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ABSTRACT 

 

In Printed Circuit Board (PCB) manufacturing, making the conductive tracks 3D and 

embedding the electronic components in substrate can effectively reduce the circuit board 

volume, and improve the power delivery performance. Laser based additive 

manufacturing has been developed for many years but currently it is still used to create 

non-functional product. This PhD work will combine the two technologies together to 

generate a complete 3D embedded circuit system. In addition, the laser beam will be 

reconstructed using Holographic Optical Elements (HOE) to control the microstructure of 

the product.  

 

A finite element method (FEM) model was established to describe the material 

thermo-fluid and phase transition behaviour at different beam irradiance distributions. 

Steel wire cladding, steel keyhole welding and polymer powder melting were used for 

model verification. An experiment of laser melting of high density polyethylene (HDPE) 

as a circuit substrate was then carried out. Fully dense HDPE components can be 

generated using laser and their tensile strength (7.97±0.03 MPa) and elongation at bread 

(Eab, 92.7±6.8%) were comparable with the compression moulding samples; according to 

thermal analysis using Differential Scanning Calorimetry (DSC), the growth of imperfect 

spherulites was revealed.  

 

In conductive circuit manufacturing, two different materials were selected: silver paste 

and copper/HDPE powder mixture. The laser cured silver paste exhibits a lower electrical 

resistivity (0.65±0.03*10-4Ωcm) than oven cured sample (1.32±0.04*10-4Ωcm) since its 

porous structure reduce the distance between different silver flakes. A pedestal beam can 

reduce the laser induced thermal ejection due to its low Marangoni force on the sample 

surface. A flexible 2D circuit board is manufactured using silver paste on a HDPE 

substrate. The copper/HDPE mixture was processed using a galvo scanning system, 

which included a commercial Gaussian laser and a self-designed novel HOE laser. The 

copper was found melted above a copper/HDPE ratio of 6/4 and its electrical resistivity 

(0.35±0.04*10-4Ωcm) can be reduced to 20 times of pure copper. By using the pedestal 

beam, the outward flow of copper particles could be reduced. A new process is developed 

to manufacture 3D embedded circuit system using copper/HDPE mixture as conductive 

tracks and HDPE as substrate. It successfully demonstrated functional electronic devices 

can be achieved by additive layer manufacturing of dissimilar materials. 
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CHAPTER 1: INTRODUCTION 

 

This chapter presents a brief background introduction to this research work and states the 

research questions and aims of the project. A synopsis of each chapter is also listed. 

 

1.1 Thesis Context 

 

Printed circuit board (PCB) is an extremely important part in today’s industrial activities. 

Modern electronics need low manufacturing loss, environmentally friendly processes and 

the integration of electronics as a part of other structures. The traditional PCB is a device 

that interconnects electronic components using conductive tracks laminated onto a 

dielectric substrate. Since the electronic components need to be placed in a planar array, 

the design freedom is reduced and space requirement is increased. Making the conductive 

tracks 3D and embedding the electronic components in substrate cannot only reduce the 

circuit volume, but also significantly reduce the footprint between different electronic 

components and improve power delivery performance. However, this 3D structure is 

difficult to manufacture due to its high complexity. This thesis focuses on an innovative 

technique to generate 3D PCB – laser additive manufacturing. 

 

Laser additive manufacturing is mainly used to build non-functional part such as 

prototypes. Research is mainly carried out on the product mechanical performance and it 

also lacks a complete understanding of the material characteristics during laser processing. 

This thesis addresses the issue of functional dissimilar materials additive manufacturing. 

The work presented here includes the generation of 3D PCB using dissimilar materials, 

laser beam reconstruction, and simulation of material behaviour during laser processing. 

This provides an opportunity to expand the application of additive manufacturing in 

industry; while optimising the laser based manufacturing by using holographic optical 

elements (HOE) to gain control of the illuminating beam.  
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1.2 Research Questions 

 

Traditional laser sintering and cladding manipulate round laser beams using control of the 

laser power/energy parameters to build up components using a wide range of polymers 

and metals. The majority of these components suffer some level of porosity. Central to the 

approach taken in this research is that if 3D control of the focussed beam in terms of 

profile/shape and energy distribution were possible – then a level of control not currently 

widely investigated could provide a breakthrough in the manufacturing of fully dense 3D 

components. According to the research context, if such control is available the following 

questions are raised in this project: 

 

 Can we establish a mathematical model to predict the heat distributions and flow 

pattern during laser processing with different beam irradiance distributions? 

 

 Can we generate fully dense polymeric components as the circuit substrate? 

 

 Can we make use of different polymers such as high density polyethylene (HDPE) 

which presently thought of as unsuitable for laser additive manufacturing? 

 

 Does the redistribution of input energy provide a means of controlling/improving the 

properties of the resultant polymeric part? 

 

 Can we use laser to generate conductive circuits which have similar or improved 

performance compared with conventional method? 

 

 Can we make circuits using low cost copper during laser processing without 

oxidation? 

 

 Does the redistribution of input energy provide a method of controlling/improving 

the properties of the resultant conductive circuits? 
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 Can we generate a 2D circuit on flexible substrate using laser curing? 

 

 Can we extend the present 2D circuit system to 3D using laser additive 

manufacturing technology? 

 

1.3 Aims and objectives 

 

The ultimate goal of this project is to generate a complete 3D PCB system using additive 

manufacturing. This includes laser manufacturing of both dielectric substrate and 

conductive track. The original Gaussian beam and HOE reconstructed beam are both used 

in the manufacturing process to gain control of the processed materials. The second major 

goal of this project is to investigate the material behaviour when processed by laser. To 

achieve these goals, a number of steps have to be investigated and experimented with. 

Firstly, a mathematic model is established using finite element method (FEM) so that the 

laser processing mechanism and influence of beam profile can be theorised. Then 

investigation of laser processing for both substrate (using high density polyethylene 

(HDPE)) and conductive track (using silver paste and copper/HDPE powder mixture) are 

carried out. The final step is combining individual manufacturing steps together to 

generate embedded 3D PCB. 

 

1.4 Chapter synopsis 

 

Chapter 2 is a literature review of the areas of interest in this project, which includes PCB 

manufacturing, laser processing and additive manufacturing, beam reconstruction, and 

laser welding/cladding simulation. 

 

Chapter 3 is the simulation work for laser welding/cladding. Heat transfer, fluid flow and 

phase transition are included in this model and the influences of different beam irradiance 

distributions in the molten pool formation are also investigated. The model is verified by 
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relative experiments. 

 

Chapter 4 is the main body of the results concerning laser melting of HDPE, which will 

be used as the substrate material in PCB manufacturing. Investigation includes the 

mechanical properties, microstructures and thermal properties. In addition, the 

mechanism of imperfect crystalline growth during laser processing of HDPE is presented.  

 

Chapter 5 is the main body of the results concerning laser curing of silver paste, which 

will be used as the conductive track material in PCB manufacturing. Different beam 

irradiance distributions are used and investigation includes electrical resistivity, surface 

morphology, microstructures and thermal properties. In addition, a flexible PCB is 

designed and manufactured using silver paste and HDPE substrate. 

 

Chapter 6 is the main body of the results concerning laser melting of copper/HDPE 

powder mixture, which will be used as the conductive track material in PCB 

manufacturing. Different beam irradiance distributions are used and investigation 

includes electrical resistivity, microstructures and thermal properties. In addition, a 3D 

embedded PCB is designed and manufactured using copper/HDPE mixture and HDPE 

substrate. 

 

Chapter 7 gives the conclusions that are drawn from the works in this project. 

 

Chapter 8 gives the ideas for further work. 
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CHAPTER 2: LITERATURE REVIEW 

 

This chapter presents a review of the current work relating to this project, which involves 

PCB manufacturing, laser processing and additive manufacturing, beam reconstruction, 

and laser welding/cladding simulation. 

 

2.1 Printed circuit board (PCB) manufacturing 

 

The PCB is a structure which can provide both the physical mounting of electronic 

components as well as the electrical interconnections between them. The history of PCB 

development begins in the early of 20th century but it has not been in commercial use 

until 1950s [1]. The basic model of a PCB consists of a dielectric substrate and a 

single-layer, single-sided conductive pattern on it. A structure with higher complexity can 

be achieved by producing multi-layer and double-sided structures [2]; where the 

interconnections between different layers are generated by plated through-holes [3]. The 

traditional manufacture technique of PCB is usually a subtractive process, where the term 

used ‘printing’ is somewhat of a misnomer when describing it. This process includes 

depositing a metallic foil (e.g. copper) on the substrate, then covering etch resist on the 

designed track pattern and finally using etchant to remove the excess material and leaving 

the copper tracks [2]. This process has a long production cycle and will lead a waste of 

materials; meanwhile, since the solvent used in the etching step is corrosive, toxic waste 

is usually generated [4, 5]. To solve these problems, the concept of additive process has 

been generated, i.e. directly deposit the conductive track on the substrate surface. 

 

2.1.1 Additive printing technology for PCB 

 

Screen printing 

For the traditional printing world, the screen printing technique is widely used. This is a 

process based on the application of mesh and squeegee. A typical screen printing process 
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is shown in Figure 2.1.a, from which, the screens are generally woven-like cloth fabrics 

and the paste/ink must flow through the screen mesh under pressure created by the 

squeegee movement, and at those parts of fabrics no paste/ink should be pressured 

through [3]. Moreover, the parameters like mesh density and thickness are the 

determining factors of the emulsion thickness of the paste/ink. 

 

 

Figure 2.1: Schematic representations of (a) Screen printing process; (b) Inkjet printing process 

 

Inkjet printing 

However, the screen printing method and can only create 2D output in the X-Y plane. A 

more flexible deposition method is Drop-on-demand (DOD) inkjet printing, which is 

represented in Figure 2.1.b. In this computer assisted process, the ink is jetted from the 

nozzle and deposited on the substrate, where a piezo or thermal transducer is applied to 

provide a suitable pressure on for the jetting process. This technique has been widely used 

in electrics manufacturing [4, 5, 6], especially for micro-patterns due to its high resolution. 

It is suitable for inviscid fluids like polymer solutions [7] or nano-metal suspensions [8] 

and the output resolutions are determined by the diameter of the nozzles. Until now, inkjet 

printing is mainly used as a 2D circuit printing technique because the viscosities of the 

printing materials are usually quite low and it is hard to restrict the flow of the inks during 

3D structure construction. However, to build a 3D part, it is usually combined with a 
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thermal post-curing step. Sanchez-Romaguera et al [9] generated a simple 3D all inkjet 

printed metal/insulator/metal crossover. In their research, after the deposition of the first 

nano-silver track on the substrate, they used the hotplate to sinter the nano-silver and then 

followed by printing the UV curable insulator; after that another conductive track was 

deposited and sintered. Ko et al [5] made the similar structure, but they selected laser as 

the heating source, i.e., an inkjet – laser – inkjet process. 

 

Selective laser printing 

Due to its monochromatic and coherent properties, the laser can be used to provide highly 

directional localised heat to create desirable conductive pattern during PCB 

manufacturing. Different ways of laser PCB processing have been reported in previous 

researches: laser ablation [7, 10, 11], which is actually a subtractive process similar to 

conventional PCB manufacturing but replace the etchant by laser; laser direct curing of 

isotropic conductive adhesives (ICA) [12, 13] and laser direct sintering/melting of 

nano-sized metal particles [5, 14, 15]. 

 

2.1.2 Material used in conductive track formation 

 

In physics, the conductivity of material is a result of the motion of electric charges, e.g. 

free electrons in metals, ions in electrolyte and holes in semiconductors. Metals are the 

most widely used conductive materials because of their high conductivities; other 

materials like carbon or conductive polymers are also used although their conductivities 

are lower than metal. In PCB manufacturing, the traditional etching method uses pure 

metal such as copper as the conductive material but for the direct additive writing 

techniques, the printed material should have high fluidity and therefore conductive 

paste/ink are usually selected. 

 

2.1.2.1 Isotropic conductive adhesives (ICA) 

 

Polymers are typically dielectrics and can be made conductive by adding natural 
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conductors like metals. The polymer binder, usually dissolved in solvent, is used to 

establish a matrix phase as the carrier vehicle for the conductive fillers – this product is 

often named as ‘isotropic conductive adhesive’ (ICA) in industrial applications. In order 

to achieve high conductivity, a continuous pathway of fillers is required so that the 

electrons can move freely throughout the ICA. As a result, the conductivity for ICA is 

influenced by three main factors [16]: 

 

 Volume fraction of the filler. Figure 2.2 represents a typical electrical conductivity 

against filler content curve for most ICA, where at a specific value, the conductivity has a 

dramatic increase and convert the system from dielectric/semi-conductive to conductive. 

This phenomenon is known as ‘percolation threshold’; 

 Intrinsic resistance of the conductor and matrix;  

 Particle-particle contact resistance, i.e. the tunnelling resistance.  

 

 

Figure 2.2: Electrical conductivity against conductor content curve, known as ‘percolation threshold’ 

 

Conductive filler 

Metals are the primary conductor material used in ICA. Micron-sized conductors have 

gain significant success in industrial applications. Among these materials, silver might be 

the most widely used filler because its balance on price and stability when compared with 

other materials, like gold (expensive) and copper (which suffers a loss in conductivity 

after oxidation). A typical silver paste contains about 60% silver and they can be either 
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flakes or particles. Sometimes, submicron particles are added in ICA to increase the 

number of filler contact and therefore improve the conductivity [3]. ICA usually has a 

much higher resistivity than bulk material, for instance, the sheet resistance of DuPont’s 

5000 silver phase is 15mΩ/m2, which is about 20 times of bulk silver [17].  

 

Moreover, to reduce the high cost of using gold and silver, cheap metals like copper are 

always selected during manufacturing. Compared with noble metals another advantage of 

copper is its electromigration effect (the ions flow in a conductor due to the applied 

current and may lead to circuit failure [18]) is weaker [3]. The main limitation for copper 

lies in its low resistance against oxide, especially under high temperature or humidity 

conditions. To prevent oxidation, a stable copper complex should be formed [3] and 

usually, this complex can be achieved by various methods, e.g. vapour deposition, 

electrochemical reduction, radiolytic reduction, thermal decomposition and chemical 

reduction [19]. Chemical reduction is thought as the most effective way among these 

methods, especially for nano-sized particles; the particle size and shape can be controlled 

by different reaction parameters. A wet method is usually used in chemical reduction, i.e. 

dissolving metal copper salts in an aqueous phase with the creation of micelle-like 

structures using organic surfactants, which is known as a ‘self-assembly-monolayer’ 

(SAM). Then a reducing agent is introduced into the mixture to reduce the copper ions to 

zero-valent copper. 

 

Yang et al [20] reported a two-step reduction using oleic acid as the surfactant and 

explained the reduction process. Khanna [19] focused on the effect of different reducers 

and found a weaker reducer was more suitable to avoid agglomeration compared with 

strong reducer hydrazine hydrate. Engels et al [21] found that a high concentration of 

surfactant will led a high anti oxidation property of copper nano-particles but it will also 

increase the particle size. 

 

Another way to reduce the cost is replacing the metal filler by carbon (e.g. carbon black, 

carbon nanotubes and carbon fibres); although the resulting conductivity is lower than 
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that for metals. Carbon fillers provide satisfactory performance in biomedical devices or 

mobile phones. Kelkar et al [12] carried out an experiment using the carbon-based paste. 

They proved laser curing was applicable for carbon-filled paste with a resistance of 

34.04Ω/m2, which is similar to the sheet resistance of this paste (34.00Ω/m2, DuPont’s 

7105 [17]). Athreya et al [22] tried to generate a carbon black-filled nylon-12 conductive 

polymer by laser sintering, which is not a paste-based composite but in powder mixture 

form. They reported the agglomeration of filler particles due to the lack of dispersant, 

which led to a high porosity of the product and will contributed to a high electrical 

resistance. The product in the experiment is increased in electrical resistivity by 105~106 

times compared with bulk carbon black. 

 

Supporting matrix 

The matrix materials are normally thermosets. Their viscosity must be low enough to 

enable the printing before curing, therefore the monomeric or oligomeric precursors are 

usually used. During a thermal curing, those precursors will polymerise and provide 

excellent adhesive property. Epoxies, phenolics and other formaldehyde condensation 

resins [3] are widely used in ICA and some modified epoxies e.g. butadiene modification 

[23] or vinyl modification [24] are applied to vary the properties of the products. For a 

thermoset based ICA, the curing temperature is usually too low compared with the 

melting point of pure metal (e.g. for DuPont’s 5000, the processing temperature is just 

120oC [17]; while the melting point of bulk silver is 962oC). Therefore no phase transition 

occurs on the metal fillers. From Lu and Wong’s work [25], the intimate contact between 

conductive fillers caused by matrix shrinkage during curing was the main mechanism for 

conductivity formation. Sometimes, to achieve a real ‘sintered’ conductive track, a high 

processing temperature is required (e.g. DuPont’s QS300, which should be processed at 

850 oC but can achieve a high conductivity of 36% of that for bulk silver [15]). The high 

temperature restricts the selection of substrate. 

 

Meanwhile, thermoplastics can also be used as the matrix material. In paste or ink, they 

are usually dissolved in a specific solvent; after printing the solvent will be evaporated at 
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a high temperature and the thermoplastic binder will be ‘functionalised’ [12], which not 

only includes the melting and re-solidification of the thermoplastic, but also the contact of 

conductive fillers. The typical thermoplastic matrixes are acrylic, acrylonitrile butadiene 

styrene, cellulose derivatives, nylons, polycarbonates, polyesters, thermoplastic 

polyurethanes and polar vinyls [3]. Moreover, the crystallinity [26] of certain polymers is 

also found having influence in the properties of the products, since the fillers are extruded 

from the crystal region and only exist in the amorphous region, this kind of ‘aggregation’ 

will reduce the value of percolation threshold. 

 

2.1.2.2 Nano-sized conductive ink 

 

The basic principle of using nano-sized materials comes from their low melting point 

which attributes to the thermodynamic finite size effect [27]. For small particles, they 

have a larger proportion of surface atoms when compared with large particles; and the 

total attractive force between those surface atoms is lower than core atoms, which lead a 

lower energy requirement for thermal motion [28]. This so called ‘melting point 

depression’ phenomenon can be expressed clearly according to Buffat’s [27] investigation 

on nano-gold, where the gold has a dramatic decreasing in melting temperature (from 

1300K to 500K) when it size is reduced to 5nm and above this size, the melting 

temperature is similar to that of bulk gold. 

 

However, it has been reported many times [29, 30, 31, 32, 33, 34] that to achieve a 

sintered phase at low temperature, the particle size could be larger than a small value like 

5nm, which indicates the sintering temperature is lower than the melting temperature. 

According to Garrigos et al [35], the transition of entire particles from solid to liquid state 

does not occur at a single temperature. In addition, a quasi-liquid layer (QLL) is 

generated at a temperature below the bulk melting point. Moreover, the minimum 

temperature at which QLL appears is defined as ‘surface induced melting point’ while the 

fully melting temperature is called ‘end melting point’. Based on Sakai’s investigation in 

Figure 2.3.a [36], the bigger the particle is, the larger the difference between the two 
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temperatures. Meanwhile, at a given temperature higher than the ‘surface induced melting 

point’, the thickness of QLL is determined by the size of particles (as indicated in Figure 

2.3.b). Thus for a sintering process, the possible working temperature is lower than the 

bulk melting point. 

 

 

Figure 2.3: (a) Difference between ‘surface induced melting point’ and ‘end melting point’ with 

varied particle sizes for Pb [36]; (b) Schematic representation of the QLL thickness for different 

particles at a given temperature [35] 

 

It is not necessary to use matrix material as the binder since the nano-fillers can be fully 

sintered and normally a vaporisable solvent is used as the suspension agent. When use the 

conductive ink in circuits manufacturing, Ko et al [5, 37] reported a series experiments 

carried out using nano-gold. They demonstrated a multilayer electric components 

fabrication using laser on plastic substrate. Chung et al [14] indicated that because of the 

thermo-capillary flow of the organic solvent, the increase in temperature will not be 

restricted in the laser exposure region only. They improved the deposition method by 

preheating the substrate to make the solvent evaporating. Kim et al [29] showed a 

comparison between laser sintering and oven sintering on silver nano-particles and 

investigate the influence of processing conditions in the damage of substrate. Zhang et al 

[38] further indicated that it is the coated SAM on the surface of nano-particles, which 

could not be decomposed at low temperature, preventing the formation of a conductive 

pathway. Thus they adopted a combustion method to remove the organic phase from the 

particles’ surfaces. Moreover, they also applied a flake and nano-particles mixture to 

replace the pure nano-particles filler system, which reduced the cost effectively.  
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2.1.2.3 Intrinsically conductive polymers (ICPs) 

 

Another kind of conductor used in electrics manufacturing is ICPs, which is pure polymer 

without any metallic fillers. ICPs have extensive conjugated structures on their polymer 

chains and after doping, the conductivity of these polymers can reach to 70% of bulk 

copper [3]. Moreover, due to their polymer nature, ICPs are potentially more suitable to 

fabricate on the plastic substrate than metals and their fluidity makes them suitable for 

direct printing. However, ICPs have not been widely used like ICA or nano-sized 

conductive ink because of their instability in air. Meanwhile, after doping they become 

inflexible and brittle, which makes them more like inorganic materials than polymers and 

therefore significantly reduce the processability. 

 

Nowadays, the most common ICPs in electronic industries are based on polyacetylene, 

polythiophene or polypyrrole. Among them, poly(3,4-ethylenedioxythiophene) (PEDOT) 

is the most common case in researches [39]. However, PEDOT cannot be dissolved in 

water and therefore the soluble poly(styrenesulfonate) (PSS) is usually used as a charge 

balancing dopant [40]. The generated PEDOT-PSS colloidal solution has a relatively high 

processability and it is mainly used in the thin film circuits industry. Sirringhaus et al [41, 

42] used PEDOT-PSS to produce transistors; they applied a surface treatment to increase 

the resolution of the inkjet printing and then selected the conventional oven curing to 

form the track. Laser assisted techniques are also used on PEDOT-PSS conductive 

pathway formation. However, almost all these investigations [43, 44] using laser as an 

ablation method rather than a curing method. In Lasagni’s experiment [43], the efficiency 

of laser ablation was further improved by a double-laser interference method.  

 

Moreover, ICPs can also be used in ICA system to enhance their conductivities. Genetti et 

al [16] generated a coating of polypyrrole on the surface of nickel flakes and added the 

complex into a low density polyethylene (LDPE) matrix. The conductivity of this 

composite was 103 times of pure nickel-LDPE system. They stated that the increasing of 

conductivity was a result of polypyrrole chain entanglements between nickel flakes. 
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2.1.3 Embedded 3D circuit system 

 

The traditional PCB is actually a 2D system with a non-conductive substrate and 

conductive pattern on it; however at some point in a design, it will not be possible to 

route all conductors in a single-layer format [45] and therefore multi-layer packaging 

system is designed to solve this problem. The circuits at different layers are 

interconnected by drilling holes through the stack and producing plated through-holes. 

Another approach to generate a 3D circuit system is embedding the electronic circuits in 

geometrically-complex substrate at various depths [46]. This embedded system can 

significantly reduce the footprint between different electronic components and improve 

power delivery performance [47], as indicated in Figure 2.4; meanwhile the overall 

device size is also reduced.  

 

 

Figure 2.4: Examples of (a) surface mounting system; (b) embedded system 

 

The earlier concept of 3D circuit is moulded circuit board (MCB), which combines 

plastic components and circuits in one part through a selective metallisation process. 

Some researches on this subject were carried out in the 1980s, resulting in a number of 

processes being developed, but success has been limited for both technical and business 

reasons [3]. Nowadays, a two moulding process is the most successful commercial case, 

which involves using one mould with catalysed plastic, while placing the resulting part in 

another mould and covering all except the area that will have circuit tracks. Then the 

finished part is placed in an electroless plating bath and metallisation will occur where 
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catalyst is exposed. This method has been used in an antenna system by Nokia and 

Hitachi Cable Ltd [48]. Moreover, in some cases a more straightforward method is 

developed [49], the substrate is firstly covered with metallic additives and a laser 

selective treatment is applied to create circuit pattern, which is followed by an 

electroplating process to enable metallisation in the treated region.  

 

However, MCB can only generate a PCB with circuit pattern on surface; to produce the 

embedded system, Min et al [47] reported an injection moulding technique. During this 

process, the core of the circuit board is firstly manufactured using the traditional 

multi-layer packing method, then a cavity was made and the circuit was placed into it, 

finally the moulding material was filled into the cavity. Meanwhile, the additive 

manufacturing has also been used in embedded circuit system formation. This work has 

been carried out by Palmer et al [50], Medina et al [51], Navarrete et al [52] and Lopes et 

al [53] during the past 10 years. They used layer-by-layer stereolithograhy to build the 

substrate structure with designed slot for the electric components; then use micro 

dispensing deposition to fabricate the conductive paste on it. They combine the two 

processes in a repeating cycle so that a complete 3D embedded PCB can be eventually 

manufactured. Meanwhile, Pique et al [54] did the similar work; however, they use laser 

ablation to create slots for components instead of the additive process.  

 

2.2 Laser additive manufacturing 

 

The additive manufacturing is one of the numerous advanced manufacturing technologies 

in recent days. It can construct 3D components based on a computer aided design (CAD) 

model. The term ‘additive’ refers to a layer-by-layer adding process and contrasts with 

traditional manufacturing such as subtractive (machining) or formative (injection 

moulding) [55]. The earliest available additive manufacturing is known as 

stereolithography in 1986, other technologies including Laminated object modelling, 

Fused deposition modelling, Laser power bed melting and 3D inkjet printing are then also 

developed [56]. The laser additive manufacturing normally a powder based system, where 
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the 3D structure is built up by powder melting and solidification.  

 

2.2.1 Laser principles and selective laser scanning 

 

The laser is actually an acronym for ‘light amplification by stimulated emission of 

radiation’ [57]. In practice, the laser could either be continuous wave (CW) or pulsed 

mode, the CW laser is generated by a continuous excitation of the reactive medium and 

its energy output is almost constant and therefore it is thought to heat the workpiece 

homogeneously. The pulsed output is usually achieved through modulation of the 

excitation power (known as a pulse width modulation (PWM)) or by external attenuation 

of CW beam [58]. The pulse laser is characterised by parameters such as pulse energy, 

pulse duration and repetition rate. Moreover, the pulse shaping technique has been used in 

process optimisation in a laser-metal melting experiment [59], where the pulse shape was 

used to control the heat flow in processed material: a ramp-up pulse was found can reduce 

the distortion and residual stresses; and a ramp-down pulse increased the time for which 

the material was kept in the molten state and help improve the surface finish. 

 

Another important parameter for laser beam is its wavelength, which is classified by 

different kinds of active medium (gas, liquid or solid). Among those types, carbon dioxide 

(CO2) laser and neodymium-doped yttrium aluminium garnet (Nd:YAG) laser are the 

most extensively used sources for laser-material processing. A CO2 laser is produced 

using a gas mix of CO2, N2 and He. The gas is continually excited by electrodes, to 

produce a collimated photon beam, which has an wavelength of 10.6μm; while for 

Nd:YAG, the active media is a synthetic crystal with a garnet-like structure, whose 

chemical formula is Y3Al5O12, and the output wavelength is 1.06μm [58]. The different 

laser wavelengths are selected based upon material surface absorption.  Metals have 

high absorptivity at short wavelength therefore the Nd:YAG laser is normally used to 

process metal. However, for polymers processing, CO2 laser is the most widely used heat 

source.  
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Beam manipulation by galvo scanning 

Basically, there are two different types of scanning methods when laser is used in additive 

manufacturing process: galvo scanning and computer numerical control (CNC) controlled 

2 axis mechanical movements. The galvo scanning is a commercialised additive method 

currently used in additive manufacturing, which is combined with a powder bed system 

and the first machine was developed by DTM in1992 [60]. Figure 2.5 represents a typical 

internal machine set up and the building process includes several steps. 

 

 

Figure 2.5: Schematic representation of a galvo scanner based additive manufacturing machine 

 

1. Prior to build, a 3D CAD file is created to provide the data of objective geometry; the 

3D object must be sliced to a series of 2D files, representing the cross-section geometry 

for different layers.  

 

2. In a normal building sequence, the system is pre-heated to a suitable temperature and 

according to Gibson et al [61]; this value should be kept just below the melting 

temperature but above the crystallisation temperature. This can minimise the input laser 

power and reduce the thermal warpage of the part. However, during some experiments, 
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this pre-heating was replaced by a supporting structure [62], which will also eliminate the 

warpage. Actually, this supporting structure has been widely used in metallic parts 

additive manufacturing [63], since it is difficult to pre-heat them to suitable temperature. 

 

3. A single layer of powder is deposited on the powder bed by a roller from the powder 

supplying container, and the laser selectively scans across the powder and fuse them. The 

coordinate of laser beam on the work plane is controlled by the galvo scanner, which 

consist of two reflection mirrors. After receiving data from sliced CAD file, the mirrors 

will rotate to create scanning behaviour in both X and Y axis. The reflected laser beam 

will then pass through a focusing lens and the surface of the power bed is kept at the focal 

point. During this step, the scanning parameters such as input power, scanning speed, 

scan spacing and scan orientation are adjustable and many related researches [64, 65, 66] 

are carried out to improve product mechanical property. Those studies suggested a higher 

energy will generate more consolidation of powder and the mechanical properties are 

actually determinted by internal structure of the product. Goodridge et al [67] found out 

the part orientation plays a vital role in the sample mechanical property, where the tensile 

strength and elongation at break (Eab) in X and Y axis are higher than those in Z axis. 

Zarringhalam [68] provided further quantitative analysis concerning the degree of particle 

melt (DPM) of nylon-12 using DSC. He stated a high DPM will lead to high mechanical 

properties. 

 

4. The platform in power bed cylinder moves downward a specific distant and another 

layer of powder is deposited by the roller again. The 3D structure is built up by repeating 

step 2 to 4. For most polymer powders, the typical layer thickness is usually controlled 

between 100 to 200μm and this value is mainly reliant on the scan parameters and powder 

properties [55].  

 

5. After building up the whole structure at the setting temperature, a low cooling rate is 

applied to avoid the formation of thermal residual stress. Meanwhile, to separate the 

product from unsintered powders, a hand brush or a bead blaster with compressed air is 
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used. However, due to the limitation of the powder bed system, for some specific 

structures such as long tube, the unsintered powders will be trapped in the structure and 

difficult to remove. This is believed as a significant disadvantage of the galvo scanner 

based additive manufacturing. 

 

CNC controlled deposition 

 

 

Figure 2.6: Schematic representation of fused deposition based additive manufacturing with (a) 

powder feeder and (b) wire feeder 

 

Although the galvo scanning method is widely adopted in commercial cases, the product 

porosity is always a critical issue cited by many researches [64, 65, 67]. This is thought as 

a result of high scanning speed of the galvo system, which can minimise the heat transfer 

among powers and produce precise product, but meanwhile is unable to fully melt the 

powders. This is the reason why this method is also called ‘selective laser sintering’ in 

many literatures [65, 66, 67, 68]. An alternative way for laser additive manufacturing is 

the fused deposition method, as illustrated in Figure 2.6. It is actually a traditional laser 

cladding system, which includes a CNC laser scanning system and an extra material 

feeding system (powder or wire). For galvo scanning system, due to the nature of powder 

bed energy will transfer from the direct exposed material to surrounding material and this 
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will reduce the resolution. However, during fused deposition the deposition and melting 

occurs simultaneously therefore heat transfer is not an issue even at a low scanning speed. 

As a result, a complete molten pool [71, 72] can be formed at a desirable point on the 

substrate and multi-layers structure is further build up by substrate height adjusting.  

 

2.2.2 Beam reconstruction with Holographic Optical Elements (HOE) 

 

Majority of laser users focus the beam onto the work piece without any beam 

reconstructions, i.e. a round beam with the energy cross-section governed by the original 

laser manipulation. Typically, the energy cross-section is either a Gaussian profile or a 

high mode number thought of as a ‘Top Hat’. The two kinds of beams are illustrated in 

Figure 2.7. For the Gaussian beam, it has majority of the energy at the centre, with a 

rapidly decreasing towards the beam edges, which is believed to generate a non-uniform 

heat distribution on the work piece according to Higginson et al [73]. Moreover, since the 

Gaussian beam has a round shape when projected on the working plane, during a normal 

scan the exposure time for the central region is longer than that for the edge. This will 

further enhance the non-uniform distribution of the overall energy. For the ‘Top Hap’ 

beam, although its intensity distribution is nearly uniform, the round shape will also 

generate a non-uniform temperature distribution on the working plane. 

 

 

Figure 2.7: Non-uniform energy distribution during (a) Gaussian beam and (b) ‘Top Hat’ beam scan 
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However, many experiments and industrial applications require a laser beam irradiance 

that is nominally constant over a specified area, especially for laser-material processing. 

Thus the laser beam needs reconstruction, which is a process of redistributing the 

irradiance and phase of the original beam [74]. The techniques using beam reflection, 

refraction and diffraction are developed. The earliest research on this topic was carried 

out by Frieden in 1965. He successfully reshaped a single-mode Gaussian beam into a 

beam with a uniform profile, and the method he used was called the ‘geometric method’, 

which is an optical system based on beam reflection and refraction [74]. This complex 

system consists of a series of lens arrays, beam stops or masks and many investigations 

can be found using this method. Steen [75] used simple beam stops to change a laser 

beam shape and use it on surface coating. Farooq et al [76] used a resonator to produce a 

uniform beam profile, although the actual distribution contained spikes at the corners. 

This distribution was applied to steel during laser welding and compared with a Gaussian 

beam; the generated molten pool had a slightly flatter floor from the transverse direction. 

Bianco et al [77] and Konig et al [78] had reported laser cladding by using rectangular 

beams, and the beam was shaped by kaleidoscope optics or faceted mirrors. Various 

investigations in laser deposition and laser re-melting had been carried out in University 

of Manchester [79, 80] using different beam shapes including uniform circle, rectangle 

and diamond. The beam reconstruction was achieved by a ‘Gaussian beam array’ and 

therefore beam intensity distribution is always uniform and only the beam shape can be 

reconstructed.  

 

Using the coherent and monochromatic properties of the laser a diffractive method of 

beam intensity redistribution is possible. This technique is known as Holographic Optical 

Elements (HOE) and it works by diffraction rather than refraction/reflection. The HOE is 

a kinoform with a computer generated pattern on it. It is a phase only element, which will 

impose phase change (form 0 to 2π) on the illuminating beam. Figure 2.8.a and b shows 

the surface profile of a HOE, which consists of a 2D array of pixels and each assigned a 

different phase level. Each pixel can be thought as a point source of a spherical 

wave-front, emitting with controlled phase retardation. Those diffracted wave-fronts 
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interfere in the reconstruction plane to produce the required energy profile [81], as 

illustrated in Figure 2.8.c and d.  

 

 

Figure 2.8: (a) Surface pattern of HOE; (b) 2D arrays of pixels; (c) working mechanism of the HOE 

pixel; (d) An example of beam reconstruction [133] 

 

Noden [70] described a general process for generating a HOE. Its surface array is firstly 

calculated using error reduction Iterative Fourier Transform Algorithm (IFTA) based on 

both the original and reconstructing beam. Then a photolithographic technique is applied 

in the manufacturing step. The mask is prepared by printing the generated pattern onto a 

photographic film. Then a silicon substrate is spun with photo-resist to a controlled depth 

(half of the wavelength of the illuminating beam). This system is exposed to UV light 

through the attenuating mask and the depth of the cured resist is determined by the 

amount of received UV light. Finally, a metallic coating with 3 layers (aluminum, copper 

and gold) is developed on the resist to provide a highly reflective surface. 

 

HOE has been used by Babin et al [82] and they create a twin spot and an open circle 

beam in the experiment. However, the beam reconstruction was incomplete since an 
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undesired spot with high intensity was found in the output beam. Ekberg et al [83] applied 

the HOE on the Nd:YAG laser and successfully drilled an array of holes on a stainless 

steel sheet. Kell et al [81, 84] carried out a series laser steel welding test using Gaussian 

and several HOE reconstructed beams. They investigated the influence of the beam shape 

in the weld pool shape and microstructures. They found the grain orientation can be 

controlled by providing different beam profiles, since the growth of grains is mainly 

determined by temperature gradient and by using HOE a user defined temperature profile 

on the work-piece can be generated. Gibson et al [69] and Higginson et al [73] compared 

the thermal profile of Gaussian beam and HOE reconstructed beams (including square 

uniform beam and ‘Rugby Post’ beam with high energy intensity at the edges) during 

laser metal deposition and they stated the different temperature profile generated a driven 

force in the molten pool to control the material flow. However, all those HOE tests were 

reported in metal processing and no application was found in other laser processing field 

such as polymer additive manufacturing or conductive track printing.  

 

2.2.3 Material used in laser additive manufacturing 

 

All three types of materials (metal, polymer, ceramic) have been reported in additive 

manufacturing and the topic is therefore extremely board. Since high density 

polyethylene (HDPE) is the material used in the substrate manufacturing in this project, 

this chapter will provide knowledge relevant to it. 

 

Figure 2.9: Chemical structure of polyethylene 

 

Polymers are material with a ‘long-chain molecule’ structure and they are formed by 

cross-linking of different monomers. For instance, the basic chemical structure of 

polyethylene (PE) is indicated in Figure 2.9 and its monomer is ethylene. PE is a typical 
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thermoplastic polymer and it will melt when heated and become solid again after cooling.  

 

One of the important properties for thermoplastic is its crystallinity, which is a concept 

used to describe the crystalline percentage in the material. For polymer, if the molecular 

chains arrange themselves in an ‘orderly’ manner this will form the crystalline phase; 

however in some regions, the chains exist without any order, which is so called 

amorphous phase. The structures of the two phases are illustrated in Figure 2.10. The 

mechanical properties of a polymer, including its strength and modules, are mainly 

determined by its crystallinity [85] and an increasing crystallinity normally led to 

increased strength and modules. Generally speaking, solidification and stretching are two 

mechanisms for crystalline phase formation. The former one is a temperature dependent 

process; when the polymer is in melted state, it is always amorphous and during cooling, 

the chains will rearrange and form crystalline phase. During stretching, the polymer 

chains will be forced to align and the crystallinity will also increase.  

 

 

Figure 2.10: Structure of the crystalline phase and amorphous phase 

 

PE is a typical semi-crystalline polymer which consists of both crystalline and amorphous 

phase. As one of the most common plastic material, it can be classified as three main 

catalogues according to the density and branching structure: high density polyethylene 

(HDPE), low density polyethylene (LDPE), linear low density polyethylene (LLDPE). 

Among them, HDPE has fewer branching and therefore the polymer chains are 
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well-packed and therefore generate a high density and crystallinity. In laser additive 

manufacturing, although more materials such as PE, polypropylene (PP), polyether ether 

ketone (PEEK) are developing in current years, polyamide 12 (Nylon-12) remains by far 

the most widely used material and making up 95% of the market [65, 66, 67]. Compared 

with other materials, one advantage of Nylon-12 is its broader ‘super-heating region’, 

which is the temperature region between crystallisation peak and melting peak from a 

DSC curve (Figure 2.11). It is often described as the process window for laser additive 

manufacturing since the material need to be pre-heated to this region [55]. The 

crystallisation peak is selected as the lower limit because if the polymer is cooled below 

this point it will have a significant shrinkage and this will lead product warpage; the 

melting peak is selected as the upper limit because above this point the powder will be 

fully melted and it is impossible to construct a desirable product by selective laser 

processing. 

 

 

Figure 2.11: The DSC examples of Nylon-12 and HDPE showing the difference in super-heating 

region 

 

Although Nylon-12 is a suitable material for laser additive manufacturing, the product 

usually has a high porosity of 5~10% [67]; this will lead to a poor (about 20% [55]) 

Elongation at break (Eab) and limits its application in industry. In addition, if laser 
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manufactured Nylon-12 is selected as PCB substrate, the fabrication of conductive tracks 

will become an issue due to the porous structure. It will be valuable if a more functional 

material such as HDPE can be developed; however, as shown in Figure 2.11, the process 

window of HDPE is smaller than Nylon-12, thus it need a carefully controlled heating 

process. 

 

Since the material used in galvo scanner based additive manufacturing is in powder form, 

the powder properties such as particle size, flowability and melt flow index (MFI) are 

important factors. Goodridge et al [67] indicates the common material used for laser 

additive manufacturing has a diameter between 45-90μm and small particles will improve 

the density and surface finish of the product. Schmid et al [86] investigated the 

flowability of Nylon-12 powder and indicated the flowability plays an important role in 

powder compacting and consolidation during laser processing. 

 

2.3 Numerical simulation of laser welding/cladding  

 

It is difficult to gain a complete understanding of the physical mechanism of laser 

interaction with materials, since the physical processes of laser-materials interaction are 

very complex, both from modelling and experimental aspects. The additive 

manufacturing in this project is actually a laser welding/cladding process, a review of 

fundamentals related to this subject and simulation methods will be presented in this 

section.  

 

2.3.1 Laser energy absorption 

 

Generally speaking, laser welding/cladding can be divided into 3 steps: energy absorption, 

molten pool formation and solidification. As described before, laser consists of a large 

amount of photons which have the same phase; therefore, a laser energy absorption is 

actually a ‘photons interaction with materials’ process. This interaction can either occur 

on the chemical bonds or through collision with electrons, lattice phonons, ionised 
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impurities and et al [87], where in the latter case the photon energy is converted to 

thermal energy. Meanwhile, due to the wave-particle duality of light, one can also treat 

the laser beam as an electromagnetic (EM) radiation. When the EM radiation strikes the 

surface of a work piece, it undergoes absorption, reflection and transmission and they has 

a sum equal to 1. Normally, the Beer-Lambert’s law is used to describe the absorption of 

EM energy inside a material: 

 𝐼 = 𝐼0𝑒
−𝜂𝑧                                                               (2.1) 

where z is the depth, I and Io are the intensities of transmitted and original radiation and η 

is the material absorptivity. This law can be used to calculate the ‘optical penetration 

depth’ (OPD), at which the intensity of the incident radiation falls to 1/e, i.e. OPD = 1/η.  

 

In general, most materials used for laser welding/cladding are opaque to the selected laser; 

therefore transmission part is thought as 0 and the absorption is determined by several 

factors listed as follow: 

 

Material absorptivity 

In metals, most of the energies are absorbed by free electrons, and those electrons in the 

surface are free to oscillate and reradiate without disturbing the solid atomic structure. If 

the absorbed energy increase, the electron vibration becomes intense but penetration 

depth doesn’t change significantly, the molecular bonds will then be stretched and the 

molecules starts moving, which is described as melting. If more energy is applied, the 

molecular bonds are broken and the materials are evaporated. In addition, keep increasing 

the energy will further lead the ionisation of the vapour and finally generate plasma. The 

absorptivity for metals is determined by both the material type and laser wavelength. 

Generally speaking, the lower the wavelength, the higher the photon energy. Near-IR 

lasers (0.8-2.5μm) such as Nd:YAG laser (1.06μm) and fibre laser (1.07μm) interact with 

the material by stimulating electron oscillations, therefore metals which have free 

electrons have a high absorptivity at these wavelength. In the spectral range of middle-IR 

(2.5-25μm), interaction between radiation and materials occurs by excitation of 

oscillation of macromolecule chains [89]; as a result, CO2 laser (10.6μm) is more suitable 
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to process materials with long chain such as plastics.  

 

In polymers, the photons usually interact with the chemical bonds directly. However, 

based on the different type of polymers, the interaction mechanisms are totally different. 

As shown in Figure 2.12, for thermoplastic, the chemical bonds are broken after 

absorbing the photon energy and two kinds of results might be generated: for polymers 

formed by successive addition of free radical building blocks, i.e. radical polymerisation, 

depolymerisation will occur; while for polymers formed by stepwise reaction between 

functional groups of monomers and losing small molecules, i.e. polycondensation, they 

will decompose into fragments upon irradiation [88]. However, if the processed materials 

are precursors of the thermoset (e.g. oligomers or monomers), the photon-initiator are 

excited by the photons and then lead the crosslinking of the system. Shorter wavelength 

laser, e.g. UV laser [141] is usually used to induce polymerisation.  

 

 

Figure 2.12: Photon interaction with different polymers: (a) thermoplastic; (b) thermoset 

 

Surface roughness 

Since powders are usually used in laser additive manufacturing, the surface roughness is a 

critical issue that one should consider. The surface roughness is a geometrical factor for 

laser absorption. For a surface with high roughness, the multiple-reflection of the incident 

beam in the undulation is easy to form and more energy will be absorbed by the material. 

However, to determine whether a surface is ‘rough’ or ‘flat’, one should not only consider 
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the geometrical factor, but also the beam wavelength. If the roughness is less than the 

wavelength, the beam will be easily reflected and the surface can be treated as flat; if the 

roughness is much larger than the wavelength, beam will be scattered and 

multiple-reflection occurs [90]. 

 

Beam polarisation and angle of incidence 

Normally, the laser beam is polarised, which means the electric field oscillates in a certain 

direction perpendicular to the propagation direction of the laser beam. As shown in Figure 

2.13, if the polarisation plane is perpendicular to the plane of incidence, the light is 

known as ‘perpendicular-polarised’ and if the polarisation plane is parallel to the plane of 

incidence, it is known as ‘parallel-polarised’.  

 

 

Figure 2.13: Different polarised beams of laser 

 

For the parallel polarised beam, since the electric vector is in the plane of incidence, the 

surface electrons will be more likely to vibrate and interact with the surface matrix, 

therefore the energy absorption is high. However, if the electric vector is perpendicular to 

the plane of incidence, the electron vibration can proceed without interfere with the 

surface and reflection is preferred [90]. The influence of angle of incidence and beam 

polarisation in the reflectivity can be expressed using the following equations [112]: 

 

For parallel polarisation:        

𝑅𝑓 =
(𝑛𝑐𝑜𝑠𝜃 − 1)2 + (𝑘𝑑𝑐𝑜𝑠𝜃)

2

(𝑛𝑐𝑜𝑠𝜃 + 1)2 + (𝑘𝑑𝑐𝑜𝑠𝜃)2
                                        (2.1) 
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For perpendicular polarisation: 

𝑅𝑓 =
(𝑛 − 𝑐𝑜𝑠𝜃)2 + 𝑘𝑑

2

(𝑛 + 𝑐𝑜𝑠𝜃)2 + 𝑘𝑑
2                                              (2.2) 

where 𝜃 is the angle of incidence, n is the refractive index and kd is a damping constant. 

 

Temperature 

The energy transfer in the material after photon-electron interaction can be explained by a 

phonon theory [90]. According to it, the energy transfer in the material is a result of the 

vibration the atoms, however, in a rigid crystal lattice those atoms are tied together and 

cannot vibrate independently. Therefore, the vibration occurs as a ‘collective mode’ and 

propagates through the material with a speed of sound, which are called ‘phonons’. As the 

temperature of the material increases, more phonons will be generated and it will lead 

more phonon-electron energy exchanges. As a result, electrons are more likely to interact 

with the phonons rather than the incident photons, therefore the reflectivity will decrease 

with a rise in temperature.  

 

Other factors 

Except those factors mentioned above, the angle of incidence, the surface oxide film and 

the formation of plasma [90] also have effects on the absorption. However, in most 

numerical simulation cases, the value of absoptivity is usually set as constant and only the 

geometric effect such as keyhole wall multiple reflections in a keyhole welding case [91] 

are considered. 

 

2.3.2 Molten pool formation and solidification 

 

After absorption, the energy will transfer inside the material and relative physical 

phenomena such as melting, fluid flow are the key factors for determining the final 

product conditions. Numerical techniques like FEM are usually used to simulate this 

process. The details of establishing a laser welding/cladding FEM model using level set 

method will be described in Chapter 3 and in this section a brief introduction and relative 
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early works will be presented.  

 

2.3.2.1 Heat transfer and fluid flow 

 

The basic heat transfer model in a solid is conduction, which refers to the transport of 

energy in a medium due to a temperature gradient. Moreover, in a fluid there is another 

energy transfer mode known as convection, which is based on the motion of the fluid. On 

the other hand, the fluid flow itself is an important phenomenon for molten pool 

formation. To describe them numerically, a differential control volume method has been 

introduced [92]. At an equilibrium condition; the system must follow three rules: 

 

 First, the conservation of mass is considered; it requires that liquid flows through the 

control volume without mass loss, i.e. inflow minus outflow equals to 0; 

 The second rule is Newton’s second law of motion; it states that the sum of all forces 

acting on the control volume must equal to the net rate at which momentum leaves the 

control volume; 

 The third requirement is energy conservation; it requires the overall energy in the 

control volume including inflow, outflow, generated and shored energies equal to 0. 

 

The above statements are the basic mechanisms for a thermo-fluid case. In welding 

simulation, the earliest numerical model was established by Rosenthal [93], which only 

predict the heat conduction situation under a moving heat source. In 1980s, the numerical 

simulation of molten pool flow was carried out for both arc and laser welding [94]. 

However, the early work was focusing on conduction welding and only a single phase 

flow is considered during the molten pool formation. Although Brent et al [95] developed 

an ‘Enthalpy-Porosity’ method to describe solid-liquid phase transition in single phase 

system; the removal of material, for example evaporation which always occurs in laser 

processing, is not simulated. Therefore conditions like keyhole welding, drilling and 

cutting are difficult to predict by these models and it is necessary to develop the 

multiphase flow techniques.  
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2.3.2.2 Multiphase flow and interface tracking 

 

If only the melting behavior of material is considered, a single phase flow model is 

enough; however, since a polymer is investigated in this project and it usually has very 

low degradation temperature (compared with metal), it is sensitive to high intensity 

energy source such as laser. During heating, thermal degradation and decomposition will 

easily occur and it is a mass loss process similar to evaporation. The previous researches 

in this field are mainly focusing on metal evaporation during laser processing, which is 

known as keyhole welding and in this section those works will be introduced. 

 

 

Figure 2.14: Illustrations of (a) explicit and (b) implicit method [96] 

 

If the evaporation is considered in the welding/cladding case, the flow conditions of both 

the vapour and liquid phases must be included in the model. Each phase is described 

using thermo-fluid equations separately with different physical properties. However, the 

steep change of those properties across the interface is difficult to simulate since the 

geometry of the interface is actually a function of time and space. The current interface 

computational method for two phase system can be either explicit or implicit [96]. The 

explicit (Lagrangian) method will generate computational cells whose edges are aligned 

with the interface (Figure 2.14.a), and therefore the interface location is explicitly tracked 



33 
 

with the help of a moving mesh. However, the implicit (Eulerian) method using fixed 

grids and the interface is represented implicitly by a function defined on a higher 

dimension (Figure 2.14.b) [97]. The following part will introduce the advantages and 

disadvantages of those methods and their applications on laser processing model. 

 

Explicit interface tracking 

Since the interface is tracked explicitly, it enables a sharp interface representation but 

meanwhile it is difficult to handle complex deformation such as break up and merging of 

the interface. Periodic remeshing is necessary and it will introduce additional errors [96]. 

The most common explicit technique is called Arbitrary Lagrangian Eulerian (ALE), 

which is a combination of explicit and implicit methods. Due to the limitation of this 

method in dealing with complex interface geometries, rare report based on it can be found 

in laser processing model. Morville et al [98] using the ALE in a laser cladding 

simulation and evaporation is ignored in their work.  

 

Implicit interface tracking 

The implicit method will introduce an extra function to represent the interface geometry 

and this function can be simply treated as any other physical variables of the two phase 

fluid system. It offers highly robust and accurate advantages in complex interface 

tracking. Meanwhile, the drawback of this method is just the advantage of explicit 

method, since it deals with the extra functions rather than the mesh directly, the functions 

must be smoothed across the interface; or it will be very hard to solve those functions 

using standard numerical approximation. However, the smoothing process will expand 

the width of the interface and it may include more than one mesh width. As a result, the 

calculated interface may not be as sharp as the explicit method. 

 

One implicit technique is known as the volume of fluid (VoF), which select the volume 

fraction as the interface variable. The VoF has been widely used in the laser keyhole 

welding cases. Lee et al [99] started investigating the molten pool surface for a spot laser 

welding in 2002 using Vof. Han et al [100] used their model for different laser modes 
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such as original TEM00, cylindrical TEM01 and TEM10. Cho et al [91, 94] generated the 

simulation of a laser-arc hybrid keyhole welding, where input beam was treated based on 

Fresnel’s reflection mode. They reported the real beam profile after multiple reflections is 

a ‘disk-like’ shape but the simulation result is similar to that of the original Gaussian 

beam; they also found that the Marangoni effect in the keyhole welding is largely 

insignificant and recoil pressure is the primary force for molten pool shaping. Zhao et al 

[101] also used VoF in keyhole welding but they focused on the keyhole oscillation 

during the molten pool development. Tomashchuk et al [102] described a dissimilar 

welding therefore in their case the interface is not for liquid/vapour phase but for two 

melts. Koch et al [103] generated a 3D keyhole welding model for zinc coated steel 

system and they further verified this model by using a high speed imaging camera. Otto et 

al [139] created a laser metal drilling model in their work and they found the backflow of 

the melted metal is reason for the defects formation on the cutting edge. 

 

Another typical implicit method is level set approach, which is similar to Vof but the 

interface is represented by level set function. Compared with Vof it need extra 

reinitialisation step to maintain interface stability; however, it can compute the interface 

normal and curvature easily, which is very important for laser evaporation modeling, 

since some forces such as recoil pressure are related to those variables [104]. By using the 

level set method, Ki et al [105, 106] created a keyhole welding model and physical 

variables such as multiple reflections, recoil pressure, capillary force and et al are all 

incorporated. The liquid/vapour interface was represented using a Kundsen layer and 

based on it the thermodynamic equilibrium between the two phases was established. Han 

et al [107] and Wen et al [108] established laser powder cladding models, although the 

phase transition between liquid and vapour is insignificant for the cladding case. Pang et 

al [109] investigated the keyhole oscillations using the level set method and Zhou et al 

[110] focused on the keyhole collapse and porosity formation during pulsed laser welding. 

Tan et al [111] are the first to introduce the plume attenuation of laser as a result of 

particle absorption/scattering in keyhole welding case, where the attenuation can be as 

high as 22% of the input energy in their study. Courtois et al [112] applied a new 
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technique to compute the multiple reflections of input beam by solving Maxwell’s 

equation. They reported that compared with the traditional ray-tracing method [91, 94], 

the new approach is more suitable in solving interface with high complexity. 

 

2.4 Summary 

 

The PCB manufacturing is not a new process and laser has been reported used in this 

field in recent years. However, the laser is simply treated as a heating source and the 

production process is still a ‘2D circuit deposition – 3D packing’ process. The laser based 

additive manufacturing has also been developed for many years but it can only generate 

non-functional product such as plastic prototypes. The combination of PCB and laser 

additive manufacturing to generate complete 3D embedded circuit system is a subject that 

both the academia and industry would interest in and rare related reports can be found 

(only Lopes et al reported a stereolithography process [53]). Considering the material 

used for laser manufacturing of PCB, ICA has acceptable conductivity and high stability, 

but it can only be deposited by 2D technique such as screen printing. Nano-sized 

conductive ink can be deposited by ink-jetting printing but due to its high cost, it is 

mainly used in microelectronics; and the main problem is to build a 3D structure, it needs 

high viscosity but to inkjet, it is necessary to keep it at low viscosity. The powder mixture 

has also been reported in circuit manufacturing, however the current work only uses 

carbon filler and due to both the material nature and lack of laser energy control, the 

product conductivity is very low. 

The theoretical part for this manufacturing process is actually laser material interaction, 

which has been studied for many years, since the laser was developed. The problem of the 

current round beams (Gaussian and Top Hat) is their non-uniform temperature 

distribution on the processed material, which is a result of both the beam intensity 

distribution and shape. This will lead unexpected thermal degradation and melt flow. 

However, limited works around the world are reported using beam reconstruction method 

to control the properties of the processed material, as a result of the difficult in generating 

a completely bespoke beam irradiance distribution. Laser Optical Engineering offered a 



36 
 

HOE manufacturing process with high resolution, which is a major advantage in this 

project. Gibson [69] and Kell [81] carried out a series of works on laser metal processing 

using HOE technique and they stated the microstructure and fluid flow is controllable by 

providing suitable beam profile. Therefore the investigation of material conductive 

property control during HOE laser processing is valuable. 

 

Moreover, the simulation works of the laser material interaction are well documented. 

The thermo-fluid theory can be used to describe the heat transfer and fluid flow behaviour 

in melted material. For phase transition, the ‘Enthalpy-Porosity’ method can be used to 

track the S/L interface during melting; the L/V interface tracking include many 

techniques, a implicit method known as level set exhibits advantages in both robust and 

accuracy and it will used in this project. Currently, rare works have been reported in 

simulating different beam irradiance distributions and investigating their influence in the 

molten pool formation; and the laser processing of polymeric materials also need more 

simulation works. 
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CHAPTER 3: MODELLING OF LASER WELDING/CLADDING 

 

In this chapter, a 2D model is established using commercial Finite Element Method (FEM) 

software Comsol Multiphysics, with the purpose to describe the material behaviour in 

laser welding/cladding cases. Comsol is designed to solve coupled or multiphysics 

phenomena and it is idea to analysis the thermo-fluid problem in laser processing. More 

specifically, this model will be focused on the temperature field development and melt 

flow conditions of different materials during laser welding/cladding. Different beam 

irradiance distributions are applied as the energy source and phase transition (melting, 

evaporation, solidification) is also included. During melting, the evolution of solid/liquid 

interface is tracked using ‘enthalpy-porosity’ method and during evaporation, the 

evolution of liquid/vapour interface is tracked using ‘level set’ method. Extra force and 

energy source terms are considered in this work, which includes gravity, Marangoni force, 

capillary force, recoil pressure, buoyancy force, thermal convection and radiation. Three 

basic cases are studied: laser cladding of 316L stainless steel using Gaussian and Pedestal 

beams, which is focusing on the development of molten pool without evaporation; laser 

keyhole welding of mild steel using Gaussian beam, which is focusing on the removal of 

material at a high laser power intensity; laser melting of HDPE powder using Gaussian 

and Pedestal beams, which is focusing on the behaviour of materials with low melting 

and evaporation temperature. Meanwhile, relative experiments are carried out to verify 

those models, which include the characterisation of sample shapes and structures. 

 

3.1 Model description 

 

A lot of simulation studies based on laser cladding/welding have been carried out by 

different researchers [100, 105, 106]. The core design for most of the models is 

developing a method to solve the multiphase flow problem, which not only includes the 

flow phenomenon itself, but also the phase transition such as melting, solidification and 

evaporation in the process. A typical schematic diagram of laser-material interaction is 
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illustrated in Figure 3.1. The details of the model are described as follow: 

 

Figure 3.1: Schematic representation of the laser material interaction process 

 

 The substrate with specified material properties is assumed as a solid state at the 

beginning and it is placed below the focal point of the laser beam.  

 

 After the laser beams (including a Gaussian and a uniform Pedestal beam) applied on 

the interface between vapour phase (V) and substrate, the substrate will be heated and a 

molten pool is formed beneath the laser beam. The thermo-fluid mechanism can be used 

to describe the temperature distribution and melt flow condition in the substrate. The 

interface between solid (S) and liquid (L) phases is tracked using ‘enthalpy-porosity’ 

method, which is achieved by introducing a damping factor into the original themo-fluid 

equation set. The fluid velocity is kept as 0 (i.e. solid state) when the temperature is 

below the melting point; while above the melting point, this damping factor itself equal to 

0 (i.e. liquid state). Moreover, gravity and buoyancy force are applied on the body of the 

molten material; Marangoni force and capillary force are applied on the L/V interface; in 

addition, the heat loss due to convection and radiation on the substrate boundary is also 

included.  

 

 Then as the temperature of the melt keeps increasing, evaporation of the material 

occurs. The L/V interface is tracked using level set method, which convert the interface 
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location to a partial differential equation. The evaporation is actually a phenomenon that 

material loss from liquid phase to vapour phase, as a result the velocity difference appears 

between the two phases and this account for the location of the interface. The recoil 

pressure is applied on the L/V interface during evaporation and the energy loss due to 

mass flux from liquid to vapour is also considered. 

 

According to above descriptions, a general model structure can be set up in Figure 3.2, 

where the basic physical phenomena are generally described using the governing 

equations. Extra source terms are added to those equations as the boundary conditions. It 

should be noticed that although the S/L interface (melting) is a basic phenomenon, the 

‘enthalpy-porosity’ method only considers it as an extra source term in the momentum 

equation. The modeling is achieved by solving the final governing equation sets and the 

details will be given in following sections. 

 

 

Figure 3.2: Laser welding/cladding model structure 
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3.2 Governing equations 

 

3.2.1 Heat transfer and fluid flow 

 

The heat transfer and fluid flow occur simultaneously in the molten pool; therefore, a 

coupled thermo-fluid model should be used to analysis this problem. A differential control 

volume method is used to set up the model. According to Incropera et al [92], the 

differential control volume can be assumed as a square in 2D, as illustrated in Figure 3.3. 

In this system, heat transfer and viscous, incompressible fluid flow will occur across each 

of the control surface. As a result, three conservations can be established to describe the 

system mathematically [113].  

 

 

Figure 3.3: A schematic representation of differential control volume, where E, �̇�𝐱(𝐲) and ρu(v) 

represent the stored energy, heat flow term and fluid flow term respectively 

 

 Firstly, the difference between inward flow into the control volume and outward flow 

must equal to the mass variation in the volume, which is known as the mass conservation. 

From Figure 3.3, the inward flow and outward flow in x axis can be expressed as (ρu)dy 

and (𝜌𝑢 +
𝜕(𝜌𝑢)

𝜕𝑥
𝑑𝑥)dy, respectively; where ρ is density, u is the velocity in x direction. 

Same expressions can be set up for flow in y axis and the mass variation with time is 

−
𝜕𝜌

𝜕𝑡
𝑑𝑥𝑑𝑦, therefore: 
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                 (𝜌𝑢)𝑑𝑦 + (𝜌𝑣)𝑑𝑥 − {𝜌𝑢 +
𝜕(𝜌𝑢)

𝜕𝑥
𝑑𝑥} 𝑑𝑦 − {𝜌𝑣 +

𝜕(𝜌𝑣)

𝜕𝑦
𝑑𝑦}𝑑𝑥 

= −
𝜕𝜌

𝜕𝑡
𝑑𝑥𝑑𝑦                                                                                                     (3.1) 

This can be simplified and rewritten using the divergence term 𝛻 as: 

𝜕𝜌

𝜕𝑡
+ 𝛻 · (𝜌𝑈) = 0                                                    (3.2) 

where U is the velocity vector in two directions. One must notice that Equation 3.2 is 

only applied to single phase flow without any mass transfer. To describe the mass loss 

behaviour during evaporation, an extra source term must be introduced into this equation 

and it will be described specifically later in Section 3.3.2. 

 

 Secondly, the sum of all forces acting on the control volume must equal the net rate at 

which momentum leaves the control volume. This known as the momentum conservation, 

or the Navier-Stokes equation. In x axis, the basic linear conservation can be expressed 

as:  

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌 (𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
)                   (3.3) 

where t is time, p is pressure and μ is viscosity. The terms on the left side represent the net 

rate of momentum flow from the control volume, while the first term in the right side 

represents the net pressure force; the second term represents the net effect of viscous 

normal and shear stress. Same equation can be achieved in y axis and the complete 

momentum conservation can be expressed as: 

𝜌 (
𝜕𝑈

𝜕𝑡
+ 𝑈 · 𝛻𝑈) = 𝛻 · 𝜎 + 𝑆𝑚                                         (3.4.1) 

𝜎 = −𝑝𝐈 + 𝐓                                                      (3.4.2) 

Where σ is a stress tensor; I is the unit diagonal matrix; T is defined as the deviatoric 

stress tensor which describes the viscous force. In the current work, the fluid was 

assumed as an isotropic incompressible system, therefore T is expressed as: 

𝐓 = 𝜇(𝛻𝑈 + (𝛻𝑈)𝑇)                                                (3.5) 

where T is the temperature. 
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Moreover, Sm in Equation 3.4.1 is a source term, which represents extra forces applied on 

the fluid such as gravity, surface tension and et al. The details of Sm will be given in 

Section 3.3.2. 

 

 Finally, the energy balance must be established, which requires the sum of all energy 

sources in the control volume equal to 0: 

Eiṅ + Eġ − Eouṫ − Esṫ = 0                                    (3.6) 

where Eiṅ  and Eouṫ  are the energy inflow and outflow. Eġ  is the energy 

generation/consumption and Esṫ  is the energy storage. The energy inflow and outflow in 

x axis are defined as (𝑞�̇�)𝑑𝑦 and (𝑞�̇� +
𝜕𝑞𝑥

𝜕𝑥
𝑑𝑥) 𝑑𝑦, where 𝑞�̇� can be calculated based 

on temperature gradient and thermal conductivity k: 

qẋ = 𝑘
𝜕𝑇

𝜕𝑥
                                                      (3.7) 

The energy storage 𝐸𝑠𝑡̇  is dependent on the time rate of storage of the thermal energy in 

the medium per unit volume, i.e. 

𝐸𝑠𝑡̇ =  𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
𝑑𝑥𝑑𝑦                                            (3.8) 

where Cp is the heat capacity. Moreover, if the convection energy transfer during fluid 

flow is expressed as 𝜌𝑐𝑝𝑈 · ∇𝑇, the finial energy conservation can be written as: 

𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝑈 · ∇𝑇 = ∇ · (𝑘∇𝑇) + 𝑆𝑒                           (3.9) 

where the source term Se represents the energy generation/consumption Eġ and the 

details will given in Section 3.3.2. 

 

3.2.2 Evolution of the L/V free surface 

 

The above three governing equations are used to describe the thermo-fluid situation in a 

single phase flow system. However, to describe the phase transition such as evaporation, 

the system must be multiphase and a method of tracking the free surface is necessary. In 

this project, the level set method, which has been developed by Osher and Sethian [114] 
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is selected. This method shows many advantages in complex surface movement (e.g. 

merging and splitting of multiple surfaces) tracking according to previous researches [96, 

100, 105, 106, 115], since it can transform the interface tracking problem into a partial 

differential equation. Meanwhile, the surface properties such as normal and curvature are 

well represented in level set method, which is very important during the evaporation 

modeling. 

 

In level set method, a signed distance function Φ is introduced to represent the interface 

between the liquid and vapour phase at time t, which is defined as: 

𝛷(𝑥, 𝑡) = ±𝑑                                                          (3.10) 

where d is the distance from the zero level set Φ0. A positive value means one side of the 

interface and negative value means the other. An example of the definition of level set 

function is plotted in Figure 3.4. 

 

Figure 3.4: Illustration of level set function  

 

As a result, a Heaviside function is used to represent the different phases: 

𝛷 = H = {
−1                  𝑑 < 0
 0                     𝑑 = 0 
1                     𝑑 > 0

                                          (3.11) 

The first order derivative of the Heaviside function is the Dirac Delta function, which 

equal to 0 except at δ(Φ=0) but at a overall integral of 1 from -∞ to +∞. The two 

functions are plotted in Figure 3.5.a and c. Clearly, the Heaviside function can be used to 

represent the different fluid properties of the two phases and the Dirac Delta function can 

be used to represent the interface location. 
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However, due to the sharp jump of the Heaviside function at the interface and the 

existence of infinity in the Delta function, it is unlikely to solve the level set function 

using standard numerical approximation. Therefore the original Heaviside function is 

smoothed and takes the following form [116]. 

𝛷 = H = 

{
 
 

 
 

0                                                                 𝑑 < −𝑒𝑓

1

2
(1 +

𝑑

𝑒𝑓
+
1

𝜋
sin (

𝑑𝜋

𝑒𝑓
))                  − 𝑒𝑓 < 𝑑 < 𝑒𝑓

1                                                                    𝑑 > 𝑒𝑓

      (3.12) 

And the δ(Φ) is therefore smoothed as: 

𝛿(𝛷) = {

1

2
(
1

𝑒𝑓
+
1

𝑒𝑓
cos (

𝑑𝜋

𝑒𝑓
))                          − 𝑒𝑓 < 𝑑 < 𝑒𝑓

0                                                    𝑑 < −𝑒𝑓 𝑎𝑛𝑑 𝑑 > 𝑒𝑓

          (3.13) 

where 𝑒𝑓 is defined as the half of the interface ‘band’ thickness. The new functions are 

plotted in Figure 3.5.b and d. 

 

Figure 3.5: The comparison between (a) original Heaviside function; (b) smoothed Heaviside function; 

(c) original Delta function; (d) smoothed Delta function 
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Based on the smoothed functions, the interface normal vector �⃗�  and curvature Γ has 

been derived from the level set function gradient and the divergence of the gradient [114]. 

�⃗� =  
∇𝛷

|∇𝛷|
                                                             (3.14.1) 

𝛤 =  −∇ (
∇𝛷

|∇𝛷|
)                                                   (3.14.2) 

 

Now the problem is how to track the interface during its motion. To achieve this, it is 

necessary to combine the velocity expression and the level set function together. Since 

during the flow of liquid and vapour phases, the shape of the interface is only determined 

by the interface velocity which normal to the interface direction as shown in Figure 3.6; 

the tangential velocity component is ignored and the normal component is assumed as 

𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗. For each point x on the interface there is [116]: 

𝑑𝑥 

𝑑𝑡
=  𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗(𝑥 )                                                       (3.15) 

When linked to the level set function Φ there is: 

𝜕𝛷

𝜕𝑡
+ 𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗ · ∇𝛷 = 0                                               (3.16) 

 

 

Figure 3.6: Illustration of velocities on the L/V interface, where the interface velocity is a sum of fluid 

velocity normal to the interface and evaporation velocity 

 

Equation 3.16 is the basic level set governing equation which is used to represent the L/V 

interface in this work. From the fluid flow view, the interface velocity 𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗ is normally 

thought as the velocity of the liquid phase; however, if evaporation occurs, the velocity is 

no longer continuous across the interface and the contribution of mass loss must be 
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considered, as indicated in Figure 3.6. As a result, 𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗ can be expressed as: 

𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑈 + 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗                                                     (3.17) 

where 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   indicates the velocity due to evaporation (named as ‘evaporation velocity’). 

The calculation of 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   will be given in Section 3.3.2. 

 

However, when using Equation 3.16 to describe the interface motion, the profile of Φ 

does not remain constant if a non-uniform flow occurs. As the development of the 

interface, assuming the initial level set function undergoes a perturbation η(x), then at 

time t there is: [96] 

𝛷(𝑥, 𝑡) =  𝛷0(𝑥 − �⃗� 𝑡) + 𝜂(𝑥 − �⃗� 𝑡)                            (3.18) 

 

It indicates the as time evolves, the perturbation 𝜂(𝑥 − �⃗� 𝑡) will not be dampened but Φ 

will become more and more distorted. Therefore it is necessary to reinitialise the level set 

function at the beginning of each step during the computation. As reported by Harten [117] 

an artificial compression flux could be introduced into Equation 3.16 to maintain stability 

of the interface. 

𝜕𝛷

𝜕𝑡
+ 𝑢𝑖𝑛𝑡⃗⃗ ⃗⃗ ⃗⃗  ⃗ · 𝛻𝛷 + 𝑟0𝛻 · (𝛷(1 − 𝛷)�⃗� − 𝑒𝑓𝛻𝛷) = 0             (3.19) 

where r0 is named as a reinitialisation parameter. 

 

3.2.3 Evolution of the S/L interface 

 

To simulate the melting and solidification of the material, it is necessary to track the 

interface between the solid and liquid phases. However, in the current model, the level set 

method is already applied at the L/V interface; therefore a new ‘enthalpy-porosity’ 

method developed by Brent et al [95] will be introduced in this part.  
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Figure 3.7: S/L interface and velocity/temperature conditions of the liquid and solid phases 

 

Considering the melting process, two distinct regions are present: the solid and liquid, as 

shown in Figure 3.7. A mushy zone which contains both the two phases at the interface is 

also formed. The phase transition can be treated using the classical mixture theory. The 

velocity is the best parameter to distinguish the solid and liquid phase. To keep the 

velocity as its theoretical value in the liquid phase but always 0 in the solid phase, a 

damping factor should be introduced into the momentum conservation as the source term 

Sm in Equation 3.4.1. A Carman-Kozeny equation for permeability can be used as this 

damping factor: 

𝑆𝑚𝑑 = −𝐶
(1 − 𝑓𝐿)

2

(𝑓𝐿
3 + 𝑏)

𝑈                                           (3.20) 

where fL is the liquid fraction which can be thought as the porosity of the ‘liquid element’ 

in a mushy cells. C is a large-valued constant (1012) accounting for the mushy region 

morphology and b is added as a small constant (0.001) to avoid division by zero. fL is 

assumed to vary linearly with the temperature from the fully solid cell to fully liquid cell. 

Here the solidus (the lowest temperature for melting) and liquidus (the temperature that 

whole system has melted) temperature of the material is set as Ts and Tl. 

𝑓𝐿 = {

0                        𝑇𝑠 ≤ 𝑇
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

        𝑇𝑠 < 𝑇 ≤ 𝑇𝑙

1                        𝑇𝑙 < 𝑇 

                                         (3.21) 

Clearly, if T<Ts, the −𝐶
(1−𝑓𝐿)

2

(𝑓𝐿
3+𝑏)

 term in Equation 3.20 is a huge value that the solved 

velocity in momentum conservation will be extremely small and nearly 0; if T>Tl, 
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−𝐶
(1−𝑓𝐿)

2

(𝑓𝐿
3+𝑏)

 term is 0 and only the original momentum conservation is considered. 

 

Now considering the energy conservation in Equation 3.8, the ‘enthalpy-porosity’ theory 

indicates that during phase transition, the latent heat of fusion Lf (J/kg) is adjusted to 

account for latent heat absorption or evolution, which means its value also depends on the 

liquid fraction fL. The enthalpy HEN is therefore expressed as: 

𝐻𝐸𝑁 = 

{
 
 
 

 
 
 ∫ 𝐶𝑝𝑠𝑑𝑇

𝑇

0

                                                    𝑇𝑠 ≤ 𝑇

∫ 𝐶𝑝𝑠𝑑𝑇
𝑇𝑠

0

+ 𝐿𝑓𝑓𝐿                               𝑇𝑠 < 𝑇 ≤ 𝑇𝑙

∫ 𝐶𝑝𝑠𝑑𝑇
𝑇𝑠

0

+ 𝐿𝑓 +∫ 𝐶𝑝𝑙𝑑𝑇
𝑇

𝑇𝑙

                     𝑇𝑙 < 𝑇

           (3.22) 

And in this work, the heat capacity Cp for each of the liquid and solid part is assumed as 

constant, if the heat capacity in the mushy zone is consider, a general of Cp can be 

obtained from Equation 3.22: 

𝐶𝑝 = 𝐿𝑓
𝑑𝑓𝐿
𝑑𝑇

+ 𝐶𝑝𝑠                                            (3.23) 

 

3.3 Model calculation methodology 

 

In this part, the assumptions, laser welding/cladding dynamics and boundary conditions 

are introduced into the model and the source term in the governing equations are listed. 

 

3.3.1 Model assumptions 

 

The current model includes heat transfer, fluid flow and three phase transition, which is 

quite complex therefore some simplifications are necessary: 

 

 The system is under steady state, i.e. the liquid density is not varied with time. 

Equation 3.2 can be simplified as: 

𝛻 · 𝑈 = 0                                                    (3.24) 
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 The fluid is assumed as Newtonian laminar flow. Moreover, an incompressible flow 

mechanism is applied. 

 Most of the material properties are considered as non-temperature dependent in 

individual phase; including the density, viscosity, heat capacity, thermal conductivity, 

laser absorptivity, thermal expansion coefficient, heat transfer coefficient and thermal 

emissivity. Data for material properties have been selected referencing form several 

journal articles and listed in Section 3.4. 

 The model is set as 2D in an x-y plane and different phases are solved in a single 

computational domain. 

 The input laser beam is always perpendicular to the working plane and its energy is 

absorbed by the interface of the S/V or L/V directly, which means the Fresnel absorption, 

beam polarisation and multiple reflection [91] in a keyhole (for a keyhole welding case) 

are all neglected. 

 During the evaporation the effect of Knudsen layer [105] on the vapour parameter is 

neglected and the existence of laser-induced plasma is simplified. 

 

3.3.2 Laser welding/cladding dynamics and the treatment of source terms 

 

 

Figure 3.8: Schematic representation of the 2D cross section model 

 

As shown in Figure 3.8, for simplicity a laser flat wire cladding model is set up in here, 

where boundary BCD is treated as the outflow of the vapour phase; and the boundaries of 
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the substrate AB, DE, EF, FG and GA are simply treated as wall condition with a thermal 

insulation property. Meanwhile, the L/V interface is defined as BHIJKD. The above 

governing equations (Equation 3.2, 3.4.1, 3.8 and 3.19) in Section 3.2 are used to describe 

the general behaviour of this system. In this section, different source terms in those 

equations to describe different boundary conditions will be given. 

 

A. The mass flux mechanism during evaporation 

During evaporation, there is a mass transfer between liquid and vapour phase. Equation 

3.17 clearly reveals the influence of evaporation velocity 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   in the interface velocity. 

Here 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   can be defined as: 

𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =  
�̇�

𝜌
                                                       (3.25) 

where �̇� is the mass evaporation rate. 

 

To link the mass loss term with the mass conservation equation and level set equation, 

Equation 3.2 can be firstly modified into the following form: 

𝜕𝜌

𝜕𝛷

𝜕𝛷

𝜕𝑡
+ 𝛻 · (𝜌𝑈) = 0                                          (3.26) 

The 
𝜕𝛷

𝜕𝑡
 term has already been described by Equation 3.16 and 3.17, simply insert them 

into Equation 3.26 there is: 

−
𝜕𝜌

𝜕𝛷
(𝑈 + 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) · ∇𝛷 + 𝜌𝛻 · 𝑈 + 𝑈𝛻𝜌 = 0                 (3.27) 

which can by further simplified as: 

𝛻𝜌(−𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) + 𝜌𝛻 · 𝑈 = 0                                          (3.28) 

i.e. 

𝛻 · 𝑈 = 𝑢𝑒𝑣𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  
𝛻𝜌

𝜌
                                               (3.29) 

By inserting Equation 3.25, a more general form for the mass conservation equation is: 

𝛻 · 𝑈 = �̇� (
𝜌𝑙 − 𝜌𝑣
𝜌2

) 𝛿(𝛷)                                    (3.30) 

where l and v represent liquid phase and vapour phase, respectively. The delta function 

δ(Φ) only has value on the L/V interface and it is used to keep the mass transfer term on 
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the interface only, which has already been explained in previous Section 3.2.2.  

 

Since the L/V interface is smoothed in the current level method, the density on the 

interface should also be smoothed, as a result: 

𝜌 =  𝜌𝑣 + (𝜌𝑙 − 𝜌𝑣)𝛷                                        (3.31) 

The vapour density is varied with temperature and pressure and can be calculated using 

the following equation: 

𝜌𝑣 = 
𝑝𝑀

𝑅𝑇
                                                          (3.32) 

where M is the molecular weight (kg/mol), R is the universal gas constant. 

 

On the other hand, by inserting Equation 3.17 and 3.25, the level set equation (Equation 

3.19) can also be rewritten in the following form: 

𝜕𝛷

𝜕𝑡
+ 𝑈 · 𝛻𝛷 + �̇� (

1 − 𝛷

𝜌𝑣
+
𝛷

𝜌𝑙
) 𝛿(𝛷) + 𝑟0𝛻 · (𝛷(1 − 𝛷)�⃗�  −  𝑒𝑓𝛻𝛷) = 0    (3.33) 

 

Now all parameters in governing equations 3.30 and 3.33 have been identified except the 

mass evaporation rate �̇�. It could be defined from the molecular view. According to the 

Hertz-Knudsen equation, in the state of thermodynamic equilibrium between liquid and 

vapour, the net evaporation rate J for a liquid-vapour system can be expressed as the 

difference of absolute rate of evaporation (first term in the right side of Equation 3.34) 

and back-scattered flux (second term in the right side of Equation 3.34) [118]: 

𝐽 =  
1

√2𝜋𝑚𝛴
(𝛼𝑒

𝑝𝑠𝑎𝑡(𝑇)

√𝑇
− 𝛼𝑏

𝑝𝑣

√𝑇𝑣
)                                (3.34) 

where m is the mass of single molecule (unit kg), Σ is the Boltzmann constant, αe and ab 

are defined as the evaporation and back-scattered flux coefficient, respectively. psat(T) is 

the saturated vapour pressure at T. However, in a normal situation of laser processing, the 

back-scattered flux is very small compared with the evaporation flux and therefore the 

recondensation phenomenon is neglected, i.e. αb is thought as 0. Moreover, the coefficient 

αe can be simplified as 1 [112]. As a result, one can achieve the equation for mass 

evaporation rate as follow: 
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�̇� = 𝑚𝐽 = √
𝑚

2𝜋𝛴
 
𝑝𝑠𝑎𝑡(𝑇)

√𝑇
= √

𝑀

2𝜋𝑅
 
𝑝𝑠𝑎𝑡(𝑇)

√𝑇
                            (3.35) 

Since the saturated vapour pressure psat(T) equal to the atmospheric pressure p0 at its 

liquid-vapour equilibrium temperature, therefore psat(T) can be calculated using the 

Clausius-Clapeyron equation, which describes the relationship of vapour pressure and 

temperature of liquid/vapour system at equilibrium state. In this case, at any temperature 

the saturated vapour pressure psat(T) can be calculated from: 

 

𝑙𝑛 (
𝑝0

𝑝𝑠𝑎𝑡(𝑇)
) =  −

𝑀𝐿𝑣
𝑅

(
1

𝑇𝑙𝑣
−
1

𝑇
)                                   (3.36) 

i.e. 

𝑝𝑠𝑎𝑡(𝑇) =  𝑝0 𝑒𝑥𝑝 (−
𝑀𝐿𝑣
𝑅𝑇

𝑇 − 𝑇𝑙𝑣
𝑇𝑙𝑣

)                              (3.37) 

where Lv is the latent heat of evaporation with the unit of J/kg and Tlv is the liquid-vapour 

equilibrium temperature (the boiling point). 

 

B. Force conditions in different phases and interfaces 

In the three phase system, the force applied on the L/V free surface is the primary factor 

that determines the surface morphology of the molten pool. Those forces can be 

expressed using the source term in the governing momentum conservation equation. 

Generally, according to the phase stage, the Sm in Equation 3.4.1 consists of four main 

parts: 

𝑆𝑚 = 𝑆𝑚𝑔 + 𝑆𝑚𝑑 + 𝑆𝑚𝑡 + 𝑆𝑚𝑟                                 (3.38) 

where Smg, Smd, Smt and Smr represents the gravity term, S/L phase transition term, surface 

tension term and recoil pressure term, respectively. 

 

 The gravity term Smg – which includes the net gravity effect and a buoyancy force. 

The buoyancy force is a result of density variation due to temperature gradient in the 

liquid. Although to simply the model the density for the individual phase is assumed as 

constant, it is still valuable to introduce the buoyancy force into the force term. The 

general expression of Smg is: 
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𝑆𝑚𝑔 = 𝜌𝑔𝛽(𝑇 − 𝑇𝑙) − 𝜌𝑔                                  (3.39) 

where β is the thermal expansion coefficient and the buoyancy term ρgβ(T-Tl) only works 

when T>Tl. 

 

 The S/L phase transition term Smd – this has already been explained and expressed as 

a dumping factor in Equation 3.20.  

 

 The surface tension term Smt – different form the previous two terms, the surface 

tension force is not a body force and only applied on the L/V interface. In the direction 

normal to the interface, the surface tension denotes to a capillary effect, which acts as a 

restoring force determined by both the surface curvature and surface tension. Considering 

the surface curvature as Γ, the capillary force term can be expressed as: 

𝑆𝑚𝑡
𝑛 = 𝛤𝛾 ∙ �⃗�                                                         (3.40) 

Where Γ and �⃗�  are expressed in Equation 3.14; γ is the surface tension. For the steel 

melt, it can be calculated based on its sulphur content %S (normally the surface tension of 

liquid stainless steel decreases with increasing sulphur content) [119]: 

𝛾 = 1840 − 0.4(𝑇 − 𝑇𝑙) 

−0.056𝑇𝑙𝑛 {1 + (0.68%𝑆) exp (
28798

𝑇
− 8.5647)}             (3.41) 

For the HDPE melt, γ is achieved according to Wei’s experiment as [120]:  

𝛾 = (44.34 − 0.046𝑇) ∗ 10−3                                    (3.42) 

In the tangential direction, a shear force due to the surface tension gradient is generated, 

which is known as the thermo-capillary force or Marangoni force. Since the surface 

tension is depended on the temperature, the Marangoni term can be written as: 

𝑆𝑚𝑡
𝑡 =

𝜕𝛾

𝜕𝑇
𝛻𝑇 ∙ 𝑡                                                   (3.42) 

To restrict the surface tension term on the L/V interface, a smoothed Delta function needs 

to be incorporated into Equation 3.40 and 3.42, therefore: 

𝑆𝑚𝑡 = (𝛤𝛾 ∙ �⃗� +
𝜕𝛾

𝜕𝑇
𝛻𝑇 ∙ 𝑡 ) 𝛿(𝛷)                                  (3.43) 

 

 The recoil pressure term Smr – during high intensity laser processing, an extra force is 
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formed due to melt evaporation and it is known as recoil pressure. The recoil pressure is 

believed as the primary mechanism of L/V interface deformation during keyhole welding. 

It is applied in the normal direction of the of L/V interface and according to Semak [104] 

its value reach to 0.55 of the saturated vapour pressure psat(T). As a result: 

𝑆𝑚𝑟 = (0.55𝑝𝑠𝑎𝑡(𝑇) ∙ �⃗� )𝛿(𝛷)                                    (3.44) 

 

C. Energy source on the L/V interface  

In this study, different laser beam irradiance distributions (Sel) were applied on the L/V 

free surface, which is treated as the input energy. Meanwhile, the energy loss also occurs 

in the form of surface convection (Sec) and radiation (Ser). Moreover, during evaporation, 

extra heat is lost due to mass flux (See), as a result there is: 

𝑆𝑒 = 𝑆𝑒𝑙 − (𝑆𝑒𝑐 + 𝑆𝑒𝑟 + 𝑆𝑒𝑒)                                 (3.45) 

where Sel, Sec, Ser and See represents the laser energy term, thermal convection term, 

thermal radiation term and evaporation heat loss term, respectively. 

 

 The input laser energy term Sel – two different energy distribution are applied in the 

current model: the original Gaussian distribution and the Pedestal distribution, which are 

shown in Figure 3.9: 

 

Figure 3.9: Laser profile of (a) Gaussian distribution; (b) uniform Pedestal distribution 

 

For a 1D Gaussian beam, if the energy absorptivity is η and beam radius is assumed as a, 

which means the power density at x=a equals to 1/e2 of the maximum power density Pm. 

As a result, the Gaussian beam can be written as: 
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𝐸 =  𝜂𝑃𝑚 exp (−
2𝑥2

𝑎2
)                                        (3.46) 

In this work, the model is simplified as 2D in the x-y plane and a 2D cross-section heat 

source is used. The stationary Gaussian beam distribution is shown in Figure 3.10.a; 

however since the laser beam has a velocity in z direction; the 2D cross-section heat 

profile is actually time dependant. If one simply takes time into account, the stationary 

source will be extended to a line source, the total input energy distribution over a pulse 

length is figured out in Figure 3.10.b, which is no longer the same Gaussian shape as 

shown in Figure 3.9.a and therefore obviously incorrect.  

 

 

Figure 3.10: The comparison between a (a) stationary; (b) line source and (c) time-dependant 

Gaussian energy distributions on a 2D substrate 

 

The real heat source model for the 2D case should be a function of both location and time, 

as shown in Figure 3.10.c, where the variation of Pm with time also obeys the Gaussian 

distribution. If assume the beam scanning velocity as us, the maximum power density Pm 

at specific time t can be expressed as: 

𝑃𝑚 = 
2𝑃

𝜋𝑎2
𝑒𝑥𝑝 (−

2(𝑢𝑠𝑡 − 𝑎)
2

𝑎2
)                           (3.47) 

where P is the overall power of the beam with a unit of W/m2.  

 

By inserting Equation 3.47 in to 3.46, a general function for the Gaussian heat source can 

be expressed as follow: 

𝑆𝑒𝑙  = 𝐸𝛿(𝛷) = 𝜂
2𝑃

𝜋𝑎2
𝑒𝑥𝑝 (−

2𝑥2

𝑎2
) 𝑒𝑥𝑝 (−

2(𝑢𝑠𝑡 − 𝑎)
2

𝑎2
)𝛿(𝛷)        (3.48) 
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where 𝛿(𝛷) is used to make sure the heat source is only applied on free surface. 

 

Meanwhile, since the Pedestal beam has a uniform energy distribution, its 2D 

cross-section profile is not varied with time. Therefore a simple step function can be used 

to represent it: 

𝑆𝑒𝑙  = 𝐸𝛿(𝛷) =  {
𝜂
𝑃

4𝑎2
𝛿(𝛷)                          − 𝑎 ≤ 𝑥 ≤ 𝑎

0                                 𝑥 < −𝑎 𝑎𝑛𝑑 𝑥 > 𝑎

              (3.49) 

 

 The thermal convection term Sec and radiation term Ser – they are results of the heat 

loss from the processed material to the surrounding phase. They can be expressed using 

the following equations: 

𝑆𝑒𝑐 = ℎ𝑐(𝑇 − 𝑇𝑣𝑎𝑝𝑜𝑢𝑟)𝛿(𝛷)                                  (3.50) 

𝑆𝑒𝑟 = 𝛴ε(𝑇
4 − 𝑇𝑣𝑎𝑝𝑜𝑢𝑟

4 )𝛿(𝛷)                                  (3.51) 

where hc, Σ and ε represent the thermal convection coefficient, Boltzmann constant and 

thermal emissivity, respectively. Tvapour is the average temperature of the vapour phase, 

which is considered as the room temperature in this work. 

 

 The evaporation heat loss term See – during the evaporation, energy will loss due to 

the mass flux from liquid to vapour, thus See is a easily calculated from �̇� and latent heat 

of evaporation. 

𝑆𝑒𝑒 = �̇�𝐿𝑣𝛿(𝛷)                                           (3.52) 

 

3.4 Model verification cases and simulation conditions 

 

According to above descriptions, the final governing equations and source terms are 

obtained and concluded in Table 3.1. 
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Table 3.1: Governing equations and source terms used in the model 

Governing equation Source terms 

Mass 

conservation 

𝛻 · 𝑈 = �̇� (
𝜌𝑙 − 𝜌𝑣
𝜌2

) 𝛿(𝛷)    

Momentum 

conservation 

𝜌 (
𝜕𝑈

𝜕𝑡
+ 𝑈 · 𝛻𝑈) 

= 𝛻 · 𝜎 + 𝑆𝑚 

𝑆𝑚 = 𝑆𝑚𝑔 + 𝑆𝑚𝑑 + 𝑆𝑚𝑡 + 𝑆𝑚𝑟 

𝑆𝑚𝑔 𝜌𝑔𝛽(𝑇 − 𝑇𝑙) − 𝜌𝑔 

𝑆𝑚𝑑  −𝐶
(1 − 𝑓𝐿)

2

(𝑓𝐿
3 + 𝑏)

𝑈 

𝑆𝑚𝑡  (𝛤𝛾 ∙ �⃗� +
𝜕𝛾

𝜕𝑇
𝛻𝑇 ∙ 𝑡 ) 𝛿(𝛷) 

𝑆𝑚𝑟  (0.55𝑝𝑠𝑎𝑡(𝑇) ∙ �⃗� )𝛿(𝛷) 

Energy 

Conservation 
𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝑈 · 𝛻𝑇 = 𝛻 · (𝑘𝛻𝑇) + 𝑆𝑒 𝑆𝑒 = 𝑆𝑒𝑙 − (𝑆𝑒𝑐 + 𝑆𝑒𝑟 + 𝑆𝑒𝑒) 

𝑆𝑒𝑙  

Gaussian: 𝜂
2𝑃

𝜋𝑎2
𝑒𝑥𝑝 (−

2𝑥2

𝑎2
) 𝑒𝑥𝑝 (−

2(𝑢𝑠𝑡−𝑎)
2

𝑎2
) 𝛿(𝛷) 

Pedestal:      {
𝜂

𝑃

4𝑎2
𝛿(𝛷)                 − 𝑎 ≤ 𝑥 ≤ 𝑎

0                         𝑥 < −𝑎 𝑎𝑛𝑑 𝑥 > 𝑎
 

𝑆𝑒𝑐  ℎ𝑐(𝑇 − 𝑇𝑣𝑎𝑝𝑜𝑢𝑟)𝛿(𝛷) 

𝑆𝑒𝑟  𝛴휀(𝑇4 − 𝑇𝑣𝑎𝑝𝑜𝑢𝑟
4 )𝛿(𝛷) 

𝑆𝑒𝑒  �̇�𝐿𝑣𝛿(𝛷) 

Level set 

equation 

𝜕𝛷

𝜕𝑡
+ 𝑈 · 𝛻𝛷 + �̇� (

1 − 𝛷

𝜌𝑣
+
𝛷

𝜌𝑙
) 𝛿(𝛷) + 𝑟0𝛻

· (𝛷(1 − 𝛷)�⃗�  −  𝑒𝑓𝛻𝛷) = 0 
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This project is investigating laser additive manufacturing process of integrated 3D circuit 

board, therefore the model is set up to predict the laser-material interactions at different 

beam profiles. The material used in the substrate manufacturing is high density 

polyethylene (HDPE), which has a very small gap between melting and boiling 

temperatures therefore not ideal for model verification. As a result, a cladding model 

based on 316L stainless steel is designed first and the result is used to compare with the 

experiments, which were carried out by Nick Goffin from Loughborough University 

using a Coherent Everlase S48 CO2 laser (continuous-wave). Meanwhile, a keyhole 

welding sample based on mild steel is also prepared. All the simulation cases are designed 

and listed in Table 3.2. 

 

Table 3.2: Five different cases in the simulation 

No. Material Substrate dimension Input laser beam 

Cladding/welding 

model 

A 

316L stainless 

steel 

Flat wire: (0.3mm*2mm) on a 

flat substrate (1mm*14mm) 

Gaussian beam Conduction cladding 

B 

316L stainless 

steel 

Flat wire: (0.3mm*2mm) on a 

flat substrate (1mm*14mm) 

Pedestal beam Conduction cladding 

C mild steel Flat substrate (3mm*4mm) Gaussian beam Keyhole welding 

D HDPE powder Flat substrate (1mm*4mm) Gaussian beam Conduction welding 

E HDPE powder Flat substrate (1mm*4mm) Pedestal beam Conduction welding 

 

Meanwhile, the material properties and laser processing parameters for those cases are 

shown Table 3.3. One should notice that since the HDPE is in powder form, part of its 

properties are calculated using the classical mixing theory, i.e.  

𝑁 = 𝑁𝑃𝐸𝑉%𝑃𝐸 + 𝑁𝐴𝐼𝑅𝑉%𝐴𝐼𝑅                                      (3.53) 

where N represents properties of power, including density, heat capacity, latent heat of 

fusion, latent heat of evaporation and thermal conductivity. V represents the volume 

fractions of HDPE and air in a close-packing of equal spheres model, as shown in Figure 
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3.11 and VPE is therefore calculated as 74.1%. 

 

Figure 3.11: An example of close-packing of equal spheres model (face-centred cubic) 

 

Table 3.3: Material properties and processing parameters used in the simulation 

Name Symbol Unit 

Case 

A 

Case 

B 

Case C 

Case 

D 

Case E 

Material properties 

Density of liquid ρl kg/m3 8000 [130] 7850 [142] 580 [145] 

Heat capacity of solid Cps J/(kg·K) 500 [130] 780 [142] 1926 [145] 

Thermal conductivity k W/(m·K) 18 [130] 50 [142] 0.36 [145] 

Thermal expansion 

coefficient 

β 1/K 1.6*10-5 [130] 1.17*10-5 [91] 1.2*10-4 [145] 

Dynamic viscosity of 

liquid 

μ Pa·s 0.006 [101] 0.006 [101] 126 [145] 

Convective heat transfer 

coefficient 

hc W(m2·K) 80 [101] 80 [101] 50 [145] 

Surface radiation 

emissivity 

ε / 0.4 [101] 0.4 [101] 0.84 [143] 

Latent heat of fusion Lf J/kg 2.7*105 [105] 2.7*105 [105] 1.8*105 [145] 

Latent heat of evaporation Lv J/kg 6.4*106 [105] 6.4*106 [105] 3.6*105 [145] 

Solidus temperature Ts K 1648 [130] 1755 [112] 383 [145] 

Liquidus temperature Tl K 1674 [130] 1813 [112] 407 [145] 
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Liquid-vapour 

equilibrium temperature 

Tlv K 2900 [94] 3100 [112] 623 [145] 

Laser absorptivity of the 

material 

η / 0.2 [100] 0.2 [100]  0.8 [89] 

Surface tension 

coefficient 

γ N/m 

Equation 3.41 

S% = 0.03% 

[101] 

Equation 3.41 

S% = 0.05% 

[101] 

Equation 3.42 

[120] 

Universal gas constant R J/(K·mol) 8.314 

Boltzmann constant Σ J/K 1.38*10-23 

molecular weight M kg/mol 0.056 0.028 

CO2 Laser processing parameters 

Beam radius parameter a mm 1 1 0.15 1 1 

Standard laser power P W 

260 

300 

260 

300 

500 

2 

4 

2 

4 

Laser scanning speed us mm/s 1.6 1.6 10 10 10 

Note: according to Tsuchiya’s research [140] the thermal degradation product of HDPE includes different 

types of alkanes and alkenes; here it is simply assumed as ethylene 

 

The geometry for cladding model has already been indicated in Figure 3.8 and in the 

welding model the original interface was assumed a straight line. Moreover, the whole 

model was divided into several computational domains due to different physics needed. 

The CFD domain near the centre of the model is using a higher number of finite element 

and degrees of freedom. The mesh visualisations for both the cladding and welding 

models are indicated in Figure 3.12, where the former one consists of about 1.1*104 

triangular elements and 1.6*105 number of degrees of freedom; the latter one consists of 

9.2*103 triangular elements and 1.4*105 number of degrees of freedom.  
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Figure 3.12: Model mesh for (a) cladding: Case A and B; (b) keyhole welding: Case C; (c) conduction 

welding: D and E 

 

In order to quantify the level of accuracy of the model, the final molten pool image 

achieved from simulation was compared to the sample image achieved from experiments. 

The image registration process was selected to align different images into one coordinate 

system in this work. The goal of image registration is to map points in one image (target 

image) to the corresponding points in another image (reference image) [146]. According 

to the common information shared by the features in the two images, the algorithm of 

image registration can detect points in the target image corresponding to points in the 

reference image. It then transforms the target image the match the reference image based 

on point-by-point correspondence [147]. A difference image can therefore be generate, 

from with the non-overlapping areas are highlighted. 

 

In this work, a program called ImageJ (National Institutes of Heath, USA) is used as the 

image processing software, both the experiment and simulation result images were 
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imported into it. As shown in Figure 3.13, the geometries of the molten pools were 

extracted from the original images and they needed further thresholding to be converted 

to a black and white format. The two images were then registered using an ImageJ plugin 

program called rigid registration, where the simulation image was selected to transform 

(target image) and the experiment result was selected as the template (reference image). 

When registration was completed, a difference image was created with non-overlapping 

areas shown in white (greyscale = 255) and overlapping areas shown in black (greyscale 

= 0). The pixels number for each greyscale was quantified from the histogram of the 

difference image and the similarity can be calculated using Equation 3.54. 

𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 (%) =  𝐵𝑙𝑎𝑐𝑘 𝑝𝑖𝑥𝑒𝑙𝑠 / (𝐵𝑙𝑎𝑐𝑘 𝑝𝑖𝑒𝑥𝑒𝑙𝑠 +𝑊ℎ𝑖𝑡𝑒 𝑝𝑖𝑒𝑥𝑒𝑙𝑠)       (3.54) 

 

 

Figure 3.13: Image registration between simulation and experiment molten pool shape 

 

3.5 Laser cladding of 316L stainless steel 

 

3.5.1 Development of the molten pool under Gaussian beam 

 

Figure 3.14 represents the development of the molten pool (black line) when a 260W 

Gaussian beam is applied, where the temperature field (colour legend) and flow pattern 

(arrows) are shown.  
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Figure 3.14: Temperature field and fluid flow pattern of the molten pool for case A (260W-1.6mm/s) 
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At the beginning of the cladding process, the top of the wire is heated and the molten pool 

is formed at the central region (t=0.6s), as a result of the energy distribution of Gaussian 

beam. Then the molten pool keeps growing in both X and Y axis and the vectors indicate 

the flow start from the centre to the surrounding regions and after reaching the edge of the 

molten pool, the flow direction is changed to downward and then goes back to the centre. 

This kind of circulation is a result of the Marangoni effect, which is generated by the 

surface tension gradient of the fluid. Normally fluid tends to flow from region with low 

surface tension to region with high surface tension. And the temperature will have a 

positive or negative relationship with the surface tension according to the material 

property. In this case, since 316L stainless steel has low sulphur content (Table 3.3), this 

temperature coefficient of surface tension is negative and therefore flow will be outward 

to the low temperature region. Meanwhile, some researchers [121, 122] also reported the 

welding conditions for a positive coefficient value at the same Gaussian input energy type, 

which will create a narrower and deeper molten pool due to the flow is reversed to the 

central region.  

 

It is interesting to notice that as the development of molten pool, the stable state of the 

free surface is broken and a small ramp is formed at the centre of the wire. Figure 3.15 

plots the velocity vectors (u for X axis and v for Y axis) on the L/V interface against 

radial distance (distance to the central point on X axis), it should be noticed that the 

oscillations of the curve does not represent the oscillations of the velocity; they are 

formed because the level set method lacks of numerical stability during free surface 

tracking. However, one can still find from Figure 3.15 the strongest outward flow appears 

at the region between the centre and edge of the molten pool and the velocity at the centre 

point is almost equal to 0. This is a result of the energy distribution of Gaussian beam. 

From Figure 3.9.a, Gaussian beam has 0 energy gradient in the centre; the gradient keeps 

increasing along the radial distance and reach the maximum value near the midpoint 

between centre and edge. A strong Marangoni force is therefore formed in this region and 

it will further lead a high outward flow velocity. When the fluid reaches the cold solid 

surface at the edge, its direction will be changed to downward due to gravity. And at the 
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central bottom region of the molten pool an upward flow is formed under the effect of 

buoyancy force; although this velocity value (Figure 3.15.b) is quite small compared with 

that in X axis (Figure 3.15.a), it is still strong enough to overcome the gravity effect since 

the high temperature gradient in that region. Eventually, the melt will ‘stack’ at the centre 

and creates a small ramp. 

 

Figure 3.15: Velocity vectors (a) u and (b) v on the L/V interface of case A (260W-1.6mm/s)  
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From the parameters in Table 3.3, it is easy to calculate at ttotal=a/us=1.25s a complete 

beam is scanned over the substrate, i.e. the heating is stopped. However, due to the 

Gaussian energy distribution, the input energy intensity reaches its maximum value at 

tmax= ttotal/2=0.625s. As a result, one can find out from Figure 3.14 the molten pool 

maintains its size during t=0.9s to t=1s and then the size keeps decreasing; at t=1.25s the 

substrate is almost fully frozen. This kind of reduction can also be observed from the 

velocity plots in Figure 3.14. However, one should also notice that after cooling (t=1.3s) 

the wire is not fully melted at this condition, where the edge still keeps its original shape.  

 

3.5.2 Comparison between the Gaussian and Pedestal cladding 

 

If a Pedestal energy distribution is applied on the cladding material, the development of 

the molten pool is exhibited in Figure 3.16, where a circulation flow similar to the 

Gaussian cladding case is formed. However, the geometry of the cladding wire is 

eventually changed from rectangular to half-cycle after the processing, which is different 

from Gaussian case. To explain this, the temperature distributions on the L/V interface at 

different times are plotted in Figure 3.17. 
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Figure 3.16: Temperature field and fluid flow pattern of the molten pool for case B (260W-1.6mm/s) 
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Figure 3.17: Temperature distribution on the L/V interface for case A and B (260W-1.6mm/s) 
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Obviously, at the start of the heating process, the Pedestal case has a more uniform 

temperature distribution compared with the Gaussian case but the value at edge is still 

lower than the centre, because of the direct heat loss in that region. Meanwhile, due to the 

low temperature gradient, the thermo-capillary force for the Pedestal case is very small 

and therefore the Marangoni flow is weak, which can be further indicated from the 

velocity vector plots of case B in Figure 3.18, where the oscillations also represent the 

instability of the numerical model. Compared with the Gaussian beam case (Figure 3.15), 

the velocity value in X axis is quite small and until the end of heating process (t=1.25s) a 

large value can be observed; but it is still only half of the maximum value in Gaussian 

case. This will lead a more stable flow inside the molten pool in the Pedestal case. 

However, the situation for velocity in Y axis is totally different, where for the Gaussian 

case it is almost 0 during the whole process but for the Pedestal case, a strong flow to the 

–Y direction is formed near the edge of the wire. This is the reason for the wire 

deformation during the processing. The uniform temperature distribution in Pedestal 

cladding will lead a melting of the whole wire simultaneously, not via a ‘centre – edge’ 

heat conduction model like the Gaussian case. The wire geometry will therefore transfer 

to a half-circular shape as a result of capillary force. 
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Figure 3.18: Velocity vectors (a) u and (b) v on the L/V interface of case B (260W-1.6mm/s) 

 

One may also notice that (Figure 3.17) as time increases, the temperature difference 

between the two cases is getting smaller and at t=1.1s, the two curves nearly coincide 

with each other. The detailed temperature variations with time on the central point of the 

interface are plotted in Figure 3.19. According to previous discussion a Gaussian beam 
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heating process can be divided into 3 steps: 

 

 0-0.625s, as the scanning is carried out, the temperature keeps increasing due to the 

increased beam intensity, which will reach its maximum value at t=0.625s. 

 0.625-1.25s, after the peak intensity passes the substrate, at the early stage the 

temperature will not decrease with the beam intensity but keep an equilibrium state 

until the heat loss rate exceeds the heat input rate; then it starts decreasing; 

 1.25-1.5s, there is a significant decreasing of temperature near t=1.25s because laser 

is switched off; after this, the heat loss rate is also reduced and meanwhile heat stored 

in the lower region inside the molten pool will transfer up to the surface to 

compensate the energy loss, as a result the temperature decreasing rate is reduced.  

 

Figure 3.19: L/V interface central point temperature variation with time for case A (260W-1.6mm/s) 

and B (260W-1.6mm/s) 

 

However, the situation for the Pedestal beam is different, which includes two general 

steps: 
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 0-1.25s, at the early stage the Pedestal case has a higher temperature than Gaussian 

case but will be exceeded by Gaussian case at t=0.5s; due to its intensity distribution the 

Pedestal beam will always keeps a constant input energy until the whole pulse is scanned 

over. This will lead an increasing of the surface temperature and eventually exceeds 

Gaussian case again at t=1.1s. 

 1.25-1.5s, a significant decreasing in temperature is also observed in Pedestal case, 

but it is followed by an equilibrium state and then decreases again. This is also a result of 

the compensating energy from lower region but much stronger than the Gaussian case. 

After the solidification of surface region a molten pool is still exist in the core of the wire, 

which is also indicated in Figure 3.16.h.  

 

The maximum temperatures for the two cases is about 2000K, which is far below the 

boiling point of the 316L stainless steel (2900K). Therefore although the evaporation is 

considered in those models, the mass loss rate is very small and they only exhibit a 

‘conduction welding’ type process.  

 

The experiments at the same conditions (with two different powers 260W and 300W, 

scanning speed 1.6mm/s) are carried out and the cross-section images of the 316L 

stainless are prepared using optical microscopy. Meanwhile, a 300W laser cladding model 

is generated for Pedestal case. The direct comparison between the simulation and 

practical works are shown in Figure 3.20, where the similarity are calculated using the 

method described in Section 3.4. 
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Figure 3.20: Comparison between simulation and practical molten pool geometries for laser cladding 

at different conditions 

 

The molten pool geometry for the simulation are calculated by projecting the molten pool 

edges at all relative times on the final t=1.5s plane. According to the comparison, the 

similarity between the predicted molten pool geometries and those achieved from the 
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experiments are as high as 70-80%. However, differences between them can also be 

observed:  

 The molten pool depth from the simulation is higher than the experiment result in 

every case.  

 The wire edges of the Pedestal 260W case are fully melted in experiment but not in 

the simulation.  

 

This phenomenon is a result of the thermal resistance layer between the wire and 

substrate material. Although in practical work a roller is used to make sure the wire is 

closely contact with the substrate, a thin layer of air is still exist between them. Therefore 

the efficiency of heat flux across this layer is quite low compared with direct heat 

conduction in a single material phase. However, in the simulation this thermal resistance 

layer is ignored due to concerns of simplification. Hence in modelling energy is much 

easier to flow down and generate a deeper molten pool but it is more likely to be ‘trapped’ 

in the steel wire in experiments, therefore even at a low input power case (Pedestal 

260W), the edge of the wire can be melted in practical work.  

 

However, the current model still clearly represents the cladding conditions at different 

beam irradiance distributions and indicates the advantage of the Pedestal beam. At 260W, 

wire processed by Gaussian beam keeps its original shape since the molten region is only 

restricted in the centre; however, the Pedestal beam can overcome the high heat loss rate 

at the edge of the wire and fully melt it; meanwhile the two parts are well bonded with a 

small mixing zone. If a higher energy (300W) is applied, the molten pool penetration 

depth is significantly increased and a larger mixing zone is formed. For industry the size 

of the mixing zone should be well designed to provide best adhesive property. 
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3.6 Laser keyhole welding of mild steel 

 

3.6.1 Keyhole formation and development 

 

 

Figure 3.21: Temperature field and fluid flow pattern of the molten pool during the keyhole 

development in case C (500W-10mm/s) 

 

Figure 3.21 represents the development of the keyhole at a high laser power intensity 
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condition (case C), where the temperature field and velocity vectors are given. At the very 

beginning of the heating (t=5ms), a small molten pool is formed but its development 

behaviour is different from that in the conduction welding/cladding cases; there is no 

circulation flow and therefore no ramp is formed in the centre of the substrate. However 

the melted material will be depressed and propagate into deeper region (t=15ms). The 

thickness of the molten pool (distance from the un-melted material to the nearest L/V free 

surface) is very low during the whole process of the keyhole development and at the 

bottom of the keyhole, the lowest thickness appears. Meanwhile, the velocity vectors 

indicate a strong upward flow is formed along the keyhole surface, which keeps pulling 

the liquid material out of the keyhole and increase its depth. Moreover, at the top of 

keyhole, a circulation flow is generated and flow direction is changed to downward. 

According to previous discussion, the upward flow near keyhole surface could be a result 

of Marangoni shear force and the downward flow near the solid material surface could be 

a consequence of the gravity and buoyancy force. However, those forces are not strong 

enough to enable such a ‘drilling’ process and therefore the evaporation mechanism is 

used to explain this phenomenon.  

 

 

Figure: 3.22: (a) L/V interface central point temperature variation with time for case C 

(500W-10mm/s) and (b) surrounding vapour temperature field at t=15ms 

 

From the L/V interface central point temperature history plot in Figure 3.22.a, the surface 

temperature will rapidly reach up to the boiling temperature (3100K) of mild steel and 
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then oscillating near that point. During evaporation, the generated metal vapour will be 

trapped inside the keyhole and it will absorb the laser energy directly. The temperature of 

the vapour phase increased rapidly due to its low heat capacity, as indicated in Figure 

3.22.b, where a 4000K vapour temperature can be observed. The hot vapour could be the 

secondary heat source during keyhole formation since it will heat up the surrounding 

keyhole walls via radiation. As a result, although the intensity of Gaussian beam starts 

decreasing after t=15ms, the keyhole wall temperature can still keep stable until t=30ms. 

 

Moreover, although the evaporation occurs at any temperature above the melting point, its 

rate is quite low and cannot be directly observed (case A and B) until reaching the boiling 

temperature. The mass loss due to evaporation is one reason for the keyhole propagation 

but as indicated in Figure 3.23, the total propagation velocity (in Y axis) on the interface 

central point is quite high when compared with mass evaporation velocity.  

 

Figure 3.23: L/V interface central point velocity in Y axis variation with time for case C 

(500W-10mm/s) 
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Except the mass loss from liquid to vapour phase, the evaporation will also generate a 

strong pressure on the normal direction of keyhole surface and pushing down the molten 

layer to the solid metal, which is called recoil pressure and believed as the primary force 

for keyhole propagation. Since the Gaussian beam has majority of its energy at the centre, 

it has the highest temperature in that region and therefore strongest recoil pressure. As a 

result, the melted material is forced to flow up and leaving the thinnest molten layer at the 

centre. However, one may also notice that the propagation velocity of keyhole keep 

decreasing and after t=18ms there is a period of oscillation, which indicates the keyhole 

propagation has been blocked. 

 

Figure 3.24: Keyhole depth variation with time for case C (500W-10mm/s) 

 

The keyhole depth against time is plotted in Figure 3.24. Obviously after reaching 

maximum, the depth of keyhole remains stable and does not change significantly. Two 

extra forces are applied on the melted layer except the recoil pressure and Marangoni 

force: the gravity generated hydrostatic force and curvature generated capillary force. 

They will make the flow downward to prevent the keyhole formation. The directions of 
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those forces are shown in Figure 3.25. Although the recoil pressure force keeps increasing 

as the keyhole deepens, the hydrostatic force increased more rapidly in the reverse 

direction. Therefore it is very difficult for the keyhole to keep pumping the fluid upward. 

Meanwhile, since after the peak intensity of Gaussian beam scanning over the modelled 

plane, the input energy is reduced and the surface is heated by hot vapour in the keyhole, 

the temperature gradient along the keyhole surface is reduced and therefore the 

Marangoni force. As a result, the upward flow is reduced as well. Moreover, although a 

downward flow is generated by capillary force, it is too small to be considered during the 

keyhole formation period. 

 

Figure 3.25: Directions of three forces on the keyhole surface 

 

3.6.2 Keyhole collapse and solidification 

 

Figure 3.26 represents the keyhole collapse and solidification process. From the keyhole 

depth plot in Figure 3.24, it is interesting to notice that the collapse starts at about t=28ms, 

where the laser is shut off at t=30ms. Due to the low input energy intensity after t=28ms, 

the temperature of the substrate is unable to keep stable at the boiling point (Figure 

3.22.a); therefore the recoil pressure disappear very quickly. Meanwhile, as described 

before the Marangoni force is also quite small at this time. The hydrostatic force and 

surface tension became the primary force for keyhole evolution and it will pull the liquid 

downward to fill back the keyhole. However, since most liquid is maintained in the upper 

region of the keyhole, the thin layer of liquid in the bottom region is less mobile. 

Therefore the velocity near the upper region is larger in Figure 3.26 and this part collapse 
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faster than the bottom region. As a result a ‘bottle-like’ keyhole structure with a narrow 

neck is formed. It has been reported in some works [101, 110, 111] if the keyhole is 

sufficiently deep a vapour cavity will be generated; but in this case, it does not have 

sufficient time for porosity to form. Moreover, from a temperature view the bottom region 

solidifies much quicker than the upper region, which is also believed as a result of the 

quantity of liquid; it will lead a low heat capacity and fast heat conduction rate in the 

bottom region. 

 

 

Figure 3.26: Temperature field and fluid flow pattern of the molten pool during the keyhole collapse 

in case C (500W-10mm/s) 

 

3.7 Laser melting of HDPE powder 

 

The temperature field and flow pattern of the molten pool at t=0.18s during a laser 
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melting of HDPE substrate (case D and E) are indicated in Figure 3.27. It is interesting to 

notice that the flow condition for the Gaussian case is similar to the metal cladding case 

(case A), i.e. a circulation flow is found inside the molten pool and a small ramp is 

formed. However, in the Pedestal case, only an outward flow from the centre of the 

substrate can be observed and the L/V interface keeps stable during the laser processing. 

As described before, the Marangoni effect is the driven force for fluid flow in a 

conduction welding case; but due to the uniform energy distribution, this force is quite 

small in Pedestal case, especially for materials with high viscosity such as HDPE melt, 

therefore the surface velocity in case E is quite low and the circulation flow is unable to 

be created. 

 

 

Figure 3.27: Temperature field and fluid flow pattern of the molten pool for (a) case D (2W-10mm/s) 

and (b) case E (2W-10mm/s) 

 

Moreover, the comparisons between final molten pool size and relative experiment results 

are shown in Figure 3.28. The experiments were carried out at the same conditions. 

During this process, the HDPE powder (HMPE75A, Goonvean Fibres) was deposited in a 

self-made powder bed and a CO2 laser (Coherent Everlase S48) with linear scanning 

programme (2W, 10mm/s) was used to create a melted track on it. The track was then 

sliced using a scalpel and the prepared cross-section was observed using Scanning 

Electron Microscope (SEM, Leo 440, Carl Zeiss).  
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Figure 3.28: Comparison between simulation and practical molten pool geometries for laser melting 

of HDPE at 2W-10mm/s 

 

The predicted ramp at the central region of the Gaussian case can be observed from the 

sample cross-section image, where a flat surface was achieved in the centre of Pedestal 

product. However, the two beams both created curved surfaces, where the edges were 

warped upward. This phenomenon maybe generated by three reasons: 

 

 The material used in experiments is in powder form and after melting consolidation 

occurs and a dense phase will be generated; as described before, the volume content of 

solid part in a close-packing model is 74.1%, which indicates the top surface of the 

deposited powder will significantly move downward after melting. However, at the edge 

the degree of particle melt is lower and therefore the powder consolidation is slighter. In 

simulation the substrate was assumed as bulk material thus the surface is nearly flat; 

 

 During laser processing, the edges of melted track tend to warp due to non-uniform 

cooling, however its mechanism is not considered in the simulation; 
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 Material evaporation might be another reason but it has already included in the 

current model, Figure 3.29 represents the final molten pool geometries for the two beams 

at an input power of 4W, clearly evaporation occurs in both of the two cases. For the 

Gaussian beam a bowl shape groove is created; however for the Pedestal beam the front 

of the slot is still flat, which is similar to the experiment result at 2W. This indicates that 

for a Pedestal beam, the effect of evaporation on the product surface morphology is 

equivalent to that of powder consolidation, i.e. a flat surface will always be generated 

even at an overheating condition. This kind of morphology stability is a significant 

advantage for Pedestal beam. 

 

Figure 3.29: Molten pool geometries, temperature field and fluid flow pattern for laser melting of 

HDPE at 4W-10mm/s 

 

3.8 Summary 

 

In this chapter it addresses the research question in Section 1.2: ‘Can we establish a 

mathematical model to predict the heat distributions and flow pattern during laser 



84 
 

processing with different beam irradiance distributions?’ by establishing a laser 

welding/cladding model where two types of beam irradiance distributions – Gaussian and 

Pedestal are involved: 

 

 The heat transfer, fluid flow and phase transition of 316L stainless steel and HDPE 

powder were investigated. In the simulation, the evolution of solid/liquid interface was 

tracked using ‘enthalpy-porosity’ method and the evolution of liquid/vapour interface was 

tracked using ‘level-set’ method. Extra force and energy source terms are considered in 

this work, which includes gravity, Marangoni force, capillary force, recoil pressure, 

buoyancy force, thermal convection and radiation. 

 

 In laser wire cladding of 316L stainless steel cases, an outward flow from the centre 

to the edge was generated due to Marangoni force. This force was stronger in Gaussian 

beam than Pedestal beam, since it was mainly determined by the temperature gradient, 

where the Pedestal beam had a more uniform temperature distribution on the wire. 

Moreover, in Gaussian beam majority of the energy was in the central part therefore the 

wire cladding was incomplete; but in Pedestal beam at the same laser processing 

condition, the wire was fully melted. The simulation results had been verified by relative 

experiments and the differences were reported: the neglected thermal resistance layer 

between wire and substrate in the simulation work makes the energy easier to flow down 

and generate a deeper molten pool.  

 

 In laser keyhole welding of mild steel case, the recoil pressure generated by 

evaporation was found as the primary force for keyhole development. Keyhole depth 

oscillation was also reported as a result of equilibrium between recoil pressure and 

hydrostatic force on the keyhole wall. When heating was stopped, recoil pressure 

disappeared and keyhole collapse was observed under the effect of hydrostatic force.  

 

In this chapter it also addresses the research question in Section 1.2: ‘Does the 

redistribution of input energy provide a means of controlling/improving the properties of 
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the resultant polymeric part?’ by establishing a laser melting of HDPE model and 

demonstrating the controlled product geometry using Pedestal beam: 

 

 In laser melting of HDPE powder cases, the powders were represented using bulk 

material and their consolidation during melting is unable to simulate; as a result 

difference were found between the simulation and experiment. However, the model still 

indicated the circulation flow inside the HDPE molten pool, which will generate a small 

ramp in the centre in Gaussian case; and the flat surface will always be achieved in 

Pedestal case even if evaporation occurs. 
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CHAPTER 4: LASER MELTING OF HIGH DENSITY 

POLYETHYLENE POWDER 

 

This chapter details the experimental results of laser melting of HDPE powder. A 

self-made powder bed system is used for powder deposition; a CO2 laser with galvo 

scanning system and Gaussian beam output is used as the energy source. The influence of 

laser input power, scanning speed, scan spacing are investigated. Tensile test is used to 

measure the mechanical properties of samples and SEM is used to investigate the 

microstructure. The melting and solidification process of HDPE powder is observed using 

hot-stage microscope and the temperature variation during laser scanning is monitored 

using IR thermal camera. Meanwhile, specific thermal analysis using DSC is carried out 

to reveal growth of sperulites and formation of imperfect crystalline in HDPE.  

 

4.1 Experimental procedure 

 

4.1.1 Powder deposition and laser melting method 

 

 

Figure 4.1: Structure of (a) the powder bed and (b) steel backup plate 

 

Figure 4.1.a is a self-made powder bed with a heater band as a post processing tool. The 

central part is an adjustable platform which is surrounded by an immoveable wall. The 

movement of the platform is controlled by a rotatable bar and the displacement can be 

read through a gauge, with a minimum value of 10μm. An external temperature controller 
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is used to maintain the temperature of the heater band. 

 

In this work, the HDPE powder (HMPE75A, Goonvean Fibres) was used as received, 

with an approximate particle size of 12~22μm. To deposit the powder, a HDPE plate is 

first generated using the same material by compression moulding, with the purpose of 

proving a support structure to resist warping force during laser melting. To prevent the 

plate from bending, a steel backup plate with screws is manufactured as displayed in 

Figure 4.1.b.  

 

During deposition, the supporting plates were first placed on the powder bed and the 

initial distance between HDPE plate surface and the steel wall surface was set as 150μm. 

Then HDPE powder was spread across the base plate using a spreader artificially, 

followed by a compressing action to make the powder layer more solid. The Gaussian 

beam (Synrad Firestar 100W CO2 laser, wavelength 10.6μm with a pulse width 

modulation of 20kHz) was then used to scan across the powder selectively; after 

generating one melted layer, the platform was moved down 150μm and another layer of 

powder was deposited on the finished part again. When the multi-layer sample is built up, 

the residual powder was blow away and the supporting plates were heated up to 70oC for 

10min, with the purpose of removing thermal residual stress inside the sample. Finally, 

the sample was separated with the HDPE plate using a blade. During the laser melting 

process, an infrared (IR) thermal camera (Thermovision A40m, FLIR) was set up to 

monitor the surface temperature of the sample at a recording rate of 50 fps; the emissivity 

of HDPE white powder was set as 0.9. However, since the wavelength of CO2 laser 

(10.6μm) is in the spectral range of the thermal camera (7.5-13μm), a Wide Band Passes 

filter (SWBP-8486-000816, Northumbria Optical Coating Ltd) was selected to block the 

10.6μm beam. The system is indicated in Figure 4.2 and the calibration process of the 

thermal camera is shown in Appendix A. 
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Figure 4.2: Setting up an IR thermal camera with a filter 

 

4.1.2 Sample preparation and characterisation 

 

To demonstrate the mechanical property of the generated sample at different conditions, a 

tensile bar shape raster scanning programme (42mm*10mm, Figure 4.3) was set up, with 

a sample thickness of 10 layers. The influence of input power, scanning speed and raster 

scan spacing are investigated and the selected processing conditions are listed in Table 4.1; 

at each condition 3 tests were carried out. The prepared samples were then applied on a 

tensile test machine (Instron 3369) with a constant elongation rate of 5mm/min. And a 

compression moulded tensile bar using the same material is prepared as the reference. 
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Figure 4.3: (a) Tensile bar raster scanning programme and (b) product shape during manufacturing 

 

Table 4.1: Selected laser processing conditions for tensile test 

Input power (W) 7, 8, 9, 10, 11, 12, 13 

Scanning speed (mm/s) 160, 180, 200, 220, 240, 260, 280 

Raster scan spacing (mm) 0.1, 0.2, 0.3 

Note: in this chapter the sample nomenclature is as follow: ‘beam type (G for Gaussian) – power – 

scanning speed – scan spacing’, e.g. G-10-240-0.2 

 

For each condition in Table 4.1, a rectangular shape (10mm*5mm) sample with 5 layers 

is also manufactured, which is used to identify its microstructure. Two ways (shown in 

Figure 4.4) for preparing the cross-section of samples are used in this work: slicing the 

specimen using a scalpel; or immerse it in the liquid nitrogen and then cut is as a brittle 

material. After that, the prepared cross-section specimens were observed using a SEM 

(Leo 440, Carl Zeiss).  

 

 

Figure 4.4: Preparation of the specimen for microstructure characterisation: (a) scalpel cutting; (b) 

liquid nitrogen cutting 
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The thermal property of the material was also investigated, where a hot stage microscopy 

(Mettler Toledo FP82HT) was used. The samples were prepared by spreading a very 

small amount of HDPE powder on plain glass slides and then covered with a glass slip. 

Too much powder will lead overlapping of particles in the viewing area therefore need to 

be avoided. The sample melting/cooling and flow situation were then observed at a 

constant heating/cooling rate of 10oC/min. For each prepared sample in Table 4.1, a DSC 

test was carried out with the following general procedure: 

 

 Heating from 20oC to 180 oC at a rate of 20oC/min; 

 Isotherm at 180 oC for 1min; 

 Cooling from 180oC to 40 oC at rate of 20oC/min and 5oC/min; 

 2nd heating starts from 40 oC to 120 oC at a rate of 20oC/min. 

 

4.2 Tensile test and sample microstructure analysis 

 

4.2.1 The influence of input laser power 

 

To completely indicate the shape of the manufactured tensile bar, a normal 60o view and 

special top view with a light source from the bottom are selected. The sample variation 

with input power at constant scanning speed (240mm/s) and scan spacing (0.2mm) is 

represented in Figure 4.5, where the beam type is Gaussian. 
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Figure 4.5: 60o view (left) and top view (right) of the tensile bar samples at different input power for 

series G-X-240-0.2 
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At a low power (7W), the heat is unable to penetrate through the current powder layer 

thickness and therefore the adhesive property between different layers is quite weak. Only 

a 3-layers sample can be manufactured at this condition. As the power increasing 

(8-10W), the product shape becomes more desirable and the increased thickness makes it 

opaque. Moreover, if a higher input power (11-13W) is applied, the sample becomes 

transparent and a lot of bubbles are observed as a result of thermal degradation. 

 

The stress against strain plots for all samples listed in Table 4.1 are shown in Appendix B. 

According to it, the tensile strength (maximum stress value) and elongation at break (Eab, 

maximum strain value before break) at different input power are plotted in Figure 4.6, 

where the black points and lines represent 3 individual laser melting samples and their 

average value; red lines represent average value of compression mounding samples, 

respectively. 
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Figure 4.6: Sample series G-X-240-0.2 variation with input power (a) tensile strength and (b) Eab 

 

Clearly, the values of both tensile strength and Eab of the laser manufactured samples are 

comparable with the compression moulded one at some conditions. For the tensile 

strength curve, a maximum value is found at P=10W and below it the tensile strength will 

keep increasing with the input power; then a continuous reduction can be observed if P is 

higher than 10W. However, for the Eab curve, no obvious trend can be found and the 

standard deviation value is quite large. To reveal the reason of Eab variation, the stress 
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against strain curves at G-11-240-0.2 are selected and plotted in Figure 4.7. 

 

Figure 4.7: Stress-strain plots for sample G-11-240-0.2 

 

The first typical situation is represented by the red curve, which is known as a ‘ductile 

deformation’, i.e. a linear elastic deformation will occur first until the material reach its 

yielding point, and then the cross section of the sample is continually decreasing – which 

is so called necking. During necking stage, the sample will deform quickly and therefore 

the applied load is constant; as a result, cracks will appear and propagate and it will 

further lead localised stress concentration, eventually the material will break. Another 

typical situation is represented by the black/blue curve, which is similar to the red one at 

the beginning but suddenly break down after reaching its maximum stress value. As one 

can observe from the photography of the manufactured samples, a large amount of 

degradation bubbles are formed inside the tensile bar, which will be a location for stress 

concentration during the tensile test and fracture will attempt to occur in this region. 

Since the Eab value is mainly determined by those bubbles and they are formed randomly 

even at the same processing conditions, the samples exhibit irregular Eab values. 

However, this doesn’t have significant influence in the sample tensile strength since break 
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normally occurs after sample yielding.  

 

 

Figure 4.8: Powder particle melting/cooling situation (‘c’ in the last figure represent ‘cooling’) 

 

During laser powder processing, since the penetration depth of CO2 laser is quite low, 

only the top surface of the deposited powder will absorb the energy directly and the rest 

part is only heated up by thermal conduction. Therefore the melting will firstly occur 

from the powder particle surface, which has already been discussed by previous 

researchers [123, 124]. Figure 4.8 represents the powder melting/cooling situation 
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achieved from the hot stage microscopy. Clearly, when the raw powder is heated up to 

98oC, the outer layer of PE particles is melted and the particles can therefore be divided 

into two regions: the melted surface region and the un-melted core. As the temperature 

increasing, the melted region keeps propagating until the whole particle is melted. 

Meanwhile, the melt starts flowing as a result of surface capillary force and eventually 

forms a spherical shape. During the cooling stage, the generating of crystalline is found 

on the surface of the sample. However, if the provided energy is not high enough to fully 

melt the original power, a residue of polymer core is formed in the final product, which 

has been schematic represented in Figure 4.9.  

 

 

Figure 4.9: Schematic representation of the particle phase transition during a heating/cooling process 

 

To demonstrate the microstructure of the laser processed sample, the SEM cross-section 

images at G-10-260-0.2 are listed in Figure 4.10, which includes both the scalpel cut and 

liquid N2 cut samples. Obviously, the former technology can generate a clean transversal 

surface but damage the bubbles; while the latter one can keep the original bubble shape 

due to quenching but the surface is very rough.  
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Figure 4.10: The SEM cross-section images of (a) scalpel cut and (b) liquid N2 cut for G-10-260-0.2 

 

The scalpel cut sample in Figure 4.10.a indicates the laser melted HDPE layer is 

well-bonded with the substrate. The liquid N2 cut one in Figure 4.10.b further reveals the 

bubbles have regular spherical shape and their diameters are about 10μm. They are 

believed to be the entrapped air voids as described in Figure 4.9. They can keep a 

spherical shape in the melted HDPE matrix due to surface tension. From Figure 4.11, 

where the cross-section of samples generated at different input powers are exhibited; at a 

low input power, the low degree of particle melting (DPM) restricts the flow of the 

molten pool and a large amount of unfilled air traps are formed. However, if the input 

power is high enough, the increased temperature will generate a fully melted phase and 

the fluid viscosity will decrease. The density difference between the air and fluid will 

extrude those air traps out of the molten pool and generate a dense product. As a result, 

before reaching the fully melted phase, a positive relationship can be found between the 

tensile strength and input power (Figure 4.6.a). However, excess energy will not make the 

product any more dense if it is already fully melted, but lead thermal degradation of the 

polymer. It will further generate degradation vapour bubbles inside of the product, as 

shown in Figure 4.11.c. Those degradation bubbles are much larger than the air traps and 
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they will also reduce the tensile strength of the generated sample. 

 

 

Figure 4.11: The SEM cross-section images of sample series G-X-240-0.2 
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4.2.2 The influence of scanning speed 

 

Figure 4.12 represents the influence of scanning speed in the product at a constant input 

power (10W) and scan spacing (0.2mm), which has the similar trend of the input power, 

i.e. as the decreasing of scanning speed the sample have better transparency but more 

degradation bubbles. Meanwhile, the spatial resolution is decreased if too much energy is 

applied (G-10-160-0.2).  

 

The results of the relative tensile test are shown in Appendix B and the tensile strength 

and Eab values against scanning speed are plotted in Figure 4.13, which is also similar to 

the input power case. Therefore the two parameters can be thought as having equivalent 

effect on the DPM of the sample.  
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Figure 4.12: 60o view (left) and top view (right) of the tensile bar samples at different scanning speed 

for series G-10-X-0.2 
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Figure 4.13: Sample series G-10-X-0.2 variation with scanning speed (a) tensile strength and (b) Eab 

 

Figure 4.14 shows the cross-section microstructures of sample at different scanning 

speeds, which further confirm the formation of air traps which described in the input 

power variation cases.  
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Figure 4.14: The SEM cross-section images of sample series G-10-X-0.2 
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4.2.3 The influence of scan spacing 

 

To demonstrate the influence of scan spacing in the product properties, G-10-240-0.2 is 

selected as a standard sample. Simply adjust the spacing value to 0.1 and 0.3 will 

increase/decrease the input energy dramatically therefore the scanning speed is also 

adjusted to enable an ‘equivalent energy’ condition.  

 

 

Figure 4.15: 60o view (left) and top view in the central region (right) of the tensile bar samples for 

series G-10-X-X 

 

Figure 4.15 compares sample G-10-160-0.3, G-10-240-0.2 and G-10-480-0.1. They 

exhibit similar appearance but it is interesting to notice that the on the sample surface a 

series of straight lines which parallel to the scanning direction are formed. According to 

previous discussion in Section 3.7, these lines are formed due to powder consolidation 

during laser melting. As illustrated in Figure 4.16, a lower scan spacing value will reduce 

the distance between two adjacent lines and make the surface smoother. Meanwhile, the 

sample tensile strength and Eab are shown in Figure 4.17. And due to the similar input 

energy for those three cases, the variations of the two plots are very small.  
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Figure 4.16: Schematic representations of surface lines formation during raster scan (a) low scan 

spacing; (b) high scan spacing 

 

 

Figure 4.17: Sample G-10-480-0.1, G-10-240-0.2 and G-10-160-0.3 (a) tensile strength and (b) Eab 
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4.3 Thermal analysis 

 

4.3.1 Temperature measurement using IR camera 

 

The temperature pattern of the tensile bar sample G-10-240-0.2 during laser melting is 

shown in Figure 4.18, where the temperature values were calibrated using Appendix A.  

 

 

Figure 4.18: Temperature patterns of sample G-10-240-0.2 at (a) t=0.68s, (b) t=3.18s; (c) t=5.64s; (d) 

t=6.88s 

 

The scanning track is clearly exhibited in Figure 4.18 and after laser melting, a precise 

tensile bar shape is generated. Moreover, Figure 4.19.a reveals the temperature against 

time plots for point A, B and C at G-10-240-0.2 and Figure 4.19.b reveals the point A 

temperature comparison between G-10-240-0.2 and G-12-240-0.2. Obviously, the HDPE 

powder has been heated up to 300-500oC from room temperature in a very short period of 

time, and then quickly drop back to 100oC. The time for such a ‘pulse’ is only about 0.3s 

and it is interesting to notice that the temperature has undergone an oscillation period 

after reaching the maximum value. Since the scan spacing is 0.2mm, which is smaller 

than the beam diameter 0.3mm, an overlapping region is generated between two adjacent 
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scanning tracks. As a result, for a specific point, it will be directly treated by the laser 

several times and this will lead an oscillation in its temperature. Meanwhile, after 

dropping to about 100oC during the cooling stage, the heat loss rate dramatically 

decreased and a ‘temperature tail’ is formed in those plots. Figure 4.19.b further confirms 

a 12W input power can heat the substrate to about 600oC and this will easier make the 

HDPE degrading. 

 

 

Figure 4.19: Temperature variation with time for (a) points A, B and C of sample G-10-240-0.2; (b) 

points A of sample G-10-240-0.2 and G-12-240-0.2 

 

4.3.2 Thermal tests using DSC 

 

The results of the DSC tests are indicated in Figure 4.20, where the input power and 

scanning speed are selected as two variables; the raw power and compression moulding 

samples are also included. 
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Figure 4.20: Plots of DSC tests at different conditions: (a) G-X-240-0.2 series and (b) G-10-X-0.2 

series 

 

For each curve, it consists of two peaks and baselines, according to the standard for 

thermal analysis [125], a straight base line in DSC result (e.g. 130oC~170oC) represents a 

constant heat capacity of the sample; the downward and upward peaks represents 

endothermic and exothermic thermal behaviours for the 2nd order phase transition, 

respectively (e.g. melting, crystallisation). Moreover, the area of the peak is a result of 

enthalpy variation. In Figure 4.20, the endothermic peak appears at about 110oC during 

heating is the melting peak and the exothermic peak at 85oC during cooling is the 

crystallisation peak.  

 

HDPE is known as a semi-crystalline plastic and it consists of both the crystalline and 

amorphous phases, which can be confirmed directly from the hot-stage microscopy 

results in Figure 4.8. The raw powder is semi-transparent but after melting the polymer is 

changed to amorphous phase and this will provide transparency for the sample; however, 
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when it is cooling down, the polymer chains starts arrange themselves in an ‘orderly’ 

manner and form the crystalline structure. This will cause the refraction of light and make 

sample opaque. In linear polymers such as HDPE, the crystallisation starts from a nucleus, 

where the chains firstly align in a ‘crystalline lamellae’ form, and then grow to all 

directions. This will eventually generate a spherical aggregate, i.e. a ‘spherulite’, as 

shown in Figure 4.21.  

 

 

Figure 4.21: Structure of a spherulite 

 

It is interesting to notice that the locations of the melting and crystallisation peaks for 

different cases are similar to each other. However, the melting peak is very broad and near 

its onset point a small ‘ramp’ is visible, this ‘ramp’ is similar to a 1st order phase transition 

‘ramp’ (e.g. glass transition) and its location is varied with the input power and scanning 

speed. To reveal its location more clearly, the 1st order derivative of the curves (from 40oC 

to 100oC) in Figure 4.20 are calculated and shown in Figure 4.22. 
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Figure 4.22: 1st order derivative of the heat flow against temperature at different conditions: (a) 

G-X-240-0.2 series and (b) G-10-X-0.2 series 

 

Obviously, as the increasing of input power or decreasing of scanning speed, the location 
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of ‘ramp’ shifts towards the low temperature direction. And for a compression moulding 

sample, no ‘ramp’ can be observed but a straight line with nearly constant gradient is 

exhibited on the original DSC curve. Menczel et al [126] reported the similar 

phenomenon in their annealing test of low density polyethylene. In their test, the samples 

were annealed at different temperatures first, then quenched to -80oC and re-heated for 

the DSC analysis. They found as the annealing temperature increasing, the location of the 

‘ramp’ is moving to a high temperature direction; meanwhile, the ‘ramp’ is actually 

revealed as a peak when the annealing temperature is high enough, as indicated in Figure 

4.23. This has been treated as a result of crystal perfection during heat treatment. At a 

specific annealing temperature, the imperfect crystalline with a melting temperature lower 

than the annealing temperature will melt and form perfect crystals, which have a higher 

melting point. Therefore the onset of melting point will increase with the annealing 

temperature and a small melting peak is formed. 

 

 

Figure 4.23: Melting curves of LDPE after varies annealing heat treatment plotted by Menczel et al 

[126] 

 

The DSC plot of compression moulding sample in Figure 4.20 is similar to the no 

annealing sample in Figure 4.23, which means it contains imperfect crystalline with a 

wide range of melting temperature based on Menczel’s theory. To reveal the formation of 

the imperfect crystalline, extra ‘heating-cooling-2nd heating’ DSC tests were carried out, 

and the cooling rate was controlled at 20oC/min and 5oC/min. Figure 4.24 plots the 2nd 

heating curves for samples at different cooling rates. Obviously, a slow cooling (5oC/min) 
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will lead a boarder melting peak, i.e. more imperfect crystalline with low melting 

temperatures. 

 

Figure 4.24: 2nd heating of HDPE sample cooling at different rates 

 

Considering the growth of spherulite, it starts from a nucleus and propagates along all 

spatial directions. The propagation will be terminated if two spherulite boundaries meet 

with each other and due to the spherical shape, some spherulites do not have sufficient 

spaces to grow and this will lead the formation of tiny spherulites with low melting 

temperature, i.e. the imperfect crystalline. It has been proved that a fast cooling will 

generate a large amount of small spherulites while a slow cooling will generate less but 

larger spherulites [127]. As illustrated in Figure 4.25.a, larger spherulites are easier to 

generate imperfect spherulites since they have less nucleation sites and more ‘extra 

spaces’. Pakula’s experiment [128] further verified this hypothesis; they measured the 

spherulites sizes of LDPE at different cooling rates (by putting the LDPE melt in water 

bath at different temperatures) and found that a rapid cooling can generate a more 

uniform size distribution, as shown in Figure 4.25.b.  
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Figure 4.25: (a) Illustration of spherulites growth at fast/slow cooling rate and the formation of 

imperfect spherulites; (b) Pakula’s [128] spherulites distribution measurement at different cooling 

rate, where from 1-6, the water bath temperature was setting as 0, 25, 50, 70, 80, 90oC 

 

Back to the laser melting process, from Figure 4.22 the raw powder has a ‘ramp’ at about 

77oC, which indicates it has been annealed at this temperature during the manufacturing 

process. This has been confirmed by the material supplier, where a certain amount of heat 

is generated during powder grinding and the temperature is about 70oC [129]. The 

increased input energy during laser melting will lead the shifting of ‘ramp’ towards low 

temperature region, which can be explained from two aspects: 

 

 A low input energy cannot fully melt the HDPE powder therefore the product is a 

mixture of raw powder part and recrystallisation part. The recrystallisation part is similar 

to the compression moulding sample and has imperfect crystalline with a wide range of 

melting temperature. As the input energy increasing, the degree of particle melting will 

increase and this will change the product properties from raw powder phase to 

recrystallisation phase.  
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 If the laser energy is high enough to fully melt the powder, the ‘ramp’ still exist on 

the DSC curve, since the cooling rate for laser treatment is quite high and the rapid 

cooling will restrict the formation of the imperfect spherulites. However, even if reaching 

the fully melted state, increasing the input energy will keep making the ‘ramp’ shift 

towards low temperature direction, which is believed as a result of different cooling rate 

at different input energy. As revealed by the temperature plots at different input power in 

Figure 4.19.b, the time consumption for recrystallisation (from 100oC to 60oC) of 12W 

case (3.82s) is larger than that of 10W case (1.62s), which indicates a high input energy 

will lead a low cooling rate during recrystallisation stage. A high input energy will 

increase the overall temperature of the substrate and therefore it has a high energy 

compensate rate during the cooling stage. As a result, the low cooling rate will contribute 

to the formation of imperfect spherulites, which will generate the melting ‘ramp’ at low 

temperature. 

 

4.4 Summary 

 

In this chapter it addresses the research question in Section 1.2: ‘Can we generate fully 

dense polymeric components as the circuit substrate?’ and ‘Can we make use of different 

polymers such as high density polyethylene (HDPE) which presently thought of as 

unsuitable for laser additive manufacturing?’ by making fully dense HDPE components 

using laser additive manufacturing technology and investigating their properties at 

different processing conditions: 

 

 The mechanical properties (tensile strength and elongation at break) of the laser 

manufactured samples were comparable with the compression moulding sample since a 

fully dense product is produced.  

 

 During laser melting, at low input energy (low power or high scanning speed), the 

HDPE powder was partially melted and a lot of air-traps were observed in the product, 

which had low tensile strength. As the input energy increased, the degree of particle 
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melting was increasing and therefore the tensile strength increased. However, excessive 

input energy would lead evaporation of the HDPE and boiling were generated. Moreover, 

a ‘line pattern’ was found on the sample and this pattern was more obvious at high scan 

spacing conditions. It is believed as a result of powder consolidation during laser 

scanning.  

 

 The thermal analysis according to DSC and IR camera revealed the crystallisation 

mechanism during laser processing. A 2nd order phase transition ‘ramp’ was observed 

from the DSC curve and it indicated the solidified sample consisted of perfect crystalline 

(large spherulites) and imperfect crystalline (small spherulites). The raw powder had 

lowest small spherulite content due to the thermal treatment. The rapid cooling during 

laser melting will lead a uniform spherulite size distribution and therefore less small 

spherulites than compression moulding sample. At high laser input energy, a high degree 

of particle melting and low cooling rate would be generated; and they would lead more 

small spherulites in the sample. 
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CHAPTER 5: LASER CURING OF SILVER PASTE 

 

This chapter details the experimental procedures and results for the fabrication of silver 

paste on both glass and HDPE structure using laser direct writing technology. This has 

enabled the direct writing of 3D small circuit boards when discrete electronic components 

are included into the writing process. In this chapter, the laser beam was reconstructed by 

HOE to a Pedestal energy distribution. During silver paste curing, the deposited material 

was scanned by laser beam, using different input powers and scanning speeds. The DSC 

and TGA tests of the paste were used to identify its thermal properties. The resistivity of 

the conductive track was measured by 4-point probe technique; meanwhile, the surface 

topography and cross-section microstructure were investigated by 3D surface 

measurement technique and SEM, respectively. And the formation of the bubbles during 

laser curing process was observed by high speed camera. Moreover, the manufacturing of 

a flexible timer circuit board was also demonstrated using silver paste and HDPE 

substrate. 

 

5.1 Experimental procedures 

 

5.1.1 Silver paste investigation 

 

The laser curing was carried out on the silver paste (C2050712D58) from Gwent Group, 

UK with a solid content was 58%. The thermal properties of the paste were investigated 

by Differential scanning calorimetry (DSC, TA Instruments, DSC 2010) and 

Thermo-gravimetric Analysis (TGA, TA Instruments, SDT 2960). The DSC test started 

from room temperature and ended at 300oC, with a heating rate of a 10oC/min; while the 

TGA was carried out under the atmosphere of argon at a heating rate of 10oC/min.  

 

Meanwhile, the Fourier Transform Infrared spectroscopy (FTIR, Shimadzu, FTIR-8400S) 

was used to identify the material of the matrix. The FT-IR reflection mode was selected: 
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the silver paste was first dissolved in methanol and then extracted the silver flakes using 

vacuum filtration; then the filtrate was dried overnight to allow the methanol to evaporate 

and then the residue was spread on a glass film, which was followed by curing at 80oC for 

1h; the glass film was applied on an Attenuated Total Reflection (ATR) accessory and 

then scanned by FT-IR. Moreover, another glass film without any matrix on it was used as 

the reference.  

 

5.1.2 Paste deposition and curing 

 

To investigate the curing mechanism, a stencil printing method was applied and glass 

films (75mm*25mm) were selected as the substrate, each film was chemically cleaned 

using acetone and then dried in air. A brass stencil (thickness – 200 microns) with an 

internal portion (1.3mm*45mm) was placed on the glass film and the silver paste was 

deposited on the substrate through the stencil using a blade. This process is indicated in 

Figure 5.1.a.  

 

 

Figure 5.1: (a) Stencil printing method and (b) laser curing of deposited silver paste 
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The finished part was dried in air for 2 hours and then fixed to the Computer Numerically 

Controlled (CNC) table. A CO2 laser (Coherent Everlase S48, wavelength 10.6 microns) 

with a coaxial focussing head was used to scan over the deposited track. A linear substrate 

translation path was created in Alphacam Systems (CAD/CAM package). The path data 

was uploaded to the laser control unit via RS232 connection. The velocity of CNC table 

can then be changed using the Fanuc by modifying the control programme. The laser was 

set as a pulsed mode and its power was monitored by an internal meter and controlled by 

varying the pulse length and frequency. Compressed air was used as the assist gas, which 

exit directly from the nozzle. The laser curing process was shown in Figure 5.1.b. 

 

      

Figure 5.2: Beam construction for: (a) Gaussian irradiance distribution; (b) HOE modified 

distribution 

 

Both Gaussian beam and HOE modified beam were used in the investigation. During 
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Gaussian beam construction, the focus distance of the lens is set at 1mm below the nozzle 

exit first and the beam spot size is therefore adjusted by raising the focussing head 

(Figure 5.2.a). The beam modification for a CNC system is indicated in Figure 5.2.b, 

where a beam path based on reflection is designed. And the distance from the nozzle exit 

to the paste is usually set in the range of 8-10cm. In the HOE test, the Gaussian beam was 

also converted to a Pedestal beam irradiance distribution, as introduced in Chapter 3. A 

burn print test was carried out by Kell [81], where a single pulse of 0.1s was shot on a 

piece of Perspex. The achieved prints are shown in Figure 5.2, the diameter of the 

Gaussian beam is about 1.25mm and the length of Pedestal beam is about 1.25mm. 

 

In the curing process, the input power and scanning speed were the controllable 

parameters. Considering the energy loss during light transfer, the real input power was 

usually smaller than the setting value. The real power was measured using laser energy 

meter (Coherent, Labmax-Top 10W). Moreover, oven test at 150oC for 0.5h was also 

selected as a comparison. The processing details are list in Table 5.1. 

 

Table 5.1: Laser and oven curing conditions 

Laser curing 

Input powder (W) 1.5,1.9, 2.3, 2.7, 3.1 

Scanning speed (mm/s) 0.1, 0.3, 0.6, 1, 2, 3 

Oven curing 

Temperature (oC) 150 

Time (h) 0.5 

Note: in this chapter the sample nomenclature is as follow: ‘beam type (G for Gaussian and P for Pedestal) 

– power – scanning speed’, e.g. G-2.3-1 
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5.1.3 Characterisation 

 

The characterisation techniques include visual observation, cross-section microstructure 

observed by SEM (Carl Zeiss (Leo), 1530 VP), surface morphology achieved by 3D 

surface profiler (Alicona, InfiniteFocus), thermal property characterised by DSC and 

electrical resistivity measured by 4 point probe technique. Meanwhile, a high speed 

camera (Photron Fastcam SA1.1) was used to monitor the laser curing process (recording 

rate 500 fps) and the whole established system is shown in Figure 5.3. 

 

 

Figure 5.3: Laser curing system with both Gaussian and HOE head 

 

Moreover, in the preparation of the SEM specimens, glass substrate which had a cured 

silver paste track on its surface was cut into two pieces in the middle using a glass cutter.  

 

The 4-point probe technique is indicated in Figure 5.4: four metal tips which had uniform 

spacing, s were arranged in line and contacted with the surface of samples. A fixed 

current I is applied on the two outer probes and the voltage between the two inner probes 

were measured as V. If the thickness of the deposited layer t is small enough, i.e. t<<s, 
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the resistivity Re can be expressed as: 

𝑅𝑒  =
𝑉

𝐼
∗
𝐴

𝑙
                                                        (5.1) 

where A is the cross-section of the measured sample and l is the distance between two 

inner probes. 

 

Figure 5.4: Schematic representation of 4 point probe 

 

5.2 Paste characterisation results 

 

The FT-IR results for silver paste sample and glass film reference are shown in Figure 5.5; 

the peaks appear at 3308.99, 2932.86, 1658.84, 1522.85, 1440.87, 895.96, 754.19 and 

619.17 1/cm, where peak 895.96 and 754.19 are results of glass substrate. Based on the 

FT-IR spectrum references, the matrix should be kind of non-aromatic polyamides, which 

has its typical peaks at 3100~3400 for NH2
+ and NH3

+, and a fingerprint peak region at 

1450~1750 for –CO-NH- [144]. 
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Figure 5.5: FT-IR patterns of (a) paste matrix on glass film and (b) glass film 
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The result for TGA test is shown in Figure 5.6, which can be divided into several steps 

based on its weight loss profile: 

 

 20oC~90oC, a stable state without any weight loss; 

 90oC~230oC, the continuous weight loss may come from the evaporation of trapped 

solvent in paste composite, the solvent could be the either catalyst or lubricant and the 

total weight loss is about 24%; 

 230oC~380oC, stable; 

 380oC~460oC, the decomposition of thermoset polymer, 14% in weight 

 460oC~800oC, the polymer burning residues and silver flakes are about 62% in 

weight. 

 

Figure 5.6: TGA curve of the silver paste (from room temperature to 800oC, at a heating rate of 

10oC/min) 

 

Based on that, the silver paste can be treated as a three-component system: silver flakes, 

amide oligomers (high viscosity) and the unknown liquid (low viscosity). To further 

identify the thermal properties of the paste, the DSC curves of the paste before and after 
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laser curing are exhibited in Figure 5.7.  

 

 

Figure 5.7: DSC results of the silver paste before and after HOE laser curing (P-2.3-1) 

 

From Figure 5.7, before laser curing, the raw paste shows an endothermic peak at the 

range of 138oC to 182oC, which is a result of solvent evaporation; then a broad 

exothermic peak is observed from 210oC to the end of the run, which is supposed to be a 

representation of the polymerisation process of the resin oligmers or monomers. For the 

typical thermoset amide chain propagation process, i.e. the polymerisation of urethane, 

the following reaction occurs: 

𝐶(𝑂) = 𝑁𝑅 + −𝑂𝐻 →  𝑅𝑁𝐻 − 𝐶(𝑂)𝑂 −                       (5.2) 

 

The C=N double bonds (energy 615kcal) and an O-H bond (459kcal) are converted to a 

C-O (358kcal), a C-N (305kcal) and a N-H (386kcal) [131], as a result the enthalpy 

variation is –25kcal, which indicates that the polymerisation should be an exothermic 

process. Actually, not just for polyurethane, most of the polymerisation will release 

energy.  



124 
 

After laser curing, the endothermic peak disappears and only a small exothermic peak is 

observed, which indicates that the liquid is fully evaporated but the amide resin is not 

fully cured at a condition of P-2.3-1. 

 

5.3 Electrical resistivity measurement 

 

To calculate the resistivity of the cured track, its cross-section area is firstly calculated: 

from the cross-section profile of oven cured sample measured by Alicona (Figure 5.8), the 

area A is calculated as 0.0875mm2 and the length l is 40mm. For laser cured samples, 

although the cross-section is difficult to calculate due to bubbling, the actual functional 

area is similar to the oven cured one. 

 

Figure 5.8: the cross-section profile of oven cured sample at 150oC for 0.5h 

 

The calculated resistivity values of the sample at different curing conditions are list in 

Table C.1 in Appendix C. And variation of resistivity against input power and scanning 

speed are shown in Figure 5.9, where the resistivity of bulk silver is known as 

1.59*10-6Ωcm. 
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Figure 5.9: Resistivity comparison between Gaussian beam, Pedestal HOE beam and cured sample at: 

(a) varied input power at constant scanning speed 1mm/s; (b) varied scanning speed at constant input 

power 2.3W 

 

Two general trends can be observed from Figure 5.9: the resistivity will increase with 

increased scanning speed or decreased input power. The variation of the resistivity is 

supposed to be a result of the curing process. Based on the experiment carried out by Lu 

[25], during thermal curing of conductive adhesive, the volumetric shrinkage of the resin 

which generated by 3D polymerisation will lead a closer contact between the metal fillers; 
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therefore, the resistivity of metal-filled paste will keep decreasing when the degree of 

cure increases. Obviously, a high input power or a low scanning speed will generate a 

high energy density on the sample, therefore a high degree of cure and low resistivity. 

Moreover, the Gaussian and Pedestal product have the similar resistivity values in most of 

the cases but the Gaussian beam exhibit an obvious increasing of resistivity at a high 

input energy condition (e.g. G-3.1-1). Meanwhile, one may notice that at some conditions, 

e.g. P-2.3-0.3, the resistivity of laser cured sample is lower than the oven cured one 

(150oC for 0.5h). To explain those phenomena, it is necessary to analyse the 

microstructure of the cured sample. 

 

5.4 Morphology and microstructure 

 

5.4.1 A comparison between laser and oven cured samples 

 

 

Figure 5.10: The surface morphology of sample (a) P-2.3-0.1 by Pedestal HOE laser; (b) 150oC-0.5h 

by oven 

 

From Figure 5.10, the sample cured by laser shows a rougher surface and the bubbles can 

be observed, which is supposed to be a result of the evaporation of the solvent and 

degradation of polymer in silver paste. Drying in air will lead to solidification of the paste 

but cannot eliminate the formation of those bubbles.  
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Figure 5.11: The cross-sectional SEM images of: (a) P-2.3-0.1; (b) P-2.3-1 and (c) oven (150oC-0.5h) 

cured samples 

 

Figure 5.11 represents the SEM images of the transverse plane of conductive tracks. The 
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porous structure of laser cured sample further confirms that degradation occurs. In the 

laser-epoxy curing case, the optical penetration depth is only few microns [132]; however 

the thickness of deposited paste is about 75μm, as revealed in Figure 5.8. The energy will 

transfer into the lower region of the track by thermal conduction or convection. As a 

result, the upper region has a higher temperature and according to its thermal properties 

(Figure 5.6), the solvent in paste will start evaporating at about 138oC. When this solvent 

evaporation occurs in the lower region, the upper region may reach its polymerisation 

temperature, i.e. about 210oC and cross-linking between oligmers occurs, which will 

further lead to the solidification of the upper region and the evaporated vapour is 

therefore sealed in the track, eventually bubbles are generated. However, during the 

conventional oven curing, since the heat transfer among the paste is more uniform and 

curing rate is much lower; there is sufficient time for those vapours to escape from the 

track and no obvious bubbles formed. 

 

 

Figure 5.12: The reduction of distance between silver flakes during polymer degradation in laser 

curing, the SEM image was achieved at P-2.3-0.3 

 

Although this bubbling phenomenon during laser curing is a drawback on sample 

morphology, it is still worth to notice that the measured resistivity of the P-2.3-0.1 sample 
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(0.68*10-4Ωcm) is lower than that cured by oven (1.32*10-4Ωcm). As shown in Figure 

5.12, during the bubbles formation, the generated volume force will push the nearby 

silver flakes away and this process will reduce the distance between different silver flakes 

and therefore decrease the resistivity. 

 

At high speed scanning condition (P-2.3-1, Figure 5.11.b), an agglomeration of silver 

flakes on top surface can be observed. For thermoset material, there are two opposing 

effects on its viscosity during curing – the increasing of temperature will decrease the 

viscosity while the cross-linking will increase it. Cross-linking is actually a 

thermodynamic process and it is determined by both temperature and time. Therefore one 

may observe a small reduction of viscosity at the beginning time of epoxy curing process. 

Since laser is a rapid heating source, this kind of viscosity reduction should be amplified 

and the fluid flow is able to occur during this process. As introduced in the simulation 

part, the fluid flow can be controlled by different beam irradiance distribution. Because of 

Marangoni and gravity effect, the flow pattern inside the processed polymer matrix 

should be similar to that of the molten pool in Section 3.5.1, i.e. the uncured polymer tend 

to flow away from the centre and then form a circulation flow in the matrix. Although a 

complete circulation flow may not be formed before the epoxy is cured, this will still 

become the driving force for the movement of the silver flakes. And as a result, those 

flakes will agglomerate at some positions and a silver flake layer can be generated. 

 

5.4.2 The influence of laser input power and scanning speed 

 

Figure 5.13 indicates the surface morphology of the laser cured samples at varied input 

power (d, e, f, g, h) and scanning speed (a, b, c, d). Obviously, as the scanning speed 

increases, the size of the generated bubbles decreases but the surface roughness increases, 

i.e. a large amount of small bubbles are generated at high scanning speed. Meanwhile, it 

is interesting to notice that the variation of sample surface morphology with input power 

is not obvious but the sample height is increased with the input power.  
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Figure 5.13: Surface morphology measured by Alicona for samples: (a) P-2.3-0.1, (b) P-2.3-0.3, (c) 

P-2.3-0.6, (d) P-2.3-1, (e) P-1.5-1, (f) P-1.9-1, (g) P-2.7-1, (h) P-3.1-1 

 

To indicate the mechanism of the above phenomenon, the high speed camera was used to 

capture the formation process of bubbles and the result for a low scanning speed and high 

scanning speed case are indicated in Figure 5.14. The bubbles are obviously formed from 

the bottom region of the deposited track. If a laser is applied on the track, from a 

transverse plane view, the surface region will quickly be cured and form a rigid layer; the 
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evaporated solvent just below this rigid layer will generate the original bubbles, which 

have small size but large amount. At a low scanning speed, heat will continuous conduct 

into the deeper region of the track and more solvent will be evaporated; therefore bubbles 

will keep growing and even merge with each other sometimes. Eventually several large 

bubbles are be formed. However, if the scanning speed is high, there is no sufficient time 

and vapour source for the original bubble to grow and therefore their size are very small.  

 

 

Figure 5.14: Images achieved from high speed video for samples: (a) P-2.3-0.1; (b) P-2.3-1 and (c) the 

mechanism of bubble growth at different scanning speeds 

 

Moreover, different from the scanning speed, the sample surface morphologies at 

different input power are similar to each other, since the variation of total input energy for 

the power series (e.g. P-1.5-1 and P-3.1-1) is quite small compared with that for the 

scanning speed series (e.g. P-2.3-0.1 and P-2.3-1). However, a high power can still 

generate more bubbles inside the paste and therefore lead a larger product height. 
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In the experiment, it is found that an input power higher than 3.1W will lead a damage of 

the deposited track during laser curing, as shown in Figure 5.15. Since epoxy is naturally 

thermal insulator, the heat conduction has low efficiency; the surface region will be 

over-heated at a high input power and thus degradation occurs. Although a low scanning 

speed also provide a high total energy but the there is sufficient time for the energy to 

flow down. 

 

 

 

Figure 5.15: Direct comparison between an undamaged track (a) P-2.3-1 and damaged track (b) 

P-3.1-1 

 

5.4.3 A comparison between Gaussian and HOE beam cured samples 

 

Figure 5.16 shows the difference between Gaussian beam and Pedestal beam cured 

samples, at an input power of 2.3W and different scanning speeds. Obviously, for all 

conditions, the laser induced thermal ejection is more serious in Gaussian beam cases. 

According to the discussion in the simulation part, the Marangoni effect is believed as the 

primary reason for this phenomenon. The Gaussian beam will generate a higher 

Marangoni force due to its higher temperature gradient compared with the Pedestal beam, 

which will lead an outward fluid flow from the silver track centre to the edge region; 

during this process, the thermal ejection is easier to occur. Meanwhile, one may notice the 

track damage appears only in the Gaussian cases although the input energy is same, 

which can be explained by the energy distribution of the two beams. The Gaussian beam 

has the majority of the energy in the centre, and it will lead to an over-heating of the 

epoxy in that region and producing thermal degradation. 
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Figure 5.16: Photography of laser cured samples at 2.3W and different scanning speeds using 

Gaussian and Pedestal beam 

 

According to above discussion, it needs a suitable input energy value (Pedestal, 

2.3W-1.6mm/s from current work) to achieve the best preformation of the silver track 

from both electrical conductivity and morphology. Insufficient energy cannot fully cure 

the paste and will lead to a high resistivity; the energy can be increased by providing 

higher input power or lower scanning speed. It is found that by using a Gaussian beam, 

the silver track will be damaged if the input power is higher than 2.3W or scanning speed 

is lower than 0.6mm/s, which is believed as a result of over-heating in centre of the track. 

The Pedestal beam exhibits a more stable curing process due to its uniform energy 

distribution. However, if a very low scanning speed (<0.3mm/s) is selected, large bubbles 

are formed and this should be avoided in further manufacturing.  

 

 

 



134 
 

5.5 Building a 2D flexible circuit system 

 

 

Figure 5.17: Schematic of timer circuit and list of different electronic components 

 

In this part, a 2D timer circuit on a flexible HDPE substrate was manufactured, where the 

basic circuit schematic is shown in Figure 5.17. When a voltage of 5V is applied, the LED 

is supposed to flash at a constant frequency. 

 

 

Figure 5.18: The screen printing system used in the timer circuit pattern deposition 
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During the manufacturing process, the substrate was manufactured using HDPE powder 

via the technique described in Chapter 4. The substrate includes a compression moulded 

layer and laser melted layer at a condition of Gaussian beam-10W-240mm/s-0.2mm. The 

silver paste was then deposited on the substrate using screen printing (265 Horizon, DEK), 

the screen was designed with a size of 325 mesh and 10μm emulsion thickness; 

meanwhile, to demonstrate a high resulotion printing, the width of the deposited line was 

genertated as 0.3mm. The printing system is exhibited in Figure 5.18 and in this work the 

squeegee pressure and movement speed were set as 10kg and 20mm/s, respectively. 

 

 

Figure 5.19: (a) Printed timer circuit pattern; (b) original cured circuit with electronic components; 

(c) bent circuit with electronic components, where LED is flashing  

 

After printing, the deposited silver paste pattern was shown in Figure 5.19.a. During the 

curing process, although the Pedestal HOE beam demonstrate a better control in sample 

propety in previous discussion, its minimal size has been limited to 0.5mm due to the 

current beam reconstrction technology [133]. As a result, a Gaussian beam with a focus 

diameter of 0.3mm is used as the curing source and the scanning conditon was set as 

1.5W, 10mm/s. This selective laser processing enables a curing of silver paste without 

damege the HDPE substrate. Different components was joined on circuits according to 

extra silver paste, which is then heated at 80oC for 0.5h with the purpose of soldering. 
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The final product was exhibited in Figure 5.19.b, where a 5V voltage is applied. 

Moreover, due the flexible nature of the HDPE substrate, the finished part can be bent 

while the LED is still working, as shown in Figure 5.19.c. 

 

5.6 Summary 

 

In this chapter it addresses the research question in Section 1.2: ‘Can we use laser to 

generate conductive circuits which have similar or improved performance compared with 

convectional?’ by laser curing of silver paste on both glass and HDPE substrate in a very 

short time and the sample demonstrating a lower electrical resistivity compared with the 

oven cured one.  

 

 The low electrical resistivity for laser cured sample was a result of reduction of 

distance between different flakes during bubble formation. The bubbles were generated 

by the solvent evaporation in the lower region of the paste, where the vapour was sealed 

in the paste due to the polymerisation of the upper region. Meanwhile, the silver flakes 

agglomeration could also be observed, which was believed as a result of epoxy flow 

before curing.  

 

In this chapter it also addresses the research question in Section 1.2: ‘Does the 

redistribution of input energy provide a means of controlling/improving the properties of 

the resultant conductive circuits?’ by reconstructing Gaussian beam to Pedestal beam and 

comparing the morphology and microstructure of cured tracks between the two cases: 

 

 Compared with Gaussian beam, the Pedestal beam could reduce the laser induced 

thermal ejection since it had a uniform energy distribution, where the Marangoni effect 

was weak and flow was stable. Moreover, at a high input energy, Gaussian beam was 

easier to lead thermal degradation on the paste due to the over-heating in centre.  

 

In this chapter it also addresses the research question in Section 1.2: ‘Can we generate 2D 
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circuit on flexible substrate using laser curing?’ by generating a 2D flexible circuit board 

using silver paste: 

 

 A timer circuit pattern was fabricated on a HDPE substrate, which was followed by 

laser curing and electronic component deposition. A flexible circuit was generated and its 

conductivity kept stable during a simple bending test. However, the circuit pattern was 

generated by screen printing, which was only applicable in 2D; to manufacture a 3D 

circuit system, it is necessary to find a new deposition method and suitable conductive 

material. 
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CHAPTER 6: LASER MELTING OF COPPER/HDPE POWDER 

MIXTURE 

 

This chapter details the experimental results of laser melting of copper/HDPE powder 

mixture. A HOE based galvo scanning system was set up to reconstruct the Gaussian laser 

beam to Pedestal beam. A burn print test was used for beam profile characterisation. 

During the laser melting process, the following conditions were included in this research: 

copper/HDPE ratio; laser input power and scanning speed; single track scanning and 

raster scanning programme; Gaussian beam and Pedestal beam reconstructed using HOE. 

The resistivity and microstructures of melted tracks were investigated by 4-point probe 

and SEM, respectively. Hot-stage microscope was used to reveal the copper particle 

movement in a melted HDPE matrix and IR thermal camera was used to monitor the 

temperature variation during the laser melting. A 3D embedded circuit system was 

manufactured in the current work, with the HDPE as substrate and copper/HDPE mixture 

as the conductive track. This circuit system is used to demonstrate the additive layer 

manufacturing of dissimilar materials. 

 

6.1 Experimental procedure 

 

6.1.1 Set up HOE based galvo scanning system 

 

The basic laser scanning system consists of a Gaussian laser source and a galvo scanner. 

The modification was carried out by introducing an extra HOE optic in the beam path, the 

new system is illustrated in Figure 6.1. 
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Figure 6.1: (a) Schematic representation and (b) setting up of the HOE galvo scanning laser 

 

 The CO2 laser is Synrad 10W (Synrad Inc); 

 The beam expander uses 2 spherical mirrors to establish a beam reflection system, as 

shown in Figure 6.2.a; the expander ratio is 3X; 

 The HOE is placed in a self-generated box, where two reflection mirrors mounted on 

the adjustable platforms were used to collimate the beam, as shown in Figure 6.2.b; 



140 
 

 The galvo scanner consists of two reflection mirrors, which are used to control the 

beam movement in X and Y axis, as shown in Figure 6.2.c. 

 

 

Figure 6.2: Internal structures of (a) 3X beam expander; (b) HOE box; (c) galvo scanner 

 

6.1.2 Laser beam profile characterisation 

 

After beam alignment, burn prints test for both Gaussian beam and constructed Pedestal 

beam was carried out. A single pulse of 8W and 5ms was shot on a piece of Poly(methyl 

methacrylate) (PMMA) and the beam prints are shown in Figure 6.3. Plastic will be 

melted and the flow will ‘distort’ the print, however, it still indicates outlines for the two 

beam irradiances. To further indicate the beam intensity distributions, the 3D profile of 

the prints are measured using surface profiler (Alicona, InfiniteFocus). 
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 The Gaussian burn print has a high depth in the centre, which indicates its high 

energy intensity in this region. 

 

 One should also notice that the constructed Pedestal beam consists of three high 

intensity ‘spots’ and it is not ideal square, since the designed beam size is too small to 

keep a high resolution.  

 

 

Figure 6.3: (a) Burn print for Gaussian beam; (b) burn print for Pedestal beam achieved from galvo 

scanning system; (c) burn print 3D profile for Gaussian beam; (d) burn print 3D profile for Pedestal 

beam 

 

To characterise the beam stability in stand-off height (distance from workpiece to 

focusing lens), a series burn print tests were carried out with positive and negative 

stand-off height. Here the positive means moving the PMMA sheet further away from the 

focusing lens; negative means moving the PMMA sheet closer to the focusing lens. The 

datum plane height (focusing length) for the current system is set as 241mm. Moreover, 

during the galvo scanning process, at different locations on the datum plane the angle of 
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incident of the beam is different; this may also influence the profile of the reconstructed 

beam, therefore the burn beams of 4 points with coordinates of (-20, -20), (-20, 20), (20, 

-20) and (20, 20) on the datum plane are investigated (unit mm). The experiment set-up 

and results are all exhibited in Figure 6.4. 

 

 

Figure 6.4: 3D burn print profiles of HOE Pedestal beam achieved from (a) stand-off alteration test; 

(b) spot location alternation test 

 

From Figure 6.4.a, the alteration in stand-off height has significant influence in the beam 

profile. In the range of -1mm~3mm, the beam keeps the ‘3 spots square’ shape; a high 

negative stand-off height will split the beam and a high positive value will concentrate 
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energy into one single spot. However, no significant variation of the beam profile can be 

observed during the alteration in spot location on the datum plane, as shown in Figure 

6.4.b, which reveals the high robust of HOE system during galvo scanning.  

 

To further characterise the current ‘3 spots’ Pedestal beam, a raster scan programme 

(10mm*10mm square) is used on the HDPE powder to create a single layer polymer 

sheet. The experiment set up is similar to that described in Chapter 4 and the processing 

conditions are: laser power – 8W, scanning speed – 240mm/s and scan spacing – 0.3mm. 

Both Gaussian and new Pedestal beams are used and the surface profiles of the achieved 

sample are measured using Alicona. The results are shown in Figure 6.5.  

 

 

Figure 6.5: Comparison between samples generated by Gaussian and Pedestal beams using the same 

raster scan programme: 8W-240mm/s-0.3mm 

 

On the sample surface there are a series of straight lines which parallel to the scanning 

direction. The formation of those lines has already been explained in Section 4.2.3, which 

is believed as a result of powder consolidation during laser melting. Two differences 

between the Gaussian case and Pedestal case can be found: 

 

 The distance between two adjacent lines in the Gaussian case is measured as 0.27mm, 

approximately; which is larger than the value in Pedestal case (0.15mm). Generally, the 

line represents the scanning a track of the high energy intensity region in a beam. For 
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Gaussian case, it is the centre therefore the distance between adjacent lines is similar to 

the scan spacing; for Pedestal case, there are three small high intensity ‘spots’ in the beam 

therefore more lines will be generated and the distance between adjacent lines is 

decreased. 

 

 The sample edge is wave-like in the Gaussian case but nearly straight in the Pedestal 

case, which is believed as a result of beam shape. The Gaussian beam has a round shape 

therefore the melted HDPE has half-circular shape at its two ends; for Pedestal beam, its 

square beam shape will generate flat ends, as revealed in Figure 6.6. 

 

Figure 6.6: The edge effect of beam shape during a single track scan 

 

The above characterisation results indicate that the generated laser beam is near square 

but not an idea pedestal in energy distribution. Three ‘high intensity spots’ exists in the 

beam and it will influence the morphology of processed sample. However, this 

near-Pedestal beam still exhibit advantages in sample structure control and it will be used 

in copper/HDPE mixture melting in this chapter. 

 

6.1.3 Copper/HDPE mixture preparation and laser melting process 

 

The micron-copper particles were received from Mr Siyuan Qi and Dr David Hutt at 

Loughborough University. The raw copper powder (about 20μm in diameter) they used 

was soured from Sigma-Aldrich, UK, and a self-assembly-monolayer (SAM) coating of 

Octadecanethiol (ODT, HS-(CH2)17-CH3, Sigma-Aldrich, UK) was used to provide an 

efficient protection from oxidation for the copper. It should be noticed that the copper 

oxide was first removed by etching before SAM was deposited and the structure of the 
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final copper particles is shown in Figure 6.7. 

            

 

Figure 6.7: Laser melting of copper/HDPE conductive track on a HDPE substrate and the structure 

of micron-copper particles with SAM coating 

 

The copper particles were then mixed with the HDPE powder (HMHDPE75A, Goonvean 

Fibres) at the following volume contents of copper (the ratio of the volume of copper 

particles to the volume of all particles): 30%, 40%, 50%, 60%, 70% and 100%, using a 

centrifugal mixer (Speed mixer, DAC 150 FVZ-K) at 2000rpm for 2 minutes. The 

finished material was deposited on a laser generated HDPE substrate (the substrate 

manufacturing technique is described in Chapter 4) as a layer structure (layer thickness is 

controlled as 150μm using a powder bed) and then placed under the focus lens of the laser. 

The whole process is shown in Figure 6.7 and both the Gaussian beam (Synrad Firestar 

100W CO2 laser) and HOE reconstructed Pedestal beam (Section 6.1.1) were used to melt 

the mixture. Two scanning programmes are selected in current study: the single track scan 

and raster scan ( , 0.2mm width and 0.1mm scan spacing); the detailed 

conditions are listed in Table 6.1 and during the processing a small plastic box with an 

Argon supply tube is used to protect the mixture from oxidation. After that, the optimal 
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condition (G-r-6/4-20-120) was selected to build the multi-layers conductive structure and 

eventually an embedded 3D timer circuits system was generated.  

 

Table 6.1: Selected laser melting conditions for a single layer conductive track 

Power 

(W) 

 

Scanning 

speed (mm/s) 

8 10 15 20 25 30 35 40 

20                                 

40                                 

60                                 

80                                 

100                                 

120                                 

140                                 

Note:  represents G-s-3/7 series;  represents G-s-6/4 series,  represents G-r-6/4 series and  

represents P-s-6/4 series; in this chapter the sample nomenclature is as follow: ‘beam type (G-Gaussian or 

P-Pedestal) – scanning programme (s or r) – copper/HDPE ratio – power – scanning speed’, e.g. 

G-s-6/4-20-120 

 

6.1.4 Sample characterisation 

 

During this experiment, characterisation of the raw powder mixture and the melted 

product were both carried out. The X-ray photoelectron spectroscopy (XPS) was used to 

identify the oxidation conditions of the copper particles [134]. The SEM was used to 

show the sample morphology. During sample cross section preparation, to prevent 

unexpected damage, the liquid nitrogen assisted cutting technique described in Chapter 4 

was applied. Moreover, the 4 point probe technique was used to measure the resistivity of 
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the circuit. Meanwhile, the IR thermal camera is also used to monitor the temperature 

variation during the melting process. 

 

6.2 Raw copper/HDPE mixture characterisation 

 

 

Figure 6.8: High resolution XPS scans for ODT coated and uncoated copper powders at: (a) Cu2p 

region; (b) O1s region; (c) C1s region and (d) S2p region 

 

The XPS results (received from Mr Siyuan Qi [134]) for the copper powder before and 

after coating are shown in Figure 6.8: (a) the Cu2p peak (at 923eV) for ODT coated 

sample is pure and sharp, however for the untreated copper power, it is wide and some 

satellite peaks can be found near the main peak, which is believed a result of copper oxide; 

(b) an obvious O1s identification peak (at 531eV) appears in the raw copper but after 

treatment, this peak no longer exist; (c) for C1s peak, similar to Cu2p, a satellite peak for 

carbon oxide near the main peak can be observed on the raw copper figure; (d) sulphur is 

an identification element for the ODT and it can be detected on the coated sample. All 
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those results indicate that the copper oxide is removed by etching and the SAM is 

successfully coated on the copper particle, which can protect the copper core from 

oxidation effectively. 

 

Figure 6.9 is the SEM image of the raw mixture at a copper content of 60%. The particles 

with a porous surface (marked by white circle) are copper and the rest with a smooth 

surface are HDPE powders. The copper particles are found well distributed among the 

HDPE particles. 

 

Figure 6.9: (a) copper/HDPE powder mixture (6/4) and (b) pure copper particle 

 

6.3 Electrical resistivity analysis 

 

The resistivity was calculated using Equation 5.1 described in Chapter 5. The sample 

cross-section area A was obtained directly from the SEM images, where ImageJ (National 

Institutes of Health, USA) is used. From Figure 6.10, the cross-section is selected as the 

white region and its area is calculated by the software. The raw data and final achieved 

resistivity value are listed in Appendix D. 
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Figure 6.10: Cross-section area calculation using ImageJ for sample G-s-3/7-15-120 (a) raw image; (b) 

processed image 

 

The influence of input energy (includes the scanning speed and input power) in the 

product properties are investigated in two conditions: a low copper content series G-s-3/7 

and a high content series G-s-6/4. From Figure 6.11, both the two cases exhibit a 

decreasing of resistivity while scanning speed is reduced. However, after reaching its 

lowest limit, the resistivity starts increasing for some samples (e.g. G-s-6/4-20), which is 

believed to be a result of the discontinuous copper phase due to overheating. And when 

the speed is reduced to 40mm/s, the track lost its conductivity. Meanwhile, the resistivity 

variation with the input power has the similar trend and the minimal value for G-s-6/4 is 

found at about 20W, below or above this value the resistivity will keep increasing. 

Moreover, one should notice that although the G-s-6/4 series exhibit an obvious lower 

resistivity than the G-s-3/7 series, its lowest value (1.94*10-4Ωcm, G-s-6/4-20-80) is still 

more than 100X of that of bulk copper (1.67*10-6Ωcm). 
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Figure 6.11: Resistivity variation for sample series: (a) G-s-3/7; (b) G-s-6/4 at different scanning 

speeds; (c) G-s-6/4 at different input powers. The letter ‘X’ means the sample resistivity value is quite 

high and can be thought as dielectric 
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Therefore, the scanning speed and input power should have the equivalent effect in the 

product resistivity and in some literatures [135, 136, 137] people use a combination of 

them – energy density (Ed as shown in Equation 6.1) as the energy variable.  

𝐸𝑑 =
𝑃𝑙𝑠
𝑢𝑠𝑎

                                                                   (6.1) 

where P is input power, ls is scanning length, us is velocity and a is beam width. 

 

However, in this case if one compares the resistivity value between those samples which 

have the same Ed, e.g G-s-6/4-20-80 and G-s-6/4-30-120, or G-s-6/4-20-60 and 

G-s-6/4-40-120; they exhibit an obvious difference in the value, which is believed as a 

result of conductive track damage when the input power is too high. From a 

thermodynamic view, if the heat loss rate (conduction, convection and radiation) in the 

laser processed material is high enough to balance the input energy, the power and 

scanning speed could be treated as equivalent conditions and energy density could be 

used directly. However, for material with low thermal conductivity like the mixture in this 

experiment; a high power – high speed case (G-s-6/4-30-120) will store the energy in the 

surface layer and further lead an overheating, and the sample resistivity is obviously 

higher than a low power – low speed case (G-s-6/4-20-80). 

 

 

Figure 6.12: Resistivity variation for sample series G-s-X-20-120 at different copper volume content 
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Figure 6.12 shows the resistivity variation with copper volume content. This ‘volume 

content’ does not represent the ‘real copper content’ in the mixture, but the copper/HDPE 

volume ratio; since the mixture is not 100% dense product, the ‘real copper content’ is 

lower than the listed value. From the chart, a general decreasing trend appears when the 

volume content is increasing; however, after reaching 60%, the value no longer decreases. 

Moreover, it also indicates that a pure copper power does not exhibit any conductivity 

after processing. 

 

 

Figure 6.13: Resistivity variation for sample series: G-r-6/4 for raster scanning programme 

 

Figure 6.13 represents the resistivity variation with scanning speed and input power for 

raster scanning programme, where the value is quite small (can reach to 20X of bulk 

copper) compared with the single track scanning programme at the same conditions. 

However, one cannot simply compare the two scanning programmes at the same 

conditions since the total input energy is different. According to the raster scanning 

programme (0.2mm width, 0.1mm scan spacing), the laser spot moving distance L can be 

calculated as: 

𝐿 = 0.2 ∗ (
𝑙𝑝

0.1
+ 1) ≈ 2𝑙𝑝                                                    (6.2) 

where lp is the length of the programme. And it further indicates that input energy for 

raster scanning programme is same to the single track programme at a half scanning 
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speed. Two sets can be found under this rule: G-s-6/4-20-40 (121.28*10-4Ωcm) versus 

G-r-6/4-20-80 (0.35*10-4Ωcm) and G-s-6/4-20-60 (5.27*10-4Ωcm) versus G-r-6/4-20-120 

(0.79*10-4Ωcm). Obviously, the raster scanning samples still have lower resistivity, which 

reveals the advantage of this scanning programme.  

 

 

Figure 6.14: Resistivity variation for sample series: G-s-6/4 and P-s-6/4 at constant input power of 8W 

and different scanning speeds 

 

Figure 6.14 represents the resistivity values of tracks melted at Gaussian beam and 

Pedestal beam. The maximum output power of the laser used in HOE glavo scanning 

system is 10W and after beam reconstruction, the real power is measured as 8W. This 

value is quite low, therefore it is kept as 8W for all tests and only the scanning speed is 

varied. Meanwhile, a series of Gaussian beam melted samples at the same condition are 

generated as a comparison. Obviously, for both of the two beams a low scanning speed 

will lead a low resistivity; however, it is interesting to notice that at 20mm/s, the Gaussian 

case has a lower resistivity; while at 60mm/s, its value is higher than that in Pedestal case. 

This indicates the resistivity variation with scanning speed for Pedestal case is smaller 

than Gaussian case.  
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6.4 Laser processing mechanism investigation 

 

To explain the above phenomena exhibited in the resistivity measurement part and further 

reveal the laser processing mechanism, the morphology and microstructure of the sample 

are investigated in this section. 

 

6.4.1 The investigation of G-s-3/7 series 

 

 

Figure 6.15: Surface morphology of sample series G-s-3/7 achieved by SEM 

 

Figure 6.15 represents the surface morphology of the G-s-3/7 series from a top view. The 

widths of the melted tracks are measured in Table 6.2. Obviously, a increasing of track 

width can be found when the input power increases or scanning speed decreases. At low 

copper content the melting/evaporating of HDPE is the primary phenomenon during the 

laser processing; therefore a high input energy will melt more HDPE powder and further 

increase the track width. Meanwhile, on each sample, two bright ‘HDPE lines’ can be 



155 
 

observed near the edge and the distance between them is about 300μm (similar to the 

laser spot size 300μm), which can therefore be thought as the boundary of laser direct 

processing region.  

 

Table 6.2: Measured widths of sample series G-s-3/7 (unit: mm) 

Power (W) 

Scanning 

speed (mm/s) 

10 15 20 

80 0.78 0.88 1.06 

100 0.68 0.81 0.87 

120 0.64 0.74 0.79 

 

6.4.1.1 Microstructure analysis 

 

Figure 6.16 shows the microstructure of sample G-s-3/7-15-120, which is a good 

representation of the series G-s-3/7. From its top view; the track can be divided into two 

zones: the laser direct melting zone in the centre and the heat conduction affected zone in 

the edge. Considering the nature of Gaussian beam, where majority of the energy is 

distributed in the centre and normally the location with 1/e2 of maximum intensity is used 

as its spot radius (as shown in Figure 6.16); the HDPE in this region is much easier to be 

melted and even evaporated, and the residual copper particles will form pillar-like 

structures (white circles). As a result the thickness in the central region is obviously lower 

than that in the edge, as observed from the cross-section view. This phenomenon has also 

been reported in previous Section 3.7, where the laser melting of HDPE powder was 

investigated from both simulation and experiment parts. 

 

However, in the heat conduction affected zone near the track edge, the energy is 

transferred from the central part by heat conduction and therefore the value is very low; 

the HDPE powder can only be melted in this region. Because the volume ratio of the 
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copper/HDPE is 3/7, where HDPE takes the major part; the copper particles can be 

thought as immerging into the HDPE matrix, which will generate two HDPE lines on the 

surface. Moreover, one may also notice that at the track boundary, only a partial melting 

of the HDPE particles can be observed; and the generated bridge-like structure will stick 

on the surface of copper particles.  

 

 

Figure 6.16: Microstructures of sample G-s-3/7-15-120 from: (a) top view; (b) cross-section view 

 

The SEM images further indicate a porous structure is generated after laser processing, 
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which is believed to have negative influence in the mechanical property of the track. To 

reveal the formation of the pores, the same raster scanning programme (G-10-240-0.2) 

used in Chapter 4 for laser melting of pure HDPE is applied on the cooper/HDPE (3/7) 

mixture; the comparison of the pure HDPE and mixture products are shown in Figure 

6.17. Obviously, the mixture will generate a product with high porosity while the pure 

HDPE will generate a fully dense product. As discussed in Section 4.2.1, the dense 

product is a result of melt flow during the laser melting, which will fill the original spaces 

among powders. However in the mixture the flow will be blocked by the solid copper 

particles and only ‘polymer bridges’ are formed between copper particles.  

  

 

Figure 6.17: Comparison between a 5 layer copper/HDPE mixture (3/7) and pure HDPE sample at 

the same laser raster processing condition of Gaussian beam, 10W power, 240mm/s scanning speed, 

0.2mm scan spacing 

 

The sample microstructure of a high input power case (G-s-3/7-20-120) is shown in 

Figure 6.18. Obviously, compared with G-s-3/7/15/120, tiny amount of copper particles 

can be found in the laser direct melting zone and this phenomenon also appears in other 

high power samples (G-s-3/7-20-100 and G-s-3/7-20-80). This is a result of copper 

particle movement and can be explained from two aspects: 

 

 The cross-section structure reveals a bowl-shape groove is formed at the central 

region, which is a result of HDPE evaporation. The force generated from volume 

expansion during phase transition can push the copper particles away from the centre 
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region; 

 

 As discussed in Section 3.5, the Gaussian beam will lead a strong Marangoni flow in 

the melted material, this flow starts from the centre (high temperature) to the edge (low 

temperature) and the copper particles might flow with the HDPE melt during the laser 

processing. 

 

 

Figure 6.18: Microstructures of sample G-s-3/7-20-120 from: (a) top view; (b) cross-section view 
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6.4.1.2 The movement of copper particles in HDPE matrix 

 

Figure 6.19 exhibits the melting situation of copper/HDPE (3/7) mixture monitored using 

hot-stage microscopy, where a constant heating/cooling rate of 10oC/min was applied. At 

100oC the melting of HDPE particles occurs and the melted material tends to flow on the 

glass substrate. This phenomenon has been reported and discussed in the laser melting of 

pure HDPE in Section 4.2.1 and the driving force of flow is considered as surface tension. 

Here for the mixture case, the copper particles are found flowing with the HDPE melt. 

This further confirms the copper particle movement assumption described in the laser 

processing cases in Section 6.4.1.1. Moreover, during the cooling step in Figure 6.19, the 

crystalline was found on the surface of HDPE matrix and the copper particles are ‘frozen’ 

to where they are. 
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Figure 6.19: Copper/HDPE (3/7) mixture melting/cooling situation (‘c’ in the last figure represent 

‘cooling’)  

 

It seems the copper particles are immersed in the HDPE matrix and well-bonded with the 

surrounding polymers from Figure 6.19. However, at a high magnification of the SEM 

cross-section image of sample G-s-3/7-20-120 in Figure 6.20, it is interesting to find that 

between the copper particles and HDPE there are small gaps. This should be explained by 

the surface wetting mechanism and the adhesive force between two materials can be 

described using Young–Dupré equation:  
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𝑊 = 𝜎𝐿𝑉 ∗ (1 + 𝑐𝑜𝑠𝜃𝐴)                                                    (6.3) 

where W is the work for adhesive, σLV is the interface tension and can be thought as 

constant in this case, θA is the contact angle. At a dispersive adhesive model, i.e. only Van 

der Waals force is considered; the contact angle provides an inverse measure of adhesive 

work. However, Laibinis et al [138] measured the contact angle between n-Alkanethiols 

monolayer coated on copper and non-polar solvent (hexadecane) and find out the values 

are quite small, i.e. the monolayer is oleophilic. They indicated it is because the 

n-Alkanethiols chains are all oriented and they expose the low energy methyl surface, 

which is also non-polar and can be well-wetted by the non-polar solvent. Moreover, for 

shorter n-Alkanethiols chains where part of the copper will be exposed to the solvent 

directly, θ is even smaller since copper has a high surface energy, which makes it easy to 

be wetted by the non-polar solvent. 

 

 

Figure 6.20: High magnification microstructures of sample G-s-3/7-20-120 from cross-section view 

 

Back to the copper/HDPE mixture case, since the HDPE melt can also be considered as 

non-polar solvent, the contact angle between it and the copper particles (with ODT 

monolayer) is small. Moreover, the thermal test on the prepared copper particles had 
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confirmed the ODT will decompose at about 110oC [134]; this value is lower than the 

melting point of HDPE and it will expose the pure copper surface to the HDPE melt 

directly. No matter what type of surface it is, the wettability (low θ) between the two 

materials is high; however since the interaction between the conductor and the HDPE 

chains is mainly Van der Waals force, which is weak and unstable; the value of interface 

tension σLV is small. As a result, during the cooling stage after processing, the 

crystallisation (Figure 6.19) of HDPE matrix occurs, where polymer chains will orient 

and fold and leading volume shrinkage. This will break the bonds between copper and 

HDPE and generate a gap between them. 

 

According to the investigations carried out on the G-s-3/7 series, the conductivity of the 

tracks is believed as a result of copper particle contact, which is similar to the silver paste 

as discussed in Chapter 5. This might lead to discontinuities in the conductive phase at 

some locations and therefore the measured resistivity for the G-s-3/7 series in Section 6.3 

is usually quite high (about 1000X of bulk copper). The generated porous structure after 

laser melting will make the track brittle and as a result the conductive pathway is 

unstable. 

 

6.4.2 The investigation of G-s-6/4 series 

 

The surface morphology of G-s-6/4 series is shown in Figure 6.21. At low input power 

and high scanning speed, the sample exhibits a porous structure similar to the G-s-3/7 

series. When the input energy is high enough, as marked in sample G-s-6/4-20-60, a 

‘bright line’ which is comprised of dendrite structures can be observed in the laser direct 

melting zone. According to measurement, the width of the ‘dendrite line’ is similar to the 

laser spot diameter, which is about 300μm.  
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Figure 6.21: Surface morphology of sample series G-s-6/4 achieved by SEM 

 

6.4.2.1 Microstructure analysis 

 

The sample G-s-6/4-20-120 is selected as a representative for those samples with a 

dendrite line in centre and its microstructure is exhibited in Figure 6.22. Obviously, 

HDPE have been completely evaporated in the laser direct melting zone and the copper 

particles have been partially melted to continuous dendrite structures; however, in the 
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heat conduction affected zone, HDPE are only melted and become the ‘polymer bridge’ 

between copper particles. Meanwhile, from the cross-section view, it can be found that 

the central ‘dendrite line’ is separated from the rest part of the track and its bottom region 

is bonded to the substrate according to HDPE matrix.  

 

 

Figure 6.22: Microstructures of sample G-s-6/4-20-120 from: (a) top view; (b) cross-section view 

 

To investigate the melting mechanism, the microstructures of laser direct melting zone 

and heat conduction affected zone at a high magnification are shown in Figure 6.23. A 
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large number of crystallites can be observed on the ‘dendrite line’, which is a result of 

copper particle melting. However, the size of the crystallites is about 2~5μm and it is 

quite small compared with copper particle size (20μm); therefore the melting does not 

occur on the copper particle scale. From the structure of heat conduction affected zone, 

where the input energy is insufficient to lead copper melting; it is interesting to find that 

the copper particle surface consists of many cracks, and they split the particle into some 

tiny fragments with a size of 2μm approximately. Those cracks can also be observed on 

the original copper particle surface as shown in Figure 6.9. Meanwhile, back to the 

structure of laser direct melting zone, some cores are found at the centre of the crystallites 

(marked by red cycle in Figure 6.23) and they are the residues of the partial melted 

fragments. 

 

 

Figure 6.23: High magnification microstructures of sample G-s-6/4-20-120: (a) laser direct melting 

zone (top view); (b) laser direct melting zone (cross-section view); (c) heat conduction affected zone 

(top view); (d) heat conduction affected zone (cross-section view) 
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According to the microstructure analysis, the copper melting process can be illustrated in 

Figure 6.24. The HDPE particles will be evaporated rapidly in the laser direct melting 

zone and the residual copper particles will agglomerate. Those particles have been broken 

into small fragments by cracks and therefore the specific surface area is increased, which 

indicates they are more likely to be partially melted. During laser processing, melting will 

firstly occurs on the boundary between different fragments from the same particle or 

adjacent particles; and a melted surface layer will be formed on the surface of fragments. 

If the fragment is small enough, a consolidated crystalline phase is generated. Meanwhile, 

the original cracks and copper particles boundaries become the new grain boundaries. 

However since some fragments are too large to be fully melted, their residual cores can 

therefore be observed in the product. 

 

 

Figure 6.24: Schematic representation of the melting mechanism for the copper particles with cracks 

 

According to the measured resistivity in Section 6.3, the G-s-6/4 series exhibits an 

obvious lower resistivity compared with the G-s-3/7 series, which can be explained by 

their melting nature. The copper particles are melted and form a continuous conductive 

pathway, where the electrons can transfer freely inside of it. The resistance of this 

continuous phase is much lower than that in the ‘particle contact’ model in G-s-3/7 series, 

where the conductive pathway is formed by direct or indirect contact between different 

copper particles, as introduced in Section 6.4.1. 
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However, if the G-s-6/4 track is processed at a high input energy (e.g. G-s-6/4-40-120), 

the surface morphology in Figure 6.21 reveals the track has been damaged and the 

conductive pathway is not continuous. This explains the obviously large resistivity values 

measured at these conditions in Figure 6.11. As analysed in Section 6.4.1, during the 

Gaussian beam processing, a high input energy will generate strong Marangoni force on 

HDPE melt and make more HDPE evaporating, i.e. strong volume force; those forces will 

generate outward movement of the copper particles and therefore damage the central part 

of the track.  

 

6.4.2.2 Temperature measurement during laser melting process 

 

Figure 6.25 exhibits the temperature pattern of sample G-s-6/4-20-120 achieved by IR 

thermal camera, where the temperature values were calibrated using Appendix A. 

 

 

Figure 6.25: Temperature patterns of sample G-s-6/4-20-120 at (a) t=0.02s, (b) t=0.14s; (c) t=0.22s; (d) 

t=0.32s 

 

An obvious linear scanning track can be found in Figure 6.25. During the laser melting 
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process, the temperature variation of point A is recorded and then plotted in Figure 6.26. 

Obviously, in a very short period (0.15s), the temperature is increased to about 1300oC 

and then drops back to room temperature again. The peak value is about 1300oC, which is 

higher than the melting temperature of copper (about 1080 oC). However, since the time is 

too short to fully melt the copper, only partial melting occurs and a continuous copper 

phase will be generated, as described in Section 6.4.2.1. In addition, from the sample 

cross-section microstructure at the same processing conditions in Figure 6.22.b, one can 

find that the HDPE substrate (with a melting temperature about 400K) underneath is 

undamaged when the copper particle is partially melted. This is believed as an important 

advantage of the laser processing system. In this case, a large amount of energy will be 

applied on the copper/HDPE mixture layer in a short period; since the metal phase is 

discontinuous, the thermal conductivity in the mixture is low and majority of the energy 

will flow to the surrounding environment via surface convection and radiation. The 

downward energy into the HDPE substrate can only melt the surface and form an 

adhesion region between the melted copper track and substrate.  

 

Figure 6.26: Temperature variation with time for track middle points of sample G-s-6/4-20-120 
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6.4.3 The investigation of G-s series with different copper/HDPE ratios 

 

Figure 6.27 details a series of sample surface morphology at the same laser processing 

condition (G-s-X/Y-20-120) but with different copper/HDPE ratios. Obviously, at a low 

copper content, the morphology of the product is mainly affected by the flow and 

evaporation of HDPE; where a groove is formed at the centre of the track and the copper 

particles are pushed to the edge. As copper content increasing, the driving force for the 

copper particles movement is reduced; as a result, a porous sample is generated where the 

HDPE melts and forms bridge-like structures between copper particles. However, when 

the copper/HDPE ratio exceeds 5/5, a partially melted copper track can be observed in the 

laser direct melting zone, which consists of large amount of ‘dendrite’ structures.  

 

 

Figure 6.27: Surface morphology of sample series G-s-X/Y-20-120 achieved by SEM 

 

If assume the total input energy during processing is Q, there is: 

𝑄 = 𝑄𝐻𝐷𝑃𝐸 + 𝑄𝐶𝑢 + 𝑄𝑟                                                        (6.4) 

where QHDPE, QCu and Qr represent the energy absorbed by HDPE, energy absorbed by 

copper and energy loss due to reflection, respectively. Generally, the energy absorption 

for polymers such as HDPE (about 80%) is much higher than that in metals such as 

copper (about 5%) under a CO2 laser in this case. As a result if the copper/HDPE ratio is 
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low, most energy will be absorbed by the HDPE part in the mixture (QHDPE) and the 

reflected energy Qr is small; QHDPE will further lead the melting and evaporating of 

HDPE powder and generate strong force for copper particle movement. At this condition, 

the copper particles cannot be closely packed and therefore melting will not occurs. At a 

high copper/HDPE ratio case, the energy absorbed by copper particles QCu will increase. 

Moreover, due to the increased copper particle number, a denser copper phase is 

generated in the mixture, which makes those particles easier to be melted. However, since 

the energy absorption of copper is low, the overall reflected energy Qr should be large. To 

prove it, the thermal image of sample G-s-pure copper-20-120 is achieved by IR camera 

and the temperature of the middle point of copper track (same location to point A in 

Figure 6.25.d) is recorded and plotted in Figure 6.28. Although at the scanning parameters, 

the maximum temperature of the pure copper case (~850oC) is obviously lower than that 

in the G-s-6/4-20-120 case (~1300oC) in Figure 6.26; since in the mixture case, energy 

can be absorbed by HDPE but in the pure copper case most energy will be reflected.  

 

Figure 6.28: Temperature variation with time for track middle points of sample G-s-pure 

copper-20-120 
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Figure 6.29: Microstructures of sample G-s-pure copper-20-120 from: (a) top view; (b) cross-section 

view 

 

Although the processing temperature is low, it is interesting to notice from Figure 6.20 the 

sample G-s-pure copper-20-120 can still be melted. However, the melted track is thought 

as dielectric according to the resistivity measurement in Section 6.4.3. From the 

microstructure of G-s-pure copper-20-120 in Figure 6.29, one may notice that from the 

edge to the centre of the track, the morphology of copper particles changed from 
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non-melting to partially melting, then to fully melting. However, obvious gaps are found 

between melted copper phases and the conductive track is therefore discontinuous. The 

cross-section surface further indicates that part of the melted track is separated from the 

HDPE substrate. As explained in Section 6.4.1.2, the primary interaction between copper 

and HDPE matrix is Van der Waals force, which is weak and easily broken down when 

the shrinkage of HDPE occurs during cooling stage. Therefore during pure copper 

melting, the adhesion between the melted copper ‘dendrite’ and HDPE substrate is poor 

and it is easy to achieve a discontinuous copper track at this condition. However, in the 

copper/HDPE mixture case part of the HDPE powder will be melted and become the 

supporting structure of the copper ‘dendrite’, which will provide a better adhesion 

between the copper phase and the substrate. According to above investigations, to achieve 

the lowest resistivity in the melted track, it is necessary to mix copper powders with 

HDPE powers and the best copper/HDPE volume ratio is found as 6/4. 

 

6.4.4 The investigation of G-r-6/4 series 

 

The morphology of sample series G-r-6/4 under raster scanning programme is shown in 

Figure 6.30 and one should notice that the magnification for Figure 6.30 is lower than 

previous track morphology images in Figure 6.15, 6.21 and 6.27. Moreover, the widths of 

the tracks are measured and listed in Table 6.3, where the widths for samples melted at 

same conditions by single track scanning are also included. 
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Figure 6.30: Surface morphology of sample series G-r-6/4 achieved by SEM 

 

Table 6.3: Measured widths of sample series G-r-6/4 and G-s-6/4 (unit: mm) 

Power (W) 

Scanning 

speed (mm/s) 

10 15 20 

 G-r-6/4 G-s-6/4 G-r-6/4 G-s-6/4 G-r-6/4 G-s-6/4 

80 1.20 0.76 1.51 0.79 1.61 0.93 

100 1.16 0.65 1.41 0.77 1.42 0.82 

120 1.01 0.62 1.20 0.73 1.26 0.75 

 

Obviously, at the same condition, the width of the G-r-6/4 sample is larger than that of 

G-s-6/4. Figure 6.31 is a direct comparison between G-r-6/4-20-120 and G-s-6/4-20-120 

at the same magnification; it further indicates the raster scanning programme will 

generate larger laser melting region. As described before the Gaussian beam has a 

non-uniform intensity distribution, where the majority of energy is in the centre. As a 
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result, the copper melting only occurs in the laser direct melting region. For a single track 

scanning programme, to achieve more melted copper phase, one can either increase the 

input power or decrease the scanning speed but it will damage the track and increase its 

resistivity, as explained in the Section 6.4.2. However, during raster scanning a larger 

region is exposed to the laser and the overall energy distribution on the track surface is 

more uniform due to the movement of the beam. It will generate larger melted region 

without damage the track, and the resistivity can therefore be reduced effectively. This 

raster scanning programme shows the advantages of controlling the input energy 

distribution during the track melting process. However, since the ‘beam reconstruction’ is 

achieved by the movement of laser spot, which is an indirect method and only generating 

approximate uniform energy distribution; the track morphology cannot be controlled 

accurately and its width is significantly increased. 

 

 

Figure 6.31: Comparison between sample (a) G-r-6/4-20-120 and (b) G-s-6/4-20-120, where the spot 

and red arrow represent the Gaussian beam and its scanning directly, respectively 

 

6.4.5 The investigation of P-s-6/4 series 

 

Figure 6.32 compares the surface morphology of sample series G-s-6/4 and P-s-6/4 at 

constant input power of 8W and different scanning speeds. The widths of the tracks are 

listed in Table 6.4. 

 



175 
 

 

Figure 6.32: Surface morphology of sample series G-s-6/4 and P-s-6/4 at constant input power of 8W 

and different scanning speeds achieved by SEM 

 

Table 6.4: Measured widths of sample series G-s-6/4 and P-s-6/4 (unit: mm) 

Scanning speed (mm/s) 20 40 60 

Gaussian 1.13 0.88 0.67 

Pedestal 1.06 0.77 0.57 

 

From Table 6.4, the widths of the Pedestal cases are smaller than those in Gaussian cases, 

although the designed Pedestal beam size (0.5mm) is larger than the Gaussian beam 1/e2 

diameter (0.3mm). According to previous discussion in Section 6.4.1, the width of laser 

direct melting zone is determined by the beam size, while the heat conduction affected 

zone is a result of heat transfer in the powder mixture. Due to its energy distribution, the 

Pedestal beam has a sharp edge and therefore the heat conduction affected zone is smaller 

than the Gaussian beam. This phenomenon can also be observed directly from the beam 

prints in Figure 6.3, where the width of the outer ring around the beam print in Pedestal 

case is much smaller than Gaussian case. 

 

Moreover, at high scanning speeds (60mm/s and 40mm/s), an obvious half-pipe groove 

can be observed in centre of the Gaussian beam melted tracks, but in Pedestal cases, the 



176 
 

track thickness is nearly uniform. As discussed in Section 6.4.1, a strong outward force is 

applied on copper particles during Gaussian beam scanning, which is believed as a result 

of Marangoni force during HDPE melt flow and volume force during HDPE evaporation. 

However, since Pedestal beam has a uniform energy distribution, the temperature gradient 

of the melted HDPE is quite low and the Marangoni effect is insignificant; moreover, the 

central part will not be over-heated and the volume force from HDPE evaporation is also 

small. This indicates the stability of the Pedestal beam during the scanning process and 

therefore the sample electrical resistivity for the Pedestal cases is lower than the Gaussian 

cases at these conditions (Figure 6.14).  

 

 

Figure 6.33: Microstructures of laser direct melting zone of sample (a) G-s-6/4-8-20 and (b) 

P-s-6/4-8-20 

 

If the scanning speed is reduced to 20mm/s, the microstructure of laser direct melting 

zone for both the Gaussian and Pedestal cases are exhibited in Figure 6.33 with a high 

magnification. The melted copper ‘dendrite’ can only be observed in the Gaussian case; 

while in Pedestal case, copper are agglomerated and can be thought as a partially melted 

state. For Gaussian beam, its central region has higher energy intensity compared with 

uniform Pedestal beam; as a result for a low input power of 8W, only Gaussian beam can 

create the melted phase in the centre. This changes the conductive mechanism and 

therefore the Gaussian cases exhibits a lower resistivity than the Pedestal cases at 20mm/s 

in Figure 6.14. 

 

The above comparison further indicates the controllability of the sample microstructure 
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by providing different laser beam irradiance distributions. However, due to the limitation 

of the current HOE galvo scanning system (low laser power and inaccuracy of real beam 

profile), the Pedestal beam does not exhibit a significant advantage when compared with 

Gaussian beam and it needs more investigations in future. 

 

6.5 Additive manufacturing of multi-layer embedded circuit system 

 

6.5.1 Circuit system design 

 

 

Figure 6.34: schematic representation of 3D embedded circuit system, where the black and red lines 

are the 1st and 2nd circuit layer; yellow blocks are electronic components 

 

In this section, a double layer circuit board with embedded electronic components is 

manufactured and tested. The system was designed as a timer circuit and its schematic is 
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same to the 2D flexible circuit system in the silver paste curing part, as shown in Figure 

5.17 in Section 5.5. However, to demonstrate a 3D circuit manufacturing process, the 

circuit system is divided into two different layers, with several vertical conductive 

pathways between them as the interconnections. The 3D circuit structure is shown in 

Figure 6.34.  

 

6.5.2 Additive manufacturing of 3D embedded timer circuits and its performance 

test 

 

This additive manufacturing process includes two different materials: the HDPE as 

substrate and copper/HDPE mixture as conductive track, therefore it is necessary to 

carefully design the laser scanning pattern and material deposition order. Since the 

Pedestal beam only has a maximum output power of 8W, which is too low to create a 

melted copper phase; in this section the Gaussian beam is selected. Figure 6.35 indicates 

the whole process from a transverse view:  

 

 A HDPE substrate is first manufactured using the technology described in Chapter 4, 

the scanning condition used (including the following HDPE supporting layer) is Gaussian 

beam, 10W power, 240mm/s scanning speed, 0.2mm scan spacing; then fix the substrate 

in the self-designed steel backup plate (Figure 4.1 in Section 4.1.1) to prevent thermal 

warping during laser processing (step 1); 

 Deposit the copper/HDPE powder mixture with a ratio of 6/4 using a blade, the layer 

thickness is set as 150μm (step 2); 

 Selectively laser melting using programme G-r-6/4-20-120 to create the 1st circuit 

layer, then blow the unmelted copper/HDPE mixture away (step 3); 

 Deposit HDPE powders and selectively laser melting to create the HDPE supporting 

layer (step 4); 

 Design and manufacture multi-layers circuit system and the supporting HDPE 

structure, the interconnection consists of 5 layers 1mm*1mm melted copper square (step 

5); 
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 Place electronic components in the designed slots and connect them with the copper 

tracks using silver paste, then move the whole system into a sealed glovebox (with Ar 

atmosphere) and heat for 0.5h at 80oC, then slowly cool it to room temperature, with the 

purpose of silver paste curing and thermal residual stress releasing (step 6); 

 

 

Figure 6.35: The additive manufacturing process of a 3D timer circuits system (transverse view) 

 

Figure 6.36 shows the generated sample at each step, where Figure 6.36.g and h are the 

sample image with a light source from the bottom. It indicates clearly the existence of 

two individual circuit layers and the square interconnections between them. The track 

widths are small enough for them to separate from each other and the sizes of designed 

slots are suitable for those components.  
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Figure 6.36: Finished sample at each step of the additive manufacturing process 

 

To check the performance of the manufactured circuit board, a voltage of 5V is applied 

and Figure 6.37 shows the LED flashing conditions, which are acquired from a video at 

different times. The results indicate the success of the embedded 3D circuit board 

manufacturing.  
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Figure 6.37: Flashing conditions of the LED acquired from a video 

 

6.6 Summary 

 

In this chapter it addresses the research question in Section 1.2: ‘Can we make circuits 

using low cost copper during laser processing without oxidation?’ by using SAM to 

protect copper from oxidation and making conductive copper tracks on HDPE substrate:  

 

 The copper/HDPE mixture was prepared in a powder form since it can be 

incorporated in the powder based laser additive manufacturing process. The 

copper/HDPE ratio was an important parameter since it determined the track conductive 

model after laser processing. 

 

In this chapter it also addresses the research question in Section 1.2: ‘Can we use laser to 

generate conductive circuits which have similar or improved performance compared with 

convectional?’ by melting copper particles and generating continuous conductive phase at 

some processing conditions: 

 

 At a copper/HDPE ratio of 3/7 (low copper content), the conductivity is believed as a 

result of copper particle contact. This will lead discontinuous of the conductive phase at 

some locations and therefore the measured resistivity for the G-s-3/7 is quite high (1000X 
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of bulk copper). During laser processing, the HDPE will be melted and evidence 

indicated the copper particles will flow with the HDPE melt. When a high input energy 

(high power or low scanning speed) is applied, the HDPE will be evaporated and a porous 

structure in the track will be generated.  

 

 At a copper/HDPE ratio of 6/4 (high copper content), the copper particles are melted 

and formed a continuous conductive pathway, where the electrons can transfer freely 

inside of it. The measured resistivity of this continuous phase (100X of bulk copper) is 

much lower than that in the ‘particle contact’ model. However, if a Gaussian beam with 

high input energy is applied, a strong outward movement of copper particles are 

generated due to the Marangoni force of HDPE melt and volume force of HDPE vapour; 

therefore the track will be damaged and the resistivity will be significantly increased.  

 

 At a pure copper case, the monitored temperature during laser melting is lower than 

that for copper/HDPE mixture since the copper has a low absorptivity for CO2 laser. The 

conductive phase is discontinuous in pure copper case, which is believed as a result of 

poor adhesion between copper track and HDPE substrate.  

 

 At a raster scanning programme the overall energy distribution on the surface is more 

uniform and larger melted region can be generated without damage track. This will 

effectively reduce the resistivity (20X of bulk copper) but increase the track width. 

Compared with the ICA (silver paste) cases described in Chapter 5, the melted copper 

even exhibits a lower resistivity, which is a significant advantage of this innovative 

copper/HDPE power mixture when used in circuits manufacturing. 

 

In this chapter it also addresses the research question in Section 1.2: ‘Does the 

redistribution of input energy provide a method of controlling/improving the properties of 

the resultant conductive circuits?’ by setting up a HOE based galvo scanning laser and 

comparing the difference between Gaussian and Pedestal beam cases: 
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 The HOE successful converts the Gaussian beam to a Pedestal beam, the constructed 

beam is square but has 3 high intensity spots in its energy distribution. The beam profile 

keeps constant at different locations in the focusing plane. 

 

 A Pedestal can create a copper track with more uniform thickness compared with the 

Gaussian beam at the same processing parameters. This is believed as a result of its 

uniform (nearly) energy distribution, where both outward Marangoni force during HDPE 

melt flow and volume force during HDPE evaporation are reduced. 

 

 In this chapter it also addresses the research question in Section 1.2: ‘Can we extend 

the present 2D circuit system to 3D using laser additive manufacturing technology?’ by 

manufacturing a complete 3D embedded circuit system: 

 

 For the 3D circuit system, the substrate and supporting structure were made from 

HDPE and the conductive track is made from melted copper. A double layer timer circuit 

pattern with vertical conductive interconnections is manufactured. During performance 

test the system works well and it successfully demonstrated a dissimilar material additive 

layer manufacturing process. 
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CHAPTER 7: CONCLUSIONS 

 

The main aim of this project was to create a functional 3D PCB system, which included 

the manufacturing of dielectric substrate and 3D conductive tracks inside of it. Traditional 

PCB manufacturing was a ‘2D circuit – 3D packing’ process, as discussed in Chapter 2, 

its main limitation was the low design freedom and large space requirements. Early 

concept of 3D PCB was moulded circuit board [48] or injected circuit board [47]; they 

both exhibited limitation in system design and manufacturing and not widely used in 

industry. The additive layer manufacturing technique developed in recent years provided 

a new opportunity to manufacture 3D complex structures and therefore, it was a main 

intention of this study to explore the potential of using laser additive manufacturing in 3D 

PCB manufacturing. 

 

The secondary major goal in this project was to investigate the material behaviour during 

laser processing, with the purpose of optimising the product performance. Previous 

researches mainly focused on the influence of laser parameters, where only the original 

round beams (Gaussian and Tophat) were adopted. This work introduced the HOE based 

beam reconstruction technique to achieve different beam profiles, and they were supposed 

to have different influence in material properties. Meanwhile, the whole laser processing 

situation was predicted by a FEM model in this work. The detailed conclusions were 

discussed in the following sections. 

 

7.1 Development of FEM model 

 

Although a lot of mathematic models [100, 150, 106] had been developed to describe 

laser welding/cladding cases, the influence of beam profiles was rare to be selected as a 

variable parameter. In this work, the FEM model in Chapter 3 was created based on two 

different beam profiles: ‘Gaussian’ and ‘Pedestal’, it was then tested and verified using 

HOE system in practical works. The established model was supposed to help the designer 
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to optimise the HOE design to gain better control in material properties. This novel 

production cycle was shown in Figure 7.1, which had not been reported in either laser 

processing modelling or HOE design part.  

 

Figure 7.1: The novel production cycle for a FEM assisted HOE design system 

 

The results and main contributions of the modelling work can be summarised as follow: 

 

 In this work, the FEM model included the prediction of temperature field, melt flow 

and phase transition conditions for both Gaussian and Pedestal beams. The ‘level set’ 

and ‘enthalpy-porosity’ methods were selected to represent the evolution of 

liquid/vapour and solid/liquid interface, respectively.  

 

 The 316L steel wire cladding was selected as first model verification case in this 

work. This work successfully demonstrated during molten pool formation, Pedestal 

beam leaded to a weaker outward flow when compared with Gaussian beam. This 

indicated from theoretical part that the material flow and product geometry were 

controllable by providing bespoke beam profiles. The simulation and experiment 

results had high similarity of 70-80%: at a condition of 260W and 1.6mm/s, wire 

processed by Gaussian beam keeps its original shape since the molten region is only 

restricted in the centre; however, the Pedestal beam can overcome the high heat loss 

rate at the wire edge and fully melt the wire. If a higher energy (300W) is applied, the 

molten pool penetration depth is significantly increased and a larger mixing zone is 
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formed. However, since the thermal resistance layer between wire and substrate was 

ignored in simulation work, it exhibited a deeper molten pool. 

 

 The mild steel keyhole welding was another case for model verification. In this part 

the phase transition from liquid to vapour was exhibited. The recoil pressure 

generated by evaporation is found as the primary force for keyhole development. 

Keyhole depth oscillation is also reported as a result of equilibrium between recoil 

pressure and hydrostatic force on the keyhole wall. When heating is stopped, recoil 

pressure disappears and keyhole collapse is observed under the effect of hydrostatic 

force. 

 

 The last verification case of the modelling work was the HDPE powder melting. The 

modelling work also had a high similarity (70-80%) with the experiment work: at a 

condition of 2W and 10mm/s, only melting occurred; a small ramp was observed in 

Gaussian beam case and it represented the circulation flow inside the molten pool; at 

a condition of 4W and 10mm/s, evaporation occurs; the Gaussian beam will create a 

bowl shape groove on the sample but Pedestal can still keep the slot front flat. 

However, since the powder was simplified to a dense material form, its consolidation 

during laser melting was unable to simulate. As a result samples generated in 

experiment exhibited a curved surface but the simulation predicted a flat surface. 

 

The current work successful established the model but it did not include the HOE 

optimisation step in Figure 7.1, which should be added in future works. 

 

7.2 Circuit substrate manufacturing using HDPE powder 

 

The circuit substrate was a dielectric component and suitable to be created using laser 

additive manufacturing. However, one of the main challenges was the selection of 

material. Early products such as nylon-12 exhibited high porosity [67] after processing, 

which was not suitable for conductive material deposition when it was used as a substrate; 
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and its low Eab (about 15%) [67] also restricted its application in industry. This work 

successful developed another material – HDPE in laser additive manufacturing, the main 

results and contributions in substrate manufacturing can be summarised as follow: 

 

 Commercial laser additive manufacturing process used pre-heating method to avoid 

sample warpage; however HDPE was thought as unsuitable for this process due to its 

narrow super-heating region (Section 2.2.3). In Chapter 4, this work adopted a 

supporting structure technique which normally used in metal additive manufacturing. 

The 3D HDPE component could be constructed without bending. It had improved the 

possibilities for future researchers to expand the potential for the technology to be 

implemented to a wider range of material applications. 

 

 Fully dense HDPE component was created at a laser processing condition of 

Gaussian beam, 20W input power, 240mm/s scanning speed, 0.2mm scan spacing 

(G-20-240-0.2). Its tensile strength (7.97±0.03 MPa) and Eab (92.7±6.8%) were 

comparable with those of compression moulding samples (7.88±0.01 MPa; 

143.2±2.9%). At low input energy conditions (low power or high scanning speed), 

the HDPE powder was partially melted and a lot of air-traps are observed in the 

product, which leaded to low tensile strength. As the input energy increased, the 

degree of particle melting (DPM) was increased and therefore the tensile strength 

increases. However, if excessive input energy was applied, degradation bubbles are 

generated inside the product and the tensile strength would be reduced.  

 

 Thermal analysis was also carried out in this work and the crystallisation mechanism 

of HDPE during laser processing was revealed. In this work, a melting phenomenon 

form particle surface to its core was observed using hot stage microscope, which 

confirmed a degree of particle melt (DPM) theory during laser additive 

manufacturing raised by previous research [68], i.e. at low input energy the particle is 

partially melted and DPM can be used for quantitative analysis.  
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 The DSC tests in this work exhibited a 2nd order phase transition ‘ramp’ and it was 

found as an evidence for the existence of imperfect crystalline (small spherulites). As 

the increasing of input energy, this ‘ramp’ was found shifting towards low 

temperature direction, which was explained as the increasing of small spherulites in 

this work. This result indicated DSC could be used as an effective method to analyse 

the thermal history during laser processing, since this process is too rapid to be 

recorded by other facilities. 

 

7.3 Circuit manufacturing using silver paste / copper mixture and 3D embedded 

system fabrication   

 

A lot of different types of conductor were investigated in early researches, such as 

conductive inks, pastes and particles. In this work, silver paste was firstly selected in this 

work since it was highly commercialised. However, laser was still a new technique for 

paste curing and the influence of different beam profiles in product properties had never 

been investigated. The main results and contribution in laser curing of silver paste were 

summarised as follow: 

 

 A CNC scanning system was selected in silver paste curing and both Gaussian and 

Pedestal beams were used as the heating source. By using a Gaussian beam, the silver 

track would be damaged if the input power was higher than 2.3W or scanning speed 

was lower than 0.6mm/s, which was believed as a result of over-heating in centre of 

the track. It would also lead to obvious thermal ejection due to the high Marangoni 

force, which had been proved in simulation work in Chapter 3. The Pedestal beam 

exhibited a more stable curing process due to its uniform energy distribution. 

However, if a very low scanning speed (<0.3mm/s) was selected, large bubbles are 

formed and this should be avoided in further manufacturing.  

 

 The laser cured silver paste exhibited its lowest electrical (0.65±0.03*10-4Ωcm) at 

Pedestal beam, 2.3W input power, 0.3mm/s scanning speed (P-2.3-0.3); which was 
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even lower than oven cured sample (1.32±0.04*10-4Ωcm). The microstructure 

revealed that during laser curing degradation bubbles were formed and this would 

reduce the distance between different silver flakes. Considering from both electrical 

conductivity and sample morphology, the best laser curing condition was P-2.3-1.6 

(1.63±0.04*10-4Ωcm).   

 

 A 2D 555 timer circuit board was manufactured by fabricating silver paste on HDPE 

substrate, which was followed by laser curing and electronic component deposition. 

Since both the thin HDPE substrate and cured silver track had an acceptable 

flexibility, the circuit board could be bended and the system was still working. 

 

However, silver paste was not suitable for 3D deposition by stencil printing or screen 

printing which were adopted in this project. In other work [53], a micro dispensing 

technique was selected to create 3D silver paste tracks but it was difficult to integrate it 

into the laser additive layer manufacturing process. As a result, a powder formed 

conductor was developed in this work using copper/HDPE mixture. This would make it 

possible to deposit both the substrate material and circuit material using the same method, 

as a dissimilar material additive manufacturing process. The first test was Gaussian beam 

melting of copper/HDPE mixture and its main results and contributions were summarised 

as follow: 

 

 The copper powder was coated with a SAM and it was used to protect the copper 

core from oxidation. The copper particles were found well distributed among the 

HDPE particles after a centrifugal mixing.  

 

 At a low copper/HDPE ratio of 3/7, the lowest electrical resistivity 

(26.61±0.64*10-4Ωcm, G-s-3/7-20-80) was even found as >1000 times of pure 

copper (1.72*10-6Ωcm). At these cases, the conductivity was believed as a result of 

copper particle contact and therefore quite low. During laser processing, the HDPE 

would be melted and evidence indicated the copper particles moved with the HDPE 
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melt. When a high input energy was applied, the HDPE would be evaporated and a 

porous structure in the track was generated. 

 

 At a high copper/HDPE ratio of 6/4, the electrical resistivity (1.94±0.07*10-4Ωcm, 

G-s-6/4-20-80) during single track scan was found reduced to 100 times of pure 

copper. The microstructure revealed that melting/partial melting of copper particles 

occurred without damaging the HDPE substrate. A continuous conductive pathway 

was formed and electrons can move freely inside it. It was also found that excessive 

input energy would not help to reduce the resistivity but evaporated HDPE and 

generated strong volume force, which would eventually damage the melted copper 

track. If a raster scanning programme was applied, the resistivity 

(0.35±0.04*10-4Ωcm, G-r-6/4-20-80) could be further reduced to 20 times of bulk 

copper. This programme could create a more uniform overall energy distribution on 

the surface and created large melted region, as a result, the resistivity was reduced 

without damage the track. Compared with the silver paste described in Chapter 5, the 

raster scan cases even exhibited lower resistivity, which was believed as a significant 

advantage of this innovative copper/HDPE power mixture when used in circuit 

manufacturing. However, the problem of this programme was the width of the track 

would be significant increased (172±8%).  

 

 At a pure copper melting case, the conductive pathway was found discontinuous, as a 

result of poor adhesion between copper track and HDPE substrate. In addition, the 

monitored temperature during laser melting was lower than that for copper/HDPE 

mixture since the copper had a low absorptivity for CO2 laser.  

 

The raster scanning programme exhibited an advantage in copper particle melting and the 

Pedestal beam was therefore supposed to have the same benefit but without increasing the 

width of generated track. In this work, a HOE based galvo scanning laser was set up the 

main results and contributions can be summarised as follow:  
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 The idea of combining HOE and galvo scanner together to reconstruct beam profiles 

at high scanning speed condition in this study had never been reported in any other 

literatures. The burn print test indicated that the created beam has a square shape but 

its energy distribution was not an idea pedestal shape, since the designed beam size 

was too small to keep a high resolution. However, this beam still exhibited high 

robust during galvo scanning process, i.e. the alteration in spot location on the datum 

plane had insignificant influence in beam profile. 

 

 By using the Pedestal beam the outward movement of copper particles could be 

reduced, which was believed as a result of weaker Marangoni force (HDPE melt flow) 

and volume expansion force (HDPE evaporation). This would lead to lower 

resistivity of the Pedestal cases at high scanning speeds (8W-40mm/s and 

8W-60mm/s). Moreover, the widths of generated track in Pedestal cases were found 

only 89±3% of Gaussian cases. However, at low scanning speed (8W-20mm/s), the 

Gaussian case was found melted in the central region, while Pedestal case was only 

partially melted and exhibited higher resistivity.  

 

Although the Pedestal beam had some advantages in copper particle movement control, 

the current laser source used in the HOE galvo scanning system only had an original 

output of 10W (8W after beam reconstruction), which was too low to create a fully 

melted copper phase using Pedestal beam. As a result, considering from both electrical 

conductivity and track resolution, the best processing condition was G-r-6/4-20-120 

(resisitivity 0.79±0.03*10-4Ωcm, width 1.26mm).   

 

 This work integrated the additive manufacturing of HDPE supporting structures and 

copper conductive tracks in one system. A multi-layer 555 timer circuit board with all 

electronic components embedded in the system was designed and successfully 

demonstrated. This system worked well during the performance test. This device 

indicated the opportunities to manufacture functional complex system using additive 

manufacturing in future. 
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So now it had been shown that the simulation work can help to design the input laser 

energy in manufacturing, the spatial control of input energy provided new opportunity to 

generate materials with designed structures, therefore the mechanical properties, electrical 

properties and et al. This could now be expanded to generate materials of improved 

performance over conventionally produced materials. And the additive process could be 

used to manufacture dissimilar materials system with high complexity. 
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CHAPTER 8: FURTHER WORK 

 

The previously discussions and conclusions reveal additional questions and opportunities 

for further innovation. A suggestion of further research is outlined in this chapter. 

 

 Improvement of the simulation work: The current model was established on bulk 

materials, but the material used in additive manufacturing is in powder form. As a 

result it is unable to simulate some processes such as powder consolidation during 

melting. To improve the current model, the granular flow mechanism of powder 

should be included. Moreover, a 3D model could be established to replace the 2D 

model; it is not difficult to convert 2D to 3D from mathematic view but the 

computational resource consumption should be carefully concerned. Some 

simplifications on the model and optimisations on the solver must be used. 

 

 Improvement of the HOE galvo system: The constructed beam used in current 

work is not an idea Pedestal, which is a result of the HOE optic design. The required 

beam size is too small to keep the output beam profile at high resolution and new 

design must be made. In addition, the power of the laser source used in the HOE 

system is too low and a higher laser power should be used in future. 

 

 Using different beam irradiance distributions: Using HOE to produce a 

completely customised beam profile is an effective method to control the product 

properties. This project used a Pedestal beam but more beam irradiance distributions 

should be investigated in further work. For instance, during the copper/HDPE 

conductive track melting, a ‘Rugby Post’ beam with high energy intensity at the edge 

can be selected to generate force to lead an inward movement of copper particles, 

which might make a dense copper phase in the centre. During substrate 

manufacturing, a thermal ramp could be positioned before/after the primary beam to 

provide a pre-heating/post-heating of the material. 
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 Using different materials: Alternative polymers such as polypropylene, 

polycarbonate and possibly composites should be investigated as the substrate 

material, since they may provide a better mechanical property. The conductive track 

material should still focus on copper but alternative matrix could be used.  

 

 Generating dense conductive track: The main challenge of the current 

copper/HDPE system is its high porosity after partially melting. Possible solutions 

include using desirable beam profile to control copper particle movement and 

selecting small particles to generate a fully melting instead of partially melting. 

 

 Investigating 3D circuit structure: The current work successful demonstrates the 

manufacturing process of a 3D conductive system but additional investigation should 

be carried out in the conductive properties in Z direction. New laser beam profile 

should be designed to control the interface properties between different conductive 

layers. 

 

 Building machine for dissimilar materials additive manufacturing: Manually 

powder deposition is used in current work. This could be replaced by CNC system, 

where the substrate powder is deposited using powder bed and roller; the conductive 

powder is deposited using powder feeding nozzle. This two deposition process could 

be integrated into one hybrid system with computer numerical control. 
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APPENDIX 

 

Appendix A: Thermal camera calibration 

 

 

Figure A.1: (a) Setting up of the IR camera calibration system; (b) location of the measured point 

 

The calibration of the IR thermal camera (Thermovision A40m, FLIR) itself was carried 

out by FLIR System, Inc. This work will only focus on the temperature difference caused 

by filter system. As indicated in Figure A.1.a, the calibration system was set up by 

pointing the IR camera to an iron block in a furnace. The block was heated to 1500oC and 

then cooling in ambient air. The measurement was carried out at the highest recording 

rate (50 fps) and no filter was applied on the camera lens for the 1st run. After reaching 

the room temperature the blocked was heated up to 1500oC again for the 2nd run and the 

filter (SWBP-8486-000816, Northumbria Optical Coating Ltd) was placed in front of the 

lens. The temperature of the point in Figure A.1.b was extracted for both the two runs and 

the plot of measured temperature with filter against direct measured temperature is 

indicated in Figure A.2. 
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Figure A.2: Calibration plot of temperature with filter against direct measured temperature 
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Appendix B: Original stress-strain plots for HDPE tensile test 
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Figure B.1: Original stress-strain plots for HDPE tensile test (‘G-X-X-X’ represents ‘Gaussian 

beam-power-scanning speed-scan spacing’) 
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Appendix C: Resistivity claculation for silver paste tracks 

 

Table C.1: The resistivity comparisons of silver paste tracks cured at different conditions 

A. laser cured sample 

Power 

(W) 

Scanning speed 

(mm/s) 

Resistivity 

(*10-4Ωcm) 

Mean Resistivity 

(*10-4Ωcm) 

Standard 

Deviation 

Gaussian beam 

1.5 1 2.61 2.65 2.76 2.67 0.08 

1.9 1 2.24 2.34 2.58 2.39 0.17 

2.3 0.1 0.96 0.96 1.02 0.98 0.03 

2.3 0.3 0.74 0.79 0.82 0.78 0.04 

2.3 0.6 1.17 1.16 1.24 1.19 0.04 

2.3 1 1.33 1.38 1.42 1.38 0.05 

2.3 2 1.5 1.51 1.56 1.52 0.03 

2.3 3 2.25 2.34 2.38 2.32 0.07 

2.7 1 1.42 1.43 1.54 1.46 0.07 

3.1 1 2.33 2.5 2.56 2.46 0.12 

Pedestal beam 

1.5 1 2.79 2.86 2.91 2.85 0.06 

1.9 1 1.7 1.71 1.84 1.75 0.08 

2.3 0.1 0.64 0.68 0.73 0.68 0.05 

2.3 0.3 0.61 0.66 0.67 0.65 0.03 

2.3 0.6 1.04 1.14 1.17 1.12 0.07 

2.3 1 1.58 1.66 1.66 1.63 0.05 

2.3 2 1.69 1.8 1.84 1.78 0.08 

2.3 3 1.85 1.95 2.04 1.95 0.10 

2.7 1 1.28 1.31 1.35 1.31 0.04 

3.1 1 1.31 1.31 1.37 1.33 0.03 
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B. oven cured sample 

Temperature 

(oC) 

Time (h) 

Resistivity 

(*10-4Ωcm) 

Mean Resistivity 

(*10-4Ωcm) 

Standard 

Deviation 

150 0.5 1.28 1.34 1.35 1.32 0.04 

Note: the cross-section area for all samples are used as 0.0875mm2 
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Appendix D: Resistivity calculation for copper/HDPE tracks 

 

Table D.1: The resistivity comparisons of sintered copper/HDPE mixture at different conditions (the 

measured length is fixed as 1cm) 

Copper 

content 

Beam 

shape 

Power 

(W) 

Scanning 

speed (mm/s) 

Resistance value 

(Ω/cm) 

Cross-section 

area 

(*10-4cm2) 

Mean 

Resistivity 

(*10-4Ωcm) 

Standard 

Deviation 

Single track scan 

30% G 10 120 N/A N/A N/A 2.79 N/A N/A 

30% G 10 100 N/A N/A N/A 4.02 N/A N/A 

30% G 10 80 15.28 15.73 18.32 5.85 96.19 9.59 

30% G 15 120 12.22 14.13 19.52 6.04 92.35 22.86 

30% G 15 100 5.73 6.71 6.72 6.28 40.11 3.57 

30% G 15 80 6.11 6.18 6.64 7.42 46.82 2.13 

30% G 20 120 4.97 5.52 5.54 6.1 32.59 1.97 

30% G 20 100 3.14 3.92 4.08 7.51 27.89 3.77 

30% G 20 80 3.32 3.37 3.48 7.85 26.61 0.64 

40% G 20 120 4.03 4.2 4.86 3.61 15.75 1.58 

50% G 20 120 3.07 3.51 3.51 2.2 7.34 0.55 

60% G 10 120 N/A N/A N/A 5.26 N/A N/A 

60% G 10 100 5.29 5.41 5.45 5.88 31.65 0.48 

60% G 10 80 1.72 1.89 2.01 6.41 12.01 0.93 

60% G 15 120 3.43 3.44 3.58 5.44 18.95 0.45 

60% G 15 100 1.58 1.77 1.79 5.68 9.73 0.65 

60% G 15 80 1.23 1.41 1.72 6.51 9.46 1.61 

60% G 20 140 2.44 2.82 3.16 3.23 9.07 1.16 

60% G 20 120 0.94 1.21 1.33 3.11 3.61 0.62 

60% G 20 100 0.62 0.62 0.65 3.36 2.12 0.05 

60% G 20 80 0.41 0.42 0.44 4.59 1.94 0.07 
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60% G 20 60 0.8 0.85 0.85 6.32 5.27 0.18 

60% G 20 40 16.33 16.82 19.05 6.97 121.28 10.10 

60% G 25 120 1.38 1.51 1.55 3.35 4.96 0.29 

60% G 30 120 3.68 4.42 4.73 4.96 21.21 2.67 

60% G 35 120 33.19 35.31 45.34 5.23 198.46 33.94 

60% G 40 120 N/A N/A N/A 5.92 N/A N/A 

60% G 8 60 1.33 1.35 1.49 2.46 3.42 0.21 

60% P 8 60 1.13 1.24 1.25 2.51 3.03 0.17 

60% G 8 40 0.73 0.85 1.02 3.47 3.01 0.51 

60% P 8 40 0.89 0.94 1.02 3.02 2.87 0.20 

60% G 8 20 0.37 0.39 0.39 5.79 2.22 0.07 

60% P 8 20 0.42 0.43 0.49 5.68 2.54 0.22 

70% G 20 120 1.17 1.52 1.58 3.3 4.68 0.73 

100% G 20 120 N/A N/A N/A 1.86 N/A N/A 

          

Raster scan 

60% G 10 120 0.7 0.71 0.82 4.82 3.58 0.32 

60% G 10 100 0.37 0.48 0.52 5.71 2.61 0.44 

60% G 10 80 0.42 0.42 0.47 6.83 2.98 0.19 

60% G 15 120 0.14 0.15 0.17 6.08 0.93 0.09 

60% G 15 100 0.12 0.16 0.18 6.74 1.03 0.20 

60% G 15 80 0.09 0.09 0.11 7.51 0.73 0.08 

60% G 20 120 0.12 0.12 0.13 6.41 0.79 0.03 

60% G 20 100 0.06 0.06 0.06 7.12 0.43 0 

60% G 20 80 0.04 0.04 0.05 8.06 0.35 0.04 

          

 

 

 


