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Abstract 

Steel-polymer composites have been extensively used in automotive, construction, 

marine, and appliance industries due to their high strength-to-weight ratio, strong impact 

resistance, excellent corrosion resistance, and design flexibility. Bonding of polymer to 

steel is challenging due to the difference in the chemical and physical properties of 

materials. Conventional joining techniques for steel-polymer composites (i.e., adhesive 

bonding, mechanical fastening, welding, and injection moulding) have several drawbacks 

such as the requirement for complex surface treatment that usually results in the release of 

volatile organic compounds, the generation of stress concentration, high-energy 

consumption, the limitation of joining size, and the restriction of polymer types. Therefore, 

the development of an alternative joining technology suitable for steel-polymer composites 

is desirable. 

This study demonstrates a novel adhesive-free bonding method for manufacturing 

steel-polymer composites based on a galvanised steel-mediated surface-initiated 

polymerisation (GSM-SIP) technique. This method works without the need for adhesives, 

solvents, or other additives which are costly, and can be toxic. The proposed mechanism 

involves the formation of ZnO photocatalysts on galvanised steel (GS), and photo-

excitation of this ZnO to produce free radicals that are capable of initiating polymerisation. 

In the GSM-SIP process, the activated surface and monomers are placed in contact under 

UV irradiation, creating a low concentration of hydroxyl radicals to initiate polymerisation. 

The polymerisation process continues until monomers are consumed or removed.   

The mechanism of GSM-SIP was elucidated through a series of experiments. We 

hypothesised that ZnO photocatalysts are generated by the thermal decomposition of zinc 

compounds and the thermal oxidation of metallic zinc on the surface of GS. Thus, we 
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thermally treated GS and investigated the chemical composition of GS surface before and 

after thermally treatment by X-ray photoelectron spectroscopy (XPS). The modified Auger 

parameter of Zn indicated the existence of zinc carbonate hydroxide on the surface of 

untreated GS and validated the formation of ZnO on the surface of thermally treated 

galvanised steel (TTGS). Fluorescence spectra confirmed the formation of hydroxyl free 

radicals (•OH) on UV- illuminated TTGS and suggested the proposed mechanism involves 

the photo-excitation of ZnO on TTGS and reaction with surrounding oxygen-containing 

species to general hydroxyl free radicals. 

We also found that polymers synthesised by GSM-SIP have controlled molecular 

weights and low polydispersity index (PDI). Poly (methyl methacrylate) (PMMA), poly 

(methyl acrylate) (PMA), poly (butyl methacrylate) (PBMA), and poly (butyl acrylate) 

(PBA) with controlled molecular weights and low PDI (<1.5) were successfully synthesised, 

and their copolymers were reproducibly obtained under ambient atmosphere by GSM-SIP. 

Poly (diurethane dimethacrylate) (PDUDMA) and poly [poly (ethylene glycol) methyl 

ether methacrylate] (PPEGMEMA) were also synthesised in the same way. The 1H NMR 

spectra of the resulting polymers evidenced a significant reduction in the signal intensity 

of the characteristic peaks assigned to double bond (C=C), indicating a high degree of 

conversion. Size-exclusion chromatography revealed that the obtained polymers have high 

molecular weights and narrow molecular weight distributions (PDI < 1.5), which suggested 

that the well-controlled structure was achieved. A range of polymers and copolymers with 

various glass transition temperatures (Tg) and flexibilities were successfully produced, 

indicating the versatility of the process.  

The influences of photoinitiators, irradiation parameters, temperatures, and monomer 

feed ratio on the polymerisation rate and the resulting polymer properties were investigated. 
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The polymerisation was conducted using two types of photoinitiators, galvanised steel (GS) 

and zincalume (ZnAl) (steel with 55% zinc and 45% aluminium coating) photoinitiators to 

investigate the effects of photoinitiators. Both thermally treated GS (TTGS) and thermally 

treated ZnAL (TTZnAl) photoinitiators provided control over molecular weights and 

molecular weight distributions. TTGS photoinitiator gave a higher polymerisation rate than 

TTZnAl, but TTZnAl yielded polymers with higher molecular weights. Polymerisations 

carried out at a higher UV intensity and a longer irradiation time resulted in lower molecular 

weight polymers with a higher polymerisation rate. A higher polymerisation temperature 

resulted in higher polymerisation rate, but the molecular weight of the polymers did not 

show any significant temperature dependence. Moreover, different proportions of methyl 

methacrylate (MMA) and butyl methacrylate (BMA) were copolymerised to investigate the 

effect of the monomer feed ratio on the glass transition temperature. It was found that the 

monomer feed ratio is the critical parameter governing the glass transition temperature of 

the resulting polymers.  

We hypothesised that the bonding strength of the steel-polymer composites would be 

enhanced. Hence, we conducted a series of experiments to compare the bonding strength 

of our composites with conventional epoxy systems. A series of PDUDMA coatings was 

prepared by GSM-SIP and measured by a standardised pull-off method. The pull-off test 

results revealed that the PDUDMA coating systems applied on galvanised steel have higher 

adhesion strength compared to epoxy coating systems.  
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1. Introduction 

Steel-polymer composites, particularly galvanised steel-polymer composites, are widely 

used in the automotive, construction, marine, and appliance industries [1] [2]. These 

composites have several advantages over steel alone, such as higher strength-to-weight ratio, 

stronger impact resistance, better corrosion resistance, and more design freedom [3]. Among 

the steels used in composites, galvanised steel (GS) is most commonly used for outdoor 

structures because of its excellent corrosion resistance and relatively low price compared to 

stainless steel. With the growing demand for high-performance composites, steel–polymer 

composites have been challenged by weak adhesion between the steel and polymer interfaces 

since they have very different physical and chemical characteristics [4]. Conventional 

techniques for the manufacture of steel-polymer composites include adhesive bonding, 

mechanical joining, welding, and injection moulding [5]. However, conventional techniques 

present many drawbacks. For instance, the process involved in adhesive bonding may cause 

the emission of volatile organic compounds, which requires multiple surface treatment steps 

[6]. Mechanical joining results in considerable stress concentration at the point of fastening [7]. 

Welding techniques such as laser welding, ultrasonic welding, and friction welding are energy 

intensive [5]. Injection moulding has size limitations and high initial tooling costs [8]. 

Moreover, welding and injection moulding technologies can only be employed on 

thermoplastic polymers [9]. These problems restrict the practical application of conventional 

manufacturing methods. Therefore, it is desirable to develop an alternative joining technology 

for steel-polymer composites that can effectively overcome the above shortcomings. 

We hypothesised that the photoactive species on the surface of thermally treated 

galvanised steel could initiate polymerisation; and further, that such a surface-initiated polymer 

would be strongly bonded to the galvanised steel substrate. Accordingly, we developed a novel 
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adhesive-free method for manufacturing steel-polymer composites based on galvanised steel-

mediated surface-initiated polymerisation (GSM-SIP) technique. This method works without 

the need for adhesives, solvents, or other additives, which are costly and can be toxic. The 

manufacture of a composite is accomplished by direct polymerisation of flowing monomers to 

synthesise the polymers. The enhanced bonding strength at the steel-polymer interface is 

probably due to more intimate contact between the formed polymer and the substrate. 

The polymerisation of several different types of vinyl monomers was carried out using 

TTGS as a photoinitiator to examine the photoinitiation efficiency of thermally treated 

galvanised steel (TTGS). The resulting polymers were investigated using a range of 

characterisation methods. The mechanism of GSM-SIP was also elucidated. The influences of 

photoinitiators, irradiation parameters, reaction temperatures, and monomer feed ratio on the 

polymerisation rate and the resulting polymer properties were investigated. The bonding 

strength and corrosion resistance of steel-polymer composites were evaluated. 

1.1 Objectives 

The primary objective of this research was to develop a novel adhesive-free bonding 

method for manufacturing steel-polymer composites. Other related purposes comprised 

investigating the effects of polymerisation conditions on the resultant polymer properties and 

evaluating the bonding strength and corrosion resistance of steel-polymer composites. The 

specific tasks included: 

(1) Establish whether it is possible to develop an adhesive-free bonding method based on 

GSM-SIP for manufacturing steel-polymer composites. 

(2) Investigate the mechanism of GSM-SIP. 

(3) Understand the characteristics of polymers prepared by GSM-SIP.  

(4) Explore the range of monomers that are applicable to GSM-SIP technology.  
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(5) Investigate the influences of photoinitiators, irradiation parameters, reaction 

temperatures, and monomer feed ratio on the polymerisation rate and the resulting 

polymer properties.  

(6) Evaluate the bonding strength and corrosion resistance of steel-polymer composites 

and establish whether the bonding strength is improved.   

1.2  Thesis Outline 

This thesis is composed of eight chapters. This chapter introduces the motivation and 

objectives of the work, followed by the structure of the thesis. 

Chapter 2 presents a systematic literature review on steel polymer hybrids, including 

joining techniques and adhesion enhancement methods. An overview of surface-initiated 

polymerisation, particularly metal-based surface-initiated polymerisation, is introduced. 

Controlled free radical polymerisation is also reviewed. 

Chapter 3 describes the experimental methodologies used to produce and test the 

properties of the steel-polymer composites produced by GSM-SIP, including treatment of 

substrates and polymerisation procedures. General theories of the characterisation techniques 

used in this study and the details of the experimental parameters are provided as well.    

Chapter 4 reports the synthesis of ZnO on galvanised steel via thermal treatment. The 

surface chemical properties, morphology, and microstructure of galvanised steel before and 

after thermal treatment are studied in detail. The generation mechanism of ZnO is illustrated 

and supported by the thermal decomposition of zinc carbonate hydroxide. 

Chapter 5 describes how the homopolymerisation of methyl methacrylate (MMA) was 

tested as a universal approach to produce well-controlled polymers via GSM-SIP. A series of 

polymers with controlled molecular weights and low polydispersities were synthesised from 
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different vinyl monomers, proving that this method can be applied to a variety of vinyl 

monomers. It was also found that GSM-SIP was effective for synthesising multilayer polymers. 

Lastly, the mechanism of GSM-SIP is elucidated as well.  

Chapter 6 further discusses the effect of polymerisation conditions on polymer properties. 

The influences of photoinitiators, irradiation parameters, reaction temperatures, and monomer 

feed ratio on the polymerisation rate and the resulting polymer properties are systematically 

explored. 

Chapter 7 focuses on evaluating the bonding strength and corrosion resistance of 

galvanised steel-polymer composites. A series of PDUDMA coatings on different galvanised 

steel substrates were prepared as the objects of the experiment.  

Chapter 8 gives an overall summary, explores the practical applications of this research 

and suggests some potential research directions for future work. 
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2. Literature Review 

This thesis aims to test the feasibility of developing direct steel-polymer bonding via 

surface-initiated polymerisation. This chapter presents a systematic literature review of steel 

polymer hybrids, including joining techniques and adhesion enhancement methods. The main 

characteristics, advantages, and disadvantages of conventional joining techniques are discussed. 

An overview of surface-initiated polymerisation, particularly metal-based surface-initiated 

polymerisation, is introduced. Controlled free radical polymerisation is also reviewed. 

2.1  Joining Steel Polymer Hybrids 

Steel-polymer composites have found a broad range of applications. They are widely 

used in the manufacture of products ranging from automotive components, electronic 

products, appliance components to aircraft and marine equipment [3] [10]. Typical 

configurations of steel-polymer composites include steel-polymer laminates, steel fibre 

reinforced polymers, steel fabric-polymers, and the polymer coatings on steel [1]. The 

introduction of polymeric sections to steel provides improved properties, such as high 

strength-to-weight ratio, strong impact resistance, excellent corrosion resistance, and design 

flexibility [11] . However, with the growing demand for high-performance composites, 

steel–polymer composites have been challenged by the weak adhesion between steel and 

polymer interfaces since they have very different physical and chemical characteristics [4]. 

Thus, enhancing the adhesion strength between steel and polymer is one of the most critical 

issues in the practical application of steel-polymer composites.  

This section reviews recent work relating to joining techniques and adhesion 

enhancement methods for joining steel polymer hybrids. Conventional joining techniques, 

such as adhesive bonding, mechanical joining, welding, and injection moulding are discussed, 
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emphasising to their main characteristics, advantages, and disadvantages. The adhesion 

enhancement methods, including surface treatment of steel, the introduction of a coupling 

agent, and treatment of polymer are also reviewed.  

2.1.1 Joining Techniques for Steel Polymer Hybrids 

The research state in the manufacture of steel-polymer composites, as well as the main 

characteristics, advantages, and disadvantages of various joining techniques are reviewed. 

Adhesive Bonding  

Adhesive bonding is economical, practical and easy to carry out and thus has been widely 

used for joining steel polymer hybrids [12]. Adhesives consist of binder materials and other 

compounds, such as non-reactive resins, filters, solvents, and hardeners [13]. The commonly 

used adhesives are synthetic polymers, such as epoxy resins, polyphenolics, polyvinyl acetate, 

polyurethanes, acrylics, and synthetic block copolymers [14]. These adhesives are widely used 

for bonding structural steels, such as galvanised steels, stainless steels, and alloy steels [15]. 

Adhesive bonding relies on the formation of intermolecular attractions between the steel 

substrate and the polymer by wetting the surfaces and subsequently curing or adhering [16].  

Adhesive bonding has many advantages compared to other joining techniques. Adhesive 

bonding offers lower stress concentration, increased fatigue resistance, and higher strength-to-

weight ratio compared to mechanical joining and welding [6]. Moreover, adhesive bonding can 

join delicate parts which are difficult to process by mechanical joining and welding [17]. 

However, there are also disadvantages when using adhesive bonding. Adhesive bond joints are 

difficult to repair or recycle as joints cannot be disassembled without damage [15]. Adhesive 

bonding requires a clean and well-prepared steel surface because surface contamination may 

prevent direct contact and bonding at the interface [18]. Therefore, various cleaning methods 

are applied. Mechanical cleaning, i.e., brushing, grinding, and blasting, is often used to remove 
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contaminations, such as rust, scale, carbonised oil, or old paint [19]. Other contaminant, such 

as fats, oils, and waxes can be removed by degreasing with organic solvents [20]. Chemical 

cleaning is often combined with mechanical cleaning to achieve a better cleaning effect [21]. 

The choice of the pre-treatment methods depends on the type of contamination and the size of 

the steel substrate. In the case of galvanised steel, in addition to the cleaning, some pre-

treatment may be applied to enhance the bonding strength. For instance, Bajat et al. [22] 

immersed hot-dip galvanised steel into a phosphate solution before applying an epoxy coating. 

The phosphate solution provided degreasing and pickling, thus enhanced the bonding strength 

at the interface.  

 Moreover, adhesive bonding may cause the emission of volatile organic compounds [6]. 

Most adhesives contain significant levels of volatile organic compounds, such as organic 

solvents, organic reaction resins, and hardeners. The bonding strength is generally achieved 

through the evaporation of the solvents, or the reaction of resins and hardeners coupling with 

solvents. A further limitation is the difficulty in predicting the durability of adhesively bonded 

joints under humid or corrosive environments [5]. Hence, anti-corrosion agents and coupling 

agents are usually applied for performance improvement.  

Mechanical Joining 

Mechanical joining is a common method used for joining metal and polymer parts.  

Mechanical joining falls into two categories: mechanical fastening that includes joining 

components, such as nuts, bolts, screws, pins and rivets; and integral jointing which does not 

require additional subassemblies [6]. One example of integral jointing is mechanical clinching. 

Unlike fastened joints, clinched joints are produced by a process of plastic deformation without 

using any additional joining components by the application of a punch or a die [23].  
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Applications of mechanical joining are numerous and well established in the market 

mainly because they are easy to assemble or disassemble without destroying the structure 

which facilitates the recycling or replacement of parts [5]. Another advantage is that 

mechanical joining requires less surface preparation in comparison to other joining techniques 

[24].  Moreover, there is no distortion induced by heat. However, mechanical joining also 

comes with some shortcomings. The primary concern is the evolution of stress concentration 

around the joining point [25]. The stress concentration increases over time due to the 

differences between the thermal expansion coefficient of polymer and the metal parts. The 

stress concentration in joints causes strength degradation and eventually induces corrosion [26]. 

Besides, the local protrusion of joining area results in geometrical unevenness.  

Injection Moulding 

Injection moulding is an effective technique for the large-scale production of steel- 

polymer composite with a specific desired shape [27]. Before injection, the steel part is usually 

stamped or punched to create stamped or perforated metal with the pattern of holes or 

decorative shapes [28]. Galvanised steel sheet is one of the most commonly used materials for 

manufacturing such a perforated part [29]. The injection moulding usually consists of filling, 

packing, cooling and de-moulding [30]. The steel part is firstly placed in a designed mould, 

and then molten polymer penetrates into the perforated steel to form mechanical interlock after 

cooling [1]. Steel-polymer composites prepared by injection moulding alone usually have 

insufficient adhesion strength for load-bearing structures [28]. Various treatments are 

processed on the surface of the steel part to improve adhesion strength. The commonly used 

treatments include surface topography modification, plasma treatment, and the use of chemical 

coupling agent [6].  
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Injection moulding has been widely used in automotive, aerospace, marine, and 

construction industries due to the requirements for varied shapes and styles, a high degree of 

automation, reduction in waste, and to reduce the need for finishing [30]. Despite various 

advantages, there are some limitations as well. Injection moulding has high tooling, and high 

maintenance costs. Expensive design fees and lengthy lead times for mould manufacturing 

further increase production costs [31]. Besides, this technique is only appropriate for 

thermoplastic polymers [32]. 

Welding  

Effective welding techniques for joining steel polymer hybrids include laser welding, 

ultrasonic welding, friction welding, conductive welding, and microwave welding [9]. Welding 

is accomplished by melting or softening polymer that consequently forms a bond between steel 

and polymer [5]. Heating is usually generated by mechanical movements (i.e., ultrasonic, spin, 

linear vibration), external heat sources (e.g., hot plate, hot gas, hot bar), or electromagnetism 

(e.g., laser, infrared, microwave) [33] [34]. Compared to mechanical joining, welding reduces 

stress concentrations due to the absence of holes and has higher strength-to-weight ratio 

because additional joining components are not necessary [35]. Moreover, welding techniques 

require less surface treatment compared to adhesive bonding and injection moulding [6].  

Welding techniques display some disadvantages, such as being energy-intensive and the 

polymer deteriorating from the high energy inputs [36]. Moreover, welding is limited to 

thermoplastics because thermosets do not melt due to their highly cross-linked structures [37].  

2.1.2 Adhesion Enhancement Methods 

Steel-polymer composites frequently suffer from poor adhesion strength due to the 

differences in the mechanical, chemical, and thermal properties of the materials [38]. A 

variety of adhesion enhancement methods have been introduced to provide solutions to 
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the inherently poor steel-polymer adhesion. In this section, we focus mainly on surface 

treatments of the steel substrate and polymer for adhesion promotion. 

Surface Topography Modification of Steel  

The objective of modifying the surface topography of steel is to create a mechanical 

interlocking effect at the interface of the steel-polymer composites [39]. Surface treatments 

such as surface patterning, chemical etching and thermal treatment alter the structural and 

surface properties of steel to enhance the mechanical bonding to polymer matrices without 

changing the chemical composition of steel [40]. Surface topography modification of steel 

substrates has been broadly investigated, and it has been shown that the treatments increase 

surface roughness [41] [42]. The increase in surface roughness causes an increase in 

mechanical interlock at the interface and improves adhesion strength. Yun et al. [43] used a 

combination of photolithography and wet chemical etching to fabricate periodic square-

shape dot patterns on a steel substrate. They found that the adhesion strength between steel 

and epoxy is significantly enhanced. The patterning of the steel surface increased both the 

cohesive fracture area and topological interlocking, leading to a 40% enhancement in 

adhesion compared with conversion surface treatments. Kim et al. [39] fabricated 

micropatterns on steel surfaces via photolithography and showed that patterning increased 

the adhesion strength of steel-polymer composite to a greater extent due to increased surface 

roughness and surface topography modification.  

Introduction of Coupling Agents  

The purpose of introducing coupling agents is to form strong chemical bonds at the 

interface of steel-polymer composites [44]. The utilisation of silicon-based coupling agents 

to promote chemical adhesion between the steel and polymer interface is promising because 

silicon-based coupling agents react chemically at both surfaces and thus create a chemical 
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bridge at the interface [45]. Silicon-based coupling agents contain two functional groups. 

The hydrolysable group (e.g., methoxy, ethoxy) can react with the hydroxyl groups of the 

steel surface to form covalent siloxane bonds, and the organofunctional group (e.g., amino, 

methacryloxy) can create covalent bonds with a polymer [46]. Boerio et al. [47]
 
applied N-

(2-aminoethyl-3-aminopropyl)trimethoxy-silane (γ-AEAPS) and γ-aminopropyl-

triethoxysilane (γ-APS) coupling agents at the interface between injection-moulded 

polyvinyl chloride (PVC) and steel to improve the bonding strength. They found that PVC -

steel composites with coupling agents have higher adhesion strength than that of untreated 

ones. Honkanen et al. [48] used amino-functional γ -AEAPS coupling agents to improve the 

interfacial of injection-moulded thermoplastic urethane–stainless steel hybrids. They 

demonstrated that hybrids manufactured with coupling agents have better peel strength 

compared to untreated ones.  

Plasma Treatment of Steel  

Plasma treatment is a useful technique to improve surface adhesion by modifying 

surface properties, e.g., wettability, surface free energy, and surface morphology, through 

the combination of removing the contaminants present on the surface and inducing 

functional groups (oxygen-containing functional groups) [49] [50]. Many authors have 

investigated the enhancement of adhesion using plasma treatment techniques. Ting et al. [51] 

modified steel surfaces by using low-pressure microwave plasma to enhance its adhesion 

with an epoxy adhesive. Atomic force microscopy and contact angle measurements revealed 

increased surface roughness and the enhancement of surface wettability. Further tensile tests 

indicated that the adhesion strength of epoxy-plasma treated steel at optimum settings is 

significantly higher than that of epoxy-untreated steel. Lee et al. [52] treated the cold rolled 

steel sheet by Ar/O2 atmospheric pressure plasma to improve the adhesive bonding. Surface 

roughness was slightly increased, and new functional groups appeared on the surface of the 
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steel sheet after plasma treatment. 

Surface Treatment of Polymers 

Surface treatment of the polymer aims to create functional groups on the polymer 

surface to increase the adhesion strength of steel-polymer composites [53]. Chemical and 

plasma treatments are the most commonly used techniques for surface modification of 

polymer. These two techniques often induce the formation of chemical/functional groups, 

resulting in increased surface polarity or wettability and thus improving adhesion strength 

[54]. Using low-pressure gas plasma, Neagu et al. [55] modified a fluorinated ethylene-

propylene (FEP) surface to enhance the adhesion strength of FEP-steel composite. The 

results showed that the surface wettability of polymer increased considerably for the 

formation of polar groups. Pandiyaraj et al. [56] also studied the surface modification of 

polypropylene (PP) by plasma treatment, and concluded that surface wettability increased 

after plasma due to the introduction of polar groups that improve adhesion strength. Cai et 

al. [57] studied the modification of polypropylene (PP) with acrylic acid (AA) and showed 

that grafted PP had high impact strength and improved adhesion to polar substrates. 

2.2  Surface-Initiated Polymerisation (SIP) 

The modification of surfaces with polymeric films is used extensively for tailoring the 

chemical and physical properties of the surface such as corrosion resistance, wettability, wear 

resistance, and biocompatibility [58]. Such polymeric films can be performed by surface-

initiated polymerisation techniques. The advantage of surface-initiated polymerisation 

techniques over other coating methods (e.g., spraying, deposition, and spin coating) is its 

compatibility to a variety of functional polymers [59]. 
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This section focuses mainly on the preparation of polymeric films by various surface-

initiated polymerisation techniques and their mechanism, advantages and disadvantages. 

2.2.1 Grafted Surface-Initiated Polymerisation  

Grafted surface-initiated polymerisation (SIP) is a useful strategy to prepare high-grafting 

polymeric films from many different surfaces. Grafted SIP involves the immobilisation of 

initiators on substrates and the growth of polymer chains [60]. In the initiator-grafted SIP 

method, initiators are firstly anchored to substrate surfaces. Then, the initiator-grafted surfaces 

are exposed to monomers to initiate polymerisation [61].  Initiator-grafted SIP based on CRP 

has attracted considerable interest due to its compatibility to a wide range of functional 

monomers, and control over the chemical compositions, architectures, and thickness [62]. 

Recently, many reports have focused on the preparation of polymeric films on the metal surface 

via various grafted-SIP CRP techniques. Fan et al. [63] synthesised grafted antifouling polymer 

coatings on Ti and 316L stainless steel substrates through surface-initiated atom transfer radical 

polymerisation (SI-ATRP). In this case, a bifunctional initiator was firstly anchored on Ti and 

316L stainless steel substrates. This bifunctional initiator comprised a catechol end group, 

which can react with metal oxide on the metal surface to form an anchor, and an alkyl bromine 

which can activate SIP. Poly (methyl methacrylate) with oligo (ethylene glycol) (OEG) side 

chains were then obtained via SI-ATRP. Yuan et al. [64] prepared a poly(2-dimethylamino) 

ethyl methacrylate (PDMAEMA) brush under atom transfer radical polymerisation (ATRP) 

conditions using stainless steel surface- immobilised alkyl halide initiators. An alkyl halide 

initiator monolayer was immobilised on the hydroxylated stainless-steel surface with the help 

of a trichlorosilane coupling agent. The introduction of grafted polymer brushes improves the 

short-term performance of metal substrates, such as its antifouling and anti-corrosion 
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performance. However, the improvement of long-term performance is limited because grafted 

brushes are often thin and nonuniform. 

The primary challenge of initiator-grafted surface-initiated polymerisation lies in the 

preparation of monomer- or initiator- immobilised substrates due to the complexities of 

immobilisation processes [65]. The choice of the surface immobilisation method depends 

mainly on the properties of the substrates, initiators and monomers. The introduction of linkage 

agents or self-assembled monolayer (SAM) is a commonly reported method to prepare a 

grafted surface [59]. For instance, Kim et al.[66] introduced a SAM 11-Mercapto-1-undecanol 

(MUD) to a gold-coated Si substrate, and then immersed this substrate in a mixture of 

triethylamine and 2-bromopropionyl bromide (2-BPB) to yield an initiator-grafted surface. 

Coad et al. [67] prepared an initiator-grafted thermanox polymeric coverslips surface by plasma 

copolymerisation of an ATRP initiator (ethyl 2-bromoisobutyrate) and diluent ethanol.  

2.2.2 Electrochemical or Photoelectrochemical Induced Surface-Initiated 

Polymerisation (EC/PEC -SIP) 

Electrochemical or photoelectrochemical induced surface-initiated polymerisation (SIP) 

involves the formation of free radicals from the surface of solid electrodes via irreversible 

oxidation or reduction processes. These free radicals initiate polymerisation of monomers, 

resulting in a polymer film on the anodic electrode [68]. Electrochemical or 

photoelectrochemical polymerisation solutions usually contain the monomer, solvent, and 

supporting electrolyte [69].  

Many authors have investigated the synthesis of polymers via electrochemical or 

photoelectrochemical induced surface-initiated polymerisation. Funt et al. [70] formed poly 

(vinyl pyrrolidone) on the surface of platinum (Pt) electrodes via electrochemical 

polymerisation. They also reported the first SIP of styrene initiated by a photoelectrochemical 
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process in which titanium dioxide (TiO2) semiconductor was used as a working electrode, a 

platinum (Pt) sheet was used as a counter electrode, and a tetra-n-butyl ammonium perchlorate 

solution was used as a supporting electrolyte [71]. The photoelectrochemical process was 

driven by applying potential and UV light without using conventional photoinitiators or metal 

catalysts. Hamer et al. [72] successfully prepared a thin polypyrrole (PPy) film on a steel 

surface via electrochemical polymerisation. A Tacussel-Radiometer XR820B Ag/AgCl 

double-junction electrode was applied as a working electrode. Aqueous solutions with oxalic 

acid were used as the electrolyte solution.  

The main advantage of electrochemical or photoelectrochemical polymerisation (ECP and 

PECP) is the absence of conventional photoinitiators and metal-catalysts. However, 

electrochemical or photoelectrochemical polymerisation requires the application of electrical 

energy as a driving force, therefore, the energy-intensive and complicated process of 

ECP/PECP restricts its development and implementation. Moreover, the ECP/PECP reaction 

is usually an oxidative polymerisation. Some non-conductive oxidable monomers can be 

synthesised, but conductive monomers are preferable because conductive monomers are easily 

oxidised [73]. Therefore, ECP/PECP is more suitable to synthesis conductive polymers. Few 

papers have reported on the synthesis of a polymer coating via EC/PEC -SIP for the corrosion 

protection of a metal substrate. 

2.2.3 Lewis Acid-Catalysed Surface-Initiated Polymerisation 

Lewis acid catalysed surface-initiated polymerisation relies on the reaction of the acidic 

solution and the metal substrate to form Lewis acid. The Lewis acid is an electron pair acceptor 

that accepts an electron pair and will have vacant orbitals [74]. The formed Lewis acid is 

capable of activating the polymerisation and thus resulting in a polymeric coating on the metal 
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substrate [75]. Lin et al.[76] demonstrated that Lewis acid is capable of catalysing 

polymerisation. Polybenzofuran (PBF) was successfully synthesised by Al(C6F5)3 Lewis acid.  

A patent described the preparation of copolymer coating up to 50 µm thick on metal 

substrates via Lewis acid catalysed surface-initiated polymerisation [77]. Poly(4-

CPMI/styrene), Poly(NPMI/styrene), Poly(NPMI/MEA/styrene), and Poly (NPMI 

/MEA/BMI/styrene) coating were successfully synthesised on steel and aluminium substrates.  

The polymerisation was initiated by immersing a metal substrate in the reaction mixture 

containing monomers, aqueous sulfuric acid, and solvent. The metal substrate reacted with the 

aqueous sulfuric acid to form Lewis acid. The formed Lewis acid initiated the polymerisation 

of the monomer, and polymers formed at the metal surface. The physical and chemical 

properties of the resulting coating, such as corrosion resistance, electrical resistance, and 

thermal properties were tested. The experiment results indicated that polymer coating with high 

temperature resistance, low electrical dielectric constant, and good corrosion protection could 

be synthesised via Lewis acid-catalysed surface-initiated polymerisation when using 

appropriate monomers. 

The significant strength of Lewis acid catalysed surface-initiated polymerisation method 

is the absence of an external driving force such as thermal, UV or electrical energy [78]. 

However, this technique suffers from the containment of metal complex and the potential 

corrosion of the metal substrate by acidic solution [79].  

2.3 Controlled Radical Polymerisation (CRP) 

This section concentrates mainly on the fundamentals of various CRP techniques, 

including nitroxide mediated polymerisation (NMP), atom transfer radical polymerisation 

(ATRP), and reversible addition-fragmentation chain transfer (RAFT).  The mechanisms, 

strengths, and limitations of these CRP techniques are reviewed as well.  
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2.3.1 Free Radical Polymerisation (FRP) 

Free radical polymerisation (FRP) is one of the most common and useful methods to 

synthesise polymeric materials [80]. A vast amount of commercial synthetic polymers are 

prepared by FRP, providing a wide range of polymeric materials for various markets [81]. FRP 

consists of three fundamental steps (initiation, propagation, termination and chain transfer) as 

shown in following equations.  

Initiation  
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where I denotes initiator, R ∙ is a free radical,  𝑅1 ∙ is a initiating radical, R𝑛 ∙ represents 

propagating radical,  𝑀 is a monomer, 𝑆 indicates solvent, 𝑃𝑛  and 𝑃𝑚  are polymers,  𝑘𝐼 is the 

initiation constant, 𝑘𝑝 is the propagation constant, 𝑘𝑡𝑐 is the combination termination constant, 

𝑘𝑡𝑑  is the disproportionation termination constant, 𝑘𝑓𝑖 is the chain transfer to initiator constant,  

𝑘𝑓𝑚 is the chain transfer to monomer constant,  𝑘𝑓𝑠 is  the chain transfer to solvent constant, 

and 𝑘𝑓𝑝 is the chain transfer to polymer constant [82].  

The initiation produces free radicals by the thermal or photochemical decomposition of 

organic initiators [83]. Following the generation of free radicals, the monomer molecules react 

with free radicals and yield initiating radicals [81]. The initiating radicals continue to react with 

additional monomers to form propagating radicals. Once propagating radicals are formed, the 

chains propagate rapidly until monomers are consumed, or termination/chain transfer occurs 

[84].  

The termination is the annihilation of chain radicals by combination or disproportionation. 

[85]. In the combination process, two propagating radicals couple together to form one long 

chain. In the recombination process, a hydrogen atom from one propagating radical transfers 

to the other to produce two polymers [86]. The growth of the chain is not infinite. Sooner or 

later two propagating radicals will collide. The greater the number of propagating radicals, the 

more the chain-terminating reactions will take place [80]. Hence, the free radical concentration 

should be kept low if longer chains are desired.  

Another reaction that impedes free radical polymerisation from producing longer chains 

is chain transfer. In the chain transfer process, hydrogens or other atoms in propagating radicals 

are transferred to other molecules such as monomer, initiator, polymer, or solvent. This process 

results in the formation of both polymers and new radicals [87]. Some newly created radicals 

are capable of further propagation. For instance, chain transfer to initiators creates new radicals 
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which can generate new polymer chains [87]. Chain transfer to polymer terminates the growth 

of one polymer chain, but allows the other polymer to branch and resume growing [88]. 

However, not all newly formed radicals are capable of further propagation. Chain transfer to 

solvent results in the formation of radicals on the solvent molecules, which will not propagate 

further [81]. Chain transfer to monomer creates a monomer radical, which may reinitiate chain 

growth. However, the resonance stabilisation of the monomer radical often hinders further 

propagation [89].  

The primary limitation of FRP is that it is difficult to synthesise polymers with controlled 

molecular weights, narrow molecular weight distributions, and functional architectures [82]. 

This limitation is mainly due to inevitable chain termination and chain transfer during 

polymerisation [90]. Hence, more efforts have been devoted to polymerisation systems that 

enable control over molecular weights, molecular weight distributions, and functional 

architectures.  

CRP techniques are regarded as attractive strategies to synthesise polymers with 

controlled molecular weights, narrow molecular weight distributions, and designed functional 

architectures [91] [92]. The principle of CRP techniques is to reduce radical termination and 

transfer reactions by keeping a very low concentration of active propagating radicals. The 

common feature of conventional CRP systems is to establish a dynamic equilibrium between 

a low concentration of propagating radicals and dormant species, through either deactivate 

agents or degenerative transfer agents [93] [94]. The establishment of this equilibrium 

efficiently decreases the concentration of propagating radicals and concomitantly reduces chain 

termination and chain transfer, achieving controlled polymer chain growth [95]. The most 

common CRP methods include nitroxide-mediated polymerisation (NMP), atom transfer 

radical polymerisation (ATRP), and reversible addition-fragmentation chain transfer (RAFT). 
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2.3.2 Nitroxide-Mediated Polymerisation (NMP) 

NMP has been widely used for the preparation of polymers with designed molecular 

weights, narrow molecular weight distributions, and chain end functionalities since Georges 

reported the first example of NMP in 1993 [96]. The initiating materials for NMP are a family 

of compounds referred to as alkoxyamines [97]. The alkoxyamines also act as deactivate agents. 

The control of the radical process is achieved by establishing a dynamic equilibration between 

dormant alkoxyamines and active propagating radicals [98]. The mechanism of NMP is shown 

in Figure 2-1. Under certain thermal conditions, the homolysis of the C-O bond in 

alkoxyamines occurs, producing a stable nitroxide radical (𝑋 ∙) and a carbon radical (𝑅 ∙), 

which serves as an initiator. The carbon radical (𝑅 ∙) reacts with monomers (𝑀) to form a 

propagating radical (𝑃𝑛 ∙). This propagating radical is reversibly deactivated by the reaction 

with a stable nitroxide radical (𝑋 ∙) to generate a dormant species (𝑃𝑛 − 𝑋). Cleavage of the 

dormant species under thermal conditions generates an active species (𝑃𝑛 ∙) to help maintain 

appropriate polymerisation rates. Consequently, the concentration level of the propagating 

radical maintains low and the termination and chain transfer are remains at a minimum level 

[99] [100].  

 

Figure 2-1. The mechanism of NMP. 

In the NMP process, alkoxyamines provide both initiating radicals and stable species 

[101]. Hence, unlike ATRP and RAFT, there is no need for an external initiator source. 
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Compared to the one-component NMP system, the polymerisation system with external 

initiators exhibits inaccurate initiation efficiency because it is difficult to control the ratio of 

external initiators and deactivate agents [102]. The NMP system has another advantage, which 

is to achieve controlled polymerisation without using a transition metal complex [103]. The 

absence of external initiators and a transition metal complex is highly desirable from both 

economic and environmental points of view. 

NMP also exhibits some limitations that prevent its widespread use. A critical limitation 

of NMP is that only a small range of monomers can be controlled [97].  Some less activated 

monomers, such as vinyl acetate and vinyl chloride, cannot be successfully controlled [104]. 

Another primary limitation of NMP is that alkoxyamines are difficult to produce, and only a 

few commercially available alkoxyamines can be produced at an industrial scale [99]. Besides, 

NMP usually requires high temperature and longer polymerisation time compared to other CRP 

techniques due to the relatively slow polymerisation kinetics [98].  

2.3.3 Atom Transfer Radical Polymerisation (ATRP) 

ATRP is one of the most commonly used techniques for synthesising polymers with 

designed molecular weights, narrow molecular weight distributions, and chain end 

functionalities [105]. ATRP relies mainly on a reversible redox process that is mediated by a 

transition metal complex with two different oxidation states [93]. The mechanism of ATRP is 

shown in Figure 2-2,  where 𝐿𝑛 stands for ligand,  𝑀𝑡
𝑚/𝐿𝑛 is a lower oxidation state transition 

metal complex, 𝑀𝑡
𝑚+1/𝐿𝑛  is a higher oxidation state transition metal, 𝑃𝑛 ∙  is an active 

propagating radical, 𝑋 is a halogen atom, and  𝑃𝑛 − 𝑋 is a dormant species. In the activation 

process, the lower oxidation state metal complex ( 𝑀𝑡
𝑚/𝐿𝑛) reacts with the alkyl halide initiator 

to yield an active propagating radical (𝑃𝑛 ∙). and a corresponding higher oxidation state metal 

complex (𝑀𝑡
𝑚+1/𝐿𝑛). The active propagating radical is capable of initiating polymerisation 
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[106]. In the deactivation process, this higher oxidation state metal complex simultaneously 

reacts with actively propagating radical (𝑃𝑛 ∙) to form the dormant species (𝑃𝑛 − 𝑋) and convert 

to its lower oxidation state. ATRP reduces the concentration of propagating radicals and 

thereby minimises chain transfer and termination [107]. Most of ATRP must be carried out in 

an inert atmosphere to retain the activity of transition metal complex because the lower 

oxidation state metal complex is sensitive to oxygen [108].  

 

Figure 2-2. The mechanism of ATRP. 

ATRP is a versatile CRP technique which is applicable to the broad range of 

polymerisable monomers and commercially available initiators [94]. The range of 

polymerisable monomers used in ATRP is greater than that of NMP. Various monomers, 

including styrene, (meth)acrylate, (meth)acrylamides, (meth) acrylic acid, dienes, acrylonitrile, 

and their derivatives have been successfully polymerised by ATRP [109]. A variety of 

commercially available initiators and catalysts have been used in ATRP. Halogenated 

compounds such as alkyl halides, halogenated alkanes, benzylic halides, sulfonyl halides are 

potential initiators.  

Despite various advantages, ATRP has some drawbacks as well. One key drawback in 

using traditional ATRP is the need for high amounts of metal complex. Residual metal catalysts 

in polymers are often toxic and may interfere with electronic products, which impedes the use 
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of polymers in biomedical and metal-sensitive electronic applications. [178]. Removing 

catalysts from polymers remains a significant challenge due to the existing inefficient and 

expensive removal processes [110]. Hence, ATRP with low metal catalyst concentration or 

without metal catalyst is of great interest because the requirement for purifying would be 

minimised or eliminated. In the ATRP process, radical termination inevitably occurs, leading 

to the irreversible conversion of the lower state transition metal activator to the higher state 

deactivator complex [111].  Consequently, the accumulation of the deactivator will interrupt 

polymerisation when using low concentrations of metal catalysts [112]. Therefore, activator 

regeneration processes are usually required to regenerate enough lower state transition 

activators and continue the polymerisation when using a very small amount of metal catalysts. 

Several activator regeneration ATRP methods such as continuous activator regeneration 

(ICAR), activators regenerated by electron transfer (ARGET), supplemental activator and 

reducing agent (SARA), and photo-induced ATRP have been developed for metal catalyst 

reduction [113] [114] [115] [116]. 

2.3.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) 

RAFT is a versatile CRP technique which is mediated by a transfer agent via a reversible 

chain-transfer process [117]. The commonly used transfer agents are unsaturated 

thiocarbonylthio compounds (S = C(Z)SR), such as dithioesters, thiocarbamates, and xanthates 

[118]. The mechanism of RAFT is shown in Figure 2-3, in which M stands for monomer, I ∙ is 

a initiating radical, 𝑃𝑛 ∙ is an active propagating radical which is initiated by initiator, S =

C(Z)SR is the transfer agent,  Pn − SC ∙ (Z)SR is an intermediate adduct radical, 𝑅 ∙ is a leaving 

radical which is capable of reinitiating polymerisation, and 𝑃𝑚 ∙ is active propagating radical, 

which is initiated by 𝑅 ∙. Pn − SC(Z)S − 𝑃𝑚 is an intermediate dormant species [119].  
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In the RAFT process, active propagating radical (𝑃𝑛 ∙) reacts with transfer agent to yield 

intermediate adduct radical which is capable of losing either  𝑃𝑛 ∙ or  𝑅 ∙. The fragmentation of 

the intermediate adduct radical establishes the equilibrium between RAFT transfer agent and 

R radical (𝑅 ∙).  The formed radical (𝑅 ∙) then reinitiates the monomer to form a new active 

propagating radical (𝑃𝑚 ∙). All propagating radicals ( 𝑃𝑛 ∙ and  𝑃𝑚 ∙ ) reversibly react with 

RAFT transfer agents to form intermediate dormant. The dynamic equilibrium between active 

propagating radicals and intermediate dormant provides an equal probability for all chains to 

grow, resulting in controlled polymer chain growth [120].  

 

Figure 2-3. The mechanism of RAFT. 

The most significant advantage of RAFT is its compatibility with a wide range of 

monomers under relatively mild reaction conditions [121]. Almost all the monomers that can 

be polymerised by conventional free-radical polymerisation have been successfully 

polymerised via RAFT in the bulk, organic, and aqueous solvents [122]. Another strength of 

RAFT is that no metal complex is required during the polymerisation process [123].  

Similar to NMP and ATRP, typical RAFT also suffers the problem of oxygen inhabitation 

[124]. These CRP polymerisations generally require oxygen removal before polymerisation.  
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Moreover, RAFT agents in the resulting polymers have high potential to cause odour and 

discolouration due to the decomposition of dithioester moiety to produce sulfur compounds 

[125]. 

In conclusion, conventional CRP techniques have some limitations and present some 

obstacles toward commercialisation. The contamination of catalysts, a limited number of 

controllable monomers and commercially available catalysts, the strict reaction conditions, and 

the complied process are significant issues that need to be addressed. 

2.4  Summary  

In summary, steel-polymer composites have been extensively used in industrial 

applications due to their high strength-to-weight ratio, strong impact resistance, excellent 

corrosion resistance, and design flexibility. Conventional joining techniques for steel-polymer 

composites include adhesive bonding, mechanical joining, welding, and injection moulding. 

However, these joining techniques have many drawbacks, such as the requirement for surface 

treatment, the release of volatile organic compounds, generation of stress concentration, high-

energy consumption, limitation of joining size, and the restriction of polymer types. Therefore, 

it is desirable to develop an alternative joining technology for steel-polymer composites that 

can effectively overcome the above shortcomings.  

Typical configurations of steel-polymer composites include laminated steel-polymer, 

steel fibre reinforced polymer, steel fabric-polymers, and the polymer coatings on steel. The 

preparation of polymeric coating on the metal substrate is used extensively for tailoring the 

chemical and physical properties of the metal surface. Surface-initiated polymerisation 

techniques (SIP), such as grafted SIP, electrochemical or photoelectrochemical induced SIP, 

and Lewis acid-catalysed SIP, are widely used for synthesising polymer coated metal 

composite due to their compatibility to a variety of functional polymers. However, these 
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surface-initiated polymerisation techniques have many drawbacks and remain at the laboratory 

stage due to their complicated process. Moreover, the configuration of polymer-metal hybrids 

made by surface-initiated polymerisation is limited to coating systems only. To the best of our 

knowledge, other configurations have not been manufactured via surface-initiated 

polymerisation techniques. Hence, the development of simple and more versatile surface-

initiated polymerisation techniques that are feasible to more configurations is desirable.   
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3. Materials and Methods 

In this chapter, the experimental methods to produce steel-polymer composites by GSM-

SIP, including treatment of substrates and polymerisation procedures, are described. An 

introduction to the characterisation methods used in this thesis is given as well. Some detailed 

experimental conditions will be introduced in the relevant results chapters. 

3.1 Chemicals and Materials 

The chemicals and materials used in this study are listed in Table 3-1.  

Table 3-1. Chemicals and materials 

Name Abbreviation Description 

Methyl methacrylate MMA 
99%, Sigma-Aldrich, contains ≤30 ppm MEHQ 

as inhibitor 

Butyl methacrylate BMA 
99%, Sigma-Aldrich, contains ≤10 ppm MEHQ 

as inhibitor 

Methyl acrylate MA 
99%, Sigma-Aldrich, contains ≤100 ppm 

MEHQ as inhibitor 

Butyl acrylate BA 
99%, Sigma-Aldrich, contains 10-60 ppm 

MEHQ as inhibitor 

Diurethane dimethacrylate DUDMA 
97%, Sigma-Aldrich, contains 225 ppm±25 ppm 

topanol as inhibitor 

Poly (ethylene glycol) methyl 

ether methacrylate 
PEGMEMA 

Mn~300, Sigma-Aldrich, contains 100 ppm 

MEHQ as inhibitor, 300 ppm BHT as inhibitor 

Sodium hydroxide NaOH Sigma-Aldrich 

Sodium sulphate  Na2SO4 Sigma-Aldrich 

Tetrahydrofuran THF 99%, Sigma-Aldrich 

Ethanol  ETOH Sigma-Aldrich 

Chloroform-D CDCl3 Sigma-Aldrich, contains 0.03% TMS 

Terephthalic acid TA  98%, Sigma-Aldrich 

2-hydroxy terephthalic acid TAOH 97%, Sigma-Aldrich 

Zinc oxide ZnO Reagent grade, Sigma-Aldrich 

Zinc carbonate hydroxide Zn5(CO3)2(OH)6 Reagent grade, Sigma-Aldrich 
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Galvanised steel  GS 
New Zealand Steel, with approximately 20-25 

μm thick zinc coating 

Zincalume  ZnAl 
New Zealand Steel, with approximately 35-40 

μm thick coating (55%Zn and 45% Al) 

 

Purification of monomers：MMA, BMA, MA, and BA were purified by washing three 

times with 10 wt % NaOH, followed by washing with deionised water until the monomers were 

neutral, and then distilled under reduced pressure after being dried overnight with Na2SO4 

[126]. The purified monomers were stored in a nitrogen atmosphere and fridge at 4 ºC before 

use. PEGMEMA and DUDMA were used as received. The structure of the monomers used for 

the polymerisation is shown in Figure 3-1. 

 

Figure 3-1. The structure of the monomers used for this study. 

Thermal treatment of galvanised steel substrates：All substrates in the form of 0.5 

mm thick sheets were cut into square slides of 15 mm × 15 mm in size, and then ultrasonically 

cleaned with ethanol and distilled water. The thermal treatment was conducted at 400 ºC and 

MMA MA 

BMA BA 

PEGMEMA DUDMA 
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600 ºC for 2 hours in an ambient atmosphere, resulting in thermally treated galvanised steel 

(TTGS), and thermally treated zincalume (TTZnAl).  

General procedures for polymerisation of vinyl monomers：Methyl methacrylate 

(MMA) (9.4 g, 0.094 mol) and thermally treated substrate (15 mm × 15 mm) were put into a 

20ml vial, and the reaction mixture was irradiated with a UV light (6 W or 15 W, λ = 350 nm) 

for 1h. The sealed vial was held at a fixed temperature (60 ºC) in an oven for different durations 

(0-48 h). Samples of about 10 mg were periodically withdrawn to detect the monomer 

conversion by 1H NMR. The polymerisation of the other monomers (MA/BMA/BA 

/DUDMA/PEGMEMA) was conducted following the same procedures.  

The procedures for copolymerisation of vinyl monomers are as follows: A mixture with 

different proportions of methyl methacrylate and butyl methacrylate was introduced into a 

20ml vial, and the reaction mixture was irradiated with a UV light (15 W, λ = 350 nm) for one 

hour. The sealed vial was held at a fixed temperature (60 ºC) in an oven for different durations 

(8-48 h).  

The procedures for synthesising multilayer polymers are as follows: After the 

polymerisation of MMA, a new monomer solution (MMA or BMA) was placed in the obtained 

polymer (PMMA), and the reaction mixture was held at 60 ºC for different durations to get 

multilayer polymers. 

3.2 Characterisation Methods 

The chemical composition of the substrate surfaces was determined by X-ray 

photoelectron spectroscopy (XPS). The surface morphology examination and qualitative 

elemental chemical analyses of the substrates were performed by scanning electron microscopy 

(SEM) with energy dispersive spectrometry (EDS). The crystallinity and the phases present in 
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substrates were characterised by X-ray diffraction (XRD). The formation of radicals was 

determined by fluorescence spectroscopy (FL) using terephthalic acid (THA) as a probe. The 

change in chemical species during polymerisation was monitored by Fourier-transform infrared 

spectroscopy (FTIR). The structure of the monomers and polymers were detected by nuclear 

magnetic resonance (NMR) spectroscopy with CDCl3 as a solvent. Polymer molecular weights 

and molecular weight distributions were measured by size exclusion chromatography (SEC). 

The glass transition temperature of the polymer samples was measured by modulated 

differential scanning calorimetry (MDSC). The polymer degradation characteristics were 

determined by thermogravimetry analysis (TGA). General theories of characterisation 

techniques and the details of the experimental parameters are supplied below. 

3.2.1 XPS 

X-ray photoelectron spectroscopy (XPS) is a semi-quantitative technique for determining 

the composition and chemical state of surface constituents based on the photoelectric effect 

[127]. XPS spectra are obtained by irradiating the specimen with a beam of monochromatic x-

ray source while simultaneously measuring the kinetic energy ( Ek ) and number of 

photoelectrons emitted from the top 1-10 nm of the specimen [128]. The intensity and position 

of the peaks in the XPS spectra provide the desired quantitative and chemical state information 

[129]. The kinetic energy (Ek) of the photoelectrons, which is the characteristic of the elements 

within the sampling volume, is given by Einstein’s law [130]: 

Ek = hv − Eb − Φ    (3-1) 

where hv is the photon energy of the X-ray source,  Eb is the binding energy of electrons 

in the surface compound, and Φ is the work function of the spectrometer [131].  
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In the photoionisation process, Auger emission also occurs as an after-effect of the 

photoemission. Following the photoelectric process, an outer electron fills the created core hole 

and the released energy results in the emission of an Auger electron [129]. A schematic of the 

photoelectric process and Auger emission process is presented in Figure 3-2. The kinetic 

energy of an emitted Auger electron (Eka) is calculated as follows: 

Eka ≈ Eb(X) − Eb(Y) − Eb(Z)  (3-2) 

Where Eb(X) is the binding energy at the core hole level, Eb(Y) is the binding energy of the 

level where the electron fills the core hole, and Eb(Z) is the binding energy of the level from 

where the Auger electron is emitted [132].  

The Auger parameter (α) is a calculated value derived from both the photoelectron and 

Auger electron. This parameter is a particularly useful means to avoid the effect of surface 

charging for chemical state analysis [133]. The Auger parameter (α) is equal to the kinetic 

energy of the Auger transition involving electrons from the X, Y and Z core levels (Ek(XYZ)) 

minus the kinetic energy of the photoelectrons from core level X (Ek(X)) [134].  

α = Ek(XYZ) − Ek(X)  (3-3) 

The Auger parameter (α) in Equation (3-3) can be used without the interference of static 

charging, but it still depends on the excitation energy. Therefore, Gaarenstroom and Winograd 

introduced the concept of modified Auger parameter (α′) [135]. α′ is the sum of the photon 

energy of the X-ray source (hv) and Auger parameter (α). 

α′ = α + hv = hv + Ek(XYZ) − Ek(X) = Ek(XYZ)+Eb(X) (3-4) 

As seen from Equation (3-4), the work function of the spectrometer (Φ) is cancelled in 

modified Auger parameter (α′) because it is the same for Auger electrons and photoelectrons 

[136]. Using the modified Auger parameter (α′) to identify the chemical state of materials is 
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advantageous because any systematic error in the photoelectron peak shift is removed [133]. 

Furthermore, the modified Auger parameter values are distinctly different compared to the 

photoelectron binding energy shift [131]. 

In this study, the chemical composition of substrate surfaces was investigated by a Kratos 

Axis DLD X-ray photoelectron spectrometer (XPS) with an average pressure of 10-9 torr at the 

University of Auckland. The modified Auger parameter of Zn (α' Zn) was measured and 

compared to literature values to identify the zinc compounds present [133]. XPS data was 

collected with 150 W monochromatic Al (Kα) X-ray source (1486.6 eV) at a pass energy of 

160 eV for survey spectra and 20 eV for high-resolution spectra. For all XPS analyses, the 

built-in charge neutraliser was utilised. The C1s peak of adventitious carbon at 284.8 eV was 

taken as a reference of charge correction for all spectra. Data processing was performed using 

CasaXPS. Peak areas were measured with linear or Shirley background subtraction and 

standardisation using Scofield sensitivity factors. 

 

 

Figure 3-2. The scheme of photoelectron emission and Auger process [130]. 
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3.2.2 SEM-EDS 

Scanning electron microscopy (SEM) with energy dispersive spectrometry (EDS) is a 

powerful analytical technique used for the morphology and elemental analysis of a specimen 

[137]. The SEM uses a high-focused, scanning electron beam to generate a variety of signals 

that contain information about the surface topography, composition and other properties of the 

samples from a region of interest in the specimen [138]. Complex electron-solid interactions 

produce various types of radiation, including secondary electron (SE), backscattered electron 

(BSE), Auger electron (AE), X-ray, and visible light (cathodoluminescence–CL) [139]. SE, 

BSE, and X-rays provide the most valuable information in SEM.  SEs are used to show the 

morphology and topography on samples and BSEs are most valuable for illustrating contrasts 

in the composition in multiphase samples, while the X-rays give the characteristic chemical 

information of the emitting atoms [138].  

In this study, the morphology and qualitative elemental chemical analyses of the samples 

were performed by a Field Electron and Ion (FEI) Quanta 200 field emission environmental 

SEM-EDS. The substrates were coated in a vacuum with platinum by the physical vapour 

deposition (PVD) method and then were examined at the acceleration voltage of 10 kV in the 

secondary electrons mode and 20 kV in the backscattering electron mode. 

3.2.3  X-ray Diffraction (XRD)  

X-ray diffraction (XRD) is a rapid non-destructive analytical technique used to determine 

the crystalline properties of solid materials [140]. Information can be obtained about the phases 

present, such as phase composition, crystallinity, preferred crystal orientation, the average size 

of the crystallite, the crystal defects and the lattice unit cell size [141]. An X-ray diffraction 

pattern is acquired by a detector. The intensity of the diffracted peaks is measured as a function 

of the diffraction angle [142]. The positions, intensities and width of the peaks provide detailed 
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information regarding the unit cell dimensions, crystal structure, crystallite size and preferred 

crystal orientation [143]. 

In this study, XRD was used to study the changes in the crystalline properties of reference 

zinc carbonate hydroxide powders after thermal treatment. XRD patterns of zinc carbonate 

hydroxide powders before and after thermal treatment were collected using an X-ray 

diffractometer (Bruker D8), equipped with Cu-Kα radiation (wavelength =1.5418 Å). The 

scanning angle (2 θ) ranged from10 to 80°, and the step size (2 θ) of 0.05° with a counting time 

of 10 s/step being conducted when collecting the spectra.  

3.2.4  Fluorescence Spectroscopy (FL)  

Fluorescence spectroscopy is a fast and inexpensive method to detect and quantitate the 

concentration of fluorophore in a solution based on its fluorescent properties [144]. A 

fluorophore is a fluorescent component that can re-emit light by the absorption of light with a 

certain wavelength [145]. The fundamental principle of fluorescence spectroscopy is to 

irradiate the specimen with a certain wavelength light and then to separate the much weaker 

emitted fluorescence from the excitation light by continuously variable interference filters 

[146]. 

In this study, terephthalic acid (TA) was used as a fluorescence probe for hydroxyl radical 

detection as it reacts with the hydroxyl radical to produce a highly fluorescent product, 2-

hydroxy terephthalic acid (TAOH) [147].  The capture of hydroxyl radicals by TA to form 2-

hydroxyterephthalic acid is illustrated in Figure 3-3 [148]. TAOH has a unique fluorescence 

peak around 425 nm. The intensity of this fluorescence peak is in proportion to the number of 

hydroxyl radicals produced in the solution [149]. The solution of terephthalic acid was prepared 

in dilute Sodium hydroxide to ensure its solubility. For all tests, a 15mm×15mm substrate was 

mixed with 15ml prepared terephthalic acid solution under UV irradiation for 1 hour. The 
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hydroxyl radical formation rate was measured by a PerkinElmer LS 55 Fluorescence 

Spectrometer (FL). Excitation spectra were monitored at 315 nm, and emission spectra were 

measured at 425 nm. For calibration, aqueous solutions of 2-hydroxyterephthalic acid at known 

concentrations between 0.5 and 4 µM were prepared. 

 

Figure 3-3. The capture of hydroxyl radicals by terephthalic acid to form 2-hydroxyterephthalic acid 

[148]. 

3.2.5 ATR-FTIR Spectroscopy 

Fourier-transform Infrared (FTIR) spectroscopy is an effective quantitative and 

qualitative analytical technique for detecting functional groups and characterising the covalent 

bonding of organic and inorganic samples [150]. FTIR uses infrared radiation to trigger 

molecular vibrations (bond stretching or bending) in chemical species. The radiation causing 

the vibration is absorbed, and a corresponding peak is created on an Infrared spectrum. This 

spectrum represents the molecular absorption that varies with wavelength and creates a 

distinctive molecular fingerprint of the sample [151]. 

There are several commonly used modes for FTIR spectroscopy, such as transmission 

FTIR, attenuated total reflection (ATR), and diffuse reflectance infrared Fourier transform 

(DRIFT) [152].The ATR spectroscopy mode was used in this study. ATR spectroscopy is a 

versatile and non-destructive technique for a variety of materials such as solid materials, semi-

solid materials, liquids, powders, laminates, and films [153]. The primary benefit of ATR is 

the ability to conduct a qualitative or quantitative analysis of samples with little or no sample 
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preparation. Compared to transmission spectroscopy, ATR removes the need for transmission 

cells and KBr pellets when performing measurements on liquid, semi-solid and solid materials 

[154]. Another advantage of ATR over transmission spectroscopy is the limited penetration 

depth into the sample [155], This advantage avoids the problem of strong attenuation of the IR 

signal in highly absorbing media. Hence, ATR is ideal for strongly absorbing or thick samples. 

In ATR spectroscopy, an infrared beam passes through an optically dense crystal with a high 

refractive index at a certain angle and undergoes internal reflection through the crystal to create 

an evanescent wave [47]. This evanescent wave protrudes only a few microns (0.5-5 µm) 

beyond the crystal. Consequently, good contact between the crystal and the sample must be 

maintained during analysis [156]. From the interaction of the evanescent wave with the sample, 

an absorption spectrum can be recorded. 

In this study, the chemical compounds change during polymerisation was monitored by 

FTIR. The degree of conversion was measured by determination of the remaining double bonds 

from ATR-FTIR. ATR-FTIR was performed by a Nicolet 8700 FTIR spectrometer with a 

diamond crystal ATR attachment. Spectra were recorded in the range 400–4,000 cm-1 with 4 

cm-1 resolution for 64 scans.  

3.2.6 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectroscopy is a preeminent analytical technique for determining the structure of 

compounds by measuring the interaction of the nuclear magnetic moment with its magnetic 

environment [157]. In this discussion, we focus on proton magnetic resonance (1H NMR). The 

number, position (chemical shift), intensity, and pattern (splitting) of the 1H NMR peaks give 

important information about the chemical structure of the molecules. The number of peaks 

shows how many kinds of chemically equivalent nuclei. Chemically equivalent nuclei are 

nuclei that are in the same environment [158]. In the 1H NMR spectrum, the precise resonant 
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frequency shift of each nucleus is dependent on both the external magnetic field strength and 

the electromagnetic radiation frequency [159]. The position of the signals is often illustrated 

by means of a chemical shift since precise resonance frequencies will vary according to 

different magnetic field strength. Chemical shift is defined as the frequency of the resonance 

relative to a reference standard [160]. This quantity is measured in ppm and given the symbol 

delta (δ).   

Chemical shift(δ) =
Frequency signal−frequency of reference

spectrometer freqency
× 106 (3-5) 

The chemical shift is identical to a specific nucleus regardless of the spectrometer used. 

Different atoms within a molecule can be identified by their chemical shift, based on molecular 

symmetry and the effects of nearby electronegative atoms [161]. Tetramethylsilane (TMS) is 

usually used as an internal standard to standardise the influence of the instrument’s magnet 

[162]. TMS is a tetrahedral molecule with all protons being chemically equivalent as shown in 

Figure 3-4. The chemical shift of TMS is defined as 0.00 ppm. 

 

Figure 3-4. The structure of TMS. 

The magnitude or intensity of the NMR signal is indicated the area under the peak. This 

value is proportional to the number of nuclei causing the signal but does not always correspond 

to the exact or absolute number of protons. Instead, the relative intensities of the signals reflect 

the relative numbers or ratio of the amount of equivalent protons in the molecule [160].  The 

splitting of NMR signals is the result of a phenomenon called spin-spin coupling. Spin-spin 

coupling is caused by the magnetic interaction of the nuclear spins of neighbouring non-

equivalent protons [163]. If the magnetic field between nearby non-equivalent nuclei is close 
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enough, it will exert an influence on each other's effective magnetic field. Hence, the 

information on the neighbouring protons adjacent to carbons can be determined by splitting 

patterns [164].  

In this study, the structure of the obtained polymer was analysed by 1H NMR spectroscopy. 

The conversion degree and monomer consumptions during polymerisation were monitored by 

1H NMR spectroscopy as well. The degree of conversion was measured by the determination 

of the remaining methylene (=CH2) protons after polymerisation. Conversion Monomer 

consumptions were calculated by comparing the integrated ratios of the methylene (=CH2) 

protons to polymeric methoxyl (−OCH3) protons. 1H NMR spectra were recorded on a Bruker 

Advance 400 MHz Spectrometer with CDCl3 as the solvent. Chemical shifts were determined 

with respect to tetramethylsilane (TMS) as an internal reference.  

3.2.7  Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC) is a chromatographic method to determine the 

molecular weights and molecular weight distributions of polymer in solution [165]. 

Information about the molecular weights and molecular weight distributions of polymer is of 

great importance because this affects polymer's mechanical properties and service life [166].  

The fundamental principle of SEC is the differential exclusion of dissolved molecules of 

various sizes as they pass through the porous matrix in the column [167]. When a mixed 

molecular solution flows into the column, smaller molecules will penetrate deep into the pores 

and will then pass through the column at a slower rate, whereas larger molecules will flow 

quicker because they are excluded from the pores. Consequently, larger molecules elute from 

the column sooner than smaller one [168]. In SEC, the eluent is collected in constant volumes 

and often examined by spectroscopic techniques to determine the concentration of the 

molecules eluted [169]. Common spectroscopy detection techniques are refractive index (RI) 
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and ultraviolet (UV). The determination of the size of unknown polymers by SEC can be 

achieved by creating a calibration curve established with standards of known molecular weight 

[169]. In an alternative way, techniques such as light scattering can be used with SEC to 

determine absolute molecular weights without using calibration with standards [170].  

Molecular weights and the polydispersity index (PDI) of polymers were measured by size 

exclusion chromatography (SEC) equipped with a Waters model 510 pump, a Waters model 

486 refractive index detector, a Waters Styragel HR 4 column (5K - 600K Da) and a Waters 

Styragel HR 4 E column (50 - 100K Da). THF was used as eluent at 30°C with a flow rate of 

1.0 mL/min. The columns were calibrated with polystyrene standards obtained from Polymer 

Laboratories. Samples were filtered through microfilters with a pore size of 0.2 μm before 

injection. 

3.2.8 Differential Scanning Calorimetry (DSC). 

Differential scanning calorimetry (DSC) is used primarily to determine the thermal 

transitions of materials [171]. DSC is a thermal analysis technique that monitors heat flows as 

well as temperature associated with phase transitions or chemical reactions as a function of 

time and temperature [172]. DSC provides information about physical and chemical changes 

that involve endothermic or exothermic processes, such as glass transition, melting, 

crystallisation, thermal curing, and decomposition [173]. The fundamental principle of DSC is 

that when the sample undergoes a phase transitions or chemical reaction, heat flow to the 

sample is higher or lower than that to the reference to maintain the same temperature [174]. 

When the sample undergoes an endothermic process, such as glass transition and melting, more 

heat will need to flow to it than the reference due to the heat absorption. Likewise, in an 

exothermic process, such as crystallisation, cross-linking processes, oxidation, and 
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decomposition, less heat is required than that of the reference to maintain an equivalent 

temperature [175]. 

Modulated DSC (MDSC) is a valuable extension of conventional DSC and it offers more 

information and simultaneous improvements in sensitivity and resolution than standard DSC. 

MDSC uses the same heating arrangement as the heat flux DSC method but applies a different 

temperature program which permits separation of the total heat flow signal into its heat capacity 

and kinetic components [176]. Thus, events that are related to these components can be 

separately analysed.  

The DSC signal can be expressed by the following equation [175]: 

dQ

dt
= Cp

dT

dt
+ f(T, t) (3-6) 

where 
dQ

dt
 is the total heat flow (Watts), 

dT

dt
 is the measured heating rate (°C/min), Cp is the 

specific heat capacity of the sample (specific heat × mass), and f (T, t) is the kinetic heat flow 

(Walt).  Equation (3-6) shows that the total heat flow comprises two different components, one 

of which is the heating rate dependent heat capacity component (reversing heating flow) and 

the other which is absolute temperature dependent kinetic components (non-reversing heat flow) 

[177]. The heat capacity component is associated with reversing transitions such as glass 

transitions, and the melting of polymers. Those transitions change the specific heat capacity 

and should be reproducible after cooling and reheating. The kinetic components correspond to 

non-reversing transitions, such as the thermal curing reaction, crystallisation and 

decomposition.  In conventional DSC, the sample undergoes a linear temperature program with 

constant heating. As a result, there is only one heat flow signal which is the sum of all heat 

flows. However, MDSC uses a combination of a standard linear and sinusoidal (modulation) 

temperature programme to separate the total heat flow signal into its heat capacity (reversing) 
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and kinetic (non-reversing) components [178]. Thus, by MDSC measurements, the total heat 

flow, the heat capacity component and the kinetic component can be obtained by a single 

measurement. 

In this study, a TA Instruments model Q1000 was used to characterise the thermal 

behaviour of polymer samples by the MDSC mode. The heat flow curves were normalised to 

the mass of the polymer only and not to the mass of the total sample. Two heating scans and 

one cooling scan were taken from 35 to 250 °C, at a rate of 2.5 °C/min, a modulation amplitude 

of ±1 °C, and a period of 60 s. The mass of the sample was approximately 7-8 mg, and the cell 

was purged with nitrogen gas at 50 mL/min during the scans. The second heating scan was 

used to determine the glass transition data from the reversing heat flow curves so that all the 

samples were subjected to a similar thermal history. The reported glass transition (Tg) was 

found by using the half-height temperature of the transition step. 

3.2.9  Thermogravimetric Analysis 

The determination of thermal stability of polymeric materials by thermogravimetric 

analysis (TGA) is well established and widely used in polymer science [171]. TGA provides a 

quantitative measurement of weight change and the rate of weight change as a function of 

temperature, time and atmosphere [175]. TGA data can be presented in a thermogravimetric 

(TG) curve or a derivative thermogravimetric (DTG) curve. The TG curve is a plot of the mass 

with respect to time or temperature [179]. The DTG curve is usually plotted with the rate of 

change of mass against time or temperature [180].  

In this thesis, the polymer degradation characteristics were determined by 

thermogravimetry (TGA) using a TGA Q (5000) instrument. Measurements were carried out 

under a nitrogen atmosphere, in the temperature range from 35 to 600 °C, at a heating rate of 
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20 °C min-1. The temperature at maximum process rate (Tmax), and mass loss (Dm) were 

determined by TA Instruments Universal Analysis 2000 software. 
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4. Thermal Treatment and Characterisation of Galvanised 

Steel 

4.1 Introduction  

Galvanised steel is steel coated with a zinc-containing layer for corrosion 

protection. Zinc carbonate and zinc carbonate hydroxide are formed on the surface of 

galvanised steel when the zinc layer is in contact with oxygen, carbon dioxide, and 

water in the atmosphere [181]. Thermal treatment of Zn coating can produce ZnO by 

oxidising metallic zinc, and decomposing zinc carbonate or zinc carbonate hydroxide 

contained in the galvanised layer. Several studies have reported on the generation of 

ZnO following this route. For example, Zhao et al. [182] investigated the formation of 

ZnO films by thermal oxidation of metallic Zn films in air at 500 °C and indicated the 

structure and properties of ZnO are strongly affected by the oxidation temperature. 

Rambu et al. [183] synthesised ZnO films by thermal oxidation of Zn metallic films at 

450 °C. Dollimore and co-workers [184] synthesised ZnO powders by thermal 

decomposition of zinc carbonate powders. They found that the decomposition proceeds 

through the loss of water and then the loss of carbon dioxide in two overlapping stages 

at temperatures ranging from 200 °C to 260 °C. Kanari et al. [185] investigated the 

formation of ZnO powders by thermal decomposition of zinc carbonate hydroxide 

powders up to 400 °C. They suggested that zinc carbonate hydroxide decomposition 

started at about 150 °C and the rate of decomposition became significant at 

temperatures higher than 200 °C.  Several studies investigated the surface chemistry of 

thermally treated galvanised steel and proved the existence of zinc oxide on surface. 

Autengruber et al. [186] investigated the surface chemistry changes of hot dipped 

galvanised steel sheet during thermal treatment. Hot dipped galvanised sheets were 

annealed in a temperature range of 400–900 °C in steps of 50 °C, and surface analysis 

results revealed the formation of ZnO on thermally treated galvanised steel. Feliu Jr et 

al. [187] used X-ray photoelectron spectroscopy (XPS) to analyse the outer surfaces of 

the galvanneal coating, which was obtained by annealing the galvanised coating. The 

major component of the galvanneal coating is the delta phase (Zn-Fe phase). XPS 

results proved the presence of a ZnO layer on galvaneal coating. Thus, it is reasonable 
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to assume that the zinc rich coating on the galvanised steel will also produce ZnO by 

thermal treatment. 

This chapter describes the experiments carried out to determine the conditions 

required to form ZnO. The thermal decomposition of reference zinc carbonate 

hydroxide powders was conducted to determine the thermal treatment temperature. The 

chemical composition of the galvanised steel surfaces before and after thermal 

treatment was investigated by XPS. The modified Auger parameter of Zn (α' Zn) was 

measured and compared to the literature values to identify the zinc compounds present 

[133]. The surface morphology and the qualitative elemental chemical of the substrates 

were detected by SEM-EDS as well.  

4.2 Experimental Method  

The thermal treatment and characterisation of galvanised steel was conducted as 

described in Chapter 3.2. The thermal decomposition of reference zinc carbonate 

hydroxide was carried out by heat-treating zinc carbonate hydroxide powders at 

different selected temperatures (100 °C, 200 °C, 300 °C, and 400 °C) for 2 hours. The 

thermogravimetric analysis of the zinc carbonate hydroxide powders was conducted 

using a TGA Q 500 Instrument in a flowing air atmosphere (50 mL /min). 

Approximately 15 mg of the samples were heated in an open platinum crucible at the 

rate of 10.0 °C/min up to 600 °C. To explore the decomposition process of zinc 

carbonate hydroxide further, the DTG curve was also recorded. The products of thermal 

decomposition were studied by XRD analysis.  

4.3 Results and Discussion  

4.3.1 Thermal Decomposition of Zinc Carbonate Hydroxide 

Several studies investigated the surface chemistry of galvanised steel and proved 

the existence of zinc carbonate hydroxide on the surface [188] [189]. Thermal 

decomposition of reference zinc carbonate hydroxide powders was carried out to 

investigate the effect of the thermal treatment temperature on the formation of ZnO. 
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The decomposition reaction of zinc carbonate hydroxide to form solid zinc oxide 

and gaseous carbon dioxide is illustrated by equation (4-1) below, with a theoretical 

maximum weight mass loss of 25.9% [184] [190] [191].  

Zn5(CO3)2(OH)6 → 5ZnO + 2CO2 + 3H2O       (4-1) 

 

 

Figure 4-1 shows TGA-DTG curves for the thermal decomposition of zinc 

carbonate hydroxide at the rate of 10◦C/min in air. The curves show that zinc carbonate 

hydroxide pyrolyses in two steps with maximum rates of weight loss at 46 °C and 

262 °C.  The small mass loss up to 100 °C, with around 5% weight loss, was caused by 

the loss of physisorbed water as well as the release of partial hydration water from zinc 

carbonate hydroxide [192]. Further mass loss starting from approximately 210 °C may 

be attributed to the release of hydration water and carbon dioxide from zinc carbonate 

hydroxide. The final remaining solid material is assumed to be undecomposed zinc 

oxide. The total mass-loss due to the thermal decomposition was 24.6±0.1%, which 

agreed well with the theoretical value of 25.9% calculated above. 

Zinc carbonate hydroxide annealed at different selected temperatures (100-400 °C) 

were analysed by powder X-ray diffraction to understand its transformation (Figure 

4-2). The diffraction pattern for zinc carbonate hydroxide powder annealed at 100 °C 

and 200 °C in Figure 4-2 shows the presence of both zinc oxide (JCPDS 36-1451), zinc 

carbonate (JCPDS 83-1765) and zinc carbonate hydroxide phases (JCPDS19-1458). 

The diffraction pattern for zinc carbonate hydroxide powder annealed at 300 °C and 
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Figure 4-1. TGA/DTG curves of zinc carbonate hydroxide powders. 
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400 °C in Figure 4-2 are consistent with zinc oxide (JCPDF 36-1451), which confirm 

that the annealed powders at 300 °C and 400 °C are ZnO powders in the wurtzite 

hexagonal phase.  

 

Figure 4-2. X-ray diffraction patterns of the zinc carbonate hydroxide powder and the 

annealed zinc carbonate hydroxide powder at different thermal treatment temperatures, i.e. 

100, 200, 300, and 400°C, respectively.  

The TGA-DTG and XRD analyses showed that zinc carbonate hydroxide 

decomposed under thermal treatment in air via a two-stage process and the 

decomposition product was ZnO. The first stage was physisorbed water loss and partial 

hydration water release up to 100 °C. The decomposition occurred mostly at the second 

stage with simultaneous dehydration and decarbonation starting at about 210 °C and 

reaching a maximum weight loss of 24.6% at about 400 °C. Hence, the thermal 

treatment was conducted at 400 ºC or over 400 ºC for 2 hours in ambient atmosphere 

to produce thermally treated galvanised steel (TTGS), and thermally treated zincalume 

(TTZnAl).  

4.3.2 Characterisation of Galvanised Steel  

It is commonly believed that galvanised steel will inevitably react with oxide, 

carbon dioxide, and water to form zinc oxide, zinc carbonate, or zinc carbonate 

hydroxide when exposed to the atmosphere [193]. XRD was conducted to determine 

the crystalline phases of galvanised steel before and after thermal treatment. Figure 4-3 

shows the XRD spectra of untreated galvanised steel (UTGS) and thermally treated 
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galvanised steel treated at 600 ºC (TTGS (600)). Comparison of the measured XRD 

spectra with reference spectra from the JCPDS database indicated that only metallic 

zinc (JCPDS 4-831) was detected on both UTGS and TTGS (600). After heat treatment, 

a zinc (201) peak on UTGS disappeared, whereas a new zinc (004) peak was detected 

on TTGS (600). Therefore, the thermal treatment has changed the Zn growth 

orientations. This finding is consistent with the findings of others-the only detectable 

phase being Zn [81] [194]. No zinc oxide, zinc carbonate, or zinc carbonate hydroxide 

was detected on both untreated and thermally treated galvanised steel by XRD. It is 

more likely that those compounds are still present on the galvanised steel surface but 

are undetectable by XRD, either because they are in relatively small amounts at the 

surface or they are poorly crystalline.  

 

 

Figure 4-3. XRD patterns of the UTGS and TTGS (600). 

Since the zinc compounds on the galvanised surface may be too thin for bulk 

sensitive methods, sophisticated surface analytic methods such as XPS was performed 

to investigate the chemical composition of the galvanised steel prior and after thermal 

treatment. XPS spectra of reference ZnO and zinc carbonate hydroxide compounds 

were also collected. Reference ZnO powders were annealed just before analysis to 

reduce interfering with zinc carbonate residuals. 
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The XPS C1s spectra taken from reference ZnO and zinc carbonate hydroxide 

compounds are shown in Figure 4-4 (a) and Figure 4-5 (a) respectively. Table 4-1 shows 

the relative atomic composition of C 1s components based on these spectra. The peak 

at 284.8 eV was assigned to adventitious carbon and used to correct binding energies 

of other components [195]. The peak at 286.1 eV was assigned to C-O bond from 

contamination [196]. The higher binding energy peaks at 288.7 eV and 289.7 eV were 

in good agreement with values reported for the carbonate and hydroxide carbonate, 

respectively [197] [198] [199] [200]. The peak at 291 eV was assigned to adsorbed CO2 

[201]. It is worth noting that carbonate peak also exists in reference annealed ZnO. ZnO 

inevitably reacts with carbon dioxide and water in the atmosphere to form zinc 

carbonate or zinc carbonate hydroxide atmosphere [193].  

Figure 4-4(b) and Figure 4-5(b) show the XPS O 1s spectrum of reference ZnO 

and zinc carbonate hydroxide compounds respectively. The peak at 529.9 eV was 

ascribed to oxygen from zinc oxide, which is in good agreement with the literatures 

[202] [203] [204]. The peaks at 530.7 eV and 531.7 eV were attributed to carbonate 

and hydroxide carbonate, respectively [205] [189] [206]. A peak at 532.6 eV can be 

attributed to hydroxide [207]. O 1s spectra show that the most intense peak in the 

reference annealed ZnO sample was ZnO peak, and those two peaks in reference zinc 

carbonate hydroxide sample were zinc carbonate and zinc carbonate hydroxide. The O 

1s spectrum of reference ZnO is further supporting evidence of the existence of Zn2CO3 

and Zn5(CO3)2(OH)6 in reference annealed ZnO powders. 

Figure 4-4 (c) and Figure 4-5 (c) show the XPS Zn 2p 3/2 spectra taken from 

reference ZnO and zinc carbonate hydroxide compounds respectively. The XPS Zn 

L3M45M45 Auger peak spectra taken from reference ZnO and zinc carbonate hydroxide 

compounds are shown in Figure 4-4 (d) and Figure 4-5 (d) respectively. Zn 2p 3/2 

spectra show only a small binding energy shift in the Zn 2p 3/2 region, and thus there 

is an overlap between the metal oxide peak and the metal peak. Due to the spectral 

overlap, mixed systems of metal and oxide are very difficult to quantify. The use of the 

modified Auger parameter (α') is therefore preferred for Zn species identification. Zn 

L3M45M45 Auger peak spectra represent the energy of the electrons ejected from the 

atoms due to the filling of the Zn 2p state (L shell) by an electron from the M4 shell 

coupled with the ejection of an electron from an M5 shell. The Zn L3M45M45 Auger 



Thermal Treatment and Characterisation of Galvanised Steel 

 

49 

 

peak spectra show broader and more complex structure than photoelectron spectra 

peaks since initial ionisation in L3 can result in transitions involving M4 and M5. The 

binding energies of the Zn 2p 3/2  peak, the kinetic energies of the Zn L3M45M45 Auger 

peak, along with the corresponding modified Auger parameter (α') of the reference ZnO 

and zinc carbonate hydroxide are compared with the data of the NIST XPS database 

[208] in Table 4-3. The modified Auger parameters of the reference ZnO and zinc 

carbonate hydroxide compounds are 2010.2 eV and 2009.3 eV, respectively. The 

modified Auger parameters (α') of reference samples were very close to the values 

reported in NIST XPS database and other literatures [209] [189] [210]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. XPS spectra of (a) C 1s, (b) O 1s, (c) Zn 2p 3/2, and (d) Zn L3M45M45 of reference 

annealed ZnO powders. 
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Table 4-1. Component-fitted C 1s spectra of reference ZnO and zinc carbonate hydroxide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Relative atomic composition (%) 

 

BE (eV) 

C-C 

284.8 (eV) 

C-O 

286.1 (eV) 

CO3
2- 

288.7 (eV) 

(CO3)2(OH)6
10- 

289.7 (eV) 

CO2 

291 (eV) 

ZnO 89 7 4 - - 

Zn5(CO3)2(OH)6 70 12 3 13 2 

Figure 4-5. XPS spectra of C 1s (a); O 1s (b); c Zn 2p 3/2 (c); and Zn L3M45M45 (d) of reference 

zinc carbonate hydroxide powders. 
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Table 4-2. Component-fitted O 1s spectra of reference ZnO and zinc carbonate hydroxide 

 

 

Table 4-3. Modified Auger parameter of measured reference materials: ZnO, and Zinc 

carbonate hydroxide 

Chemical State NIST XPS Database Reference Samples 

 BE  

Zn 2p3/2   

KE 

Zn L3M45M45 

α' BE  

Zn 2p3/2   

KE 

Zn L3M45M45 

α' 

ZnO 1021.9 988.2 2010.1 1021.1 989.1 2010.2 

Zn5(CO3)2(OH)6 1021.8 987.5 2009.3 1021.8 987.5 2009.3 

 

The reference spectra as described above were used as a baseline for the peak 

deconvolution of the galvanised steel samples.  The XPS survey of untreated galvanised 

steel (UTGS), galvanised steel thermally treated at 400 ºC (TTGS (400)), and 

galvanised steel thermally treated at 600 ºC (TTGS (600)) are shown in Figure 4-6. The 

XPS survey spectra show a step-like background with the photoelectron peaks sit on 

the background. Electrons emitted within the sample may undergo elastic collisions 

thus producing scattered electrons with no loss of energy. These zero-loss scattered 

electrons result in the photoelectron peaks [130]. Electrons emitted within the sample 

may also undergo inelastic collisions thus decreasing the energy of the electron. These 

inelastic scattering processes produce the background noise on the XPS spectrum [211]. 

The background is continuum because the inelastic scattering processes are random and 

multiple. The intensity of background increases with increasing binding energy due to 

the energy loss of scattered electrons during inelastic scattering processes  [130]. The 

intensity of background is dependent on the amount of scattering that occurs- more 

scattering cause higher intensity [212]. The energy loss in higher BE is bigger than that 

of lower BE because more scattering occurs in higher BE (Lower kinetic energy). 

Hence, the intensity of background towards higher BE of photoemission peak is always 

greater than towards lower BE.  

Sample Relative atomic composition (%) 

BE (eV) 

ZnO 

529.9 

(eV) 

CO3
2- 

530.7 

(eV) 

 

(CO3)2(OH)6
10

- 

531.7 (eV) 

 (OH)2
2- 

532.6 

(eV) 

CO2 

533.2 

(eV) 

ZnO 59 20 14 7  

Zn5(CO3)2(OH)6 - 8 83 - 9 
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Table 4-4 presents the elemental composition of the galvanised steel surface before 

and after thermal treatment. Along with carbon, oxygen and zinc, small amounts of 

chromium, phosphorus, and calcium were detected on the surface of these samples. It 

was found that the Zn and O signal increased with the annealing temperature. In contrast, 

the intensity of the C signal decreased with the annealing temperature.  

 

Figure 4-6. XPS survey of (a) UTGS, (b) TTGS (400), and (c) TTGS (600). 
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Table 4-4.  Elemental composition of UTGS, TTGS (400), and TTGS (600) 

 

Samples Relative atomic composition (%) 

 C 1s O1s Zn 2p 3/2 Cr 2p 3/2 P 2s Ca 2p N 1s 

UTGS 40 43 2 5 8 <1 1 

TTGS (400) 38 45 3 5 7 <1 <1 

TTGS (600)  17 52 22 4 4 <1 - 

 

The higher resolution spectra of C 1s, O1s, Zn 2p 3/2, and Zn L3M45M45 for UTGS, 

TTGS (400), and TTGS (600) are shown from Figure 4-7 to Figure 4-10. Peak positions 

determined from the reference spectra of ZnO and zinc carbonate hydroxide spectra 

were used in the data fitting. The component-fitted C 1s and O 1s spectra of galvanised 

steel samples match well with those of ZnO and zinc carbonate hydroxide reference. 

The most intense two peaks in the C 1s spectra are from common surface 

contamination-adventitious carbon. The C 1s spectra evidenced the presence of zinc 

carbonate and zinc carbonate hydroxide on the surface of UTGS and TTGS (400), while 

only adventitious carbon was detected in TTGS (600). The intensity of the zinc 

carbonate signal decreased with an increased annealing temperature, indicating the 

decomposition of zinc carbonate compounds on the galvanised steel surface. 

In the O 1s spectra, most of the peaks for UTGS and TTGS (400) were from zinc 

carbonate and zinc carbonate hydroxide. The relative O 1s atomic percentage in Figure 

4-8 (b) showed that approximately 6% and 38% of the oxygen was present as ZnO in 

TTGS (400) and TTGS (600) respectively. These results indicated the existence of zinc 

carbonate hydroxide on the surfaces of all galvanised steel substrates and validated the 

formation of ZnO on TTGS (400) and TTGS (600) surfaces. 

In Table 4-7, the modified Auger parameter (α') of Zn on untreated and thermally 

treated galvanised steel is shown. The modified Auger parameters were compared with 

the data of the NIST XPS database and our reference (Table 4-3). Due to the small 

binding energy shift in the Zn2p3/2 region and the spectral overlap in the Zn L3M45M45 

spectra, the mixed systems of metal, metal oxide, and metal carbonate are very difficult 

to quantify. Here the most intense peak of Zn2p3/2 and Zn L3M45M45 was used for 
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calculation. The modified Auger parameter of UTGS was at 2009.2 eV, matching with 

the value for Zn5(CO3)2(OH)6 from our reference and NIST XPS database. This match 

indicates the existence of Zn5(CO3)2(OH)6 on the surface of UTGS. The modified 

Auger parameters of TTGS (400) was 2009.5 eV, which is between the α' of ZnO 

(2010.2 eV) and Zn5(CO3)2(OH)6 (2009.3 eV). This value may be attributed to the 

mixture of ZnO and Zn5(CO3)2(OH)6 on the surface of the TTGS (400). However, the 

modified Auger parameter value of the TTGS (400) is unable to unambiguously 

identify the zinc compounds on the surface. The modified Auger parameter of the 

TTGS (600) was 2010.0 eV, which is in good agreement with reference ZnO sample. 

This agreement further evidenced the existence of ZnO on TTGS (600).  The analysis 

of XPS spectra and modified Auger parameters pointed to the conclusion that zinc 

carbonate and zinc carbonate hydroxide presented on the surface of all the galvanised 

steel samples, and both thermal treated galvanised steel surfaces contain a complex 

mixture of zinc compounds with some ZnO present. The amount of ZnO on the 

thermally treated galvanised steel surface increased with the thermal treatment 

temperature, whereas carbonate compounds decreased with the increase of temperature.  
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Figure 4-7. C 1s spectra taken from (a) UTGS, (b) TTGS (400), and (c) TTGS (600). 
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Figure 4-8. O 1s spectra taken from (a) UTGS, (b) TTGS (400), and (c) TTGS (600). 
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Figure 4-9. Zn 2p3/2 spectra taken from (a) UTGS, (b) TTGS (400), and (c) TTGS (600). 
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Figure 4-10. Zn L3M45M45 spectra taken from (a) UTGS, (b) TTGS (400), and (c) TTGS 

(600). 
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Table 4-5. Component-fitted C 1s spectra of UTGS, TTGS (400), and TTGS (600) 

 

Table 4-6. Component-fitted O1s Spectra of UTGS, TTGS (400), and TTGS (600) 

 

 

Table 4-7. Modified Auger parameters of (a) UTGS, (b) TTGS (400), and (c) TTGS (600) 

 

 BE (eV) 

Zn 2p3/2   

KE (eV) 

Zn L3M45M45 

α' 

UTGS 1022.3 986.9 2009.2 

TTGS (400) 1022.3 987.2 2009.5 

TTGS (600) 1021.7 988.3 2010 

 

The morphology and qualitative elemental composition of the galvanised steel 

before and after thermal treatment were analysed by SEM-EDS. The secondary electron 

images (SEI) of the galvanised steel prior and after thermal treatment are demonstrated 

in Figure 4-11. The UTGS exhibited typical wrinkled morphology, consisting of 

plateaus, valleys and dispersed pores. The TTGS (400) exhibits a similar surface 

topography, as shown in Figure 4-11 (b), but with more pores than the UTGS. Dramatic 

changes were observed after thermal treatment at 600 ºC. The TTGS (600) contained 

grains in the range of 1-5 μm (Figure 4-11 (c)). The change was attributed to the thermal 

Samples  Relative atomic composition (%) 

BE(eV) 
C-C 

284.8 (eV) 

C-H 

285.4 (eV) 

C-O 

286.1 

(eV) 

CO3
2- 

287.2 

(eV) 

ZnCO3 

288.7 (eV) 

(CO3)2(OH)6
10- 

289.7 (eV) 

UTGS 65 18 6 3 7 1 

TTGS 400 51 24 16 5 3 1 

TTGS 600 100 - - - - - 

Samples Relative atomic composition (%) 

BE(eV) 

 

ZnO 

529.9 (eV) 

CO3
2- 

530.7 (eV) 

(CO3)2(OH)6
10- 

531.7 (eV) 

(OH)2
2- 

532.6 (eV) 

CO2 

533.2 (eV) 

UTGS - 32 48 17 3 

TTGS 400 6 48 - 30 16 

TTGS 600 38 9 47 - 6 
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decomposition of zinc compounds and the oxidation of zinc on the galvanised steel 

surface. 

 

 

 

  

 

 

 

 

 

To further investigate the structure of the pores, granular particles and substrate in 

both untreated and thermally treated galvanised steel, secondary electron images (SEI) 

were taken at a higher magnification. As shown in Figure 4-12 and Figure 4-13, both 

the UTGS and TTGS (400) exhibited micrometre-scale irregular pores, and there was 

no detectable nanostructure inside the pores. Individual and aggregated spherical 

nanoscale grains were observed on both the UTGS and TTGS (400) with no significant 

difference in shape and size. Figure 4-14 presents typical SEM images of galvanised 

steel annealed at 600 ºC. TTGS (600) was composed of pebble-shaped, aggregated 

spherical and needle-shaped grains of nanoscale size.  

To analyse the elemental composition of the samples, backscattered electrons 

images and the corresponding EDS spectra were taken in different regions. The analysis 

(Figure 4-15) revealed that the surface of all three substrates consists of primarily Zinc 

with trace amounts of Fe, Pb, Al, Cr, and Ca. The concentration of Fe in the TTGS (600) 

(15%) was much higher than in the UTGS (1%) and TTGS (400) (1%). The increased 

black ion in TTGS (600) makes the coating blacken. In addition, the concentration of 

C in the UTGS (5%) was higher than in the TTGS (400) (4%) and the TTGS (600) 

(1%). Conversely, the O concentration increased with the increase of the annealing 

Figure 4-11. SEM secondary electron images (SEI) of (a) UTGS, (b) TTGS (400), and (c) 

TTGS (600). 

(a) (b) (c) 
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temperature. These results are consistent with XPS analysis and confirm the 

decomposition of zinc carbonate hydroxide and the formation of ZnO on the galvanised 

steel surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13. SEM secondary electron images (SEI) of TTGS (400) on (a) pore, and (b) substrate 

with a higher magnification. 

 

 

(a) (a1) 

(b) (b1) 

Figure 4-12. SEM secondary electron images (SEI) of UTGS surface on (a) pore, and (b) 

substrate with a higher magnification. 
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(a) (a1) 

(b) (b1) 

(c) (c1) 

Figure 4-14. SEM secondary electron images (SEI) of TTGS (600) with a higher 

magnification. 
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Element C K O K ZnK AlK CaK Cr K FeK PbK 

Wt % 5.42 0.84 90.25 0.67 0.3 0.3 0.41 1.55 

At % 23.2 2.7 71.39 0.67 0.39 0.3 0.38 0.38 

Element  C K  O K  ZnK  AlK  CaK  Cr K  FeK  PbK 

 Wt % 3.59 1.08 92.4 0.41 0.15 0.08 0.43 1.85 

 At % 16.37 3.71 77.88 0.83 0.21 0.09 0.42 0.49 

Element  C K  O K  ZnK  AlK  CaK  Cr K  FeK  PbK 

 Wt % 1.18 4 75.92 1.33 0.15 0.26 14.87 2.3 

 At % 5.32 13.54 65.96 2.67 0.2 0.27 14.44 0.6 

Figure 4-15. SEM backscattered electrons images (BSE) of (a) UTGS, TTGS (400), and (c) TTGS (600). 

 

(a) 
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4.4  Conclusion  

A comparative study of the surface chemistry of galvanised steel before and after 

thermal treatment was carried out using XPS and SEM-EDS. The investigation of 

thermal decomposition of zinc carbonate hydroxide reference powders proved the 

formation of ZnO by thermal decomposition of zinc carbonate hydroxide and was used 

to determine the required heat treatment temperature for the galvanised steel substrates. 

The XPS spectra and modified Auger parameters indicated the existence of zinc 

carbonate and zinc carbonate hydroxide on the surface of all the galvanised steel, and 

confirmed that both the thermal treated galvanised steel surfaces contain a complex 

mixture of zinc compounds with some ZnO present. XPS results also indicated the 

decrease of carbonate compounds and the increase of ZnO with the increase of 

temperature, and this corresponded to the thermal decomposition of zinc carbonate and 

zinc carbonate hydroxide, or oxidation of metallic zinc to form ZnO.   

The SEM results revealed the change in morphology of galvanised steel changes 

with thermal treatment. More pores were observed on the TTGS (400) surface than on 

the UTGS, and there was no nanostructure inside the pores. Individual and aggregated 

spherical nanoscale particles were observed on the untreated and thermally treated 

galvanised steel substrate. More obvious morphological changes were observed after 

thermal treatment at 600 ºC. The TTGS (600) was composed of pebble-shaped particles, 

aggregated spherical particles and needle-shaped particles with nano-scaled size.  
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5. Surface-Initiated Polymerisation of Vinyl Monomers using 

Galvanised Steel as Photoinitiator 

5.1 Introduction 

The results presented in Chapter 4 showed that ZnO forms on the surface of thermally 

treated galvanised steel. Several studies on the photocatalytic activity of ZnO powders have 

demonstrated that ZnO powders can be used as photoinitiators for vinyl monomer 

polymerisation. Kuriacose et al. [213] used the aqueous suspensions of ZnO powders to photo-

initiate the polymerisation of methyl methacrylate. Poly (methy1 methacrylate) with high 

molecular weight was obtained with oxygen-free solutions and untreated zinc oxide powders. 

Hoffmann et al. [214] reported the applicability of ZnO particles as photoinitiators for the 

polymerisation of several vinyl monomers. Polymerisation occurred with quantum-sized ZnO 

particles. Huang et al. [215] studied the polymerisation of methyl methacrylate using annealed 

quantum-sized ZnO particles as photoinitiators. They successfully synthesised predominantly 

syndiotactic poly (methy1 methacrylate). These studies demonstrated that ZnO powders are 

capable of photo-initiate polymerisation. However, there is no research on photoinitiation 

efficiency of other forms of ZnO.  

Hence, this chapter aims to examine the photoinitiation efficiency of ZnO on the surface 

of thermally treated galvanised steel (TTGS). Polymerisations of several vinyl monomers were 

carried out using TTGS substrates as photoinitiators. The polymerisation mechanism was 

elucidated through a series of experiments. The monomer consumptions during polymerisation 

were monitored to give insight into polymerisation kinetics. Some of the key properties of the 

resultant polymers were measured. 

5.2 Experiment  

Materials: Methyl methacrylate (MMA), butyl methacrylate (BMA), methyl acrylate 

(MA), and butyl acrylate (BA) were purified and stored in a nitrogen atmosphere and fridge at 

4 ºC before use. The purification of the monomers was conducted as described in section 3.2. 

Poly (ethylene glycol) methyl ether methacrylate (PEGMEMA), diurethane dimethacrylate 

(DUDMA), chloroform-D (CDCl3), tetrahydrofuran (THF), terephthalic acid (TA), and 2-

hydroxy terephthalic acid (TAOH) were used as received. UTGS, TTGS (400) and TTGS (600) 
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sheets were ultrasonically cleaned with distilled water. A 15 W UV lamp (365 nm) was 

obtained from UVTech Systems, Inc.  

General procedures for homopolymerisation: vinyl monomers (MMA/MA/BMA 

/BA/DUDMA/PEGMEMA) (0.1 mol) and galvanised steel substrate (UTGS/TTGS (400) 

/TTGS (600)) were put into a 20ml vial and the reaction mixture was irradiated with a UV light 

(15 W, λ=350 nm) at room temperature for one hour. The sealed vial was held at a fixed 

temperature (60 ºC) in an oven for different durations (0-48 h). Bulk polymerisations of vinyl 

monomers are usually conducted above 60 °C [216] [217].  The polymerisation rate increases 

with increasing polymerisation temperature. However, increasing temperature will accelerate 

the evaporation rate of monomers, thereby may cause unsafe operation.  Hence, the reaction 

temperature should not exceed the boiling point of the monomers [214]. From a point of 

practical operation, the polymerisations of vinyl monomers were carried out at 60 ºC. 

General procedures for synthesising multilayer polymers： After the polymerisation 

of MMA, a new monomer solution (MMA or BMA) was placed in the obtained polymer 

(PMMA), and the reaction mixture was held at 60 ºC for different durations to get multilayer 

polymers.  

Characterisation: Fluorescence spectroscopy was used to probe the hydroxyl radicals 

formed on the UV-illuminated UTGS, TTGS (400) and TTGS (600) photoinitiators. The 

detailed procedures were described in section 3.2.4. The chemical compounds change during 

polymerisation was monitored by ATR-FTIR. The molecular weights and polydispersity index 

(PDI) of the resulting polymers were measured by size exclusion chromatography (SEC). The 

monomer consumptions and structure change during polymerisation were monitored by 1H 

NMR spectroscopy. 

5.3 Results and Discussion  

The first investigation was aimed at determining the ability of the galvanised steel surface 

to photo-initiate polymerisation under UV illumination. As this system does not contain any 

catalyst that requires the inert atmosphere to retain activity, all the polymerisations were 

conducted in an ambient atmosphere to simplify the reaction setup. The polymerisations of 

methyl methacrylate (MMA) were first performed at 60 ºC without UV irradiation or under 

one-hour UV irradiation, and without using any initiator or additional materials. MMA 
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monomers were also polymerised without UV irradiation at 60 ºC, using UTGS, TTGS (400) 

or TTGS (600) as photoinitiators.  

The resulting materials were identified by 1H NMR. The detailed reaction conditions and 

the observation of resulting materials are listed in Table 5-1. No polymerisation took place in 

all cases, confirming that the polymerisation cannot be triggered by UV irradiation, galvanised 

steel photoinitiator, or heat alone. Subsequent polymerisations of MMA were conducted under 

UV irradiation for one hour, using UTGS, TTGS (400) or TTGS (600) as photoinitiators. The 

reaction mixture was then placed in the dark at 60 ºC for 48 hours. A significant amount of 

transparent solid polymers was formed, indicating that the polymerisation had occurred and 

PMMA polymers were synthesised (Figure 5-1). 

Table 5-1. The polymerisation of MMA at different reaction conditions and the observation of 

resulting materials  

Photoinitiators 

UV 

irradiation 

time (hour) 

Reaction 

temperature (ºC) 
Phase Resulting materials 

- - 60 Liquid MMA monomer 

- 1 60 Liquid MMA monomer 

UTGS - 60 Liquid MMA monomer 

TTGS (400) - 60 Liquid MMA monomer 

TTGS (600) - 60 Liquid MMA monomer 

UTGS 1 60 Liquid A mixture of MMA and PMMA  

TTGS (400) 1 60 Solid PMMA polymer 

TTGS (600) 1 60 Solid PMMA polymer 

Reaction conditions: Monomer: MMA, Monomer weight: 0.094 mol, UV intensity: 15 W, reaction time in dark: 48 h. 
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Figure 5-1. The picture of PMMA synthesised by TTGS (400). 

 

The resulting polymers were also characterised by ATR-FTIR. The FTIR spectra of the 

MMA monomer and obtained polymers are shown in Figure 5-2. The distinctive absorption band 

around 1640 cm−1 appeared in the spectra of the MMA monomer and the polymer prepared by 

UTGS , which was assigned to carbon double bond (C=C) [218]. The high residual quantity of 

double bonds in the polymer prepared by UTGS indicated the inadequate polymerisation of 

monomers. However, the absorption peak at the same wavenumber (1640 cm−1) was not observed 

for polymers prepared by TTGS (400) and TTGS (600). The disappearance of a carbon double bond 

peak confirmed that polymerisation occurred and PMMA polymers were synthesised by using 

TTGS (400) and TTGS (600) as photoinitiators.  

TTGS (400) 



Surface-Initiated Polymerisation of Vinyl Monomers using Galvanised Steel as Photoinitiator 

 

69 

 

 

Figure 5-2. FTIR spectra of MMA monomer and polymers prepared by UTGS, TTGS (400), TTGS 

(600) photoinitiators. 

The next investigation focused on elucidating the mechanism of polymerisation. The 

proposed mechanism involves the formation of ZnO photocatalyst on the galvanised steel 

surface, and photo-excitation of such ZnO to produce hydroxyl radicals that are capable of 

initiating polymerisation (Figure 5-3). Hydroxyl radicals are free radicals which have unpaired 

valence electrons on the oxygen atom [219]. These unpaired electrons make hydroxyl radicals 

highly chemically reactive towards monomers, and thus can initiate free radical polymerisation 

[81]. Upon UV illumination of ZnO photocatalysts, conduction-band electrons (ecb
-) and 

simultaneously valence-band holes (hvb
-) are produced [220]. The electrons and holes 

respectively react with oxygen and water from the atmosphere to generate hydroxyl radicals 

[221]. To validate the proposed mechanism, the production of hydroxyl radicals on galvanised 

steel surface was investigated.  
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Figure 5-3. The proposed mechanism of GSM-SIP. 

To evaluate the photocatalytic activity of the galvanised steel surface, fluorescence 

spectroscopy was used to detect the hydroxyl radicals formed on UV-illuminated UTGS, TTGS 

(400) and TTGS (600). Terephthalic acid (TA) was used as a fluorescence probe for hydroxyl 

radicals as it reacts with the radicals to produce the highly fluorescent product, 2-hydroxy 

terephthalic acid (TAOH) [148]. The intensity of the fluorescence peak is proportional to the 

amount of hydroxyl radicals produced in the solution. Figure 5-4 shows the formation of TAOH 

in NaOH solution after one-hour of UV irradiation. The spectra of the TA control and the UV 

alone had no peak at 425 nm, indicating TAOH cannot be formed by UV irradiation alone.  

There was a small peak in UTGS spectrum and the peak intensity of UTGS is slightly higher 

than TA control background.  This small peak may be attributed to a small amount of TAOH. 

The spectra of TTGS (400) and TTGS (600) showed an intense peak at 425 nm corresponding 

to TAOH (Table 5-2). It was also found that the concentration of TAOH in TTGS (400) was 

lower than that of TTGS (600), corresponding to a lower level of ZnO on the surface. This 

result is consistent with XPS analysis. These observations confirmed the formation of hydroxyl 

radicals on both untreated and thermally treated substrates with a higher rate on thermally 

treated ones.  

Among all the compounds present on the surface of our galvanised steel, ZnO is the only 

photocatalyst that is capable of forming hydroxyl radicals [222] [223]. There are no reports 

specifically on the photoactivity of other zinc compounds such as zinc carbonate, zinc 

hydroxide, and zinc carbonate hydroxide. Thus, the formation of hydroxyl radicals further 

confirms the existence of ZnO on the thermally treated galvanised steel surface. 

The generation of hydroxyl radicals indicated the polymerisation of vinyl monomers 

initiated by thermally treated galvanised steel is a typical free radical polymerisation. Figure 

5-5 shows the proposed mechanism of methyl methacrylate polymerisation. Following the 
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generation of hydroxyl radicals, the monomer molecules react with hydroxyl radicals to yield 

initiating radicals [81]. The initiating radicals continue to react with the addition of monomers 

to form propagating radicals. Once propagating radicals formed, the chains rapidly propagate 

until monomers are consumed or until termination/chain transfer occurs [84].  

 

 

 

 

 

 

 

 

 

 

 

 

Table 5-2. The formation of TAOH measured by fluorescence spectroscopy in the presence of UV (1 

hour) and different galvanised steel photoinitiators 

Photoinitiator 

 

FL intensity 

 

TAOH concentration  

(µM) 

UTGS 136.1 0.22 

TTGS (400) 357.5 1.81 

TTGS (600) 557.9 3.01 
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Figure 5-4. (a) The formation of TAOH measured after one-hour UV irradiation by fluorescence 

spectroscopy: TA control (shot dash line), in the presence of UV (dot line), in the presence of UV 

and UTGS (solid line), in the presence of UV and TTGS (400) (dash-dot line), in the presence of 

UV and TTGS (600) (dash line). (b) Fluorescence calibration curves as a function of TAOH 

concentration. 
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Figure 5-5. The mechanism of free radical polymerisation reaction: the polymerisation of MMA. 

 

The structure of obtained PMMA and the monomer conversion during polymerisation 

were further analysed by 1H NMR spectroscopy. The monomer conversion is described as 

equation 5-1 [81]: 

Conversion =
[M]0−[M]t

[M]0
   (5-1) 

where [M0] is the amount of monomer at the start, [Mt] is the monomer concentration at 

time t. The conversion degree of MMA was calculated by comparing the integration of 

monomer vinyl (ICH2=) peaks area with the integration of the methoxy (IOCH3
) peaks area by 

the following equation [80]: 

 Conversion degree =
IO−CH3−

3

2
ICH2=

IO−CH3
  (5-2)  

 

The conversion degree of resulting polymers is tabulated in Table 5-3. It was found that 

UTGS is capable of photo-initiating polymerisation with a very low conversion degree (6.19%), 

and the polymerisation rate was very slow. The low yield was attributed to the extremely low 

amounts of ZnO on the untreated substrate. The conversion degree for TTGS (400) and TTGS 

(600) were calculated as 95.6% and 97.9% respectively, much higher than that of UTGS. 

Thermally treated galvanised steel sheets were investigated in more detail. The 1H NMR 

spectra in Figure 5-6 and Figure 5-7 show the consumption of MMA over time using TTGS 

(400) and TTGS (600) photoinitiators respectively. The 1H NMR of PMMA prepared by TTGS 

(400) and TTGS (600) photoinitiators after 36 hours reaction time showed that the monomer 

vinyl peaks (at 6.1 ppm and 5.5 ppm) dramatically decreased, and new methyl (-CH3) and 
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methylene (-CH2-) signals appeared from 0.5 to 1.8 ppm [224]. In addition, a new signal was 

detected around 3.6 ppm, which could be assigned to polymeric methoxy [225]. Those results 

indicated that polymerisation was operative and the PMMA was obtained by using thermally 

treated galvanised steel sheets as photoinitiators.  

Table 5-3. The conversion degree of the resulting PMMA polymers 

Initiator Monomer Conversion a) 

  [%] 

UTGS MMA 6.19 

TTGS (400) MMA 95.6 

TTGS (600) MMA 97.9 

Reaction conditions: Monomer weight: 0.094 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 

60 °C, reaction time in dark: 36 h. a) Determined by proton nuclear magnetic resonance (1H NMR).  
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Figure 5-6.1H NMR spectra of polymerisation of MMA using TTGS (400) as photoinitiators media in 

0 (a), 20 (b) and 36 h (c) showing the consumption of MMA as a function of reaction time. 
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Figure 5-7.1H NMR spectra of polymerisation of MMA using TTGS (600) as photoinitiators media in 

0 (a), 20 (b) and 36 h (c) showing the consumption of MMA upon reaction time. 

 

The molecular weights and polydispersity index (PDI) of the obtained PMMA were 

measured by size exclusion chromatography (SEC). The SEC traces in Figure 5-8 show narrow 

unimodal distributions of both polymers with a short retention time. Table 5-4  indicates that 

both polymers prepared by TTGS (400) and TTGS (600) have high molecular weights (1,181 

k and 956 k,) and narrow molecular distributions. (PDI=1.11 and 1.14,). In contrast, the PDI 

value of commodity polymers usually ranges from 2 to 5 [226].  In summary, both TTGS (400) 

and TTGS (600) photoinitiators proved effective in synthesising PMMA with a high 

conversion degree, high molecular weight and low PDI. The control of chain growth by the 

TTGS (600) photoinitiator may be attributed to the low concentration of hydroxyl radicals and 
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the absence of solvent and organic initiator in the systems. The concentration of produced 

hydroxyl radicals was at a sufficiently low level to enable chain growth on the one hand and 

reduce chain termination reactions on the other. The chain termination is the annihilation of 

the chain radicals’ activities by the combination or disproportionation of the propagating 

radicals [16]. The low concentration of hydroxyl radicals results in a relatively small number 

of propagating radicals, and thus reduces the chain termination reactions. Additionally, chain 

transfer to the solvent and organic initiator was eliminated in their absence. The reduction of 

chain termination and chain transfers allowed the thermally treated galvanised steel 

photoinitiator system to synthesise polymer with high molecular weight with low 

polydispersity.  

 

 

Figure 5-8. SEC traces of PMMA prepared by TTGS (400) photoinitiator (dash line), and TTGS 

(600) photoinitiator (solid line). 

 

Table 5-4. The molecular weights and molecular weight distributions of the resulting PMMA 

polymers 

Initiator Monomer Retention time Mn
 a)

 PDI a) 

  [min] [g/mol]  

TTGS (400) MMA 10.31 1,181 k 1.11 

TTGS (600) MMA 10.62 956 k 1.14 

Reaction conditions: Monomer weight: 0.094 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 

60 °C, reaction time in dark: 36 h. a) Determined by size exclusion chromatography (SEC). 
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To investigate the efficiency of thermally treated galvanised steel in photo-initiating 

polymerisation of structurally acrylic monomers, methyl acrylate (MA), butyl acrylate (BA), 

butyl methacrylate (BMA), poly (ethylene glycol) methyl ether methacrylate (PEGMEMA), 

and diurethane dimethacrylate (DUDMA) were also polymerised using TTGS (600) as the 

photoinitiator. The conversion degree of the resulting polymers is shown in Table 5-5. It was 

found that the TTGS (600) photoinitiator is capable of photo-initiating polymerisation with 

high conversion degree (>95%). Figure 5-9 to Figure 5-13 show the 1H NMR spectra of vinyl 

monomers and the resulting polymers. The decreased vinyl peaks and the increased polymeric 

methyl or methylene peaks indicated that polymerisation had occurred, and polymers were 

obtained. These results confirmed the capability of thermally treated galvanised steel to photo-

initiate polymerisation of structurally acrylic monomers. 

Table 5-5. Polymerisation of acrylic monomers using a TTGS (600) photoinitiator  

Initiator Monomer Conversion a) 

  [%] 

TTGS (600) MA 99.8 

TTGS (600) BA 96.2 

TTGS (600) BMA 95.4 

TTGS (600) PEGMEMA 99.4 

TTGS (600) DUDMA 99.6 

Reaction conditions: Monomer weight: 0.1 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 

60 °C, reaction time in dark: 36 h. a) Determined by proton nuclear magnetic resonance (1H NMR).  

The obtained polymers fall into three categories: linear polymers, branched polymers, and 

cross-linked polymers. Poly (methyl methacrylate) (PMMA), poly (methyl acrylate) (PMA), 

poly (butyl acrylate) (PBA), poly (butyl methacrylate) (PBMA) are amorphous thermoplastic 

linear polymers [80]. The polymerisation reactions and the structure of linear polymers are 

shown from Figure 5-14 to Figure 5-16. These polymers consist of long straight chains of 

monomeric repeat units, with some short side chains attached [81]. The long chains are packed 
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close together to give a well-packed structure. As a result of this close packing, these polymers 

have higher tensile strength and a higher melting point [82]. These polymers also have a 

relatively lower average density. For instance, PMMA has a density of 1.15-1.19 g/cm3, much 

lower than that of steel (7.76-8.05 g/cm3) [90] [227]  Hence, linear polymer-steel composites 

can be applied as a lightweight alternative to metal alloys. Poly [poly (ethylene glycol) methyl 

ether methacrylate] (PPEGMA) is a branched polymer [228]. As shown in Figure 5-17, the 

PPEGMA polymer contains hydrophilic ether oxygen side chains. This polymer can be used 

as anti- biofouling material because the hydrophilic side chains prevent bacteria attachment 

[229]. Poly (diurethane dimethacrylate) (PDUDMA) is a cross-linked polymer. The 

polymerisation of DUDMA to synthesise PDUMA polymer is shown in Figure 5-18. The 

double bonds on both ends react with each other to form a cross-linked structure. Cross-linked 

PDUDMA exhibits elastomeric properties, which can be used as a flexible coating material 

[230].  
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Figure 5-9. 1H NMR spectra of methyl acrylate monomer (a), and poly (methyl acrylate) (b) prepared 

by TTGS (600) photoinitiator.  
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Figure 5-10. 1H NMR spectra of butyl acrylate monomer (a), and poly (butyl acrylate) (b) prepared by 

TTGS (600) photoinitiator.  
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Figure 5-11. 1H NMR spectra of butyl methacrylate monomer (a), and poly (butyl methacrylate) (b) 

prepared by TTGS (600) photoinitiator. 

7 6 5 4 3 2 1

ppm

c h
l+m

i+j+k

a b

Conversion (%)

(b)

a

b

c

d

e f

g

Conversion (%) 0

95.4

(a)



Surface-Initiated Polymerisation of Vinyl Monomers using Galvanised Steel as Photoinitiator 

 

82 

 

 

Figure 5-12. 1H NMR spectra of poly (ethylene glycol) methyl ether methacrylate (PEGMEMA), (a), 

and poly [poly (ethylene glycol) methyl ether methacrylate (PPEGMEMA)] (b) prepared by TTGS 

(600) photoinitiator.  
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Figure 5-13. 1H NMR spectra of diurethane dimethacrylate (DUDMA) (a), and poly (diurethane 

dimethacrylate) (PDUDMA) (b) prepared by TTGS (600) photoinitiator. 
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Figure 5-14. The hydroxyl radical polymerisation of methyl acrylate (MA). 

 

 

Figure 5-15. The hydroxyl radical polymerisation of butyl acrylate (BA). 

 

 

Figure 5-16. The hydroxyl radical polymerisation of butyl methacrylate (BMA). 

 

 

Figure 5-17. The hydroxyl radical polymerisation of poly (ethylene glycol) methyl ether methacrylate 

(PEGMEMA). 
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Figure 5-18. The hydroxyl radical polymerisation of diurethane dimethacrylate (DUDMA). 

The molecular weights and polydispersity index (PDI) of the obtained polymers were then 

measured by size exclusion chromatography (SEC). The size exclusion chromatography (SEC) 

results in Table 5-6 and Figure 5-19 showed that all linear acrylic monomers yielded polymers 

with relatively high molecular weights (Mn>845k) and low PDI (PDI<1.3). These results 

indicate that TTGS (600) is an efficient photoinitiator to synthesise the structurally acrylic 

polymers with high molecular weight and low polydispersity.  

 

Figure 5-19. SEC traces of PMA (short dash line), PBA (solid line), and PBMA (dash line) prepared 

by TTGS (600) photoinitiator.  
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Table 5-6. The molecular weights and molecular distribution of the resulting linear polymers 

Initiator Monomer Retention time  Mn  PDI 

  [min] [g/mol]   

TTGS (600) MA 10.53 1,003 k 1.12 

TTGS (600) BA 10.6 963 k 1.14 

TTGS (600) BMA 10.75 845 k 1.21 

Reaction conditions: Monomer weight: 0.1 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 

60 °C, reaction time in dark: 36 h.  

To give further insight into polymerisation kinetics, monomer consumptions during 

polymerisation were monitored by 1H NMR spectroscopy.  In radical polymerisation the rate 

of polymerisation (Rp) can be considered as the rate of consumption of the monomers with 

respect to time, which is defined as the following equation [81]: 

Rp = −
d[M]

dt
= kp[M][P ∙] (5-3) 

Integrating with respect to time gives equation 5-4 [86]: 

ln
[M]0

[M]t
= kp[P ∙]t (5-4) 

where kp is the propagation constant, [M]0is the amount of monomer at the start, [M]t is 

the monomer concentration at time t, and [P ∙]  is the concentration of active propagating 

species [231].  

To get the plot of ln[M]0 /[M]t versus time, the 1H NMR spectra of 10 mg samples 

prepared by TTGS (600) were recorded at certain time intervals. Methyl methacrylate 

monomer consumptions were calculated by comparing the integrated ratios of methylene 

(=CH2) protons to methoxy (−OCH3) protons [232]. The kinetic plots for TTGS (600) in Figure 

5-20 exhibited a linear behaviour, presenting the characteristic of controlled radical 

polymerisation. In controlled radical polymerisation, the number of propagating species 

remains constant and the log of the monomer concentration is a linear function of time [233].  
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Figure 5-20. Polymerisation of MMA using a TTGS (600) photoinitiator: Kinetic plot with respect to 

time (plot of MMA monomer consumptions as a function of reaction time). 

Another characteristic of controlled radical polymerisation is that the number average 

molecular weight increases linearly with conversion. Since the termination and chain transfer 

are minimised or absent in controlled/living polymerisation, each active species (initiating 

radical) is responsible for one chain [171]. This mechanism offers control over the average 

degree of polymerisation (DPn). Hence, the number average molecular weight of the polymer 

can be predicted by calculating the monomer consumption to the active species ratio [194]. The 

average degree of polymerisation is described as equation 5-5 [171]:  

DPn =
Mn

M0
=

[M]0−[M]t

[I]0
=

[M]0

[I]0
 
[M]0−[M]t

[M]0
=

[M]0

[I]0
(Conversion) (5-5) 

Hence 

Mn =
[M]0

[I]0
M0(Conversion) (5-6) 

where  Mn is the number average molecular weight, M0 is the molecular weight of the 

monomer unit, [I]0 is the concentration of active species (primary radicals), [M]0is the amount 

of monomer at the start [82]. According to equation 5-6, the number average molecular weight 

increases linearly with conversion in controlled/living polymerisation.  

To further investigate whether GSPI-CRP has the characteristics of controlled radical 

polymerisation, the MW and PDI progression as a function of monomer conversion was 

monitored by SEC. The control provided by TTGS (600) was evidenced by the linear increase 
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in molecular weight values with monomer conversion in Figure 5-21. We also found that PDI 

values decreased gradually with increasing monomer conversion. Furthermore, SEC results in 

Figure 5-22 and Table 5-7 showed unimodal distributions of polymer and shifts to larger 

molecular weight values with increasing monomer conversion. These results further 

demonstrate that the TTGS (600) photoinitiator may provide control over both molecular 

weights and molecular distributions.  

 

 

 

 

 

Figure 5-22. The evolution of molecular weights with MMA monomer conversion initiated by TTGS 

(600) photoinitiator. 
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Figure 5-21. Polymerisation of MMA using a TTGS (600) photoinitiator: Plot of molecular weight (solid icons) 

and PDI (hollow icons) as a function of MMA monomer conversion.  
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Table 5-7. The evolution of molecular weights and PDI with monomer conversion initiated by TTGS 

(600) photoinitiator 

Initiator Conversion degree Retention time  Mn  PDI 

 [%] [min] [g/mol]   

TTGS (600) 50.1 11.5 591 k 1.41 

TTGS (600) 75.2 10.92 762 k 1.28 

TTGS (600) 84.6 10.75 845 k 1.16 

TTGS (600) 97.9 10.62 956 k 1.14 

Reaction conditions: Monomer weight: 0.094 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 

60 °C.  

The polymerisation kinetics and evolution of molecular weight with monomer conversion 

manifested characteristics of a controlled polymerisation. A control radical polymerisation 

should be capable of efficiently reinitiating polymerisation [234]. To examine the re-initiation 

ability of the polymer obtained, a series of copolymerisations were performed.  Various 

monomers (MMA, and BMA) were introduced to precursor poly (methyl methacrylate) 

(PMMA), and then the mixture was placed in the dark at 60 ºC until the monomers were 

consumed. The polymerisation was operative, and the transparent multilayer polymer was also 

obtained. To better distinguish different layers, reddish brown and green dyes were added into 

additional monomers respectively. Figure 5-24 shows pictures of the resulting multilayer 

polymers. Two different layers are apparently visible in the picture, indicating that GSM-SIP 

is capable to synthesise multilayer polymers. We hypothesised that the surface of polymer is 

still active, and monomers can be continuing initiated to make multilayer polymer. However, 

the mechanism of re-initiation is still unknown.  

The molecular weight of polymer from each layer was detected by SEC. SEC traces in 

Figure 5-23 revealed that the molecular weight of the top layer polymers (Mn=1,187k, and 

Mn=1,133k) quantifiably increased compared to the precursor bottom PMMA (Mn=956k) 

(Table 5-8).  The increase in molecular weight may be due to the efficient block copolymer 

formation or the formation of a new homopolymer with high molecular weight. The structure 

of sample from each layer should be analysed to identify whether block copolymers are 

synthesised. The structure of sample will be detected by 1H NMR in the future for compound 

identification.   
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The achievement of low polydispersity, the re-initiation ability of precursor polymer, the 

polymerisation kinetics, and evolution of molecular weight with monomer conversion 

indicated characteristics of controlled radical polymerisation. However, these characteristics 

are insufficient to justify that GSM-SIP is controlled radical polymerisation (CRP). The 

common feature of conventional CRP systems is to establish a dynamic equilibrium, through 

either dormant/active chain ends or degenerative transfer [93] [94]. The most common CRP 

(NMP, ATRP, RAFT) involve reversible activation/deactivation process [95]. However, such 

reversible activation/deactivation process had not been found in GSM-SIP system. Meanwhile, 

the chain transfer and chain termination process of GSM-SIP requires for further study. 

Therefore, although GSM-SIP presents some characteristics of a controlled radical 

polymerisation, the mechanism need to be studied further to verify whether GSM-SIP is 

controlled radical polymerisation. 

It is worth noting that the molecular weight of polymers prepared by GSM-SIP (106-107 

g/mol) is much higher than that of polymers prepared by CRP. Most polymers prepared by 

CRP techniques are usually limited to 200,000 g/mol [234]. The minority of polymers with 

molecular weight around 200,000 g/mol can be prepared  by using multifunctional initiators or 

low concentration of metal catalysts [235] [236] [237]. Only anionic polymerisation can 

achieve the same order of magnitude of molecular weight as GSM-SIP. Anionic polymerisation 

has living polymerisation characteristics and thus are capable of synthesising high molecular 

weight polymers with narrow molecular weight distributions [238]. Anionic polymerization 

does not undergo termination reactions because proton transfer from solvent or other positive 

species does not occur [239]. However, deliberate termination or chain transfer can occur due 

to trace impurities. The impurities include trace amounts of oxygen, carbon dioxide or water 

from atmosphere [240]. Hence, anionic polymerisation should be carried out under a dry 

nitrogen atmosphere to achieve high molecular weight and low polydispersity. Whereas, GSM-

SIP is capable of synthesising high molecular weight polymers with low polydispersity in an 

ambient atmosphere, indicating GSM-SIP is not anionic polymerisation.  To the best of our 

knowledge, this is the first time such polymer with high molecular weight (106-107 g/mol) and 

low polydispersity (<1.5) prepared by free radical polymerisation has been reported. Hence, 

we should be more cautious about the SEC results.  In this study, a columns system with the 

exclusion limitation around 1 million was applied. The molecular weight of resultant polymers 

may reach the exclusion limit of the columns.  The SEC results might be inaccurate because 

SEC trace may be compressed and skewed. Hence, more SEC measurement should be 
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conducted in different columns systems to verify the polymers prepared by GSM-SIP have 

high molecular weight and low polydispersity. 

 

 

Figure 5-23．SEC traces of PMMA (dash line), PMMA-b-PMMA (solid line), and PMMA-b-PBMA 

(short dash line). 

 

Table 5-8. Re-initiation of PMMA 

Monomer Conversion  Retention time Mn
 
 PDI 

 [%] [min] [g/mol]   

MMA a) 97.6 10.62 956 k 1.13 

Additional MMA b) 96.5 10.32 1,187 k 1.08 

Additional BMA c) 95.9 10.38 1,133 k 1.11 

a) Monomer weight: 0.094 mol, UV intensity: 15 W, UV irritation time: 60 min, polymerisation temperature: 60 °C, reaction 

time in dark: 36 h. b) Monomer weight of additioinal MMA: 0.05 mol, UV: N/A, polymerisation temperature: 60 °C, reaction 

time in dark: 36 h. c) Monomer weight of additional BMA: 0.05 mol, UV: N/A, polymerisation temperature: 60 °C, reaction 

time in dark: 36 h. 

 

 

 

 

 

 

 

8 10 12 14 16

Retention time (min)

 PMMA

 PMMA-b-PMMA

 PMMA-b-PBMA



Surface-Initiated Polymerisation of Vinyl Monomers using Galvanised Steel as Photoinitiator 

 

92 

 

 

 

 

 

 

 

 

 

 

5.4 Summary and Conclusion 

A catalyst- and solvent-free radical polymerisation technique based on a galvanised steel 

surface photoinitiator was demonstrated.  Various vinyl monomers were successfully 

polymerised by the galvanised steel mediated surface-initiated polymerisation (GSM-SIP) 

technique. The attainment of control over polymer molecular weights and molecular weight 

distributions suggests that GSM-SIP is a versatile platform for synthesising various polymers 

with desirable molecular weights and narrow molecular weight distribution. The proposed 

mechanism involves photo-excitation of ZnO on a thermally treated galvanised steel surface 

and reaction with surrounding oxygen-containing species to general a low concentration of 

hydroxyl free radicals. The concentration of produced hydroxyl radicals is at a sufficiently low 

level to enable chain growth on the one hand and reduce bimolecular termination reactions on 

the other. Additionally, the chain transfer to solvent and the organic initiator is eliminated in 

their absence. The reduction of bimolecular termination and chain transfers allow GSM-SIP to 

achieve long and uniform polymer chains. The first-order kinetics and the evolution of 

molecular weight with monomer conversion manifests characteristics of controlled radical 

polymerisation. The synthesis of multilayer polymers confirmed the re-initiation ability of 

precursor polymer. However, these characteristics are insufficient to justify that GSM-SIP is 

controlled radical polymerisation (CRP). The mechanism need to be studied further to vitrify 

whether GSM-SIP is controlled radical polymerisation. 

The GSM-SIP technique works without using any solvent, initiator, catalyst, or additive. 

Because of the absence of solvent and initiator, the system leads to a high purity product. 

Furthermore, the polymerisation can be conducted in an ambient atmosphere since the GSM-

Figure 5-24. The pictures of resulting PMMA-b-PMMA (left) and PMMA-b-PBMA (right). 
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SIP system does not contain any catalyst that requires an inert atmosphere to retain activity. 

The GSM-SIP system can be predictably extended to a more extensive range of monomers. 

Theoretically, monomers that can be polymerised by conventional free-radical polymerisation 

can be polymerised via GSM-SIP. Some activated monomers, such as acrylates and 

methacrylates, have been successfully synthsised by GSM-SIP. Further research could be 

focused on exploring more controllable monomers, particularly less activated monomers such 

as vinyl ester and vinyl amides. These features represent competitive advantages over other 

CRP techniques, such as a high purity product, mild reaction conditions, a simple reaction setup, 

and an environment-friendly process. 

GSM-SIP is a simple surface-initiated technique for tailoring the chemical and physical 

properties of the substrate without the detriment of the metal substrate. The GSM-SIP 

technique requires less surface treatment compared to grafted surface-initiated polymerisation.  

The activation of the surface is accomplished through a simple thermal treatment. The activated 

metal surface is capable of initiating polymerisation under UV irradiation. Compared to 

electrochemical or photoelectrochemical induced surface-initiated polymerisation, GSM-SIP 

is more cost-effective due to the absence of an electrical driving force.  

Furthermore, the success of the GSM-SIP system expands the application scope of 

galvanised steel to composites structures.   
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6. Effects of Polymerisation Conditions on the Polymerisation 

Kinetics and Polymer Properties 

6.1  Introduction  

In chapter 5, it was shown that it is possible to initiate polymerisation of vinyl monomers 

at the surface of thermally treated galvanised steel. GSM-SIP is a versatile technique for 

synthesising polymers and copolymers with desirable molecular weights and narrow molecular 

weight distributions. Obtaining the desirable properties of polymers and copolymers requires 

that we know how the polymerisation conditions influence the polymerisation kinetics and the 

properties of polymers. It has been shown in many studies that factors such as the nature of the 

initiators, irradiation parameters, polymerisation temperatures, and monomer feed ratio have a 

significant influence on the polymerisation kinetic as well as the polymer properties. Allushi 

et al. [232] reported metal-free atom transfer radical polymerisation of various vinyl monomers 

by using two polynuclear aromatic hydrocarbons the alkyl halide as the photoinitiators. They 

suggested that the initiators play a vital role in the polymerisation. Experimental results showed 

that anthracene with the alkyl halide initiator undergoes a faster reaction than pyrene. However, 

pyrene/alkyl halide initiator systems yield a polymer with narrower molecular weight 

distribution. Liu et al. [241] studied the cationic photo-polymerisation kinetics of a 

cycloaliphatic epoxy resin under different UV intensities and temperatures. They found that 

relatively high irradiation intensities and a higher temperature led to fast vitrification. They 

concluded that the polymer kinetics were strongly dependent on the UV intensity and 

temperature. Chernikova et al. [242] conducted controlled free-radical copolymerisation of 

styrene and maleic anhydride using the reversible addition− fragmentation chain transfer 

(RAFT) technique. They also investigated the effect of the monomer feed ratio on 

copolymerisation kinetics and control over molar mass distribution. They found that the 

copolymerisation kinetics and the quality of control over molar mass distribution were affected 

significantly by the initial comonomer composition. The polymerisation was faster and the 

quality of the control was poorer when the proportion of maleic anhydride in the monomer feed 

was larger.  

This chapter aims to investigate the impact of polymerisation conditions on 

polymerisation kinetics and polymer properties. Emphasis is placed on the analysis of the 

effects of photoinitiators, the irradiation parameters, the polymerisation temperatures, and the 
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monomer feed ratio on polymerisation kinetic and the resulting polymer properties. To evaluate 

the capability of different galvanised steels in polymerising vinyl monomers, methyl 

methacrylate (MMA) polymerisation was carried out under identical experimental conditions 

using two different types of thermally treated galvanised steel (hot dip galvanised steel and 

zincalume) as photoinitiators.  Then methyl methacrylate (MMA) was polymerised using a 

TTGS (600) photoinitiator under different UV intensities, irradiation times, and temperatures. 

The properties of the obtained polymers were also characterised. To give further insight into 

polymerisation kinetics, monomer consumptions during polymerisation were monitored by 1H 

NMR spectroscopy as well.  

Furthermore, the influence of the monomer feed ratio on the glass transition temperature 

(Tg) of the copolymer was investigated. To investigate the effect of the monomer feed ratio on 

Tg, different proportions of methyl methacrylate and butyl methacrylate were copolymerised. 

The resulting copolymers were characterised as well. 

6.2  Experiment  

Materials: Methyl methacrylate (MMA) and butyl methacrylate (BMA) were purified 

and stored in a nitrogen atmosphere in the fridge at 4 ºC before use. Chloroform-D (CDCl3), 

tetrahydrofuran (THF), terephthalic acid (TA), and 2-hydroxy terephthalic acid (TAOH) were 

used as received. UTGS, UTZnAl, TTGS (600), and TTZnAl (600) sheets were ultrasonically 

cleaned with distilled water. A 15 W UV lamp (365 nm) and a 6W UV lamp (365 nm) were 

obtained from UVTech Systems, Inc. 

Homopolymerisation: Methyl methacrylate (MMA) (9.4 g, 0.094 mol) and the 

photoinitiator (TTGS (600) or TTZnAl (600)) were put into a 20ml vial and the reaction 

mixture was irradiated with a UV light (6 W or 15W, λ = 350 nm) for different durations (0-

60 min). The sealed vial was held at a fixed temperature (60 ºC or 80 ºC) in an oven for different 

durations (0-48 h).  

Copolymerisation: A mixture with different proportions of methyl methacrylate (MMA) 

and butyl methacrylate (BMA) was introduced into a 20ml vial, and the reaction mixture was 

irradiated with a UV light (15 W, λ = 350 nm) for 1h. The sealed vial was held at 60 ºC for 48 

h.   



Effects of Polymerisation Conditions on the Polymerisation Kinetics and Polymer Properties 

 

96 

 

Characterisation: Fluorescence spectroscopy was used to probe the hydroxyl radicals 

formed on UV-illuminated UTGS, UTZnAl, TTGS (600), and TTZnAl (600) photoinitiators. 

The structure of monomers and polymers were detected by 1H NMR. Polymer molecular 

weight and molecular weight distributions were measured by SEC. A MDSC was employed to 

determine the glass transition temperature of obtained polymers. 

6.3 Results and Discussion 

6.3.1 Effect of Photoinitiators 

Previous successful work in the controlled radical polymerisation of vinyl monomers 

demonstrated control over polymer molecular weights and molecular weight distributions 

using TTGS (600) as a photoinitiator. To investigate the effect of the photoinitiator on the 

properties of the final polymers, polymerisation was conducted using a zincalume (ZnAl) (steel 

with 55% zinc and 45% aluminium coating) photoinitiator. The chemical compositions of 

UTGS, TTGS (600), UTZnAl, and TTZnAl (600) were investigated by X-ray photoelectron 

spectroscopy (XPS). The modified Auger parameter of Zn (α' Zn) was measured and compared 

to the literature values to identify the zinc compounds present [133]. The XPS results of UTGS 

and TTGS (600) in Table 6-1 and Table 6-2 are the same as the results present in Chapter 5. 

The α' Zn indicated the existence of zinc carbonate hydroxide on the surface of the UTZnAl 

substrate and validated the formation of ZnO on TTZnAl (600) (Table 6-1). The XPS survey 

spectra confirmed that the concentration of zinc on the surface of TTZnAl (600) is lower than 

that of TTGS (600), corresponding to the lower level of zinc in the initial untreated substrate 

(Table 6-2).  

Table 6-1. The Modified Auger parameters of UTGS, UTZnAl, TTGS (600), and TTZnAl (600) 

 BE (eV) KE (eV) α' 

   Zn 2p3/2 Zn L3M45M45  

UTGS 1022.3 986.9 2009.2 

TTGS (600) 1021.7 988.3 2010 

UTZnAl  1022.2 987.2 2009.3 

TTZnAl (600) 1021.8 988.3 2010.1 
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Table 6-2. Elemental composition of UTGS, UTZnAl, TTGS (600), and TTZnAl (600) 

 

Samples Relative atomic composition (%) 

 C 1s O1s Zn 2p 3/2 Al 2p  Cr 2p 3/2 P 2s Ca 2p N 1s 

UTGS 40 43 2 - 5 78 <1 1 

UTZnAl  63 29 1 7 - - - - 

TTGS (600)  17 52 22 - 4 4 <1 - 

TTZnAl (600) 39 48 5 8 - - - - 

 

Before polymerisation, the photocatalytic activity of all photoinitiators was investigated 

by fluorescence spectroscopy. Fluorescence spectra confirmed the formation of hydroxyl 

radicals on both untreated and thermally treated photoinitiators (Figure 6-1). The generation 

rate of hydroxyl radicals in untreated photoinitiators was much slower than that of thermally 

treated ones (Table 6-3). It was also found that the generation rate of hydroxyl radicals in 

TTZnAl (600) was 0.93 µM/h/cm2, lower than that of TTGS (600) (0.78 µM/h/cm2).  

 

Figure 6-1. The formation of TAOH under one-hour UV irradiation measured by fluorescence 

spectroscopy: TA control (dash-dot line), in the presence of UV (short dot line), in the presence of UV 

and UTZnAl (short dash line), in the presence of UV and UTGS (dot line), in the presence of UV and 

TTZnAl (600) (dash line), and in the presence of UV and TTGS (600) (solid line). 
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Table 6-3. The formation of TAOH after one-hour UV irradiation measured by fluorescence 

spectroscopy in the presence of different photoinitiators  

Photoinitiator 

 

FL intensity 

 

TAOH concentration  

(µM) 

UTGS 136.1 0.22 

UTZnAl 129.2 0.15 

TTGS (600) 557.9 3.01 

TTZnAl (600) 398.1 2.06 

Reaction conditions: UV intensity: 15 W, UV wavelength: 356 nm, UV irritation time: 60 min.  

Methyl methacrylate (MMA) was polymerised under identical experimental conditions 

using UTGS, UTZnAl, TTGS (600), and TTZnAl (600) as photoinitiators. The polymerisation 

conditions and some characterisation results are tabulated in Table 6-4. As can be seen, slow 

polymerisation with very low conversion degree (5.44-6.19%) occurred when using UTGS and 

UTZnAl as initiators (Table 6-4, run 1, run 2). The low yield was attributed to extremely low 

amounts of ZnO on untreated substrates. Both TTGS (600) and TTZnAl (600) proved effective 

in achieving controlled radical polymerisation of MMA with high conversion degree (95.6-

97.9%) and low PDI (1.11-1.14). SEC traces in Figure 6-2 revealed that using TTZnAl (600) 

as photoinitiator resulted in higher molecular weight (Mn=1,164 k) compared to that of TTGS 

(600) (Mn=956 k), indicating that a lower concentration of hydroxyl radicals resulted in a 

higher molecular weight. The number of initiating chains decreased as the concentration of 

hydroxyl radicals decreased. Therefore, the increase of molecular weight is probably due to the 

decrease in the number of chains initiated.   

Table 6-4. GSM-SIP of MMA using different photoinitiators under identical experimental conditions  

Initiator Conversion a) Retention time b) Mn b) PDI b) 

 (%) (min) (g•mol−1)  

UTGS 6.19 - - - 

UTZnAl 5.44 - - - 

TTGS (600) 97.9 10.62 956k 1.14 

TTZnAl (600) 95.6 10.32 1,164k 1.09 

Reaction conditions: Monomer weight: 0.094 mol; UV intensity: 15 W, UV irritation time: 60 min; polymerisation temperature: 

60 °C, reaction time in dark: 36 h. a) Determined by proton nuclear magnetic resonance (1H NMR). b) Determined by size 

exclusion chromatography (SEC). 
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Figure 6-2. SEC traces of polymer prepared by TTGS (600) (solid line) and TTZnAl (600) (dash line) 

photoinitiators.  

To give further insight into the polymerisation kinetics, monomer consumptions during 

polymerisation were monitored by 1H NMR spectroscopy. TTGS (600) and TTZnAl (600) 

photoinitiators were respectively put into a 20ml vial with 0.094 mol MMA, and the reaction 

mixture was irradiated with UV light (15 W, λ = 350 nm) for 60 min in an ambient atmosphere. 

The sealed vials were then held at 60 ºC. Samples of about 10 mg were periodically withdrawn 

and anaylsed by 1H NMR to monitor the monomer conversion and consumption.  As can be 

seen from Figure 6-3 (a), the kinetic plots for TTGS (600) and TTZnAl (600) exhibited a linear 

behaviour, indicating the attainment of controlled polymerisation. The higher slope of the 

TTGS (600) kinetic plot revealed that TTGS (600) provided a higher polymerisation rate than 

that of TTZnAl (600), corresponding to higher hydroxyl radical concentration. The molecular 

weights and the PDI progression as a function of monomer conversion were also monitored by 

SEC. The control provided by TTGS (600) and TTZnAl (600) was evidenced by the linear 

increase in molecular weight values with monomer conversion. It was found that PDI values 

decreased gradually with increasing monomer conversion in both photoinitiator systems (Table 

6-5 and Table 6-6). Furthermore, the SEC traces showed unimodal distributions of polymer 

and shifts to larger molecular weight values with increasing monomer conversion (Figure 6-4 

and Figure 6-5). In summary, these results further demonstrated that TTGS (600) and TTZnAl 

(600) photoinitiators provide control over both molecular weights and molecular distributions. 

TTGS (600) photoinitiator provided a higher polymerisation rate than that of TTZnAl (600). 
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However, polymerisation using TTZnAl (600) photoinitiator yielded polymers with higher 

molecular weights. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-4. The evolution of molecular weights with monomer conversion initiated by TTGS (600) 

(more data than Figure 5-22). 
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Figure 6-3. The polymerisation results using TTGS (600) and TTZnAl (600) as photoinitiators: (a) 

Kinetic plot with respect to time (plot of monomer consumptions as a function of reaction time). (b) 

Plot of molecular weight (solid icons) and PDI (hollow icons) as a function of monomer conversion. 
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Table 6-5. The evolution of molecular weights and PDI with monomer conversion initiated by TTGS 

(600) photoinitiator (corresponding to Figure 6-4) 

Initiator Conversion degree a) Retention time b) Mn
b)  PDI b) 

 [%] [min] [g/mol]   

TTGS (600) 50.1 11.5 591 k 1.41 

TTGS (600) 75.2 10.92 762 k 1.28 

TTGS (600) 78.8 10.87 786 k 1.18 

TTGS (600) 84.6 10.75 845 k 1.16 

TTGS (600) 89.9 10.7 893 k 1.17 

TTGS (600) 97.9 10.62 956 k 1.14 

Reaction conditions: Monomer weight: 0.094 mol; UV intensity: 15 W, UV irritation time: 60 min; polymerisation temperature: 

60 °C. a) Determined by proton nuclear magnetic resonance (1H NMR). b) Determined by size exclusion chromatography (SEC). 

 

 

Figure 6-5. The evolution of molecular weights with monomer conversion initiated by TTZnAl (600). 

 

Table 6-6. The evolution of molecular weights and PDI with monomer conversion initiated by 

TTZnAl (600) photoinitiator (corresponding to Figure 6-5) 

Initiator Conversion degree a) Retention time b) Mn b) 

PDIb) 

 [%] [min] [g/mol]   

TTZnAl (600) 61.1 10.91 781 k 1.18 

TTZnAl (600) 73.3 10.7 893 k 1.16 

TTZnAl (600) 79.8 10.59 975 k 1.13 

TTZnAl (600) 84.3 10.52 1025 k 1.18 

TTZnAl (600) 89.8 10.38 1121 k 1.15 

TTZnAl (600) 95.6 10.32 1164 k 1.09 
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Reaction conditions: Monomer weight: 0.094 mol; UV intensity: 15 W, UV irritation time: 60 min; polymerisation temperature: 

60 °C. a) Determined by proton nuclear magnetic resonance (1H NMR). b) Determined by size exclusion chromatography (SEC). 

6.3.2 Effect of Irradiation Parameters  

The results presented in the previous section showed that the nature of the photoinitiator 

affected the generation of hydroxyl radicals and thus the polymerisation of the polymerisation 

kinetics, and the properties of the polymers were also affected. Therefore, the effect of the 

irradiation parameters on the yield of the hydroxyl radicals was also studied, since this would 

affect the generation of hydroxyl radicals. To analyse the dependence of the yield of the 

hydroxyl radicals on UV intensities, TA solutions with a TTGS (600) photoinitiator were 

irradiated under two different UV intensities for one hour. The fluorescence spectra in Figure 

6-6 and the results in Table 6-7 indicated that the generation rate of hydroxyl radicals in high 

intensity (15 W) is higher than that of low intensity (6 W). The effect of UV irradiation time 

on the generation rate of hydroxyl radicals was investigated by irradiating the TA solutions in 

the presence of TTGS (600) photoinitiators under 15 W UV light for different durations (10-

60 min). As shown in Figure 6-7, Figure 6-8 and Table 6-8, the formation yield of hydroxyl 

radicals increased with irradiation time. According to the data analysis, higher irradiation 

intensities and longer irradiation time lead to a higher generation rate of hydroxyl radicals. 

 

 

Figure 6-6. UV intensity dependence of the TAOH yield measured by fluorescence spectroscopy. 

 

350 400 450 500 550 600

0

100

200

300

400

500

600

F
lu

o
re

s
e

n
c
e

 i
n

te
n

s
it
y
 (

a
.u

.)

Wavelength (nm)

 6 W

 15 W



Effects of Polymerisation Conditions on the Polymerisation Kinetics and Polymer Properties 

 

103 

 

Table 6-7. The formation of TAOH measured by fluorescence spectroscopy in the presence of UV 

and different UV intensities 

 

UV intensity 

(W) 

FL intensity 

 

TAOH concentration  

(µM) 

15 557.9 3.01 

6 339.8 1.68 

Reaction conditions: UV wavelength: 356 nm, UV irritation time: 60 min.  

 

 

 

Figure 6-7. UV irradiation time dependence of the TAOH yield measured by fluorescence 

spectroscopy. 

 

Table 6-8. The formation of TAOH measured by fluorescence spectroscopy at different UV 

irradiation time 

Irradiation time 

(min) 

FL intensity 

 

TAOH concentration  

(µM) 

30 224.3 0.89 

40 312.3 1.50 

50 373.8 1.91 

60 557.9 3.01 

Reaction conditions: UV wavelength: 356nm, UV intensity:15 W.  
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Figure 6-8. The formation of TAOH measured by fluorescence spectroscopy at different UV 

irradiation time (Corresponding to Table 6-8). 

To investigate the effect of irradiation parameters on the properties of polymers, 

polymerisations were carried out using different UV intensities and irradiation time. The total 

polymerisation times in every experiment was 48 h. As shown in Table 6-9, using higher UV 

intensity (15 W) resulted in lower molecular weight (956k), corresponding to the higher 

concentration of hydroxyl radicals. Furthermore, the molecular weight of the resulting 

polymers decreased with irradiation time. The concentration of hydroxyl radicals increased 

with irradiation time, thus increasing the number of chains initiated. Hence, the decrease in 

molecular weight was attributed to the increasing number of chains initiated.  

Table 6-9. GSM-SIP of MMA using different UV intensities and irradiation time 

Polymer UV intensity Irradiation time Conversion Retention time Mn PDI 

 (W) (min) (%) (min) (g·mol−1)  

1 15 60 97.9 10.62 956k 1.14 

2 6 60 94.2 10.29 1,198k 1.10 

3 15 50 95.8 10.31 1,172k 1.15 

4 15 40 96.3 10.25 1,208k 1.09 

5 15 30 97.2 10.23 1,296k 1.12 

6 15 20 32.5 - - - 

7 15 10 9.8 - - - 

Reaction conditions: Photoinitiator: TTGS (600), monomer weight: 0.094 mol, polymerisation temperature: 60 ºC, reaction 

time in dark: 48 h. 
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Figure 6-9. SEC traces of polymers prepared under different UV intensity: PMMA prepared by 15 W 

UV (solid line) and PMMA prepared by 6 W UV (dash line). 

 

 

Figure 6-10. SEC traces of polymers prepared under different irradiation time: PMMA prepared for 

30 min irradiation time (solid line), PMMA prepared for 40 min irradiation time (dash line), PMMA 

prepared for 50 min irradiation time (dash-dot line), and PMMA prepared for 60 min irradiation time 

(dot line). 

 

To further investigate the polymerisation kinetics, monomer consumptions using different 

UV irradiation intensities and UV irradiation times were monitored. Figure 6-11 and Figure 

6-12 report the monomer consumptions as a function of the reaction time for different UV 

intensities and irradiation times, respectively.  The higher slope of the kinetic plot for 15 W 

UV revealed that a higher UV intensity provided a higher polymerisation rate. The kinetic plot 

of 15 W UV in Figure 6-12 indicated that the polymerisation rate increased with irradiation 

time. In summary, these results demonstrated that a higher UV intensity and longer irradiation 
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time provided a higher polymerisation rate. However, polymerisation using higher UV 

intensity and longer irradiation time resulting in polymers with lower molecular weights. 

 

Figure 6-11. The polymerisation results using 6 W and 15 W UV lamp after one hour UV irradiation: 

Kinetic plot with respect to time (plot of monomer consumptions as a function of reaction time).  

 

 

Figure 6-12. The polymerisation results for different irradiation time by using 15 W UV: Kinetic plot 

with respect to time (plot of monomer consumptions as a function of reaction time).  
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fluorescence spectra in Figure 6-13 indicated that the generation rate of hydroxyl radicals was 

unaffected by temperature. Table 6-10 lists the polymerisation of MMA using different 

temperatures, and some characterisation results. The molecular weight results evidenced that 

the molecular weight of polymers did not show any significant temperature dependence.  

 

Figure 6-13. Temperature dependence of the TAOH yield measured by fluorescence spectroscopy. 

 

Table 6-10. GSM-SIP of MMA at different temperatures  

Polymer 
Temperature 

under UV 

Temperature 

in dark 
Conversion 

Retention 

time 
Mn PDI 

 (ºC) (ºC) (%) (min) (g·mol−1)  

1 
Room 

temperature 

Room 

temperature 
11.3 - - - 

2 60 60 97.9 10.32 956k 1.14 

3 80 80 96.3 10.32 942k 1.18 

Reaction conditions: Photoinitiator: TTGS (600), monomer weight: 0.094 mol, UV intensity: 15 W, UV irradiation time: 60 

min, reaction time in dark: 48 h. 

The monomer consumptions at different temperatures were monitored to investigate the 

polymerisation temperature dependence of the polymerisation kinetics.  Figure 6-14 shows the 

monomer consumptions as a function of reaction time for different polymerisation 

temperatures. As can be seen, the polymerisation rate increased when the polymerisation 

temperature was raised. The analyses of the molecular weights and polymerisation kinetics 

pointed to the conclusion that higher polymerisation temperatures resulted in a higher 

polymerisation rate, and the molecular weight of polymers did not show any significant 

temperature dependence. 
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Figure 6-14. The polymerisation results at different polymerisation temperature: Kinetic plot with 

respect to time (plot of monomer consumptions as a function of reaction time). 

 

6.3.4 Effect of Monomer Feed Ratio 

The glass transition temperature (Tg) is the temperature region where the polymer 

transitions from a glassy material to a rubbery material [243]. Tg is one of the most important 

characteristics which influences the material properties of a polymer and its potential 

applications [234]. The most convenient method to adjust Tg is to copolymerise monomers in 

a certain ratio [234]. One of the most popular equations for predicting glass transition 

temperatures of random copolymers is the Gordon-Taylor equation [171]: 

Tg,mix ≈
[w1 × Tg,1 + K × w2 × Tg,2]

w1 + K × w2
 

where Tg,mix is the glass transition temperature of the copolymer, Tg,1 and Tg,2 are the glass 

transition temperatures of the respective homopolymers, ωi is the weight fraction of component 

i, and K is an adjustable fitting parameter [82]. According to the Gordon-Taylor equation, the 

Tg,mix of the random copolymer lies between Tg,1 and Tg,2, and the actual Tg,mix value depends 

on the ratio of monomers. 

To investigate the effect of the monomer feed ratio on the glass transition temperature, 

different proportions of methyl methacrylate (MMA) and butyl methacrylate (BMA) were 

copolymerised. The chemical compounds of the resulting copolymer with an initial proportion 

of butyl methacrylate equal to 0.5 (fBMA) was detected by ATR-FTIR. The FTIR spectra of the 

MMA monomer, BMA monomer, and the resulting copolymer are shown in Figure 6-15. A 
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distinctive absorption band around 1640 cm−1 (C=C) appears in the spectra of the MMA and BMA 

monomers. However, there is no absorption peak at the same wavenumber for the copolymer. The 

disappearance of the C=C peak confirmed the completion of the copolymerisation and the obtaining 

of copolymers. 

 

Figure 6-15. FTIR spectra of MMA monomer, BMA monomer, and PMMABMA copolymer. 

 

The glass transition temperature of the homopolymers and resulting copolymers were 

determined by MDSC. Figure 6-17 and Figure 6-18 show the DSC traces of PMMA and PBMA 

prepared by TTGS (600) respectively. The Tg of PBMA (31.8 ºC) is much lower than that of 

PMMA (108.9 ºC). 

 

Figure 6-16. DSC traces of PMMA prepared by TTGS (600). 
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Figure 6-17. DSC traces of PBMA prepared by TTGS (600). 

 

 

Figure 6-18. DSC traces of copolymers prepared by TTGS (600). 

 

Figure 6-18 presents the DSC traces of copolymers prepared by TTGS. The Tg values of 

the copolymers are tabulated in Table 6-11. The glass transition temperature of the prepared 

copolymers varied from 52.3 to 68.4 °C, depending on the monomer feed ratio. The increase 

of the BMA proportion in the initial monomer mixture resulted in a decrease of the glass 

transition temperature. Consequently, the glass transition temperature of the resulting 

copolymers can be tailored by adjusting the monomer feed ratio. 
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Table 6-11. The experimental conditions for the copolymerisation of MMA and BMA, and effect of 

monomer feed ratio on glass transition temperature  

Expt. [MMA]0 [BMA]0 fBMA =
[BMA]0

[BMA]0 + [MMA]0
 Tg 

 mol mol  ºC 

1 0.094 0.094 0.5 68.4 

2 0.075 0.113 0.6 63.9 

3 0.056 0.132 0.7 61.3 

4 0.038 0.15 0.8 57.6 

5 0.019 0.169 0.9 52.3 

Reaction conditions: Photoinitiator: TTGS (600), UV intensity: 15 W, UV irradiation time: 60 min, polymerisation 

temperature: 60 ºC, reaction time in dark: 48 h. 

6.4 Conclusion  

The effects of photoinitiators, irradiation parameters, polymerisation temperature, and 

monomer feed ratio on polymerisation kinetic and the resulting polymer properties were 

studied. The molecular weights of polymers were significantly affected by the concentration 

of hydroxyl radicals. The TTZnAl (600) photoinitiator yielded polymers with higher molecular 

weights than those of TTGS (600), corresponding to the lower concentration of hydroxyl 

radicals. Polymerisation using higher UV intensity resulted in lower molecular weight than that 

of higher intensity, corresponding to the higher concentration of hydroxyl radicals. The 

molecular weight of the resulting polymers decreased with irradiation time. This decrease was 

assigned to the increasing concentration of hydroxyl radicals with irradiation time. Moreover, 

the generation rate of hydroxyl radicals was unaffected by temperature. Consequently, the 

molecular weight of polymers did not show any significant temperature dependence. Those 

features indicated that the molecular weights of polymers were strongly dependent on the 

concentration of hydroxyl radicals. 

The concentration of hydroxyl radicals and the reaction temperature have considerable 

influence on the polymerisation kinetics. The TTGS (600) photoinitiator that corresponded to 



Effects of Polymerisation Conditions on the Polymerisation Kinetics and Polymer Properties 

 

112 

 

a higher concentration of hydroxyl radicals provided a higher polymerisation rate than that of 

TTZnAl (600). Higher irradiation intensities and longer irradiation time, leading to a higher 

concentration of hydroxyl radicals, provided higher polymerisation rate. Moreover, a higher 

polymerisation temperature resulted in a higher polymerisation rate. Hence, a higher 

concentration of hydroxyl radicals and a higher reaction temperature leads to a higher 

polymerisation rate.  

The glass transition temperature of the copolymers was significantly affected by the initial 

comonomer composition. The glass transition temperature of copolymer lies between the glass 

transition temperature of the respective homopolymers and depends on the ratio of monomers. 

Copolymers with an increasing proportion of lower Tg homopolymers resulted in a decrease 

of glass transition temperature.  

The successful production of polymers and copolymers with various molecular weights 

and glass transition temperatures indicated that the properties of polymers can be tailored by 

adjusting the reaction conditions and monomer feed ratio. 
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7. The Adhesion Properties and Corrosion Resistance of the 

Polymer Coating on Galvanised Steel 

7.1 Introduction  

GSM-SIP has the potential to manufacture various configurations of steel-polymer 

composites including laminated steel-polymer, steel fibre reinforced polymer, steel fabric-

polymers, and polymer coated galvanised steel.  Polymer-coated galvanised steel and laminated 

galvanised steel-polymer composite have been successfully prepared via the GSM-SIP 

technique. The analysis and design of composites require the testing of composite 

performances, such as environmental corrosion resistance and mechanical, electromagnetic, 

and heat transport properties. We have carried out a preliminary evaluation of the performance 

of the polymer coating/galvanised steel system, including the adhesion strength of the coating 

and corrosion resistance. More research is needed to evaluate other aspects of performance 

such as hardness, UV resistance, chemical resistance, and abrasion resistance for the coating 

systems.  

Polymer coatings have been widely used to protect metallic substrates against corrosive 

environments [244]. Polymer coatings retard the permeation of corrosive electrolytes into the 

metal surface because of their physical barrier properties [245]. However, the barrier properties 

of the polymer coating start to deteriorate during coating exposure to corrosive electrolytes 

[246]. The diffusion of corrosive species into the coating/metal interface results in the reduction 

of coating adhesion and thus decreases the corrosion resistance of the coating [247]. Hence, 

the adhesion strength of the coating is one of the most critical factors which affect corrosion 

resistance [22]. Moreover, the adhesion strength of the coating is important to make sure all 

the other properties can be effective [248] [249]. Therefore, evaluating the environmental 

corrosion resistance and determinating the adhesion strength of the coating by suitable tests is 

necessary for quality control and material improvements. The salt spray test is the most 

common accelerated corrosion test used to evaluate the corrosion resistance of the specimens. 

The salt spray test provides a controlled corrosive environment and encompasses a wide variety 

of test standards and methods for specific application. The pull-off test is the most commonly 

used technique for evaluating the adhesion strength of coating systems [250]. It is easy and 

quick to carry out, and the results are easy to interpret [251]. The test evaluates the greatest 
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perpendicular force needed to detach the coating from the substrate [252]. A series of papers 

have successfully investigated the adhesion strength of several epoxy-coated steels and 

thermoplastic elastomer-coated steels by the pull-off test [253] [254] [255]. Those pull-off tests 

provide a reasonable set of comparable data to compare with our polymer coating systems. 

This chapter aims to determine the adhesion strength and corrosion resistance of the 

polymer coating/ galvanised steel system. Poly (diurethane dimethacrylate) (PDUDMA) was 

chosen due to its crosslinking properties combined with its flexible properties, thus providing 

excellent adhesion to metallic substrates. The adhesion strength of the PDUDMA coatings 

applied to different galvanised steels was evaluated by the pull-off test. The pull-off test of 

epoxy on galvanised steels was conducted as a controlled experiment. Epoxy resin is the most 

commonly used adhesive for joining dissimilar materials. There are multiple potential points 

of failure in the PDUDMA/galvanised steel system. The failure modes at the interface were 

studied to determine if there were any dominant failures and to direct future development. The 

corrosion resistance of PDUDMA/ galvanised steel was investigated by the salt spray test as 

well.  

7.2  Experiment 

Materials: Diurethane dimethacrylate (DUDMA) and sodium chloride (NaCl) were used 

as received. UTGS, TTGS (400) and TTGS (600) sheets were cut into square slides of 100 mm 

× 100mm in size, and then ultrasonically cleaned with ethanol and distilled water. A 15 W UV 

lamp (365 nm) was obtained from UVTech Systems, Inc.  

Spin coating: A spin coater (WS-400 Lite Series) from Laurell Technologies (USA) was 

employed for spin coating. UTGS, TTGS (400) and TTGS (600) sheets with a thickness of 0.5 

mm and a 100 mm × 100mm in size were used as substrates. The DUDMA monomer was 

deposited on the galvanised steel substrate at room temperature. The substrate was then rotated 

horizontally at a rotation rate of 2000 rpm for 60 s. Deposited samples were irradiated with a 

UV light (15 W, λ = 350 nm) for one hour, and then were held at a fixed temperature (60 ºC) 

for 48 h followed by cooling to room temperature. At the end of the reaction, a solid PDUDMA 

coating on the galvanised steel substrate was obtained. The coating thickness was measured at 

about 30 µm by a coating thickness gauge (Elcometer Limited, UK, model No: Elcomete 355). 

The chemical changes during polymerisation were monitored by ATR-FTIR. 
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Pull-off test: The adhesion strength of the PDUMDA coatings to galvanised steel 

substrates was measured using a direct pull-off adhesion test. The pull-off test was performed 

using a pull- off adhesion tester (DeFelsko Corporation, USA, model No: PosiTest AT-M 

Manual) in accordance with ASTM D4541 – 09 (Standard Test Method for Pull-Off Strength 

of Coatings Using Portable Adhesion Testers) [252]. The high durability super strength epoxy 

(3M, USA) was used as the adhesive. For each type of coating system, five samples were tested, 

and the corresponding average pull-off strength values were taken. The combination of 

SEM/EDS and XPS was applied to investigate the types of failure and provide physical and 

chemical information at high resolution. The failed substrates and corresponding dollies after 

the pull-off test were studied by stereomicroscopes (Nikon, Japan, model No: MSZ 18). The 

failure area at the interface was calculated by image analysis software (ImageJ). 

Salt spray test: The salt spray test was conducted in a salt spray chamber (Calibre Plastics 

Ltd, NZ) in accordance with ASTM B 117-16 standard (Standard Practice for Operating Salt 

Spray Apparatus) [256]. Three types of uncoated galvanised steel sheets and three types of 

galvanised steel sheets with a PDUDMA coating were tested. Accelerated ageing on scribed 

specimens was also performed according to ASTM D1654-08 (Standard Test Method for 

Evaluation of Painted or Coated Specimens Subjected to Corrosive Environments) [257]. Six 

specimens were scribed manually with a sharp cutter. The two perpendicular scribe marks on 

each specimen penetrated the coating and the exposed steel substrate. The length of each scribe 

was 7 cm. The endpoints of the scribe were 1.5 cm from the edge of the sheet. All the test 

specimens were sealed on the sides with waterproof silicone sealant (Selleys, NZ). For each 

type of specimen three samples were tested.  

The critical environmental conditions of both salt spray tests are shown in Table 7-1. The 

specimens were placed in the chamber at an angle of 80°. The total duration of the salt spray 

test on the unscribed specimens was 672 h. The specimens were examined after 72, 408, and 

672 h of the corrosive environment exposure. The scribed specimens were tested for a total 

duration of 312 hours. The specimens were investigated after 144, 216 and 312 h of the 

corrosive environment exposure. For each examination, the specimens were gently washed in 

clean running water to remove salt deposits and then immediately dried in warm ambient air. 

The corrosion areas and the failed areas on the scribed samples were calculated by image 

analysis software (ImageJ). 
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Table 7-1. The critical environmental conditions of salt spray test  

Item Value 

Solution 5 wt% NaCl 

pH value 6.5-7.2 

Condensed air pressure (psi) 14-16 

Temperature in chamber (°C) 35±2 

 

The corrosion resistance of the specimens was evaluated by the rating number (RN) 

method in accordance with ASTM D610 – 08 (Standard Practice for Evaluating Degree of 

Rusting on Painted Steel Surfaces) [258]. This method provides a standardised approach for 

quantifying the degree of surface rust by using a zero to ten scale based on the percentage of 

visible surface rust. Table 7-2 describes the scale of rusting according to ASTM D610 – 08.  

Table 7-2. Scale and Description of Rust Ratings according to ASTM D610 – 08 [258] 

Rust Grade (R) Percent of Surface Rusted 

10 Less than or equal to 0.01 percent 

9 Greater than 0.01 percent and up to 0.03 percent 

8 Greater than 0.03 percent and up to 0.1 percent 

7 Greater than 0.1 percent and up to 0.3 percent 

6 Greater than 0.3 percent and up to 1.0 percent 

5 Greater than 1.0 percent and up to 3.0 percent 

4 Greater than 3.0 percent and up to 10.0 percent 

3 Greater than 10.0 percent and up to 16.0 percent 

2 Greater than 16.0 percent and up to 33.0 percent 

1 Greater than 33.0 percent and up to 50.0 percent 

0 Greater than 50 percent 

The failed areas on the scribed specimens were measured and rated in terms of ASTM 

Dl654-08 [257]. The mean width of creepage from the scribe was measured in millimetres. The 
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degree of mean creepage from the scribe was evaluated using a zero to ten scale based on the 

width of the creepage as prescribed in Table 7-3.  

Table 7-3. Rating of Failure at Scribe according to ASTM Dl654-08 [257] 

 Representative Mean Creepage From Scribe 

Rating Number (Rs) Millimetres 

10 0 

9 Over 0 to 0.5 

8 Over 0.5 to 1.0 

7 Over 1.0 to 2.0 

6 Over 2.0 to 3.0 

5 Over 3.0 to 5.0 

4 Over 5.0 to 7.0 

3 Over 7.0 to 10.0 

2 Over 10.0 to 13.0 

1 Over 13.0 to 16.0 

0 Over 16.0 to more 

 

7.3  Results and Discussion 

7.3.1 PDUDMA Coating 

The chemical structures of the DUMDA monomers and the PDUDMA coating were 

characterised by ATR-FTIR as illustrated in Figure 7-1. The characteristic absorption peaks at 

1725 cm-1 and 1530 cm-1 are related to C=O stretch and N-H stretch respectively. The 

distinctive peak at 1640 cm−1 that appeared in the spectra of the DUDMA monomer is assigned 

to carbon double bond (C=C) [113]. An absorption peak at the same wavenumber (1640 cm−1) 

was not observed for PDUDMA coating. The disappearance of the carbon double bond peak 

confirmed that the polymerisation occurred and PDUMDA polymer was obtained. 
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Figure 7-1. FT-IR absorption spectra of DUDMA monomer and PDUDMA coating. 

7.3.2 Adhesion Test 

The adhesion strength of epoxy resins and PDUMDA coatings on galvanised steel 

substrates was measured using the pull-off test. The results of the pull-off measurements, along 

with the average adhesion strength of the specimens are shown in Table 7-4 and Figure 7-2. 

The average adhesion strength of epoxy systems is in the range of 1.88 to 1.98 MPa, hereas, 

the adhesion strength of the PDUDMA coating systems is greater, ranging from 2.40 to 2.48 

MPa. The pull-off strength of polymer-coated steel depends on the properties of the resulting 

polymers and substrates, and usually range from 1.5 to 5 MPa. For instance, Vakili et al. [255] 

found that the bonding strength of epoxy coatings applied on untreated, Ce, Zn and Ce–Zn 

treated steel samples ranged from 2.3 to 3.4 Mpa. Bajat et al. [22] demonstrated that the pull-

off strength of electrodeposited epoxy coatings on untreated and phosphated hot-dip galvanised 

steel ranged from 2.4 to 4 Mpa. The pull-off strength of PDUDMA coating systems lies within 

the reasonable range, indicating that PDUDMA coating systems are comparable with 

conventional adhesive-bonded coating systems. Unlike adhesive-bonded coating systems, the 

bonding strength of PDUDMA coating systems is achieved without any particular pre-

treatment.   
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Table 7-4. The adhesion strength of UTGS-Epoxy, TTGS (400)-Epoxy, TTGS (600)-Epoxy, UTGS-

PDUDMA, TTGS (400)-PDUDMA, and TTGS (600)-PDUDMA  

 Adhesion strength (MPa) 

Exp 
UTGS-

Epoxy 

TTGS 

(400)-

Epoxy 

TTGS 

(600)-

Epoxy 

UTGS-

PDUDMA 

TTGS (400)-

PDUDMA 

TTGS (600)-

PDUDMA 

1 1.9 1.8 2.1 2.3 2.4 2.2 

2 1.7 2 2 2.7 2.8 2.6 

3 1.8 1.8 1.7 2.4 2.2 2.1 

4 1.9 1.9 1.9 2.9 2.4 2.7 

5 2.1 2 2.2 2.1 2.5 2.4 

Mean 1.88 1.9 1.98 2.48 2.46 2.4 

Standard 

deviation 
0.1327 0.0895 0.1721 0.2856 0.1959 0.22803 

Standard 

error  
0.05933 0.04 0.0769 0.1277 0.0876 0.1019 

 

 

Figure 7-2. The adhesion strength of UTGS-Epoxy, TTGS (400)-Epoxy, TTGS (600)-Epoxy, UTGS-

PDUDMA, TTGS (400)-PDUDMA, and TTGS (600)-PDUDMA. 

Besides the measurement of adhesion strength, the failure modes of epoxy and PDUDMA 

coating were further studied. Figure 7-3 and Figure 7-4 show the failure modes of epoxy resin 

and the PDUDMA coating on galvanised steel respectively. An adhesive failure occurs at the 

interface between two phases. In this case, adhesive failure may occur at the epoxy-substrate 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

PDUDMAPDUDMAPDUDMAEpoxyEpoxy  

P
u
ll 

o
ff

 s
tr

e
n
g
th

/M
p
a

UTGS- TTGS(400)- TTGS(600)-

Epoxy

UTGS- TTGS(400)- TTGS(600)-



The Adhesion Properties and Corrosion Resistance of the Polymer Coating on Galvanised 

Steel 

 

120 

 

interface, epoxy-dolly interface, epoxy-PDUDMA interface, or PDUDMA-substrate interface. 

Adhesive failure usually indicates inadequate bonding at the interface. Cohesive failure occurs 

within the bulk of the epoxy or within the bulk of the PDUDMA coating. This failure is usually 

the desired failure mode because it means the bond at the polymer/galvanised steel interface is 

better than the internal strength of the polymer.  

Failure 

mode 
Failure type 

A 
Adhesive failure at the epoxy-

dolly interface  

B 
Cohesive failure inside the epoxy 

layer 

C 
Adhesive failure at epoxy-steel 

substrate interface and below 

 

 

 

Failure 

mode 
Failure type 

A 
Adhesive failure at the epoxy-

dolly interface 

B 
Cohesive failure inside the epoxy 

resin, and PDUDMA coating 

C 
Adhesive failure at PDUDMA-

steel substrate interface and below 

 

 

The combination of optical microscopy, SEM/EDS, and XPS was applied to identify the 

types of failure at the interface. Optical microscopy preliminarily determined the domain 

failure modes at the interface. The components on the surface of the substrate and dolly were 

observed to determine the failure mode. An adhesive failure at the epoxy/dolly interface would 

be evidenced by the presence of epoxy residue on the galvanised steel substrate and the absence 

Figure 7-3. The failure modes of epoxy coating on galvanised steel 

 

Figure 7-4. The failure modes of PDUDMA coating on galvanised steel 
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of epoxy on the dolly. The presence of epoxy or PDUDMA on the dolly and the absence of any 

polymer (epoxy or PDUDMA) residue indicate that an adhesive failure occurs at the 

epoxy/substrate or PDUDMA/substrate interface.  The presence of epoxy or PDUDMA coating 

on both the galvanised steel substrate and dolly side demonstrates that a cohesive failure occurs 

within the bulk of polymer coating. The area of residual epoxy and PDUDMA was calculated 

by image analysis software (ImageJ). The optical images of the pull-off test areas in one of five 

epoxy resin systems and PDUDMA coating systems are shown in Figure 7-5 and Figure 7-6. 

For the UTGS-epoxy, TTGS (400)-epoxy, and TTGS (600)-epoxy samples, predominant 

residual epoxy was present on the dolly side. The fracture mainly occurred at the epoxy/zinc 

interface (85% and 81%, and 78%), indicating relatively low adhesion strength. Whereas, in 

the PDUDMA systems, predominant residual PDUDMA was observed on both the substrate 

side and the dolly side. The fracture of PDUDMA coating systems predominantly occurred as 

a cohesive failure in the epoxy and PDUDMA coating. The percentage of cohesive failure in 

the epoxy and PDUDMA coating of UTGS-PDUDMA, TTGS (400)-PDUDMA, and TTGS 

(600)-PDUDMA were 51%, 75%, 73%, respectively. The percentage of cohesive failure in the 

thermally treated galvanised steel-PDUDMA coating samples (75%, 73%) was higher than that 

of the UTGS-PDUDMA sample (51%). The increase of cohesive failure area might result from 

the increase of the surface roughness due to the thermal treatment. Thermally treated 

galvanised steel substrate can initiate more PDUDMA chains compared to the untreated one. 

Hence, another possible reason for the increase of bonding strength is that more PDUDMA 

chains are bound to the surface of the thermally treated galvanised steel. The fact that the failure 

predominantly occurred in the polymer coating rather than at the polymer steel interface 

indicated the better bonding strength of PDUDMA/galvanised steel compared to that of the 

epoxy system. 
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Figure 7-5. Optical images of pull-off test area in UTGS-Epoxy, TTGS (400)-Epoxy, and TTGS (600)-

Epoxy samples (The labels A/B/C/D/E/F corresponding to failure modes in Figure 7-2).  
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Figure 7-6. Optical images of pull-off test area in UTGS-PDUDMA, TTGS (400)-PDUDMA, and TTGS 

(600)-PDUDMA samples (The labels A/B/C/D/E/F/G corresponding to failure modes in Figure 7-3). 
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Table 7-5. The failure modes of UTGS-Epoxy, TTGS (400)-Epoxy, and TTGS (600)-Epoxy after 

pull- off test 

Sample Mode A Mode B Mode C 

UTGS-Epoxy 5% 10% 85% 

TTGS (400)-Epoxy 5% 14% 81% 

TTGS (600)-Epoxy 11% 11% 78% 

 

Table 7-6. The failure modes of UTGS-PDUDMA, TTGS (400)-PDUDMA, and TTGS (600)-

PDUDMA after pull- off test 

Sample Mode A Mode B  Mode C 

UTGS-PDUDMA 1% 51% 47% 

TTGS (400)-PDUDMA 13% 75% 12% 

TTGS (600)-PDUDMA 16% 73% 11% 

 

Since optical microscopy only provides approximate domain failure mode, SEM/EDS and 

XPS were conducted to provide physical and chemical information at the fracture interface in 

more detail. Figure 7-7 shows one example of a SEM/EDS elemental map of galvanised steel 

substrate in one failure zone of a TTGS (400)-PDUDMA sample (Green rectangle in Figure 

7-6). Elemental mapping analysis revealed the location of the polymer residue on the 

galvanised steel. The presence of C and Zn in the image indicated that the fracture mainly 

occurred as a mixture of cohesive failure and adhesive failure. Figure 7-8 shows the XPS survey 

of the galvanised steel substrate and corresponding dolly side in the same cohesive 

failure/adhesive failure zone. Zinc is present on both the galvanised steel side and the dolly 

side. Tin (Sn) was detected on both surfaces. This Sn element is assigned to Tin complex 

catalyst (Tin(II) 2-ethyl hexanoate or tin(II) octoate or stannous octoate (Sn(Oct)2)) residue 

from PDUDMA coating. The existence of zinc and the PDUDMA coating on both sides further 

confirmed that there is a mixture of cohesive failure in the zinc layer, cohesive failure in the 

PDUDMA coating, and probably adhesive failure at the PDUDMA/zinc interface. The failure 

of the PDUDMA coating system may occur in different locations as shown in Figure 7-9.  
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Figure 7-8. XPS survey of cohesive failure/adhesive failure surfaces (a) galvanised steel substrate 

side (b) dolly side. 
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Figure 7-7. SEM/EDS elemental map on the surface of cohesive failure/adhesive failure 

zone on galvanised steel substrate (a) backscattered electron morphology, (b) Zn, (c) C, 

and (d) O map. 
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Table 7-7. Elemental composition of cohesive failure/adhesive failure surfaces in galvanised steel 

substrate side and dolly side. 

Samples Relative atomic composition (%) 

 C 1s O1s Zn 2p 3/2 Ca 2p    Si 2s Sn 3d N 1s 

Steel side 73 18 <1 7 1 <1 - 

Dolly side 59 19 <1 2 8 3 8 

 

 

Figure 7-9. A sketch of the failures which may occur in different locations of PDUDMA 

coating system. 

In summary, the bonding strength of PDUDMA coating systems is comparable with 

conventional adhesive-bonded coating systems. Our joining technique (GSM-SIP) works 

without the need for adhesives, solvents, or other additives which are costly and can be toxic. 

The absence of additives makes this technique more eco-friendly and cost-effective than 

adhesive bonding. Moreover, the GSM-SIP technique requires less surface treatment compared 

to adhesive bonding. The surface treatment process for the GSM-SIP technique only comprises 

thermal treatment of the substrate. Therefore, the GSM-SIP technique is superior in many 

respects to conventional adhesive bonding.   

7.3.3 Salt Spray Test 

The appearance of uncoated and coated galvanised steel samples before and after the salt 

spray test for different periods is shown in Table 7-8. Corrosion was observed in the UTGS 

surfaces after 408 h of exposure, whereas, corrosion products did not start to form on the 

UTGS-PDUDMA surface until 672 h. In the case of the TTGS (400) sample, some white rust 

was observed on TTGS (400) surface after the salt spray test for 72 h. This white rust may be 

attributed to simonkolleite (Zn5(OH)8Cl2) and hydrozincite (Zn5(CO3)2(OH)6). The white rust 

Steel

Dolly

Epoxy adhesive
Coating

Zinc
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was then spread across the surface of the TTGS (400) after 408 h of exposure. However, no 

apparent general corrosion took place on the TTGS (400)-PDUDMA sample at the same time. 

White rust started to form on the TTGS (400) -PDUDMA surface after 672 h of exposure. For 

the TTGS (600) sample, the surface was fully covered with red rust after 72 h of exposure. The 

red rust appeared to be mainly constituted of iron oxide (Fe2O3). However, no apparent red rust 

took place on the TTGS (600)-PDUDMA sample until 408 h of exposure. These observations 

indicated that galvanised steel sheets with a PDUDMA coating exhibit better corrosion 

resistance than those of uncoated galvanised steel sheets. Moreover, the corrosion rate of 

galvanised steel increased with thermal treatment temperature. The passivation layer (zinc 

carbonate or zinc carbonate hydroxide) was removed, and the surface morphology changed 

after thermal treatment. The removal of the passivated layer and the change of surface 

morphology make corrosive electrolytes permeate more easily into the zinc layer and steel 

substrate.  

After a salt spray test of 672 h, the corresponding corrosion resistance rating number of 

specimens was obtained and listed in Table 7-9.  The galvanised steel sheets with a PDUDMA 

coating had a larger rust grade (R) than that of corresponding uncoated galvanised steel sheets, 

indicating that galvanised steel sheets with a PDUDMA coating have a better corrosion 

inhibition performance than that of uncoated ones. Among the galvanised steel with PDUDMA 

coatings, the TTGS (400)-PDUDMA sample had the least corrosion and the highest rust grade 

(R). The corrosion resistance of TTGS (400)-PDUDMA is better than that of UTGS -

PDUDMA due to a better coating protection, which benefits from higher bonding strength.  

TTGS (400)-PDUDMA has better corrosion resistance than TTGS (600)-PDUDMA probably 

due to better corrosion resistance of the zinc layer. Hence, the best corrosion resistance of the 

TTGS (400)-PDUDMA sample may be attributed to the combined protection of the polymer 

coating and the secondary zinc layer. 

Table 7-8. Optical images of galvanised steel sheets with and without PDUDMA coating after 

different exposure times of salt spray test 

 

Hours 0 72 408 672 
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UTGS 

R (10) R (10) R (4) R (1) 

UTGS-

PDUDMA 

R (10) R (10) R (5) R (3) 

TTGS (400) 

R (10) R (4) R (0) R (0) 

TTGS (400) 

-PDUDMA 

R (10) R (10) R (9) R (4) 

TTGS (600) 

R (10) R (0) R (0) R (0) 
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TTGS (600) 

-PDUDMA 

R (10) R (10) R (2) R (1) 

 

Table 7-9. The evaluation of specimens after the salt spray test for 672 hours. 

Specimen Rust Grade (R) Percent of Surface Rusted 

UTGS 1 Greater than 33.0 percent and up to 50.0 percent 

UTGS-PDUDMA 3 Greater than 10.0 percent and up to 16.0 percent 

TTGS (400) 0 Greater than 50 percent 

TTGS (400)- 

PDUDMA 
4 Greater than 3.0 percent and up to 10.0 percent 

TTGS (600) 0 Greater than 50 percent 

TTGS (600)- 

PDUDMA 
1 Greater than 33.0 percent and up to 50.0 percent 

 

The corrosion behaviour of scribed specimens was also investigated. Table 7-10 shows 

the optical images of scribed galvanised steel sheets with and without PDUDMA coating 

exposed to accelerated corrosion media after different periods of time up to 312 h. Table 7-11 

lists the corresponding rust grade (R) and rust grade on scribed areas (Rs) of the specimens. 

Corrosion products did not start to form until after 216 h of exposure for the UTGS and UTGS-

PDUDMA samples. After 144 h of exposure, corrosion products began to form on the TTGS 

(400) and TTGS (400) -PDUDMA surfaces. More corrosion products and higher scribe width 

were observed on TTGS (400) and TTGS (400)-PDUDMA in comparison with untreated ones 

after 312 h. Moreover, TTGS (400)-PDUDMA had fewer corrosion products than those of 

TTGS (400), as indicated by the larger rust grade (R=1) of the former specimens than that of 

the latter specimen (R=0). The TTGS (600) surface was fully covered with corrosion products 

after 144 h of exposure, denoting a more severe corrosion attack. The fewer corrosion products 

on TTGS (600)-PDUDMA and the higher corresponding rust grade (R) than that of TTGS (600) 

indicated better corrosion resistance. These observations are in good agreement with the 
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unscribed specimens and further demonstrated that the galvanised steel with PDUDMA coating 

showed a better corrosion inhibition performance than that of uncoated ones. Among all the 

coated scribed specimens, the UTGS-PDUDMA sample had the least corrosion and the highest 

rust grade (R). The TTGS-PDUDMA sample had more corrosion than that of untreated ones 

because the permeation of corrosive electrolytes from the scribed lines caused faster zinc layer 

corrosion, which deteriorated the polymer coating. In summary, the salt spray test results of 

the unscribed and scribed specimens indicated that the galvanised steel with PDUDMA coating 

had better corrosion resistance than that of uncoated ones. 

Table 7-10. Optical images of scribed galvanised steel sheets with and without PDUDMA coating 

after different exposure times of salt spray test 

Hours 0 144 216 312 

UTGS 

R (10) RS (10) R (10) RS (9) R (10) RS (8) R (4) RS (7) 

UTGS-

PDUDMA 

R (10) RS (10) R (10) RS (9) R (10) RS (8) R (4) RS (7) 

TTGS (400) 

R (10) RS (10) R (0) RS (0) R (0) RS (0) R (0) RS (0) 
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TTGS (400) 

-PDUDMA 

R (10) RS (10) R (5) RS (7) R (4) RS (4) R (1) RS (0) 

TTGS (600) 

R (10) RS (10) R (0) RS (-) R (0) RS (-) R (0) RS (-) 

TTGS (600) 

-PDUDMA 

R (10) RS (10) R (8) RS (-) R (6) RS (-) R (1) RS (-) 

 

 

Table 7-11. The evaluation of scribed specimens after the salt spray test for 312 hours 

Specimen 

Rust 

Grade 

(R) 

Percent of Surface Rusted 

Rust Grade of 

Scribed Area 

(RS) 

Mean Creepage From 

Scribe(mm) 

UTGS 4 
Greater than 3.0 percent 

and up to 10.0 percent 
7 Over 1.0 to 2.0 

UTGS-

PDUDMA 
4 

Greater than 3.0 percent 

and up to 10.0 percent 
7 Over 1.0 to 2.0 

TTGS 

(400) 
0 Greater than 50 percent 0 Over 16.0 to more 

TTGS 

(400)- 

PDUDMA 

1 
Greater than 33.0 percent 

and up to 50.0 percent 
0 Over 16.0 to more 

TTGS 

(600) 
0 Greater than 50 percent 8 Over 0.5 to 1.0 
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TTGS 

(600)- 

PDUDMA 

1 
Greater than 33.0 percent 

and up to 50.0 percent 
8 Over 0.5 to 1.0 

 

7.4  Conclusion  

The adhesion properties, as well as the anticorrosion performance of the PDUDMA 

coating were studied on the surface of different galvanised steel substrates. The adhesion 

strength of the PDUDMA/galvanised steel and epoxy/galvanised was evaluated by the pull off 

test. Failure occurred predominantly in the polymer rather than at the polymer/zinc layer 

interface of the PDUDMA system, which indicated a better bonding strength than that of the 

epoxy system. The higher pull off strength values also revealed stronger bonding strength. 

Those results revealed that the bonding strength of PDUDMA/galvanised steel is stronger than 

that of the epoxy system. The higher percentage of cohesive failure in the thermally treated 

galvanised steel-PDUDMA coating samples than that of the UTGS coating system also 

demonstrated that thermally treated galvanised steel-PDUDMA coating systems have better 

bonding strength than that of untreated ones. 

The corrosion resistance of different galvanised steel specimens and the corresponding 

PDUDMA coated galvanised steel specimens was investigated by the salt spray test. The 

appearance of scribed and unscribed specimens after the salt spray test revealed that the 

galvanised steel with a PDUDMA coating showed better corrosion resistance than that of 

uncoated ones. Moreover, it was found that the corrosion rate of uncoated galvanised steel 

increased with thermal treatment temperature.  The decrease of corrosion resistance may be 

due to the removal of the passivated layer and the change of surface morphology, which makes 

corrosive electrolytes permeate more easily into the zinc layer and the steel substrate. 

Future research will be focused on improving the bonding strength of polymer coating 

while maintaining the corrosion resistance of the zinc layer. More research is needed to explore 

more possible polymers, such as cross-linked polymers, hydrophilic polymers, hydrophobic 

polymers, and biocompatibility polymers for the coating system. Further research should also 

put emphasis on evaluating other performances such as hardness, UV resistance, chemical 

resistance, and abrasion resistance for coating systems. 
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8. Conclusion and Perspectives 

Contributions and Technical Advantages 

This thesis describes an innovative adhesive-free bonding method for manufacturing 

steel-polymer composites. This method is based on galvanised steel-mediated surface-initiated 

polymerisation (GSM-SIP). The manufacture of composite is accomplished by direct 

polymerisation of flowing monomers to synthesise the polymers. The enhanced bonding 

strength at the steel-polymer interface is probably due to more intimate contact between the 

formed polymer and the substrate. To the best of our knowledge, this is the first time such a 

manufacturing method based on galvanised steel-mediated surface-initiated polymerisation has 

been demonstrated. Hence, our research has pioneering and realistic significance for 

manufacturing composites. Moreover, this technique works without the need for adhesives, 

solvents, or other additives which are costly, and potentially toxic. The absence of those 

additives making this technique more eco-friendly and cost-effective than solvent- or adhesive- 

mediated manufacturing methods. 

This method is also capable of synthesising polymers with controlled molecular weights 

and narrow molecular weight distributions. Moreover, the GSM-SIP technique represents the 

re-initiation ability to produce multilayer polymers. The proposed mechanism of GSM-SIP was 

elucidated. The proposed mechanism involves photo-excitation of ZnO on a thermally treated 

galvanised steel surface and reaction with surrounding oxygen-containing species to general a 

low concentration of hydroxyl free radicals. The concentration of produced hydroxyl radicals 

is at a sufficiently low level to enable chain growth on the one hand and reduce bimolecular 

termination reactions on the other. Additionally, the chain transfer to solvent and organic 

initiator is eliminated in their absence. The reduction of bimolecular termination and chain 

transfers allow GSM-SIP to synthesise the polymers with controlled molecular weights and 

narrow molecular weight distributions.  

The achievement of low polydispersity and the re-initiation ability of GSM-SIP indicated 

characteristics of controlled radical polymerisation (CRP). A common feature of conventional 

CRP systems is to establish a dynamic equilibrium, through either dormant/active chain ends 

or degenerative transfer agent [93] [94]. All conventional CRP systems rely on complex 

catalytic systems and often involve the use of solvents [234].  Residual catalysts and solvent in 

polymers are often toxic and may interfere with electronic products, which impedes the use of 
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polymers in biomedical and electronic applications [259]. Removing the catalysts and solvent 

from polymers remains a significant challenge due to the existing inefficient and expensive 

removal processes [110]. Furthermore, most CRP systems (i.e., atom transfer radical 

polymerisation (ATRP), nitroxide-mediated polymerisation (NMP), and reversible addition-

fragmentation chain transfer (RAFT)) must be carried out in an inert atmosphere to retain the 

activity of the catalysts [260] [103] [261]. Catalyst-mediated CRP requires strict reaction 

conditions and complicated reaction setups. However, GSM-SIP works without the need for 

adhesives, solvents, or other additives which are costly and can be toxic. Moreover, the 

polymerisation can be conducted in an ambient atmosphere since the GSM-SIP system does 

not contain any catalyst that requires an inert atmosphere to retain activity. These features 

represent competitive advantages over other CRP techniques, such as a high purity product, 

mild reaction conditions, a simple reaction setup, and an environment-friendly process. 

The GSM-SIP technique developed in this thesis also allows the preparation of polymers 

with a high degree of functionality. Functional polymers have received a great deal of attention 

for their specified physical and chemical properties [262]. The polymer functionality of GSM-

SIP is accomplished by monomer functionality. GSM-SIP has successfully polymerised 

several functional methacrylate derivatives such as PEGMEMA and DUDMA. The properties 

of the resulting functional polymers are dependent on functionalized monomers. For instance, 

PPEGMEMA polymer is a hydrophilic polymer because the monomer contains hydrophilic 

side chains [263]. DUDMA monomer contains double bonds on both ends which react with 

each other to form a cross-linked structure. Thus the corresponding polymer is a crosslinked 

polymer [264]. These functional polymers satisfy the needs for additional functionalities such 

as hydrophilic, anti-fouling, crosslinking, and so on.  

The GSM-SIP technique expands the scope of the application of galvanised steel as well. 

Galvanised steel has found a broad range of applications ranging from the construction industry 

to automotive components [265]. However, there is no study on the initiation of polymerisation 

by galvanised steel initiators. Accordingly, the use of galvanised steel as an initiator expands 

the application scope of galvanised steel to composites structures. 

Although the GSM-SIP technique has advantages as mentioned above, there is still quite 

a bit of room for improvement. The main restriction upon the commercialisation process of 

GSM-SIP lies in its relatively slow manufacturing process. It usually takes more than 36 hours 

to yield fully polymerised products. The relatively long polymerisation time also restricts its 
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application in additive manufacturing and photopatterning. The route to shorten production 

time for the GSM-SIP technique requires enormous effort. Further work is also needed to fully 

elucidate the mechanism. Although GSM-SIP presents some characteristics of controlled 

radical polymerisation, the mechanism need to be studied further to verify whether GSM-SIP 

is controlled radical polymerisation. The chain transfer and chain termination process of GSM-

SIP requires for further study. The mechanism of re-initiation ability need to be studied as well. 

Potential Practical Application  

The potential application of polymers made by controlled radical polymerisation is 

enormous. CRP techniques such as atom transfer radical polymerisation (ATRP), nitroxide-

mediated polymerisation (NMP), and reversible addition-fragmentation chain transfer (RAFT) 

have already entered the market for the preparation of advanced polymers [93] [266]. However, 

conventional CRP techniques do not achieve all the criteria for the large-scale production of 

polymers due to their high cost, restricted reaction conditions and complicated setup [234]. 

GSM-SIP presents some characteristics of controlled radical polymerisation and has the ability 

to synthesize well-defined polymers. Thus, it is reasonable to anticipate that a cost-effective 

GSM-SIP technique with low cost, mild reaction conditions, and a simple set-up has 

tremendous potential in the production of large batch well-defined polymers.  

A well-defined polymer with narrow molecular weight distribution and higher molecular 

weight usually has better mechanical properties, such as tensile strength and impact strength 

[267]. There are more entangled polymer chains in these polymers. The higher entanglement 

increases the resistance to an applied pulling load and increases the tensile strength [268]. The 

impact strength of the polymer is also enhanced with longer chains because the impact energy 

is transmitted to the polymer chains [269]. These better mechanical properties provide a higher 

load-bearing capacity and thus extend the service life of polymers. Hence, high-performance 

polymers with good mechanical properties are desirable for numerous applications, especially 

in construction, manufacturing, automotive, marine, and appliance industries [270]. High-

performance polymers are ideal materials for interior vehicle components. The lightweight 

high-performance components reduce fuel consumption and decrease the noise and vibration 

levels [271]. Transparent polymer sheets with good mechanical properties can be used as 

architectural glazing, or sound barriers in the construction industry [272]. Components with 

high-performance polymers are also desirable for almost all appliances such as refrigerators, 

computers, dishwashers, and so on [273]. The practical application examples of high-
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performance polymers with good mechanical properties are too numerous to list.  However, 

well-defined polymers with good mechanical properties made by conventional CRP are not 

widely applied in practice due to their expensive production costs. At present, polymers with 

narrow molecular weight distribution are mainly applied as standard reference materials for the 

calibration of instruments used in polymer science for the determination of the molecular 

weight [168] [274]. The polydispersity index (PDI) of these polymers are typically less than 

1.1. The GSM-SIP technique can achieve the same quality standards. The PDI of some 

polymers prepared by GSM-SIP is less than 1.1, and more precise control can be achieved to 

fulfil the criteria of standard reference materials by adjusting reaction conditions. Meanwhile, 

the introduction of the GSM-SIP technique is expected to reduce the average price of such 

well-defined polymers. The absence of expensive organic initiators, catalysts, solvents, and 

other additives could dramatically reduce raw materials costs.  The mild reaction conditions 

and simple reaction setups could cut equipment and process costs and thus reduce production 

costs. The cost-effective GSM-SIP technique opens the possibility of providing a large batch 

of inexpensive high-performance polymers. 

Other well-defined polymers of great interest are functional polymers. These polymers 

have potential applications in high value-added industries, especially in biomedicine, pharmacy 

and electronic applications. The GSM-SIP technique is tolerant to many functionalities because 

of its radical nature. Functional polymers such as hydrophilic, hydrophobic, antibacterial, and 

crosslinked polymers can be synthesised by the polymerisation of the functional monomers. 

The specific features of resulting functional polymers are useful for a broad range of possible 

applications. For example, hydrophilic polymers have potential application in self-cleaning, 

antifouling and antifogging coatings [275]. On a hydrophilic surface, pollutants can be 

removed by a stream of water because the water easily penetrates between impurities and the 

surface [276]. The hydrophilic polymer can prevent fogging because water spreads on the 

hydrophilic surface to form a thin film instead of droplets [277]. Hydrophilic polymer can also 

be used as anti-biofouling material because the hydrophilic side chains prevent bacteria 

attachment [278]. Crosslinked polymers can potentially be used in different fields such as solid-

phase synthesis, extraction, and drug delivery due to their better mechanical strength, stability, 

and permeability than the same polymer without cross-linking [279] [280] [281].  

Besides the synthesis of well-defined polymers, the GSM-SIP technique has potential 

applications in manufacturing metal-polymer composites. The GSM-SIP technique can prepare 
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coating systems, laminated composites, fibre-reinforced composites, and fabric-reinforced 

composites. Metal-polymer composites are applied mainly as lightweight alternatives to metal 

alloys. The composites with specific matrix polymers such as high damping polymers, heat 

insulating polymers, and electron insulating polymers can be used as soundproof or thermal 

insulation materials. The single-layer coating or multi-layer coating made by the GSM-SIP 

technique may have features, such as corrosion resistance, wear resistance, electrical insulation, 

hydrophobic, and hydrophilic.  These features make the polymer-metal coatings system 

attractive for applications in the automotive, appliance, construction, and transportation 

industries. 

Future Research  

It is anticipated that future research will be focused on better understanding the 

mechanism, reducing production time, expanding the range of possible controllable monomers, 

exploring the range of potential metal substrates which are capable of initiating polymerisation, 

investigating the macroscopic properties of polymers, and evaluating the performance of 

composites.  

As mentioned previously, the mechanism needs to be studied further to verify whether 

GSM-SIP is controlled radical polymerisation. The mechanism of producing multilayer 

polymers need to be studied further. The chain transfer and chain termination process of GSM-

SIP requires for further study as well. 

The relatively long polymerisation time restricts the commercialisation of the GSM-SIP 

technique. Previous studies mentioned in chapter six indicated that the amount of hydroxyl 

radicals in the GSM-SIP system determines the polymerisation kinetic and the final molecular 

weight of the resulting polymers. As we start to study the influences of photoinitiators, 

irradiation parameters, and polymerisation temperature on the polymerisation kinetic, our 

ability to prepare polymers with the desired polymerisation rate and production time will 

improve.  

The expansion of the range of polymers prepared by GSM-SIP allows the industry to meet 

the requirements of specific applications. GSM-SIP has been successful in controlling 

polymerisation of activated monomers such as acrylates and methacrylates. Theoretically, 

GSM-SIP can be utilised with a broad range of radically polymerisable monomers for a wide 

variety of applications. Hence, further research should explore more controllable monomers, 
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particularly less activated monomers such as vinyl ester and vinyl amides. Moreover, emphasis 

should also be put on possible functional monomers and monomers for block copolymers. The 

route to finding appropriate monomers for the GSM-SIP technique requires a considerable 

amount of work.  

Thermally treated galvanised steel and zincalume substrates which contain zinc oxide 

have been proved to be very effective in initiating controlled radical polymerisation. 

Theoretically, metal substrates contain semiconductors, such as, lead oxide (PbO) [282], zinc 

oxide (ZnO) [214], copper oxide (CuO) )  [283], titanium dioxide (TiO2) [284], silver carbonate 

(Ag2CO3) [285], tin oxide (SnO2) [286], aluminium oxide (Al2O3) [287], cadmium oxide (CdO) 

[288], cadmium sulfide (CdS) [289], iron oxide (Fe2O3) [290], and nickel oxide (NiO) [291], 

which are capable of generating hydroxyl radicals under proper conditions, and thus initiating 

polymerisation. The expansion of potential metal substrate offers new opportunities to expand 

the application scope of the semiconductor-containing metal substrates to composites 

structures. Accordingly, future research should explore the range of potential metal substrates 

which are capable of initiating polymerisation.  

Further research should also focus on investigating the macroscopic properties of 

polymers prepared by GSM-SIP. Detailed knowledge of the relationship between the molecular 

structure and the macroscopic properties of polymers made by GSM-SIP is required to 

synthesise polymers for specific applications. For instance, crosslinked polymers with a 

relatively lower glass transition temperature are suitable for coating application. Linear 

polymers with relatively higher glass transition temperature have excellent mechanical 

properties. Composites containing linear polymers are applied mainly as lightweight 

alternative structural materials. Thus, precise information on the physical and chemical 

properties of polymers with different molecular structures is needed to thoroughly explore and 

define the application fields properly. 

Knowledge of composite performances such as corrosion resistance, and the mechanical, 

electromagnetic, and heat transport properties are required in the analysis and design of 

composites with specific properties. The adhesion strength and corrosion resistance of coating 

systems were preliminarily investigated.  More research is needed to evaluate the properties of 

other types of metal-polymer composites such as laminated composites, fibre-reinforced 

composites, and fabric-reinforced composites. The composite properties database including 

principal mechanical properties (i.e., tensile strength, shear strength, flexural strength, hardness, 
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stiffness, roughness), electrical properties (electrical conductivity, dielectric properties), and 

heat transport properties (thermal conductivity, thermal diffusivity) should be established in 

the future.  

Perspectives 

As described in this thesis, GSM-SIP has already proven to be a cost-effective technique 

for the synthesis of polymers with controlled molecular weights and narrow molecular weight 

distributions. Moreover, GSM-SIP presents some characteristics of controlled radical 

polymerisation. Hence, it is reasonable to predict that GSM-SIP has the potential to become a 

key controlled radical polymerisation method for production of large batch well-defined 

polymers.  

It is also expected that the preliminary results and proposed mechanism of GSM-SIP will 

stimulate the academic community to understand the mechanism involved better, explore more 

possible monomers, and find the potential applications.  
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