19 (b). Since SiC coating would also be
formed using the same polysiloxane precursor, the coating behaviour of SiC is also expected
to be similar as the SiOC coating. Further investigations are shown in Chapter 5 and Chapter

6.
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(a) Expected coating behaviour

(b) Actual coating behaviour

0.5 Hm'j
Figure 4.19. (a) Expected and (b) actual SiOC cating behaviour of on the CNTs. SiOC is denoted in
blue while the CNTs are represented as black lines. The outer surface of CNTs and the outer layer of

SiOC coating are highlighted with yellow and white dotted lines, respectively
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Generally, a continuous coating of CNTs is desirable to ensure that the CNTs can be
sufficiently wetted by the Mg matrix so that load transfer could happen effectively from the
matrix to the CNTs. However, as shown in our previous work [237], discontinuous coating
layers on the CNTs may also be desirable as they can act as geometrical spacers to prevent
CNTs agglomeration, and as ‘nano-rivets’ to enhance the interfacial shear stress as embedded
CNTs are pulled out of the matrix. Hence, discontinuous coating on the CNTs is still acceptable

for the purpose of this work.

4.3.4 Effect of CNTs on PMHS decomposition

The total curing, pyrolysis and ceramic yield of PMHS-CNTs samples and the SiOC
concentration in the final CNTs products were determined from the production of SiOC coated
CNTs from PMHS/CNTs w/w of 2/1 and 6/1 and compared with the expected values as shown
in Figure 4.20 (see Equation 3.4 to Equation 3.6 for calculations). The expected values were
obtained by assuming that the total curing, pyrolysis and ceramic yield of the polymer were
equivalent to those of the pure PMHS as reported in Table 4.3 and that the mass of the CNTs

was unchanged throughout the whole process.

The results show that while the total curing yield calculated from the experiments were slightly
lower than the expected values, the actual total pyrolysis and ceramic yields were drastically
lower than expected indicating that the PMHS-CNTs samples had experienced a notably large
mass loss during the organic to inorganic conversion. Since the multiwalled CNTs are expected
to be stable up to at least 1000 °C in Ar flow [238, 239], the mass loss is predominantly
attributed to the polymer. Consequently, the SiOC coating concentration in the final SIOC

coated CNTs products were also much smaller than expected.
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Figure 4.20. Comparison between the experimental and expected values for total curing, pyrolysis and
ceramic yield and SiOC coating concentration of the SiIOC coated CNTs produced from starting PMHS
concentration of 2/1 and 6/1 PMHS/CNTs w/w. The expected values were calculated by assuming that
the total curing, pyrolysis and ceramic yield of the polymer were equivalent to those of the pure PMHS

as reported in Table 4.3 and that no mass loss occurred for the CNTs.

To understand the behaviour of the crosslinked PMHS-CNTs during pyrolysis, the pyrolysis
process was simulated with TGA via heating from room temperature to 900 °C in N> at a
heating rate of 10°C/min on the crosslinked PMHS-CNTs produced from the starting PMHS
concentration of 2/1 and 6/1 PMHS/CNTs w/w as shown in Figure 4.21. The expected TGA
curves of the crosslinked PMHS-CNTs were determined by assuming that the pyrolytic
behaviour of the polymer is equivalent to that of a completely cured pure PMHS as shown in
Figure 4.7 and that no mass loss occurs for the CNTs during pyrolysis. As summarised in Table
4.5, the actual pyrolysis behaviour of the crosslinked PMHS-CNTs were notably different than

the predicted behaviour. The onset temperature for both crosslinked PMHS-CNTs samples
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were slightly lower at around 280-300 °C than the expected onset temperature for crosslinked
pure PMHs which is around 340 °C therefore showing that the degradation of the polymer in
the PMHS-CNTs samples had initiated at a lower temperature. The actual rate of
decomposition of the samples at the two major mass loss stages (i.e. 200-400 and 600-800 °C)
was found to be much larger than expected which explains for the large reduction of the total
pyrolysis yield. It should be noted that the total pyrolysis yield obtained in the TGA
measurement Figure 4.21 (i.e. 24.1 and 51.7% for crosslinked PMHS2CNT1 and
PMHSO6CNTI, respectively) were different than the experimental values calculated in Figure
4.20 (46.7 and 20.8 % for crosslinked PMHS2CNT1 and PMHS6CNT1, respectively). This
difference is attributed to the small sampling size used in TGA (i.e. ~ 5 mg) as compared to the
bulk sample measurement obtained from the actual experiments (i.e. 750 and 1750 mg).
However, even though TGA might not be accurate to measure the actual total pyrolysis yield,

it was still reliable for assessing the behaviour of the crosslinked PMHS-CNTs during

pyrolysis.
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Figure 4.21. Comparison between the actual and expected TGA curves of crosslinked PMHS-CNTs
produced from PMHS/CNTs w/w of 2/1 and 6/1 as performed in N,. The expected TGA curves of the
crosslinked PMHS-CNTs were determined by assuming that the pyrolytic behaviour of the polymer
was equivalent to that of a completely cured pure PMHS as shown in Figure 4.7 and that no mass loss

occurred for the CNTs during pyrolysis.
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Table 4.5. Summary of the onset temperature and the total pyrolysis yield determined from the actual

and expected TGA curves in Figure 4.21.

Crosslinked PMHS2CNT1 Crosslinked PMHS6CNT1

Actual Expected Actual Expected
Onset temperature (°C) 282.5 339.3 275.2 339.3
Total pyrolysis yield (%)
at 400 °C 57.5 89.4 61.3 86.2
at 750 °C 22.4 81.9 45.4 76.5

The experimental and TGA results in Figure 4.20, Figure 4.21 and Table 4.5 reveal that the
PMHS-CNTs samples experienced a notably large mass loss during pyrolysis due to an
increased rate of decomposition of PMHS therefore resulting in much lower total ceramic yield
of PMHS-CNTs and SiOC coating concentration in the final SiOC coated CNTs products.
Consequently, several modifications to the established procedure were carried out such as by
using a longer curing time and lower pyrolysis heating rate to improve the total ceramic yield
of PMHS-CNTs. The description of the modified procedures can be found in Appendix A.S8.
However, as the results show in Figure 4.22, no modifications applied to the established

procedure was successful at improving the total ceramic yield of the PMHS-CNTs samples.
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Figure 4.22. Effect of modified procedures on the total ceramic yield of PMHS-CNTs samples.
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Since the modification of the sample preparation parameters had no effects on the total ceramic
yield of PMHS-CNTs, further investigation was carried out to determine if whether there were
any chemical and/or physical effects influencing the pyrolytic behaviour of PMHS-CNTs. The
chemical effect is referring to the effect of CNTs meanwhile the physical effect is referring to

the effect of the sample size on the decomposition behaviour of PMHS during pyrolysis.

The chemical effect investigation was based on the hypothesis that the pyrolysis of PMHS is
catalysed by the CNTs; therefore, the higher the amount of CNTs, the lower the total ceramic
yield of PMHS-CNTs. Furthermore, since the residual alumina catalysts are notably present in
the as-received CNTs (see Figure 4.12 and Figure 4.13), their catalytic effects should also be
considered. The chemical effect of CNTs on the total ceramic yield of PMHS-CNTs was
studied by preparing PMHS-CNTs samples from PMHS/CNTs w/w of 10/1, 20/1, 40/1 and
60/1 using a fixed amount of PMHS as described in Table 4.6. The total ceramic yield was
calculated after the production of SiOC coated CNTs from the PMHS-CNTs samples and the

values were plotted against their CNTs loading as shown in Figure 4.23 (a).

Table 4.6. Description of PMHS-CNTs samples prepared to investigate the chemical effect of CNTs
on the total ceramic yield of PMHS-CNTs.

Starting PMHS concentration  Starting amount of PMHS Starting amount of as-

(PMHS/CNTSs w/w) (mg) received CNTs (mg)
10/1 500 50.0

20/1 500 25.0

40/1 500 12.5

60/1 500 8.3

The results in Figure 4.23 (a) clearly demonstrate that the increase in CNTs loading in the
PMHS-CNTs samples led to a decrease in the total ceramic yield and a larger deviation from
the expected values. Therefore, the presence of CNTs can be strongly associated to the large

mass loss experienced by the PMHS-CNTs samples during pyrolysis. To the author’s
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knowledge, no works had been reported on the effect of CNTs on the pyrolytic behaviour of
polysiloxanes. However, inorganic particles had been previously incorporated in polysiloxanes
to act as a catalyst to reduce the activation energy of degradation of the polymer. For example,
the activation energy of degradation of polydimethylsiloxane (PDMS) was reported to reduce
from 175 kJ/mol to 54 and 98 kJ/mol with aluminium oxide and cesium octoates addition,
respectively [240, 241]. The addition of catalyst in polysiloxane was also reported to cause a
significantly large mass loss during pyrolysis such as in the case of anatase titanium oxide filled
PDMS due to an unzipping depolymerisation mechanism which leads to bond dissociation and
generation of cyclic volatiles [242]. Furthermore, the addition of filler particles may also
suppress the crosslinking of polysiloxanes. One study found that the CNTs could inhibit the
free-radical crosslinking of PDMS such that the effective crosslinking density of carbon
nanotubes filled PDMS composites decreased with the increase in the CNTs loading. This
behaviour was attributed to the CNTs acting as radical-trapping agents due to their large area
of sp? hybridized structured and their strong electron affinity which subsequently hindered the
free-radical crosslinking of the PDMS matrix [243]. In another study, the addition of a-iron
oxide in PDMS was also suggested to cause a local suppression of crosslinking at the
filler/matrix interface since the fillers may act as secondary antioxidants and scavenge free
radicals locally. Otherwise, it may be possible that the mere physical presence of the filler
particles slows down crosslinking at the interfaces since the polymeric chains which are located
next to the thermally inert particles have a lower probability of crosslinking than the polymeric

chains in the bulk phase [244].
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Figure 4.23. Total ceramic yield of PMHS-CNTs as a function of (a) CNTs loading and (b) starting
PMHS volume.

Finally, the influence of sample size on the rate of decomposition of PMHS was also
investigated to determine if the total ceramic yield was governed by any physical effects. This
investigation was carried out by assessing the total ceramic yield of pure PMHS of various
starting volumes as shown in Figure 4.23 (b). The results did not show any correlation between
the two variables which indicates that the sample size is least likely to influence the pyrolytic

behaviour of PMHS.

Based on the experimental results in Figure 4.23 and the discussion of previous literature
works, the increased rate of degradation of PMHS in the PMHS-CNTs samples during
pyrolysis may be explained by a combination of CNTs acting as radical traps which hinders
the crosslinking of PMHS during curing and/or as a catalyst which accelerates the
decomposition of the polymer during pyrolysis. Wong et. al. [154] proposed that the formation
of radicals is essential in the oxidative crosslinking of Si-H containing polysiloxanes; therefore,
the ability of CNTs to trap the radical species may disrupt the crosslinking progression of
PMHS. As a consequence, polymeric chains that are unsuccessfully crosslinked will be easily
decomposed during pyrolysis which may explain for the lower onset temperature observed for

PMHS-CNTs as reported in Table 4.5. On the other hand, the presence of the residual alumina
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catalyst in the CNTs may also reduce the activation energy of degradation of PMHS via some
depolymerisation mechanism which leads to a higher rate of degradation of the polymer during
pyrolysis. Based on the TGA profiles of the PMHS-CNTs samples in Figure 4.21, this effect
seems to be predominantly affecting the total pyrolysis yield of PMHS-CNTs samples. Finally,
no evidence was found to attribute the effect of sample size on the pyrolytic behaviour of

PMHS.

Further investigations can be carried out in the future to confirm for the chemical effect of
CNTs on the pyrolytic behaviour of PMHS. For example, the coating procedure can be repeated
with other commercial CNTs with lower level of residual metal impurities such as the Baytubes
C150P. Alternatively, alumina powder (or other suspected metal catalysts) can simply be added
to PMHS for pyrolysis. If the metal impurities were found to have a predominant effect on the
decomposition of PMHS, higher purity CNTs should be used instead for producing the coated
CNTs or the purification of NC7000 can be considered. In this work, the chemical effect of
CNTs is acknowledged for now since further investigations are required to improve to
overcome this issue. Therefore, to mitigate this issue, further studies on SiOC and SiC coated
CNTs in Chapters 5 and 6 will be using higher starting PMHS concentrations to produce a

wider range of coating concentrations.
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4.4 Conclusions

SiOC and SiC were successfully produced from PMHS via the curing and pyrolysis processes.
A commercially obtained PMHS was selected as the preceramic precursor for the coating of
CNTs with SiOC and SiC due to its molecular configuration, good processability and low cost.
A simple, catalyst-free curing procedure via the heat treatment in air was established from the
DSC experiments. The established curing procedure was able to achieve a 100% degree of cure
for PMHS and a curing yield of 87.1%. TGA-MS and IR spectroscopy investigations revealed
that the crosslinking reactions were likely to occur via the oxidation of the Si-H and Si-CHj3
groups which was followed by the condensation of the silanols to produce the Si-O-Si
crosslinks. The importance of crosslinking was demonstrated by a notable improvement in the
ceramic yield of the cured PMHS upon pyrolysis in comparison to the uncured PMHS. SiOC
and SiC were successfully produced by using pyrolysis temperatures of 900 and 1500 °C,
respectively, to give a ceramic yield of 64.9 + 2.2 and 57.0 £+ 1.9 %, respectively. The behaviour
of the crosslinked PMHS during pyrolysis was also analysed with TGA-MS measurement to
understand the organic to inorganic transformation process. Finally, the XRD measurement
indicated that the SIOC product was made up of an amorphous structure with predominantly
Si0C network and Si0; phases while the SiC product consisted of crystalline SiC phase and
some amorphous SiO> phases. The production of SiOC and SiC products from PMHS is a
feasible technique in which curing can be carried out via heat treatment in air without any
catalysts and the SiOC or SiC products can be obtained by simply controlling the pyrolysis

temperature.

Subsequently, the application of PMHS as the coating precursor for the production of
Si0OC/SiC coated CNTs was investigated through a preliminary production of SiOC coated

CNTs. Initially, THF was found to be the most suitable solvent for the dispersion of CNTs

123



prior to the addition of the polymer to ensure that the large agglomerates will be broken down
and that the polymer can be efficiently coated on the individual tubes. A variety of coating
morphologies was found on the individual tubes of the SiOC coated CNTs which included
minimal to no apparent coating, thin and continuous layer and discontinuous layer.
Furthermore, the thickness of the coating layer in the final SiOC coated CNTs products had
not increased with the increase in the starting PMHS concentration in the PMHS-CNTs as
predicted. Based on the TEM images taken at low and high magnifications, this finding could
be explained by the actual wetting behaviour of the polymer on the CNTs during the sample
preparation. The tendency of the liquid polymer to form clam-shell and barrel-type droplets on
tubular structures explains for the formation of the discontinuous coating of SiOC layer on the
individual CNTs meanwhile the wicking effect which causes the polymer to adhere on the
interconnected network of CNTs led to the formation of SiOC deposit on the agglomerated
CNTs network. Finally, the decomposition behaviour of PMHS-CNTs was also studied during
the production of SiOC coated CNTs. The total ceramic yield and SiOC coating concentration
of the SiOC coated CNTs were found to be much lower than expected due to the increased rate
of decomposition of the polymer in the PMHS-CNTs samples which led to a very large mass
loss during pyrolysis in comparison to the PMHS only samples. The total ceramic yield of
PMHS-CNTs was found to decrease with the increase in the CNTs loading which seems to
suggest that the CNTs (including their residual alumina impurities) may act as a radical
trapping agent which hinders crosslinking and/or as a catalyst which accelerates the

decomposition of the polymer during pyrolysis.
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Chapter 5 : AZ91-Si0C coated CNTs

composites

5.1 Introduction

The fabrication of CNTs-reinforced Mg matrix composites needs to overcome the challenges
of producing a homogeneous dispersion of CNTs in the matrix and to create a good interfacial
bonding between the CNTs and the Mg matrix so that the strengthening potential of CNTs can
be further realised. Several dispersion techniques such as ball milling [81, 88] and the use of
dispersing agent [64, 89] had been used in the literature to effectively improve the dispersion
and distribution of CNTs in different Mg matrices which resulted in the improvement of the
mechanical properties of the composites. However, based on our previous works [58, 80], the
enhancement of CNTs dispersion were still inadequate to significantly improve the mechanical
properties of our CNTs-reinforced AZ91 composites due to the poor wettability of CNTs by
Mg. Consequently, the coating of CNTs is considered to be a promising strategy to improve

the wettability and interfacial bonding between the CNTs and Mg matrix.

Based on the literature works [117, 119, 122, 123], the addition of coated CNTs was able to
show larger improvement in the tensile yield strength and ultimate tensile strength of the
composites in comparison to the Mg-As received CNTs composites. These findings were
mainly attributed to the interfacial reaction between the coating layer and the Mg matrix which
helped to improve the interfacial bonding between the CNTs and the Mg matrix therefore
allowing for an effective load transfer. However, the agglomeration of CNTs was still an issue
even for the coated CNTs which had led to the deterioration of the composite at higher CNTs

loading. Moreover, Ni coated CNTs which were used in most of the literature works are
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deemed to be unsuitable since Ni impurity in Mg can lead to harmful effects for the corrosion
resistance of Mg. Therefore, a different material had to be considered for the coating of CNTs

in this work.

Based on the known wettability of SiC with the AZ91 matrix [126, 127, 129, 130], SiC is an
apparent choice of coating material for CNTs. Since the native SiO; layer on the surface of SiC
also plays a role on the wetting of SiC by Mg-Al alloy, SiOC was also considered as another
promising coating material. Therefore, in this work, SiOC and SiC coated CNTs were produced
using polymethylhydrosiloxane (PMHS) precursor at the pyrolysis temperatures of 900 and

1500 °C, respectively, to enhance the properties of AZ91 composites.

This chapter will mainly focus on the production of SiOC coated CNTs and the fabrication of
AZ91-Si0C coated CNTs composites. Following the preliminary investigation in Section 4.3,
the effect of the starting PMHS concentration on the resulting SiOC coated CNTs composition
is further investigated. Then, the effect of SiOC coating concentration on the morphology and
dispersibility of the coated CNTs are studied. In the second part of the chapter, the appropriate
SiOC coating concentration is determined and the effect of SiOC coating on the properties of

the AZ91 composites are examined over a range of CNTs loading.

126



5.2  SiOC coated CNTs

5.2.1 Effect of starting PMHS concentration on SiOC concentration

The investigation in Section 4.3.4 revealed that the SiOC concentration obtained in the final
CNTs products was lower than expected (Figure 4.20 (d)) due to the possible catalytic effect
of CNTs on the decomposition of PMHS. As a result, the production of SiOC coated CNTs
using the starting PMHS/CNTs w/w of 2/1 and 6/1 were only able to produce a very similar
SiOC concentrations of 19.3 and 21.3 wt%, respectively. Therefore, in order to produce SiOC
coated CNTs with a wider range of SiOC concentrations, the range of the starting PMHS

concentrations must be considerably extended.

SiOC coated CNTs were prepared according to the procedure described in Section 3.2.1 using
PMHS-CNTs samples with the PMHS concentrations of 10/1 to 60/1 PMHS/CNTs w/w as
listed in Table 5.1. For simplicity, the starting PMHS-CNTs samples prior to the production of
Si0C coated CNTs were labelled as PMHSxCNTy where x/y is the PMHS/CNTs w/w. Then,
TGA was performed on the resulting CNTs products as shown in Figure 5.1 (a) using the
procedure described in Section 3.3.4.1 to determine the SiOC concentration The following
equation was used to calculate the SiOC concentration in the CNTs products and the results

are presented in Table 5.1:

SiOC concentration in CNTs sample =

(Residual weight % of SiOC coated CNTs at 800 °C — Residual weight % of As —

Molecular weight of SiOC

received CNTs at 800°C) X : :
Molecular weight of SiO,

Equation 5.1

The equation above was modified from Equation 3.17 based on the following considerations:

(1) The residual weight % of the as-received CNTs after the TGA measurement is attributed to
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the metal impurities (i.e. alumina) in the CNTs (as shown previously in Figure 4.12 (b) and
Figure 4.13 (a)) and should therefore be excluded from the SiOC concentration calculation,
and (2) the conversion of the SiOC coated CNTs into a white product after the TGA operation,

as shown Figure 5.2, indicates that the SiOC coating had been fully oxidised to SiO; therefore

Molecular weight of SiOC
" Molecular weight of Si0,

a conversion factor (i.e ) had to be applied in the calculation.

Table 5.1. Onset temperature, residual weight % at 800 °C and calculated SiOC concentration of the of
the treated CNTs according to the TGA results in Figure 5.1. The starting PMHS-CNTs sample before
the production of SiOC coated CNTs is denoted as PMHSxCNTy where x/y is the PMHS/CNTs w/w
(i.e. weight to weight ratio). The final sample after the production of SiOC coated CNTs is labelled as
SiOCmCNTn where m and y are the SiOC and CNTs wt% in the SiOC coated CNTs product,

respectively.
TGA of the final product
Starting sample Final product Onset Residual weight  Calculated SiOC
temperature % at 800 °C concentration
(9] (Wt%)
As-received CNTs  As-received CNTs  572.6+ 0.1 11.6 £0.5 0
PMHS10CNTI1 SiOC22CNT78 679.5+ 1.4 355+14 223+1.3
PMHS20CNTI1 SiIOC55CNT45 680.7+ 1.2 70.7+1.9 55.1+1.7
PMHS30CNT1 SiIOC68CNT32 687.6+1.3 84.8+0.5 68.4+0.4
PMHS40CNT1 SiIOC67CNT33 674.5+5.0 83.8+£0.2 67.3+0.2
PMHSS50CNTI1 SiIOC71CNT29 684.9+4.1 87.7+£0.5 71.0+£0.5
PMHS60CNT1 SiIOC77CNT23 686.5+2.1 943+0.4 772+0.3

(a) (b) 100+

100 — =TT
= 801
~ 807 \ 3 ° o °
S As-received CNTs 8 = 604 ¢
%, 601 —— SIiOC22CNT78 » 2 L]
°© —— SiOC55CNT45 TS
= 4. SIOCB8CNT32 £ 5 401
—— SIOC67CNT33 §
20/ —— SIOC71CNT29 o 20{ @
SiOC77CNT23
100 200 300 400 500 600 700 800 10 20 30 40 50 60
Temperature (°C) Starting PMHS concentration (PMHS/CNTs w/w)

Figure 5.1. (a) TGA curves of as-received CNTs and SiOC coated CNTs as performed in air. (b) Scatter
plot showing the relationship between the starting PMHS concentration in the PMHS-CNTs samples
and the final SiOC concentration in the SiOC coated CNTs products.
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Figure 5.2. SiOC coated CNTs (shown here for SIOC22CNT78) (a) before and (b) after TGA operation
in Figure 5.1 (a).

Following the determination of SiOC concentration, the final products were labelled as
SiIOCmCNTn where m and n are the SiOC and CNTs wt%, respectively. The effect of the
starting PMHS concentration on the final SiOC concentration is plotted in Figure 5.1 (b). The
plot shows that the SiOC concentration in the final product was gradually increased from 22.3
to 77.2 wt% as the starting PMHS concentration was increased from 10/1 to 60/1 PMHS/CNTs
w/w. Therefore, CNTs samples with a wide range of SiOC concentrations were successfully
produced which will allow the effect of SiOC concentration to be extensively investigated in
the subsequent studies. In addition, the results in Table 5.1 and Figure 5.1 also reveal that the
onset temperature for the decomposition of the CNTs was drastically increased with the
presence of SiOC. This observation may indicate that the oxidation resistance of CNTs had

been improved due to the coating of SiOC on the CNTs.
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5.2.2 Effect of SiOC concentration on coating morphology

The coating morphology of some of the CNTs samples produced in the previous section was
further investigated with SEM and TEM. The SEM and TEM images of the as-received CNTs
and the as-produced SiOC coated CNTs are presented in Figure 5.3 and Figure 5.4,
respectively. As shown in Figure 5.3 (a) and (b), the CNTs with the lowest SiIOC concentration,
i.e. SIOC22CNT78, appeared to be similar to the as-received CNTs. However, a small amount
of Si and O could be detected on the CNTs by EDX which indicates a very low presence of
SiOC coating in the sample. Subsequently, the TEM images of SIOC22CNT78 in Figure 5.4
(a) and (b) show a very low SiOC precipitation on the CNTs agglomerates and no obvious
coating layer on the individual tubes (for comparison with as-received CNTs, see the TEM
images in Figure 4.16 (a)). At a higher SiOC concentration, SIOC55CNT45 showed a larger
amount of Si and O content on the CNTs as evident from the EDX measurement in Figure 5.3
(c). The increased precipitation of SiOC on the CNTs agglomerates can be more clearly
observed in the TEM image in Figure 5.4 (c) meanwhile some of the individual CNTs also
showed the presence of a discontinuous coating layer (Figure 5.4 (d)). Furthermore, the
SiIOC55CNT45 sample was also found to consist of dense SiOC products where CNTs could
be found embedded in the SiOC solid (Figure 5.3 (d)). Subsequently, with further increase in
SiOC concentration, the dense SiOC products became more commonly observed in the
SiOC67CNT33 and SiOC77CNT23 samples. As shown in Figure 5.3 (e) and (f), CNTs had
been found embedded in the dense SiOC products. The TEM images in Figure 5.4 (e) and (g)
also show a thick coating of SiOC precipitates over the CNTs agglomerates which can be
matched to the dense SIOC-CNTs products observed in SEM. Additionally, a discontinuous
SiOC coating layer had also be observed on some of the individual tubes (Figure 5.4 (f) and(h))

in these samples as also confirmed with EDX.
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Figure 5.3. SEM images and EDX spectra of (a) as-received CNTs and as produced SiOC coated CNTs: (b) SIOC22CNT78, (c and d) SiOC55CNT45, (e)
SiIOC67CNT33 and (f) SiIOC77CNT23. Point EDX measurement was performed at the locations marked by the capital letters A-G in the SEM images. Note

that the Al shown in the EDX spectra corresponds to the alumina impurities which were originally present in the as-received NC7000 CNTs.
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Figure 5.4. TEM images and EDX spectra of the CNTs agglomerate and individual tubes in the as-
produced SiOC coated CNTs: (a and b) SiOC22CNT78, (¢ and d) SiOC55CNT45, (e and f)
SiOC67CNT33 and (g and h) SIOC77CNT23. The outer surface of the CNTs and the outer layer of the
SiOC coating are highlighted with yellow and white dotted lines, respectively, to outline the coating
layer. Point EDX measurement was performed at the areas marked with white dotted circles and labelled

with capital letters A-D. Cu detected in the EDX spectra is attributed to the TEM copper grid.

Based on the SEM and TEM characterisations of the SiOC coated CNTs, a model is proposed
in Figure 5.5 to explain the progression of the SiOC coating morphology as the SiOC
concentration increases. As proposed in Figure 4.19, the tendency of the polymer to pool
between the tangled CNTs junctions and to form clam-like or barrel-like droplets on the
individual CNTs surfaces lead to the precipitation of SiOC on the agglomerates and the
formation of a discontinuous coating layer on the individual tubes, respectively. Therefore, at
a low coating concentration, a small amount of SiOC precipitation occurs on the CNTs
agglomerates meanwhile the presence of coating on the individual CNTs is expected to be very
minimal as shown in Figure 5.5 (a). As the coating concentration increases (Figure 5.5 (b)),
more SiOC precipitation will occur on the CNTs agglomerates meanwhile the individual tubes
are more likely to be coated with a discontinuous coating layer. Finally, at a very high coating
concentration (Figure 5.5 (c)), the formation of dense SiIOC-CNTs products would become
more predominant due to thicker precipitation of SiOC on the agglomerates CNTs. Since the

model predicts that the coating tends to be formed on the agglomerated CNTs network instead
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of the individual tubes, the presence of huge agglomerates during the preparation of the PMHS-
CNTs samples is not desirable as the polymer will tend to adhere on the tangled CNTs therefore
preventing the individual CNTs from being efficiently coated. Therefore, further optimisation
should be carried out in the future to ensure that a better dispersion of CNTs is produced when

preparing the PMHS-CNTs mixtures.

(a) Low SiOC concentration  (b) Intermediate SiOC (c) High sioC
concentration concentration

= SiOC
wmm CNTS

Figure 5.5. Proposed model for the evolution of the SiOC coated CNTs morphology at a different SiOC

concentration: (a) low, (b) intermediate and (c) high.
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5.2.3 Effect of SiOC coating on CNTs dispersibility
To investigate the state of dispersion of the as-received CNTs and SiOC coated CNTs, each
CNTs sample was dispersed in THF at a concentration of 1 mg equivalent of as received CNTs

per mL of THF and ultrasonicated for 30 min using the sonication parameters described in

Section 3.2.1.1.

Figure 5.6 shows the appearance of the as-received CNTs and SiOC coated CNTs in THF
before and after ultrasonication. The photographs of the solutions prior to sonication were taken
10 minutes after adding the CNTs to the THF. Interestingly, while the as-received CNTs and
SiIOC22CNT78 were found to settle immediately at the bottom of the glass vials, the SIOC
coated CNTs with SiOC concentrations of 55 wt% and above appeared to be more readily
dispersed in the solvent even without ultrasonication. After ultrasonication, a homogeneous
black solution was obtained for each dispersion. Additionally, large particles could still be
observed in the as-received CNTs and SiIOC22CNT78 dispersions (could be seen more clearly
on the glass walls); meanwhile, the appearance of these particles were diminished in the other

dispersions.
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Figure 5.6. Photographs of as-received CNTs and SiOC coated CNTs in THF before and after ultrasonication, and after centrifugation. Each dispersion was

prepared at a concentration of 1 mg equivalent of as-received CNTs per mL of THF.
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The dispersions were then studied with optical microscopy and SEM as shown in Figure 5.7
and Figure 5.8, respectively. The characterisation techniques are described in Sections 3.3.6
and 3.3.7. For the dispersions of the as-received CNTs and SiIOC22CNT?78, large and dense
clusters were primarily observed in the optical micrographs as shown in Figure 5.7 (a) and (b).
The large particles which were previously observed in the dispersions via visual inspection in
Figure 5.6 could likely correspond to these large clusters. The clusters were mainly made up
of agglomerated CNTs as shown in the SEM images in Figure 5.8 (a) and (b). Subsequently,
the large CNTs clusters were no longer observed in the SIOC55CNT45 to SiOC77CNT23
dispersions. The dispersion of SiOC55CNT45 in Figure 5.7 (c) shows a homogeneous
dispersion of finer particles with the appearance of some yellowish-brown solids (higher
magnification in Figure 5.7 (c), ROI 1). The yellowish-brown solids can most likely be
identified as dense SiOC products which is consistent with the brown SiOC product obtained
previously in Figure 4.9. SEM characterisation of the SIOC55CNT45 dispersion had also
revealed the presence of debundled CNTs (Figure 5.8 (c)) and dense SiIOC-CNTs products
(Figure 5.8 (d)) which would correspond to the fine particles and yellowish-brown solids
observed in the optical micrograph, respectively. Similarly, dense SiOC-CNTs solids and
debundled CNTs were also found in the SIOC67CNT33 dispersion as shown in Figure 5.8 (e)
and (f), respectively, however the optical micrograph in Figure 5.7 (d) seems to indicate a lower
concentration of the fine particles. Finally, the presence of yellowish-brown solids seems to be
increased in the SIOC77CNT33 dispersion as shown in Figure 5.7 (e) and these were also
identified as dense SIOC-CNTs products as shown in Figure 5.8 (g). Debundled CNTs could

also be found in this dispersion as shown in Figure 5.8 (h) albeit in a much lesser amount.
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Figure 5.7. Optical micrographs of (a) as-received CNTs, (b) SIOC22CNT78, (c) SIOC55CNT45 (d)
SiOC67CNT33 and (e) SiOC77CNT23 dispersions in THF after 30 min ultrasonication. Each

dispersion was prepared at a concentration of 1 mg equivalent of as-received CNTs per mL of THF.

Some of the yellowish-brown particles are highlighted by the arrows.
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Figure 5.8. SEM images of ultrasonically dispersed CNTs deposited on Al foil: (a) As-received CNTs, (b) SIOC22CNT78, (c and d) SIOC55CNT45, (e and f) SIOC67CNT33
and (g and h) SiOC77CNT23. Point EDX measurement was performed on the locations marked by the capital letters A-L. Some of the debundled individual CNTs are
highlighted by the orange arrows. Al detected in the EDX is attributed to the Al foil.
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Figure 5.9. (a) UV-Vis spectra of as-received CNTs and SiOC coated CNTs supernatant solutions.
(b) Plot showing the absorbance value of the supernatant solutions at 260 nm as a function of SiC

concentration in the CNTs sample.

Following the dispersion of the as-received CNTs and SiOC coated CNTs by ultrasonication,
the large bundles were removed by centrifugation as described in Section 3.3.2. Then, the
supernatants were extracted, as shown in Figure 5.6, and further diluted by a factor of 10 before

taken to the UV-Vis-near IR absorbance measurement as shown Figure 5.9.

From Figure 5.6, homogeneous black dispersions can be observed for the as-received CNTs
and SIOC22CNT78 supernatants after centrifugation. Subsequently, the dispersions turned
drastically lighter for the SiOC55CNT45 to SiOC77CNT33 dispersions. Based on the
assumptions that the large CNTs agglomerates would settle as sediment and the individually
dispersed CNTs are suspended in the supernatant after centrifugation, the UV-Vis absorbance
value of each dispersion at 260 nm was determined as shown in Figure 5.9 to evaluate the
degree of individually dispersed CNTs produced in each dispersion. In comparison to the as-
received CNTs, the absorbance value was found to increase in the SIOC22CNT78 dispersion
which may indicate that the amount of individually dispersed CNTs was increased in the
dispersion. Then, the absorbance value was found to decrease in the subsequent dispersions

which therefore indicates the decrease in the amount of individually dispersed CNTs. However,
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individually dispersed CNTs which have been coated with a dense layer of SiOC could have
also been sedimented during the centrifugation instead of suspending in the supernatant.
Therefore, in this case, further investigation such as the characterisation of the sediment
products still needs to be carried out to confirm the reliability of the UV-Vis results.
Nevertheless, since dense SiOC-CNTs products were commonly observed in the
SiIOC55CNT45 to SIOC77CNT33 dispersions (Figure 5.8 (d), (¢) and (g)), it can be postulated
that the increased formation of these dense products had also led to the decrease in the amount

of individually dispersed CNTs.

Additionally, the absorbance measurement in Figure 5.9 also seems to correlate well with the
visual observation of the supernatants in Figure 5.6 whereby the lighter coloured solution
corresponds to the lower the absorbance value. Although clear solutions were essentially
observed for the SIOC67CNT33 and SiOC77CNT23 supernatants, a small absorbance could
be still recorded in their UV-Vis-near IR spectra which may indicate a small presence of

debundled CNTs as it was previously observed in SEM (Figure 5.8 (f) and (h)).

Based on the characterisation of the as-received and SiOC coated CNTs dispersions, the effect
of SiOC coating concentration on the dispersibility of CNTs can be summarised as follows: at
a low SiOC coating concentration, large CNTs agglomerates would mainly be found in the
S10C22CNT78 dispersion after ultrasonication as similarly observed for the as-received CNTs
dispersion. However, the removal of these agglomerates via centrifugation revealed that a
higher degree of individually dispersed CNTs could be found in in the SiOC22CNT78
dispersion than in the as-received CNTs dispersion. At the higher SiOC coating concentrations,
large CNTs agglomerates would no longer be observed in the dispersions of SIOC55CNT4S5 to

SiOC77CNT23. Instead, smaller sized particles consisting of debundled CNTs and dense
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SiOC-CNTs solids were found. The absorbance measurement of the supernatants after
centrifugation also showed that the higher the SiOC coating concentration in the CNTs sample,
the lower the absorbance value. The lower absorbance values recorded for these dispersions
could be explained by the sedimentation of the dense SiOC products during centrifugation
which were either adhered to the debundled CNTs such as in Figure 5.8 (¢) and (f), or those
which were formed as dense SiOC-CNTs solids such as in Figure 5.8 (d), (e) and (g). The
increased formation of dense SiOC-CNTs products could have also led to the decrease in the
amount of individually dispersed CNTs; however, further investigations are required to

confirm this hypothesis.
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5.3 AZ91 composites

The characterisation of the composite samples in Section 5.3.2 and Section 5.3.3 were carried
out on the as-cast and post-processing treated samples, respectively. Therefore, the general
microstructure of as-cast and post-processing treated AZ91 samples is firstly discussed in

Section 5.3.1.

5.3.1 General microstructure of pure AZ91

Pure AZ91 casting was produced using the procedure described in Section 3.2.2 by stirring at
650 °C for 30 minutes. To assess the microstructure within the casting, three specimens (each
with the length of 1 cm) were cross sectioned from the cylindrical section of each casting and
labelled according to the top, middle and bottom locations as shown in Figure 5.10. The
microstructure of the polished cross sections was observed under optical microscopy as shown

in Figure 5.11 where some defects can be found in each specimen.

l é:o éj)

k Bottom

P

25 mm

Figure 5.10. Photograph showing the as-cast pure Mg AZ91 and the locations at which specimens were

taken for microstructural characterisation.
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Figure 5.11. Optical micrographs showing the polished cross sections of pure Mg AZ91 specimens

taken from the top, middle and bottom locations of the cylindrical section of the casting.

Further investigations with optical microscopy and SEM revealed that the defects mainly
consisted of shrinkage porosity and gas porosity. Shrinkage pores, as shown in Figure 5.12 (c)
and (d), are irregularly shaped and formed due to the lack of molten metal supply (or feeding)
during the solidification contraction which leads to a porosity between the dendritic arms [245].
In alloys of short freezing range such as Mg AZ91, shrinkage porosity is usually expected to
concentrate near the centre of the casting, however, such trend had not been observed in this
work. On the other hand, gas pores are usually spherical as shown in Figure 5.12 (e and f) and
may originate either from hydrogen gas evolved from the reaction between moisture in the

atmosphere and Mg, and/or pre-existing gas bubbles entrapped during casting [246].
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Figure 5.12. Optical micrographs (left) and SEM images (right) showing the casting defects typically

found in the as-cast pure Mg AZ91 sample: (a and b) at low magnification, (¢ and d) shrinkage porosity

at a higher magnification and (e and f) gas porosity at a higher magnification.

Since the fabrication of Mg alloys by gravity casting introduces internal porosities and defects
which may significantly alter the microstructure and mechanical properties of the samples, the
solution heat treatment and hot rolling were performed on the as-cast samples to optimise the
microstructure and therefore improve the mechanical properties of the alloy. Figure 5.13 (a)

and (b) show the polished cross section and grain structure, respectively, of the as-cast pure
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Mg AZ91. Then, the solution heat treatment was carried out whereby the alloy was heated to a
temperature within the a-phase field (refer to the Mg-Al binary phase diagram in Figure A.5 in
Appendix) for a sufficient amount of time to completely dissolve the P-phase. The
supersaturation of the solid solution would increase the densification of the alloy matrix and
simultaneously reduce the appearance of the pores [247] as shown in Figure 5.13 (¢). Grain
coarsening would also be observed as shown in Figure 5.13 (d) due to the coalescence of
subgrains during annealing which leads to the grain growth [248, 249]. Next, hot rolling was
performed to impart the formability of the alloy due to the limited ductility and poor formability
of Mg alloys at room temperature. Large plastic deformations that occurred during hot rolling
would cause the change in the morphology of the pores and the welding of the internal surfaces
of the pores [250] eventually leading to the pores closure as shown in Figure 5.13 (e) and (g).
A drastic decrease in grain size, as shown in Figure 5.13 (f) and (h), could also be observed as
a result of the dynamic recrystallisation processes that occurred due to the activation of the

non-basal slip systems [251, 252].

The as-cast pure AZ91 alloy typically exhibits a dendritic microstructure which can be more
clearly seen after etching (see Figure 5.13 (b)). The characterisation of the polished cross
section with SEM in Figure 5.14 (a) and (c) shows that the as-cast AZ91 predominantly consists
of the a-Mg and B-Mg17Al12 phases. Island-like B-phase is generally distributed along the grain
boundaries in the interdendritic spaces and may be surrounded by lamellar structures of the
divorced eutectic o+ phase which is formed due to the non-equilibrium solidification [253].
Following the solution heat treatment, the B-phase would be completely dissolved which would

lead to a notable loss of the B-phase as observed in Figure 5.14 (b).
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Figure 5.13. Optical micrographs of polished (left) and etched (right) cross sections of pure Mg AZ91
alloys at different conditions: (a) as-cast, (b) after solution heat treatment and natural ageing (i.e. T4
treatment), and (c and d) after solution heat treatment and hot rolling. ND, TD and RD refer to the

normal, transverse and rolling directions, respectively. The grain sizes are denoted in the grain structure

images.
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Figure 5.14. SEM images of pure Mg AZ91 alloys at different conditions: (a) as-cast and (b) after
solution heat treatment and natural ageing (i.e. T4 treatment). (¢) is a magnification of an area in (a).

Point EDX measurement was carried out at the locations marked with the capital letters.

In summary, the solution heat treatment and hot rolling treatments are effective for improving
the microstructure of the as-cast AZ91 castings by reducing the casting pores and refining the
grain structures. Nevertheless, the post-processing treatments will only be applied in the final
studies in Chapter 5 and Chapter 6 where the effect of CNTs on the strengthening of the AZ91

composites were investigated.
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5.3.2 Effect of SiOC coating on AZ91 composite properties

Pure AZ91 and AZ91 composites reinforced with as-received and SiOC coated CNTs were
fabricated as listed in Table 5.2 to investigate how the SiOC concentration in the CNTs (and
therefore the resulting morphologies) would affect the properties of the AZ91 composites. The
AZ91 samples were fabricated via stir casting as described in Section 3.2.2 by stirring at 650
°C for 30 minutes. The CNTs samples were added to the melt using Al parcels as described in
Section 3.2.3 at an equivalent as-received CNTs loading of 0.3 wt%. For consistency, blank Al
parcels had also been added to the pure AZ91 sample. Note that a different total nanoparticles
loading was added to each sample to account for the SiOC concentration in each CNTs sample.
One casting was fabricated for each sample for the microstructural and mechanical properties

characterisations.

Table 5.2. List of Mg AZ91 samples fabricated to investigate the effect of SiOC coating concentration
in the CNTs on the properties of AZ91 composites.

Sample Total nanoparticles loading Equivalent as-received CNTs
(wt%) loading (wt%)

Pure AZ91 0 0

AZ91-Asreceived CNTs  0.30 0.3

AZ91-SiOC22CNT78 0.38 0.3

AZ91-SiOC55CNT45 0.67 0.3

AZ91-Si0OC67CNT33 0.91 0.3

AZ91-Si0C77CNT23 1.30 0.3

Initially, a few interesting observations were made during the casting of AZ91-As received
CNTs and AZ91-SiOC22CNT78 composites. Some as-received CNTs were found to be
completely left out of the casting or pushed to the outer surface of the casting upon
solidification as shown in Figure 5.15 (a). On the other hand, a very large pore was formed in
the AZ91-SiOC22CNT78 casting, as shown in Figure 5.15 (b), where CNTs could be found
embedded. On the contrary, no such behaviour was observed on the remaining AZ91

composites for example the AZ91-SiOC55CNT45 composite shown in Figure 5.15 (c).
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Therefore, these observations were preliminary indications for the poor wettability of CNTs

with none to low SiOC coating.

Figure 5.15. Photographs of (a) AZ91-As received CNTs, (b) AZ91-SiOC22CNT78 and (c) AZ91-
SiOC45CNTSS5 castings.

Figure 5.16 compares the polished cross sections of the AZ91 samples. By visual inspection,
the appearance of defects appears to be the highest in the AZ91-SiOC22CNT78 composite
(Figure 5.16 (c)). The porosity results, as shown in Table 6.3 and Figure 5.17, seem to also
agree with the microstructural observation where the porosity level was measured to be the
highest for AZ91-SiOC22CNT78 and the lowest for AZ91-SiOC55CNT45 among the

composites samples.
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(a) Pure AZ91

(b) AZ91-As received CNTs

(¢) AZ91-SiOC22CNT78
(d) AZ91-SiOC55CNT45

(e) AZ91-SiOC67CNT33
(f) AZ91-SiOC7TTICNT23

Figure 5.16. Optical micrographs showing the cross sections of as-cast (a) pure AZ91 and AZ91
composites reinforced with (b) As-received CNTs, (c) SiOC22CNT78, (d) SiIOC55CNTA4S5, (e)
SiOC67CNT33 and (f) SIOC77CNT23. Each cross section was taken from the middle location of the
cylindrical part of the casting (see Figure 5.10).
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Figure 5.17. Porosity comparison between the as-cast pure AZ91 and AZ91 composites (a) by average

and (b) by specimen location (see Figure 5.10). A single measurement was performed for each specimen

location.

Subsequently, further characterisations were carried out with optical microscopy and SEM to
investigate the source of porosity in each composite. Generally, the optical micrographs in
Figure 5.18 show that the large pores observed in the AZ91 composites were irregularly shaped
and non-rounded which are different than the gas and shrinkage pores that are typically
observed in a pure AZ91 casting (see Figure 5.12). For the AZ91-As received CNTs composite,
oxide films were mainly found on the internal surface of the pores as shown Figure 5.19 (a).
On the other hand, an increased presence of oxide inclusions were observed for the AZ91-
SiOC22CNT78 composite and large SiOC coated CNTs agglomerates were also found
embedded inside the pore as shown in Figure 5.19 (b) based on the identification of tubular
structures and the EDX measurement. Similarly, large SiOC coated CNTs agglomerate could
also be found inside the pore of AZ91-SiIOCS55CNT45 casting as shown in Figure 5.19 (c).
However, smaller particles had also been found embedded in the matrix as shown in Figure

5.19 (d) and (e). Together with the EDX measured they were assumed to be smaller SiOC
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coated CNTs agglomerates that had been completely wetted by the matrix. Finally, large
particles could be found aggregated within the pores of the AZ91-SiOC67CNT33 casting as
shown in Figure 5.18 (d) and these were identified with SEM in Figure 5.19 (f) as dense solid
particles. The solid particles would most likely correspond to the dense SiIOC-CNTs products
that were previously observed in the as-produced SIOC67CNT33 (Figure 5.3 (e)). From this
investigation, it can be concluded that SIOC22CNT78 with the lowest amount of coating could
not be sufficiently wetted by the matrix which led to the increased level of porosity in the
composite. On the other hand, with the increase in the SIOC concentration such as in the case
of SIOC67CNT33, a higher amount of dense SiOC-CNTs solids would be found in the SiOC
coated CNTs sample and the aggregation of these particles would lead to the formation of
porosity in the composites. Therefore, coupled with the microstructural evidence from optical
microscopy and SEM, the lowest level of porosity observed for the AZ91-SiOC55CNT45
composite may indicate that SIOC55CNT45 could be most effectively wetted by the matrix

among the coated CNTs samples.

(a)

X,

Figure 5.18. Optical micrographs showing the porosity formation in the AZ91 composites reinforced

with (a) as-received CNTs, (b) SIOC22CNT?78, (c) SIOC55CNT45 and (d) SIOC67CNT33.
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Figure 5.19. SEM images showing the cross-section of as-cast AZ91 composites reinforced with (a) as-received CNTs, (b) SiIOC22CNT78, (¢ and d)
SiIOCS55CNT45 and (f) SIOC67CNT33 along with their corresponding EDX spectra. Point EDX measurement was performed at the locations marked by the
capital letters A-G in the SEM images.
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Table 5.3. Density, porosity, grain size and hardness results of pure AZ91 and AZ91 composites

reinforced with as-received and SiOC coated CNTs. A single measurement was performed for each

specimen location.

Sample Specimen Density Porosity Grain size  Hardness
location  (g/cm?) (vol %) (um) (HV3)
Pure AZ91 Top 1.79 1.1 96.2+1.5 62.0+2.1
Middle 1.80 0.6 952+1.3 64.7+1.7
Bottom 1.79 1.3 1043+1.6 61.8+23
Average 1.80+£0.00 1.0=+0.2 98.6 + 0.9 62.9+1.2
AZ91-As received CNTs  Top 1.79 1.6 762 +2.1 64.2+0.5
Middle 1.76 3.1 709+1.9 63.0=1.1
Bottom 1.78 2.0 75.1£1.8 64.1+1.0
Average 1.78+0.00 2.2+0.5 74.0 £ 1.1 63.8 + 0.5
AZ91-SiOC22CNT78 Top 1.78 2.1 75.1+19 63.4+19
Middle 1.77 2.4 73.6+1.9 60.4+1.6
Bottom 1.72 5.1 652+1.6 623+2.1
Average 1.76+0.02 3.2+1.0 71.2+1.1 62.0+1.1
AZ91-SiOC55CNT45 Top 1.79 1.2 942+2.6 62.5+1.5
Middle 1.79 1.5 91.0+2.5 64.5+0.8
Bottom 1.79 1.3 85.7+2.2 64.8+0.7
Average 1.79+0.00 1.3+0.1 90.3+1.4 63.9+0.7
AZ91-Si0OC67CNT33 Top 1.77 2.4 75024 65.1=+1.1
Middle 1.77 2.6 629+14 67.3+0.7
Bottom 1.78 1.7 623+1.7 65.5+1.2
Average 1.77+0.00 2.2+0.3 66.8 1.1 66.0 = 0.6
AZ91-SiOC77CNT23 Top 1.79 1.3 68.5+1.6 64.1+2.5
Middle 1.78 1.8 62.0+1.6 66.4+1.1
Bottom 1.78 1.7 61.1+1.6 65.2+1.2
Average 1.78 0.0 1.6 £0.2 63.9£1.0 65.2 £1.0
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Figure 5.20. Grain size comparison between the as-cast pure AZ91 and AZ91 composites (a) by average

and (b) by specimen location. A single measurement was performed for each specimen location.
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Figure 5.21. Relationship between the porosity and grain size of pure AZ91 and AZ91 composites

reinforced with as-received and SiOC coated CNTs.
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Figure 5.22. Hardness comparison between the as-cast pure AZ91 and AZ91 composites (a) by average

and (b) by specimen location.

The effect of SIOC concentration in the CNTs on the AZ91 properties was further investigated

by measuring the grain size and hardness of the AZ91 samples. The grain size results in Figure
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5.20 shows that 25-35% of grain size reduction were observed from the addition of as-received
CNTs, SiOC22CNT78, SiOC67CNT33 and SiOC77CNT23 meanwhile only 8% of grain size
reduction was found in the AZ91-SiOC55CNT45 composite. Figure 5.21 was plotted to find
any correlation between the porosity and grain size of the AZ91 composites since pores may
also cause a Zenner pinning effect by imposing a restraining stress on the growing grain
boundary during solidification therefore inhibiting the growth of grains and resulting in a
smaller grain size [254, 255]. The results show a moderately negative correlation between the
two quantities which suggests that the grain refinement observed in most of the composites
could be attributed to their higher level of porosity; therefore, the low grain refinement effect
in the AZ91-S10OC55CNT45 composite may be explained by its lower level of porosity. Finally,
the results in Figure 5.22 did not show much improvement in the hardness of the composites
in comparison to that of pure AZ91. However, slightly higher hardness was measured in the
AZ91-Si0OC67CNT33 and AZ91-SiOC77CNT23 which may be attributed to the presence of
dense SiOC-CNTs products which were predominant in the CNTs samples. Additionally, it is
also interesting to note that the specimen locations had no obvious effects on the grain size

(Figure 5.20 (b)) and hardness (Figure 5.22 (b)) results.

The results from this section were then analysed together with those from the previous sections
to determine the most suitable SiOC coated CNTs sample for the final study. Even though a
high amount of individually dispersed CNTs were found in the SIOC22CNT78 dispersion, the
low amount of coating would still result in the formation of large agglomerates and a poor
wettability by the AZ91 matrix which eventually led to the increased level of porosity in the
composites. On the other hand, higher SIOC concentration in the CNTs samples, such as in the
case of SIOC67CNT33 and SiOC77CNT23, would result in the increased formation of dense

SiOC-CNTs products and therefore the difficulty to debundle the individual CNTs.
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Furthermore, the dense solids products were also found to cause the formation of porosity in
the composite as they can sometimes be found as aggregates and could not be wetted properly
by the matrix using the current processing parameters. Therefore, the coating concentration in
SiOC55CNT45 was determined to be the most suitable to be used in the following study since
the intermediate coating concentration provides a good balance between producing smaller
sized agglomerates and debundled CNTs upon dispersion, and achieving a sufficient wetting

with the matrix.

5.3.3 Effect of CNTs loading on AZ91 composite properties

Pure AZ91 and AZ91 composites reinforced with as-received CNTs and SIOC55CNT45 were
fabricated as described in Table 5.4 to investigate the effectiveness of SiOC coating on
improving the wettability and distribution of CNTs in AZ91 while increasing the CNTs
loading. The AZ91 samples were fabricated via stir casting as described in Section 3.2.2 by
stirring at 650 °C for 30 minutes. The CNTs samples were added to the melt via the Al parcel
technique as described in Section 3.2.3 in a range of equivalent as-received CNTs loading from
0.1 to 1.0 wt%. For consistency, blank Al parcels had also been added to the pure AZ91 sample.
Note that a different total nanoparticles loading was added to each AZ91-SiOC55CNT45

composite in comparison to the AZ91-As received CNTs composite to account for the SiOC

coating concentration. One casting was produced for each sample for the microstructural and

mechanical properties characterisations.
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Table 5.4. Mg AZ91 samples fabricated to investigate the effectiveness of SiOC coating on improving
the wettability and distribution of CNTs in the Mg matrix while increasing the CNTs loading.

Sample Total nanoparticles loading Equivalent as-received CNTs

(wt%) loading (wt%)
Pure AZ91 0 0
AZ91-Asreceived CNTs 0.10 0.1

0.30 0.3

0.50 0.5

1.00 1.0
AZ91-SiOC55CNT45 0.22 0.1

0.67 0.3

1.11 0.5

2.22 1.0

Figure 5.23. Photographs of as-cast (a) AZ91-1.0 wt% As received CNTs and (b) AZ91-2.22 wt%
SiOCS55CNT45 composites.

Previously, unwetted CNTs had been found directly after the casting of the AZ91 composite

reinforced with 0.3 wt% as-received CNTs (Figure 5.15 (a)). As the loading was increased to
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1.0 wt%, similar behaviour could still be observed after casting in which a large amount of as-
received CNTs could not be sucessfully incorporated into the matrix leading to the CNTs
powder being left out or pushed to the outer surface of the casting upon solidification as shown
in Figure 5.23 (a). On the contrary, at the same equivalent CNTs loading, such behaviour was
not observed for the AZ91-2.22 wt% SiIOC55CNT45 composite, as shown in Figure 5.23 (b),
which further indicates that SiIOC coated CNTs could be better wetted by the matrix than the

uncoated CNTs.

In this study, solution heat treatment and hot rolling were performed on the as-cast samples as
described in Section 3.2.4 prior to the microstructural and mechanical properties
characterisations to minimise the effect of porosity on the sample properties. However, only
the solution heat treatment was performed on the specimens used for compression testing since
hot rolling could not be carried out to produce the compression test coupons due to the size
limitation (see Section 3.3.13 for compression testing requirement). As a side note, the ageing
heat treatment was also not carried out in this study to avoid the re-precipitation of the p-

Mgi17Al12 phases so that only the strengthening effect of CNTs could be studied.
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(a) Pure AZ91 (b) AZ91-0.1 wt% As-received CNTs  (c) AZ91-0.3 wt% As-received CNTs

1mm

(e) AZ91-1.0 wt% As-received CNTs  (f) AZ91-0.22 wt% SiOC55CNT45

Surface/';,‘-‘
crack )

1mm

(g) AZ91-0.67 wt% SiOC55CNT45 (h) AZ91-1.11 wt% SiOC55CNT45 (1) AZ91-1.11 wt% SiOC55CNT45

Surface

crack

1mm

Figure 5.24. Optical micrographs showing the cross sections of solution treated-hot rolled (a) pure
AZ91 and AZ91 composites reinforced with (b-e) As-received CNTs and (f-1) SIOC55CNT45 in a range

of equivalent as received CNTs loading.
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Figure 5.25. Optical micrographs showing the porosity formed in the solution treated-hot rolled AZ91
composites reinforced with (a) as-received CNTs and (b) SIOC55CNT45.

The cross sections of the solution treated-hot rolled AZ91 samples are compared in Figure 5.24.
In general, a low amount of porosity was observed in all samples as a result of the hot rolling
treatment as it was previously discussed in Section 5.3.1 Among the AZ91-As received CNTs
composites, the highest amount of porosity was observed in the AZ91 composite containing
0.5 wt% as-received CNTs loading (Figure 5.24 (d)). The pores also appeared to be
accompanied by oxide inclusions as shown in Figure 5.25 (a). Interestingly, as the loading was
increased to 1.0 wt%, only a small amount of porosity was observed in the cross section in
Figure 5.24 (e). Based on the observations made during the casting of AZ91-As received CNTs
composites in Figure 5.15 (a) and Figure 5.23 (a), it can be inferred that the addition of as-
received CNTs in the matrix would lead to the formation of porosity due to the poor wettability
of the as-received CNTs. As the loading was increased to a larger amount such as in the case
of 1.0 wt% as-received CNTs, the poor wetting had led to a bulk rejection of the CNTs and a
much lower CNTs loading in the matrix thereby giving the appearance of a lower porosity in
some areas in the composite. On the other hand, no obvious trend could be observed from the
cross-sections of AZ91-SiOC55CNT45 composites which showed a low amount of porosity
across all samples. Since the SiOC coated CNTs were found to be fully incorporated in the

matrix during the casting, this finding may indicate a generally better wetting of the CNTs due
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to the SiOC coating. Nevertheless, the small amount of porosity formed in these composites
seemed to be caused by the aggregated dense SiIOC-CNTs products as shown in Figure 5.25

(b) which could not be effectively wetted by the matrix nor closed via hot rolling.

Table 5.5. Density and porosity results of pure AZ91 and AZ91 composites reinforced with as-received
CNTs and SiOCS55CNT45 for the solution treated-naturally aged and solution treated-hot rolled
samples. The solution treated-hot rolled samples were used for all sample characterisations except for

compression testing where the solution treated-naturally aged samples were used.

Solution treated- Solution treated-hot
naturally aged rolled
(used for compression  (used for grain size
testing) measurement, hardness
and tensile testing)
Sample Theoret. Measured Porosity Measured Porosity
density  density (vol%)  density (vol%)
(g/em’)  (g/cm’) (g/cm’)
Pure AZ91 1.81 1.79+0.00 09+0.1 1.81+£0.01 03+0.3
AZ91-0.10 wt% As received CNTs  1.81 1.79+0.00 14+0.2 1.80£0.00 0.5+0.2
AZ91-0.30 wt% As received CNTs  1.81 1.78+0.00 2.0+0.2 1.78£0.02 19+1.3
AZ91-0.50 wt% As received CNTs  1.81 1.76£0.00 2.8+0.2 1.81+£0.00 0.2+0.1
AZ91-1.00 wt% As received CNTs  1.83 1.77+£0.01 32+04 1.80+£0.00 1.2+0.1
AZ91-0.22 wt% SiOC55CNT45 1.81 1.78+£0.01 1.8+0.3 1.81+£0.00 -0.1=+0.1
AZ91-0.67 wt% SiOC55CNT45 1.81 1.78+0.01 2.1+03 1.81+0.00 0.3+0.2
AZ91-1.11 wt% SiOC55CNT45 1.81 1.74+£0.00 42+0.2 1.81£0.00 0.1+0.1
AZ91-2.22 wt% SiOC55CNT45 1.82 1.77+£0.00 23+£0.2 1.80+0.00 0.8+0.3

Next, the density and porosity results are reported in Table 5.5 and illustrated in Figure 5.26.
Theoretically, only a slight increase in the density of the AZ91 composite was expected from
the addition of the nanoparticles. The porosity results are shown for both the solution treated-
naturally aged and solution treated-hot rolled samples since both types of samples were
considered in the subsequent sample characterisations. In general, the porosity of the solution
treated-hot rolled samples were notably lower than the porosity of the solution treated-naturally
aged samples as was expected. For the AZ91-As received CNTs composites, the solution
treated-naturally aged samples seemed to be much more affected by the change in the CNTs
loading such that the porosity was increased with the increase in CNTs loading which is
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consistent with the expected behaviour of the uncoated CNTs with the AZ91 matrix. This trend
was not as obvious in the solution treated-naturally aged AZ91-SiOC55CNT45 composites
where the highest porosity was recorded for the AZ91-1.11 wt% SiOC55CNT45 (equivalent
as-received CNTs loading of 0.3 wt%). Nevertheless, for both as-received CNTs and
SiOC55CNT45, the porosity that during the casting were effectively reduced via the hot rolling

treatment.
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Figure 5.26. Scatter plot showing the porosity of pure AZ91 and AZ91 composites reinforced with as-
received CNTs and SiOC55CNT45 for the solution treated-naturally aged and solution treated-hot

rolled samples.
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Table 5.6. Grain size, hardness and tensile properties of solution treated-hot rolled pure AZ91 and

AZ91 composites reinforced with as-received CNTs and SIOC55CNT45. Individual data are presented

for the tensile results since only a limited number of specimens were tested.

Sample Grain Hardness Young’s 0.2% tensile Ultimate Ductility
size (HV3) modulus yield tensile (%)
(nm) (GPa) strength strength
(MPa) (MPa)
Pure AZ91 37.5¢1.2 62.1+23 148 98.7 248.2 5.8
AZ91-0.10 wt% As 39.7+0.7 63.2+1.0 11.8 99.3 252.9 9.5
received CNTs
AZ91-0.30 wt% As  36.7+0.6 609+04 152;147  98.4;95.5 235.5;2455 6.2;6.3
received CNTs
AZ91-0.50 wt% As 383 +0.7 61.6+0.5 Notmeasured due to sample defect
received CNTs
AZ91-1.00 wt% As 34.9+0.6 64.6+0.4 Notmeasured due to sample defect
received CNTs
AZ91-0.22 wt% 242+03 68.5+1.0 19.9;20.9; 109.2;117.2; 251.3; 6.5;
SiIOCS55CNT45 18.7 107.6 257.2;261.5 5.5;8.3
AZ91-0.67 wt% 18.6+0.3 70.7+09 19.9;20.2; 117.4;98.9; 237.9; 4.5;
SiOCS55CNT45 19.4 119.6 240.9;230.6 4.9;4.0
AZ91-1.11 wt% 19.8+0.8 72.6+1.9 Not measured due to sample defect
SiOCS55CNT45
AZ91-2.22 wt% 143+0.1 71.1+£0.7 Notmeasured due to sample defect
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Figure 5.27. (a) Grain size and (b) hardness comparison the pure AZ91 and AZ91 composites
reinforced with as-received CNTs and SIOC55CNT45.
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Table 5.6 presents the results for the grain size, hardness and tensile properties of the solution
treated-hot rolled AZ91 samples. As shown in Figure 5.27 (a) and Figure 5.28, the grain size
of the AZ91-SiOC55CNT45 composite was found to be remarkably lower than that of the
AZ91-As received CNTs composite at each equivalent as-received CNTs loading such that up
to 62% of grain size reduction could be achieved with the addition 0of 2.22 wt% S1OC55CNT45.
Furthermore, for both composites, a strong negative correlation was found between the grain
size and the CNTs loading which may imply that grain size was reduced when the CNTs
loading was increased. Next, the hardness results in Figure 5.27 (b) show that the hardness of
the AZ91-SiOC55CNT45 composite is notably higher by 8-18 % than that of the AZ91-As
received CNTs composite at each equivalent as-received CNTs loading. For both composites,
the hardness seems to be moderately correlated to the CNTs loading such that the increase in

the CNTs loading would lead to an increase in the hardness of the composite.

The tensile properties are compared in Figure 5.29. Some specimens were found to be defective
from the hot rolling process, therefore the tensile results are not shown for some samples.
Consequently, tensile results are only shown for the composites with 0.1 and 0.3 wt%
equivalent as-received CNTs loading were investigated. It is important to note that since only
a limited number of specimens were available for the tensile testing, these tensile results should
be treated as preliminary. The yield strength of the AZ91-SiOC coated CNTs composites were
generally found to be higher than those of the pure AZ91 and AZ91-As received CNTs
composites as shown Figure 5.29 (b). On the other hand, the ultimate tensile strength was
initially increased by the addition of as-received CNTs and SiIOC55CNT45 but decreased when
the loading was increased to 0.3 wt% (Figure 5.29 (c)). Similarly, the ductility was also initially
increased at the lowest nanoparticle loading but was decreased at the higher loading (Figure

5.29 (d)). Finally, the Young’s modulus of the AZ91-SiOC55CNT45 composites were found
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to be higher than that of the pure AZ91 and AZ91-As-received CNTs composites. For future
works, more specimens should be tested for each sample to improve the reliability of the tensile
results and the characterisation of the tensile fracture surface should also carried out to

understand the mechanism of fracture. The latter was not carried out in this work due to time

constraint.
Pure AZ91
AZ91-0.1 wt% As-received CNTs
AZ91-0.3 wt% As-received CNTs
AZ91-0.22 wt% SIOC55CNT45 ® Pure AZ91
(a) —— AZ91-0.67 wt% SiOC55CNT45 (b) [ ] A291-A§ received CNTs
300- 125- ® AZ91-SiOC55CNT45
250 120 °
—_ o ® ®
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Figure 5.29. (a) Stress-strain curves, (b) 0.2% tensile yield strength, (¢) ultimate tensile strength and
(d) ductility of solution treated-hot rolled pure AZ91 and AZ91 composites reinforced with as-received
CNTs and SIOC55CNTA45.

Next, compression testing was performed on the solution treated-naturally aged samples and
the results are presented in Table 5.7 and illustrated in Figure 5.30. As previously mentioned,

hot rolling could not be practically performed on the compression test specimens therefore only
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solution heat treatment was carried out. Nevertheless, testing the solution treated-naturally aged
samples would allow us to examine the effect of the actual behaviour between the CNTs and
the matrix on the mechanical properties of the composite. The analysis of the yield strength in
Figure 5.30 (b) reveals that the yield strength was decreased with the increase in the CNTs
loading for the AZ91-As received CNTs composites meanwhile the trend was reversed in the
AZ91-Si0C55CNT45 composites where the yield strength was increased with the increase in
the CNTs loading. On the other hand, the ultimate compressive strength results in Figure 5.30
(c) show a similar trend for both composites where the ultimate strength was lowered with the
increase in the CNTs loading. Interestingly, for the AZ91-SiOC55CNT45 composites, the
ultimate strength was initially decreased from the addition of the lowest CNTs loading at 0.22
wt% yet the strength was increased again at the highest loading at 2.22 wt%. Finally, the
compression at failure results in Figure 5.30 (c) show a slight decrease with the addition of
either as-received CNTs or SiOC55CNT45; however, no obvious trend could be clearly
observed. Similarly, no obvious trend can also be deduced from the Young’s modulus of the

composites.

Table 5.7. Compressive properties of solution treated-naturally aged pure AZ91 and AZ91 composites
reinforced with as-received CNTs and SiOC55CNT45.

Sample Young’s 0.2% Ultimate Compression
modulus compressive compressive at failure (%)
(GPa) yield strength
strength (MPa)
(MPa)
Pure AZ91 27.6+ 1.8 97.6 0.8 4402+ 1.3 20.1+0.8
AZ91-0.10 wt% As received CNTs  32.0+ 2.5 102.1+£4.1 4463+43 20.1+£0.7
AZ91-0.30 wt% As received CNTs  43.0+5.3 85.7+29 4422 +£7.7 202+ 1.2
AZ91-0.50 wt% As received CNTs  29.7+3.4 95.8+3.9 429.1+84 19.0+1.0
AZ91-1.00 wt% Asreceived CNTs 33.6+£42  92.2+43 421.7+133 194+0.7
AZ91-0.22 wt% SiOC55CNT45 36.6+£6.6 98.1+4.9 426.5+8.2 18.7+1.4
AZ91-0.67 wt% SiOC55CNT45 389+10.5 101.2+5.1 418.7+£11.3 19.0+0.7
AZ91-1.11 wt% SiOCS55CNT45 322+3.6 1022+39 4192438 18.5+£0.6
AZ91-2.22 wt% SiOC55CNT45 264 +2.1 112.1+£33  440.7+34 19.6 £0.5
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Figure 5.30. (a) Stress-strain curves, (b) 0.2% compressive yield strength, (c) ultimate compressive
strength and (d) compression at failure of solution treated-naturally aged pure AZ91 and AZ91
composites reinforced with as-received CNTs and SIOC55CNT45.

Subsequently, the effect of porosity on the ultimate compression strength of the composite was
examined in Figure 5.31 where it is clear that the level porosity in the composites could be
associated with the strength of the composites. Figure 5.31 (b) shows that the diminishing effect
of porosity on the strength of the AZ91-As received CNTs composite was more strongly
observed at the higher loading such that an ultimate compressive strength of 306 MPa was
measured for an AZ91-1.0 wt% As-received CNTs specimen with 6.3 vol% porosity. A similar
trend could also be observed in the AZ91-SiOC55CNT45 composites in Figure 5.31 (c) where
the increase in porosity level would lead to the decrease in the ultimate strength of the

composite.
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Figure 5.31. Scatter plots showing the relationship between porosity and ultimate compressive strength
of the solution treated-naturally aged (a) pure AZ91, (b) AZ91-As received CNTs and (c) AZ91-
SiIOC55CNTA4S5.

Following the compression test, the fracture surface of the composites was studied with SEM
especially focusing on the pores. For the AZ91-As received CNTs composites, MgO was
mostly observed on the internal surface of the pores while no CNTs had been found as shown
in Figure 5.32 (a). However, in the rare events where CNTs were found such as in Figure 5.32
(b), the CNTs appeared to be unwetted by the matrix. For the AZ91-SiOC55CNT45
composites, the CNTs were more likely to be found within the pores as shown in Figure 5.32
(c) where they appear to exist as agglomerates and are partially wetted by the matrix.
Furthermore, individual SiOC coated CNTs had also been found on the fracture surface as
shown in Figure 5.32 (d) and (e) which seem to indicate that they had been wetted by the matrix

and pulled out during fracture.

175



In summary, the presence of SiOC coating had led to a grain refinement of the AZ91 matrix
and an increase in the hardness of the composite in comparison to the pure AZ91 and AZ91-
As received CNTs composites. The tensile and compression results showed that the yield
strength was increased due to the presence of the coating. Consequently, the increase in the
CNTs loading would increase the yield strength of the AZ91-SiOC55CNT45 composites
meanwhile the yield strength was decreased in the AZ91-As received CNTs composites. On
the other hand, no improvement was observed in the ultimate compressive strength of both the
AZ91-Si0C55CNT45 and AZ91-As-received CNTs composites but the preliminary tensile
measurement showed an improvement in the ultimate tensile strength of the composites at the
lowest equivalent CNTs loading (i.e. 0.1 wt%) before the value was dropped again at a higher
loading. Subsequently, fracture surface analysis were carried out to explain the findings from
the mechanical testing. The poor wettability of the as-received CNTs would increase the
probability of air entrainment as the CNTs that were rejected to the surface of the melt would
continuously to be mixed into the melt during the melt stirring process. Consequently, the lack
of interfacial bonding between the CNTs and the matrix would lead to the decrease in the yield
strength meanwhile the increase in porosity level and oxide formation would decrease the
maximum strength of the composite. On the contrary, the presence of SiIOC coating was proven
to be effective at improving the interfacial bonding between the CNTs and the matrix as evident
from the CNTs found embedded on the fracture surface. As a result, the yield strength was
improved as the CNTs loading was increased. However, the presence of coated CNTs
agglomerates had also resulted in the formation of porosity and eventually the lowering of the
ultimate strength. Therefore, in future work, it is imperative to improve on the dispersability of
the coated CNTs, for example by optimising the coating procedure and the stir casting

parameters, so that the distribution of CNTs in the matrix could be optimised.
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Figure 5.32. SEM images showing the fracture surface of AZ91 composites reinforced with (a-b) as-received CNTs and (c-e¢) SIOCS5CNTA45 after compression
test. Point EDX measurement was performed at the locations marked by the letters A-H in the SEM images. Individual CNTs found on the fracture surface are

denoted by the yellow arrows.
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5.4 Conclusions

A wide range of SiOC coated CNTs samples consisting between 22.3 to 77.2 wt% of SiOC
concentration was produced from the starting PMHS concentrations of 10/1 to 60/1
PMHS/CNTs weight-to-weight ratio. The morphology of SiOC22CNT78 appeared to be
similar to the as received CNTs however a small amount of SiOC coating could still be detected
by EDX. As the SiOC concentration was increased in the sample, SiOC precipitation was more
likely to occur on the agglomerated CNTs which led the formation of dense SiOC-CNTs
products. Furthermore, a discontinuous coating layer could also be found on the individual
tubes. The characterisation of the CNTs dispersions showed that large CNTs agglomerates
were predominantly observed in the as-received CNTs and SIOC22CNT78 dispersions after
ultrasonication, but the dispersions were still able to yield a high degree of individually
dispersed CNTs after centrifugation. As the SiOC concentration in the CNTs became larger,
the size of the particles found in the dispersions was notably reduced. Although debundled
CNTs were found in the dispersion, the presence of dense SiOC-CNTs products was also
increased which seemed to have led to the decrease in the amount of the individually dispersed

CNTs in the dispersions.

Subsequently, the effect of the SiOC coated CNTs composition on the properties of the AZ91
matrix was investigated. CNTs with 22 wt% SiOC concentration could not be sufficiently
wetted by the matrix which led to an increased level of porosity in the composite. On the other
hand, SiOC coated CNTs samples with very high SiOC concentrations, as in the case of
SiOC77CNT23 and SiOC77CNT23, were also found to cause an increase in the level of
porosity in the composite due to ineffective wetting of the dense SIOC-CNTs solids. Therefore,
SiOC55CNT45 was found to be the most suitable composition for SIOC coated CNTs which

was able to reduce the agglomeration of the CNTs and provide a sufficient wetting by the AZ91
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matrix. To investigate the effect of CNTs loading on the mechanical properties of the AZ91-
As received CNTs and AZ91-SiOC55CNT45 composites, the as-cast samples were treated via
solution heat treatment and hot rolling to minimise the effect of porosity on the microstructure
and mechanical properties of the samples. The presence of SiOC coating had led to a notable
reduction in grain size and increase in hardness in the AZ91 composites in comparison to the
pure AZ91 and AZ91-As received CNTs composite. Based on the tensile and compression test
results, the yield strength was found to increase with the increase in CNTs loading for the
AZ91-Si0C55CNT45 composites meanwhile the trend was reversed for the AZ91-As received
CNTs composites. This finding could be correlated to the improvement in the wetting of the
CNTs due to the presence of SiOC coating as evident by the wetted CNTs found on the fracture
surface of the composites. However, the ultimate strength was found to decrease as the CNTs
loading was increased in both composites which can be explained by the increase in the
porosity level due to the MgO formation in the AZ91-As received CNTs composites and the

agglomerated SiOC coated CNTs in the AZ91-SiOC55CNT45 composites.
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Chapter 6 : AZ91-SiC coated CNTs

composites

6.1 Introduction

Based on the successful conversion of polymethylhydrosiloxane (PMHS) precursor to SiC in
Section 4.2, SiC coated CNTs were produced in this work by carrying out pyrolysis on the
crosslinked PMHS-CNTs at 1500 °C. The generation of SiC is expected to occur above the
temperature of 800 °C via the phase separation of SiOC (Equation 2.11) and the carbothermal
reduction reaction between the SiO2 phase and free carbon at the temperatures of 1400 °C and
above (Equation 2.12 and Equation 2.13). Following the investigation of SiOC coated CNTs
in Chapter 5, this chapter will then focus on the production of SiC coated CNTs and the
fabrication of AZ91-SiC coated CNTs composites. Initially, the effect of the starting PMHS
concentration on the SiC concentration in the CNTs samples is shown. Then, the effect of SiC
concentration on the morphology and dispersibility of the CNTs are investigated. The
appropriate SiC coated CNTs composition is then determined and the effect of SiC coating on

the properties of the AZ91 composites is investigated.

6.2 SiC coated CNTs

6.2.1 Effect of starting PMHS concentration on SiC concentration

SiC coated CNTs were prepared using the procedure described in Section 3.2.1 from PMHS-
CNTs samples using the starting PMHS concentrations of 10/1 to 50/1 as listed in Table 6.1.
Subsequently, TGA was performed on the SiC coated CNTs products as shown in Figure 6.1

(a) using the procedure described in Section 3.3.4.1 to determine the SiC concentration in each
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sample. The following equation was used to calculate the SiC concentration in the CNTs

samples and the results are presented in Table 6.1:

SiC concentration in CNTs sample =

(Residual weight % of SiC coated CNTs at 800 °C — Residual weight % of as —

. lecul igh j
received CNTs at 800°C) X Molecular weight of SIC

Molecular weight of SiO,

Equation 6.1
Similar to Equation 5.1, the equation above was modified from Equation 3.17 based on the
following considerations: (1) The residual weight % of the as-received CNTs after the TGA
measurement is attributed to the alumina impurities in the CNTs (as shown previously in Figure
4.12 (b) and Figure 4.13 (a)) and should therefore be excluded from the SiC calculation and (2)
the conversion of the SiC coated CNTs into a white product after the TGA operation, as shown

in Figure 6.2, indicates that the SiC coating had been fully oxidised to SiO> therefore a

Molecular weight of SiC

conversion factor (i.e. ) was included in the calculation.

Molecular weight of SiO,

Table 6.1. Onset temperature, residual weight % at 800 °C and calculated SiC coating concentration of
the as-received and SiC coated CNTs according to the TGA results in Figure 6.1 (a). The starting
PMHS-CNTs sample before the production of SiC coated CNTs is denoted as PMHSxCNTy where x/y
is the PMHS/CNTs w/w (i.e. weight to weight ratio). On the other hand, the final product after the
production of SiC coated CNTs is labelled as SiCmCNTn where m and y are the SiC and CNTs wt%
in the SiC coated CNTs product, respectively.

TGA of the final product
Starting sample Final product Onset Residual weight  Calculated SiC

temperature % at 800 °C coating

€O concentration

(wt%)

As-received CNTs  As-received CNTs  572.6 £ 0.1 11.6 £ 0.5 0
PMHS10CNT1 SiC25CNT75 684.0+ 4.6 47.4+0.6 248+04
PMHS18CNT1 SiC45CNTS55 667.8+3.5 77.4+3.7 449+2.5
PMHS20CNT1 SiC53CNT47 664.0+ 1.6 90.2+0.9 53.4+0.6
PMHS30CNT1 SiC56CNT44 649.3+2.5 93.6+0.8 55.7+0.6
PMHS40CNT1 SiC57CNT43 6303+£7.2 96.0+0.8 573+0.5
PMHSS0CNTI SiC58CNT42 623.6+3.4 97.6+0.3 583+0.2
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Figure 6.1. (a) TGA curves of as-received CNTs and SiC coated CNTs as performed in air. (b) Scatter
plot showing the relationship between the starting PMHS concentration in the PMHS-CNTs samples
and the final SiC coating concentration in the SiC coated CNTs products.

(a) . (b)

Figure 6.2. SiC coated CNTs (shown here for SIC45CNT55) (a) before and (b) after TGA operation in
Figure 6.1 (a).

Figure 6.1 (b) shows that the SiC concentration in the final CNTs product was increased from
24.8 to 58.3 wt% as the starting PMHS concentration was increased from 10/1 to 50/1
PMHS/CNTs w/w. It is interesting to note that only about 1 wt% increment in SiC
concentration was achieved from using 20/1 to 50/1 PMHS/CNTs w/w. In comparison, as
reported in Section 5.2.1, a wider range of SiOC concentrations was produced in the CNTs (i.e.
between 22.3 to 71.0 wt%) for the same range of starting PMHS concentration. This

observation can be explained by the lower ceramic yield obtained for SiC (i.e. 57%) than SiOC
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(64.9%) as reported in previously Table 4.3 which can be attributed to the loss of material
during the carbothermal reduction reaction for producing SiC (Equation 2.12 and Equation

2.13).

Additionally, as shown in Table 6.1 and Figure 6.1, the onset temperature of the SiC coated
CNTs was found to be notably higher than the as-received CNTs which highlights the
improvement in the oxidation resistance of CNTs due to the presence of SiC coating. Similar
to the S1OC coated CNTs, the effect of SiC concentration will be further investigated in the

subsequent studies.

6.2.2 Effect of SiC concentration on coating morphology

SEM and TEM characterisations were carried out on some of the CNTs samples produced in
the previous section as shown in Figure 6.3 and Figure 6.4, respectively, to investigate the
effect of SiC concentration on the morphology of the CNTs products. In comparison to the as-
received CNTs in Figure 6.3 (a), the SEM image of SiC25CNT75 in Figure 6.3 (b) shows an
increase in the thickness of some of the individual CNTs while the EDX measurement shows
the presence of Si and C on the CNTs indicating the presence of SiC coating on the CNTs. It
is worth noting that a small amount of O was also detected in the EDX measurement which
can be attributed to the native SiO» layer formed on the SiC surface [16, 124]. On the other
hand, the TEM imaging of the SiIC25CNT75 in Figure 6.4 (a) showed a small amount of SiC
precipitation on the CNTs agglomerate where the SiC precipitate appeared to have grown in a
cylindrical manner on the CNTs (outlined by the dotted orange lines in the image). Besides, no
apparent coating layer had been observed on the individual CNTs. Additionally, a small amount
of SiC whiskers had also been found in the sample as shown under SEM in Figure 6.3 ((b),

ROI 2). The SiC whisker was further identified with TEM in Figure 6.4 (e).
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Subsequently, as the coating concentration was increased to 45 wt%, a few different types of
morphologies could be observed in the SiIC45CNTS55 sample: firstly, the presence of SiC
coating on the CNTs was observed as shown in the SEM image and EDX measurement in
Figure 6.3 (c, ROI 3). From the TEM characterisation, an increased amount of SiC precipitation
was found on the CNTs agglomerate as shown in Figure 6.4 (b) where the SiC had also seemed
to grow cylindrically along the tangled CNTs. Secondly, differently from the SiOC coated
CNTs, no apparent coating layer had been observed on the individual CNTs as shown in Figure
6.4 (c). Next, SiC whiskers were also found in this sample at a seemingly a higher amount as
shown in Figure 6.3 (c, ROI 4). Finally, dense SIOC-CNTs products (which were also observed
in the SiOC coated CNTs samples) could also be found in the SIC45CNT55 sample as shown

in Figure 6.3 (d).

At a higher coating concentration, the dense SiOC-CNTs products were predominantly
observed in the SIC56CNT44 sample as shown in the SEM image and EDX measurement in
Figure 6.3 (e). TEM characterisation of the sample, as shown in Figure 6.4 (d), shows that a

thick SiOC precipitate was coated largely over the CNTs agglomerates.
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Figure 6.3. SEM images and EDX spectra of as produced SiC coated CNTs: (a) as-received CNTs, (b) SiC25CNT75, (¢ and d) SiC45CNTS5 and (e)
SiC56CNT44. Point EDX measurement was performed at the locations marked by the capital letters A-G in the SEM images meanwhile EDX mapping was

performed on the areas marked with ‘ROI #°. Note that the Al shown in the EDX spectra is attributed to the alumina residue which was originally present in the
starting NC7000 CNTs.
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Figure 6.4. TEM images and EDX spectra of as-produced (a) SIC25CNT75, (b and c) SiC45CNT55, (d) SiC56CNT44 and (e) the SiC whisker found in some
of the samples. The area of EDX measurement is outlined with white dotted circle and marked by capital letters A-G. Cu detected in the EDX spectra is attributed
to the TEM copper grid. Dotted orange lines are used to outline the cylindrical SiC precipitate on SIC25CNT75 image.
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Figure 6.5. XRD patterns of as-received CNTs and SiC coated CNTs: SiC25CNT75, SiC45CNTSS5,
SiC53CNT47 and SiC56CNT44.

Following the SEM and TEM findings, the composition of the CNTs samples was further
analysed using XRD as shown in Figure 6.5. The SiC peaks could clearly be identified in all
the SiC coated CNTs samples. On the other hand, the 002 plane reflection from the CNTs (at
26 = 26.5°) could not be found in the XRD patterns due to the intense reflections from the
Kapton film. (Note: As mentioned in Section 3.3.3, the CNTs samples had to be sealed with
Kapton film during the XRD measurement to prevent the CNTs from becoming airborne).
Furthermore, the intensity of the SiC peak, especially at 20 = 35.6°, was found to increase as
the SiC concentration increases from 25 to 53 wt%. This observation can most likely be

attributed to both the increased formation of the SiC whiskers and SiC coating on the CNTs.
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Subsequently, the intensity of the SiC peaks was drastically reduced for the SiC56CNT44
sample. Coupled with the SEM and TEM findings in Figure 6.3 (e) and Figure 6.4 (d), the
results suggest that the SIC56CNT44 sample consisted predominantly of SiOC coated CNTs
and only a small amount of SiC coated CNTs. These results also point out the inaccuracy in
the calculated composition for SIC56CNT44 in Table 6.1; nevertheless, the composition is kept
as it is throughout this work since it is not significant to determine the actual coating

composition of this sample.

(a) Low coating concentration (b) Intermediate coating concentration

W, e
-

=== Si0OC (coated on the CNTs)
=== SiC (coated on the CNTs)
= CNTs

SiC whisker

(c) High coating concentration

"

Figure 6.6. Proposed model for the evolution of the ‘SiC coated CNTs’ morphology at different coating

concentrations: (a) low, (b) intermediate and (c) high.

Figure 6.6 proposes a model to explain the change in the morphology of the coated CNTs as
the coating concentration increases. Similar to the coating behaviour of SiOC on the CNTs (see

Figure 5.5), the SiC coating was also expected to form predominantly on the CNTs
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agglomerates instead of the individual tubes. At a low coating concentration (Figure 6.6 (a)), a
small amount of SiC coating would be formed on the agglomerates in a cylindrical manner. A
small amount of SiC whiskers could also be found at this stage. At the intermediate coating
concentration (Figure 6.6 (b)), the formation of the cylindrical SiC coating on the CNTs
agglomerates and the presence of SiC whiskers would be increased. Additionally, a small
amount of SIOC-CNTs products would also be found in the sample which indicates that some
of the SiOC products (which was formed at the lower pyrolysis temperature) had not been
successfully converted to SiC at the higher pyrolysis temperature. Finally, at the high coating
concentration (Figure 6.6 (c)), SiOC-CNTs products would predominantly be found in the
sample. This behaviour is assumed to be caused by a slowdown in the rate of phase separation
and carbothermal reduction reactions to convert SiOC to SiC due to the increase in coating
concentration. Further investigation needs to be carried out to confirm this hypothesis.
Nevertheless, based on this investigation, it seems unreasonable to use a very high
concentration of PMHS for the production of SiC coated CNTs as it did not ensure an efficient

conversion of SiOC to SiC during the pyrolysis process.

The formation of SiC whiskers in the coated CNTs sample can most likely be explained by the
carbothermal reduction reactions involving the CNTs. This assumption was based on a few
similar reports in the literature in which nanosized SiC whiskers were formed in the presence
of carbon substrates. For example, Gumula, T. et. al. reported that carbon fibres/SiC composites
prepared from carbon fibres/polysiloxane composites consisted of nanosized SiC filaments
which were mainly deposited on the carbon fibres [217]. Furthermore, the synthesis of SiC
whiskers using activated carbon fibres substrate had also been reported by Ryu, Z. et. al. who
proposed that the growth of SiC whiskers occurred via a vapour-solid mechanism in which the

SiO gas released from the carbothermal reduction reaction between SiO2 and free carbon (see
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Equation 2.12) is condensed to super fine SiO> which reacts with the activated carbon fibres to
synthesize the SiC whiskers [256]. Therefore, in the current investigation, it can be postulated
that the SiC whiskers were formed from the reaction between the condensed super fine SiO»

and the CNTs acting as the substrate:

SiOZ,super fine (S) + CCNTS(S) - Sijhisker(S) +CO (g)

Equation 6.2

6.2.3 Effect of SiC coating on CNTs dispersibility

The state of dispersion of the as-received CNTs and SiC coated CNTs was compared by
dispersing each CNTs sample in THF at a concentration of 1 mg equivalent of as-received
CNTs via ultrasonication for 30 min according to the parameters described in Section 3.2.1.1.
Figure 6.7 shows the appearance of the dispersions before and after ultrasonication. It is
interesting to note that prior to ultrasonication, the SiC coated CNTs appeared to be readily
dispersed in THF especially for the CNTs samples with the SiC concentrations of 45 wt% and
above. After sonication, a black homogeneous solution was produced for each dispersion. By
visual inspection, it is also interesting to note that large particles could still be observed in the
as-received CNTs, SIC25CNT75 and SiC45CNTS5S5 dispersions (can be more clearly seen from
the deposition on the glass bottle wall), but for higher SiC concentrations no obvious deposition

was observed.
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Figure 6.7. Photographs of as-received CNTs and SiC coated CNTs in THF before and after ultrasonication, and after centrifugation. Each dispersion was

prepared at a concentration of 1 mg equivalent of as-received CNTs per mL of THF.
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Figure 6.8. Optical micrographs of (a) as-received CNTs, (b) SiIC25CNT75, (c¢) SiC45CNT5S5 and (d)

SiC56CNT47 dispersions in THF after 30 min ultrasonication. Each dispersion was at a concentration

of 1 mg equivalent of as-received CNTs per mL of THF.
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Figure 6.9. SEM images of ultrasonically dispersed CNTs deposited on Al foil: (a) as-received CNTs,
(b) SiC25CNT75, () SiIC45CNTS5S5 and (d and e) SiC56CNT44. Point EDX measurement as performed
at the locations marked by the capital letters. Al detected in the EDX is attributed to the Al foil.

The CNTs dispersions were further studied with optical microscopy and SEM as shown in
Figure 6.8 and Figure 6.9, respectively. The SiC25CNT47 dispersion consists predominantly
of large clusters as shown in Figure 6.8 (b) as similarly observed for the as-received CNTs
dispersion in Figure 6.8 (a). Using SEM-EDX, these clusters were further identified as CNTs
agglomerates with some presence of SiC coating as shown in Figure 6.9 (b). Next, the size of
the clusters were found to be remarkably reduced in the SIC45CNTS55 dispersion as shown in
Figure 6.8 (c). Furthermore, very fine particles were also observed in the THF solution as
shown Figure 6.8 (c, ROI 1) which can probably be attributed to the debundled CNTs as seen
in the SEM images in Figure 6.9 (c¢). Finally, the dispersion of SIC56CNT44 was found to

consist of much smaller particles which also appeared to be angular in shape as shown in Figure
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6.8 (d). These particles are most likely attributed to the dense SIOC-CNTs products as shown
in the SEM image in Figure 6.9 (d). Finally, debundled CNTs could also be found in this

dispersion as shown in Figure 6.9 (e) albeit in a small amount.

(a) —— As-received CNTs ( ) 0.551
0.51 — SiC25CNT75 0.50 °
—— SiC45CNT55 E 045
o 041 —— SiC53CNT47 S 0.40] .
2 SiIC56CNT44 & -
8 034 — SiC57CNT43 © 0.351
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Figure 6.10. (a) UV-Vis spectra of as-received CNTs and SiC coated CNTs supernatant solutions.
(b) Plot showing the absorbance value of the supernatant solutions at 260 nm as a function of SiC

concentration in the CNTs sample.

Using the procedure in Section 3.3.2, the agglomerates and dense particles in each dispersion
were segregated via centrifugation and the supernatant was extracted as shown in Figure 6.7.
Then, UV-Vis measurement was performed on the supernatant solutions and taken to the UV-
Vis measurement as shown in Figure 6.10 (a) to assess the degree of individually dispersed
CNTs in each dispersion based on the assumptions that the large CNTs agglomerates would be
segregated as sediment and the individually dispersed CNTs are suspended in the supernatant
after centrifugation. Figure 6.10 (b) shows that the absorbance of the CNTs dispersion increases
as the SiC concentration in the CNTs increases up to 45 wt% after which the absorbance
drastically reduced to lower than that of the as-received CNTs dispersion. Therefore, this
finding seems to suggest that the highest degree of individually dispersed CNTs was found in
the SIC45CNTS5S5 dispersion. The lower absorbance values measured for the SIC53CNT47 to

SiC57CNT43 dispersions could have probably been explained by the increased formation of
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dense SIOC-CNTs products in the sample. However, their small absorbance values seem to
indicate that a small amount of individually dispersed CNTs can still be found in the dispersions
as previously observed in Figure 6.9 (e). Finally, the UV-Vis results also seem to correlate well
with the visual observation of the supernatant solutions in Figure 6.7 in which the lighter the

colour of the solution, the lower the UV-Vis absorbance value.

The results of this study showed that the dispersibility of the CNTs could be affected by the
SiC concentration (and therefore the CNTs morphologies) in the sample. Even though large
agglomerates were mainly observed in the SiC25CNT75 dispersion, the degree of the
individually dispersed CNTs was notably higher than in the as-received CNTs dispersion which
suggests that the coating might have helped to promote the debundling of the CNTs
agglomerates. As the SiC concentration in the CNTs was increased to 45 wt%, the size of the
agglomerates became smaller while the amount of individually dispersed CNTs was further
increased. However, for the CNTs samples with the SiC concentrations of 53 wt% and above,
the dispersibility of the CNTs appeared to be worse than the as-received CNTs. This behaviour
was likely attributed to the increased formation of the dense SiOC-CNTs products in the
samples which had restricted the debundling of the CNTs that were embedded in the solids as

similarly found in the study in Section 5.2.3.
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6.3 AZ91 composites

6.3.1 Effect of SiC coating on AZ91 composite properties

Pure AZ91 and AZ91 composites reinforced with as-received CNTs and SiC coated CNTs
were fabricated as listed in Table 6.2 to investigate the effect of SiC concentration (and
therefore the CNTs morphologies) in the CNTs on the properties of the AZ91 composites. The
pure AZ91 and AZ91-As received CNTs composites samples had been previously used for
comparison with the AZ91-SiOC coated CNTs composites in Section 5.3.1. The AZ91 samples
were fabricated via stir casting according to the procedure in Section 3.2.2 by stirring at 650
°C for 30 minutes. The CNTs samples were added to the melt via the Al parcel technique as
described in Section 3.2.1.1 at an equivalent as-received CNTs loading of 0.3 wt%. For
consistency, blank Al parcels had also been added to the pure AZ91 sample. Note that a
different total nanoparticle loading was added for each sample due to the difference in the SiC
coating concentration. One casting was produced for each sample for the microstructural and

mechanical properties characterisations.

Table 6.2. List of Mg AZ91 samples fabricated to investigate the effect of SiC coating concentration in
the CNTs on the properties of AZ91 composites.

Sample Total nanoparticles loading Equivalent as-received CNTs
(wt%) loading (wt%)

Pure AZ91 0 0

AZ91-Asreceived CNTs  0.30 0.3

AZ91-SiC25CNT75 0.40 0.3

AZ91-SiC45CNT55 0.55 0.3

AZ91-SiC53CNT47 0.64 0.3

AZ91-SiC56CNT44 0.68 0.3

As shown previously in Figure 5.15 (a), as-received CNTs were found to exhibit a poor
wettability by the AZ91 matrix during the casting of the composite. In the current study, a
similar behaviour was observed during the casting of AZ91-SiC25CNT75 composite as shown

in Figure 6.11 where a large amount of CNTs were not successfully incorporated into the matrix
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which led to the CNTs being left out of the casting or pushed to the outer surface of the casting
which indicates the poor wettability of the SIC25CNT75 sample. It is also worth noting that at
a similar coating concentration, the SIOC22CNT78 sample also exhibited a poor wettability by
the matrix (see Figure 5.15 (b)). This behaviour had not been observed during the casting of
other AZ91-SiC coated CNTs composites samples for example as shown for the AZ91-

SiC4CNTS5S5 sample in Figure 6.11 (b).

Figure 6.11. Photographs of (a and b) AZ91-SiC25CNT45 and (c) AZ91-SiC45CNTS55 castings.

Figure 6.12 compares the cross sections of the as-cast AZ91 composites reinforced with the
SiC coated CNTs samples. For comparison, the cross sections of pure AZ91 and AZ91-As
received CNTs castings can be found in Figure 5.16 (a) and (b), respectively. By visual
comparison, AZ91-SiC56CNT44 composite appeared to have the highest density of defects

meanwhile the same level of defects were observed for other composite samples.
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(a) AZ91-SiC25CNT75
(b) AZ91-SiC45CNT55

(¢) AZ91-SiC53CNT47
(d) AZ91-SiC56CNT44

Figure 6.12. Optical micrographs showing the cross sections of as-cast AZ91 composites reinforced
with (a) SIC25CNT75, (b) SiC45CNTS55, (¢) SiC53CNT47 and (d) SiC56CNT44. Each cross section

was taken from the middle location of the cylindrical part of the casting (see Figure 5.10).
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Table 6.3. Density and porosity of pure AZ91 and AZ91 composites reinforced with as-received and

SiC coated CNTs. A single measurement was performed for each specimen location.

Sample Specimen location Density (g/cm?) Porosity (vol %)
Pure AZ91 Top 1.79 1.1
Middle 1.80 0.6
Bottom 1.79 1.3
Average 1.80 £ 0.00 1.0+ 0.2
AZ91-As received CNTs Top 1.79 1.6
Middle 1.76 3.1
Bottom 1.78 2.0
Average 1.78 £ 0.00 22+0.5
AZ91-SiC25CNT75 Top 1.77 2.6
Middle 1.78 2.2
Bottom 1.79 1.7
Average 1.78 £ 0.01 2.2+0.3
AZ91-SiC45CNTS55 Top 1.78 2.0
Middle 1.79 1.6
Bottom 1.79 1.6
Average 1.79 £ 0.00 1.7+ 0.1
AZ91-SiC53CNT47 Top 1.79 1.7
Middle 1.79 1.9
Bottom 1.79 2.6
Average 1.79 £0.00 21+03
AZ91-SiC56CNT44 Top 1.80 2.0
Middle 1.79 2.4
Bottom 1.77 3.6
Average 1.78 £ 0.01 2.7£0.5

Table 6.3 reports the density and porosity measurement of the AZ91 samples. As plotted in
Figure 6.13, the porosity results seem to agree with the microstructural observation whereby
the porosity level was measured to be the highest for AZ91-SiC56CNT44 among the composite
samples. Additionally, the lowest porosity was measured for the AZ91-SiC45CNT55
composite. Further investigation as shown in Figure 6.14 revealed that the increase level of
porosity in the AZ91-SiC56CNT44 composite could most likely be attributed to the dense
SiOC-CNTs products whereby the aggregation of these particles seems to lead to an ineffective
wetting by the AZ91 matrix. This behaviour had also been previously observed in the AZ91-
Si0OC67CNT33 composite (see Figure 5.18 (d)). The previous study for the AZ91-SiOC coated
CNTs composites in Section 5.3.2 showed that the nanoparticle addition did not seem to show

any notable improvement on the grain size and hardness of the as-cast composites which can
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be due to the low loading of nanoparticles. Therefore, the grain size and hardness assessments

are not deemed to be necessary for the current study.
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Figure 6.13. Porosity comparison between the as-cast pure AZ91 and AZ91 composites reinforced with

as-received CNTs and SiC coated CNTs (a) by average and (b) by specimen location. A single

measurement was performed for each specimen location.
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Figure 6.14. Optical micrographs showing the cross-section of AZ91 composites reinforced with

SiC56CNT44 at a higher magnification.
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Based on the results in this study and the previous sections, SIC45CNTS55 was found to have
the most suitable SiC coating concentration for further fabrication of AZ91-SiC coated CNTs
composites at higher loading. At a lower SiC coating concentration of 25 wt%, the coated CNTs
appeared largely as agglomerates despite of being capable to produce a considerable amount
of individually dispersed CNTs via ultrasonication. However, the coating concentration was
still too low to allow for a sufficient wetting of the CNTs by the AZ91 matrix. On the other
hand, CNTs with higher SiC concentrations such as SiIC53CNT47 and SiC56CNT44 were
found to consist of dense SiIOC-CNTs products which increases in amount as the coating
increases. The presence of these dense particles was found to be undesirable as they could be

easily aggregated in the melt which led to an ineffective wetting by the matrix.

6.3.2 Effect of CNTs loading on AZ91 composites properties

Pure AZ91 and AZ91 composites reinforced with as-received CNTs and SiC45CNT55 were
fabricated as listed in Table 6.4 to investigate the effectiveness of SiC coating on improving
the wettability and distribution of CNTs in AZ91 while increasing the CNTs loading. The pure
AZ91 and AZ91-As received CNTs composites had been previously used for comparison with
the AZ91-SiOC coated CNTs composites in Section 5.3.3. The AZ91 samples were fabricated
via stir casting according to the procedure in Section 3.2.2 by stirring at 650 °C for 30 minutes.
The CNTs samples were added to the melt via the Al parcel technique as described in Section
3.2.3 in a range of equivalent as-received CNTs loading from 0.1 to 1.0 wt%. Due to the
presence of SiC coating, a different total nanoparticles loading was added to each AZ91-
SiC45CNT55 composite in comparison to the AZ91-As received CNTs composite. For
consistency, blank Al parcels had also been added to the pure AZ91 sample. One casting was

produced for each sample for the microstructural and mechanical properties characterisations.
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Similar to the study in Section 5.3.3, solution heat treatment and hot rolling were performed
on the as-cast samples as described in Section 3.2.4 prior to sample characterisations to
minimise the effect of porosity on the microstructure and mechanical properties of the samples.
However, only the solution heat treatment was performed on the samples used for compression
testing since hot rolling could not practically be done to produce the compression test coupons
due to size limitation (see Section 3.3.13 for compression testing requirement). As a side note,
the ageing heat treatment had not been performed on any of the samples in order to avoid the
re-precipitation of the B-Mgi7Ali2 phases so that only the strengthening effect of the CNTs

would be measured.

Table 6.4. Mg AZ91 samples fabricated to investigate the efficacy of SiC coating on improving the
wettability and distribution of CNTs in the Mg matrix while increasing the CNTs loading.

Sample Total nanoparticles loading Equivalent as-received CNTs

(wt%) loading (wt%)
Pure AZ91 0 0
AZ91-Asreceived CNTs  0.10 0.1

0.30 0.3

0.50 0.5

1.00 1.0
AZ91-SiC45CNTS55 0.18 0.1

0.55 0.3

0.91 0.5

1.82 1.0

Figure 6.15 shows the cross sections of the solution treated-hot rolled AZ91-SiC45CNTS55
composites at a different coated CNTs loading. For comparison, the cross sections of pure
AZ91 and AZ91-As received CNTs samples can be found in Figure 5.24 (a) to (e). Generally,
each AZ91-SiC45CNTS55 composite showed a low density of defects and no apparent effect
from the increase in CNTs loading. Subsequently, the density and porosity of the solution
treated-naturally aged and solution treated-hot rolled samples were also measured as shown in

Table 6.5. Theoretically, only a slight increase in the density of AZ91 composite was expected
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from the addition of the nanoparticles. As shown in Figure 6.16, the increase in CNTs loading
in both the AZ91-As received CNTs and AZ91-SiC45CNT55 composites had led to the
increase in the porosity of the composites. It is also important to note that the porosity in the
solution treated-naturally aged composites was remarkably reduced via hot rolling which

would be desirable for the microstructural and mechanical properties characterisations.

(a) AZ91-0.18 wt% SiC45CNTS5S (b) AZ91-0.55 wt% SiC45CNTS5

(c) AZ91-0.91 wt% SiC45CNT55 (d) AZ91-1.82 wt% SiC45CNT55

Figure 6.15. Optical micrographs showing the cross sections of solution treated-hot rolled AZ91

composites reinforced with SIC45CNTS5 in a range of equivalent as received CNTs loading.

Table 6.5. Density and porosity results of pure AZ91 and AZ91 composites reinforced with as-received

CNTs and SiC45CNTS55 for the solution treated-naturally aged and solution treated-hot rolled samples.
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The solution treated-hot rolled samples were used for all sample characterisations except for

compression testing where the solution treated-naturally aged samples were used.

Solution treated- Solution treated-hot
naturally aged rolled
(used for compression  (used for grain size
testing) measurement, hardness
and tensile testing)
Sample Theoret. Measured Porosity Measured Porosity
density  density (vol%)  density (vol%)
(g/em’)  (g/em’) (g/cm?)
Pure AZ91 1.81 1.79+0.00 09+0.1 1.81=0.01 03+03
AZ91-0.10 wt% As received CNTs  1.81 1.79+0.00 1.4+02 1.80+£0.00 0.5+0.2
AZ91-0.30 wt% As received CNTs  1.81 1.78+0.00 2.0+0.2 1.78+0.02 19+1.3
AZ91-0.50 wt% As received CNTs  1.81 1.76£0.00 2.8+0.2 1.81+£0.00 0.2+0.1
AZ91-1.00 wt% As received CNTs  1.83 1.77+0.01 32+£04 1.80+£0.00 1.2+0.1
AZ91-0.18 wt% SiC45CNTS55 1.81 1.78+0.00 1.8+0.2 1.80+£0.00 0.8+0.1
AZ91-0.55 wt% SiC45CNTSS5 1.81 1.79+0.00 1.5+0.1 1.80+£0.00 1.1+0.1
AZ91-0.91 wt% SiC45CNTS55 1.82 1.79+0.01 19+03 1.80+£0.00 14+0.0
AZ91-1.82 wt% SiC45CNTS55 1.83 1.76+£0.00 3.5+0.2 1.80+£0.00 1.5+0.1
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Figure 6.16. Scatter plot showing the porosity of pure AZ91 and AZ91 composites reinforced with as-
received CNTs and SiC45CNTS55 for the solution treated-naturally aged and solution treated-hot rolled

samples.
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Table 6.6. Grain size, hardness and tensile properties of solution treated-hot rolled pure AZ91 and

AZ91 composites reinforced with as-received CNTs and SiC45CNTS55.

Sample Grain size Hardness Young’s 0.2% tensile Ultimate  Ductility
(nm) (HV3) modulus yield strength tensile (%)
(GPa) (MPa) strength

(MPa)

Pure AZ91 37.5€12 62.1+23 148 98.7 248.2 5.8

AZ91-0.10 wt% 39.7£0.7  632+1.0 11.8 99.3 252.9 9.5

As received CNTs

AZ91-0.30 wt% 36.7£0.6  60.9+0.4 Not measured due to sample defect

As received CNTs

AZ91-0.50 wt% 383+0.7 61.6+0.5 16.7; 97.1; 94.8; 231.7; 4.3;6.7;

As received CNTs 15.5;16.3 113.1 250.3; 7.2
264.1

AZ91-1.00 wt% 349+0.6 64.6+£0.4 Notmeasured due to sample defect

As received CNTs

AZ91-0.18 wt% 140+£04 65710 21.3; 100.0; 115.9;  204.2; 2.9; 3.8;

SiC45CNTS55 18.1;22.5 104.1 218.0; 2.5
205.8

AZ91-0.55 wt% 17.6 £ 0.5 64.6 0.5 Not measured due to sample defect

SiC45CNTS55

AZ91-0.91 wt% 13.7£04  65.8+0.5 24.2;25.6 84.5;75.5 181.2; 2.3;5.0

SiC45CNTS55 238.1

AZ91-1.82 wt% 129+04  68.5+0.5 Not measured due to sample defect

SiC45CNTS55

Next, the grain size, hardness and tensile properties of the solution treated-hot rolled AZ91-

SiC45CNTS55 samples are shown in Table 6.6. As shown in Figure 6.17 and Figure 6.18 (a),

the addition of SiC coated CNTs to the AZ91 matrix had led to a remarkable reduction in grain

size by about 52-65% in comparison to the AZ91-As received CNTs composites. However, the

grain size appeared to be only moderately affected by the increase in CNTs loading. On the

other hand, the hardness of the AZ91-SiC45CNTS55 composites was increased by only about

4-6 % in comparison to the AZ91-As received CNTs composites as shown in Figure 6.18 (b).

In comparison to the AZ91-SiOC55CNT45 composites produced in Section 5.3.3, the AZ91-

SiC45CNTS55 composites exhibited slightly smaller grain size and lower hardness.
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Figure 6.18. (a) Grain size and (b) hardness comparison between the pure AZ91 and AZ91 composites
reinforced with as-received CNTs and SiC45CNTS55.
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Figure 6.19. (a) Stress-strain curves, (b) 0.2% tensile yield strength, (c) ultimate tensile strength and
(d) ductility of solution treated-hot rolled pure AZ91 and AZ91 composites reinforced with as-received
CNTs and SiC45CNTS55.
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Next, the tensile properties of solution treated-hot rolled pure AZ91 and AZ91 composites
reinforced with as-received CNTs and SIC45CNTS55 are compared in Figure 6.19. As explained
previously in Section 5.3.3, only a limited number of tensile specimens could be tested due to
the defects caused by the hot rolling treatment on some of the specimens. Therefore, the tensile
results in this study should also be treated as preliminary. Figure 6.19 (b) shows that the tensile
yield strength of the AZ91-SiC45CNTS55 composite was slightly higher than that of the AZ91-
As received CNTs composite at the lowest loading (i.e. 0.1 wt%) but it was notably decreased
when the SiC45CNTS5S5 loading was increased to 0.5 wt%. On the other hand, the AZ91-
SiC45CNT55 composite also exhibited lower ultimate tensile strength and ductility in
comparison with the AZ91-As received CNTs composite as shown in Figure 6.19 (¢) and (d).
Finally, the Young’s modulus of the AZ91-SiC45CNTS55 composite was found to be higher
than that of the pure AZ91 and AZ91-As received CNTs composite. Based on the grain
structure of the composites in Figure 6.17, the presence of cracks in the AZ91-SiC45CNTS55
composites could have probably explained for the poorer tensile properties of the composites.
Therefore, a better quality of hot rolling specimens in a higher amount need to be produced in

the future in order to obtain a more reliable tensile properties result.

Table 6.7. Compressive properties of solution treated-naturally aged pure AZ91 and AZ91 composites
reinforced with as-received CNTs and SiC45CNTS55.

Sample Young’s  0.2% Ultimate Compression
modulus  compressive compressive  at failure
(GPa) yield strength strength (%)
(MPa) (MPa)
Pure AZ91 276+1.8 97.6+0.8 4402+ 1.3 20.1+£0.8
AZ91-0.10 wt% As received CNTs 32.0+2.5 102.1+4.1 446.3+43 20.1£0.7
AZ91-0.30 wt% As received CNTs 43.0+53 85.7+2.9 4422 +£7.7 202+1.2
AZ91-0.50 wt% As received CNTs 29.7+34 958+3.9 429.1+ 84 19.0+£ 1.0
AZ91-1.00 wt% As received CNTs 33.6+4.2 92.2+43 421.7+ 133 19.4 +0.7
AZ91-0.18 wt% SiC45CNTS55 327+52 107.6+4.3 4472 +3.1 19.9+0.5
AZ91-0.55 wt% SiC45CNTS55 329+3.8 105.0+4.0 441.1+4.9 18.6 £1.0
AZ91-0.91 wt% SiC45CNTS55 28.5+£2.7 1064+3.9 438.8+4.1 19.8+0.8
AZ91-1.82 wt% SiC45CNTS55 36.7+74 111.7+£3.2 4449+ 4.3 17.8 £0.6
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Figure 6.20. (a) Stress-strain curves, (b) 0.2% compressive yield strength, (c) ultimate compressive
strength and (d) compression at failure of solution treated-naturally aged pure AZ91 and AZ91
composites reinforced with as-received CNTs and SIOC55CNT45.

Next, compression testing was performed on the solution treated-naturally aged samples and
the results are presented in Table 6.7. As shown in Figure 6.20 (b), the yield strength of the
AZ91-SiC45CNTS5 composite was found to be higher than that of the AZ91-As received
CNTs composite at each equivalent as-received CNTs loading. Furthermore, the increase in
CNTs loading had also led to the increase in the yield strength of the AZ91-SiC45CNTS55
composite whereas the opposite trend was observed for the AZ91-As received CNTs
composite. On the other hand, Figure 6.20 (c) shows no improvement in the ultimate strength

of the AZ91-SiC45CNTS55 composite in comparison to the pure AZ91. However, the strength
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of the AZ91-SiC45CNTS55 composite did not appear to be affected by the increase in CNTs
loading unlike the AZ91-As received CNTs composite which showed a notable reduction in
strength as the CNTs loading was increased. As shown previously in Figure 5.31 (b), the
decrease in the strength of the AZ91-As received CNTs composite could be strongly correlated
to the increase in porosity as the CNTs loading was increased. On the contrary, as shown in
Figure 6.21, the strength the AZ91-SiC45CNT55 composite was only moderately affected by
the porosity in the sample. Next, the compression of failure of the AZ91-SiC45CNT55
composite was also found to decrease as the CNTs loading was increased as shown in Figure
6.20 (d). Finally, no obvious trend can be deduced from the Young’s modulus of the

composites.
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Figure 6.21. Scatter plot showing the relationship between porosity and ultimate compressive strength

of the solution treated-naturally aged AZ91-SiC45CNTS55.

The fracture surface of AZ91-SiC45CNTS55 composite following the compression test was
further investigated with SEM as shown in Figure 6.22. For comparison, the fracture surface
of AZ91-As received CNTs composite can be found in Figure 5.32 (a) and (b). As shown in
Figure 6.22 (a), coated CNTs agglomerates were frequently found within the pores of the

AZ91-SiC45CNTS55 composite unlike in the AZ91-As received CNTs composite where CNTs
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were rarely found and only MgO was observed (see Figure 5.32 (a)). This observation seems
to indicate that the aggregated coated CNTs agglomerates could not be effectively infiltrated
by the matrix which led to the formation of porosity. Nevertheless, individual CNTs had been
found embedded on the fracture surface as shown in Figure 6.22 (b) to (d) which highlights the

potential of the coated CNTs to be successfully wetted by the matrix.

The addition of SiC coated CNTs was able to show a few improvements in the distribution and
wettability of the CNTs therefore resulting in the improvement of the mechanical properties of
the composites. The reduction in grain size and improvement in hardness observed in the
AZ91-SiC45CNTS5 composite in comparison to the AZ91-As received CNTs suggest that a
higher distribution of CNTs in the AZ91 matrix could be achieved due to the presence of SiC
coating. The improvement in the yield strength of AZ91-SiC45CNTS55 composite as the CNTs
loading was increased could also be attributed to the SiC coating as evident from the coated
CNTs found on the fracture surface of the composite which led to the strengthening of the
composite to occur via load transfer. However, although the SiC coated CNTs were much better
wetted by the AZ91 matrix than the as-received CNTs, the presence of coated CNTs
agglomerates would ultimately lead to an ineffective wetting by the matrix due to the difficulty
of the melt to infiltrate through the CNTs network. Consequently, this behaviour would lead to
the formation of pores as seen on the fracture surfaces which were likely to become sources for
crack initiation therefore resulting in the lack of improvement in ultimate strength and the

decrease in compression at failure.

A few similarities and differences could be found from the fabrication of AZ91-SiC45CNTS55
composites in this chapter and the AZ91-SiOC55CNT45 composites in the previous chapter.

Firstly, the presence of either SiOC or SiC coating was able to improve the wettability of CNTs
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by the AZ91 matrix as it was immediately observed during casting where the SIOC55CNT45
and SiC45CNTS55 could be fully incorporated in the melt while the as-received CNTs were
rejected by the melt. The addition of SIOC55CNT45 and SiC45CNTS55 had also led to a notable
grain refinement in the AZ91 matrix and increase in hardness in comparison to the pure AZ91
and AZ91-As received CNTs composites. These findings can be attributed to the improvement
in the wettability and distribution of CNTs due to the coating. Furthermore, the AZ91-
SiC45CNT55 composites had shown slightly smaller grain size (between 12.9 to 14.0 um) and
lower hardness (between 64.6 to 68.5 HV3) than the AZ91-SiOC55CNT45 composites (14.3-
24.2 um for grain size and 68.5-72.6 HV3 for hardness). Further investigation needs to be
carried out in the future, for example by analysing the microstructure of the naturally aged-hot
rolled samples, to investigate the difference in the behaviour of the coated CNTs with the
matrix. Then, the improvement in the yield strength was observed in both composites as the
CNTs loading was increased. On the other hand, the yield strength of the AZ91-As received
CNTs was found to deteriorate with the increase in the CNTs loading. Coupled with the
observation of the wetted CNTs found on the fracture surface of the composites, the
improvement in the yield strength of the composites can be attributed to the successful
interfacial bonding between the coated CNTs and the AZ91 matrix which allows for stress
transfer to occur. However, the presence of agglomerates in the SiIOC55CNT45 and
SiC45CNTS55 samples had led to the formation of porosity in the composites therefore resulting
in the deterioration of the ultimate strength and ductility of the composites as the CNTs loading
was increased. Nevertheless, this finding indicates that further improvement to the AZ91
composites can still be achieved by improving the coating morphology of the CNTs and the

distribution of the coated CNTs in the matrix.
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The characterisation of the coating morphology in the SIOC55CNT45 and SiC45CNTS55
samples shows that the SiOC and SiC coating tends to be formed over the CNTs agglomerates
which could have probably contributed in the difficulty to disperse and distribute the CNTs
homogeneously. Furthermore, while only SiOC coating was observed on the CNTs in the
SiOC55CNT45 sample, the SIC45CNTS5 sample was found to consist of several different
morphologies such as the presence of dense SIOC-CNTs and SiC whiskers which disrupt the
integrity of the SiC coated CNTs sample. Therefore, further considerations should be given to
improve the quality of the SIC45CNTS55 sample, for example by extending the duration of
pyrolysis, so that only SiC coated CNTs would be produced. Otherwise, it is probably more
desirable to focus on the fabrication of AZ91-SiOC coated CNTs composites since the
production of the SiOC coated CNTs is more feasible due to the lower pyrolysis temperature

and the SiOC coating can be sufficiently wetted by the matrix.
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Figure 6.22. SEM images showing the fracture surface of AZ91 composites reinforced SIOC45CNTS55 after compression test. Point EDX measurement was

performed at the locations marked by the letters A-E in the SEM images. Individual CNTs found on the fracture surface are denoted by the yellow arrows.
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6.4 Conclusions

SiC coated CNTs samples consisting of 24.8 to 58.3 wt% of SiC coating concentration were
produced from the starting PMHS concentration of 10/1 to 50/1 PMHS/CNTs weight to weight
ratio. Similar to the SiOC coated CNTs, the SiC coating was prone to form over the
agglomerated CNTs network instead of the individual CNTs. Furthermore, the SiC coating
precipitate appeared to grow in a cylindrical manner along the tangled CNTs as the coating
concentration was increased. However, at the highest coating concentration of 56 wt%, a large
amount of dense SIOC-CNTs products was observed in the sample such that only a small
amount of SiC was detected from the XRD measurement which may indicate that the rate of
conversion from SiOC to SiC was lowered as the coating concentration becomes larger. Next,
the investigation of the SiC coated CNTs dispersions showed that the SiC coating can help to
promote the debundling of the CNTs such that the size of the of the CNTs agglomerates could
be considerably reduced as the coating concentration was increased. However, the
dispersibility of CNTs with 53 wt% of coating concentration and above appeared to be worse
than the dispersibility of the as-received CNTs due to the increased formation of the dense
SiOC-CNTs products in the samples. The best dispersion was achieved for the SIC45CNT55
which showed relatively smaller agglomerate size than the as-received CNTs and the highest

degree of individually dispersed CNTs across all samples.

Next, the effect of CNTs coating on the properties of the AZ91 composite was investigated. At
the lowest SiC coating concentration of 25 wt%, the coated CNTs could not be sufficiently
wetted by the matrix which had led to the CNTs being pushed out of the casting. On the other
hand, at the highest coating concentration of 56 wt%, the porosity level in the composite was

slightly increased due to the ineffective wetting of the dense SiOC-CNTs aggregates.

220



Therefore, based on the dispersion and composite studies, SIC45CNTS55 was determined to
have the most suitable SiC coating concentration among all the SiC coated CNTs samples.
Finally, the investigation of the effect of CNTs loading on the properties of the AZ91
composites showed that a considerable grain refinement and improvement in hardness were
observed in the AZ91-SiC45CNTS55 composite in comparison to the AZ91-As received CNTs
composite at each equivalent as-received CNTs loading suggesting that the distribution of
CNTs in the matrix had been considerably improved due to the presence of SiC coating.
Furthermore, the yield strength of the AZ91-SiC45CNTS55 composite was also found to be
notably higher than that of the AZ91-As received CNTs composite and increased with the
increase in CNTs loading. The improvement in the yield strength of the AZ91-SiC45CNTS55
composite was most likely attributed to the SiC coating which enable the CNTs to be wetted
by the matrix. However, the presence of the coated CNTs agglomerates had led to the difficulty
in the infiltration and wetting of the CNTs therefore resulting in the lack of improvement in the
ultimate strength and the decrease in the compression at failure. The results from the
investigation of the AZ91 composites reinforced with SiOC coated CNTs and SiC coated CNTs
highlights the importance of the distribution of the CNTs which should be further optimised in
future work so that further improvement can be achieved in the mechanical properties of the

composites.
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Chapter 7 : Conclusions and future

work

In this thesis, a novel technique for coating either SiIOC or SiC on the CNTs using a
polysiloxane precursor was developed to enhance the properties of AZ91 composites by
increasing the distribution of CNTs in the metal matrix and improving the wettability of the

CNTs by the matrix.

Initially, the process for coating the CNTs with the polymethylhydrosiloxane (PMHS)
precursor was developed. The curing and pyrolysis processes for transforming the PMHS to
SiOC and SiC were established. A simple, catalyst-free curing procedure via the heat treatment
in air was determined using the DSC analyses to achieve a 100% degree of cure of PMHS and
a curing yield of 87.1 %. Next, the ceramisation of the crosslinked PMHS to SiOC and SiC
was successfully performed via pyrolysis at 900 and 1500 °C, respectively, in Ar atmosphere
to produce a ceramic yield of 64.9 2.2 and 57.0 £ 1.9 %, respectively. The SiOC product was
found to consist predominantly of SiOC and SiO: phases; meanwhile, the SiC product
consisted of crystalline SiC dispersed with some SiO> phase. Subsequently, the application of
PMHS as a precursor for SiOC or SiC coating on the CNTs was investigated through a
preliminary production of SiOC coated CNTs. SiOC coated CNTs produced from a low range
of starting PMHS concentration (i.e. 0.5/1 to 6/1 PMHS/CNTs w/w) was found to consist of a
variety of coating morphologies. The deposition of SiOC coating on the CNTs agglomerate
can be explained by the tendency of the polymer to adhere on the interconnected CNTs due to

wicking effect; meanwhile, the formation of discontinuous SiOC coating on the individual
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tubes was most likely due to the tendency of the liquid polymer to form clam-shell and barrel-
type droplet on tubular structures. Finally, the investigation of the decomposition behaviour of
crosslinked PMHS-CNTs during pyrolysis revealed that the PMHS-CNTs experienced an
increased rate of decomposition which led to a substantial decrease in the resulting SiOC
concentration. This behaviour can be explained by the catalytic effect of CNTs which

accelerated the decomposition of the polymer during pyrolysis.

SiOC coated CNTs were then produced in a wider range of SiOC concentrations to investigate
the effect of SiIOC coating on the morphology and dispersibility of CNTs, and subsequently
the properties of the AZ91 composites. At a low SiOC concentration of 22 wt%, only a small
deposition of SiOC coating could be observed on the CNTs agglomerates meanwhile no
coating was found on the individual tubes. Large CNTs agglomerates were predominantly
observed in the dispersion of the coated CNTs, but the presence of coating seemed to have also
increased the amount of individually dispersed CNTs. However, the coating concentration was
found to be too low to achieve a desirable wetting by the AZ91 matrix as the addition of the
coated CNTs had led to the rejection of the CNTs powder by the melt during casting and the
increase in porosity in the composite. On the other hand, at a high SiOC concentration of 77
wt%, predominantly dense SiIOC-CNTs products were observed in the sample. Consequently,
this type of morphology caused the dispersibility of the CNTs to be reduced. Furthermore, the
dense SIOC-CNTs products were found to be aggregated in the composite which then led to
the increased formation of porosity due to inefficient wetting by the matrix. From these studies,
the CNTs with 55 wt% of SiOC concentration (i.e. SIOC55CNT45) was determined to be
suitable for further investigation in the fabrication of AZ91-SiOC coated CNTs composites.
The addition of SIOC55CNT45 to the AZ91 matrix led to a notable grain refinement (by up to

62% in grain size reduction) and a higher hardness (by up to 17%) in comparison to the pure
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AZ91 alloy which can be attributed to the increase in the distribution of CNTs in the matrix
due to the presence of SiOC coating. The yield strength of the composite was also found to
increase notably by 0.5 to 15 % relative to the pure AZ91 as the CNTs loading was increased
from 0.22 to 2.22 wt%. This improvement was attributed to the successful wetting of
individually coated CNTs in the metal matrix as evident from the fracture surface analysis.
Meanwhile, the addition of the as-received CNTs had led to decrease of the yield strength of
the composite by 12% due to a poor wetting of the CNTs by the matrix. However, the addition
of the SiOC coated CNTs had also led to the decrease in the ultimate strength and compression
at failure/ductility of the composite as the CNTs loading was increased. This behaviour had
been attributed to the increase in the porosity of the composite as a result of the inefficient
wetting of some agglomerated SiOC coated CNTs by the matrix. Therefore, further
optimisation needs to be carried out in the future to diminish the presence of agglomerated
CNTs in the coated CNTs samples and to improve the distribution of the coated CNTs in the

melt during stir casting.

Finally, the types of morphologies formed in the production of SiC coated CNTs and their
effects on the dispersibility of the CNTs and the properties of AZ91 matrix were investigated.
At a low coating concentration of 25 wt%, a small amount of SiC was found to be precipitated
on the CNTs agglomerate on a cylindrical manner meanwhile no coating layer had been
observed on the individual CNTs. The coated CNTs, however, was found to be insufficient to
promote the wetting of the CNTs by the AZ91 melt. On the other hand, at the coating
concentration of 45 wt%, several types of morphologies could be found in the coated CNTs
samples. Other than the SiC coating on the CNTs agglomerates, the sample was also found to
consist of a slightly higher amount of SiC whiskers and a small amount of dense SiIOC-CNTs

products. At the coating concentration of 56 wt%, the coated CNTs sample was found to consist
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predominantly of dense SiOC-CNTs products while the XRD measurement showed that only
a small amount of SiC was detected in the sample. Consequently, the increased formation of
dense SIOC-CNTs products had also led to the reduction in the dispersibility of the CNTs and
an increased formation of porosity in the composite due to an ineffective wetting of the
aggregates. Based on these findings, the coated CNTs with 45 wt% coating concentration (i.e.
SiC45CNTS55) was determined to be suitable for the subsequent composite fabrication study.
Similar to the previous AZ91-SiOC55CNT45 composites, the addition of SIC45CNT5S5 was
able to give a remarkable reduction in grain size (up to 66 %) and increase in hardness (by up
to 10.3 %) in the composite in comparison the pure AZ91 alloy. The compressive yield strength
of the composite was also improved between 10.2 to 14.4 % as the CNTs loading was increased
from 0.18 to 1.82 % which was attributed to the coated CNTs that had been sufficiently wetted
by the matrix. However, agglomeration of the coated CNTs had also seemed to cause a slight
decrease in the ultimate compression strength and compression at failure as the CNTs loading
was increased. Similar considerations as the SIOC coated CNTs should be applied in future
work in order to achieve a better dispersion and distribution of the coated CNTs in the matrix

which can potentially lead to a more effective strengthening of the matrix.

Even though SiOC coated CNTs and SiC coated CNTs had similar effects in the mechanical
properties of the composites, the use of SiOC coated CNTs may offer several advantages in the
fabrication of the AZ91 composites over the SiC coated CNTs based on the current results.
Firstly, the production of the SIOC coated CNTs is a more feasible process since a much lower
pyrolysis temperature can be used (i.e. 900 °C for SiOC coated CNTs vs. 1500 °C for SiC
coated CNTs) therefore making it more attractive especially for large scale production.
Furthermore, while only SiOC products was observed in the SiOC coated CNTs, the SiC coated

CNTs consisted of several different morphologies including SiC whiskers and dense SiOC-
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CNTs which challenges the integrity of the coating material. Finally, coating had not been
observed on the individual CNTs in the SiC coated CNTs samples which can probably be due
to the loss of coating material during the ceramisation process. On the contrary, individual

CNTs in the SiOC coated CNTs was found to be coated with a discontinuous coating layer.

In comparison to the literature works, the effect of CNTs coating on the dispersibility and
wettability of the CNTs, and the properties of the Mg composites had been more extensively
studied in this work. Furthermore, a more careful research design had also been established by
ensuring that the coating concentration was considered in the CNTs loading so that a more
accurate comparison could be made between the AZ91-As received CNTs and AZ91-coated
CNTs composites. Similar to this work, the deterioration of the composites at a higher CNTs
loading had also been attributed to the agglomeration of the coated CNTs as reported in the
literature works. However, it is unclear why agglomeration had been observed for their coated
CNTs and what strategies can be applied to overcome the issue. Meanwhile, in this work, the
agglomeration of the SiOC and SiC coated CNTs had been identified due to a combination of
unoptimised coating on the CNTs because of the natural wetting behaviour of the polymer on
the CNTs, and a lack of effective distribution of the coated CNTs in the metal melt. Therefore,

several strategies are recommended for future work:

1. Investigation of the effect of CNTs on the decomposition behaviour of the crosslinked
PMHS
As described in Section 4.3.4, the increased rate of decomposition for crosslinked PMHS-
CNTs during pyrolysis had led to a substantial reduction in the resulting SiOC
concentration in the CNTs sample. Since the metal residue in the CNTs were postulated to
catalyse the decomposition of PMHS, further studies should be done to confirm this

hypothesis for example by using other commercial CNTs with lower metal residue [70] or
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by the purification of the current as-received CNTs used [257]. Consequently, the
investigation of this issue could probably lead to the improvement in the resulting coating

concentration and therefore the coating morphology of the coated CNTs.

. Optimisation of PMHS coating on the CNT's

Due to the tendency of the polymer to adhere on the CNTs agglomerates, a better CNTs
dispersion should be produced by optimising the sonication parameters to further promote
the debundling of the CNTs agglomerates. Simultaneously, the mixing of PMHS with
CNTs should also be improved from the current technique by sonicating the PMHS and
CNTs together at an extended duration to allow the polymer to interact with the CNTs more
effectively. Alternatively, surface treatment of the CNTs can also be considered prior to the
mixing with the polysiloxane [258, 259] to promote the functionalisation of the polymer

on the CNTs therefore producing a more homogeneous coating on the individual tubes.

. Optimisation of CNTs dispersion technique in the AZ91 melt

The current melt stirring process can be further optimised to ensure that the nanoparticles
can be more homogeneously distributed in the CNTs for example by simply increasing the
stirring duration of the melt. Alternatively, ultrasonic processing can also be applied in the
future for a more enhanced dipersion and distribution of CNTs in the metal melt [99, 100,

102].

. Comparison with other reference materials

To further confirm for the strengthening of the composites due to the CNTs reinforcements,
a few other reference materials could also be fabricated for example by only adding the
SiOC or SiC particles in the AZ91 or by using SiOC/SiC coated carbon black as

reinforcements.
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Appendix

A.1 Temperature profile of tube furnace
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Figure A.1. Temperature profile inside the work tube (with insulation plugs fitted) as measured by an

external thermocouple showing the uniform hot zone relative to the length of the work tube.
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A.2  Crucible design
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Figure A.2. Design of the H13 tool steel crucible used in the stir casting process.
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A.3 Stirrer design
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Figure A.3. Design of the S235 steel stirrer head used in the stir casting process.
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A.4 Mould design
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Figure A.4. Design of the permanent steel mould used in the stir casting process.
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A.5 Al-Mg phase diagram
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Figure A.5. Al-Mg phase diagram. The dotted line indicates the Mg-Al composition of the Mg AZ91
alloy used in this work. A and B points mark the temperatures typically used for the ageing and solution

heat treatments, respectively. Image reproduced from [260].
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A.6 Tensile test specimen configuration
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Figure A.6. Configuration of tensile test specimen.
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A.7 Determination of optimum curing temperature(s) and duration

Step 1: Heat treatment of PMHS in air at 160 °C for t min. Note: this temperature was selected
based on the onset temperature of the first exothermic peak in the DSC measurement of as-

received PMHS in air as shown in Figure A.7.

t =60 min
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@)
; 20 n
2 t=30 min /\
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0 -1 ——
As-received PMHS
-10 —

0 50 100 150 200 250 300 350
Temperature (°C)

Figure A.7. DSC curves of PMHS samples which had been subjected to a heat treatment in air at 160

°C for t min.

Table A.1. Degree of cure measurement of PMHS based on Figure A.7 after heat treatment in air at
160 °C for t min. The maximum curing time and the new onset temperature of the remaining exothermic

peak are highlighted in bold.

t (min) Onset temperature Heat of reaction, Hs  Degree of cure (%)
(W9) (J/g)

15 171.5 996.6 32.8

30 168.0 738.8 50.2

45 172.2 503.4 66.0

60 173.0 509.79 65.6

Result: The maximum degree of cure (i.e. 66%) was obtained after heating the polymer at 160
°C for 45 min. The heating was continued at the new onset temperature of the remaining

exothermic peak (i.e. 170 °C) in the next step to obtain a higher degree of cure.
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Step 2: Heat treatment of PMHS in air at 160 °C for 45 min and 170 °C for t min
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Figure A.8. DSC curves of PMHS samples which had been subjected to a heat treatment in air at 160
°C for 45 min and 170 °C for t min.

Table A.2. Degree of cure measurement of PMHS based on Figure A.8 after heat treatment in air at
160 °C for 45 min and 170 °C for t min. The maximum curing time and the new onset temperature of

the remaining exothermic peak are highlighted in bold.

t (min) Onset temperature Heat of reaction, Hs Degree of cure (%)
(W9) J/g)
15 174.5 448.7 69.7
30 176.7 292.2 80.3
45 177.0 345.3 76.7
60 187.8 208.8 85.9
75 197.8 192.0 87.0
90 194.1 187.7 87.3

Result: The maximum degree of cure (i.e. 87%) was obtained after heating the polymer at 160
°C for 45 min and 170 °C for 75 min. The heating was continued at the new onset temperature
of the remaining exothermic peak (i.e. 190 °C) in the next step to obtain a higher degree of

cure.
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Step 3: Heat treatment of PMHS in air at 160 °C for 45 min, 170 °C for 75 min and 190 °C for

t min
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Figure A.9. DSC curves of PMHS samples which had been subjected to a heat treatment in air at 160
°C for 45 min, 170 °C for 75 min and 190 °C for t min.

Table A.3. Degree of cure measurement of PMHS based on Figure A.9 after heat treatment in air at
160 °C for 45 min, 170 °C for 75 min and 190 °C for t min. The maximum curing time and the new

onset temperature of the remaining exothermic peak are highlighted in bold.

t (min) Onset temperature Heat of reaction, Hs Degree of cure (%)
(9] J/g)

15 218.7 86.3 94.2

30 213.7 70.4 95.3

Result: The maximum degree of cure (i.e. 95%) was obtained after heating the polymer at 160
°C for 45 min, 170 °C for 75 min and 190 °C for 30 min. The heating was continued at the new
onset temperature of the remaining exothermic peak (i.e. 210 °C) in the next step to obtain a

higher degree of cure.
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Step 4: Heat treatment of PMHS in air at 160 °C for 45 min, 170 °C for 75 min, 190 °C for 30

min and 210 °C for t min
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Figure A.10. DSC curves of PMHS samples which had been subjected to a heat treatment in air at 160
°C for 45 min, 170 °C for 75 min, 190 °C for 30 min and 210 °C for t min.

Table A.4. Degree of cure measurement of PMHS based on Figure A.10 after heat treatment in air at
160 °C for 45 min, 170 °C for 75 min, 190 °C for 30 min and 210 °C for t min The maximum curing
time is highlighted in bold.

t (min) Onset temperature Heat of reaction, Hs  Degree of cure (%)
(°C) J/g)
30 - 0 100

Result: 100% degree of cure was obtained after heating the polymer at 160 °C for 45 min, 170
°C for 75 min, 190 °C for 30 min and 210 °C for 30 min. No remaining exothermic peaks was

observed which indicates that a complete curing has been achieved.
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A.8 Strategies to improve the ceramic yield of PMHS-CNTSs samples

The established procedure for the production of SiOC and SiC coated CNTs is described in

Section 3.2.1.1. The table below describes the modifications applied to the established

procedure to improve the ceramic yield of PMHS-CNTs as discussed in Section 4.3.4.

Table A.5. Modifications of established SiOC and SiC coated CNTs produced to improve the ceramic
yield of PMHS-CNTs samples.

Strategy Curing procedure Pyrolysis procedure
Closed crucible As the established curing procedure As the established pyrolysis
pyrolysis procedure but with each crucible

Longer curing

Longer curing +
increased Ar flow

Lower pyrolysis
heating rate

Heat treatment in air at a heating rate
of 5 °C/min from room temperature
to 160 °C for 2 hr, 170 °C for 3 hr
min, 190 °C for 1 hr and 210 °C for 1
hr, then cooling down to room
temperature.

Heat treatment in air at a heating rate
of 5 °C/min from room temperature
to 160 °C for 2 hr, 170 °C for 3 hr
min, 190 °C for 1 hr and 210 °C for 1
hr, then cooling down to room
temperature.

As the established curing procedure

covered with a lid
As the established pyrolysis
procedure

As the established pyrolysis
procedure but at an Ar flow rate of
1.5 L/min

As the established pyrolysis
procedure but at a heating rate of 1
°C/min
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