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Abstract 

The drive towards net zero carbon usage has been increasingly important over 

the past couple of decades. The reduction of fossil fuels and the need for 

renewable energy resources is predominant within the automotive industry. 

Hydrogen fuel cells are an excellent alternative to the current internal combustion 

engines, however, the need to find suitable materials and coatings, which can 

withstand the corrosive environments encountered is becoming more prevalent. 

Silicon oxide (SiOx) coatings are a potential coating for the use in hydrogen fuel 

cells to withstand the corrosive environments and enhance the lifetime of the fuel 

cells. 

In this study, the use of microwave plasma enhanced chemical vapour deposition 

(MW-PECVD) has been investigated as a way to deposit SiOx coatings onto high-

speed steel (HSS) substrates. A matrix of coatings has been developed using 

different hexamethyl disiloxane (HMDSO) and oxygen (O2) ratios during the 

deposition processes, to characterise the mechanical, composition and 

microstructural properties. The corrosion behaviour of the coatings has also been 

established, using electrochemical techniques in a 1 molar sodium chloride 

(NaCl) solution. A further matrix of coatings has also been developed and 

characterised with a variation in the coating thickness. 

A Hauzer Flexicoat 850 deposition system at the University of Leeds was used 

to deposit 20 unique SiOx coatings using a novel MW-PECVD technique. The 

coatings were characterised to quantify their hardness, Young’s modulus, 

chemical and structural composition, and to determine the corrosion behaviour 

using polarisation techniques and electrochemical impedance spectroscopy 

(EIS). 
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This study has shown that varying the HMDSO:O2 ratios of the SiOx coatings can 

affect both the mechanical, chemical and microstructural composition of the 

coatings, leading to coatings with different chemistries and stoichiometries. The 

corrosion performance of MW-PECVD deposited SiOx coatings has shown that 

the HMDSO:O2 ratios can affect the corrosion resistance of the coatings, and 

increasing the thickness of the coatings can have an increased effect on the 

corrosion performance of the coatings. 
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Chapter 1 – Introduction 

Surface engineering is a multidisciplinary subject which involves the modification 

of solid matter in order to improve the functionality of a material. It can be applied 

to a wide range of subject areas including materials science, mechanical 

engineering, electrical engineering and chemistry. Both metallic and non-metallic 

surfaces can be modified to enhance the properties of a material are and may 

also be utilised for decorative purposes. Surface engineering can be applied to 

numerous applications, ranging from biomedical (including hip and knee 

replacements) to automotive and aerospace applications. 

The engineering of surfaces plays an important role in the corrosion, friction and 

wear of surfaces, which in turn leads to significant economic and environmental 

impacts for multiple industries [1]. Over the past couple of decades, it has been 

estimated that the corrosion costs of materials contribute between 3 and 4% of 

the gross domestic product (GDP) of a country every year [2]. Friction and wear 

of materials also contributes to a loss of between 1 and 2% of the GDP per year 

in Great Britain and Germany [3]. Overcoming these issues has led to the 

increased demand of surface treatments, applied to materials that are sensitive 

to corrosion and wear [1]. The automotive industry is just one industry where 

surface modifications will enhance the lifetime of materials; such as carbon steel, 

particularly for the use in fuel cells. 

The drive towards green energy and the net-zero emissions target by 2050 has 

been accelerated dramatically over the past decade. The need to cut down on 

fossil fuels and find alternative energy sources is of utmost importance to combat 

greenhouse gas emissions, which in turn lead to an increase in global 

temperature. One solution to the supply of green energy is with hydrogen fuel 
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cells. This environmentally friendly, low carbon alternative can be considered a 

substitute for fossil fuels [4], benefiting the environment, climate change and 

providing a source of clean production. 

Fuel cells are a promising alternative to fossil fuels and can be used as energy 

storage for the renewable energy supply chain, or in engine technology to replace 

the current internal combustion engine, turbines, and boilers [5]. Although this 

alternative fuel source proves to be a promising alternative, there are several 

challenges that need to be addressed. 

1. Cost 

2. Performance 

3. Durability 

A proton exchange membrane fuel cell (PEMFC) is an electrochemical cell which 

converts chemical energy from a fuel (hydrogen) and an oxidizing agent (oxygen), 

into electrical energy, through redox reactions. The fuel cell stack consists of; an 

anode backing, electrolyte membrane and cathode backing, sandwiched 

between two bipolar plates (BP) – anode and cathode, shown in Figure 1.1. 
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Figure 1.1 Schematic of a proton exchange membrane fuel cell (PEMFC) 
[6]. 

 

The BPs make up 80% of the total weight of the fuel cell, and around 45% of the 

cost. The role is to evenly distribute the fuel and the oxygen around the cell, carry 

current from cell to cell, prevent the leakage of reactants and facilitate heat 

management. Thus, it is important for the material of the BPs to have the 

chemical and physical properties, as proposed by Mehta and Cooper [7], and 

Borup and Vanderborgh [8]: 

• H2 permeability - < 10-4 cm3  cm-2 s 

• Electrical conductivity - < 0.01 Ω cm2 

• Thermal conductivity – as high as is possible 

• Compressive strength - > 0.15  MPa 
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• Corrosion resistance: corrosion rate < 0.19 mm y-1 

The materials currently being researched can be categorized into: non-metal, 

metals – both uncoated and coated, and composites. Stainless steels and carbon 

steels [9] have proven to be a promising material for bipolar plates, due to the 

lower cost and good mechanical properties [10], [11] however the corrosion 

resistance is unsuitable for the application in commercial PEMFCs [12]. The 

application of a suitable coating to the steel surface, however can overcome the 

unsuitable corrosion resistance. The development of a corrosion resistant and 

cost-effective coating is significant in the development of metallic bipolar plates 

[13]. 

A suitable coating should provide sufficient thermal and electrical conductivity, be 

corrosion resistant, have a good adhesion to the metal and have little to no 

defects present [14]. A defect within the coating will reduce the lifetime of the 

steel and enhance its degradation [15]. The corrosion resistance of high-speed 

steel (HSS) coated SiOx, deposited using microwave plasma enhanced chemical 

vapour deposition (MW-PECVD) is a promising material for bipolar plates and 

one potential application for SiOx coatings. The use of MW-PECVD provides a 

dense uniform coating with minimal defects, thus having the ability to sufficiently 

protect the substrate. This novel technique can be utilised to deposit SiOx 

coatings to understand both the coating performance and the corrosion 

performance. Electrochemical impedance spectroscopy (EIS) is a useful 

measurement technique for evaluating the corrosion resistance of SiOx coatings. 
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1.1 Aim 

To characterise the mechanical, compositional and electrochemical properties of 

a matrix of SiOx coatings deposited onto HSS substrates, with a focus on the 

hexamethyldisiloxane to oxygen (HMDSO:O2) ratio dependence and the 

thickness dependence of the coatings. 

1.2 Objectives 

• To understand how varying the O2 concentration during the MW-PECVD 

process of SiOx coatings affects the mechanical, microstructural and 

electrochemical properties of the coatings. 

• To explore the dependence of the HMDSO:O2 ratio on the SiOx coating 

properties, a matrix of coatings deposited with a wide variability of 

HMDSO:O2 ratios will be investigated. 

o Characterisation of the mechanical properties of the coatings and 

understand how the HMDSO:O2 ratio can affect these properties. 

o To understand the effect of the HMDSO:O2 ratio on the chemistry 

and microstructure of the SiOx coatings. 

• To investigate a selection of SiOx coatings with different HMDSO:O2 ratios, 

coated with varying thicknesses to understand how the thickness of 

coatings affects the mechanical and structural properties. 

• To study the relationship of both the HMDSO:O2 ratios and the thickness 

of the SiOx coatings on the electrochemical behaviour of the coatings. 

• To understand and correlate the microstructural findings with the 

electrochemical behaviour of the SiOx coatings with varying HMDSO:O2 

ratios. 
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1.3 Thesis Outline 

• Chapter Two: A background introduction to surface engineering methods, 

plasma theory and general coating deposition techniques. 

• Chapter Three: A comprehensive literature review covering an overview 

of deposition methods, focussing on the deposition techniques used for 

silicon oxide coatings. It will also cover an insight into the barrier 

properties, applications and electrochemical behaviours of the SiOx 

coatings  

• Chapter Four: An overview of the experimental techniques, analysis 

procedures and parameters used throughout this thesis. 

• Chapter Five: The results and discussion for a preliminary batch of SiOx 

coated HSS with varying HMDSO:O2 ratios. 

• Chapter Six: The results and discussion for a further matrix of SiOx 

coatings, deposited onto HSS. The focus of this chapter is to understand 

the effects of the HMDS:O2 ratios and the thickness of the coatings on the 

mechanical, chemical and microstructural properties of the coatings. 

• Chapter Seven: The results and discussions for the corrosion resistance 

of SiOx coated HSS, using polarisation techniques and electrochemical 

impedance spectroscopy (EIS). The discussion will focus on the effect of 

the HMDSO:O2 ratios on the corrosion behaviour of the coatings, and also 

compare the microstructural and mechanical properties with the corrosion 

behaviour. 

• Chapter Eight: The main conclusions taken from the study and 

suggestions for further work. 
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1.4 Thesis Structure 
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Chapter 2 – Background 

2.1 Introduction 

This chapter discusses the general background theories that encompass the 

overall research. It will emphasise the need to engineer surfaces and different 

types of surface modifications. The chapter will specifically focus on the different 

coatings methodologies and their advantages and limitations. 

2.2 Theory of surface engineering 

There are various surface engineering techniques that can be used to modify the 

properties of a material (Figure 2.1), these include but are not limited to, altering 

the surface metallurgy, changing the surface chemistry or applying a coating or 

surface layer to a bulk material [16]. The methodology used for a material is 

dependent on the requirements of the surface for its intended application [17]. 

 

 

Figure 2.1 Surface engineering method classifications, modified from [17]. 

 

The requirements of the material can range from decorative, protective, functional 

and smart applications (Figure 2.2). 
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Figure 2.2 Applications of surface modifications, based on industrial 
requirements [1]. 

 

The lifetime of a material can be increased through an increase in the corrosion 

and wear resistance. Due to the large GDP costs of corrosion and the 

environmental impacts [18], it is important to find suitable surface modifications 

to improve the corrosion resistance of said materials. 

Approximately 85% of all steel produced is carbon steel, and is susceptible to 

natural oxidation and corrosion. The corrosion rates for carbon steel can vary 

from 276 millimetres per year (mm y-1) to 782.5 mm y-1, for wet and dry 

environments respectively [19]. The protection of carbon steels to increase the 

corrosion resistance proves to be an important factor for both environmental and 

economic considerations. Applying a surface coating is the most favourable and 

common method for protecting carbon steel. 

The use of inorganic oxide coatings has proven to be a promising route to aid the 

corrosion resistance of carbon steels. Silicon oxide (SiOx), Aluminium oxide 

(Al2O3) and tin oxide (TiO2) coatings act as oxidation and moisture barriers, and 

have been utilised to improve the anti-corrosion properties of metals. SiOx 

coatings have been explored for their ability as water and oxygen permeation 

barrier coatings on polymeric substrates. Oxygen transmission rates (OTR) for 
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SiOx coated polyethylene terephthalate (PET) have been found to be as low as 

0.3 cm3 m-2 day-1 when compared with uncoated PET at 86.2 cm3 m-2 day-1 [20].  

Similarly, water vapour transmission rates (WVTR) have also been reported to 

decrease with the addition of a SiOx barrier layer, from 54.56 g m-2 day-1 for 

untreated PET to 0.47 g m-2 day-1 [21].  More recently SiOx coatings have been 

researched for their use as corrosion barriers on steel substrates [22]–[24]. 

2.3 Theory of Plasma 

Plasma is considered to be the fourth fundamental state of matter after solids, 

liquids and gases (Figure 2.3). It is an electrically conducting material in which 

there are roughly equal numbers of negatively and positively charged particles, 

which have been produced through the ionisation of atoms in a gas. The Hauzer 

Flexicoat 850 system at the University of Leeds uses PVD, PECVD and 

microwave PECVD deposition techniques, relying heavily on the use of plasma. 

The use of plasma allows for a more uniform, homogeneous and dense coating, 

and can also increase deposition rates. Therefore, it is important to understand 

the principles of plasma and how it is produced in both nature and a laboratory 

environment. 

 

Figure 2.3. The four matters of state; solid, liquid, gas and plasma [25]. 
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Plasma is a quasi-neutral ionised gas, in which an important fraction of the atoms 

are completely ionised – both ions and electrons are separately free [26]. The 

negative charge of the plasma is carried by electrons, and the positive charge is 

carried by the atoms or molecules, that have lost those same electrons. The 

plasma state is unique due to the magnetic and electric forces acting upon it, and 

therefore leading plasma to act more like a fluid. 

Plasma is created when the energy of matter is increased above the ionisation 

energy of the species present, which occurs naturally throughout the universe. It 

has been hypothesised that nearly all visible matter within the universe comprises 

of plasma [27], predominantly occurring in the plasma form in the Sun, stars and 

the interstellar and interplanetary space. These natural plasmas identified by their 

properties can be found in Figure 2.4. Gases within the solar system occur 

between the range of 1033 p/m3 and 107 K in the solar core to 109 p/m3 and 105 K 

in the Earth’s aurora [28]. These properties represent plasmas with valuable 

physical characteristics and if constructed within a laboratory, may be used in 

practical devices [29]. 
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Figure 2.4. Properties of different types of plasmas occurring in the 
natural environment, with the yellow rectangle representing man-made 
plasmas [30]. 

 

Under normal conditions, plasma cannot be formed on Earth due to the high 

temperatures and low pressures required to create it. It can, however be found 

on Earth when these extreme conditions are met. For example; it can be seen as 

lightening – a high current discharge in the air, created from negative and positive 

charges accumulating in separate regions [31]. Another natural phenomena that 

can occur on Earth are the Aurora. This is created from electrons being absorbed 

into the atmosphere, resulting in the ionisation and excitation of atmospheric 

constituents, which emit light. 

For the use of plasmas in experimental and laboratory applications, they must be 

created artificially by delivering a sufficient amount of energy into a system. This 

energy is needed to strip electrons from atoms in order to create the plasma. 

There are numerous origins in which this energy can be created, including but 

not limited to; electrical, thermal and light energy. To sustain the plasma within 
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the system, the energy must remain high enough to ensure enough particles 

remain ionised. If this energy cannot be upheld, the plasma will recombine into 

neutral gases. 

Methods for creating artificial plasma discharges in the laboratory can be through 

the use of a direct current (DC), radio frequency (RF) or microwave radiation. The 

most common method is by applying a potential difference across an anode and 

cathode. This enables the plasma to be sustained through sustaining both the 

electron and ion energies. Once an ion and electron have been generated they 

will be attracted to the cathode and anode, respectively and in the presence of a 

non-conducting fluid, will continue to collide with other particles. A neutral gas, 

such as argon (Ar) is commonly used to create a gas discharge plasma in an 

evacuated chamber which contains the anode and cathode. Once a voltage is 

applied, the free electrons in the neutral gas become excited and accelerated 

towards the anode. The free electrons continue to gain energy and collide with 

the Ar atoms, leading to ionisation (Eq 2.1). 

Ar + e− → Ar+ + 2e− 
Eq 2.1 

In a PVD process, the energised Ar ions will be attracted towards a target cathode 

and collide with the target atoms with energy high enough to release a target 

atom. The target atoms will then become ionised by the high energy electrons, 

resulting in the target being attracted to a negatively biased substrate and 

therefore leading to deposition. The process for PECVD and MW-PECVD 

coatings are similar and use a potential difference and negative substrate bias, 

however the gas will be a mixture of Ar, HMDSO and O2 (for the deposition of 

SiOx coatings). The positive ions will deposit onto the negatively biased 
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substrates, which in turn leads to a cascade of ionising collisions and therefore a 

high current density, allowing the plasma to be self-sustaining and stable. 

The ionisation of the gases is balanced through the recombination of lower 

energy ions and electrons, resulting in a ‘glow discharge’. The voltage and current 

of the plasma define the electric discharge and are characterized as the dark 

discharge, glow discharge and arc regimes. The glow discharge plasmas are 

most commonly used for laboratory plasmas and the deposition of a wide variety 

of coatings. 

2.4 Theory of Deposition Techniques 

This section will briefly discuss some of the deposition techniques that are widely 

available, for an array of different coatings and thin films. An extensive selection 

of coating methods and materials are available for an assortment of applications, 

all with a common purpose of protecting the coated material, which may be 

exposed to mechanical or chemical damage throughout its lifetime [32]. Figure 

2.5 summarises the most commonly used deposition techniques, and the 

gaseous state techniques will be covered in further detail in this section. 
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Figure 2.5 A summary of the various surface coating methods. 

 

2.5 Physical vapour deposition (PVD) 

The physical vapour deposition (PVD) technique is a process where a material is 

vaporized from its solid or liquid phase into atoms and/or molecules. These atoms 

and/or molecules are transported in the vapour phase through a vacuum or 

plasma environment where they are then deposited onto the substrate surface, 

condensing to form a solid film [33]. PVD processes allow the deposition of both 

multi-layer and mono-layer coatings [34], as well as alloy structures and 

composition [35]. Machining tools are one of the most important applications as 

they require a plethora of characteristics, e.g. chemical stability, corrosion 

resistance [36], hardness at high temperatures [37], and abrasion resistance [38]. 

There are two main types of PVD techniques used; evaporation and sputtering, 

which are discussed in further detail in sections 2.5.1 and 2.5.2. 
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2.5.1 Evaporation 

The evaporation process involves the thermal vaporisation of a metal under high 

vacuum. This enables a thin film to be deposited onto a substrate surface with 

little to no collisions with gas molecules, in between the substrate and the source 

[33]. The evaporation of a material is the simplest method for processing thin 

films. The material involved in the process is in the form of either a solid or a liquid 

and requires thermal energy in order to transform the material into its vapour 

phase [39]. Once the material has been evaporated, it is transported to the 

substrate and the film growth occurs [40].  

Although the evaporation process is the simplest and most cost-effective process 

to use, the step coverage of evaporated films is very poor and only employs “line 

of sight” deposition results. This can be slightly improved by rotating the sample 

during the evaporation process, however uniform films cannot always be 

produced. 

2.5.2 Sputtering 

Sputtering involves the bombardment of a target material using energetic ions, 

typically argon ions (Ar+), in a plasma environment. There are four basic steps of 

the sputtering process; 

1. Plasma generation 

▪ Plasma is generated when an inert gas becomes ionised by an electric 

field. 

 Ar + e− → Ar+ + 2e− 
Eq 2.2 

2. Ion bombardment 

▪ Once argon has been ionised, it bombards with the chosen target material 

with very high energy. 
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3. Sputtered atom transportation 

▪ The sputtered ions and atoms from the target material result in collisions 

that may occur during transportation to the substrate. 

4. Film growth 

▪ Once the sputtered material has deposited onto the surface of the 

substrate, growth of the film begins by diffusion of the target material 

onto the surface. 

Sputtering is the preferred PVD technique due to the high energies of the particles 

involved within the process. The high energy of the particles allows the 

organisation of high-density films on the surface of the substrate [40]. Sputtering, 

when compared to evaporation works at higher pressures, enabling the process 

to be easily automated and for the coating rate to be highly tuneable [40]. 

2.6 Chemical vapour deposition (CVD) 

Chemical vapour deposition (CVD) is the process of depositing films onto a 

substrate via a chemical reaction and substrate absorption. Gases are introduced 

into the chamber and are activated by means of plasma or heat. The substrate 

absorbs the gases onto its surface and a chemical reaction will begin to take 

place, allowing a film to be formed on the substrate surface. Any volatile by-

products from the reaction are carried away from the substrate and adsorbed into 

the chamber. 

There are four types of chemical reaction that can take place during the CVD 

process: 

1. Pyrolysis 

▪ A reaction involving the chemical or thermal decomposition of a 

compound. 
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AB (gas) → A (solid) + B (gas) 

e. g. SiH4 → Si + 2H2 
Eq 2.3 

 

 

2. Reduction 

▪ A chemical reaction involving the gain of electrons of an atom taking part 

in the reaction, via the removal of oxygen or the addition of hydrogen. 

2AB (gas) + H2 (gas) ↔ 2A (solid) + 2BH (gas) 

e. g.     WF6 + 3H2 ↔ W+ 6HF Eq 2.4 

 

3. Oxidation 

▪ A chemical reaction involving the removal of electrons from an atom 

taking part in the reaction, via the removal of hydrogen or the addition of 

oxygen. 

AB (gas) + O2 (gas) ↔ AO (solid) + [O]B (gas) 

e. g.     SiH4 + O2 ↔ SiO2 +  2H2 

Eq 2.5 

 

4. Compound formation 

▪ A reaction involving the formation of films and coatings produced by 

using a variety of precursor gases. 

AB (gas or solid) + XY (gas or solid) ↔ AX (solid) + BY (gas) 

e. g.     Si + 2H2O ↔ SiO2 + 2H2 

Eq 2.6 

 

 

The CVD deposition technique uses a multidirectional type of deposition, a 

distinguishing characteristic, when compared to the PVD line-of-sight technique. 
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CVD also allows the deposition of various forms of a material, such as; 

amorphous, crystalline and polycrystalline [41]. This deposition technique is 

therefore employed in numerous industrial applications for; corrosion resistance 

[41], [42], wear resistance [43], [44], erosion and high temperature protection [45]. 

There are a plethora of CVD processes that can be selected for the particular 

material to be deposited, and the application of its intended use. Such CVD 

processes include; low pressure CVD (LPCVD), atmospheric pressure CVD 

(APCVD) and plasma enhanced CVD (PECVD). 

2.6.1 Low pressure chemical vapour deposition (LPCVD) 

Low pressure CVD (LPCVD) operates at sub-atmospheric pressures [46], usually 

between 0.1 and 1 Torr and requires vacuum systems in order to control the 

pressure inside the reactor [47]. LPCVD systems can be divided into hot and cold 

wall systems. The advantage of a hot wall system is the ability to deposit uniform 

coatings across the wafer, due to its excellent temperature uniformity [48]. For 

cold wall systems, there is less deposition onto the walls of the chambers, but the 

uniformity of the coating across the wafer is significantly reduced.  

LPCVD is typically used to deposit nitride, oxide and polysilicon films. The low 

pressures used in LPCVD help reduce the amount of unwanted gaseous 

reactions taking place and increase the film thickness uniformity across the entire 

wafer. 

2.6.2 Atmospheric pressure chemical vapour deposition (APCVD) 

The APCVD process is a CVD deposition process performed at atmospheric 

pressure (760 torr) and is used for the deposition of non-doped and doped oxides 

[49]. The wafers are placed on a conveyor belt, which allows the constant 

transportation of wafers into the processing area and are heated in-situ by means 
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of heater elements [47]. The APCVD process is mainly controlled by the 

processing gas flow rate, temperature and conveyor belt speed [47]. One of the 

main advantages of APCVD is that the process is able to be scaled for use on 

large areas, has a high deposition rate, with uniform coating thickness and 

potential low costs [50]. APCVD systems are generally used to deposit silicon 

dioxide (SiO2) anti-reflection coatings, transparent conductive oxide coatings and 

to grow epitaxial films of silicon (Si). 

2.7 Plasma enhanced chemical vapour deposition (PECVD) 

PECVD is a process used to deposit a variety of coatings and thin films onto 

multiple substrates. The process uses much lower temperatures than the 

conventional CVD processes [51], [52]. PECVD processes have three basic 

requirements; 1) plasma creation through ionisation of molecules and atoms, 2) 

pressure control system for maintaining the plasma, and 3) chamber whereby the 

reaction will take place [53]. The plasma can typically be created by using a direct 

current (DC) discharge or radio frequency (RF) field between two electrodes. A 

schematic of a PECVD chamber using and RF field is shown in Figure 2.6. The 

space in between the electrodes is filled with an inert gas (e.g. argon and helium), 

inducing a chemical reaction with the chosen reactive gases, and resulting in 

reactant products being deposited onto the surface of a chosen substrate. The 

substrate is generally heated between 200°C and 300°C – dependent on the 

surface coating requirements. The relatively low substrate temperatures required 

for PECVD, allow substrates to be coated that are not able to withstand the higher 

temperatures (600-800°C) needed for CVD methods [52]. 
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Figure 2.6 A schematic of a universal PECVD chamber, plasma created 
using a radio frequency (RF) field adapted from reference [54]. 

 

There are a variety of films that can be deposited using PECVD, these include; 

silicon oxides (SiOx), aluminium oxides (AlOx), silicon nitride (Si3N4), diamond-

like carbon (DLC) and amorphous silicon (a-Si). This literature review will further 

investigate the deposition of silicon oxide (SiOx) coatings deposited using PECVD 

and microwave PECVD (MW-PECVD) methods. In comparison to deposition 

methods such as CVD and sol-gel which operate at temperatures 500-600°C, 

PECVD operates at much lower temperatures (200-300°C), sometimes even as 

low as room temperature [55].  

Many research groups have deposited SiOx films using PECVD with various 

combinations of gas precursors and excitation gases. One of the most common 

precursors being hexamethyldisiloxane (HMDSO) [56], however other precursors 

such as silane/oxygen (SiH4/O2), tetraethyl othosilicate (TEOS), 

tetrameythyldisiloxane (TMDSO), and tetramethylsilane (TMS) have also been 

used to deposit SiOx coatings onto a variety of substrates [57], these will be 

discussed in further detail in section 3.3. 
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gauge

Gas in
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2.7.1 Microwave plasma enhanced chemical vapour deposition (MW-

PECVD) 

The microwave plasma enhanced chemical vapour deposition (MW-PECVD) 

process is similar to that of PECVD, but instead of the use of an RF field or a DC 

discharge, a microwave is used to activate the plasma. The microwave plasma 

is able to further enhance the speed in which the PECVD process is operated 

[58]. Plasmas created by microwaves are slightly different to other types of 

plasma, as the microwave frequency enables electrons to oscillate. This allows 

the collision of electrons with gaseous atoms and molecules to generate a high 

degree of ionisation [59]. In comparison to RF-PECVD, the MW-PECVD process 

generally uses a microwave discharge at 2.45 GHz, a much higher frequency 

than RF (13.56 MHz), thus creating a higher plasma density with higher energy 

electrons within the chamber. These higher energy electrons result in shorter 

deposition times and good controllability of the coating [58], [60]. 

There are two types of microwave discharges that can be used to deposit 

coatings: 1) a direct plasma source or 2) remote processing. The use of direct 

plasma processing for the deposition of SiOx onto plastic substrates can prove 

difficult, due to the thermal load present during the microwave discharge. Remote 

processing overcomes this limitation and allows the deposition of SiOx on to 

multiple substrates [61]. The remote process allows the carrier gas (e.g. He or 

Ar) to be introduced to the microwave source, away from the process chamber 

where the monomer is present. Separating this process reduces the thermal load 

in the process chamber, thus allowing deposition at lower surface temperatures 

and increasing the range of substrates that can be used. 

Another method for introducing microwave energy into the deposition chamber is 

by using electron cyclotron resonance (ECR). ECR’s were first investigated in the 



 
 

23 
 

1960’s, used primarily for the construction of space craft propulsion applications 

[62]. ECR is a process where numerous charged ions are confined to a space, 

allowing multiple collisions and ionisations to take place, without recombination 

[62]. The process has been adopted throughout research for semiconductor 

fabrication, however the scalability of the process has proven to be difficult [63]. 

The advantages of using ECR can be applied to the plasma assisted deposition 

of silicon and silicon oxide coatings, allowing the deposition of high quality films 

at low pressures and substrate temperatures [64]. 

MW-PECVD is a well-established technique for depositing an array of coatings, 

such as diamond-like carbon (DLC) coatings. The use of a microwave to deposit 

SiOx coatings has been studied over the past few decades, using polymeric 

substrates, however the most commonly used deposition technique is PECVD 

for other substrate types to deposit SiOx. 

2.8 Advantages, limitations and applications of coating 

methods 

Table 2.1 gives a general overview of the different deposition techniques for 

depositing coatings. It highlights the typical pressure and temperature ranges and 

gives advantages and limitations for each procedure.
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Table 2.1 A general overview of the deposition techniques, with pressures, temperatures, advantages, limitations and 
applications. 

Method Pressure range Temperature Advantages Limitations Applications 

PVD Evaporation – typically ~10-9 
Pa [65]. 

Sputtering – 1-100 Pa [35]. 

Evaporation – 250-
350°C [66]. 

Sputtering – 350-600°C 
[35]. 

Any material can be deposited 
using a sputter target. 

Good strength and durability. 

Reduces hazardous waste [67]. 

Relatively low deposition rate [67]. 

High costs [68]. 

Line-of-sight deposition [69]. 

Poor adhesion [67]. 

Barrier layers for semi-conductor 
metallization [70] 

Optical coatings – metallic and 
dielectric 

CVD APCVD – atmospheric 
pressure. 

LPCVD – sub-atomic 
pressures. 

UHVCVD – below 10-6 Pa. 

500-1200°C [71]. High deposition rates. 

Short processing times [46]. 

Uniform coatings with good 
adhesion [72]. 

Requires high temperatures [69]. 

Precursors may be harmful to the 
environment [72]. 

Tool coatings. 

Metallurgical coating industry [73]. 

PECVD 200-600 Pa. 200-450°C [74], [75] Low operational temperatures [76]. 

High deposition rate [77]. 

Chemical and thermal stability [69]. 

Good uniformity and adhesion to 
the substrate [78]. 

Potential toxic and explosive 
gases in the plasma [69]. 

High set-up costs [76]. 

 

Deposition of silicate layers [79]. 

Anti-reflection and anti-scratch layers 
in optics. 

High quality SiN and SiO2 coatings. 

MW-
PECVD 

0.001-0.1 Pa [80] RT - 540°C for diamond 
and silicon based 
coatings [81]–[84]. 

>900°C for single 
crystal diamond [85], 
[86] 

Reduction of pinholes and defects 
on the coating structure. 

Good controllability and uniformity. 

Ability to deposit a non-conducting 
coating onto a non-conducting 
substrate. 

The scalability of the process is 
difficult. 

Barrier coatings for polymer 
substrates. 

Corrosion resistant coatings on 
steels, for their use in bipolar plates. 
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Chapter 3 – Literature Review 

3.1 Introduction 

This chapter reviews the relevant literature for SiOx coatings. The review will 

cover an introduction to the structure of silica and its polymorphs, the precursors 

and deposition processes for depositing SiOx coatings and the properties and 

applications of SiOx coatings.. 

Silicon oxides are employed for their use in coating and thin film applications due 

to their hardness, transparency, flexibility, and hydrophilicity [87], [88]. The term 

SiOx is used to describe silicon oxide coatings, where x is greater than 1, but less 

than 2 (1 < x < 2), it may also be used interchangeably for silicon dioxide (SiO2) 

coatings. In this thesis, SiOx is used to term all coatings as the value of x lies 

between 1.7 and 2. SiOx coatings have been of significant interest for a variety of 

coating applications [87], including anti-reflective (AR) and scratch resistant 

coatings on solar cells [89]–[91], water and oxygen barrier coatings for the food 

and pharmaceutical industries [92]–[94], corrosion protection and as dielectric 

coatings for thin film transistors. 

3.2 Silicon dioxide 

Silicon dioxide (SiO2), also referred to as silica, are transparent crystals that can 

be found in nature as amethyst, flint, sand, agate, cristobalite, quartz, chalcedony 

and tridymite, with quartz and sand being the most common. All forms of silica 

have the same chemical composition (SiO2); however, the atoms will be arranged 

in different structures. Silica can be divided into to two different groups, 

amorphous silica (a-silica) or crystalline silica (c-silica). c-silica is made up of 

repeating patterns of silicon and oxygen, whereas a-silica structures are more 

random with respect to c-silica [95].  
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3.2.1 Structure of silicon dioxide 

Quartz (α-quartz) is the most common and most stable form of silica at 

atmospheric pressure and temperature. It is the only polymorph to be stable at 

ambient conditions, and all other polymorphs of silica will eventually transform 

into quartz over time [96]. Quartz can be present in either an alpha (α) or beta (β) 

phase, with each phase having a different crystal structure. α-quartz can undergo 

a reversible change in its crystal structure to β-quartz at a temperature of 573°C 

[97]. The α-quartz phase has a trigonal crystal system, which transitions to a 

hexagonal crystal system during the transition to the β-quartz phase. Both the α- 

and β-quartz phase structures are based on the helical arrangements of SiO4 

tetrahedra. 

 

 

Figure 3.1 Silicon dioxide in the α- and β-quartz phase, in a SiO4 
tetrahedra arrangement. 

 

Once α-quartz has transitioned into β-quartz at 573°C, additional heating will 

transform β-quartz into β-tridymite at 870°C, which can further transform into β-

cristobalite at a temperature of 1470°C [98]. When the temperature reaches 

1705°C β-cristobalite hits its melting point and forms a silica melt [99]. The phase 

changes from α-quartz to silica melt are shown in the figure below: 
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Figure 3.2 A schematic showing the reversible transitions of silica into its 
different phases. 

 

Increasing the temperature slowly over time allows for a reversible process of the 

different phases as shown in the schematic in Figure 3.2. This indicates that β-

cristobalite can transform back into the original α-quartz phase when it is cooled 

following a slow heating process. When temperatures are increased or 

decreased dramatically α-quartz will transform into β-quartz, however the other 

transformations are “skipped”, and β-quartz will transform straight into a silica 

melt, as highlighted in Figure 3.3. 

 

 573°C  1550°C  

α-quartz 

(trigonal) 

 β-quartz 

(hexagonal) 

 Silica melt 

Figure 3.3 A schematic of the irreversible heating process of α-quartz into 
β-quartz, and finally into a silica melt. 

 

This is an irreversible process, however if the silica melt were to be cooled rapidly, 

the liquid structure would be preserved, and it would transform into an amorphous 

glassy silica [96], shown in Figure 3.4. 

 

 

 573°C  870°C  1470°C  1705°C  

α-quartz 

(trigonal) 

 β-quartz 

(hexagonal) 

 β-tridymite 

(hexagonal) 

 β-cristobalite 

(cubic) 

 Silica 

melt 
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 1000-1500°C  

glassy silica 

(amorphous) 

 Silica melt 

Figure 3.4 The mechanism for the transformation of silica melt into glassy 
silica through rapid cooling. 

 

Both β-tridymite and β-cristobalite can transform into their corresponding α-

polymorphs at temperatures lower than 870°C and 1470°C respectively (Figure 

3.5). When cooled β-tridymite transforms into α-tridymite but retains the β-

tridymite’s hexagonal crystal system. β-cristobalite follows the same pattern and 

once cooled transforms into α-cristobalite whilst preserving the cubic crystal 

system of β-cristobalite. 

 

 114°C    270°C  

α-tridymite 

(triclinic) 

 β-tridymite 

(hexagonal) 

 α-cristobalite 

(tetragonal) 

 β-cristobalite 

(cubic) 

Figure 3.5 The mechanism of β-tridymite and β-cristobalite into their 
corresponding α-polymorphs through cooling to temperatures lower than 
870°C and 1470°C, respectively. 

 

3.3 A comparison of the precursors, deposition techniques and 

substrates for the deposition of SiOx coatings 

A series of deposition techniques have previously been explored in this literature 

review, and have been generalised for a wide range of coatings. This section will 

focus on the main deposition methods used for depositing SiOx coatings, 

focussing on the precursors used, substrate materials and coating parameters. 
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3.3.1 Precursors for depositing SiOx coatings 

There are several monomers that can be used to deposit SiOx coatings, each 

affording different chemistries and methods of application. Organosilane 

compounds are the most popular monomers [100]. These monomers can be 

broken down into 3 groups; disiloxanes, methoxy silanes and ethoxy silanes. This 

section will cover a selection of the most commonly used monomers used for 

SiOx deposition. 

3.3.1.1 Hexamethyldisiloxane (HMDSO) 

Liquid hexamethyldisiloxane (HMDSO) is the most commonly used precursor for 

the deposition of SiOx films [101]. The structure of HMDSO is shown in Figure 

3.6. The plasma polymerisation of HMDSO (ppHMDSO) has been notably 

studied as it is able to significantly improve the barrier properties and water 

repellency of many polymers [102]. Hexamethyldisiloxane (HMDSO) has many 

advantages over other precursors and is used extensively for PECVD due to its 

chemical inertness, non-toxic character, and relatively high vapour pressure 

(even at room temperatures) [87]. 

 

Figure 3.6. The chemical structure of hexamethyldisiloxane (HMDSO). 

 

HMDSO can be used on its own during the deposition process, or in combination 

with oxygen (O2) [103]. When HMDSO is combined with O2 the coatings produced 

are predominantly inorganic SiO2-like, whereas using HMDSO plasmas on their 
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own produces a polymer-like SiOxCyHz coating which has a more organic nature 

[104]. 

The mechanism for the breakdown of HMDSO during the PECVD process has 

been studied by Sonnenfeld et al. Studying the chemical kinetics of the reaction 

has provided two possible breakdown mechanisms for depositing SiOx, using 

HMDSO and O2 [105]. Understanding the breakdown of the monomer in the 

chamber can lead to highly defined coatings with exceptional film quality. The 

chemical plasmas were analysed using gas chromatography (GC), in either an 

Ar or He environment. A schematic is presented in Figure 3.7 and specifies the 

plasma polymerisation of HMDSO (pp-HMDSO), and the conversion of the 

species to SiOx, through adsorption onto the substrate. 

 

Figure 3.7. Mechanistic reaction scheme for the plasma polymerisation of 
HMDSO, into its smaller constituents, through to adsorption onto the 
substrate, mechanism adapted from [105]. 
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The two possible reactions have been defined based on the chemical species 

present in the GC analysis: 

Reaction 1:  
 

(CH3)3SiOSi(CH3)3 + e
−
k1
→ (CH3)3SiOSi(CH3)2 + CH3 + e

− 

 

Eq 3.1 

Reaction 2:  
 

(CH3)3SiOSi(CH3)3 + e
−
k2
→ (CH3)3SiO + (CH3)3Si + e

− 
Eq 3.2 

 

The two reaction paths, 1 and 2, are defined with the reaction rates k1 and k2 

respectively. The by-products from the reaction are desorbed into the gas phase, 

and thus do not take part in the polymerisation process. This in turn leads to a 

coating with lower carbon content [105]. 

Varying the O2 concentrations, in combination with HMDSO allows SiOx coatings 

to be deposited with differing structures and Si:O ratios. Using higher 

concentrations of O2 during the PECVD process will lead to the complete 

oxidation of HMDSO to stoichiometric SiO2 [106]. 

The deposition of scratch resistant coatings can also be achieved with a HMDSO 

and O2 gas mixture [107]. One study by Michaeli et al. found that an HMDSO:O2 

ratio of 1:10 produces a very hard, quartz-like film [108]. HMDSO is the most 

commonly used monomer, due to its very high deposition rate, when using a 

microwave-excited plasma source. 

3.3.1.2 Tetramethylsilane (TMS) 

Tetramethylsilane (TMS) is an organosilicon compound and is the simplest of all 

tetraorganosilanes. The structure of TMS can be found in Figure 3.8. TMS in 
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combination with oxygen (O2) is widely used as a precursor for SiOx coatings as 

it is easy to handle due to its chemical inertness at room temperature [109]  and 

is non-explosive [55]. 

 

Figure 3.8. The chemical structure of tetramethylsilane (TMS). 

 

PECVD techniques have predominantly been used for the deposition of SiOx 

coatings onto polymeric films using TMS. TMS in combination O2 is mainly used 

for depositing the coatings, however other combinations of gases have also been 

used, including; potassium permanganate (KMnO4) and O2-NH3 [110], [111]. As 

long as there is a source of oxygen within the gas mixture, a reaction will occur 

resulting in the deposition of a SiOx coating. The addition of NH3 to a TMS-O2 gas 

mixture limits the oxidation of the TMS monomer and can therefore result in a 

silicon oxynitride (SiOxNy) film [110]. 
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Figure 3.9. Proposed growth mechanism of SiOx films based on a TMS-O2 
gas mixture [112]. 

 

The mechanism for the breakdown of the TMS-O2 gas mixture and growth of the 

SiOx film has been proposed by Lien et al [112], as shown in Figure 3.9. Firstly, 

the decomposition of TMS via electron bombardment: 

1. Si(CH3)4 + xe
− → Si(CH3)4−x + xCH3 + xe

− 

Where x = 1 to 4. 

Eq 3.3 

 

The CH3 will decompose into CH2 and CH, via the removal of hydrogen atoms. 

These H atoms can then react with O2 to form OH radicals. 

2. OH + Si(CH3)4−x  → OH − Si(CH3)4−x 
Eq 3.4 

 

3. OH − Si(CH3)4−x +  OH − Si(CH3)4−x  

→ (CH3)4−x − Si − O − Si − (CH3)4−x + H2 
Eq 3.5 
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3.3.1.3 Tetraethyl orthosilicate (TEOS) 

Tetraethyl orthosilicate (TEOS), previously known as tetraethoxysilane, is an 

organosilicon material which can be used as a precursor to produce silicon 

dioxide (SiO2) coatings for the semiconductor industry [113].  

 

Figure 3.10. The chemical structure of tetraethyl orthosilicate (TEOS). 

 

The use of TEOS has become increasingly popular as it affords a higher film 

quality and exceptional step coverage [114]. The addition of water to TEOS, with 

chemical formula Si(OC2H5)4, can be used to easily produce SiO2: 

Si(OC2H5)4 + 2H2O → SiO2 + 4C2H5OH 
Eq 3.6 

 

This hydrolysis process is mainly used for the deposition of SiO2 using a sol-gel 

process [115]. At higher temperatures (>600°C), TEOS can easily be broken 

down into SiO2, a popular method used with low pressure chemical vapour 

deposition (LPCVD) [116]. The higher temperatures lead to stoichiometric films 

with exceptional electrical properties [117]. 

Si(OC2H5)4
Heat (>600°C)
→           SiO2 + 2(C2H5)2O 

Eq 3.7 
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The higher temperatures used, are inconvenient for coatings with thermally 

sensitive substrates, therefore a lower temperature method needs to be 

considered [117]. Plasma enhanced chemical vapour deposition (PECVD) can 

be used for depositing SiO2 coatings at lower temperatures, or TEOS in 

combination with oxygen (O2) [100], [118] or ozone (O3) [114] can also promote 

deposition of silicon oxides at lower temperatures. TEOS and oxygen react under 

a radio frequency (RF) discharge, promoting the oxidation of the organic species, 

in order to deposit silicon oxide [119]. 

3.3.2 Deposition methods for depositing SiOx coatings 

There are many deposition methods used for depositing SiOx coatings, with 

different reaction systems being utilised dependent on the properties to be 

achieved of the SiOx coatings. The methods used have advantages and 

disadvantages and will be investigated further here. An overview of the deposition 

methods, precursors, substrates and applications is shown in Table 3.1. 
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Table 3.1 An overview of the deposition methods, precursors, substrates and applications for SiOx coatings. 

Method Precursors Substrates Applications Hardness (GPa) Young’s modulus 
(GPa) 

Corrosion 
resistance 

(Ω cm2) 

PVD Pure silicon 

SiO 

β-SiC 

PET [120], [121] 

Quartz [122] 

Sapphire 

Fused silica [123] 

Paper [124] 

Barrier layers for semi-
conductors [70] 

Optical coatings and 
dielectrics. 

Pulsed magnetron – 
8 GPa 

EB – 1.7-4.1 GPa 
[125] 

Pulsed magnetron 
– 70 GPa 

EB – 15-42 GPa 
[125] 

- 

PECVD HMDSO 

TMS 

TEOS 

SiH4 

PET 

PP 

PVC 

Deposition of silicate 
layers [79]. 

Anti-reflection and anti-
scratch layers in optics. 

- 15 – 59 GPa [126]f 1.8x102 – 7.4x104 
[127] 

1.5x109 [128] 

Sol-gel TEOS 

Ethyl alcohol 

Tetramethoxysilane 
(TMOS) 

Ti6Al7Nb alloy 

Titanium discs 

PVC 

Barrier coatings for 
biomaterials [129] 

Corrosion mitigation [130]  

- - 1.2x106 – 1.9x107 
[131] 

MW-PECVD HMDSO 

TEOS 

Polymeric substrates 

Stainless steels 

Barrier coatings for 
polymer substrates. 

Corrosion resistant 
coatings on steels, for 
their use in bipolar plates. 

- - - 
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3.3.2.1 PVD 

PVD techniques have been used throughout the literature to deposit SiOx 

coatings. The primary method of deposition using this technique is through a 

silicon (Si) target, sputtered with oxygen (O2) to deposit a SiOx coating. These 

coatings can be deposited using either evaporation or magnetron sputtering. PVD 

is generally used to deposit stoichiometric silica (SiO2) coatings onto ceramic 

substrates, such as zirconia discs or silicon wafers. To deposit SiO2 coatings 

using PVD, an RF plasma can be used (13.56 MHz) with the addition of a DC 

bias. The PVD technique is not the preferred method of choice due to line of sight 

limitations and poor uniformity of the deposited coatings. Therefore, deposition 

techniques such as CVD and PECVD are more commonly used and can provide 

more uniform coatings with higher deposition rates [72], [77], [78]. 

The PVD methods that can be used to deposit SiOx coatings include evaporation, 

sputtering and ion plating. One of the earliest methods developed for PVD 

technology was evaporation and has previously been used to deposit SiOx 

coatings, however due the thermal decomposition of the process, the coating 

composition is difficult to control [109]. Electron beam (EB) evaporation has been 

utilised for depositing SiOx coatings due to its high deposition rates, dense 

coatings and low contamination [132]. The method involves the evaporation of a 

material using thermal vaporisation, allowing the material to reach the substrate 

with little to no collisions with other gas molecules [133]. The technique is also 

capable of low temperature depositions and the deposition of multilayer coatings. 

A study using EB for depositing SiOx onto 316 SS used a β-silicon carbide (β-

SiC) target at 1000°C [134]. Using a high current intensity for the EB, the SiC 

target will vaporise into Si and C, allowing the Si to react with the metal oxide thin 

film on the substrate surface. Typically, EB is used commercially for producing 
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SiOx gas barrier coatings, due to the higher deposition rates when compared to 

other PVD and CVD methods [135]. 

Sputtering methods, using both DC and RF, are the most common PVD 

techniques used for depositing SiOx coatings. The RF magnetron sputtering 

method has been used to deposit SiOx onto a variety of different substrates 

including; polyethylene terephthalate (PET) [120], [121], quartz [122], sapphire, 

fused silica [123] and paper [124]. The targets and precursors used vary 

depending on the application and properties required of the coatings, and include; 

pure (99.999%) silicon targets and organo-silicon precursors (TEOS and 

HMDSO). The DC magnetron sputtering method is used for depositing SiOx 

coatings for their optical, gas barrier and electrical properties [136], [137]. The 

oxygen flow rate during the deposition process is an important factor on the 

characteristics of the coatings. Typical substrates used for DC sputtering include; 

PET, n-type Si wafers and glass. 

3.3.2.2 CVD 

The CVD method is used for depositing coatings through chemical reactions of 

the precursor gases. The conventional CVD technique is a thermally activated 

deposition method, so is unsuitable for substrates that are temperature sensitive, 

such as polymeric substrates. The introduction of plasma into the CVD chamber, 

however allows the use of lower temperatures and pressures to be used 

throughout the deposition process. The most commonly used method for 

depositing SiOx coatings is the PECVD method. A SiOx coating may be deposited 

using PECVD, through creation of the plasma with an RF field, however an 

interlayer is necessary as a non-conducting coating cannot be deposited onto a 

conducting substrate using this method. 
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3.3.2.3 PECVD 

PECVD is used widely for the deposition of highly quality SiOx films at low 

substrate temperatures [138], making the technique a preferred choice for many 

different substrates. The properties of SiOx coatings are dependent on the 

reactive gases used during the deposition. The main precursor gases have been 

described in section 3.3.1 and include; HMDSO, TEOS, TMS and SiH4. The 

plasma promotes the decomposition of the gases into silicon radicals, allowing 

the reaction with oxygen radicals which are added into the system by means of 

O2 gas. Different natures of silicon based coatings including, inorganic SiOx and 

organic SiOxCyHz can be prepared from different precursors and deposition 

parameters [139]. SiOx coatings generated using PECVD can be used for a 

variety of different applications including, but not limited to; barrier coatings for 

the food packaging industry [138], microelectronics [140] and semiconductor 

processing [141]. The PECVD processing methods can be operated using a 

microwave (2.45GHz), radio frequency (RF) (13.56 MHz) and medium frequency 

(MF) (kHz range) power supplies. 

The RF PECVD system is the most commonly used PECVD method for SiOx 

coating and allows the deposition onto PET substrates, using temperatures below 

100 °C [142]. Grüniger et al reported that the use of HMDSO and O2 using RF 

PECVD provided coatings with an improved oxygen transmission rate (OTR), 

when compared with the corresponding MW plasmas [143]. The influence of the 

HMDSO:O2 ratio during the deposition can also affect the properties of the SiOx 

coating.  

Varying the concentration of the oxygen during the deposition process can affect 

the chemical structure, mechanical and oxygen barrier properties [144]. By 

varying the oxygen and HMDSO ratios, the resulting coatings can vary from 
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inorganic-SiO2 like to polymeric-like [145]. Controlling this ratio allows the 

properties and structure of the coatings to be controlled, dependent on the 

particular application. MW discharges using HMDSO:O2 ratios between 1:8 and 

1:10, are used in order to gain high deposition rates [107]. 

The use of a microwave source to produce the plasma during the PECVD 

deposition, provides coatings with good uniformity and adhesion, whilst achieving 

high deposition rates at low temperatures and ambient pressures. This gives the 

ability to produce high quality SiOx coatings on a wide variety of substrates, 

including polymeric materials. The standard MW frequency used for depositing 

SiOx coatings is 2.45 GHz. Using a microwave source for the excitation of plasma, 

allows for very high deposition rates of the HMDSO monomer, in combination 

with O2. Wrobel et al. found that a higher deposition rate of 0.4 μm min-1 was 

achieved using a MW source (2.45GHz), compared with a radiofrequency (RF) 

deposition rate of 0.1 μm min-1 [146]. This higher deposition rate can be attributed 

to the higher frequency generated when using a microwave source.  

The deposition rates of SiOx coatings using MW-PECVD have been found to 

range from 0.063 μm/min up to 0.22 μm/min [147], which are dependent on the 

composition of the reactant gas, the temperature used, microwave power applied 

to the chamber and the flow rates of reactant gases. The benefits of microwave 

plasma allow SiOx coatings to be deposited with minimal pinholes, due to 

microwave plasma being denser than other types of plasma. The reduction of 

pinholes within the SiOx coating, reduces the ability of hydrogen to flow through 

the SiOx film and protecting the coating from H2 based defects. 

The PECVD technique for depositing SiOx coatings affords low operational 

temperatures and high deposition rates, whilst also maintaining a uniform 
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coating. The drawback to PECVD are the high set up costs. The low deposition  

temperatures allow a variety of substrates to be used, including polymeric 

substrates such as polypropylene (PP), polyvinylchloride (PVC) and polyethylene 

terephthalate (PET) [148], [149]. Microwave PECVD (MW-PECVD) has not yet 

been fully established as a widespread technique for depositing SiOx coatings, 

with much of the current literature for the deposition of SiOx coatings using MW-

PECVD, generally focussing on the use of polymeric substrates. The use of MW-

PECD for depositing SiOx coatings will provide coatings with a good uniformity, 

and minimal pinholes and defects. The choice of deposition method is also due 

to the limitations of the current PVD machine at the University of Leeds. As the 

machine does not have an RF source, the PECVD deposition method was unable 

to be used. Therefore, due to the University of Leeds facility having the 

microwave source, it was the desired method for the deposition of SiOx coatings 

in this thesis. 

3.4 The properties and applications of SiOx coatings 

There are several beneficial properties SiOx coatings can provide to the chosen 

coated substrate. The most widely researched properties are as a barrier coating 

against gas and moisture permeation, for the food packaging industry and as a 

dielectric coating for thin film transistors. More recently SiOx coatings have been 

researched for their potential as a corrosion resistant coating on carbon steel and 

stainless steel substrates. 

3.4.1 The gas barrier properties of SiOx coatings 

SiOx coatings play an important role in both gas and moisture permeation. The 

most common use of SiOx coatings is as a gas barrier coating on polymer 

substrates. The transparent nature and gas barrier properties of SiOx coatings 
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makes them an excellent candidate for food packaging and medical device 

applications [150]. The deposition of SiOx coatings onto plastic substrates has 

attracted much research due to the high barrier properties towards oxygen [139]. 

The HMDSO:O2 ratio during the deposition is very important when fabricating gas 

barrier coatings. Increasing the oxygen concentration (high HMDSO:O2 ratio) 

gives a coating with a more inorganic nature and has proven to improve the 

barrier performance towards oxygen [143], [151]. 

The type of deposition method can also affect the gas permeation properties of 

the coatings. PECVD is superior to PVD as electron beam sputtering has shown 

to include cracking of the coating, even at low temperatures [152], which in turn 

affects the barrier performance. Grüniger et al [143] found that using a MW-

PECVD method without substrate bias can increase the oxygen permeation of 

the coating. However, using RF-PECVD and a substrate bias yields higher 

energy bombardment of the substrate surface, which can induce the destruction 

of the film growth. The oxygen transmission rate can also be decreased with an 

increase in the RF power, and the addition of oxygen. Increasing the HMDSO:O2 

ratio from 1:3 to 1:18 increases the density of the SiOx coatings, and reduces the 

amount of carbon present [153]. Hegemann et al. found that increasing the ratio 

above 1:6 can produce scratch resistant, low carbon, quartz-like coatings. The 

addition of the oxygen into the plasma reduces the amount of carbon and 

hydrogen present in the coatings, due to the formation of CO2 and H2O molecules 

[154]. The resultant coatings are transparent, hard inorganic SiO2-like.  

Overall, the gas barrier properties of the SiOx coatings are largely dependent on 

the method of deposition and the HMDSO:O2 ratios used throughout the process. 
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High oxygen concentrations afford hard, SiO2-like coating, whereas lower 

concentrations result in softer, polymeric SiOxCyHz like coatings. 

3.4.2 The dielectric properties of SiOx coatings 

Silicon oxide coatings present an important role in the field of optical and 

electronic coatings. It is a widely used dielectric medium due to its excellent 

insulating properties and compatibility with optical coatings [155]. The deposition 

of silicon dioxide (SiO2) coatings via plasma enhanced chemical vapour 

deposition (PECVD) at low temperatures has become extremely important within 

the field of semi-conductors [156]. Other deposition techniques such as chemical 

vapour deposition (CVD) and reactive pulse magnetron sputtering have also 

been used to assess the electrical properties of silicon dioxide (SiO2) coatings 

[136]. Bartzsch et al have researched the electrical properties of both Al2O3 and 

SiO2 films deposited using reactive pulse magnetron sputtering [157]. The 

electrical properties investigated included the resistivity, breakdown constant and 

breakdown strength as a function of deposition rate, substrate bias and the size 

of contact pads [157]. It was found that the coatings deposited with an additional 

RF substrate bias gave a higher resistivity and breakdown strength compared to 

the coatings deposited without bias, and that films deposited in bipolar pulse also 

gave a higher breakdown strength [157].  

The oxygen concentration during the SiOx deposition can also affect the dielectric 

properties of the coatings. A higher x value in the SiOx can be obtained with an 

increase in the O2 flow rate. The higher values of x also have an effect on the 

dielectric constant of the SiOx coatings, resulting in a lower dielectric constant 

with increasing x values [158]. 
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3.5 Theory of corrosion 

Corrosion can be described as the ‘irreversible interfacial reaction of a material 

(metal, ceramic, polymer) with its environment, which results in the consumption 

of the material or dissolution into the material of a component on the environment’ 

(IUPAC, 2012) [159]. 

Corrosion in an aqueous environment is an electrochemical process, resulting in 

the transfer of electrons between a metal surface and a liquid electrolyte solution. 

This process can be extremely costly and cause serious problems for many 

different industries and environments [160]. Electrochemical corrosion of metals 

is the most important type of corrosion, whereby the oxidation process is 

accelerated by the presence of an electron acceptor (Eq 3.8) – the anodic 

reaction. The reduction (cathodic) process describes the consumption of the 

electrons created by the corrosion (anodic) reaction (Eq 3.9). 

 M → M+ + 2e− 
Eq 3.8 

 M+ + e− → M 
Eq 3.9 

3.5.1 The corrosion cell 

An electrochemical corrosion cell is made up of four components; an anode, a 

cathode, a metal and an electrolyte. The metal acts as an electrical connection 

between the anode and the cathode providing a pathway for the flow of current 

and the movement of electrons, as shown in Figure 3.11. 
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Figure 3.11. A corrosion cell made up of the four basic components. 

 

The anodic and cathodic areas are able to propagate on the same metal surface 

due to the heterogeneous nature of a metal surface, allowing two electrochemical 

half-cell reactions to occur [161]. The anodic and cathodic half-cell reactions 

described in Eq 3.8 and Eq 3.9 are for generic metals, denoted using the letter 

M. The reactions that take place for carbon steel, in the presence of a neutral or 

basic electrolyte are shown in Eq 3.10 and Eq 3.11. 

 

Anodic reaction Fe → Fe2+ + 2e− 
Eq 3.10 

Cathodic reaction O2 + 2H2O + 4e
− → 4OH− 

Eq 3.11 

 

The hydroxide ions, OH- from the cathodic reaction and the Fe2+ ions from the 

anodic reaction combine to form ferrous oxide, as shown in Eq 3.12. In the 

presence of water and oxygen, Fe(OH)2 will react to form ferric oxide (Eq 3.13), 

and further reacts to form hydrated ferric oxide (rust) (Eq 3.14). 

 Fe2+ + 2OH− → Fe(OH)2 
Eq 3.12 

 4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 
Eq 3.13 
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 4Fe(OH)3 → Fe2O3. H2O + 2H2O 
Eq 3.14 

3.5.2 Methods of corrosion prevention 

Any method, procedure or measure aimed at avoiding corrosion damage to a 

metallic surface are called corrosion protection [162]. Significant advancements 

in the improvement of steel corrosion have been made over the past few 

decades.  

 

Figure 3.12. Schematic diagram of some corrosion protection methods. 

 

Synthetic corrosion inhibitors are widely used methods for protecting metallic 

surfaces due to the ease of application within industry and the cost effectiveness 

[163]. Corrosion inhibitors are able to slow down, reduce or even prevent the 

corrosion of a metal surface [164]. There of three main types of inhibitors; anodic, 

cathodic and mixed type. Anodic inhibitors control the rate of the oxidation 

reaction and a cathodic inhibitor prevents or reduces the rate of the reduction 

reaction. A mixed type inhibitor is a film forming compound that can reduce both 

the anodic and cathodic reactions. 
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Cathodic protection is a technique used to prevent the corrosion of a metal 

surface by turning it into the cathodic site of an electrochemical cell [165]. It is 

currently widely used for corrosion control of underground and undersea metallic 

surfaces, such as pipelines, utility lines and cables [166]. 

Barrier protection is one of the most widely used methods for protecting metallic 

surfaces, in order to reduce or prevent corrosion. The principle behind the 

addition of a barrier layer is to isolate the steel surface from the corrosive 

environment. If the barrier is free of defects and pinholes, corrosion should not 

occur as the electrolyte component of the corrosion cell will not be contact with 

the steel surface. Three important conditions for a protective barrier coating, to 

enhance the corrosion protection are; good adherence to the metal surface, 

resistance to mechanical stress and must be corrosion resistant. 

3.6 The corrosion resistance of SiOx coatings 

Inorganic coatings, typically oxides and phosphates are able to provide metallic 

surfaces with an enhanced corrosion resistance. SiOx films are often utilised as 

a barrier coating against the corrosion of metals [127]. SiOx coatings have been 

applied to stainless steel (SS) substrates using sol-gel methods, to improve the 

biocompatibility of SS based implants [167]–[169]. Similarly, the use of SiOx 

coatings deposited using PECVD has been investigated as a corrosion barrier for 

carbon based steels [170]. 

The SiOx coatings using both sol-gel and PECVD deposition methods have been 

analysed in different solution media including sodium chloride (NaCl) and 

sulphuric acid (H2SO4). The corrosion properties and scratch resistance of the 

SS showed an improvement with the silica sol-gel coating, in both NaCl [171] and 

H2SO4 media [22], [172]. 
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The corrosion resistance and corrosion rates of SiOx coatings have been 

investigated using Tafel extrapolation of polarisation curves and electrochemical 

impedance spectroscopy (EIS). The potentiodynamic polarisation measurement 

methods allow the determination of instantaneous corrosion rates. The total 

polarisation curves of a corrosion system are determined from both an anodic 

curve (metal oxidation) and a cathodic curve (reduction of an oxidant from the 

solution). 

A Tafel extrapolation of a polarisation curve is used to determine the corrosion 

current density of a coated system using potentiodynamic measurements. Silica 

based coatings have been deposited onto a variety of steel substrates in order to 

investigate the corrosion protection. An overview of the corrosion current 

densities (icorr), corrosion potential (Ecorr), substrates, deposition methods and 

coating compositions for silica based coatings are shown in Table 3.2. The icorr 

values vary from 0.005 µA/cm2 for stainless steel substrates, to 12.001 µA/cm2 

for carbon steel substrates. The Ecorr values vs. a saturated calomel electrode 

(SCE) also vary between -1430 mV and -90 mV, dependent on the substrate 

material and also the nature of the silicon oxide-like coating. 

Table 3.2 provides an overview into the types of SiOx-like coatings that have been 

investigated using polarisation curves, and the effect the substrate has on the 

corrosion protection. The stainless steel substrates and tin alloys give the lowest 

icorr values and the highest Ecorr values, and can therefore be said to have the 

best corrosion protection. Particularly when using inorganic silica and SiO2 

coatings. The most commonly used electrolyte is 3.5 % NaCl and the most basic 

solution for electrochemical testing. Silicon oxycarbide coated carbon steel 

provides an enhanced corrosion resistance when compared to uncoated carbon 
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steel. The coatings with the highest corrosion protection are the inorganic SiO2 

coatings deposited onto stainless steel, however little research has been 

performed with these coatings on carbon substrates. Therefore, opening the 

research gap for the investigation into the corrosion protection of SiOx coated 

carbon steels, using polarisation techniques. 

Table 3.2 An overview of the corrosion properties of silica based coatings, 
on a variety of metallic substrates. 

Coating Substrate Deposition 
method 

Electrolyte icorr 

(µA/cm2) 
Ecorr (mV) 

Silica [173] Stainless 
steel 

Sol-gel 3.5 % NaCl 0.003 -350  

 

SiO2 [131] Ti-6Al-7Nb 
alloy 

Sol-gel Simulated 
body fluid 

0.006-
0.10 

-275 – 

-90 (SCE) 

SiO2 [174] Stainless 
steel 

PACVD 0.5 M NaCl 0.005 - 

Silicone-like 

Silica-like 
[175] 

AZ31 
magnesium 
alloys 

PECVD 3.5 % NaCl 7.94 

0.158 

-1430 

-1320 
(SCE) 

Hybrid organic 
– inorganic 
silica [176] 

Carbon 
steel 

Sol-gel 3.5 % NaCl - -588 – 

-610  

Silicon 
oxycarbide 
[177] 

Low carbon 
steel 

RF/TEOS 
plasma 

3.5 % NaCl 0.325-
12.001 

-514 - -
809 (SCE) 

SiOxCy [178] Carbon 
steels 

Capacitively 
coupled RF 
plasma 

3.5 % NaCl 0.714 – 
12.001 

-534 – 

-809 
(SCE) 

 

3.6.1 Electrochemical Impedance Spectroscopy (EIS) of SiOx 

coatings 

EIS is an important characterisation technique to investigate the properties of a 

material and the electrode reactions [179]. It is a multifrequency alternating 
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current (AC) technique which measures the electrical resistance (impedance), of 

the coating/solution interface over a multitude of frequencies (ω) [180]. The aim 

of the EIS technique is to measure the impedance as a function of frequency, 

allowing the resulting spectrum to be analysed to estimate the corrosion rates 

and mechanisms of a coated system. EIS allows data to be interpreted so that 

the capacitance and resistance values of a system can be determined from the 

corresponding Nyquist and Bode plots, through the fitting of an equivalent circuit. 

Calculating both the resistance and capacitance values of each physical 

component within a system can help to understand the system that is being 

analysed. 

 

 

Figure 3.13 A Randles circuit model across a metal oxide surface, with a 
solution resistance (Rs), interfacial capacitance (Cint) and charge transfer 
resistance (Rct). 

 

The Randles circuit is the most simple equivalent circuit and is made up of an 

electrolyte/solution resistance (Rs), an interfacial capacitance (Cint) and a charge 

transfer resistance (Rct). A simple Randles circuit model across a metal oxide 
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interface is demonstrated in Figure 3.13. The corresponding Randles Nyquist and 

Bode plots are shown in Figure 3.14. 

 

 

Figure 3.14  A simple a) Nyquist and b) Bode plot representing the 
Randles circuit in Figure 3.13, where Rs = 100 Ω, Rct = 1000 Ω, and Cint = 
100 μF [181]. 

 

If a coating resistance increases during the test, the coating is becoming more 

protective, with the capacitance seeing the opposite effect and decreasing in 

value. For a coating that is becoming less protective, there will be a decrease in 
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the resistance values and an increase in the capacitance. Using the resistance 

and capacitance values, calculated from EIS, values such as corrosion rate, 

water uptake and delamination can be calculated. 

The use of EIS expands much further than estimating the resistance and 

capacitance of a coated system and can also be used to detect any interfacial 

problems that may be occurring. If a coated sample exhibits defects or pinholes 

within the coating structure, the electrolyte is able to penetrate through to the 

substrate surface, which could lead to under film corrosion. This corrosion may 

alter the resistance of the coating during the EIS process, due to the formation of 

an oxide layer between the coating and substrate interface [182]. 

EIS has been utilised to study the corrosion resistance of SiOx coatings on 

stainless steels substrates. For much of the literature, the coatings have been 

deposited using traditional sol-gel methods, with very few reports on the corrosion 

resistance of SiOx coatings deposited using PECVD methods. SiOx coatings 

deposited onto carbon steel, at plasma powers 200 and 300 W, provide a good 

protective barrier against corrosion. The resistance of the charge transfer (Rct) 

gives a good indication of the protectiveness of the coating. Ribeiro et al [127] 

reported Rct values of 1.51x106 and 3.60x105 Ω.cm2 for 1 μm thick SiOx layers 

deposited at plasma powers 200 and 300 W, respectively. At lower plasma 

powers of 10 and 15 W, the resultant coating was a more organic like SiOxCyHz 

film, and provides lower Rct values of 6.99x104 and 2.25x105 Ω.cm2, respectively. 

Increasing the plasma power to 50 W resulted in a bilayer coating with a thin 

SiOxCyHz at the coating surface, with an SiOx top layer. The corrosion resistance 

proved to increase with this bilayer, and gave an Rct value of 1.24x107 Ω.cm2. The 
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degree of oxidation is therefore able to be controlled, and the addition of SiOx 

inorganic layers enhances the corrosion resistance of carbon steels. 

The EIS study of a SiOx coating for medical devices has been undertaken by 

Walke et al [167]. Due to the chemical inertness and biocompatibility, SiOx is of 

interest in the field of cardiac implants. The coating was deposited using a sol-

gel method onto 316L stainless steel. The EIS experiments show that the 

resistance of the oxide layer reaches large values varying from 1.274x106 – 

1.677x106 Ω.cm2, suggesting the appropriate degree of protection. Another study 

by Delimi et al [170] reported the corrosion protection of a SiOx coating on carbon 

steel, deposited using PECVD. The coated layers were deposited between 20 

and 200 nm, and EIS measurements were taken using a 3% NaCl solution. The 

results from the study showed that the 20 nm thick layers did not provide a good 

corrosion protection for the carbon steel (0.013 M Ω.cm2), but coating thicknesses 

>100nm proved to efficiently protect the steel surface (1.00-1.30 MΩ.cm2) , with 

the coating at 200 nm providing a 96% protection. 

Fracassi et al [183] have deposited SiOx coatings onto magnesium alloys, using 

PECVD. A 1.3 μm coating was deposited onto magnesium alloy substrates and 

EIS experiments were performed using a 0.1 M NaCl solution. The results 

showed that the addition of a SiOx coating increased the corrosion protection, 

with the highest impedance modulus reported to be 8000 times higher than for 

the bare metal. A decrease in the corrosion protection of the coating was reported 

over time, which can be attributed to local corrosion mechanisms, starting at the 

sight of a defect. Pech et al [174] also reported an improved corrosion resistance 

of a 600 nm silica coating on 304 stainless steel, deposited using plasma assisted 

CVD (PACVD). 
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The addition of an inorganic silica coating has proven to provide an enhanced 

corrosion protection for stainless steel and metal substrates. The majority of the 

SiOx coatings in the literature, studied by EIS have used traditional sol-gel 

methods. EIS data for PECVD and other plasma deposition methods has also 

been reported and proven to provide efficient corrosion protection. The use of 

MW-PECVD for depositing SiOx coatings, on the corrosion protection of metals 

is limited and therefore opens the research gap. The corrosion protection of SiOx 

coatings on high-speed steel substrates, deposited using MW-PECVD will be 

investigated further in this thesis. 

3.7 Summary of chapter and rationale 

The literature review has assessed the different deposition techniques for 

depositing SiOx coatings. Each technique has its advantages and limitations and 

can all be used for a variety of different applications. RF-PECVD is the most 

commonly used method for depositing SiOx coatings onto a variety of substrates, 

as discussed in section 3.3.2.3. 

The use of MW-PECVD for deposition SiOx has also been utilised, resulting in 

higher density, uniform coatings when compared with RF-PECVD. The 

deposition of SiOx coatings onto steel substrates has not yet been fully 

established. The current literature mainly studies MW-PECVD as a deposition 

technique for depositing SiOx onto polymeric substrates due it its lower 

temperatures and higher deposition rates. 

Depositing SiOx onto HSS proves a challenge as it involves the deposition of a 

non-conducting coating, onto a conducting substrate. RF and MW-PECVD 

methods are capable of depositing SiOx coatings without the need for an 

interlayer. The addition of an interlayer may further affect the properties of a 
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coating, so the removal of this allows for more controllability of the deposited 

coating. MW-PECVD is a promising technique for depositing highly uniform, 

dense SiOx coatings onto HSS substrates, and is favourable to RF methods due 

to the higher deposition rates. 

The oxygen concentration during the deposition stage has a powerful effect on 

the properties of the coatings. Fine tuning the oxygen concentration by varying 

the HMDSO:O2 ratios allows coatings to be deposited with different chemistries, 

microstructures and mechanical properties. The O2 concentration affects the x 

values in the SiOx and determining the appropriate x values may vary depending 

on the particular application of the coatings. 

SiOx-like coatings have proven to enhance the corrosion performance of a variety 

of metallic substrates. SiO2 deposited onto stainless steels provide the best 

corrosion performance, which is closely followed by SiOxCy coatings onto carbon 

steel substrates. The deposition of inorganic SiOx coating onto carbon steel 

substrates for corrosion protection provides a gap in the research and therefore 

a rationale for this thesis. This research will investigate the MW-PECVD process 

of depositing SiOx coatings onto conductive substrates (such as HSS), using a 

HMDSO monomer in combination with O2. The chemistries of the SiOx coatings 

will be explored, by varying the O2 concentrations and differing thicknesses. 

HMDSO is the most commonly used monomer for depositing SiOx coatings, due 

to its very high deposition rate, when using a microwave-excited plasma source. 
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Chapter 4 – Experimental procedures and analysis techniques 

4.1  Introduction 

This chapter details the experimental procedures used throughout this work. The 

microwave PECVD (MW-PECVD) technique used to deposit the SiOx coatings is 

described in further detail, followed by the characterisation of the coatings. The 

analysis is split into three sections; the first relating to the mechanical properties 

of the coatings, the second relating to the chemical and structural composition, 

and the third relating to the electrochemical properties. 

The main focus of this study will centre on  the MW-PECVD technique, to deposit 

SiOx coatings onto high-speed steel (HSS) substrates. This deposition method 

was chosen due to the enhanced capabilities of MW-PECVD in comparison to 

other deposition techniques. SiOx is an insulating material being deposited onto 

a conducting substrate, which has proven to be difficult to deposit using certain 

deposition methods. This, however is overcome when using a microwave source.  

4.2 Methods of Coating Deposition 

All coating depositions were performed in the Advanced Materials laboratory, 

University of Leeds, using a bespoke Hauzer Flexicoat 850 coating system 

(Figure 4.1). The system is capable for the deposition of coatings with magnetron 

sputtering, high power impulse magnetron sputtering (HiPIMS), plasma nitriding, 

CARC+, microwave and more recently, a nanoparticle source . The machine also 

combines advanced plasma diagnostics due to the addition of Langmuir and 

optical probes. Figure 4.2 shows the system set up in the Advanced Materials 

Laboratory, and Figure 4.3 shows a schematic for the inside of the chamber. The 

internal dimensions of the chamber measure 800 x 800 x 900 mm (w x d x h) and 

the effective coating volume for the Flexicoat 850 system is Ø 500 x 500 mm. 
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Figure 4.1 The Hauzer Flexicoat 850 PVD machine. 

 

The chamber is equipped with three circular arc evaporation targets, two 600 x 

50 mm sputtering targets, and two 1200 W microwave antenna, stored inside 

parabolic reflectors. The back of the chamber is equipped with the microwave 

source and has the capability of being used as a door in order to clean the 

microwave sources. This is an important aspect, based on the deposition quality, 

as the microwave antennas may form a coated layer over time and may impede 

the quality of the coatings and become less effective during deposition. 

 

Figure 4.2 Schematic of the coating chamber in the Hauzer Flexicoat 850 
PVD system, the microwave source will be the main focus for this study. 
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Figure 4.3. Hauzer Flexicoat 850 schematic of the deposition chamber, a) 
front view of PVD chamber and b) side view of PVD chamber, with internal 
dimensions of 800 x 800 x 900 mm. 

 

4.2.1 Substrate and sample preparation 

HSS is a type of carbon steel and has distinctive physical and mechanical 

properties, making it a suitable choice for many coating applications. There are a 

variety of different grades of HSS which can be divided into four categories; 

Internal dimensions: 

800 x 800 x 900 mm. 
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molybdenum-cobalt, molybdenum-vanadium, tungsten and molybdenum. These 

alloy components within the steel, allow for different properties: 

• Molybdenum – improves toughness. 

• Tungsten – increases wear resistance and tempering. 

• Cobalt – improves heat resistance and increases hardening 

temperatures. 

• Vanadium – increase wear resistance. 

There are a variety of grades of HSS, in which applications vary. The basic 

grades are summarised in Table 4.1. 

Table 4.1. General grades of high-speed steel [184]. 

General 
description 

ISO steel 
description 

Material 
number 
(steel code) 

Application 

HSS S 6-5-2 
(DMo5/M2) 

1.3343 Standard tool material for most 
common applications 

HSS-Co S 6-5-2-5 
(Emo5Co/M35) 

1.3243 High heat resistance, suited for 
roughening 

HSS-E S 6-5-3 
(Ems5V3/M3) 

1.3344 High friction resistance and 
cutting edge stability 

HSS-E M 
42 

S 2-10-1-8 
(M42) 

1.3247 Increased resistance and 
hardness 

P/M HSS-E S 6-5-3-9 1.3207 High hardness, heat resistance 
and cutting edge stability 

 

1.3343 HSS was chosen as the substrate for depositing the large matrix of silicon 

oxide coatings, due to the grade being the standard material for a variety of 

common applications. The HSS discs had a diameter of 25 mm, the mechanical 

characteristics and chemical composition can be found in Table 4.2 and Table 

4.3, respectively. 
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Table 4.2. The mechanical characteristics of HSS 1.3343, DIN HS S-6-5-2. 

Characteristics 1.3343 HSS 

Density 8.16 g cm-3 

Melting point 1430°C 

Elastic Modulus 190-210 GPa 

Tensile strength 1200 MPa 

Compressive Strength 3250 MPa 

Thermal conductivity 41.5 W m-1 K-1 

Hardness (as hardened) 832 HV or 8.2 GPa 

Hardness (tempered at 620°C) 746 HV or 7.3 GPa 

 

Table 4.3. The chemical composition of the high-speed steel (HSS) 
substrates used for the SiOx coatings, from reference [185].  

Chemical Composition (at %) 

Carbon (C) 0.86-0.94 

Silicon (Si) 0.20-0.45 

Manganese (Mn) 0.15-0.40 

Chromium (Cr) 3.75-4.50 

Molybdenum (Mo) 4.50-5.50 

Vanadium (V) 1.75-2.20 

Tungsten (W) 5.50-6.75 

Iron (Fe) 83.29-79.26 

 

Firstly, HSS coupons, with a 25 mm diameter, were polished to a mirror finish (Ra 

= 0.01 μm) and cleaned with ethanol wipes. Once polished to the desired finish 

and roughness, the samples were fixed onto a rotational substrate table with a 

two folds rotation in the Hauzer Flexicoat 850 coatings platform based at the 

University of Leeds. The samples were then cleaned under vacuum to outgas. 

Following this, the samples were bombarded with argon ions (Ar+) in order to 

atomically clean and etch the surface of any organic matter prior to the deposition 
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of the coatings – commonly known as plasma surface etching (PSE). The surface 

was etched for 90 minutes at 150°C, using a bias of -200 V. 

4.2.2 Precursors 

The precursors used for depositing the SiOx coatings were hexamethyldisiloxane 

(HMDSO) ((CH3)3SiOSi(CH3)3) monomer, oxygen (O2) and argon (Ar) gases. Ar 

is used as the excitation gas due to its inert behaviour and inability to react with 

other molecules or ions. A surplus of argon ions can lead to a higher deposition 

rate. HMDSO was the favourable monomer for the deposition of SiOx coatings 

onto HSS substrates due to its very high deposition rates, when using a 

microwave-excited plasma source. HMDSO also benefits from being chemically 

inert, non-toxic, and having a high vapour pressure, as described in section 3.3.1. 

HMDSO and O2 are used in combination because when applied under vacuum 

and in the presence of plasma will deposit SiOx onto a substrate. HMDSO is 

broken down by the plasma (Ar+ ions), and the ion-molecule reaction commences 

according to: 

 (CH3)3SiOSi(CH3)3 + Ar
+ → (CH3)3SiOSi

+(CH3)2 + CH3 + Ar 

(CH3)3SiOSi(CH3)3 + Ar
+  → (CH3)3SiO + (CH3)3Si + Ar 

Eq 4.1 

The HMDSO will continue to break down into smaller ions and radicals, without 

the addition of O2 an organic-like SiOx coatings will be deposited (e.g. PDMS, 

[(CH3)2SiO]n. The addition of the O2 gas will lead to recombination reactions, 

which in turn will lead to the deposition of an SiOx coating onto the substrate. 

4.2.3 MW-PECVD Coating Procedure 

The main focus of this study was to characterise a matrix of SiOx coatings using 

MW-PECVD. The PVD machine is equipped with two microwave components 
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(2.45GHz) that are equipped with stainless steel parabolic reflectors, in order to 

direct the plasma into the deposition chamber for irradiation of gases for plasma 

generation. The microwave antenna are protected with a quartz tube and 

borosilicate sleeve, which can be removed, the schematic is shown in Figure 4.4. 

It is important for these components to be easily accessible as the parabolic 

reflectors may become coated overtime, leading to the source becoming less 

effective and giving a poor coating quality. 

 

 

Figure 4.4 Schematic of the microwave antenna source. 

 

A substrate table, is used to attach the substrates within the deposition chamber. 

The table houses cylindrical columns; allowing a two-fold rotation, whereby the 

cylinders are able to rotate independently to the table, or substrate holders, or a 

three-fold rotation, where the samples can be rotated separately to the table and 

the columns. The cleaned and polished HSS coupons were loaded onto the 

substrate table, with a two-fold rotation used throughout the deposition. This was 

then loaded into the PVD chamber, ready for deposition of the SiOx coatings. The 

deposition steps are described in Table 4.4. 
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During the deposition, the substrate table can be biased, using a voltage from a 

DC power supply. The supply to the table can be pulsed, bi-polar or constant. A 

negative DC bias of -200 V was applied to the substrate, prior to deposition of the 

SiOx coating. The application of a bias can increase the growth rate of the as-

deposited coating, therefore increasing the deposition rate [186], [187]. The 

microwave was operated at a frequency of 2.54 GHz and a power of 1200 W for 

all coatings. The flow rates of the precursors were controlled throughout the 

deposition. Argon (Ar), hexamethyldisiloxane (HMDSO) and oxygen (O2)  were 

used as the precursor gases and the flow rates were varied throughout the 

depositions, dependent on the HMDSO:O2 ratios that were being deposited. The 

design of experiments (DOE) parameters for all coatings and design thicknesses 

are detailed in section 4.3. 

Table 4.4 Coating deposition step parameters. 

Deposition step Temperature 
(°C) 

Pressure 
(10-5 mbar) 

Bias 
(V) 

Time (mins) 

Chamber 
heating 

200 7  35 

Plasma Surface 
Etching (PSE) 

150  -200 90 

Heating 200   20 

SiOx coating   25 Described in 
section 4.3. 

 

Following on from the deposition of the SiOx coatings, the PVD chamber was 

cooled to room temperature and then vented to release the vacuum. The coated 

samples were removed from the substrate table and stored in a desiccator, to 

ensure the coatings were kept dry and away from moisture. 
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4.3 Deposition parameters 

This section will discuss the deposition parameters for the two batches of 

coatings characterised in this research. Batch 1 and the first phase of coatings 

were deposited with varying HMDSO:O2 ratios and a design of experiments 

(DOE) thickness of 2 μm. Batch 2 coatings were deposited with varying 

HMDSO:O2 ratios and multiple DOE thicknesses (1 μm, 2 μm, 3.5 μm and 5 μm). 

The thicknesses are able to be controlled by controlling the Ar, O2 and HMDSO 

flow rates, deposition power and pressures and the deposition times. 

4.3.1 Batch 1 coatings – varying HMDSO:O2 ratios. 

The ratios of HMDSO and O2 were varied in order to create surface coatings with 

different chemistries and topographies. All samples for Batch 1 were coated with 

a DOE thickness of 2 µm. The design thickness was determined experimentally 

by using differing deposition times, dependent on the HMDSO:O2 ratio. The 

measured thickness of the samples varied slightly from the design values, 

ranging from 1.70 µm – 2.09 µm. Table 4.5 gives the required flow rates of Ar, 

HMDSO and O2 and the deposition times for the corresponding HMDSO:O2 ratios 

used. 

Table 4.5. The argon, HMDSO and oxygen flow rates for the 1st batch of 
coated SiOx samples, with varying HMDSO:O2 ratios and a 2 µm design 
thickness. 

HMDSO:O2 
ratio 

Ar flow 
rate (sccm) 

HMDSO flow 
rate (sccm) 

O2 flow 
rate (sccm) 

Deposition 
Time 

1:3 150 60 180 1 h 40 

1:6 150 30 180 2 h 30 

1:12 150 15 180 3 h 55 m 

1:16 220 10 160 5 h 5 m 

1:20 220 8 150 8 h 

1:36 250 5 180 15 h 20 m 
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4.3.2 Batch 2 coatings – varying HMDSO:O2 ratios and thicknesses. 

Following on from the characterisation of batch 1 coated samples, a matrix of 

coatings were chosen to characterise their chemistries, microstructure and 

corrosion properties at varying HMDSO:O2 ratios and thicknesses. Table 4.6 

shows the argon, HMDSO and O2 flow rates and the deposition times for each 

HMDSO:O2 ratio and thickness. 

Table 4.6. The argon, HMDSO and oxygen flow rates for the second batch 
of coated SiOx samples, with varying HMDSO:O2 ratios and different 
thicknesses. 

DOE 
thickness 
(μm) 

HMDSO:O2 
ratio 

Ar flow 
rate 
(sccm) 

HMDSO 
flow rate 
(sccm) 

O2 flow 
rate 
(sccm) 

Deposition 
time 

1 1:10 180 15 150 2 h 10 m 

1:12 150 15 180 2 h 22 m 

1:14 150 13 182 2 h 40 m 

1:16 220 10 160 3 h 15 m 

1:20 220 8 150 4 h 25 m 

2 1:10 180 15 150 3 h 35 m 

1:12 150 15 180 3 h 55 m 

1:14 150 13 182 4 h 20 m 

1:16 220 10 160 5 h 5 m 

1:20 220 8 150 8 h 

1:24 200 8 180 7 h 20 m 

1:36 250 5 180 15 h 20 m 

3.5 1:12 150 15 180 5 h 50 m 

1:14 150 13 182 6 h 50 m 

1:16 220 10 160 8 h 35 m 

1:20 220 8 150 12 h 55 m 

5 1:12 150 15 180 7 h 45 m 

1:14 150 13 182 9 h 5 m 

1:16 220 10 160 12 h 3 m 

1:20 220 8 150 20 h 
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The second batch of coated samples focusses on the ratios that are close to 

stoichiometric SiO2. This batch of coatings also focusses on a range of DOE 

thicknesses at 1 μm, 2 μm, 3.5 μm and 5 μm. The thicknesses of the samples 

were determined experimentally based on the deposition times, a higher 

deposition time resulted in a thicker coating. 

 

4.4 Characterisation of the SiOx coatings 

There are a number of techniques available to characterise the surface of a 

particular coating. These techniques can range from analysing the surface 

topography to analysing the surface chemistry, the thicknesses and 

electrochemical properties of a particular coating. Techniques such as Calo® 

test, scratch test and nano-indenter are used to characterise the mechanical 

properties of a coating. The analysis techniques used to determine the surface 

topography and chemical composition of the coating include; scanning electron 

microscopy (SEM) with energy dispersive x-rays (EDX), transmission electron 

microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and x-ray 

diffraction (XRD). This section will detail the mechanical and chemical 

characterisation of the coatings. 

4.5 Mechanical characterisation 

4.5.1 Calo Test 

The thicknesses of the silicon oxide coatings were determined using a Calo tester 

from TRIBOtechnic. The Calotest is used in accordance with Standard: ISO EN-

1071-2 and VDI 3198. The Calo tester involves a holder and clamp for the surface 

of interest, in which a hardened steel sphere of a known diameter (d) is rotated 

against the surface. A diamond paste was applied to the surface and as the 
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sphere rotates a crater is formed through the coating down to the substrate. The 

speed of rotation and the length of time needed to abrade the surface are 

dependent on the surface coatings. 

For the series of SiOx coatings, a number of 3 measurements at different 

positions across the surface were taken for each sample and the average 

thickness was calculated. A speed of 200 rpm was used and time was varied 

from 2-10 minutes, depending on the design thickness of the coatings. Once the 

experiment had been performed, all samples were analysed using optical 

microscopy and the thickness was determined using the following Eq 4.2: 

𝑡 =
𝑥𝑦

𝑑
 

Eq 4.2 

Where t is the coating thickness, x and y are measured using the optical 

microscope and d is the sphere diameter. A schematic for the Calo test thickness 

measurement is shown in Figure 4.5. 

 

Figure 4.5. A schematic of the Calo test measurement and how the 
thickness is calculated. t=coating thickness, x and y=measurements 
determined using optical microscopy, d=diameter of the sphere. 
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4.5.2 Scratch Test 

Scratch testing is a method used to determine the adhesion and scratch 

resistance for coatings and bulk materials. The method consists of scratching the 

surface of a sample with a diamond tip, in which a constant of progressive load 

can be applied. Using a Tribotechnic Milli Scratch Tester, in accordance with 

standard JIS 3255 and ISO 205 02, a video system allows the damage on the 

coating caused by the diamond tip to be examined, enabling a correlation with 

the applied load. This standard method allows for comparisons of different 

coatings, substrates, thicknesses of coatings and the scratch resistance of bulk 

materials. 

The scratch testing method is a quantitative method in which critical loads (where 

failures begin to appear) are utilised in order to evaluate the adhesive or cohesive 

properties of a coating. When using a progressive load test, the critical load is 

determined to be the smallest load at which a failure may occur. There are 

multiple failure mechanisms which can occur throughout the duration of the 

scratch. 

 

Figure 4.6. The Tribotechnic Scratch Tester Millennium 200 to characterise 
the adherence of the SiOx coating onto the HSS substrate. 
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A diamond indenter Rockwell C tip with 200 μm radius was used for the scratch 

tests for each SiOx coated sample. A series of 3 scratches were performed for 

each sample and the average critical load was calculated. The scratches were 

performed parallel to one another and spaced equally apart after each scratch 

was complete. The stylus was cleaned after each scratch with ethanol to ensure 

that any foreign materials from the coatings were removed. The table below gives 

the details for the scratch test conditions. 

Table 4.7. The scratch test conditions for all SiOx coated samples. 

Progressive or Constant load? Progressive 

Initial load 0.9 N 

Final load 50.0 N 

Loading speed 100.0 N min-1 

Sample speed 10.0 mm min-1 

Scratch length 5.0 mm 

Acoustic emission sensitivity 5.0 AE 

Tip material Diamond 

Tip type Rockwell C 

Tip radius 200.0 μm 

Coating SiOx 

Substrate HSS 

 

Once the scratches had been formed on the surface, the optical microscope was 

used to examine the critical loads. Three critical loads (LC1, LC2 and LC3) were 

present for each sample. The critical loads can be categorised based on the type 

of failure event, in order for direct comparison of each sample. The failure events 

for the SiOx coated samples are classified in Table 4.8 [188]. 

The LC1 load is the point where cohesive failure occurs and is the minimum load 

at which cracking begins to occur within the coating. The LC2 value is the load 
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where adhesive failures begin to occur, i.e. at the point where the crack reaches 

the coating substrate interface, causing coating delamination. This value shall 

then be used to determine the critical load of the coatings. The LC3 value shall 

be taken at the first point at which the substrate can be seen and the coating 

begins to delaminate. 

 

Table 4.8 Classifications of the scratch test results [188]. 

 Description of failure event Optical microscope image 

LC1 Forward chevron cracks at the borders 

of the scratch track. 

LC1 is taken at the closest end of the 

event to the scratch start track. 

 

 

LC2 Forward chevron cracks at the borders 

of the scratch, with the addition of 

interfacial spallation. 

LC2 is taken at the failure even that 

occurs first.  

 

LC3 Gross interfacial spallation and 

delamination. 

LC3 shall be taken at the first point 

where the substrate can be seen. 
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4.5.3 Nanoindentation 

The most widely used technique to measure the mechanical properties of thin 

film coatings is nanoindentation, which is used to determine the elastic modulus, 

hardness and fracture toughness of various materials. The most common use for 

nanoindentation is for measuring hardness and elastic modulus, however it can 

also be used to measure other mechanical parameters, such as residual stress 

and creep. For nanoindentation, a specific load is applied to a sample through an 

indenter with a known geometry. A hard indenter tip (typically diamond) is 

compressed into the material, resulting in plastic and elastic deformation of the 

material. When the maximum load has been applied to the tip, it can be held at 

the maximum force in order to measure any creep within the material. The tip is 

then unloaded from the material, allowing some elastic recovery. For each 

indentation, a load displacement curve, shown in Figure 4.7, is generated and 

the mechanical properties can be calculated. The hardness can be determined 

using Eq 4.3 [189]: 

 
𝐻 =

𝑃max
𝐴𝑐

 Eq 4.3 

 

Where Pmax is the maximum load applied during indentation and Ac is the 

measured contact area. 
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Figure 4.7. A typical load displacement curve for the nanoindentation 
process (E represents Young’s modulus) [190]. 

 

It is recommended that the indentation depth is less than 10% of the coating 

thickness [191], to help avoid effects from substrate during the nanoindentation 

process [192]. This is feasible for coatings that are greater than 1 μm thick, those 

that are thinner present more of a challenge. 

Nanoindentation tests were performed on SiOx coated HSS, with a designed 

coating thickness of 2 μm, using a Micromaterials Nanotest platform and a 

Berkovich diamond indenter tip. The indentation was load controlled from a load 

of 0.1mN to a maximum load of 20 mN, with 10 indentations being applied to 

each sample. The offset of each indent was 50 μm, with a total surface area of 

500 μm covered. The loading and unloading rates applied were constant 

throughout the experiments at 0.1 mN s-1. As the indentations were load 

controlled, the indentation depth was greater than 10%. The calculations for the 

hardness and elastic modulus used only the data for the indentations up to 10% 

on the coating depth. The reduced modulus was determined using the Oliver and 
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Pharr power law fitting method from the unloading curve [192]. The Young’s 

modulus of the coating being measured was then calculated using: 

1

𝐸𝑟
=
(1 − 𝑣2)

𝐸
+
(1 − 𝑣𝑖

2)

𝐸𝑖
 Eq 4.4 

Where 𝐸𝑟 is the reduced modulus, 𝑣𝑖 and 𝐸𝑖 are the Poisson’s ratio and modulus 

of the indenter tip, respectively, and 𝑣 and 𝐸 are the Poisson’s ratio and modulus 

of the sample. The diamond Berkovich indenter tip has 𝐸𝑖 = 1140 GPa and  

𝑣𝑖  = 0.07 for diamond. 

For materials that are assumed to have a Young’s modulus lower than that of 

diamond (orders of magnitude smaller), the indenter can be thought to be rigid. 

This allows the removal of the indenter terms from Eq 4.4, and allows the 

equation to be simplified to: 

1

𝐸𝑟
=
(1 − 𝑣2)

𝐸
 Eq 4.5 

The Poisson’s ratio 𝑣 is estimated to be 0.17 for the SiOx coating, taken from the 

Poisson’s ratio of silicon dioxide (SiO2). All calculations in the thesis use this 

assumed value throughout. 

4.6 Chemical characterisation 

4.6.1 Scanning electron microscopy with electron dispersive x-ray 

(SEM/EDX) spectroscopy 

4.6.1.1 Background 

Scanning electron microscopy (SEM) with energy dispersive x-ray (EDX) 

spectroscopy is one of the most commonly used surface analysis techniques. 

Scanning electron microscopy (SEM) involves a finely focused electron beam 

scanning the surface of a sample, with electron bombardment resulting in a series 
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of sample-beam interactions [193]. A simple schematic for a scanning electron 

microscope is shown in Figure 4.8. 

 

 

Figure 4.8 A simple schematic of the scanning electron microscope 
process adapted from reference [194]. 

 

EDX analysis is an analytical technique used to determine the chemical 

characterisation of a sample. EDX is usually coupled with SEM and can provide 

elemental analysis on samples areas in the nanometre (nm) range. The incident 

electron beam used in SEM analysis produces x-rays. The energy of the x-rays 

generated is characteristic of the elements that are found on the sample surface. 

The intensities of the measured x-rays give a quantitative analysis of the 

elemental composition and distribution throughout the sample. 

4.6.1.2 Batch 1 and batch 2 analysis 

SEM with EDX spectroscopy was used to characterise a plan-view of the surfaces 

of the SiOx coatings. SEM imaging gives high resolution images by scanning the 

surface of a material with an incident beam of electrons. The electrons interact 
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with the atoms on the surface and produce low energy secondary electrons. The 

intensity of the secondary electrons can be measured, and their signals create 

an image of the surface composition and topography. 

All SiOx coated samples were analysed on a Carl Zeiss EVO MA15: variable 

pressure SEM with Oxford Instruments AZtecEnergy EDX system with 80 mm2 

X-Max Silicon Drift Detector (SDD) - secondary and backscattered imaging, EDX 

elemental mapping and line scans. The SDD hardware allows x-rays to be 

detected and measured, enabling them to be converted into signals used by the 

EDX software to provide accurate and reliable analysis. The sensitivity of the 

SDD allows accurate identification and characterisation of x-ray lines down to 72 

eV and quantitative analysis at >400,000 cps. 

Due to charging effects on the sample surface producing unwanted noise on the 

imaging signal, samples must be conductive to produce the best results. As the 

substrate and coatings are non-conductive, the SiOx coatings must first be 

prepared to counteract these charging effects. The samples were mounted onto 

metallic holders using adhesive carbon pads, and a carbon paint which was 

applied to the coating edge to create a conductive pathway to the metallic holder. 

A carbon coating (~5 nm) was then applied to the surface of the SiOx coated 

sample, using an evaporator. A series of five measurements were taken for each 

sample, spread evenly over the entire surface of each sample, as shown in Figure 

4.9. An average of the five measurements was taken and plotted against 

HMDSO:O2 ratio with error bars (standard deviation). 
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Figure 4.9. A schematic showing the plan-view positions of the five 
measurements taken for each sample. 

 

The atomic concentrations for carbon, silicon and oxygen were analysed and the 

relative ratios were calculated in order to determine the silicon to oxygen ratios 

of all SiOx coatings. Error bars were also calculated using the standard deviation 

of the five measured positions of each sample. 

4.6.1.3 FIB cross sectional analysis of SiOx coatings with SEM and EDX 

analysis 

Focused ion beam with SEM and EDX analysis characterises the near surface 

elemental composition at an depth, produced by a Gallium (Ga+) ion beam milling 

[6]. Samples were analysed on the Thermo Scientific™ Helios™ G4 CX 

DualBeam™. Cross sections were performed by removing a small area of the 

coating through to the substrate, using Ga+ ion beam milling. FIB may be 

operated at low beam, for imaging the sample, or at high beam, for sputtering or 

milling the sample. FIB cross sectional analysis using SEM imaging and EDX was 

undertaken for each sample. EDX mapping and line scans were taken for each 

sample to investigate the composition of the coatings from substrate surface, 

through to the surface of the coating. 
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4.6.1.4 Transmission electron microscopy (TEM) of SiOx coatings 

FIB was used to prepare the SiOx coated samples for TEM analysis. TEM was 

then used to obtain higher magnification and resolution images of the coatings, 

and for EDX mapping and line scan analysis. Thin sections were prepared from 

one SiOx coated sample with HMDSO:O2 ratio 1:24, using an FEI Helios G4 CX 

DualBeam. The site of interest was coated with a 200 nm platinum layer, 

deposited using a gallium ion beam. The surrounding material was further 

removed with the Ga+ beam, and was further thinned to desired dimension for 

TEM imaging. The TEM imaging was carried out using an FEI Titan Themis 

Cubed 300 TEM with high resolution images collected at magnifications of 593.0 

kx, 419.3 kx and 37.0 kx. The instrument was fitted with a high angular annular 

dark field (HAADF) scanning TEM (STEM) detector and EDX system, allowing 

elemental mapping and line scan data to be obtained from the TEM sample. 

4.6.2 Fourier Transform Infrared (FT-IR) spectroscopy 

FT-IR analysis was performed to characterise the bonding present within the SiOx 

coated samples. FT-IR measures the vibrations in bonds present in a sample. All 

samples were analysed using the attenuated total reflectance (ATR) technique 

with an FT-IR spectrometer. Measurements were taken for each sample and the 

main characteristic peaks were determined from the literature.  

A Perkin Elmer Spectrum 100 was used to obtain the FTIR spectra. The spectra 

were acquired for each HMDSO:O2 ratios and thicknesses, using attenuated total 

reflectance (ATR) from 4000 cm-1 to 400 cm-1. A total of 30 scans were taken for 

each sample. The Si-O bonding of the coatings will be studied based on the 

HMDSO:O2 ratios. Typical bonding vibrations for SiOx coatings are highlighted in 

Table 4.9 
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Table 4.9. The main FT-IR characteristic bonding vibrations for SiOx 
coatings. 

Main characteristic peaks Wavenumber (cm-1) 

Si-O-Si bending [195]–[197] ~ 800 cm-1 

Si2O3 [198], [199] ~880 cm-1 

Si-O-Si asymmetric stretching 
(broad peak) [195]–[197] 

~ 1000 cm-1 

Si-O-Si asymmetric stretching 
(broad peak) [195]–[197] 

~1150 cm-1 

 

IR radiation measures the vibrational or rotational energy of atoms in a sample 

and can be used to determine functional groups within a molecule [200]. There 

are 2 different types of vibrations present within molecules, 1) stretching and 2) 

bending. Each functional group present in a molecule will have a different 

vibrational frequency, thus allowing for it to be specifically documented in the 

spectra. The infrared spectrum produces a graph showing the percentage 

transmittance with its corresponding frequency (wavenumber, cm-1). A typical 

infrared spectrum will span from 4000-500 cm-1. The region from 1500-500 cm-1 

is referred to as the fingerprint region, which usually contains a complicated 

series of adsorptions. These particular adsorptions are mainly due to bending 

vibrations and it is difficult to pick out bonds within this region due to the high 

uncertainty. 

4.6.3 XPS analysis 

X-ray photoelectron spectroscopy (XPS), or sometimes referred to as electron 

spectroscopy for chemical analysis (ESCA), is a quantitative technique for 

analysing the atomic composition and surface chemistry of a material. XPS data 
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can be obtained by irradiating a sample with x-rays and measuring the kinetic or 

binding energy of electrons that are emitted from the material. A simplified 

schematic for the XPS process is shown in Figure 4.10. 

XPS analysis of the samples was performed at HarwellXPS, the EPSRC National 

Facility for X-Ray Photoelectron Spectroscopy. The instrument model used was 

a Thermo NEXSA. The x-ray source was Monochromatic Al Κα with an energy of 

1486.69 eV and source strength of 19.2 W. The charge control was a Thermo 

Scientific FG-03 dual-beam low energy electron/ion source with an ion gun 

current = 150 μA and an ion gun voltage = 45 V. All samples analysed were under 

a pressure of < 10-8 mbar, a temperature of 300 K and used an analysis spot size 

of 200x100 μm. All samples were affixed to the instrument using carbon tape. A 

survey spectrum pass energy of 150 eV and a region spectra pass energy of 40 

eV was applied to each sample. 

 

Figure 4.10. A simple schematic of the XPS analysis process, for a coated 
material. The primary beam emits a photon onto the surface of the 
sample, the secondary beam detects the electron that is lost. 

 

Samples were first analysed without any surface preparation, however due to the 

large concentration of adventitious carbon, it was beneficial to clean and prepare 
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the surfaces. The samples were cleaned using an ion gun cluster source, with a  

cluster size of 75 Ar+, an energy of 3 keV for 300 seconds. The mono Ar ion 

source allowed layers of the surface to be etched to reveal the subsurface 

information of the SiOx coatings. The surface preparation method allowed any 

adventitious carbon, dust or other particles to be eradicated from the sample. The 

samples 1:12, 1:14, 1:16, 1:20 and 1:36 analysed using XPS, with a DOE 

thickness of 2 µm. A survey spectra measuring from 1400 to 0 eV was recorded 

for each sample. The survey spectra allowed for further high resolution spectra 

to also be recorded. High resolution spectrums were acquired for Si 2p (110-95 

eV), O 1s (545-526 eV) and C 1s (298-279 eV). 

4.6.4 X-ray diffraction (XRD) 

XRD is a commonly used non-destructive technique for structural 

characterisation of three-dimensional structures at the atomic level. X-rays are 

produced by accelerating an electron beam from a heated tungsten filament [201] 

towards a metal target (commonly Cu, Mo or Co) as shown in Figure 4.11. 

 

Figure 4.11 A schematic to show the production of x-rays using a heated 
filament, electron beam and a metal target (usually Cu, Mo or Co). 
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X-ray values are characteristic of the metal target that has been used to generate 

them. For example, for a copper target (Cu-Kα), the wavelength is 1.54 Å and for 

a molybdenum target (Mo-Kα) the wavelength is 0.707 Å. The target used in this 

thesis was a Cu-Kα target with a wavelength of 1.54 Å. 

X-rays are scattered by electron density and in crystals the x-rays are diffracted 

from the crystals. The diffraction pattern generated from the x-rays gives 

information about the arrangement of the electron density within the crystal. X-

ray diffraction can be considered to be the reflection of x-rays from a family of 

parallel planes, Figure 4.12 shows a schematic of the diffraction of x-rays from a 

crystalline material. 

 

Figure 4.12 A schematic representation to show the process of the XRD 
technique. 

 

From the above schematic, Bragg’s law can be defined: 

𝐴𝐵 + 𝐵𝐶 = 𝑛𝜆 
Eq 4.6 

𝐴𝐵 = 𝐵𝐶 = 𝑑𝑠𝑖𝑛𝜃 
Eq 4.7 

𝐻𝑒𝑛𝑐𝑒 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
Eq 4.8 

𝐵𝑟𝑎𝑔𝑔′𝑠 𝑙𝑎𝑤:  𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
Eq 4.9 

 

A

B

C

Incident
beam

Reflected
beam

d Crystal lattice

θ θ
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XRD is used to measure the average spacing between rows or layers of atoms. 

From the measured sample the orientation of a crystal or grain can be 

determined, the crystal lattice structure of an unknown material can be defined 

and the size, shape and internal stresses of a crystal system can be measured. 

There are seven different crystal systems as shown in Table 4.10. 

From the measured sample the Miller indices can be determined, which specifies 

the directions and planes within a lattice or crystal. The Miller indices are denoted 

using three integers h, k and l (hkl values – Miller indices). h, k and l are the Miller 

index for the x-, y- and z-axis respectively. The distance between a family of 

planes with the same hkl values is dhkl, or the d-spacing. 

Table 4.10. A table to show the seven different crystal systems and their 
cell parameters. 

Crystal System Cell Parameters 

Cubic a = b = c ; α = β = γ = 90° 

Tetragonal a = b ¹ c ; α = β = γ = 90° 

Trigonal a = b = c ; α = β = γ ¹ 90° 

Hexagonal a = b ¹ c ; α = β = 90°, γ = 120°  

Triclinic a ¹ b ¹ c ; α ¹ β ¹ γ ¹ 90° 

Monoclinic a ¹ b ¹ c ; α = γ = 90°, β ¹ 90° 

Orthorhombic a ¹ b ¹ c ; α = β = γ = 90° 

 

Using the unit cell parameters from Table 4.10, the d-spacing and Miller indices 

for cubic SiO2 can be characterised from the following: 

• Cubic, tetragonal and orthorhombic cells give; 

 1

𝑑ℎ𝑘𝑙
2 =

ℎ2

𝑎2
+
𝑘2

𝑏2
+
𝑙2

𝑐2
 Eq 4.10 
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• Cubic, where a = b = c; 

 1

𝑑ℎ𝑘𝑙
2 =

Σ

𝑎2
 Eq 4.11 

Where dhkl
2 = h2 + k2 + l2 

The lattice constant (a) for the cubic phase of SiO2 can be determined using the 

following expression: 

𝑎 = 𝑑√(ℎ2 + 𝑘2 + 𝑙2) 
Eq 4.12 

 

Where the d-spacing is calculated using Bragg’s law (Eq 4.9): 

𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
 Eq 4.13 

4.6.4.1 XRD analysis of batch 1 and batch 2 coatings 

XRD was used to characterise all samples in order to determine the crystal lattice 

structure of the coatings. Firstly samples were cleaned with IPA to remove any 

contaminants from the surface, a polymeric sample holder was used to mount the 

SiOx coated HSS samples onto the XRD Bruker D8 instrument. A glass slide was 

used to press the sample into position, to ensure it sat level with the sample 

holder. The process was repeated for all SiOx coated samples with varying 

HMDSO:O2 ratios and thicknesses. Once the sample was loaded into the Bruker 

D8, the conditions in Table 4.11 were applied to acquire the XRD diffractograms. 
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Table 4.11. A table to show the XRD conditions for all coated samples. 

Measurement conditions Parameters 

Start position [2θ] (degrees) 5.000 

End position [2θ] (degrees) 100.000 

Step size (degrees) 0.033 

Scan step time [s] 340.000 

K-α1 [Å] 1.54 

K-α2 [Å] 1.54443 

K-β [Å] 1.39225 

 

XRD diffractograms for each sample and thickness were collected and analysed 

to determine the 2θ values corresponding to the SiOx coating, the full width at half 

maximum (FWHM) of the corresponding peaks, and the crystallographic planes. 

All XRD patterns for each coating with varying HMDSO:O2 ratio showed an iron 

Kα fluorescence peak, due to the iron containing HSS substrate. This behaviour 

is produced in iron samples when using Cu-Kα radiation, due to Cu-Kα having a 

higher energy than Fe-Kα absorption. Therefore, the Cu-Kα radiation will have 

sufficient energy for the Fe atoms to absorb and thus emitting as fluorescent 

radiation. 

The XRD profiles were evaluated using X’PertHighscore Plus© software. Using 

the XRD data for each SiOx coated sample, theoretical calculations can be used 

to calculate the crystallite size and the stress-strain of the coating. The Scherrer 

equation and Williamson-Hall (W-H) plots allow us to calculate these. The 

crystallite size can be determined from the Scherrer equation: 
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𝐷 =

𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 Eq 4.14 

 

Where: 

D = mean crystallite size, which may be smaller or equal to the grain size. 

K = dimensionless shape factor, typically equal to 0.9. 

λ = x-ray wavelength. 

β = Full width at half maximum (FWHM), in radians. 

θ = Bragg angle. 

Using the crystallite size values, and the formula of Williamson and Smallman 

[202], the dislocation density, defined by the length of dislocation lines per unit 

volume of the crystal, can be determined.: 

𝛿 =
1

𝐷2
 Eq 4.15 

 

The crystallite size can also so be determined from Williamson-Hall plots, along 

with the strain of the coating, e.g. tensile or compressive. Using the uniform 

deformation method (UDM), a plot of βcosθ vs 4sinθ can be used to determine 

the strain from the gradient of the slope and the crystallite size from the intercept. 

The W-H equation can be written as: 

 
𝛽𝑐𝑜𝑠𝜃 =  휀(4𝑠𝑖𝑛𝜃) +

𝐾𝜆

𝐷
 Eq 4.16 

 

Comparing this with the standard equation for a straight line, 𝑦 = 𝑚𝑥 + 𝑐, the 

strain and size can be determined from the slope and intercept respectively. 
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Values for the crystallite size from the Scherrer equation and Williamson-Hall 

plots can then be compared. 

4.7 Electrochemical techniques 

Two different techniques were utilised to investigate the electrochemical 

responses of the SiOx coatings on HSS for this study. These techniques included 

Tafel polarisation tests and electrochemical impedance spectroscopy. A three 

electrode electrochemical cell was employed, using a flat cell setup. The 

reference and counter electrode used was a silver/silver chloride (Ag/AgCl) 

InLab®, which uses an ARGENTHAL™ reference system with a silver ion tap 

bathing in 3 moldm-3 potassium chloride (KCl) solution. The working electrode 

(WE) was coated HSS, and measurements were taken for samples with varying 

HMDSO:O2 ratios and also differing thicknesses. The electrolyte solution used 

was 1 M NaCl at room temperature and pH 6.7, with the WE having an exposed 

area of 1 cm2. This NaCl solution was chosen as a basic corrosive environment 

to understand the corrosion performance of the SiOx coated HSS with varying 

HMDSO:O2 ratios and varying thicknesses. As hydrogen fuel cells use a plethora 

of environments, the understanding of the SiOx corrosion ability firstly needs to 

be understood, based on the HMDSO:O2 ratios and thicknesses. Once this has 

been established further electrochemical testing can be developed for application 

specific environments, for example; alkaline fuel cells, phosphoric acid fuel cells 

and polymer electrolyte fuel cells. These environments involve the use of different 

electrolyte solutions and operating conditions e.g. temperatures and gas 

environments. Therefore, for the scope of this work, a 1 M NaCl electrolyte is 

used throughout. 
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The corrosion rate measurements were conducted using both direct current (DC) 

and alternating current (AC) methods with a Gill AC potentiostat. 

 

Figure 4.13. A schematic of the EIS set up for the SiOx coated samples. 

 

4.7.1 Polarisation curves for SiOx coated HSS  

Tafel polarisation curves were measured using a Gill AC potentiostat for all Batch 

2 coated samples with varying HMDSO:O2 ratios and a 2 µm DOE thickness. 

Firstly, an SiOx coated sample was settled at an OCP of -500 mV, it was then 

polarised from -500 mV to -1200 mV for the cathodic curve vs the OCP. The cell 

was left to settle at the OCP for 10 minutes prior to starting the anodic sweep, 

which was measured between  -500 mV and 200 mV for the anodic curve. Plotting 

both the cathodic and anodic curves on a plot of Potential (mV) versus log current 

density (mA  cm-2) allows a theoretical value of the free corrosion potential (Ecorr), 

corrosion current density (icorr), cathodic Tafel slope (βc) and anodic Tafel slope 

(βa) to be determined. The cathodic and anodic curves are extrapolated using the 
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Tafel slopes extrapolation method. The Tafel extrapolation method uses a 

mathematical technique to estimate the Ecorr and icorr  in an electrochemical cell. 

The extrapolation involves extending a known sequence of linear values within a 

Tafel plot usually between ± 50-100 mV from the OCP. The intersection of the 

Tafel lines give the coordinates for the Ecorr and icorr values and the tangent slopes 

for the anodic and cathodic  regions correspond to the anodic Tafel slope βa and 

cathodic Tafel slope βc,  as shown in Figure 4.14. 

 

 

Figure 4.14. Tafel extrapolation example for the sample with HMDSO:O2 
ratio 1:12 and DOE thickness 2 μm. 

 

Once both Ecorr and icorr have been determined, it is possible to determine the 

corrosion rate of the system. The cathodic Tafel slope (βc) and the anodic Tafel 

slope (βa) are defined from the slope of the linear extrapolations. The obtained 
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cathodic and anodic slopes are both extrapolated to find the Ecorr, βa, βc, icorr and 

the Stearn-Geary coefficient of the SiOx coated samples. 

The results are calculated for Ecorr vs. Ag/AgCl (mV), icorr (mA cm-2), Tafel 

constants - βa (mV dec-1) and βc (mV dec-1) and the Stern-Geary (S-G) coefficient 

(B) (mV dec-1). The Stern-Geary equation can be used to obtain the polarisation 

resistance (Rp), using Eq 4.17: 

𝑅𝑝 =
𝐵

𝑖𝑐𝑜𝑟𝑟
 

Where B is the Stearn-Geary coefficient: 

 
𝐵 =

𝛽𝑎𝛽𝑐
2.303(𝛽𝑎 + 𝛽𝑐)

 Eq 4.17 

 

Once icorr has been determined, the corrosion rate (CR) can be calculated in using 

one of the two following equations, Error! Reference source not found. or Eq 

4.18. The equations can be used to calculate the corrosion rate in milli-inches per 

year and mm per year respectively. Corrosion is a fundamentally slow process 

with a typical corrosion rate being just 0.254 millimeters per year (mm y-1) [203]. 

 
𝐶𝑅 (𝑚𝑚𝑝𝑦) =

3.27 ∙ 𝐼𝑐𝑜𝑟𝑟(𝑚𝐴 𝑐𝑚
−2) ∙ 𝐸𝑊

𝐴 ∙ 𝜌
 Eq 4.18 

 

Where: CR = corrosion rate 

  icorr = current density 

  EW = equivalent weight 

  A = corroded area 

  ρ = density of material 
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4.8 The Electrochemical Impedance Spectroscopy (EIS) of SiOx 

coated high-speed steel 

EIS is a highly sensitive characterisation technique used to establish the electrical 

response of a chemical system, through analysis of the interfacial properties 

related to electrochemical processes occurring at the electrode surface. Although 

Tafel constants are gathered prior to carrying out linear polarisation resistance 

(LPR), it was concluded to directly carry out EIS experiments instead. The reason 

for doing so was because the system is known to have a diffusion controlled 

mechanism due to the presence of the SiOx coating, and therefore the system 

can be studied more accurately through the use of EIS experimentation. 

The EIS data produces a Nyquist and Bode plot for each reading. Using these 

plots, an equivalent circuit can be fitted using ZView software, based on the 

structure of the coated sample. From this equivalent circuit, values for the 

capacitance and resistivity of the sample can be determined. The corresponding 

equivalent circuit for the SiOx samples allowed the coating capacitance and 

resistance to be determined. The acceptance criteria used for the EIS fittings was 

chi-squared (χ2) < 0.01, where a range of 0.003 to 0.01 shows an adequate good 

fit [204]. 

The equivalent circuits that are estimated using EIS can be made up of passive 

or active components. Passive elements are analogous to the system providing 

a model and discussion to the corrosion process, but are not components of the 

corrosion process itself. Passive elements include resistors (R), inductors (L), 

capacitors (C), constant phase elements (Q or CPE) and Warburg (W). Table 

4.12 highlights the passive elements and their corresponding impedance. 
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Table 4.12 Passive elements which serve as components of an electrical 
circuit. 

Circuit element Symbol Impedance 

Resistor, R 

 

𝑍𝑅 = 𝑅 

Inductor, L 

 

𝑍𝐿 = 𝑗𝜔𝐿 

Capacitor, C 

 

𝑍𝐶 =
1

𝑗𝜔𝐶
 

Constant Phase 
Element, Q (or CPE) 

 

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑗𝜔)𝑛
 

Warburg, W 

 

𝑍𝑊 =
𝑊

(𝑗𝜔)0.5
 

 

In EIS experiments, it is unlikely that the capacitor will behave ideally, therefore 

the capacitor is usually described as a constant phase element (CPE). A CPE is 

generally reported as an admittance (Yo), with units of Ω-1 cm-2 sn and can be 

described using the following equation (Eq 4.19): 

𝑍𝐶𝑃𝐸 =
1

𝑌𝑜(𝑗𝜔)𝑛
 Eq 4.19 

When the value of n = 1, a CPE describes an ideal capacitor, when n = 0 the CPE 

signifies a pure resistor and when n = 0.5 the CPE is equivalent to the Warburg 

element. For 0.5 < n < 1, the systems shows a behaviour that can be attributed 

to oxide films, surface heterogeneity or to charge transfer reactions [205]. 

For EIS the response of the system is presented using 2 different plots, a Nyquist 

plot and a Bode plot. The Nyquist plot, plots the imaginary impedance -Z” versus 
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the real part of the impedance Z’. A Nyquist plot uses the electrical components 

established by equivalent circuits to characterize the frequency dependence of 

impedance responses. An example of a Nyquist plot for a variety of equivalent 

circuits are presented in Figure 4.15. 

 

Figure 4.15 Nyquist plot examples with the corresponding equivalent 
circuits [206]. 

 

The Bode plot consists of two plots in one, the Bode impedance modulus (|Z| vs. 

frequency (f)) and the Bode phase angle (degrees (ϕ) vs. frequency (f)). The x-

axis is the logarithmic scale of the frequency (Hz) and the y-axis is 1) logarithm 

of the impedance and 2) the phase shift. The circuit behaviour of a coated sample 

can be determined from both the Nyquist and Bode plots. The resistance and 
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capacitance values can also be determined by fitting equivalent circuits to the 

corresponding plots. 

 

Figure 4.16 Bode plot examples with the corresponding equivalent circuits 
[206].  

 

Generally, most coatings do not behave perfectly and will exhibit corrosion due 

to heterogeneity of the coating thickness or defects and pores within the coating 

structure. Utilising both the Nyquist and Bode plots, an equivalent circuit made 

up of passive elements can be fitted to the plots to understand the corrosion 

performance of a coating. The equivalent circuit depicted in Figure 4.17 and 

represents a real coating, where the coating is acting as a true capacitor (Cc). 

The circuit consists of the solution resistance (Rsol), the coating capacitance (Cc), 

the coating resistance (Rpor) and a double layer capacitance (Cdl). The Cdl 

component represents the interface at which the electrolyte and reaches the 
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substrate surface. The coating resistance represents potential defects or pinholes 

within a coated structure, allowing the electrolyte to reach the substrate/metal 

surface and is in parallel with Cc, which may increase over time due to electrolyte 

uptake [207]. 

 

Figure 4.17 A simple equivalent circuit for a real coating. Rsol = resistance 
of the solution, Rpor = pore resistance within the coating, Cc = coating 
capacitance, Cdl = capacitance at the double layer. 

 

When corrosion at the electrolyte and substrate surface interface occurs, a more 

complex equivalent circuit can be used to depict the corrosion behaviour. Current 

can travel through a pore or defect within the coating, leading to the electrolyte 

being in contact with the metal. Figure 4.18 shows the equivalent circuit of a 

coating that exhibits corrosion, where the Cdl is parallel to the resistance of the 

charge transfer (Rct), which is in series with Rpor. 
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Figure 4.18 An equivalent circuit for a coating that exhibits corrosion. Rsol 
= resistance of the solution, Rpor = pore resistance within the coating, Cc = 
coating capacitance, Cdl = capacitance at the double layer, Rct = resistance 
of the charge transfer. 

 

EIS is used for characterizing the dynamics of an electrochemical process. EIS 

is the response of an electrochemical system (coated metal) to an applied 

potential. The frequency dependence of the impedance can reveal chemical 

processes which may occur. Coatings from Batch 2 with a varying HMDSO:O2 

ratios and DOE thickness 2 μm were used to investigate the corrosion 

performance of SiOx coatings. The dependence of the corrosion resistance on 

the HMDSO:O2 ratio was investigated and also the dependence of the thickness. 

The frequency of the measurements ranged from 10,000 Hz to 0.005 Hz, with an 

AC excitation amplitude of 10 mV vs the OCP and a total of 50 points per decade. 

The frequency range was selected based on literature findings for SiO2 coatings 

on a Ti-6Al-7Nb alloy [131] and SiOx/SiOxCyHz coatings on carbon steel 

substrates [127], [208], where the high frequency range started at 10 kHz. Due 

to the limitations of the Gill AC potentiostat, high frequency measurements were 

unable to be taken at 100 kHz due the instrument allowing frequencies up to 20 

kHz. The experiment was run for a duration of 168 hours to characterise the 
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corrosion behaviour of the coatings over time, with each EIS measurement taking 

an estimated time of 26 minutes.  

Table 4.13 details the samples used for the EIS experiments. The constant phase 

element (CPE) and resistance values for the different HMDSO:O2 ratios were 

obtained through the fitting of the equivalent circuits, using the Nyquist and Bode 

plots. A complex equivalent circuit, containing 3 capacitive loops was determined 

for the SiOx coatings. A CPE values are reported as an admittance (Yo), where 

all values for n are 0.5 < n < 1. 

The experiments of the sample at ratio 1:12 were carried out at the DOE 

thicknesses 1, 2, 3.5 and 5 μm to investigate the dependence of the thickness on 

the resistance and capacitance of the coatings. 

Table 4.13. The matrix of samples used for the determination of the 
resistivity and capacitance of SiOx coated samples using EIS. 

HMDSO:O2 ratio DOE thickness (µm) 

Uncoated N/A 

1:10 2 

1:12 1, 2, 3.5, 5 

1:14 2 

1:16 2 

1:20 2 

1:24 2 

1:36 2 
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Chapter 5 – Characterisation of SiOx coatings with varying 

HMDSO:O2 ratios 

5.1 Introduction 

This chapter comprises the results for the first batch of coatings, with varying 

HMDSO:O2 ratios. The preliminary coatings were all coated with a DOE thickness 

of  2 μm and varying HMDSO:O2 ratios. The ratios used for batch 1 included 1:1, 

1:13, 1:6, 1:12, 1:16, 1:20 and 1:36. The ratios were chosen so that there was a 

broad range of oxygen concentrations used throughout the batch, to understand 

and compare the mechanical and structural properties of coatings with a small 

oxygen concentration (1:1 and 1:3) to those with a larger oxygen concentration 

(1:36). 

Firstly in this chapter, there will be a review of the mechanical characteristics of 

the coatings by means of Calo® testing to determine the thickness and scratch 

testing to determine the adhesion and critical loads of the coatings. The results 

will be discussed, focussing on the HMDSO:O2 ratios and how the oxygen 

concentration affects these properties. The second part of the chapter covers the 

characterisation of the chemistries and structural properties of the SiOx coatings. 

The structure and chemistry of the coatings will be determined using scanning 

electron microscopy (SEM) with energy dispersive x ray (EDX) spectroscopy, x-

ray diffraction (XRD) and Fourier transform infrared (FT-IR) analysis. 

5.2 Mechanical characterisation of the first batch of coatings 

with varying HMDSO:O2 concentrations 

5.2.1 Calo® Test 

The results for the Calo® test are provided in Table 5.1. The table consists of the 

sample name, the corresponding HMDSO:O2 ratio, design of experiments 
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thickness (µm) (calculated from the flow rate and deposition rate of the gases in 

the chamber) and the actual thickness (µm) of the coating calculated using a 

Calo® test and optical microscopy. 

Table 5.1. A list of the SiOx coated samples with HMDSO:O2 ratio, nominal 
thickness (µm) and actual thickness (µm) calculated using Calo® Test. 

HMDSO:O2 ratio DOE thickness 

(µm) 

Calculated thickness 

(μm) 

1:1 2 0.26 

1:3 2 1.80 

1:6 2 1.70 

1:12 2 2.09 

1:16 2 1.72 

1:20 2 2.07 

1:36 2 2.21 

 

The thickness measurements calculated from the Calo test and optical 

microscopy are shown in Figure 5.1. The thicknesses of the coatings deviate 

slightly when compared to the DOE thickness of the coating process. The sample 

with HMDSO:O2 ratio 1:1 has a thickness considerably smaller than the design 

thickness. This may be due to having a lower concentration of oxygen present 

during the coating process, resulting in a more organic like coating. Wavhal et al 

proposed that at low concentrations of O2 (<50%), the coatings produced are 

more polymer-like (SiOxCyHz), with the presence of carbon and hydrogen [104].  
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Figure 5.1. The average calculated thickness for the SiOx coatings with 
varying HMDSO:O2 ratios and a DOE thickness of 2 μm, including error 
bars. 

 

The average thickness was calculated from 3 consecutive tests performed on 

different areas of the sample. The errors for each thickness were calculated using 

the standard deviation to consider any spatial variation across the surface of the 

coating. The error bars show that there is a slight spatial deviation for some of 

the samples. HMDSO:O2 ratio 1:20 have minimal spatial deviation shown by the 

small error bars. The sample at 1:3 ratio has the largest error bar suggesting that 

there is a large spatial deviation across the whole sample and that the coating 

may not have deposited uniformly across the entire surface. The SiOx coatings 

1:12 and 1:20 give a good agreement with the design thickness, at 2.09 μm and 

2.07 μm respectively. Three of the coatings - 1:3, 1:6 and 1:16 – have a thickness 
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that is under the 2 μm design thickness, 1.80 μm, 1.70 μm, 1.72 μm, respectively. 

The coating with ratio 1:36 has a thickness of 2.21 μm, slightly over the design 

thickness. Although some of the coatings did not meet the required design 

thickness, they all lie within ± 0.3 μm. For the purpose of this research the 

thickness is satisfactory to further investigate the mechanical and chemical 

compositions of the coatings. 

5.2.2 Scratch Test 

A series of 3 scratches were performed for each sample and an average critical 

load was calculated. The critical loads presented in Table 5.2 shows the average 

values for the results from the scratch test, with the standard deviation. Each 

failure point occurs at a different critical load. There were three critical loads (LC1, 

LC2 and LC3) present for coated sample, and can be categorised based on the 

type of failure event, as described in section 4.5.2. Coating 1:12 exhibits the 

highest critical loads at all 3 points, 7.0, 23.0 and 35.5 N for LC1, LC2 and LC3 

respectively. The lowest critical loads are from the coating 1:3, with a LC1 at 4.2 

N. These low values could be due to the lower oxygen concentration used during 

the deposition process. The lower O2 rates may result in a coating with higher 

carbon concentration [209]. 

Table 5.2. Critical load values (LC1, LC2 and LC3) for the SiOx coated HSS 
with varying HMDSO:O2 ratios. 

HMDSO:O2 ratio LC1 LC2 LC3 

1:3 4.2 15.9 32.1 

1:6 6.6 18.1 33.3 

1:12 7.0 23.0 35.5 

1:16 4.7 16.9 33.9 

1:20 5.6 16.2 32.0 

1:36 5.5 15.7 33.7 
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As the HMDSO:O2 ratio increases the LC2 critical loads (N) increase up to the 

ratio 1:12, followed by a slight decrease as the ratio increases to 1:36. The 

increase in load up to the ratio 1:12 could be due to the decrease in carbon 

content throughout the coatings. A higher carbon content present in the coating, 

can result in the film having a higher porosity [209]. This higher porosity can result 

in poor adhesion of the coating onto the substrate surface and thus, lead to 

greater wear.  

Critical load Evidence of wear 

LC1 

Coating begins to show signs 
of cracking. 

 

LC2 

The coating shows cracking, 
with the addition of interfacial 

spallation. 

 

LC3 

Delamination of coating, 
resulting in a wear track. 

 

 

The poor adhesion of the coating can then lead to delamination, cracking, spalling 

and then finally, failure. The results from the scratch test support the work 

published by Yang et al [209], showing that a decrease in the carbon content of 

the film leads to higher critical loads due to a better adhesion to the substrate. 
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Sahli et al [210] proposed that introducing an oxygen source during the deposition 

process lead to the production of SiO2-like films, therefore reducing the effects 

that carbon may have on the properties of the coatings. The decrease in the 

critical loads for HMDSO:O2 ratios >1:12 may be due to the increased oxygen 

concentration, leading to a higher concentration of oxygen present in the 

coatings. The literature suggests [106] that the coating reaches stoichiometry at 

HMDSO:O2 ratio 1:13, ratios greater than this may have excess oxygen present, 

which in turn may result in a reduced adhesion of the coatings to the substrate. 

5.3 Chemical characterisation of the first batch of coatings with 

varying HMDSO:O2 concentrations 

5.3.1 Energy dispersive x ray spectroscopy 

EDX spectra and elemental mapping were used to characterise the elemental 

composition of the SiOx coatings. The atomic concentrations of C, O and Si were 

analysed and calculated based on their relative ratios, as described in section 

4.6.1.2. 

5.3.1.1 Atomic concentration of carbon present in SiOx coatings 

All samples were analysed using SEM with EDX analysis, in order to characterise 

the chemical composition of the coatings. Figure 5.2 shows the graph of the 

atomic % of carbon present in the coatings as a function of the HMDSO:O2 ratio. 

It can be seen that as the HMDSO:O2 ratio increases, there is a decrease in the 

content of carbon present in the coatings. The carbon content reaches zero at 

ratio 1:16 and results in minimal error bars for the samples 1:16, 1:20 and 1:36. 

The sample with HMDSO:O2 ratio 1:1 had the highest concentration of carbon 

present and a large error due to delamination of the coating. However, due to the 

delamination of the coating, the carbon, oxygen and silicon concentrations of the 
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coating are complicated due to interference from the substrate. The low 

concentration of oxygen present during the coating deposition can lead to the 

incomplete oxidation of HMDSO and therefore leads to a highly organic coating, 

with poor adhesion. 

 

 

Figure 5.2 The atomic concentration (%) of carbon present in the SiOx 
coatings with increasing HMDSO:O2 ratio and DOE thickness 2 μm. 

 

The results for the atomic concentration of carbon in the coatings with a 

comparison to the atomic concentration of carbon present within the HMDSO and 

O2 mixture added to the chamber are depicted in Figure 5.3. At HMDSO:O2 ratios 

greater than 1:6, there was a good agreement with the amount of carbon present 

in the coatings as there was with the precursor mixture. At low oxygen 
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concentration however, there is a larger amount of carbon present in the coating. 

This may be due to the incomplete oxidation of HMDSO within the chamber, prior 

to the deposition of SiOx onto the substrate surface, thus depositing a more 

organic polymer-like film (SiOxCyHz) instead of an inorganic-like SiO2 film [104]. 

 

Figure 5.3 The atomic concentration (%) of carbon present in the SiOx 
coatings with increasing HMDSO:O2 ratio and DOE thickness 2 μm, and 
the atomic concentration of carbon present in the HMDSO and O2 
precursor mixture present within the PVD chamber. 

 

As the HMDSO:O2 ratio increases the amount of carbon present within the SiOx 

coating decreases. The carbon concentration appears to reach zero between 

HMDSO:O2 ratio 1:12 and 1:16. However, due to the sensitivity of EDX 

spectroscopy, any element with a concentration below 5% may not be accurately 

measured. 
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5.3.1.2 Atomic % of oxygen (O) and silicon (Si) in relation to HMDSO:O2 

ratio 

The atomic concentration of elemental oxygen (O) and silicon (Si) were also 

characterised for each sample. Figure 5.4 shows the graph of the atomic 

concentrations of O and Si plotted as a function of the HMDSO:O2 ratio. As the 

concentration of O2 is decreased there is an increase in the amount of both 

oxygen and silicon present in the coatings. The coating with HMDSO:O2 ratio 1:1 

gives a large error. 

 

Figure 5.4 The atomic concentration (%) of both silicon and oxygen 
present in the SiOx coatings with increasing HMDSO:O2 ratio and DOE 
thickness 2 μm, including error bars. 

 

The data from the EDX analysis is displayed in Table 5.3 and shows the oxygen, 

silicon and carbon concentrations (atomic %) for each sample at differing 

0 5 10 15 20 25 30 35 40

0

10

20

30

40

50

60

70

A
to

m
ic

 %

HMDSO/O
2
 ratio [1:x]

 %O

 %Si



 
 

106 
 

HMDSO:O2 ratios. This data has been utilised to calculate the silicon to oxygen 

(Si:O) ratios for each sample, as shown in Figure 5.5. 

 

Table 5.3. The oxygen, silicon and carbon concentrations for the samples 
with varying HMDSO:O2 ratios, acquired from EDX analysis. 

Atomic % 1:1 1:3 1:6 1:12 1:16 1:20 1:36 

% O 51.3 64.2 67.6 65.6 64.4 63.7 63.4 

% Si 48.7 35.8 32.4 34.4 35.6 36.3 36.6 

% C 50.2 38.9 15.0 10.0 0 0 0 

 

The graph displayed in Figure 5.5 shows that the Si:O ratio increased with an 

increase in the HMDSO:O2 ratio from 1:1 to 1:6. This is then followed by a 

decrease in the Si:O ratio as the HMDSO:O2 ratio increased up to 1:36.  

 

Figure 5.5 The Si:O ratio calculated from the EDX atomic concentrations 
of silicon and oxygen for SiOx coatings with varying HMDSO:O2 ratios and 
DOE thickness 2 μm. 
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The results for the atomic concentration of oxygen and silicon with a 

comparison to the atomic concentration of oxygen and silicon present in the 

HMDSO and O2 precursor mixture added into the chamber are presented in 

Figure 5.6. 

 

Figure 5.6 The atomic concentration (%) of both silicon and oxygen 
present in the SiOx coatings and the atomic % of silicon and oxygen 
present in the precursors with increasing HMDSO:O2 ratio. 

 

As the oxygen concentration during the deposition process is increased, there is 

an increase in the oxygen content in the coatings. Surprisingly, the amount of 

silicon in the coating also increases with increasing oxygen content. This increase 

could be due to the decrease in carbon content of the coatings. As the 

HMDSO:O2 ratio reaches 1:16, the oxygen and silicon content in the films begins 
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to plateau and there is only a small increase in the O and Si content from 1:16 

ratio to 1:36 ratio. In comparison to the atomic % of O and Si in the precursors 

we see slightly different trends when the SiOx coating is deposited. The atomic 

% of silicon in the precursor mixture decreases very slightly with an increase in 

oxygen, however we see the opposite effect when the SiOx coating has been 

deposited. Moreover, the atomic % of O in the precursor mixture increases more 

dramatically than on the as deposited coating. This may be to do with the reaction 

kinetics and how the bonds are cleaved within the PECVD chamber. The atomic 

% of Si and O within the precursor mixtures assumes that all the silicon and 

oxygen available is reacted and deposited onto the surface of the substrate, thus 

giving a slightly different trend to that from SEM/EDX analysis. 

Sonnenfeld et al [105] have researched the chemical kinetics of the reaction that 

takes place during dielectric barrier discharge at atmospheric pressure for the 

deposition of silicon oxide coatings. The chemical plasma process was analysed 

using gas chromatography (GC) in order to study the chemical conversion of the 

precursor in either a helium or argon environment [105]. Two reaction schemes 

based on the species detected in GC have been proposed: 

1.   (CH3)3SiOSi(CH3)3 + e
−
k1
→ (CH3)3SiOSi(CH3)2 + CH3 + e

− 

 

Eq 5.1 

2.   (CH3)3SiOSi(CH3)3 + e
−
k1
→ (CH3)3SiO + (CH3)3Si + e

− 

 

Eq 5.2 

Where k1 and k2 are the reaction rates for the proposed reaction schemes.  
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A reaction mechanism scheme has been proposed and proposes some of the 

smaller fragments that HMDSO may be converted into prior to adsorption onto 

the substrate surface. 

 

Figure 5.7. The reaction scheme for the plasma process of the breakdown 
of HMDSO into its smaller constituents during the deposition process of 
SiOx. Figure taken from reference [105]. 

 

From the reaction mechanism scheme in Figure 5.7 it is assumed that the 

polymerisation processes that lead to the deposition of SiOx take place on the 

surface of the substrate that is exposed to the plasma [105]. The by-products 

from the synthesis are desorbed back into the gas phase and do not take part in 

polymerisation. As most of the by-products are organic radicals, there will be a 

lower carbon content in the coating than in the precursor mixture. Reaction path 

1 shows to dominate the conversion of HMDSO, therefore the rate of reaction is 

higher (𝑘1 > 𝑘2), and can be assumed to be the critical step in the plasma 

polymerisation of SiOx coatings. Therefore, it can be assumed that at the 
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beginning of the deposition process, the microwave energy is used to form the 

plasma which breaks the Si-CH3 bond in the HMDSO precursor. This is followed 

by a cascade of further fragmentations into smaller radicals, which in turn react 

with the O2 in the chamber. The higher HMDSO:O2 ratios increases the amount 

of O2 available to react with the fragments and therefore resulting in complete 

oxidation of HMDSO to form SiO2-like inorganic coatings [87]. 

This may also explain why the silicon concentration increases as we increase the 

concentration of oxygen. Higher levels of oxygen present will lead to HMDSO 

being completely oxidised, with the stoichiometric ratio of HMDSO:O2 for 

complete oxidation being 1:13 [106]. This explains why at ratio 1:16, the carbon 

content is assumed to reach zero. Based on the atomic concentration data from 

the EDX analysis, the coating reaches stoichiometric SiO2 between ratios 1:6 and 

1:12. 

The EDX results agrees with Lamendola et al [145], who proposed that at high 

concentrations of oxygen there is a high content of oxygen atoms which promotes 

the consumption of C, Si and CH radicals. Thus, suggesting that at high 

HMDSO:O2 ratios there is a negligible concentration of complex fragments such 

as SiOxCHZ and SiCxHy, and the dominating film precursors are SiO radicals 

which lead to the formation of SiO2-like films. 

5.3.2 X-ray diffraction (XRD) 

XRD patterns were carried out for each sample, following the procedure stated in 

section 4.6.4. From the XRD patterns shown in Figure 5.8, it can be seen that 

each sample gives the same diffraction pattern, with no shift in 2θ values and 

comparable intensities. The sample at HMDSO:O2 ratio 1:1 has been excluded 

from the dataset due to inconclusive data. The largest peak at 2θ = 44.6° has 



 
 

111 
 

been assigned to an iron peak, from the high-speed steel (HSS) substrate. This 

peak increases in height as the HMSDO:O2 ratio increases. The peaks at 2θ = 

39.4°, 46.4°, 72.5° and 82.0° have all been assigned as silicon oxide peaks. 

 

Figure 5.8. The stacked diffractograms of the SiOx coatings with varying 
HMDSO:O2 ratios and DOE thickness 2  μm. 

 

Figure 5.8 shows the stacked diffractograms for the SiOx coated HSS samples. 

The peaks at 82.0° is relatively broad, potentially due to a crossover of peaks 

from both the silicon oxide coating and iron from the HSS. The peaks at 2θ = 

39.4, 46.4, 72.5 and 82.0° can be assigned to pure cubic silicon dioxide (SiO2), 

reference 01-076-6230 from the ICDD database. The sharp silicon oxide peaks 

shown on the diffractogram indicates that the coatings showed some crystallinity. 

The crystallinity of the coatings was calculated using the Scherrer equation. The 
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peaks at 2θ = 42.5° (kα), 44.6°, 64.5° and 82.0° can be assigned to cubic α-iron 

(α-Fe), reference 01-080-3817 from the ICDD database. The broader peak at 

82.0° has been assigned to both iron and silicon dioxide, due to a crossover. The 

peak at 42.5° is a Kα sister peak from fluorescence of the large iron peak at 2θ = 

44.6°, the Kα peak is described in further detail in section 4.6.4. The average 

crystallite sizes for the SiOx coatings with DOE thickness 2 μm are shown in Table 

5.4. 

Table 5.4. The average crystallite sizes (nm) of the SiOx coatings with 
varying HMDSO:O2 ratios and DOE thickness 2 μm. 

HMDSO:O2 ratio 
Average crystallite size 

(nm) 

Average error  

(nm) 

1:3 18.0 0.3 

1:6 17.1 0.5 

1:12 16.8 0.6 

1:16 16.6 0.3 

1:20 16.8 0.3 

1:36 19.9 0.4 

 

As the HMDSO:O2 ratio increases from 1:1 to 1:12, there is a decrease in the 

average crystallite size (nm) of the silicon dioxide coating. However, when the 

HMDSO:O2 ratio reaches 1:16, there is an increase in the average crystallite size 

(nm), which then continues to increase up to HMDSO:O2 ratio 1:36. Bhoraskar et 

al. reported that the crystallite size decreases with increasing porosity [211], 

suggesting that as the crystallite size decreases with an increase in HMDSO:O2 

ratio up to 1:12, there may be a decrease in the porosity of the coating. It would 

also suggest that for HMDSO:O2 ratios 1:16-1:36, there may be an increase in 

the porosity. Other literature has also suggested that as the carbon content in the 
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films decreases, there is a decrease in the porosity [209], agreeing with the 

results of Bhoraskar et al. As it has been established that the carbon content in 

the films decreases with an increase in the HMDSO:O2 ratio according to the EDX 

analysis. 

The small peak at 2θ ~ 32.5° was unable to be identified. This peak may be due 

to some contamination on the surface of the SiOx coating, or some contamination 

within the coating structure. Contamination within the coating structure may occur 

during the deposition of the SiOx coating. Increasing the O2 concentration is 

thought to have an increase in the deposition rate, however it may also result in 

particulate contamination of the thin film [87]. These particles may be a result of 

debris in the chamber from previous PECVD depositions, i.e. excess carbon 

maybe left in the chamber from the deposition of diamond-like carbon (DLC) 

coatings. However, this is unlikely to take place due to the plasma surface etching 

to clean the HSS surface prior to the SiOx deposition. Therefore, the peak could 

be due to small amounts of contamination on the top surface of the coating. 

5.3.3 FT-IR 

FT-IR measurements were taken for each sample with varying HMDSO:O2 ratio. 

Figure 5.9 shows the absorbance (a.u.) plotted against the wavenumber (cm-1) 

for each sample. Typical characteristic peaks for SiOx coatings are described in 

section 4.6.2. 
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Table 5.5 The main characteristic peaks present in the SiOx coated 
samples. 

 

Figure 5.9. A graph to show the FT-IR spectra for the samples with 
increasing HMDSO:O2 ratio. Plotted as a function of wavenumber (cm-1) 
against absorbance (a.u). 

 

From the literature [212], a peak at 2100 cm-1  has been reported as a Si-H 

stretch, however for the current samples there is no peak present in the FT-IR 

spectra for the films deposited under these conditions. The FT-IR peaks were 

assigned as follows, the peak at ~800 cm-1 has been assigned to Si-O-Si 

asymmetric bending and the broad peak at ~1000-1150 cm-1 has been assigned 

to Si-O-Si asymmetric stretching. The intensity of the Si-O-Si asymmetric 

stretching band at 1000 cm-1 increases from HMDSO:O2 ratios 1:3 – 1:16. 

However, as the HMDSO:O2 ratio continues to increase there is a decrease in 

the intensity of this band for samples 1:20 and 1:36. 

2000 1800 1600 1400 1200 1000 800 600

In
te

n
s
it
y
 (

a
.u

.)

Wavenumber (cm-1)

1:36

1:20

1:16

1:12

1:6

1:3



 
 

115 
 

The peak at ~800 cm-1 assigned to a Si-O-Si bending shows that the intensity of 

the band shows a similar trend to that of the Si-O-Si asymmetric stretching band. 

There is an increase in the intensity of the band of samples with HMDSO:O2 ratios 

1:3-1:16, corresponding with the increase in the O2 concentration. At the higher 

levels of O2 concentration there was a decrease in the intensity of the band for 

samples 1:20 and 1:36. As the O2 concentration reaches higher levels and 

surpasses the HMDSO:O2 ratio 1:16 we begin to see non stoichiometric SiO2-like 

films and the excess oxygen in the chamber may lead to reactions with the 

species that are not adsorbed onto the surface of the substrate, e.g. radicals and 

ions. 

As the HMDSO:O2 ratio increases, a new band at ~880cm-1 is becoming visible. 

This band has been attributed to Si2O3 and is associated with sub-oxidised silicon 

species, with oxygen interstitials within the coating. The coatings with HMDSO:O2 

ratio 1:6 and 1:12 do not have this peak present, however the other coatings do. 

The ratio 1:3 could be due to the incomplete oxidation of the HMDSO during the 

deposition. 

Table 5.6. FT-IR data for the peak positions of the Si-O-Si asymmetric 
stretching peaks, with varying HMDSO:O2 ratios. 

 Peak position (cm-1) 

HMDSO:O2 ratio Si-O-Si asym. 
Stretching in phase 

(~1000 cm-1) 

Si-O-Si asym. 
Stretching out of 

phase 

(~1150 cm-1) 

1:3 1004 1272 

1:6 995 1102 

1:12 985 1113 

1:16 982 1117 

1:20 971 1119 

1:36 962 1123 
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The peak positions of the SiOx coatings for the asymmetric Si-O-Si stretching 

peak are shown in Table 5.6. There are two peaks observed for the Si-O-Si 

stretching, the main peak at ~1000 cm-1 and the shoulder at ~1150 cm-1. The 

peak ~100 cm-1 decreases in wavenumber with an increase in the HMDSO:O2 

ratio,. This shift in the wavenumber are indicative of the change in the 

stoichiometry of the SiOx coatings and the increase in oxygen concentration 

[213]. The peak also becomes sharper with an increase in the HMDSO:O2 ratio, 

suggesting that the coating may be getter denser with the increased oxygen 

concentration [214]. 

5.4 Summary of chapter 

• EDX spectroscopy and FT-IR have been used successfully to characterise 

the composition of the SiOx coated surfaces. 

• EDX showed that as the O2 concentration was increased, the amount of 

carbon present in the film was decreased, leading to a more inorganic 

coating. FT-IR showed that sample 1:3 did not contain any Si-CH3 bonds, 

contradicting with the results from EDX that show that there is carbon 

present in the coating.  

• The FT-IR data also shows that there is an increase in the intensity of the 

Si-O-Si bonding with increasing HMDSO:O2 ratios. 

• XRD has been used successfully to analyse HSS samples coated with a 

SiOx coating with varying HMDSO:O2 ratios. It is apparent that the SiOx 

coating is crystalline, contrary to the typical amorphous silica. The average 

crystallite sizes of the coatings vary with HMDSO:O2 ratios and are 

calculated from the Scherrer equation. 
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• The XRD pattern shows a peak at ~32.5° that is unable to be identified 

and may be due to some contamination on the surface of the coating. The 

contamination can affect the surface layer by disrupting and decreasing 

the compactness and density of the thin film. 

• The increase in the amount of oxygen present in the chamber may also 

affect the HMDSO, by diluting its concentration within the gas mixture 

[215]. Thus, resulting in a lower amount of silicon being deposited onto the 

substrate surface. 
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Chapter 6 – Characterisation of SiOx coatings with a 

comparison of the HMDSO:O2 ratio and thickness. 

6.1 Introduction to the chapter 

Following on from the chemical and mechanical analyses of the first batch of 

coatings, a second batch of coatings were deposited. The second batch of 

coatings focuses on the HMDSO:O2 ratios closer to that of stoichiometric SiO2, 

with the matrix including ratios 1:10, 1:12, 1:14, 1:16, 1:20, 1:24 and 1:36. All the 

coatings were deposited with a design thickness of 2 μm, with coatings 1:12, 

1:14, 1:16 and 1:20 coated with varying thicknesses of 1 μm, 3.5 um and 5 μm. 

The coatings with ratios 1:1, 1:3 and 1:6 were not included in this section as the 

oxygen concentrations are not sufficient enough to produce inorganic-like SiO2 

coatings, having a more organic nature due to the presence of carbon. 

The aim of this chapter is to review the mechanical, chemical and microstructural 

characteristics of the SiOx coatings with a comparison to the HMDSO:O2 ratios 

and also the thickness. The microstructure of the coatings will be further analysed 

in this chapter, with a focus on the XPS and XRD analysis of the coatings, with 

theoretical calculations for crystallite sizes and the strain of the coatings. 

6.2 Mechanical characterisation of the second batch of 

coatings  

6.2.1 Nanoindentation 

In order to further study the mechanical characterisation of the SiOx coatings, 

nanoindentation was used to quantify the mechanical properties. The basic 

properties gained from the nanoindentation results were the hardness (H) and 

Young’s modulus (E). The hardness is a measure of the resistance of a material 

to plastic deformation, whereas Young’s modulus is the resistance to elastic 



 
 

119 
 

deformation. The combination of mechanical properties from the SiOx coating and 

the substrate, means that a maximum depth of 10% would be suitable to 

determine the Young’s modulus of the coating [216]. 

The hardness and Young’s modulus of the coatings was determined for all 

HMDSO:O2 ratios at a 10% penetration depth, and a DOE thickness of 2 µm. The 

results are displayed in Table 6.1. 

Table 6.1. The hardness (H) and young’s modulus (E) values of the SiOx 
coatings. 

HMDSO:O2 ratio Hardness (GPa) Young’s modulus (GPa) 

HSS substrate 8.2 200 

1:10 5.9 ± 1.0 100.4 ± 1.7 

1:12 5.1 ± 0.5 93.3 ± 1.7 

1:14 4.6 ± 0.2 82.0 ± 1.3 

1:16 5.0 ± 0.4 83.6 ± 1.6 

1:20 5.9 ± 0.8 97.4 ± 1.4 

1:24 5.9 ± 0.5 99.3 ± 1.3 

1:36 5.7 ± 0.5 93.1 ± 1.9 

 

The nanoindentation results show that the coating with HMDSO:O2 ratio 1:24 has 

the highest hardness at 5.9 GPa and ratio 1:14 gives the lowest hardness at 3.6 

GPa. The difference in hardness between the HMDSO:O2 ratios varies by 1.3 

GPa. Taking into consideration the errors, the hardness values overlap slightly, 

thus suggesting that the hardness of the SiOx coatings are similar. When 

compared to the uncoated HSS substrate, the coatings have a reduce hardness 

and elastic modulus. The nanomechanical characterisation of the SiOx coatings 

relies on the hardness assessment of SiO2-like coatings, with SiO2 values of 
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hardness reported between 4-8 GPa [217], [218] and Young’s modulus ranging 

from 24 to 120 GPa [217], [219], [220]. The hardness values for the SiOx coatings 

are slightly higher than those reported in the literature, but the Young’s modulus 

values lie within the higher end of the ranges that have been reported. 

The oxygen concentration during the deposition can influence the hardness of 

the SiOx coating. Benítez et al [218] reported that plasma polymerised HMDSO 

thin films, using DC glow discharge produced coatings with increasing hardness 

with the addition of O2. A 0% oxygen content (100% HMDSO) produced a coating 

with 1.2 GPa hardness, which increased to 3.7 GPa at 35% O2 and 6.6 GPa at 

60% O2. The hardness of the SiOx coatings in Table 6.1 are higher than those 

reported by Benítez due to the increase in O2 concentration during the deposition 

process (O2 ≥ 90% for all coatings). The effect of the hardness and Young’s 

modulus on the SiOx coatings will be explored further throughout this chapter, 

comparing with the structural characteristics of the coatings. The hardness 

increases with an increase in the HMDSO:O2 ratio from 1:14 through to 1:24. The 

hardness at ratio 1:12 is higher than that of coatings 1:14 and 1:16, and the 

coating at ratio 1:36 has a slight decrease in the hardness. Thus, it can be 

concluded that the hardness does increase with the oxygen concentration to a 

degree. The hardness values will be considered throughout this chapter when 

characterising the composition and microstructure of the coatings. 

6.3 Compositional analysis of the second batch of coatings 

with varying HMDSO:O2 concentrations and varying 

thickness 

The chemistry of the coatings will be explored using SEM imaging with EDX 

analysis. A focused ion beam (FIB) cross section has also been analysed to 

investigate the structural integrity and chemistry of the coating, from the top 
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surface, through to the substrate. XPS analysis will further enhance the 

characterisation of the SiOx coatings, and will be used to understand the bonding 

structure of the coatings. 

6.3.1 Scanning Electron Microscopy imaging of the surface of SiOx 

coated HSS. 

SEM imaging was used to study the surface microstructure and topography of 

the coated samples. The SEM images are presented in Appendix A. All coatings 

show good homogeneity of the coatings across the surface, however there are 

no discernible features. The coating at HMDSO:O2 ratio 1:12 shows a slightly 

rough surface, in comparison to the other coated samples. The coating with ratio 

1:16 indicates slight crater-like defects on the top surface which may affect the 

properties of the coating. The image of the sample 1:20 shows a very smooth top 

surface, with some possible contamination, however this should not affect the 

overall performance of the coating. Sample 1:24 also shows signs of defects, with 

a risen area on top of the coating. Both sample 1:14 and 1:36 show a relatively 

smooth top surface, with some visible scratch like marks on sample 1:36. 

6.3.2 Atomic concentration (%) of silicon and oxygen of the SiOx 

coatings from EDX analysis 

The atomic concentration of silicon and oxygen  was determined using EDX point 

and elemental mapping analyses. The sensitivity of EDX is relatively low, so 

coatings with < 5% atomic concentration are difficult to characterise. However, a 

comparison with x-ray photoelectron spectroscopy (XPS) is also established later 

in this chapter. EDX is a useful tool to characterise the composition of a coated 

sample at the submicron level, but for the SiOx coating with a thickness < 1 µm, 

it is difficult to conclude the true Si to O ratio of the coatings as the substrate will 

also produce elemental characterisation. Table 6.2 presents the oxygen and 
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silicon atomic concentrations for all HMDSO:O2 coated samples at the 4 different 

thicknesses. Table 6.3 presents the Si:O ratios of all coated samples, calculated 

from the silicon and oxygen atomic concentrations from the EDX data. 

Table 6.2 – The atomic concentration of oxygen and silicon from the EDX 
analyses. 

 

The concentration of oxygen and silicon varies with a change in HMDSO:O2 

ratios. For the coating with a ratio of 1:12, the oxygen concentration is the lowest 

at 1 μm thickness when compared to the other ratios. However, at 2 μm, 3.5 μm 

and 5 μm the concentration of oxygen is the highest compared to the other 

HMDSO:O2 ratios. Even though the oxygen concentration of sample 1:12 at 1 µm 

is the lowest, the silicon concentration is also lower and gives Si:O ratio of 2.56 

(x=2.56, therefore SiO2.56). 

 

  Thickness (μm) 

 HMDSO:O2 
ratio 

1 2 3.5 5 

% O 

1:10 52.5±0.2 56.4±1.4   

1:12 49.9±0.8 59.9±0.03 63.2±0.1 63.8±0.02 

1:14 50.5±1.2 59.5±2.1 58.7±0.3 59.1±0.05 

1:16 50.7±0.3 57.9±0.01 61.9±0.2 63.4±0.1 

1:20 50.3±0.3 57.8±0.3 62.7±0.03 63.6±0.1 

1:24  56.7±0.1   

1:36  58.5±1.9   

% Si 

1:10 23.0±0.3 29.0±1.5   

1:12 19.5±0.2 33.0±0.0 35.6±0.2 35.7±0.1 

1:14 21.5±1.2 33.0±1.7 32.2±0.1 32.0±0.3 

1:16 20.9±0.3 30.7±0.1 36.5±0.1 36.1±0.1 

1:20 20.7±0.1 31.6±0.2 35.5±0.1 36.0±0.1 

1:24  31.5±0.2   

1:36  33.2±1.6   
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As mentioned in Chapter 5.3.1 it is expected that the Si:O ratio will increase with 

an increase in oxygen concentration during the deposition. The higher O2 

concentration during the deposition process, the more inorganic-like the coating 

and therefore reduces the number of organic contaminants, such as hydrogen 

and carbon. The addition of oxygen during the deposition process can also affect 

the coating properties. The coatings can range from hydrophobic poly(dimethyl 

siloxane)-like, to more hydrophilic and nanoporous, and finally towards inorganic-

like, hard films with only a trace of hydrocarbons [221]. Using this theory, the SiOx 

coated samples can be described as inorganic-like hard films due the minimal 

presence of hydrocarbons within the coating structure. 

For the samples coated at 2 µm, the HMDSO:O2 ratio 1:10 has the largest Si:O 

ratio of 1.95 (i.e. x=1.95, so, SiO1.95). This value is very close to that of 

stoichiometric SiO2. This somewhat contradicts some of literature which suggests 

that stoichiometric SiO2 is achieved at ratios 1:12 or 1:13. However, one study by 

Michaeli agrees with this and found that a 1:10 ratio produced a very hard quartz-

like and crystalline SiOx coating [108] when deposited onto a methyl methacrylate 

substrate. Another study by Hegemann et al. [153] contradicts previous research 

and states that a more quartz-like film is evident at ratios greater than 1:6, with 

their coatings reaching stoichiometry at Si:O ratio 1:6.7. Both Michaeli and 

Hegemann used microwave plasma techniques to deposit the coatings, both on 

to polymeric materials, and both giving different ratios of Si:O for stoichiometric 

SiO2. Blanchard et al., [221] reported that using HMDSO in combination with O2 

at a fixed ratio of 1:10 results in a significantly reduced carbon content and a Si:O 

ratio of 1.91. The deposition method by Blanchard did not use a microwave 

source to deposit the coatings, but used an RF driven reactor, and Si wafers were 

used as the substrate. The 1:10 HMDSO:O2 ratio reported by Michaeli and 
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Blanchard to give a more inorganic- like coating, agrees with the Si:O ratio found 

in the EDX analysis of the SiOx coated HSS. It is evident from the literature that 

the difference in HMDSO:O2 ratios, to deposit stoichiometric SiO2 is largely 

dependent on the method of deposition and the substrate the coating is being 

deposited. 

Table 6.3 Si:O ratio calculated from the EDX analyses. 

 Si:O ratio 

HMDSO:O2 
ratio 

1 μm 2 μm 3.5 μm 5 μm 

1:10 2.29±0.03 1.95±0.00 - - 

1:12 2.56±0.02 1.81±0.00 1.81±0.01 1.79±0.00 

1:14 2.36±0.07 1.78±0.01 1.83±.0.01 1.85±0.02 

1:16 2.43±0.02 1.89±0.00 1.69±0.00 1.76±0.01 

1:20 2.43±0.00 1.83±0.00 1.77±0.01 1.77±0.01 

1:24 - 1.80±0.01 - - 

1:36 - 1.76±0.03 - - 

 

All coatings deposited with a design thickness of 1 µm have a Si:O ratio that is 

over stoichiometry. Due to the sensitivity of EDX analysis, it is unlikely that the 

Si:O ratio calculated is a true representation of the actual ratio because of the 

lower thickness. The HMDSO:O2 ratios at 1:12, 1:16 and 1:20 have a decrease 

in their Si:O ratio, 1.81 to 1.79, 1.89 to 1.76 and 1.83 to 1.77 respectively, as the 

thickness increases from 2 µm to 5 µm. In contrast, the ratio 1:14 sees an 

increase in the Si:O ratio from 1.78 to 1.85, with an increase in the thickness form 

2 µm to 5 µm. 
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6.3.3 Focused ion beam (FIB) cross sectional analysis 

The FIB cross sectional analysis was carried out on one sample with HMDSO:O2 

ratio 1:20 and a DOE thickness of 2 μm. The uniformity of the coating was 

analysed from the top surface of the coating through to the substrate. EDX 

elemental mapping also allowed the composition of the coating to be assessed 

from the top surface, through to the substrate surface. Figure 6.1 shows the FIB 

cross sectional analysis of the coating and the corresponding EDX elemental 

mapping is shown in Figure 6.2.  

 

Figure 6.1 Focused ion beam (FIB) cross section of the SiOx coating with 
HMDSO:O2 ratio 1:20 and DOE thickness 2 μm. The EDX elemental 
mapping area is highlighted. 

 

The EDX analysis shows that the coating is characteristically made up of silicon 

and oxygen, however there may be some contamination of chrome at the coating 

and substrate interface. There is also some carbon contamination on the top 

surface of the coating, however this may be residue from the thin carbon coating 

applied to the top surface, to ensure there are no charging effects during analysis. 
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Figure 6.2. Elemental mapping for the FIB cross section of the coating 
with HMDSO:O2 ratio 1:20 at 2 μm thickness. 

 

6.3.4 FT-IR analysis 

The infrared absorption spectra of the SiOx coatings was measured using FT-IR 

spectroscopy. The spectra for the coatings with varying HMDSO:O2 ratios and a 

DOE thickness of 2 μm are displayed in Figure 6.3. The oxidised states of the 

SiOx coatings have been compared and the peak positions of the Si-O bonds are 

shown in Table 6.4. The main vibration modes for the Si-O bonding are bending 

and stretching, both in phase and out of phase, at ~800, 1000 and 1150 cm-1, 

respectively. The spectra presented show no clear characteristics of silicon 

oxycarbide (SiOxCy) features, most notably at the Si-CH3 band around              

1260 cm-1 [222]. 
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Figure 6.3 FT-IR spectra for the SiOx coatings with varying HMDSO:O2 
ratios and a DOE thickness of 2 μm. Plotted as a function of wavenumber 
(cm-1) against absorbance (a.u). 

 

The FT-IR spectra vary with a change in the HMDSO:O2 ratios. Both coatings 

1:20 and 1:36 have a lower intensity when compared to the other HMDSO:O2 

ratios. The dominant peak at around 1000 cm-1, with a shoulder around              

1200 cm-1 can be assigned to the asymmetric stretching of siloxane (Si-O-Si). 

The peak positions for the asymmetric stretching vary with HMDSO:O2 ratios. 

Both coatings 1:10 and 1:12 exhibit the same peak position, both in phase and 

out of phase, whereas the other coatings exhibit a shift towards lower frequency. 

As discussed in section 4.6.2, the shift in the wavenumber are indicative of the 

change in the stoichiometry of the SiOx coatings and the increase in oxygen 

concentration [213]. Stoichiometric silica (SiO2) gives an asymmetric peak at 

around 1080 cm-1 [136] in phase, which is a higher frequency than the observed 
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frequencies for the SiOx coatings. However, the out of phase position is around 

1203 cm-1, which is similar to the SiOx coatings, suggesting that the coatings are 

not purely stoichiometric. 

Table 6.4 FT-IR vibration modes for SiOx coated HSS with varying 
HMDSO:O2 ratios at a DOE thickness of 2 μm. 

 Peak position (cm-1) 

HMDSO:O2 
ratio 

Si-O bending 

(cm-1) 

Si-O-Si asym. 
Stretching in 

phase 

(cm-1) 

Si-O-Si asym. 
Stretching out 

of phase 

(cm-1) 

1:10 806 1000 1209 

1:12 799 1000 1209 

1:14 794 979 1207 

1:16 791 964 1219 

1:20 796 984 1204 

1:24 804 992 1209 

1:36 794 974 1209 

 

A change in the peak position of the Si-O-Si stretching band to higher frequency 

and a shift of the Si-O-Si bending band to lower frequency can be indicative of a 

decrease in the stress of the coating [223]. The Si-O bending band decreases 

with an increase in the HMDSO:O2 ratio from 1:10-1:16, and then increases 

slightly with a continued increase in HMDSO:O2 ratio for samples 1:20 and 1:24. 

The peaks at around 1720 cm-1 corresponds to C=O stretching for an aliphatic 

ketone. The peaks are observed for each coating due to residual acetone from 

the cleaning of the coating surface prior to the FT-IR analysis. 

6.3.5 XPS analysis 

Atomic concentrations for Si, O and C and the atomic ratio of Si:O have been 

measured using XPS analysis. SiOx samples at a thickness of 2 μm were 
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analysed using with and without argon bombardment. A survey spectrum and 

three high resolution spectra of O 1s, C 1s and Si 2p, were recorded for each 

HMDSO:O2 ratio. The high resolution spectra were fitted using a Gaussian fitting 

and a U 2 Tougaard background. 

The data without the argon ion bombardment gives a large adventitious carbon 

peak, therefore it was necessary to use argon cluster ions to etch and clean the 

surface of the sample to remove any contamination. Cleaning the surface allowed 

for a more accurate calculation of the Si:O ratios, as the carbon within the SiOx 

coating was negligible. The survey spectra for the XPS analysis before surface 

cleaning were used to calculate the atomic concentration of Si, O and C (Table 

6.5). The atomic concentration for carbon is extremely high, therefore the Si:O 

ratio cannot be determined accurately from this data. 

Table 6.5. The Si, O and C concentrations of the SiOx coatings from XPS 
data analyses before Ar cluster bombardment, with respect to the 
HMDSO:O2 ratio. 

HMDSO:O2 ratio % Si % O % C 

1:12 18.2 27.7 52.5 

1:14 17.2 26.0 54.9 

1:16 22.2 33.4 43.2 

1:20 12.0 18.2 63.6 

1:36 20.6 31.2 46.0 

 

This analysis was repeated using Ar bombardment.   

Figure 6.4 shows the survey spectrum for the samples 1:12, 1:14, 1:16, 1:20 and 

1:36 at a 2 µm thickness. The high resolution spectra for the three elements are 

shown in Figure 6.5, Figure 6.6 and Figure 6.7, with component fittings. The 
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highest Si:O ratio is sample 1:12, and the lowest is from sample 1:14. The lowest 

Si:O ratio agrees with the results from EDX, with 1:14 having the lowest ratio, 

whereas, the highest ratio is from sample 1:16. The values for the Si:O ratios 

from both XPS and EDX analysis are comparable to one another allowing the 

EDX values to be accepted. The only difference between the two analysis 

techniques is the sensitivity with EDX able to look at submicron layers, and XPS 

focussing in the nanometre range. 

The binding energy (eV) for the Si 2p peak varies slightly with a change in 

HMDSO:O2 ratio. There is a single, symmetrical Si 2p peak for all ratios. Curve 

fitting of the peaks using CasaXPS software was used to determine the bonding 

present within the coating. A single Gaussin cruve was fitted to the symmetric 

peaks for the Si 2p and O 1s high resolution spactra, using a U2 Tougaard 

background.This fitting shows that the bonding nature of the coatings suggest 

that Si and O is predominantly in the form Si(-O)4, and indicates the presence of 

an O-Si-O network. This is also in agreement with the O 1s high resolution 

spectra, as there is a single peak which also indicates the presence of the O-Si-

O network. 
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Figure 6.4 XPS survey spectra for the SiOx coated samples at varying 
HMDSO:O2 ratios. The undefined peak is Si 2s and is not included in the 
high resolution spectra. 

 

The sharp peaks from the XPS survey spectra suggest that there may be some 

crystallinity within the coatings [224]. This crystallinity may arise from the SiO2-

like structure formed during the coating process. The microstructure and 

crystallinity of the coating is explored further in the XRD section 6.4.1. 
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Figure 6.5 The XPS Si 2p high resolution spectra for the SiOx coated 
samples at varying HMDSO:O2 ratios. The spectra are fitted with Gaussian 
curves using a U2 Tougaard background. 
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Figure 6.6 The XPS O 1s high resolution spectra with fittings for the SiOx 
coated samples at varying HMDSO:O2 ratios. The spectra are fitted with 
Gaussian curves using a U2 Tougaard background. 
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Figure 6.7 The XPS C 1s high resolution spectra with fittings for the SiOx 
coated samples at varying HMDSO:O2 ratios. The spectra are fitted with 
Gaussian curves using a U2 Tougaard background. 

 

The binding energies and FWHM are presented in Table 6.6. For stoichiometric 

SiO2, the Si is bonded to fours neighbouring oxygen atoms in a tetragonal 

structure [143]. The Si 2p position for quartz has a binding energy of 103.4 eV 
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[225]. The binding energy (eV) of the Si 2p peak for the coating with HMDSO:O2 

ratios 1:12 and 1:16 shift to a higher binding energy (104.4 eV), when compared 

to the other HMDSO:O2 ratios. This peak can be assigned to the Si-O bond 

(SiO2). For the five samples analysed, the high resolution spectra peak for Si 2p 

gives a symmetrical single peak, allowing just one sub-peak to be fitted (Figure 

6.5). Similarly, with the O 1s high resolution spectra, a single symmetrical peak 

is analysed for all the samples (Figure 6.6). This allows one sub peak fitting, 

centred around the binding energies listed above. The samples with HMDSO:O2 

ratio 1:12 and 1:16, have a binding energy of 533.7 eV, and the samples 1:14, 

1:20 and 1:36 have binding energies 533.2, 533.1 and 533.1 eV, respectively. 

When comparing the Si 2p and O 1s peaks, it is found that the binding energies 

present the same variation tendency in all the samples.  

Table 6.6 The binding energies and full width at half maximum (FWHM) of 
Si 2p and O1s high resolution spectra for SiOx coatings with design 
thickness 2 μm. 

HMDSO:O2 ratio Binding Energy (eV) FWHM 

 Si 2p O 1s Si 2p O 1s 

1:12 104.4 533.7 2.13 1.94 

1:14 103.9 533.2 1.98 1.73 

1:16 104.4 533.7 2.16 1.94 

1:20 103.9 533.1 1.99 1.74 

1:36 103.9 533.1 2.01 1.77 

 

Ma et al [226] reported that increasing the oxygen content, increased the binding 

energies for both the Si 2p and O 1s peaks. A shift of the Si:O ratio from 2 to 1.6 

saw a shift in binding energies from 104.4 eV to 104.2 eV. When the stoichiometry 
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is close to that of SiO2, the component of Si 2p high resolution peak represents 

almost all of the signal [227]. Ma et al, also reported that the sub-peak from the 

Si 2p component for the sample with Si:O ratio of 2, is predominantly at binding 

energy 533.3 eV. This binding energy is comparable to the ones observed from 

the XPS samples in Table 6.6. However, although the binding energies are 

comparable to those of stoichiometric SiO2, the observed Si:O ratios for samples 

1:14, 1:16, 1:20 and 1:36 are slightly lower, with sample 1:12 having a ratio of 2. 

The sample with ratio 1:20, gives a Si:O ratio of 1.80 and Si 2p and O 1s binding 

energies of 103.9 eV and 533.1 eV, repsectively. This shift towards a lower 

binding energy, agrees with the results reported by Ma et al [226]. 

The difference in binding energies, compared to that of tetragonal quartz may be 

due to the crystalline structure of the coatings. The higher shift of binding energy 

for the Si 2p peak may be a result of the coating being crystalline in nature, and 

therefore more similar to silica quartz, where c-silica is made up of repeating 

patterns of silicon and oxygen [99]. The downfield shift from Si 2p quartz (103.4 

eV) is due to Si bonding with a methyl group (Si-CH3), due to carbon having a 

lower electronegativity than oxygen [228]. As there is no downward shift of 

binding energies to lower than 103.9 eV for the Si 2p peak, it can be confirmed 

that there is little to no Si-CH3 or Si-C bonding. 

The FWHM values for the Si 2p peaks vary, with samples 1:12 and 1:16 having 

similar values of 2.13 and 2.16 respectively. Samples 1:14,1:20 and 1:36 have 

slightly lower FWHM values of 1.98, 1.99 and 2.01, repsectively.  

The amount of carbon present in the coatings, after argon ion bombardment, is 

negligible. The sample with the highest carbon content is 1:16. It would be 

expected that the coating with the highest oxygen concentration during the 
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deposition process would result in a coating with the least amount of carbon. C 

1s peaks and component fittings are shown in Figure 6.7. 

The oxygen, silicon and carbon concentrations were calculated from the high 

resolutions fittings and are presented in Table 6.7, with the Si:O ratios. The silicon 

concentration increase with an increase in HMDSO:O2 ratio from 33.2% for 

coating 1:12 to 33.9% for coating 1:36. The oxygen concentration decreases with 

an increase in HMDSO:O2 ratio, therefore leading to a decrease in the Si:O ratios. 

Table 6.7 The Si, O and C concentrations and Si:O ratio of the SiOx 
coatings from XPS survey spectra after Ar bombardment, with respect to 
HMDSO:O2 ratio. 

HMDSO:O2 

ratio 

% Si Std 

Dev 

% O Std 

Dev 

% C Std 

Dev 

Si:O 

ratio 

1:12 33.2 0.001 66.5 0.002 0.3 0.001 2.00 

1:14 33.3 0.001 66.4 0.002 0.3 0.001 1.99 

1:16 33.6 0.002 65.5 0.002 0.9 0.002 1.95 

1:20 33.9 0.001 65.8 0.002 0.7 0.001 1.94 

1:36 33.9 0.002 65.7 0.002 0.4 0.002 1.94 

 

6.4 Microstructural analysis of the SiOx coatings 

The microstructure of the coatings was investigated using XRD and Raman 

spectroscopy. XRD allowed the apparent crystalline structure to be explored 

further and the crystallite size and microstructure strain to be theoretically 

calculated. It is important to study the microstructure of the coatings as it can 

differ from that of the bulk material, with the same chemical composition. XRD 

can be applied to characterise the crystalline properties of a coating, and also to 

determine any residual stresses. 
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6.4.1  X-ray diffraction (XRD) 

The microstructural characteristics were investigated using XRD analyses for 

each sample with varying HMDSO:O2 ratio and different thicknesses. The XRD 

diffractograms for each sample are almost identical in nature and vary only by the 

intensity of the peaks. Typically, SiOx coatings are predominantly amorphous 

[229]–[231] (except for SiO2 in the quartz form which is crystalline), however the 

spectra give sharp peaks with low noise suggesting that the SiOx coatings 

deposited using MW-PECVD are crystalline. 

The XRD data, including 2θ values, d-spacing and lattice constant are displayed 

in Table 6.8. The XRD diffraction patterns for the SiOx coatings with varying 

HMDSO:O2 ratios, with DOE thicknesses of 1 μm, 2 μm, 3.5 μm and 5 μm are 

shown in Figure 6.8, Figure 6.9, Figure 6.10 and Figure 6.11, respectively. From 

the diffraction patterns there are intense and broad peaks corresponding to the 

iron (Fe) present within the HSS substrate. The predominant phase of the SiOx 

coating is from cubic SiO2 (ICDD 01-076-6230), characterised from the ICDD 

database. From the presence of sharp, well-defined peaks in the XRD patterns 

for all HMDSO:O2 ratios and DOE thicknesses, it is evident that the coatings are 

crystalline in nature. 
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Table 6.8 Calculated lattice constant (a) from XRD diffraction data at 
varying HMDSO:O2 ratios and a DOE thickness of 2 μm. 

SiOx (DOE 2 μm) ICDD reference 01-076-6230 

HMDSO:O2 
ratio 

2θ (°) 
hkl 

planes 

d-
spacing 

(Å) 

Lattice 
constant, a 

(Å) 

Lattice constant 
(Å) 

2θ (°) 

1:10 

39.98 111 2.253 

3.902 

a = 3.930 39.69 

46.46 200 1.953 46.16 

72.51 300 1.303 72.03 

82.07 311 1.173 81.10 

1:12 

40.10 111 2.247 

3.894 

 

46.60 200 1.947  

72.66 300 1.300  

82.18 311 1.172  

1:14 

39.69 111 2.269 

3.912 

 

46.19 200 1.964  

72.33 300 1.305  

81.90 311 1.175  

1:16 

39.80 111 2.263 

3.909 

 

46.34 200 1.958  

72.49 300 1.303  

82.01 311 1.174  

1:20 

39.93 111 2.256 

3.903 

 

46.44 200 1.954  

72.56 300 1.302  

82.09 311 1.173  

1:24 

39.99 111 2.253 

3.900 

 

46.50 200 1.952  

72.57 300 1.302  

82.12 311 1.173  

1:36 

39.96 111 2.254 

3.903 

 

46.47 200 1.953  

72.50 300 1.303  

82.05 311 1.174  
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Comparing the experimental results, and the data taken from ICDD reference 01-

076-6230 there are slight differences between the positions of the peaks and also  

the calculated lattice constant, a. These differences may be caused by the 

manifestation of a defect in the cell of the crystal, which in turn leads to local 

changes within the lattice parameters. The peak positions of the XRD spectra are 

shifted to slightly higher 2θ values. The shift to higher angles can be caused by 

numerous changes within the crystal structure including; interstitial sites, 

vacancies, local structure transformations, which can have an effect on the lattice 

parameters. However, a shift to higher 2θ angles may also be due to instrumental 

errors and the height position of the sample within the sample holder. As the shift 

in 2θ is consistent with all coatings, it can be concluded that it is due to a sample 

height issue. 

 

Figure 6.8 The stacked XRD diffractograms for samples with HMDSO:O2 
ratios 1:10, 1:12, 1:14, 1:16 and 1:20, with a DOE thickness of 1 μm.  
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Figure 6.9 The stacked XRD diffractograms for samples with HMDSO:O2 
ratios 1:10, 1:12, 1:14, 1:16, 1:20, 1:24 and 1:36 with a DOE thickness of 2 
μm. 

 

 

Figure 6.10 The stacked XRD diffractograms for samples with HMDSO:O2 
ratios 1:12, 1:14, 1:16 and 1:20, with a DOE thickness of 3.5 μm. 
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Figure 6.11 The stacked XRD diffractograms for samples with HMDSO:O2 
ratios 1:12, 1:14, 1:16 and 1:20, with a DOE thickness of 5 μm. 

 

The peaks at 2θ = 44.5°, 64.8° and 82.1° are assigned to α-Fe in the cubic phase 

(ICDD 01-080-3817). The SiOx peaks at 2θ = 40.0°, 46.5°, 72.6° and 82.1° can 

be assigned to cubic SiO2 (ICDD 01-076-6230) and indexed as the (111), (200), 

(300) and (311) plane diffractions. For the broad peak at 82.1°, there is a 

crossover from the Fe and SiOx, which leads to the peak broadening. The peak 

at 42.5° has been assigned as a Kα peak, which is produced from a transition of 

an electron, caused by the Fe peak at 44.5°. The peak at around 2θ = 32.5° has 

been unable to be identified. This extra peak may be due to contamination of the 

coating surface and is explained in further detail in section 5.3.2. 

 The small peak at 2θ = 35.5° has been assigned to iron oxide (Fe2O3), which 

may be present due to the formation of iron oxide at the surface of the substrate. 

This iron oxide may be formed on the surface pre-deposition, through exposure 

of the HSS substrate to air and moisture or could be a resultant corrosion product 
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at the surface of the substrate. The iron oxide may form due to defects or 

imperfections within the coatings, which in turn allow moisture and air through to 

the surface of the substrate and therefore resulting in oxidation of the iron within 

the HSS. This is explored further in Chapter 7. 

Due to the nature of the diffractograms, with sharp peaks given for the SiOx 

coating, and no presence of amorphous SiO2 reported to be around 2θ=20-25° 

[232], [233], the coatings show a crystalline structure. These findings, however, 

largely disagree with the literature. Jeong et al [234] reported that a chemically 

processed SiOx coating material gave broad XRD peaks, showing an amorphous 

structure with low levels of crystallinity. Similarly, Hernandha [235] reported 

strong XRD peaks relating to a cubic-structure Si, but no distinct diffraction data 

from the SiOx coatings, due to having low crystallinity. 

Cao et al, [236] have reported a similar finding, with a 2-phase, nanocrystalline 

and amorphous Si peak, which was dispersed throughout an amorphous SiOx 

matrix. The diffraction patterns from the SiOx coatings suggest that they have a 

crystalline structure, contradicting much of the literature. The crystallinity of the 

coatings can be further investigated by using the 2θ values from the diffraction 

patterns, and the full width at half maximum (FWHM) values. Using these values, 

it is possible to calculate the SiOx crystallite sizes, using the Scherrer equation. 

The crystallite size can also be determined using a Williamson-plot, which also 

provides information on the stress-strain of the coatings. Calculating the 

crystallite sizes and the strain of the coatings provides a theoretical approach to 

the microstructure of the coatings. 

 

 



 
 

144 
 

6.4.2 Calculation of the crystallite size using the Scherrer equation 

It is important to understand the crystallite size within a coating structure as it can 

affect the structural, mechanical, electrical and corrosion properties of a coating. 

The crystallite size can be affected by the deposition parameters, including 

temperature, pressure and plasma conditions. One of the major effects that the 

crystallite size has on a coating is its photoactivity. 

The structure of SiOx coatings from the XRD diffractograms have shown that the 

coatings, have a crystalline nature and do not have the presence of an 

amorphous SiO2 peak. The XRD spectra 2θ values, and the FWHM for the SiOx 

coatings are used to calculate the average crystallite sizes within the SiOx 

microstructure. Due to the growth of polycrystalline clusters, the crystallite size of 

a particle is not the same as the particle size [237]. The crystallite size is the 

smallest undistorted region in a crystal and is different to the particle size and in 

some cases, may differ from the grain size. 

6.4.2.1 A comparison of the average crystallite size with the HMDSO:O2 

ratios 

Table 6.9 gives the theoretically calculated values of the average crystallite sizes 

(nm), strain and dislocation densities for all HMDSO:O2 ratios and thicknesses. 

The 2θ values and FWHM values, assigned to SiOx and indexes of (111), (200), 

(300), and (311) are used to calculate the average crystallite sizes. 

The average crystallite size varies with the HMDSO:O2 ratio and also the 

thickness of the coatings. For coatings deposited at 1 μm, 2 μm, 3.5 μm and 5 

μm respectively. For the coatings deposited at a design thickness of 1 μm, the 

largest average crystallite size is from the SiOx coating with HMDSO:O2 ratio 

1:20, with a size of 30.3 nm. The smallest average crystallite size is from the 
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sample 1:12 with a size of 25.7 nm. There is an increase in the crystallite size 

from ratio 1:12 to 1:20, however the ratio at 1:10 exhibits a larger crystallite size 

of 29.2 nm, when compared to coatings 1:12 and 1:14 (28.5 nm). 

Table 6.9. Average crystallite sizes (nm), strain and dislocation densities 
of the SiOx coatings with varying HMDSO:O2 ratios and varying DOE 
thicknesses, calculated from the Scherrer equation. 

HMDSO:
O2 ratio 

Average 
crystallite 
size (nm) 

Error (nm) 
Strain 

ε (x10-3) 

Dislocation 
density 

(1015 lines/m2) 

1 μm 

1:10 29.2 0.6 1.7 3.6 

1:12 25.7 0.7 1.7 3.3 

1:14 28.5 0.6 1.8 4.1 

1:16 30.0 0.6 1.6 3.2 

1:20 30.3 0.6 1.8 3.9 

2 μm 

1:10 24.2 0.5 1.8 3.5 

1:12 25.9 0.5 1.7 3.2 

1:14 28.0 1.0 1.6 3.1 

1:16 31.5 0.6 1.5 2.9 

1:20 28.1 0.7 1.7 3.3 

1:24 26.7 0.6 1.8 3.6 

1:36 27.9 0.7 1.7 3.2 

3.5 μm 

1:12 28.9 0.8 1.6 2.9 

1:14 30.8 1.2 1.6 3.3 

1:16 26.7 0.6 1.6 2.9 

1:20 30.7 0.8 1.6 3.2 

5 μm 

1:12 23.7 0.7 2.0 4.8 

1:14 29.4 1.1 1.5 2.7 

1:16 28.5 0.6 1.7 3.5 

1:20 29.3 0.6 1.5 2.7 
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The coatings with a DOE thickness of 2 μm exhibit a similar pattern, however 

there is now an increase in the crystallite size from ratio 1:10 through to 1:16, 

varying from 24.2 nm to 31.5 nm. The 1:20 coating decreases in crystallite size 

when compared to 1:16, with a size of 28.1 nm. There is also a decrease in the 

crystallite size of this sample with coating thickness varying from 1 μm to 2 μm. 

The coatings at ratio 1:24 and 1:36 have an average crystallite size of 26.7 nm 

and 27.9 nm, respectively. 

The coatings deposited with a design thickness of 3.5 μm and 5 μm show a 

slightly different trend in the crystallite size when comparing the HMDSO:O2 

ratios. For both thicknesses there is an increase in the crystallite size from ratio 

1:12 to 1:14, from 28.9 nm to 30.8 nm, and 23.7 nm to 29.4 nm, for thickness 3.5 

μm and 5 μm respectively. The crystallite size then decreases with an increase 

in ratio to 1:16, to 26.7 nm at 3.5 μm and 29.3 nm at 5 μm, which then sees 

another increase in crystallite size at ratio 1:20. The ratios 1:12, 1:14 and 1:20 all 

see a reduction in the crystallite size, with an increase in thickness from 3.5 μm 

to 5 μm. The coating at 1:16, however sees a slight increase in the crystallite size. 

Overall, all HMDSO:O2 ratios and thicknesses have a variation in the crystallite 

sizes, but there is no distinct trend from the current dataset. The crystallite size 

is further explored and calculated from Williamson-Hall plots in the subsequent 

section. 

The coatings with a DOE thickness of 2 μm exhibit a similar pattern, however 

there is now an increase in the crystallite size from ratio 1:10 through to 1:16, 

varying from 24.2 nm to 31.5 nm. The 1:20 coating decreases in crystallite size 

when compared to 1:16, with a size of 28.1 nm. There is also a decrease in the 

crystallite size of this sample with coating thickness varying from 1 μm to 2 μm. 
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The coatings at ratio 1:24 and 1:36 have an average crystallite size of 26.7 nm 

and 27.9 nm, respectively. 

The coatings deposited with a design thickness of 3.5 μm and 5 μm show a 

slightly different trend in the crystallite size when comparing the HMDSO:O2 

ratios. For both thicknesses there is an increase in the crystallite size from ratio 

1:12 to 1:14, from 28.9 nm to 30.8 nm, and 23.7 nm to 29.4 nm, for thickness 3.5 

μm and 5 μm respectively. The crystallite size then decreases with an increase 

in ratio to 1:16, to 26.7 nm at 3.5 μm and 29.3 nm at 5 μm, which then sees 

another increase in crystallite size at ratio 1:20. The ratios 1:12, 1:14 and 1:20 all 

see a reduction in the crystallite size, with an increase in thickness from 3.5 μm 

to 5 μm. The coating at 1:16, however sees a slight increase in the crystallite size. 

Overall, all HMDSO:O2 ratios and thicknesses have a variation in the crystallite 

sizes, but there is no distinct trend from the current dataset. The crystallite size 

is further explored and calculated from Williamson-Hall plots in the subsequent 

section. 

The strain of the coatings varies between 1.5 and 2.0 x10-3 for all SiOx coatings, 

and a dense array of dislocations are shown to be present within the coating 

structure. The dislocation densities also vary between 2.7 x 1015 and 4.8 x 1015 

lines m-2, which is below the upper limit of dislocation density (1016 m-2) [238]. 

Dislocations within distorted crystals may lead not only to the peak broadening of 

the XRD spectra, but also to anisotropy in peak width [239]. A comparison of the 

dislocation densities and the strain of the coatings, suggests that there is a direct 

correlation and that a higher strain may lead to a higher dislocation density, as 

shown in Figure 6.12. 
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Figure 6.12 The micro strain (ε) of the coatings calculated from the 
Scherrer equation increases with an increase in the dislocation density 
(m-2) of the SiOx coatings, with DOE thicknesses of 1 μm, 2 μm, 3.5 μm and 
5 μm. 

 

The increase of dislocation density with an increase in the micro strain is present 

for all DOE thicknesses of the SiOx coatings. The coatings deposited with a DOE 

thickness of 3.5 μm show the smallest strain compared to the coatings at other 

deposition thicknesses. The largest strain of 4.8x1015 m-2 and dislocation density 

of 2.0x10-3 is exhibited by the SiOx coating with ratio 1:12 at a thickness of 5 μm. 

The average crystallite sizes of the coatings at DOE thickness of 2 μm has been 

compared with the nanoindentation results to explore whether the hardness and 

elastic modulus are dependent on the size of the crystallites. The results are 

displayed in Table 6.10. 
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Table 6.10 A comparison of the average crystallite sizes of the HMDSO:O2 
ratio with a DOE thickness of 2 μm, with the hardness and elastic modulus 
from nanoindentation results. 

HMDSO:O2 
ratio 

Average 
crystallite size 

(nm) 

Hardness 

(GPa) 

Young’s modulus 

(GPa) 

HSS - 8.4  

1:10 24.2 5.8 ± 0.9 100.4 ± 1.7 

1:12 25.9 5.1 ± 0.5 93.3 ± 1.7 

1:14 28.0 4.6 ± 0.2 82.0 ± 1.3 

1:16 31.5 5.0 ± 0.4 83.6 ± 1.6 

1:20 28.1 5.9 ± 0.8 97.4 ± 1.4 

1:24 26.7 5.9 ± 0.5 99.3 ± 1.3 

1:36 27.9 5.7 ± 0.5 93.1 ± 1.9 

 

The relationship between average crystallite size and the hardness of the SiOx 

coatings, there was no identifiable trend between the hardness (GPa) of the 

coatings and the crystallite sizes (nm). The increase in the crystallite size from 

24.2 nm to 31.5 nm sees a slight decrease in the hardness of the coatings. 

However, the crystallite sizes at 27.9 nm, 28.0 nm and 28.1 nm all have a different 

hardness, even though the crystallite sizes are comparable. Thus, the crystallite 

size of the SiOx coatings does not have an impact on the hardness. 

6.4.2.2 A comparison of the average crystallite sizes with varying 

thicknesses 

The average crystallite sizes of the samples with HMDSO:O2 ratio 1:12, 1:14, 

1:16 and 1:20 were all selected for comparison of the samples with differing 

thicknesses. These samples were chosen as they have been deposited at 1 μm, 

2 μm, 3.5 μm and 5 μm. The comparison of the average crystallite sizes and the 

DOE thicknesses are displayed in Table 6.9. The coatings with ratios 1:14 and 

1:20 follow a very similar trend, with a decrease in the average crystallite size 
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from 1 μm to 2 μm, followed by an increase with an increase in thickness to 3.5 

μm, and then a further decrease. The coating at ratio 1:16 has an inverse trend, 

and exhibits an increase in crystallite size with an increase in thickness from 1 to 

2 μm, followed by a large decrease when the thicknesses increases to 3.5 μm 

and lastly and increase in size with an increase to 5 μm. The coating 1:12, has a 

completely different trend and exhibits a gradual increase in the crystallite size 

with the increase in thickness from 1 μm to 3.5 μm, and is then followed by a 

large decrease, when increasing the thickness to 5 μm. 

 

Figure 6.13 A comparison of the average crystallite sizes (nm) with the 
DOE thickness (μm) of the SiOx coatings with HMDSO:O2 ratios 1:12, 1:14, 
1:16 and 1:20. 
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peaks should ideally be sharp, however no matter how sharp a peak maybe it will 

have its own ideal shape, which can be attributed to peak broadening. This 

broadening can arise from: 

1. Instrumental contributions: from the source of radiation, radiation not 

perfectly monochromatic, misalignment of the diffractometer. 

2. Sample contributions: from crystallite size, crystal lattice distortion (micro-

strain) due to dislocations or defects. 

The micro strain contribution may be caused by deviations from an ideal 

crystalline lattice, which are most often produced by grain boundaries, residual 

stresses, and other defects which may cause a non-uniform lattice distortion. 

These deviations are mainly observed as peak broadening of the Bragg peak, 

and also a shift the 2θ peak. The crystallite size varies as a function of 
1

𝑐𝑜𝑠𝜃
 and 

strain varies as a function of 𝑡𝑎𝑛𝜃, calculated from the peak width, or full width at 

half maximum (FWHM). Curve fitting of the XRD spectra for the corresponding 

SiOx peaks was carried out using Origin Pro software. A Gaussian function was 

used for the peak fittings, and a value of 2θ and FWHM was distinguished, with 

the associated errors of the curve fitting. 

Using the relationship between peak broadening varying with micro strain, the 

following Williamson-Hall equation is observed: 

𝛽𝑐𝑜𝑠𝜃 =  휀(4𝑠𝑖𝑛𝜃) +
𝐾𝜆

𝐷
 Eq 6.1 

 

Where, 𝛽 = FWHM, 휀 = strain, 𝜃 = Bragg angle, 𝜆 = x − ray wavelength, 

Κ =  dimensionless shape factor, 0.9 and 𝐷 = crystallite size.  
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A plot of βcosθ vs 4sinθ can be produced from Eq 6.1. From this plot, the 

theoretical uniform stress can be calculated from the slope of the line and a 

theoretical value of the crystallite size can be determined from the intercept. 

Using:  

 𝑦 = 𝑚𝑥 + 𝑐 
Eq 6.2 

 

 
𝛽𝑐𝑜𝑠𝜃 = 4휀 𝑠𝑖𝑛𝜃 +

Κ𝜆

𝐷
 Eq 6.3 

 

Where: 

 𝑚 =  휀 
Eq 6.4 

 

 
𝑐 =

Κ𝜆

𝐷
 Eq 6.5 

 

This method is the uniform deformation model (UDM) [240], assuming that strain 

is uniform in all crystallographic directions. The Williamson-Hall plots for all 

HMDSO:O2 ratios and thicknesses are shown in Figure 6.14, Figure 6.15, Figure 

6.18 and Figure 6.19 for the design thicknesses 1 μm, 2 μm, 3.5 μm and 5 μm, 

respectively. The average crystallite sizes, calculated using the UDM Williamson-

Hall method are displayed in Table 6.11, Table 6.12, Table 6.14 and Table 6.15, 

for thicknesses 1 μm, 2 μm, 3.5 μm and 5 μm, respectively. Values calculated 

using the Scherrer equation are also included for comparison. 

6.4.3.1 W-H plots for the coatings deposited at DOE thickness 1 μm 

The W-H plots for the SiOx coatings with varying HMDSO:O2 ratios, deposited at 

a DOE thickness of 1 μm are presented in Figure 6.14. From the graph, the slope 
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of the lines for the samples 1:10, 1:12, 1:14 and 1:20 are all similar in nature. The 

micro strain is calculated from the value of the slopes, and are presented in Table 

6.11. 

 

Figure 6.14 Williamson-Hall plot for SiOx coated samples with varying 
HMDSO:O2 ratios and a DOE thickness of 1 μm, with error bars calculated 
from the Gaussian peak fittings using OriginPro software. 

 

The strain of sample 1:16 is 4.8x10-3, which is considerably lower than the strain 

of the other samples coated at the same thickness. The same sample (1:16) 

exhibits the largest crystallite size of 38.8 nm and sample 1:14 has the smallest 

crystallite size, at 22.0 nm and the largest micro strain at 6.7x10-3. The values for 

the crystallite size vary in comparison to those calculated from the Scherrer 

equation. Using the W-H method the sample 1:10 gives a lower crystallite size of 

26.8 nm and 1:12 gives a larger size of 29.1 nm. The crystallite sizes calculated 

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

 1:10

 1:12

 1:14

 1:16

 1:20

b
c
o

s
q

4sinq



 
 

154 
 

from both methods for the coating at ratio 1:20, give comparable sizes, with the 

W-H plot method giving 30.9 nm and the Scherrer equation giving 30.3 nm.  

Table 6.11 Geometric parameters of the SiOx coatings, with a design 
thickness of 1 μm. 

HMDSO:O2 
ratio 

Williamson-Hall Method 

(UDM) 
Scherrer Equation 

 D (nm) ε (x10-3) D (nm) ε (x10-3) 

1:10 26.8 6.1 29.2±0.6 1.7 

1:12 29.1 6.1 25.7±0.7 1.7 

1:14 22.0 6.7 28.5±0.6 1.8 

1:16 38.8 4.8 30.0±0.6 1.6 

1:20 30.9 5.9 30.3±0.6 1.8 

 

6.4.3.2 W-H plots for the coatings deposited at DOE thickness 2 μm 

The W-H plots of the coatings deposited at a design thickness of 2 μm give 

gradients of a similar nature for all samples at varying HMDSO:O2 ratios (Figure 

6.15), with the exception of sample 1:10. Sample 1:10 gives a steeper slope, and 

in turn relates to a higher micro strain of the coating at 7.5x10-3. The geometric 

parameters calculated from the W-H plots and Scherrer equations are displayed 

in Table 6.12. 
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Figure 6.15 Williamson-Hall plots for the SiOx coated samples with varying 
HMDSO:O2 ratios and a DOE thickness of 2 μm. Error bars are calculated 
from Gaussian peak fitting using Origin Pro. 
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Table 6.12 Geometric parameters, calculated from the UDM method and 
Scherrer equation, of the SiOx coatings with a design thickness of 2 μm 

HMDSO:O2 
ratio 

Williamson-Hall Method 

(UDM) 
Scherrer Equation 

 D (nm) ε (x10-3) D (nm) ε (x10-3) 

1:10 21.6 7.5 24.2±0.5 1.8 

1:12 25.9 6.1 25.9±0.5 1.7 

1:14 31.4 5.6 28.0±1.0 1.6 

1:16 23.8 6.2 31.5±0.6 1.5 

1:20 30.4 5.6 28.1±0.7 1.7 

1:24 25.5 6.3 26.7±0.6 1.8 

1:36 21.3 6.9 27.9±0.7 1.7 

 

The coating at ratio 1:12 gives the same calculated crystallite size using both 

methods. Coatings 1:10, 1:16, 1:24 and 1:36 give a smaller crystallite size when 

calculated from W-H, and the coatings 1:14 and 1:20 give a larger crystallite size 

from the W-H calculations. The micro strain values calculated for the SiOx 

coatings from the Scherrer equation are much lower in comparison to the strain 

calculated from the W-H method. 

A comparison of the W-H method using the UDM, with the hardness values is 

shown in Table 6.13 and Figure 6.16. As the crystallite size increases, the 

hardness varies, with a small decrease in the hardness from the smallest 

crystallite size (21.6 nm), to the largest (31.4 nm). 

 

 

 

 



 
 

157 
 

Table 6.13 A comparison of the average crystallite size calculated from the 
Williamson-Hall method, with the hardness values from nanoindentation. 

HMDSO:O2 
ratio 

W-H method 

(UDM) 

Hardness 

(GPa) 

Young’s modulus 

(GPa) 

 D (nm) ε (x10-3)   

1:10 21.6 7.5 5.8 ± 0.9 100.4 ± 1.7 

1:12 25.9 6.1 5.1 ± 0.5 93.3 ± 1.7 

1:14 31.4 5.6 4.6 ± 0.2 82.0 ± 1.3 

1:16 23.8 6.2 5.0 ± 0.4 83.6 ± 1.6 

1:20 30.4 5.6 5.9 ± 0.8 97.4 ± 1.4 

1:24 25.5 6.3 5.9 ± 0.5 99.3 ± 1.3 

1:36 27.9 6.9 5.7 ± 0.5 93.1 ± 1.9 

 

 

Figure 6.16 The average crystallite sizes (nm) calculated from the 
Williamson Hall UDM method versus the hardness (GPa), for SiOx coatings 
with varying HMDSO:O2 ratios and a DOE thickness 2 μm. 
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There is no definite correlation between the hardness of the SiOx coatings and 

their average crystallite size comparison, therefore assuming that the crystallite 

size calculated from the UDM does not affect the overall hardness of the SiOx 

coatings. However, it has been reported that a reduction in the crystallite size can 

increase the hardness [241], but not directly for an SiOx coating. Another study 

using nanocrystalline nickel reported that the hardness increased with an 

increase in the grain size, therefore contradicting the previous statement [242]. 

For the SiOx coatings, it is difficult to draw a conclusion as there is no definitive 

trend, but from the observed data the hardness and crystallite size are 

independent of one another. 

 

Figure 6.17 The microstrain of the SiOx coatings calculated from the 
Williamson Hall UDM method versus the hardness (GPa), for SiOx coatings 
with varying HMDSO:O2 ratios and DOE thickness 2 μm. 
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Similarly, the micro strain of the coating also does not appear to have an effect 

on the hardness of the SiOx coatings. It is observed that there may be a slight 

increase in the hardness of the coatings with an increase in the strain, if sample 

1:20 were not taken into consideration. The coating 1:10 gives the highest strain 

and the smallest crystallite size, whereas coating 1:14 gives the highest 

crystallites size and the lowest strain, therefore suggesting that the strain of the 

coating is dependent on the crystallite size. 

6.4.3.3 W-H plots for the coatings deposited at DOE thickness 3.5 μm 

For the coatings deposited at a design thickness of 3.5 μm, the plots show a very 

similar trend in gradients, but with different intercepts. The value calculated from 

the gradients for the micro strain vary from 5.6x10-3 for sample 1:20 to 6.0x10-3 

for sample 1:16. The calculated values for both the crystallite size and micro 

strain, using the W-H method do not show much of a trend. The largest calculated 

value for the crystallite size (29.4 nm) is found from coating 1:12 and the lowest 

crystallite size (24.4nm) is found from coating 1:14. Sample 1:14 also exhibits the 

smallest crystallite size at a design thickness of 1 μm. 

Table 6.14 Geometric parameters, calculated from the UDM method and 
Scherrer equation, of the SiOx coatings with a design thickness of 3.5 μm 

HMDSO:O2 
ratio 

Williamson-Hall Method 

(UDM) 
Scherrer Equation 

 D (nm) ε (x10-3) D (nm) ε (x10-3) 

1:12 29.4 5.7 28.9±0.8 1.6 

1:14 24.4 5.9 30.8±1.2 1.6 

1:16 28.6 6.0 27.0±0.6 1.6 

1:20 28.5 5.6 30.7±0.8 1.6 
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Figure 6.18 Williamson-Hall plots for the SiOx coated samples with varying 
HMDSO:O2 ratios and a DOE thickness of 3.5 μm, using the UDM method. 
Error bars are calculated from Gaussian peak fitting using Origin Pro. 
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coatings 1:14 and 1:20 both have a lower micro strain of 5.3x10-3. The coatings 

with the higher micro strain, result in a crystallite size and the coatings with the 

lower micro strain result in larger crystallite sizes (Table 6.15). 

Table 6.15 Geometric parameters, calculated from the UDM method and 
Scherrer equation, of the SiOx coatings with a design thickness of 5 μm 

HMDSO:O2 
ratio 

Williamson-Hall Method 

(UDM) 
Scherrer Equation 

 D (nm) ε (x10-3) D (nm) ε (x10-3) 

1:12 23.9 7.0 23.7±0.7 2.0 

1:14 33.0 5.3 29.4±1.0 1.5 

1:16 23.4 6.6 28.5±0.6 1.7 

1:20 34.0 5.3 29.3±0.6 1.5 

 

 

Figure 6.19 Williamson-Hall plots for the SiOx coated samples with varying 
HMDSO:O2 ratios and a DOE thickness of 5 μm, using the UDM method. 
Error bars are calculated from Gaussian peak fitting using Origin Pro. 
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For the coatings deposited at 5 μm, it can be concluded that the crystallite size 

has an effect on the micro strain. The larger the micro strain, the smaller the 

crystallite size, and vice versa. Comparing the values of the crystallite size from 

the W-H method, to those calculated from the Scherrer equation, the trend is 

similar between the two methods. Both coatings 1:12 and 1:16 give the lowest 

crystallite sizes (23.9 and 23.4 nm) from the W-H method, and also the lowest 

sizes from the Scherrer equation, 23.7 nm and 28.5 nm. The major difference is 

that the size calculated from WH for sample 1:16 is considerably lower than that 

calculated from the Scherrer equation. The coatings 1:14 and 1:20, also give the 

highest crystallite sizes, when using both methods. 

6.4.3.5 A comparison of the average crystallite size with the thickness of 

the coatings 

A comparison of the average crystallite sizes calculated from the Williamson-Hall 

method and the thickness of the coatings are shown in Table 6.16 and Figure 

6.20. 

Table 6.16 The average crystallite size calculated from the Williamson Hall 
method, for samples 1:12, 1:14, 1:16 and 1:20, with a comparison to the 
DOE thicknesses. 

 Average crystallite size (nm) 

HMDSO:O2 ratio 1 μm 2 μm 3.5 μm 5 μm 

1:12 29.1 25.9 29.4 23.9 

1:14 22.0 31.4 24.4 33.0 

1:16 38.8 23.8 28.6 23.4 

1:20 30.9 30.4 28.5 34.0 
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Figure 6.20 A graph showing the comparison of the average crystallite 
size (nm) calculated from the Williamson Hall method versus the 
thickness μm of the coatings. 
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higher for their coatings at 60.7 nm, 64.2 nm and 66.9 nm for thickness 500 nm, 

1000 nm and 2000 nm respectively. 

6.5 Summary of chapter 

In summary, a large matrix of SiOx coatings with varying HMDSO:O2 ratios and 

varying thicknesses have been successfully deposited using MW-PECVD, with 

HMDSO and O2 precursors. The XRD patterns showed that the SiOx coatings 

deposited using this method have a crystalline structure, contrary to the literature 

where SiOx coatings have a reported amorphous structure with low levels of 

crystallinity. 

• The nanomechanical results calculated from nanoindentation vary with 

HMDSO:O2 ratio, however, there are no discernible trends as the errors of 

each nanoindentation overlap for each coating. Therefore, the increase in 

oxygen concentration does not affect the mechanical properties of the 

coatings. 

• The binding energies (eV) for the samples coated with a 2 μm thickness 

vary with HMDSO:O2 ratio. Coatings 1:12 and 1:16 gave binding energies 

comparable to those found in the literature for stoichiometric SiO2. 

• The Si:O ratios calculated from the XPS survey spectra also vary with 

HMDSO:O2 ratio, with coating 1:12 giving the highest ratio of 2 (almost 

stoichiometric) and gradually reducing to 1.94 at coating 1:36. 

• Curve fittings for the high-resolution spectra of Si 2p and O 1s, both gave 

single peaks which are attributed to Si – O bonding for tetrahedral SiO2. 

• The XRD results have allowed the microstructure of the coatings to be 

explored. From the XRD diffractograms, the coatings give very similar 

spectra, with little variation between HMDSO:O2 ratios. Due to the 
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crystalline nature of the coatings, the microstructure was able to be 

investigated further based on peak broadening. 

• The average crystallite size of the coatings was successfully calculated 

using both the Scherrer equation and Williamson-Hall, using the uniform 

deformation method (UDM). The calculation of the crystallite sizes, using 

both the Scherrer equation and the W-H method have given variations with 

HMDSO:O2 ratios and thicknesses. However, there are no clear trends to 

suggest that varying the oxygen concentration during the deposition 

influences the crystallite size. 

• The micro strain of the coatings, using both the Scherrer equation and 

Williamson Hall plots, was calculated successfully. The micro strain also 

varies throughout the SiOx coatings, both with the HMDSO:O2 ratio and 

the thickness of the deposited coating. 

• The comparison of the average crystallite size using both methods, with 

the thickness of the coatings shows slightly different trends for coatings 

with the different HMDSO:O2 ratios. 

o From the Scherrer equation method, all of the coatings exhibited an 

overall decrease in the average crystallite, with an increase in the 

film thickness from 1 μm through to 5 μm. 

o On the other hand, the Williamson-Hall method showed that sample 

1:12 and 1:16 agreed with the Scherrer trend, as there was an 

overall decrease in the crystallite size with increasing film thickness. 

The coatings with ratios 1:14 and 1:20 however showed an overall 

increase in the film thickness, agreeing with the finding reported by 

Zhang et al [243]. 
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• To conclude, the MW-PECVD method for depositing SiOx coatings allows 

the formation of crystalline coatings.   
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Chapter 7 – Electrochemical behaviour of SiOx coatings with 

varying HMDSO:O2 ratios and thicknesses 

7.1 Introduction 

This chapter encompasses the corrosion behaviour of the SiOx coated samples, 

to establish the electrochemical performance of the coatings with varying 

HMDSO:O2 ratios. The corrosive environment used was a 1 M NaCl solution at 

room temperature, using a three-electrode flat cell set up, as described in section 

4.7. The use of a 1M NaCl solution, pH 6.7, as the corrosive environment was 

chosen in order to first understand the corrosion behaviour of the coatings. As 

hydrogen fuel cells use a plethora of environments, the understanding of the SiOx 

corrosion ability needs to be understood, based on the HMDSO:O2 ratios and 

thicknesses. The effect of the DOE thickness of the coatings on the corrosion 

resistance and the capacitance of the coatings will also be investigated. 

7.2 Corrosion performance of the SiOx coatings with varying 

HMDSO:O2 ratio 

7.2.1 Potentiodynamic analysis 

Tafel extrapolation of polarisation curves is a widely used method for measuring 

the corrosion current density (icorr) of a coated sample [244]. From the 

determination of icorr, it is possible to calculate the corrosion rate [245]. Tafel 

extrapolation is widely utilised as it is a faster experimental method when 

compared with weight loss estimation also allows the determination of the anodic 

and cathodic Tafel constants, which are valuable when assessing the corrosion 

rates of a coated sample and to also understand the kinetics of the corrosion 

reactions. 
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Tafel extrapolation tests were performed using a three-electrode flat cell for all 

HMDSO:O2 ratios at a DOE thickness of 2 μm. This thickness was chosen for the 

polarisation experiments due to having the largest matrix of HMDSO:O2 ratios 

with this thickness. Therefore, it is possible to understand the corrosion 

performance of the coatings over a widespread range of HMDSO:O2 ratios. 

Tafel polarization curves were recorded for both the anodic and cathodic sweeps, 

as described in section 4.7 of the experimental chapter. Both data were combined 

to produce a Tafel polarisation curve. Figure 7.1 shows the Tafel polarisation 

curves for all HMDSO:O2 ratios coated with a DOE thickness of 2 μm, with a 

comparison to an uncoated HSS sample. The aim of the potentiodynamic 

measurements was to determine the free corrosion potential (Ecorr) of the coated 

samples, corrosion current density (icorr) and the anodic and cathodic Tafel 

constants. 

From the graph shown in Figure 7.1, the polarisation curves for the SiOx coated 

samples a shift towards the left is observed and therefore show decreasing in 

current, when compared to the uncoated sample. This is in agreement with the 

known properties of all coatings, including silicon oxide, in order to reduce 

material degradation by playing the role of a barrier to water ingress. The potential 

(mV) of all of the SiOx coated samples shift to more electropositive values, when 

comparing to the uncoated HSS sample, which has a value of -535 mV. 

Using both the anodic and cathodic Tafel polarization curves for all samples, both 

the anodic (βa) and cathodic (βc) Tafel constants can be determined, through 

extrapolation of the anodic and cathodic curves respectively. Figure 4.14 shows 

the extrapolation technique for evaluating the βa and βc Tafel constants and the 
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Ecorr and icorr components. The extrapolation procedures are further detailed in 

the Experimental chapter, section 4.7.1. 

 

Figure 7.1. The Tafel extrapolation curves for SiOx coated HSS with a DOE 
2 μm thickness with varying HMDSO:O2 ratios. The annotation on the 
graph is for the uncoated HSS with a Ecorr value = - 535 mV and icorr = 6.86 
μA cm-2. 

 

The open circuit potential (OCP), or Ecorr, of the uncoated HSS was measured to 

be -534 mV. The corresponding values for the SiOx coated samples ranged 

between -451 and -515 mV, as shown in Figure 7.1. The corrosion current density 

for the uncoated sample was determined to be 6.58 μA cm-2 and the 

corresponding values for the coated samples ranged between 0.02 and 0.08 μA 

cm-2. The increase in Ecorr and decrease in icorr values for the coated samples 

indicates a better corrosion resistance, when compared with the uncoated HSS 

[246]. 
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Table 7.1. Tafel extrapolation results related to the polarization curves 
from Figure 7.1, for samples coated to a 2 μm thickness with varying 
HMDSO:O2 ratios. 

HMDSO:O2 

ratio 

Ecorr vs. 

Ag/AgCl 

(mV) 

βa 

(mV dec-1) 

-βc 

(mV dec-1) 

icorr 

(μA cm-2) 

Stern-Geary 

coefficient 

(B) / mV dec-1 

Uncoated -535 171 343 6.86 49.5 

1:10 -515 98 488 0.02 35.3 

1:12 -487 148 498 0.05 49.5 

1:14 -494 105 452 0.08 37.0 

1:16 -516 116 424 0.07 39.5 

1:20 -518 153 666 0.01 54.3 

1:24 -451 93 275 0.03 30.2 

1:36 -474 107 266 0.04 33.1 

 

The cathodic polarization curves presented for the SiOx coatings vary in shape to 

that of their respective anodic polarisation curves. This difference suggests that 

there are different electrochemical processes occurring. The driving force for the 

potentiodynamic experiment is controlled (through the applied potential) and the 

change in the reaction rate is observed from the current values. For the anodic 

polarisation curves, the voltage-current response varies with HMDSO:O2 ratio. 

For the samples 1:12, 1:14, 1:16, 1:24 and 1:36, the curve is of a similar shape 

and the increase in current when the voltage is applied, also follows a similar 

trend and demonstrating that the coatings are presenting a pseudo-passive 

behaviour [247] – the point at which the current remains almost the same for a 

short period of time, and only shows a small increase. The anodic curves for 

samples 1:10 and 1:20 behave in a similar manner, however show a larger 

increase in the current density. It is observed that the SiOx coating shows active, 
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uniform dissolution at lower potentials leading into a pseudo-passivation 

behaviour. Several metals and alloys including Fe, Cr, and stainless steels are 

known to show an active to passive transition during the anodic polarisation [248]. 

For all SiOx coatings, the cathodic polarisation curves are comparable and shows 

an oxygen reduction reaction [249]. The presence of the SiOx coating may result 

in the reduction of the coating into SiO(OH)3
- and SiO2(OH)2

2- [250]. However, 

this phenomena has been demonstrated to occur at high pH ~ 11 and can 

therefore not be comparable to the polarisation curves presented here due to the 

pH level being ~7. 

The corrosion potential (Ecorr) does not vary significantly between the uncoated 

HSS and the SiOx coated samples. The corrosion current (icorr), on the other hand, 

is much greater for the uncoated HSS sample at 6.86 μA cm-2 than for the SiOx 

coated HSS samples, which vary between 0.01 and 0.08 μA cm-2. The decrease 

in icorr of SiOx coated mild steel has been reported by Gangan et al. [177] It was 

found that the uncoated mild steel gave an icorr value of 12.001 μA cm-2 and the 

SiOx coated samples gave icorr values between 6.932 and 0.325 μA cm-2. The 

coated samples were deposited using different deposition powers, and found that 

increasing the plasma power decreased the corrosion current of the samples. 

Kirtay, S [251] also reported that the addition of a silica coating onto a mild steel 

substrate resulted in a small decrease in the Ecorr and a large decrease in the icorr 

values, ranging from 11.7 μA cm-2 for mild steel, to 0.35 μA cm-2  for silica sol-gel 

coated mild steel. The SiOx coatings investigated in this study showed a large 

decrease in the corrosion current, when compared to the uncoated sample.  

Samples 1:10, 1:16 and 1:20 have the lowest corrosion potentials, -515 mV, -516 

mV and –518 mV respectively, when compared with the other SiOx coated 
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samples. With an insignificant difference when compared to the uncoated HSS 

sample. Sample 1:24 exhibits the highest corrosion potential of –451 mV, a 

change of +84 mV when compared to bare HSS. Although some samples showed 

a small increase in the corrosion potential when compared to the bare HSS, all 

samples increased and therefore show a slightly enhanced corrosion resistance. 

The lowest corrosion current is from sample 1:20, with the highest corrosion 

current exhibited by sample 1:14. 

The threshold for the corrosion current density for use of a coating in a PEMFCs 

is to be less than 0.016 mA cm-2. Based on the measurements for the SiOx coated 

HSS, all HMDSO:O2 ratios would make a suitable coating for their use as coatings 

in bipolar plates within a PEMFC due to the corrosion current density of all the 

SiOx coatings falling within the range of 0.01 – 0.08 μA cm-2, 3 orders of 

magnitude smaller than the PEMFC threshold.  

7.2.2 Electrochemical impedance spectroscopy of the SiOx coatings 

Electrochemical impedance spectroscopy (EIS) has been utilised in this thesis to 

investigate the electrochemical response of SiOx coated HSS. Using EIS, the 

resistivity and capacitance of the SiOx coatings can be calculated. This section 

will focus on the corrosion behaviour of the coatings, using EIS, with respect to 

the HMDSO:O2 ratios and also the dependence of the thickness. 

The chemistry of a coating can have an effect on the corrosion properties, and 

therefore barrier protection of a coated sample. A series of EIS tests were 

performed for a selection of SiOx coated samples, with varying HMDSO:O2 ratios. 

The ratios analysed were 1:10, 1:12, 1:14, 1:16, 1:20 and 1:24, all with a coated 

thickness of 2 μm. The aim of these experiments was to characterise the 
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electrochemical behaviour of the coatings, which in turn allows a theoretical value 

for the resistance and capacitance of the coatings to be calculated.  

Each sample was tested for 1 week (168 hours), using a flat cell setup as shown 

in section 3.5.1, in a sodium chloride (NaCl) 1M solution. EIS spectra were 

recorded throughout the period of the experiment and analysed at specific time 

points, through fitting equivalent circuits of both the Nyquist and Bode plots 

produced through the use of ZView software. The Nyquist and Bode plots for the 

sample with HMDSO:O2 ratio 1:20 are presented in Figure 7.2 and Figure 7.3, 

respectively. The plots show the corresponding data after 1 hour, 72 hours and 

168 hours. The Nyquist and Bode plots for the other sample ratio can be found in 

Appendix A. 

 

Figure 7.2. Nyquist plot for the SiOx coated sample with HMDSO:O2 ratio 
1:20 and a DOE thickness of 2 μm, at 1 h, 72 h and 168 h. 
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Figure 7.3. Bode plots for the SiOx coated sample with HMDSO:O2 ratio 
1:20 and a DOE thickness of 2 μm, at 1 h, 72 h and 168 h. 
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The impedance value, Z’ (ohm cm2), from the Nyquist plot increases from 1 hour 

to 72 hours, but then decreases from 72 hours to 168 hours. This trend will be 

further explored throughout this chapter. 

Using both the Nyquist and Bode plots, an equivalent circuit can be fitted to 

evaluate the capacitance and resistance of the coating. The equivalent circuits 

were fitted to both the Nyquist and Bode plots for each sample using ZView 

software. An equivalent circuit with three capacitive loops, each made up of a 

constant phase element (CPE) and resistance, can be fitted to the plots to 

determine the capacitance and resistance of; the substrate, the coating and the 

electrical double layer. The three time constants for the SiOx coatings can be 

defined as: 

1. Constant phase element (CPE) and resistance of the electrical double 

layer. 

2. Constant phase element (CPE) and resistance of the coating – at high 

frequency resulting from the penetration of the NaCl electrolyte through a 

pore or defect in the coating [252]. 

3. Constant phase element (CPE) and resistance of the oxide layer – at lower 

frequency. 

A constant phase element (CPE) was used for each capacitive loop instead of an 

“ideal” capacitor, due to the coatings having a certain degree of inhomogeneity 

within the coating surface [176]. The CPE values of each coating were in the 

range 0.5 < n < 1, therefore suggesting that the coating is not acting as an ideal 

capacitor and is not a resistor.   
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Figure 7.4. Equivalent circuit for the SiOx coatings, with the following 
components: Rs = solution resistance, CPEC = coating capacitance, RC = 
coating resistance, CPE2 = corrosion layer capacitance, R2 = corrosion 
layer resistance, CPEdl = double layer capacitance, Rct = charge transfer 
resistance. 

The equivalent circuit for the SiOx coatings is shown in Figure 7.4, is made up of 

a solution resistance (Rs) – in this case, the resistance of 1M NaCl in the presence 

of high speed steel (HSS). The solution resistance values of the NaCl solution 

were considerably higher in some coatings, when compared to the solution 

resistance of NaCl solution (~70 Ω cm2). Rowlands and Chuter proposed that the 

solution resistance measured during EIS is essentially a measure of the ionic film 

resistance, due to the resistance of seawater being negligible [253]. This is also 

supported by the fact that a coated metal will give higher Rs values, when 

compared to an uncoated metal [254]. 

There are also 3 capacitive loops consisting of; a constant phase element (CPEC) 

and resistance (RC) of the coating, a constant phase element (CPE2) and 

resistance (R2)  of a corrosion layer and a constant phase element (CPEdl) and 

resistance (Rct) of the electrical double layer. Angelini et al [183] reported an 

equivalent circuit with two capacitive loops for a SiOx coating on Q-panel steel, 

however, using the same equivalent circuit for the coatings in this thesis did not 

result in a good fitting. It has been proposed that the 3rd capacitive loop may be 
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due to an additional oxide layer forming throughout the EIS experiment, or prior 

to deposition of the SiOx coating. 

Figure 7.5 shows the equivalent circuit fittings for the HMDSO:O2 ratio sample 

1:20 at 1 h, 72 h and 168 h, using the ZView software. The equivalent circuit 

fittings for all other SiOx coatings are presented in the Appendix B. 

Fitting equivalent circuits for the series of SiOx coatings at 2 μm gives values for 

the resistance and capacitance of the coatings at different time points (1 hour, 72 

hours and 168 hours). The results for the coating resistance and capacitance 

values are given in Table 7.2. All CPE values are given as an admittance (Yo), as 

described in section 4.8. In general, most coatings showed an increase in the 

resistance of the charge transfer (Rct) over the period of the experiment. Samples 

1:10, 1:12, 1:14, 1:24 and 1:36 all had an increase in the resistance from 1 hour 

to 168 hours, from: 2.53x105 Ω cm2, 2.79x105 Ω cm2, 9.22x106 Ω cm2, 1.66x105 

Ω cm2 and 1.22x105 Ω cm2 to 6.28x106 Ω cm2, 3.42x105 Ω cm2, 1.16x107 Ω cm2, 

6.37x106 Ω cm2 and 9.00x105 Ω cm2, respectively. Demonstrating an increase in 

the amount of protection from the coating to the substrate. 

Samples 1:16 and 1:20, saw a decrease in the resistance throughout the duration 

of the experiment, falling from 9.18 x106 Ω cm2and 3.36x106 Ω cm2, respectively, 

to 7.20x106 Ω cm2and 2.59x106 Ω cm2. Although decreasing in resistance, the 

order of magnitude remains the same and therefore shows that their protective 

performance is not largely affected throughout. Figure 7.6 shows a graphical 

representation of the resistance values. Samples 1:12, 1:16, and 1:24 increase 

in resistance from 1 to 72 h, and then decrease between 72 h and 168 h, with 

sample 1:14 having the highest overall resistance of all the SiOx coatings of 

4.86x107 Ω cm2 after 72 h. 
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Figure 7.5. Nyquist and Bode equivalent circuit fits for the SiOx coated 
sample with HMDSO:O2 ratio 1:20 and a DOE thickness of 2 μ, at 1 h, 72 h 
and 168 h. 
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Table 7.2. The coating resistance and capacitance values for the SiOx coated samples, with varying HMDSO:O2 ratios and a 
DOE thickness of 2 μm, calculated from EIS spectra. 

HMDSO:O2 
ratio 

Rs 
(Ω cm2) 

RC 
(Ω cm2)x105 

CPEC R2 
(Ω cm2) x105 

CPE2 Rct 
(Ω cm2) x105 

CPEdl 

   Yo 
Ω–1 cm–2 sn 

n  Yo 
Ω–1 cm–2 sn 

n  Yo 
Ω–1 cm–2 sn 

n 

1 Hour 

1:10 1450 1.59 2.94x10-9 1.0 7.46 9.72x10-8 1.0 2.53 4.70x10-6 0.7 

1:12 437 0.27 1.71x10-8 0.8 0.47 1.33x10-6 0.6 2.79 2.37x10-7 0.8 

1:14 3340 1.54 3.94x10-9 1.0 4.92 1.40x10-7 0.8 92.2 2.31x10-7 0.8 

1:16 5990 0.05 3.31x10-12 1.0 5.99 1.23x10-8 0.8 91.8 4.09x10-8 0.9 

1:20 1740 0.63 2.44x10-9 1.0 8.55 2.15x10-7 0.5 33.6 3.89x10-7 0.9 

1:24 480 0.28 4.18x10-8 0.8 0.008 4.07x10-7 1.0 1.66 6.25x10-6 0.8 

1:36 6450 0.15 2.11x10-11 1.0 4.64 1.57x10-8 0.9 1.22 1.21x10-6 1.0 

72 Hours 

1:10 994.5 0.27 1.96x10-9 1.0 5.27 2.42x10-8 0.6 62.7 1.93x10-6 0.9 

1:12 145.2 0.12 2.41x10-8 0.8 1.25 1.79x10-6 0.6 4.02 1.64x10-5 0.8 

1:14 3275 2.76 1.62x10-9 1.0 6.24 1.08x10-7 0.8 486 2.08x10-7 0.8 

1:16 4489 0.14 1.35x10-10 1.2 33.6 4.54x10-8 0.6 118 4.26x10-7 0.9 

1:20 996.44 0.24 4.12x10-8 0.7 36.7 7.90x10-7 0.6 24.2 8.60x10-6 1.2 

1:24 433.4 0.39 2.04x10-8 0.8 48.6 2.03x10-7 0.7 76.8 2.72x10-6 0.9 

1:36 4273 2.44 1.39x10-9 1.0 0.95 1.76x10-7 0.7 5.93 2.39x10-6 0.8 

168 Hours 

1:10 1185 0.12 1.92x10-9 1.0 4.06 2.84x10-7 0.6 62.8 4.79x10-6 0.8 

1:12 345.3 0.19 1.77x10-7 0.7 1.69 1.54x10-6 0.5 3.42 4.73x10-5 1.0 

1:14 1896 2.24 2.79x10-9 1.0 3.49 6.64x10-7 0.8 116 1.52x10-6 0.9 

1:16 3442 0.80 2.48x10-9 0.9 1.41 3.77x10-8 0.7 72.0 1.16x10-6 0.9 

1:20 1084.8 0.15 7.59x10-8 0.7 1.57 9.01x10-7 0.7 25.9 8.30x10-6 1.1 

1:24 951.6 0.18 6.14x10-9 0.9 15.9 3.22x10-7 0.6 63.7 1.61x10-6 0.8 

1:36 4628 3.53 1.29x10-9 1.0 1.55 5.15x10-8 0.9 9.00 4.88x10-6 0.9 
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Figure 7.6 The Rct (Ω cm2) of the SiOx coated samples with varying 
HMDSO:O2 ratios and a DOE thickness of 2 μm, calculated from the EIS 
data after 1 h, 72 h and 168 h. 
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compared to the other SiOx coatings, and gives the highest resistance value, 

suggesting that the coating itself is providing the HSS with the highest protection 

from the electrolyte. 

The Rct values for SiOx coatings are lower than those reported by Delimi et al 

[170], that reported Rct values of SiOx-like coated carbon steel to be 1.00 and 

1.30 MΩ cm2, for coatings thicknesses 100 nm and 200 nm respectively. These 

values are 3 orders of magnitude larger than the values with varying HMDSO:O2 

ratios, suggesting that the MW-PECVD coatings are less protective than those 

deposited by PECVD. The coatings deposited by Delimi, however are 10 times 

thinner and the corrosive environment was a 3% NaCl aqueous solution. 

The increase in Rct from 1 hour to 72 hours of the experiment, may indicate that 

a secondary protective layer is being formed, through a diffusion-controlled 

corrosion mechanism, thus leading to the formation of an extra barrier layer to 

the substrate [182]. One potential mechanism may be through the penetration of 

dissociated Cl- ions, from the NaCl electrolyte [255], [256]. The anion migration 

of chloride ions may be due to the small diameter of the ions, enabling permeation 

through the protective passive film. The Cl- ions will move from the 

electrolyte/SiOx coating interface, through to the metal/SiOx coating interface. 

Once the aggressive Cl- anion has reached the metal surface, breakdown of the 

passive coating will occur. Chloride ions within the SiOx matrix will alter the 

internal structure of the coating and form a more conduction oxide. In the passive 

film, the chloride ions which have migrated will replace the bound water, which in 

turn increases the conductivity of the passive film and will eventually lead to 

breakdown. 
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 The Cl- ions will also penetrate through the coatings where defects and pinholes 

may occur and cause adsorption through the oxide film [257], [258], leading to 

thinning, and destruction of the oxide barrier layer. The anions will also form pits 

which develop at sites where oxygen that is adsorbed onto the metal surface will 

be replace by the Cl- ions. These chloride ions will begin to form clusters and 

consume the oxide, resulting in thinning, and will begin to form complexes with 

the metallic ions. Once this film has been destroyed, the corrosion process of the 

HSS begins through electrochemical processes [259], the anodic and cathodic 

reactions are shown in Eq 7.1 and Eq 7.2. A corrosion mechanism for the 

electrolyte penetration and destruction of the oxide layer is shown in Figure 7.7. 

 Fe → Fe2+ + 2e− 
Eq 7.1 

 1

2
O2 + H2O + 2e

− → 2OH− Eq 7.2 

 

 

Figure 7.7 A corrosion mechanism for the reaction of NaCl with HSS, 
adapted from [255]. 

 



 
 

183 
 

This behaviour could also be linked to the anodic polarisation curves which 

demonstrate some pseudo-passivation behaviour from the coatings. The 

decrease in resistance after the 72 h, may suggest that this barrier layer is 

corroding or that the SiOx coated layer may be becoming more porous to the 

corrosive media throughout the duration of the experiment. The SiOx coatings 

that have an overall increase in the Rct from 1 h to 168 h may still have the extra 

barrier layer present at the end of the experiment. 

The coating 1:20 shows a different behaviour compared to the other coatings 

within the matrix. The Rct decreases within the first 72 h from 3.36x106 Ω cm2 to 

2.42x106 Ω cm2, however, the resistance then increases from 72 h to 168 h to 

2.59 x106 Ω cm2. The protective ability of the coating demonstrates an increase 

after 72 h, suggesting that the electrolyte may have penetrated and disturbed the 

coating, which then later leads into a corrosion reaction at the HSS surface, 

coating interface.  

The crystallite sizes calculated from both the Scherrer equation, and the 

Williamson-Hall methods have been compared with the Rct values to understand 

the relationship between the crystallite size and the electrochemical resistance of 

the SiOx coatings. The resistance values of the coatings after the duration of the 

test (168 h) were used for the comparison, and are presented in Table 7.3 
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Table 7.3 A comparison of the coating resistance values after 168 hours, 
with the average crystallite sizes calculated from the Scherrer equation 
and Williamson-Hall plots of the SiOx coated HSS samples at DOE 
thickness 2 μm. 

Coating 

(HMDSO:O2) 

Crystallite Size 

(nm) 

Scherrer Equation 

Crystallite Size 

(nm) 

Williamson-Hall 

Rct 

(Ω cm2) x105 

1:10 24.2 21.5 62.8 

1:12 25.9 28.9 3.42 

1:14 28.0 31.4 116 

1:16 31.5 23.9 72.0 

1:20 28.1 30.5 25.9 

1:24 26.7 25.5 63.7 

1:36 27.9 21.3 9.0 

 

The sample with the lowest resistance after 168 hours is 1:12, at 3.42x105 Ω cm2. 

From the Scherrer calculation, it also has one of the lowest crystallite sizes (25.9 

nm). A linear regression fit for the Rct values vs the average crystallite sizes (nm) 

calculated from both the Scherrer equation and Williamson-Hall plots are shown 

in Figure 7.8 and Figure 7.9 respectively. Samples 1:20 and 1:24 have the highest 

resistance values after 168 h at 1.57 x105 Ω cm2 and  1.59x106 Ω cm2. The 

comparison of their respective crystallite sizes calculated from the Scherrer 

equation are also similar at 28.1 nm and 26.7 nm for samples 1:20 and 1:24 

respectively. However, further comparison of the crystallite sizes with the 

resistance values does not account for a trend with the values for the Rct. 

Therefore, the average crystallite sizes of the SiOx coatings does not have an 

effect on the corrosion performance of the coatings. This is also shown from the 

regression fits with fitted with a line of best fit. There is no clear trend to suggest 
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that the resistance of the coatings is dependent on the crystallite sizes of the SiOx 

coatings. 

 

Figure 7.8. Regression fit of the average crystallite sizes (nm) calculated 
from the Scherrer equation vs the Rct (Ω cm2) x105. 

 

 

Figure 7.9 Regression fit of the average crystallite sizes (nm) calculated 
from the Williamson-Hall plots vs the Rct (Ω cm2) x105. 
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The capacitance values at the double layer for the SiOx samples can be found in 

Table 7.2 and Figure 7.10. A lower capacitance value for a coating indicates that 

the coating has more protective abilities, and a higher capacitance value indicates 

the coating will be less protective.  

 

Figure 7.10. A comparison of the CPEdl (Ω-1 cm-2 sn) values of the SiOx 
coated samples with varying HMDSO:O2 ratios and a DOE thickness of 2 
μm, calculated from the EIS data at 1 h, 72 h and 168 h. 
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becoming less protective throughout the experiment, and shows some 

agreement with the resistance value which also decreases from the start to the 

end of the EIS duration. 

Based on both the resistance and capacitance values of the coatings, the least 

protective coatings are 1:12 and 1:36 as they both exhibit a decrease in 

resistance over time, and an increase in their capacitance. Therefore, both 

coatings are becoming less protective and will lead to failure over longer periods 

of time. The most protective coating is 1:14 as it increases in resistance 

throughout the experiment and decreases in the capacitance. It also exhibits the 

highest resistance value at 168 hours. Thus, showing the best corrosion 

protection of all the coatings. 

The CPEdl values have been compared with the average crystallite sizes 

calculated from both the Scherrer equation and the Williamson-Hall method, in 

order to understand further the trend in resistance values. The values are shown 

in Table 7.4, Figure 7.11 for the Scherrer equation method and Figure 7.12 for 

the Williamson-Hall method. 

Table 7.4 A comparison of the average crystallite sizes with the 
capacitance values from the EIS data at 168 hours. 

Coating 
(HMDSO:O2) 

Crystallite Size 
(nm) 

Scherrer Equation 

Crystallite Size 
(nm) 

Williamson-Hall 

CPEdl 

(F cm-2)  

1:10 24.2 21.5 4.79x10-6 

1:12 25.9 28.9 4.73x10-5 

1:14 28.0 31.4 1.52x10-6 

1:16 31.5 23.9 1.16x10-6 

1:20 28.1 30.5 8.30x10-6 

1:24 26.7 25.5 1.61x10-6 

1:36 27.9 21.3 4.88x10-6 
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The graphs of the CPEdl values versus the crystallite sizes calculated from both 

the Scherrer equation and Williamson-Hall methods are presented in Figure 7.11 

and Figure 7.12, respectively. Both graphs show that there is no correlation 

between the average crystallite sizes and the CPEdl. As the average crystallite 

size increases, the graphs show that the CPE values remain similar and do not 

increase nor decrease with size. A study by Qi et al found that a reduced 

crystallite size of nickel-graphene oxide nano-composite coatings can effectively 

improve the corrosion resistance of the coatings [260]. Based on this research, 

as the crystallite sizes increase, a decrease in the CPEdl value would be 

expected. The only sample that would somewhat fit this hypothesis would be the 

coating 1:12 as it has the lowest corrosion resistance of all the coatings, and from 

the W-H method, has a larger crystallite size (28.9 nm). 

 

Figure 7.11 A comparison of the average crystallite sizes (nm) of the SiOx 
coatings calculated from the Scherrer equation, versus the CPEdl values 
(Ω-1 cm-2 sn). 
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Figure 7.12 A comparison of the average crystallite sizes (nm) of the SiOx 
coatings calculated from the Williamson-Hall plots, versus the CPEdl 
values (Ω-1 cm-2 sn) determined from the EIS data. 

 

7.2.2.1 Corrosion mechanisms based on resistance and capacitance 

values 

The increase in resistance values of the coatings 1:14, 1:16, 1:20 and 1:24 from 

1 hour to 72 h, followed by a decrease in the resistance from 72 h to 168 h has 

been hypothesised to be due to the formation of an extra corrosion layer, which 

then decomposes throughout the duration of the experiment. The formation of 

this layer may lead to the increased corrosion resistance, thus increasing the 

barrier properties of the coating during the first 72 h. Another possibility for the 

increase in the corrosion resistance may be due to the chloride ions filling any 

pores and defects within the coating. This will in turn lead to less electrolyte 

penetrating through to the metal surface and therefore lead to an increase in 

resistance. A schematic highlighting a mechanism for the formation of the barrier 
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coating, and increased resistance values between 1 and 72 h is shown in Figure 

7.13. The electrolyte may penetrate through pinholes or defects within the coating 

structure, through to the substrate surface. This may then lead to cracks forming 

within the coating, allowing the HSS to react with the electrolyte. Due to the nature 

of high-speed steel (HSS), the corrosion barrier layer could be formed from a 

reaction with iron [261] or from a reaction with the chromium (Cr) content. 

The reaction of iron with water or oxygen is a slow process, especially at room 

temperature, therefore for this reaction to occur a considerable amount of heat is 

needed. As the EIS experiments were performed at room temperature, it is 

unlikely that the corrosion layer formed is iron oxide. The oxidation of chromium 

(Cr), on the other hand, has been reported to be enhanced in the presence of 

NaCl, with the main reaction product being Cr2O3 [262]. Mori et al [263] also 

reported the formation of chromium containing corrosion products during the 

reaction of steel with NaCl and H2O. 

The corrosion layer shown in the schematic can be hypothesised to be Cr2O3 

from the reaction of oxygen with the HSS. The mechanism for this corrosion layer 

depositing on the surface of the substrate could be due to the defects or pores 

within the coating. Cracks will begin to form, allowing the transportation of NaCl 

to the surface, and also the transportation of excess oxygen, which may further 

react with the Cr in the HSS. Further investigation to determine whether a 

corrosion mechanism and product is formed on the substrate/coating interface is 

determined in section 7.4. 
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Figure 7.13. A schematic highlighting the three capacitive loops – CPEC 
for the coating, CPE2 for the corrosive layer, and CPEdl for the double 
layer, determined from fitting equivalent circuits to Nyquist and Bode 
plots. 
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A second avenue for the increase in the resistance of the coatings at 72 hours 

may be due to the SiOx coating being involved, through dissolution of the coating. 

The reaction of SiO2 with water leads to the formation of silicic acid [264], shown 

in Eq 7.3. This reaction can be accelerated by the sodium chloride solution. 

 

 SiO2(s) + 2H2O ⇌ H4SiO4(aq) 
Eq 7.3 

 

Unlike quartz, amorphous silica dissolution rates are 10 times faster and 

enhanced even further with the introduction of NaCl at near neutral pH [265]. The 

rate at which dissolution occurs is dependent on the SiO4 tetrahedral network 

[266]. Due to the SiOx coatings being of amorphous nature with some crystallinity 

present, the dissolution rates will be slower than those of amorphous silica. 

Therefore, the increase in corrosion resistance for the SiOx coatings 1:10, 1:12, 

1:14, 1:24 and 1:36 could be due to the formation of the corrosion barrier layer, 

followed by the dissolution of the SiOx coating into silicic acid. 

 

7.3 The effect of the corrosion resistance of SiOx coated HSS 

with varying thickness 

The thickness of a coated surface can influence the corrosion resistance of a 

coating. Increasing the coating thickness can improve the corrosion resistance of 

the coated surface. This section will look at the EIS results of the sample coated 

at HMDSO:O2 ratio 1:12, at different coating thicknesses. The sample 1:12 was 

chosen due to being the closest to that of stoichiometric SiO2, and to investigate 

whether the low resistance values at DOE 2 µm, resonate throughout the different 

thicknesses. The coating thicknesses studied in this section are DOE thickness 
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1 μm, 2 μm, 3.5 μm and 5 μm. The coating resistance and capacitance values for 

the 1:12 coatings with different thicknesses at 1 hour, 72 hours and 168 hours 

are presented in Table 7.5, and the Rct values are plotted in the graph shown in 

Figure 7.14. 

The coating with the highest resistance is the coating with DOE thickness 5 μm, 

peaking at 1.45x107 Ω cm2 after 72 hours. The coating with the lowest resistance 

throughout the whole experiment has a 2 μm thickness, by one order of 

magnitude difference. The coating with the lowest thickness (1 µm), shows good 

corrosion protection when compared with the 2 μm coating. However, the Rct of 

the 1 µm coating decreases throughout the experiment from 6.83x106 Ω cm2 after 

1 h, to 2.36x106 Ω cm2 after 72 h then 1.30x106 Ω cm2 after 168 h. Surprisingly, 

the Rct after 1 hour is the highest for the 1 µm coating. The higher Rct may be due 

to the electrolyte penetrating through the coating at a faster rate, due to having a 

lower thickness and therefore a shorter pathway for the electrolyte to reach the 

HSS surface. The coatings with a thickness of 2, 3.5 and 5 μm, increase in 

resistance throughout the experiment. This increase suggests that the coatings 

are becoming more protective throughout, and it is expected that the coating with 

the highest resistance would have a thicker coating. The 5 µm coating has the 

largest resistance value after 168 h (9.71x106 Ω cm2), when compared to the 

other coatings – so proves to have the best corrosion resistance. 
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Figure 7.14. A comparison of the coating resistance (Rct) over time for the 
SiOx coatings with a HMDSO:O2 ratio 1:12 and varying thicknesses. 

 

Rct values reported by Ning et al. [24] are comparable to the Rct measurements 

after 1 hour. Ning et al reported values of 3.077x106 Ω cm2, 5.365x106 Ω cm2  and 
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322.7 nm, respectively. The measurements were taken after a 0 hour immersion 

time, and show an increased Rct with an increase in the thickness of the coating. 

The coating deposited at 1 μm, after 1 hour immersion does not follow this trend, 

and has the highest resistance when compared to the thicker coatings. The data 

reported by Ning, uses a corrosive environment of geothermal water and a 

temperature of 90°C, however, the corrosion protection trend of the coatings is 

comparable to that of the SiOx coated HSS. 
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Table 7.5. Resistance and capacitance values for HMDSO:O2 sample 1:12, at different coating thicknesses (1 µm, 2 µm, 3.5 µm 
and 5 µm). Values are evaluated at 1 hour, 72 hours and 168 hours. 

Thickness 

(μm) 

Rs 
(Ω cm2) 

RSiOx 
(Ω cm2)x105 

CPESiOx 
 

 Rcorr 
(Ω cm2) x105 

CPEcorr 
 

 Rct 
(Ω cm2) x105 

CPEdl 
 

 

   Yo 
Ω–1 cm–2 sn 

n  Yo 
Ω–1 cm–2 sn 

n  Yo 
Ω–1 cm–2 sn 

n 

  1 hour  

1 6637 0.49 4.25x10-8 0.8 1.54 7.54x10-8 0.9 68.3 1.84x10-7 0.9 

2 437.2 0.27 1.71x10-8 0.8 0.47 1.33x10-6 0.6 2.79 2.37x10-7 0.8 

3.5 2782 3.19 2.9x10-9 0.9 17.4 2.62x10-8 0.7 31.7 1.07x10-7 1.0 

5 6637 0.94 8.48x10-11 1.1 6.11 8.31x10-8 0.5 66.5 1.04x10-7 1.0 

  72 hours  

1 4619 0.095 8.55x10-9 0.9 0.91 2.82x10-6 0.5 23.6 3.39x10-5 0.9 

2 145.2 0.12 2.41x10-8 0.7 1.25 1.79x10-6 0.6 4.02 1.64x10-5 1.0 

3.5 3612 2.43 9.58x10-10 1.0 10.8 1.58x10-8 0.8 32.1 3.25x10-6 0.9 

5 4619 0.54 3.18x10-10 1.1 4.23 1.45x10-7 0.6 145 1.15x10-6 0.9 

  168 hours  

1 5858 0.092 4.87x10-7 0.5 0.096 5.62x10-6 0.7 13.0 4.52x10-5 0.9 

2 345.3 0.19 1.77x10-7 0.7 1.69 1.54x10-6 0.5 3.42 4.73x10-5 1.0 

3.5 4479 0.28 1.19x10-10 1.2 7.22 1.40x10-8 0.7 60.2 4.75x10-6 0.9 

5 5858 0.26 5.52x10-11 1.3 3.83 1.23x10-7 0.6 97.1 1.69x10-6 0.9 
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The capacitance (CPEdl) of the coatings with different thicknesses varies over 

time, as shown in Table 7.5 and Figure 7.15. All coating thicknesses present an 

increase in the capacitance values throughout the experiment, with coatings 

deposited at 1 µm and 2 µm exhibiting an increase in capacitance by 2 orders of 

magnitude from 1.18x10-7 Ω–1 cm–2 sn and 2.3x10-7 Ω–1 cm–2 sn to 4.52x10-5 Ω–1 

cm–2 sn and 4.73x10-5 Ω–1 cm–2 sn, respectively. The coatings deposited at 3.5 µm 

and 5 µm saw an increase in capacitance values by 1 order of magnitude from, 

1.07x10-7 Ω–1 cm–2 sn and 1.04x10-7 Ω–1 cm–2 sn to 4.75x10-6 Ω–1 cm–2 sn and 

1.69x10-6 Ω–1 cm–2 sn, respectively. The increases in the capacitance values 

shows that the coatings are becoming less protective throughout the experiment, 

and coatings with thicknesses 1 and 2 µm are the least protective. 

 

Figure 7.15. A comparison of the CPEdl values over time (1 h, 72 h and 168 
h) for the SiOx coatings with HMDSO:O2 ratio 1:12 and varying 
thicknesses. 
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corrosion performance due to having the largest Rct after 168 hours and the 

smallest capacitance. The coating with a thickness of 2 µm shows the least 

corrosion protection due to the low and decreasing resistance values, and the 

high and increasing capacitance values. 

7.4 Analysis of samples after corrosion tests 

Following the EIS experiments to determine the resistance and capacitance of 

the coatings, a sample was chosen to be analysed using SEM with EDX and also 

TEM. As the results from the analysis of the EIS data with varying HMDSO:O2 

ratios showed an increase in resistance from 1-72 hours, followed by a decrease, 

the sample with ratio 1:20 with a thickness of 2 μm was chosen to assess the 

behaviour of the coatings. With sample 1:20 having one of the highest resistance 

values, but also showing the trend of increasing resistance between 1 and 72 

hours, it was chosen to determine the hypothesis proposed with regards to the 

corrosion layer formation. 

7.4.1 Mechanical characterisation of the SiOx coatings after the EIS 

experiments 

The impact of the SiOx coatings being exposed to the NaCl solution for 168 h can 

lead to the mechanical properties of the coatings being changed. The hardness 

values for the post-EIS coatings are given in Table 7.6, with a comparison to the 

hardness values prior to EIS. The hardness of the coatings at HMDSO:O2 ratios 

1:14, 1:16, 1:20 and 1:24 decrease after the EIS experiments. The reasoning for 

the decrease may be due to the electrolyte and the corrosion test weakening the 

coating structure through electrolyte penetration of the coatings, leading to the 

formation of an oxide layer due to reaction of the electrolyte with the HSS. The 

hardness of the coatings 1:10 and 1:12 remains the same prior to EIS and after. 
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Table 7.6 A comparison of the hardness of the SiOx coatings with varying 
HMDSO:O2 ratios and a DOE thickness of 2 μm, prior to EIS and after EIS 
(168 h). 

HMDSO:O2 ratio Post-EIS 

Hardness (GPa) 

Pre-EIS  

Hardness (GPa) 

1:10 4.7 ± 1.2 5.9 ± 1.0 

1:12 5.2 ± 0.5 5.1 ± 0.5 

1:14 1.7 ± 0.1 4.6 ± 0.2 

1:16 2.2 ± 0.1 5.0 ± 0.4 

1:20 2.3 ± 0.1 5.9 ± 0.8 

1:24 1.3 ± 0.1 5.9 ± 0.5 

 

7.4.2 SEM cross sectional analysis with EDX analysis 

Following the corrosion tests, the appearance of the coating remained 

unchanged, with no visible signs of cracking or delamination. Therefore, focused 

ion beam (FIB) cross sectional analysis was carried out to study the chemistry of 

the coating at the coating/substrate interface, after the 168 hour EIS experiment. 

The SEM images are shown in Figure 7.16, and are shown for sample with 

HMDSO:O2 ratio 1:20 with a DOE thickness of 2 μm, both before and after EIS 

experiments and at different magnifications.  
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Figure 7.16. SEM images for the sample with HMDSO:O2 ratio 1:20, and 
DOE thickness of 2 μm, pre and post EIS experiments at different 
magnifications. a) 1:20 before EIS and b) 1:20 after EIS at 20 000x 
magnification, c) 1:20 before EIS and d) 1:20 after EIS at 50 000x 
magnification. 

 

From the images, there is a clear change in the surface texture and roughness 

when comparing the images before EIS and after EIS experiments. The images 

show no clear signs of delamination after the experiment, but due to the change 

in surface texture and the water uptake values for sample 1:20, the electrolyte 

may have penetrated the coating and created swelling. Figure 7.17 shows the 

FIB cross sections of the sample 1:20 at DOE thickness 2 μm. The thickness of 

each sample has been applied, with a thickness of 1.76 μm before EIS and 1.80 

μm after EIS. The slight change in the thickness could be from the penetration of 

the electrolyte through the coating, resulting in some water uptake by the 

coatings. 
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Figure 7.17 FIB cross section of the SiOx coated sample with HMDSO:O2 
ratio 1:20 and DOE thickness 2 μm, a) before EIS and b) after EIS. 

 

A series of line scans were recorded using EDX, after the experiment. The line 

scans for both samples and 1:20 are shown in Figure 7.18. Lines scans for the 

elements of oxygen (O), silicon (Si), iron (Fe) and chromium (Cr) are shown for 

both samples. From the line scans, both samples are showing a trace of Cr in the 

SiOx coating. This may suggest that the Cr or CrO2/Cr2O3 from the HSS is being 

adsorbed through the coating during the experiment. This could be due to the 

NaCl solution getting through the pores in the SiOx coating, which could have 

been exacerbated during the experiment. 
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Figure 7.18. EDX line scans for SiOx coating with HMDSO:O2 ratio 1:20 and 
a DOE thickness 2 μm after 168 h EIS experiment. 

 

Due to the sensitivity of the SEM and EDX analysis, it is not clear to fully 

understand the trend that is being seen during the experiment and there is no 

clear solution to the proposed phenomena that is leading to the increased 

resistance. Therefore, it is useful to study a TEM image, with higher sensitivity, 

to propose a conclusion to the increased resistance and reduced capacitance. 

7.4.3 TEM analysis of sample 1:20 

The resistance values of the coatings at different HMDSO:O2 ratios show a trend 

that can only be determined through further investigation of the coatings. The 

hypothesised trend discussed in section 7.2.2.1 suggests the formation of a 

Cr2O3 corrosion layer between the HSS substrate and the SiOx coating, or the 

dissolution of the SiOx coated layer at the substrate coating interface. The EIS 

data suggest that this barrier layer may have been formed during the first 72 

hours of the experiment, due to the increase of resistance. Once formed, this 
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layer may have started to corrode after the 72 hours, as a reduction in the Rct 

values of the samples 1:14, 1:16, and 1:24. The sample with ratio 1:20 shows a 

slightly different trend, with a decrease in the Rct from 1 to 72 hours, followed by 

an increase. Figure 7.19 shows a theoretical mechanism of the reaction or 

process that may be occurring during the timeframe where the increase in Rct 

occurs. The Cl- ions from the NaCl may enhance the corrosion and the formation 

of a chromium oxide layer.  

 

Figure 7.19. Theoretical mechanism for the trends occurring in the 
resistance values of the SiOx coatings with HMDSO:O2 ratio 1:16, 1:20 and 
1:24, and a DOE thickness of 2 μm. 

 

The sample with ratio 1:20 and a DOE thickness of 2 μm, was selected for TEM 

preparation, imaging and EDX analysis. The reason for choosing this particular 

sample was due to the increase in the resistance values between 72 and 168 

hours, suggesting that the formed corrosion layer would still be present. TEM 
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imaging and EDX analysis has provided one possible avenue to theorise the 

increased resistance values of the SiOx coated HSS samples. 

One avenue, may be due to the formation of a corrosive layer during the EIS 

process. The TEM sample was prepared, as described in section 4.6.1.4 of the 

experimental chapter. The TEM image presented in Figure 7.20, shows a 

potential, small delamination area creating a pore or gap between the substrate 

surface and the coating. The image also, shows there is an additional, thin layer 

between the HSS substrate and the SiOx coating, measuring at ~5 nm. 

 

 

Figure 7.20 TEM imaging of SiOx coating with HMDSO:O2 ratio 1:20 with a 
DOE thickness 2 μm showing the SiOx coating and HSS interface with a ~5 
nm corrosion layer, after 168 h. 
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EDX analysis allowed the TEM sample to be explored further and to investigate 

the additional layer that is shown in the TEM image. Elemental mapping and line 

scan data from the TEM image are shown in Figure 7.21 and Figure 7.22 

respectively. 

 

 

Figure 7.21 The EDX elemental mapping of SiOx coating with HMDSO:O2 
ratio 1:20 and a DOE thickness 2 μm, from the TEM image, after 168 h. 

 



 
 

205 
 

From the elemental mapping analysis, Cr is present throughout the HSS 

substrate and also shows a considerable amount present at the coating, 

substrate interface. A small amount of iron also shows to be present, as well as 

oxygen. Suggesting that the corrosion layer could be chromium oxide, with iron 

a some iron oxide content as well. 

 

Figure 7.22. Line scan data from the TEM sample, 1:20 after the 168 hour 
EIS experiment. 

 

Furthermore, the line scan data also supports the elemental mapping data and 

suggests a chromium oxide layer is present between 10 and 15 nm, as shown in 

Figure 7.22. This ~ 5 nm layer, is consistent with the layer shown in the TEM 

image in Figure 7.20. Therefore, the formation of a corrosive layer during the EIS 

experiments may be due to the formation of a chromium oxide layer, through the 

penetration of chloride ions through the SiOx coatings. This potentially leads to 
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the adsorption of Cl- ions through the coating, leading to degradation of the and 

corrosion of the HSS, thus resulting in the release of Cr to react with O2. 

The increase in resistance values and the decrease in capacitance values 

between 1 and 72 hours for samples 1:14, 1:16 and 1:24 can be determined to 

be from the formation of a Cr2O3 corrosive layer. The decrease of the Rct values 

from 72 hours to 168 hours may be due to this corrosive layer slowly dissipating, 

however still maintaining a layer small layer of Cr2O3 and providing an extra 

corrosion protection due to the overall increase in resistance throughout the 

duration of the experiment. 

7.5 Summary of chapter 

In summary, this chapter has shown the experimental data from the 

potentiodynamic results, electrochemical impedance spectroscopy and analysis 

of the samples post-EIS analysis. The use of inorganic SiOx coatings for their use 

a protective layer against corrosion has proven to be promising. The addition of 

an SiOx layer provides the HSS substrate with an increase in the corrosion 

resistance.  

7.5.1 The effect of the HMDSO:O2 ratio on the corrosion properties of 

SiOx coated HSS 

• From the potentiodynamic results, extrapolation of the Tafel curves has 

shown that all coated samples are more protective than that of an 

uncoated HSS sample. The corrosion current values (icorr) for the SiOx 

coated samples with a DOE thickness of 2 μm are lower than those 

proposed in the literature, indicating a better corrosion resistance. 

• The EIS data has shown that the most protective sample is 1:14 at the 

DOE thickness of 2 μm, as it gives the highest increase in resistance from 
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1 hour to 168 hours and decreases in capacitance throughout the 

experiment. 

• The least protective coating is shown to be 1:12, due to the lower 

resistance values and higher capacitance values, compared to all other 

samples. However, the coating 1:12 with a DOE thickness of 2 μm shows 

a different trend in the resistance and capacitance values, when compared 

to the other ratios. Sample 1:12 exhibits a slight increase in Rct throughout 

the duration of the experiment, suggesting that the sample is becoming 

more protective. 

• The samples 1:16, 1:20 and 1:24 exhibit a particular trend throughout the 

duration of the EIS experiment. The samples increase in resistance overall 

but have a larger increase in resistance between 1 and 72 hours, followed 

by a slight decrease between 72 and 168 hours. 

• A proposed theory for these phenomena is the formation of a corrosive 

layer during the first 72 hours of the experiment, followed by the 

destruction of the layer after 72 hours, shown from the decrease in 

resistance values. 

• SEM/EDX and TEM imaging were used to understand the proposed 

theory. The SEM imaging showed that the texture and roughness of the 

surface remains largely unchanged, and there are no visible pores on the 

coating surface. 

• EDX analysis suggests that chromium is being adsorbed through the SiOx 

coating. The TEM imaging with elemental mapping and line scans showed 

that an additional layer is present between the surface of the HSS 

substrate and the SiOx coating, measuring ~ 5 nm. This elemental 

mapping and line scan data also show that a layer has formed between 
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the coating and substrate. The layer is shown to be a chromium oxide 

layer, as shown in the line scan data between 10 and 15 nm. This is also 

in agreement with the TEM image, with the layer measuring ~ 5 nm, thus 

concluding that a chromium oxide layer is formed during the experiment, 

allowing for extra corrosion protection and increasing the resistance of the 

coating. 

7.5.2 The effect of the thickness on the corrosion properties of SiOx 

coated HSS 

• The sample coated with HMDSO:O2 ratio 1:12 was used for the 

determination of corrosion resistance and capacitance at different 

thicknesses. 

• The corrosion resistance of the coating increases when the thickness is 

increased from 1 μm through to 3.5 μm. The coating with a thickness of 5 

μm has a lower corrosion resistance compared to the coating at 3.5 μm. 

• The coating with the least protection has a coating thickness of 1 μm. The 

corrosion resistance of this coating also decreases with the duration of the 

experiment, suggesting that it is becoming less protective. This is also 

backed up by the increase in the capacitance values for this coating. 

Overall, both the HMDSO:O2 ratio and the thickness have an effect on the 

corrosion performance of the SiOx coated HSS. The sample 1:24 at a DOE 

thickness of 2 μm how the highest coating resistance, and is therefore the most 

protective coating. With respect to the thickness, the coating with ratio 1:12 and 

a DOE thickness of 3.5 μm gives the highest coating resistance and lowest 

coating capacitance. Therefore suggesting that a coating thickness of 3.5 μm, 

provides a more corrosion resistant coating. 
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Chapter 8 – Conclusions and Further Work 

8.1 Conclusions 

This study has provided an insight into the MW-PECVD method for depositing 

SiOx coating onto a HSS substrate using a MW-PECVD technique for the 

deposition. The mechanical, chemical and microstructural properties were 

analysed with respect to the HMDSO:O2 ratios and the coating thickness. The 

corrosion properties of the coatings were also explored, again focussing on the 

HMDSO:O2 ratios and the thickness of the coatings. The conclusions for the work 

are explored in further detail in this chapter. 

A large matrix of coatings have successfully been developed using the MW-

PECVD coating technique. Varying the precursor HMDSO:O2 ratios allowed a 

thorough comparative study of the mechanical, chemical and microstructural 

properties. The SiOx coatings deposited using this coating method were found to 

be crystalline in nature, unlike many other SiOx coatings which have been found 

to be largely amorphous. The MW-PECVD method enables coatings with a 

different microstructure to be deposited and thus changes the characteristics and 

properties of the SiOx coatings. 

8.1.1 The effect of the HMDSO:O2 ratio on the properties of SiOx 

coatings 

• The HMDSO:O2 ratio has an effect on the chemical structure of the SiOx 

coatings. Increasing the ratio, and therefore the oxygen concentration 

results in an increase in the O2 concentration, and the amount of carbon 

present in the film was decreased. This leads to a more inorganic coating, 

SiO2-like coating, whereas the lower oxygen concentration resulted in a 

more organic-like coatings due to the presence of carbon.  
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• The increase in the oxygen concentration during the depositions result in 

varying Si:O ratios. The coating deposited at ratio 1:12 and a DOE 

thickness of 2 μm resulted in a purely stoichiometric coating, where x = 2, 

therefore 1:12 = SiO2. 

• The microstructure of the coatings is also affected by the oxygen 

concentration during the deposition, resulting in the coatings having 

different crystallite sizes. There is, however, no distinct trend that can be 

distinguished from the crystallite size and HMDSO:O2 ratio dependence. 

• The nanomechanical results calculated from nanoindentation vary with 

HMDSO:O2 ratio. However, there are no clear trends to conclude whether 

the increase in oxygen concentration affects the mechanical properties of 

the coatings. The hardness of the coatings is greater than 5 GPa, with the 

exception of coating 1:14. 

• The polarisation measurements showed that the SiOx coatings provide the 

HSS substrate with some corrosion protection. This is observed with a 

decrease in the corrosion current density and an increase in the corrosion 

potential, when compared to that of an uncoated HSS substrate. 

• The curves also present a pseudo-passivation behaviour of the coatings, 

as shown by the anodic polarisation curve. 

• The corrosion resistance of the coatings varies with the HMDSO:O2 ratios, 

but there is no discernible trend observed to suggest that increasing the 

oxygen concentration has an effect on the corrosion resistance. The 

coating with the highest corrosion resistance is sample 1:14 with DOE 

thickness 2 μm, however this coating demonstrates a large decrease in 

the hardness after EIS testing. The reduction in hardness may be 

indicative of the water uptake exhibited by the coating. 
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• The sample with ratio 1:12 saw an increase in the hardness of the coating 

after the EIS test. This is the only sample to exhibit this behaviour. It is 

also the only coating to have a steady increase of the corrosion resistance 

throughout the duration of the experiment. This concludes that the coating 

is becoming more protective over time and may be the result of a corrosion 

oxide layer forming between the coating and substrate interface. 

• Some of the coatings (1:10, 1:14, 1:16 and 1:24) exhibited a behaviour in 

which the corrosion resistance increased from 1 to 72 hours, and was 

followed by a decrease from 72 to 168 hours. The increase in resistance 

suggests that the coating is becoming more protective, and may be due to 

the formation of an extra oxide layer. This hypothesis was investigated 

through further analysis after the electrochemical experiments. 

• TEM imaging with EDX analysis proved the formation of ~5 nm chromium 

oxide layer between the coating and the substrate interface. Thus, 

supporting the hypothesis. 

8.1.2 The effect of the thickness of the SiOx coatings 

• The comparison of the average crystallite size using both methods, with 

the thickness of the coatings shows slightly different trends for coatings 

with the different HMDSO:O2 ratios. Using the Scherrer method, all of the 

coatings exhibited an overall decrease in the average crystallite, with an 

increase in the film thickness from 1 μm through to 5 μm. On the other 

hand, the Williamson-Hall method showed that sample 1:12 and 1:16 

agreed with the Scherrer trend, as there was an overall decrease in the 

crystallite size with increasing film thickness. The coatings with ratios 1:14 
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and 1:20 however showed an overall increase in the film thickness, 

agreeing with the finding reported by Zhang et al [243]. 

• The corrosion resistance of the coatings is also affected by the thickness. 

Sample 1:12 was used to carry out EIS experiments on the different 

thicknesses. There was an increase in the corrosion resistance with 

increasing thickness from 1 μm through to 3.5 μm, however the 5 μm 

thickness then saw a decrease. Therefore, concluding that the SiOx 

coating with ratio 1:12 and a DOE thickness of 3.5 μm provides the best 

coating resistance. 

Overall, the most promising SiOx coating based on the corrosion properties has 

a HMDSO:O2 ratio 1:14, as it has the highest corrosion resistance. However, it 

could be argued that the coating with ratio 1:12 could be one of the best coatings 

due to being purely stoichiometric at DOE thickness 2 μm, and great 

microstructural properties. The corrosion resistance of this coating, although an 

order of magnitude lower in comparison to the other coatings, has proven to 

perform the best during the EIS experiment. The water uptake is the lowest when 

compared with the other coatings, and it is the only coating to demonstrate an 

increased hardness after the EIS experiment. It can be concluded from these 

results that the formation of the oxide layer during the electrochemical tests, 

enhances the properties of the SiOx coating. 

8.2 Further Work 

The work in this thesis has provided a great insight into the chemical, 

microstructural and corrosion properties of SiOx coatings. There is great potential 

to further enhance the current study and build upon the knowledge within this 
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area and to work towards a particular application. The opportunities identified for 

the further avenues of work could be: 

• Further development of the coating procedure and parameters, with the 

avenue of investigating the breakdown of the HMDSO within the 

deposition chamber and the deposition chemistry. The use of optical 

emission spectroscopy (OES) during the deposition can be used to study 

the trace elements within the chamber, and therefore allows the 

breakdown of HMDSO to be observed and how it reacts with O2. 

Understanding the species present within the chamber will be able to help 

further control the deposition of SiOx coatings. 

• To carry out further electrochemical tests using EIS for more prolonged 

periods of time and to study the long term impact on the corrosion 

resistance of the coatings, as well as defining the breakdown of the 

coatings. A small matrix of coatings would be further investigated including 

1:12, 1:14, 1:16 and 1:24, due to the corrosion behaviour of the coatings. 

The experiments could be performed over a 1 and 6 month period. 

• For more application specific SiOx coatings, perform EIS experimentation 

using different corrosive media, for example; acidic solutions – phosphoric 

acid (H3PO4) for use in a phosphoric acid fuel cell, alkaline solution – KOH 

for alkaline fuel cells. 

• To further characterise the corrosion layer formed during the EIS tests. 

This could be studied through: 

o Examining the corroded area of the SiOx coatings, using TEM and 

EDX analysis, at 24 hour intervals to study how and when the layer 

is formed over time. 
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o Utilising FTIR and Raman analysis to examine the Si-O bonding 

both prior to EIS experiments and after the experiments to see if the 

corrosive media affects the chemistry and bonding of the SiOx 

coating. 
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Appendix A: SEM imaging 

 

 

Figure A.9.1 SEM micrographs for the SiOx samples coated at varying 
HMDSO:O2 ratios a) 1:10, b) 1:12, c) 1:14, d) 1:16, e) 1:20, f) 1:24 an g) 1:36, 
all with a 2 μm DOE thickness. 
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Appendix B: Nyquist and Bode plots 

 

 

 

Figure B.1 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:10 and DOE thickness 2 μm. 
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Figure B.2 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:12 and DOE thickness 2 μm. 
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Figure B.3 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:14 and DOE thickness 2 μm. 
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Figure B.4 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:16 and DOE thickness 2 μm. 
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Figure B.5 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:24 and DOE thickness 2 μm. 
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Figure B.6 – Nyquist and Bode plots for SiOx coating with HMDSO:O2 ratio 

1:36 and DOE thickness 2 μm. 
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