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Additive manufacturing processes have been developed to a stage where they can now be used to manufacture net-shape high-value components. Selective Laser Melting (SLM) comprises of either a single or multiple deflected high energy fibre laser source(s) (e.g. 200 – 400 W each) to raster scan, melt and fuse layers of metallic powdered feedstock. The beam(s) is(are) deflected by a Scanning Galvo Mirror System and an F-theta lens is used to provide a flat field at the image plane of the scanning system. However, this deflected laser raster scanning methodology is high cost (addition of multiple high-power deflected lasers in SLM for increase productivity can suffer penalties of ~£170K for each additional laser), energy inefficient (wall-plug efficiency of typical SLM fibre laser sources ~50 % [1]) and encounters significant limitations on output productivity due to the rate of feedstock melting (e.g. typical theoretical build rate of SLM of stainless steel <2.8 mm3/s (<10cm3/min) [2]). This work details the development of a new additive manufacturing process known as Diode Area Melting (DAM) featuring multiple high efficient laser sources (i.e. >60 % wall-plug efficiency [1]) with scalability potential (<£100 penalty per additional laser beam for increase productivity). This process utilises customised architectural arrays of low power laser diode emitters (i.e. ~5W laser power) for high speed parallel processing (theoretical build rate of scaled DAM of stainless steel >2.8 mm3/s (>10cm3/min)) of metallic feedstock. Individually addressable diode emitters are used to selectively melt feedstock from a pre-laid powder bed. The laser diodes operate at shorter laser wavelengths (808 nm) than conventional SLM fibre lasers (1064 nm) theoretically enabling more efficient energy absorption for specific materials [3][4]. The melting capabilities of the DAM process were tested for low melting point eutectic BiZn2.7 elemental powders, AlSi12 and higher temperature pre-alloyed 17-4 and 316L stainless steel powders. The process was shown to be capable of fabricating controllable geometric features with evidence of complete melting and fusion between multiple powder layers.

This investigation presents a parametric analysis of the DAM process, identifying the effect of powder characteristics, laser beam profile, laser power and scan speed on the porosity of a single layer sample. Also presented is the effect of process energy density on melt pool depth (irradiated thermal energy penetration capable of achieving melting) on 316L stainless steel powder. An analysis of the density and the melt depth fraction of single layers is presented in order to identify the conditions that lead to the fabrication of fully dense DAM parts. Energy densities in excess of 86 J/mm3 were theorised as sufficient to enable processing of fully dense layers.

Finally, this investigation presents the first work modelling the DAM process, detailing the unique thermal profiles experienced with the laser processed powder bed. Process optimisation is improved through modelling thermal temperature distribution, targeting processing conditions inducing full melting for variable powder layer thickness. In this work the developed thermal model simulates the processing of 316L stainless steel and is validated with experimental trials.

Key findings that have been identified in the present research include the following:
· Edge emitting diode laser modules featuring multiple ~5 W emitters, can be used directly in AM of metallic components.
· Typical 808 nm diode lasers wavelength enables high laser absorption mechanisms in a metal powder-bed based AM process, which in turn allows the use of lower laser power (<5 W) than the conventionally used in SLM (100-400 W).
· Temperatures in excess of 1450 ºC can be reached in metallic powder beds (stainless steel) with <5 W diode-laser spots using appropriate optical mechanisms to collimate and focus the low-quality beam (27º and 7º divergence in the fast and slow axis respectively) down to <250 µm melting spots.
· It has been identified the ability to near-net shape and process material with melt temperatures in excess of 1450 ºC (i.e. stainless steel powder) using multiple individually addressable and non-deflected low power diode laser beams in order to scan in parallel, selectively melting material from a powder bed.
· DAM process parameters including laser beam profile (i.e. spot spacing and spot dimensions), particle size distribution (emissivity and conductivity of the powder), laser power and scan speed affect the porosity and melt-pool uniformity of DAM components.
· An energy density of 86 J/mm3 can be theorised as the minimum required for fully dense DAM (stainless steel) components.
· Effective melt area in DAM can be 6.67 % in excess of the actual spots size (i.e. 4.75 mm laser beam width has an effective melt width of 5.067 mm).
· Temperature gradients and cooling rates during DAM processing of metallic feedstock are similar to optimised pre-heated SLM mechanisms with low residual stress formation.
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T			Temperature (ºC, K)
A			Absorption (%)
R			Reflection (%)
r			Radius (mm, µm)
P			Power (W)
TS			Surface temperature (ºC, K)
TA			Ambient temperature (ºC, K)
AH			Area fraction (mm2)
I			Power intensity (W/mm2)
A			Area (mm2)
df			Focal diameter (mm)
M2			Beam quality factor
			Unfocused beam diameter (mm)
f			Focal length (mm)
k			Effective thermal conductivity (W/m-K)
kg			Thermal conductivity of the continuous gas phase (W/m-K)
ks			Thermal conductivity of the skeletal solid (W/m-K)
kR			Conductivity by thermal radiation (W/m-K)
xR			Effective length (mm)
V			Scanning velocity (mm/s)
Ex			Exposure (s)
qa			Energy absorbed (J)
qi			Total energy emitted (J)
hv			Radiation (J/s)
Ef			Energy density factor (W/mm2)
PD1			Particle Diameter 1 (mm)
PD2			Particle Diameter 2 (mm)
			Heat Flux Vector Heat Value (W/m2)
			Conduction Vector Heat Value (W/m2)
			Convection Vector Heat Value (W/m2)
b			Base (mm)
h			Height (mm)
cf 			Coefficient factor
Ir			Energy density in the radial direction (J/m3)
			Energy density in the z-direction (J/m3)
		Energy of modified prismatic model (J)
			Heat flux (J/m3)
NT			Nodal Temperature (ºC)

α			Absorption coefficient 
ε			Emissivity coefficient
εH			Emissivity of the hole
εS			Emissivity of the solid
γ			Surface tension (N/m)
λ			Wavelength (nm)
σ 			Stefan-Boltzmann constant (W/m2K4)
 			Fractional porosity
ø 			Flattened surface fraction 
B 			Deformation parameter of the particle
ηg			Laser generator efficiency
ηth			Heat transfer efficiency
			Beam divergence at the FWHM-level (degrees, mrad)
ϑ			Radial beam divergence (degrees, mrad)
θ			Total beam divergence (degrees, mrad)
δ			Melt depth fraction
ρtop surface		Top surface density
φtop surface		Top surface porosity
ρcross-micro		Cross-sectional micro density
φcross-micro		Cross-sectional micro porosity
ρcross-macro		Cross-sectional macro density
φcross-macro		Cross-sectional macro porosity

[bookmark: _Toc497898893]Abbreviations

AM			Additive Manufacturing
SLM			Selective Laser Melting
DAM			Diode Area Melting
FE			Finite Element
FEA			Finite Element Analysis
FEM			Finite Element Method
CAD			Computer Aided Design
CW			Continuous Wave
TEM			Transverse Electromagnetic Mode
TE			Transverse Electric Mode
DL			Diode Laser
HPDL			High Power Diode Laser
Nd:YAG		Neodymium-doped Yttrium Aluminium Garnet
ILT			Institute for Laser Technology
DiAM			Diode-based Additive Manufacturing 
FWHM			Full Width Half Maximum
FW			Full Width
FAC			Fast Axis Collimator
SAC			Slow Axis Collimator
DMLS			Direct Metal Laser Sintering
EBM			Electron Beam Melting
HSS			High Speed Sintering
SLS			Selective Laser Sintering 
FIB			Focused Ion Beam
NA			Numerical aperture
LBP			Laser Beam Profile
SEM			Scanning Electron Microscope
DOE			Design of Experiments
ALM			Additive Layer Manufacturing 
MPHF			Modified Prismatic Laser Heat Flux 
ASTM			American Society for Testing and Materials
BS			British Standard
P1			Principal plane 1
P2			Principal plane 2
Bi			Bismuth
Zn			Zinc
Al			Aluminium
SS			Stainless Steel
F1st			Fast axis optical optimisation mechanism no. 1
S1st			Slow axis optical optimisation mechanism no. 1
F2th			Fast axis optical optimisation mechanism no. 2
S2th			Slow axis optical optimisation mechanism no. 2
FLBP1			LBP1 fast axis optical configuration mechanism
SLBP1			LBP1 slow axis optical configuration mechanism
T1			Optimisation Treatment no. 1
T2			Optimisation Treatment no. 2
T3			Optimisation Treatment no. 3
Re			Recoating
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1. [bookmark: _Toc497898898]Introduction
Additive Manufacturing (AM) is a process of manufacturing components usually layer upon layer based on digital 3D computer-aided design (CAD) models [28]. Opposite to traditional material-subtraction manufacturing techniques (e.g. casting, moulding and machining), AM adds material layer upon layer to form a 3D component. Advantages of AM technologies over traditional manufacturing processes include the following [29] [30]: non-requirement of special tools for the fabrication of parts, which promotes more favourable labour costs; high flexibility in manufacturing components with any customised geometry; reduction of material waste and manufacturing time; overcoming of physical manufacturing limitations, enabling design of complex, weight-efficient components; and feasibility of fabricating heterogeneous compositions, promoting a drastic simplification of the supply chain. 

AM processes can be used to process a variety of materials, including: metals, plastics, ceramics, composites and biological materials [30]. The UK National Strategy for Additive Manufacturing defined the sectors of Aerospace, Space, Automotive and Defence, as key sectors for developing AM technologies within the UK industry. From these, the research and development of metal AM technologies is of special interest [31]. Selective Laser Melting (SLM) is the most widely used and studied of the metal AM technologies and is regarded as the most versatile AM process because of its wide spectrum of materials that can process [32]. Typical SLM machines use Nd:YAG fibre lasers with 1.064 µm wavelength and laser power ranging from 200-400 W. The laser is deflected by a Scanning Galvo Mirror System and an F-theta lens is used to provide a flat field at the image plane of the scanning system.  Typical scan speeds in SLM can range from 160-250 mm/s and build rates from 1.2 – 3.5 mm3/s (4.32 – 12.6 cm3/h) [2] depending on the process material. Near fully dense SLM components can be produced without the need of post-processing steps (i.e. heat treatments and/or machining) [33][34]. The resultant mechanical properties of SLM built components can be comparable to those manufactured using conventional manufacturing techniques [35].  Advantages of SLM in the mechanical properties of process 316L stainless steel include: higher strength compared to the rolled condition, higher yield strengths than those for wrought products while maintaining high elongation values and homogeneous and similar hardness compared to wrought material [35]. Furthermore, mechanical properties of SLM components can be tuned depending on the requirement, by varying process parameters during the process which in turn has an influence on the final microstructure of the parts [36]. It can be concluded that SLM offer multiple advantages over conventional manufacturing techniques. 

Nonetheless, current SLM limitations can be identified that limit its full adoption in industry, namely: it has process speed limitations that make it a relatively slow process for mass production, acute size restrictions, high power usage (i.e. high energy consumption), high initial costs, among others [32]. High thermal gradients within SLM promote high accumulation of residual stresses during the rapid laser melting and solidification process, leading to parts’ cracking in brittle materials and high temperature materials that cannot handle high internal stresses during the fabrication process. This can be overcome by reducing the cooling rate using preheating mechanisms [37] [38]. 

1.1. [bookmark: _Toc497898899]Diode lasers – an alternative for high speed additive manufacturing of metals 
High power diode laser (HPDL) modules with individual beam shaping and power ranging from 30-100 W are currently used in direct material processing applications such as transformation hardening, soldering, laser forming, welding, among others [39] [40] [41]. High energy conversion efficiency, low cost, compactness, wavelength tunability and other diode lasers’ characteristics, make them potential candidates for becoming the main melting source for the next generation of laser-based metal AM equipment. It has been described previously current SLM drawbacks that limit full industrial adoption (e.g. slow process, size restrictions, high costs, etc.). State-of-the-art research is leading on the use of HPDL in metal AM methodologies to overcome such limitations [42] [43] [44]. Laser diodes’ compactness and low cost allow for potential scalability of multi-beam processing which aims to increase speed and processing area. The high energy conversion efficiency of laser diodes promotes such scalability without significant increase of power. However, HPDL’s beam characteristics (e.g. poor quality and high divergence) limit their direct use in metal AM applications. To overcome these limitations, fibre-coupled HPDL modules [42] [43] and hybrid ‘diode laser - Q-switched pulsed laser’ arrays [44] have been used in recent investigations. To date, no work has been conducted in investigating direct AM applications of HPDLs without using fibre coupling or other hybrid arrays. The present work investigates the direct use of HPDL in metal AM applications and presents a new powder-bed-based methodology denominated Diode Area Melting (DAM). 

1.2. [bookmark: _Toc497898900]Novelty Statement
In SLM, laser power is usually increased (either by using a very high power single laser or multiple high power lasers) in order to increase process speed and reduce total production time [45] [46] [42] [47] [48]. However, it is widely known that higher laser power results in high temperature gradients and high residual stress build-up during the process. Increasing laser power while using conventional SLM low efficient laser sources results in significant increase of total energy consumption (the laser unit in SLM machines consumes 68% of the total machine tool power [20]). Further to this, increasing laser power does not help with increasing scalability of the process. The conventional galvo scanning strategy of SLM limits the scalability of the working area even if higher power is used. The laser-deflecting mechanism restricts uniform melting of large processing areas. An alternative approach for escalating processing speed includes the use of multiple deflected high power lasers. However, using multiple high power lasers rises proportionally the amount of total energy input making the process less energy efficient. In addition, the use of multiple laser units with galvo scanning mirrors may increase significantly processing and operative costs (typical SLM machines purchase cost can increase from £217K to £725K for single-beam (slow) and 4-beams (faster) printers respectively [49]. This means a penalty of ~£170K per additional laser beam for increase productivity) and complex process strategies would be required in areas of overlapping beams [42]. In such areas, the definition of usable beam offsets is of critical importance because the melt-pool dynamics do not favour every beam offset. A badly chosen beam offset may drop rapidly the part’s density. A multi-beam strategy of high-power deflected beams, is limited due to the necessary calibration procedure and the temperature stability of the machine so that no unintended offset is added during the process. The overall heating of the building plate to very high temperatures due to the use of multiple high-power lasers, increases the challenge of machine design significantly and does not allow a specific adjustment of the processing strategies for different parts in a single build [38].

The use of a fixed array of multiple parallel melting spots within a “print head” is a promising approach to overcome SLM speed (typical theoretical build rates <2.8 mm3/s (<10cm3/min) [2]) and scalability (~£170K penalty for each additional laser [49]) limitations. The characteristics of diode lasers make them the ideal candidates to form such an array. Previous work has been conducted in this direction, using HPDLs within a “print head” to increase speed and improve scalability potential [42] [43] [44]. However, high laser powers are still being used ranging from 200 W – 5kW.
 
To date, the direct use of low-energy laser sources in metal AM processes has not been explored. The present work presents the development, testing and modelling of a new beam architecture of multiple low-energy laser emitters for AM applications. A “print head” featuring multiple ~3 W laser diode beams has been tested for scanning and melting large areas of a metallic powder bed. To the present day, the use of such low-powered laser sources in AM of metallic components has not been investigated. The potential of laser diodes’ wavelength has not been thoroughly investigated for processing metallic powder using single ~3 W laser beams harnessing the high laser absorption of metals at lower wavelengths. In the present work, a new AM methodology denominated Diode Area Melting (DAM) is presented. The DAM methodology aims to overcome current SLM by using highly-efficient (>60 % wall plug efficiency), low-cost laser diode modules (each module featuring 19 emitters can cost ~£1500 with optics included) to scan/melt large areas of a powder bed by using a non-deflected multi-beam scanning approach of highly absorptive 808 nm beams (certain metals, e.g. Aluminium, can increase their laser absorption by 200% by using 808 nm wavelength compared to the conventional 1.064 µm [3]). DAM benefits from low laser power and high absorption, which, in contrast with SLM, enhance the energy efficiency of the process. Also, low cost of DAM laser units allows for dimensional scalability and build rate improvement by using tens or hundreds of laser emitters (e.g. at ~100 W total laser power, typical theoretical build rate of SLM of stainless steel <2.8 mm3/s can be improved to >2.8 mm3/s by scaling up the DAM process to 133 laser emitters (i.e. 7 modules featuring 19 emitters each) and using 100 µm spot diameter (as typically used in SLM) and 100 µm spot spacing). DAM is a powder bed based AM methodology with good scalability potential due to the high compactness and low purchase/operative costs of the lasers used. 

1.3. [bookmark: _Toc497898901]Aims and objectives
The aim of the present research is to develop a new AM methodology capable of addressing current SLM limitations, using commercial laser diode modules in a direct powder bed based AM application. For this, the design, development and construction of a new test rig is needed for conducting experimental investigations. Also required is the development of a Finite Element (FE) model capable of predicting temperature evolution within the process. Coupling experimental findings with the simulation model will provide further knowledge regarding behaviour and potential optimisation of the presented methodology.

1.3.1. [bookmark: _Toc497898902]Objectives
· Design, develop and build a novel DAM test rig to perform experimental tests.
· Identify DAM limitations and potential process materials suitable for DAM experimental investigation.
· Understand the effects of DAM process parameters in the characteristics of built components.
· Develop a FE model capable of predicting temperature evolution within the DAM process and validate with experimental findings.

1.4. [bookmark: _Toc497898903]Thesis Structure
A defined methodology was used in order to accomplish the aims and objectives described in Section 1.3. Figure 1.2 depicts a detailed representation of the research’s development. Multiple steps in Figure 1.2 were conducted in parallel, however, this is not represented for simplicity. 
[image: ]
Figure 1.1. Methodology flow of the present research.

First, a literature research was conducted in order to understand three key general topics: 1) the SLM process and mechanism as well as the role of its processing parameters in the characteristics of built components, 2) the laser diode mechanism and its beam characteristics as well as current laser-diodes material processing applications and 3) understanding of laser diode optics for beam collimation and focusing. Deep understanding of these topics is crucial for developing a new powder bed based AM methodology that addresses current SLM limitations.

Once the literature research had been conducted, the following steps were addressed for the design, development and construction of the novel DAM test rig that will be used during the whole research process. Initial scoping tests were performed to evaluate DAM capabilities and analysis of the experimental findings was conducted. From this analysis, a potential process material for DAM parametric investigation was identified.

A parametric analysis of the identified process material was performed in order to acquire deeper understanding of the new DAM methodology and the effect of its processing parameters. A thorough analysis of the experimental findings was developed to identify optimal DAM conditions.

Finally, a FE model was developed to simulate the DAM process. The model used was adapted from a previous SLM FE model from literature, to fit the DAM methodology characteristics. The model was validated with the experimental findings from the scoping experimental investigation and the parametric analysis conducted in previous steps. Optimal DAM conditions (identified in the parametric investigation) were modelled and the predicted results analysed in order to compare with SLM process characteristics.

2. [bookmark: _Toc497898904]Literature Review
The demand for metallic materials within the global AM market is the highest compared to all other materials (i.e. polymers, ceramics, etc.) with 52 % of the total demand [50]. The 2016 EY global 3DP study identifies top 3 industries with the highest demand for metal AM. The industries include: Mechanical and Plat engineering, Automotive and Aerospace, and Electronics [50]. Industries engaged in AM implementation within the UK, experience common barriers that limit full adoption of these technologies. Such barriers include the very high component costs when compared to established manufacturing technologies, which derive from slow process speed and machine size constraints, among others [51]. Low speed for series production limits further widespread adoption of metal AM by high value industries [45]. Size constraints limits the scale of parts or production volumes that can be economically processed in one batch. It can be concluded that current customers’ demands within the growing metal AM market are: increase of productivity and scalability [42]. A redesign of the SLM scanning strategy and use of a high-efficient low-cost laser source is needed to address such demands. For this, a good understanding of the SLM mechanism is required as well as knowledge of the use and beam delivery mechanism of HPDL.  In order to understand the SLM process, the involved physical phenomena, the affecting parameters and the environmental effects will be briefly presented. The absorption mechanism that occurs during laser processing of metallic powder will be detailed as well as the energy consumption and process efficiency of current SLM technology. Finally, the laser diodes characteristics, their current use in material processing and their focusing mechanisms will be briefly described. 

2.1. [bookmark: _Toc497898905]Selective laser melting process
SLM is an AM technology that selectively melts a powder bed of metallic feedstock in a layer-by-layer manner in order to produce a final three-dimensional part. To prepare the build, the 3D shape of the part is introduced in a CAD model and sliced into a sequence of two-dimensional layers. For each slice fabricated, the powder leveller deposits the powder bed at a pre-laid layer thickness (usually 50µm); then, the laser head selectively melts and bonds to substrate the two-dimensional shape; next, the processing table is lowered at a distance equal to the layer thickness and the process is repeated until all layers have been processed and the three-dimensional part is produced (Figure 2.1). Fully dense parts can be produced by re-melting of subsequent layers achieving mechanical properties similar to bulk material.
[image: ]
Figure 2.1. Selective laser melting process [5].
Mechanical properties of the material, as well as geometric accuracy and residual stresses are defined by different temperature cycles throughout a long fabrication cycle. Therefore, consistent SLM conditions must be applied during the process [52]. The controlling parameters that define such properties are described in Section 2.1.2. Usually, there is a compromise between build-rate and feature size. This is due to a single-beam scanning approach normally used. However, a multiple-beam scanning strategy has been developed [46] and is being introduced in new SLM commercial equipment. However, the addition of multiple laser units in SLM equipment implies a significant increase in purchase costs. Also, the very high power and low wall plug efficiencies of the lasers used in SLM equipment result in higher operational costs.

The manufacturing freedom that offers SLM allows engineers to design complex components that cannot be produced by conventional manufacturing techniques or that require several build stages increasing significantly the production rate. Industries evaluating the adoption or currently using SML to produce complex parts include [19]: a) Thermal Control industry: the increased design freedom offered by SLM tends to improve performance of heat transfer devices when compared to traditional methods; b) Aerospace and Automotive industries: SLM offers the capability of producing ultra-light components for aircraft and automobiles aimed to improve performance; and c) Medical and Orthopaedics industries: complex medical implants and porous orthopaedic devices can be produced by SLM increasing functionality in comparison to conventionally manufactured components.
2.1.1. [bookmark: _Toc497898906]Physical phenomena involved in an SLM process
The basic physical phenomena governing the SLM process are roughly overviewd in Figure 2.2. A brief description of the phenomena considered relevant for the present investigation will be presented in this Section.
[image: ]
Figure 2.2. Physical phenomena during selective beam melting [6].

2.1.1.1. [bookmark: _Toc497898907]Capillary forces, Wetting and Balling 
During laser melting of a metallic powder bed, a melt pool is formed which dimensions and characteristics are dependent on the processing parameters. During the melting process, rearrangement, interconnection and merging of powder particles occur driven by the capillary forces of the molten material. Such forces are governed by the dynamic viscosity and surface tension of the liquid phase and define the ability of the liquid to flow in narrow spaces without the aid of any external force. The dynamic viscosity is characterised by the resistance of the liquid to shearing flows. The surface tension is a measure of the intermolecular forces acting at the surface. Dynamic viscosity and surface tension are influenced by chemical composition and liquid temperature. The ability of the molten material to maintain contact with a solid surface is defined as wetting. Wetting characteristics are dependent of the molten and solid material properties. Figure 2.3 illustrates the contact angle formed by the contact of molten drops on a smooth homogeneous solid surface. When the wetting angle increases, capillary instabilities of the molten material lead to “balling” [53] causing breakage of the molten material into spherical droplets. Thermodynamic and kinetic characteristics of the melt pool are influenced significantly by the laser-induced balling. The droplets formed may cause discontinuous scan tracks during a single layer build. On the other hand, during the layer-by-layer build, balling phenomenon may impede the uniform deposition of the subsequent powder layer on the previously melted layer causing porosity and even delamination as consequence of poor inter-layer bonding as well as thermal stress [54] [55] [56].
[image: ]
Figure 2.3. Contact angles formed by molten drops on a smooth homogeneous solid surface. [7].

Balling features are caused by energy and time parameters of the laser irradiation as well as by the properties of powder layers (i.e. particle size, layer thickness, powder size distribution) leading to conditions of irregular laser heating [57]. Two kind of balling phenomena can be characterised due to low input energy density. The conditions that lead to such phenomena are [58]:
· Low laser power. A limited amount of liquid formation and low undercooling degree of the melt pool may induce significantly coarsened balls with inherent structural weakness.
· High scan speed.  A high capillary instability of the melt may cause laser-induced melt splashes forming a large amount of micro balls on the laser melted surface. 

Balling can also be characterised by the morphology and size of the metal balls in ellipsoidal and spherical balls (See Figure 2.4.). The balling characteristics of single scan tracks under different scan speeds, laser power and layer thickness are shown in Figure 2.5. 
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Figure 2.4. Typical balling phenomenon: (a) ellipsoidal balls; (b) spherical balls [8].

To improve wetting characteristics and alleviate balling phenomena, the input energy density must be increased either by increasing laser power, lowering scan speed or reducing powder layer thickness. Furthermore, balling can be minimised by decreasing the oxygen content in atmosphere.
[image: ]
Figure 2.5. Balling characteristics under different (a) scanning speeds; (b) laser power and (c) layer thickness (layer thickness gradually increased from left to right) [8].

An oxygen content lower than 2% may restrain balling and result in smooth melting surface with no balling initiation [8]. The addition of a deoxidant (i.e. H3BO3 KBF4 in the case of stainless steel powders) in the powder system may also restrain balling and improve inter connection between layers [58]. Finally, balling can be alleviated by re-melting of the processing surface.

2.1.1.2. [bookmark: _Toc497898908]Marangoni convection
Dimensions and characteristics of the melt pool can be explained in terms of the Marangoni convection. The Marangoni convection describes the differences in the direction of thermo-capillary flows [59]. Such flows will occur from a region of low surface tension γ to a region of high surface tension. An outward flow in the melt pool (Figure 2.6a) is caused by a negative temperature coefficient of surface tension (dγ/dT) resulting in poor penetration and wide shallow melt. For most of pure metals including iron and steels with low O and S contents, an outward flow will occur. In contrast, Fe-based alloys with S (or O) > 60ppm, surface tension increases with increasing temperature resulting in a deep penetration and narrow pool driven by an inward flow (Figure 2.6b). Systems with a positive (dγ/dT) exhibit a maximum at certain temperature producing a complex flow similar to that shown in Figure 2.6c [60].
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Figure 2.6. Schematic diagram illustrating the Heiple-Roper theory for variable weld penetration [9].

2.1.1.3. [bookmark: _Toc497898909]Absorption, emissivity and thermal conductivity of powder beds
The thermal energy involved in the laser heating and melting of a powder bed is influenced by the optical phenomena occurring within the laser-metal interaction. Such properties will be briefly described in the present Section. Also, the heat conduction that occur within the powder particles when heated and melted by a radiative energy will be presented.

The optical properties of a solid can be described by a small group of general phenomena, namely reflection, propagation and transmission as illustrated schematically in Figure 2.7. Here, some of the light of an incident beam on an optical medium is reflected by the front surface of the medium. The rest of the light may enter the medium and propagate through it. If the light reaches the back surface of the medium, it can be reflected again or can be transmitted through to the other side. The transmitted light is therefore related with the amount of light reflected by both the front and back surfaces as well as with the propagation behaviour through the medium. The absorption phenomena take place in the propagation if the frequency of the incident beam and the frequencies of the atoms in the medium are resonant. Such resonance of frequencies will attenuate the incident beam through its trajectory within the medium. Therefore, only unabsorbed light will be transmitted. In metals, transmission is neglected and the total amount of incident light can be considered to be either reflected or absorbed (Reflection R + Absorption A=1). In general, metals present a strong reflection at infrared and visible frequencies (or wavelengths). However, below the plasma frequency (cut-off frequency at which light propagates within the metal in a way similar to a transparent medium), metals transmit ultraviolet wavelengths. In metals, the electromagnetic wave of an incident laser will interact with the electrons of the material. The electrons will be accelerated by the electric field of the beam resulting in further collisions between the other constituents of the material. Through these collisions, energy will be transferred to the lattice of the material. Consequently, the electrons and the lattice atoms inside the metal will have an increase in kinetic energy and collision frequency causing an increase of the bulk temperature [4] promoting melting conditions. Above the plasma frequency, the free electrons re-radiate the incoming electromagnetic energy of the laser resulting in higher absorption.
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Figure 2.7. Reflection, propagation and transmission of a light beam incident on an optical medium [4].

In the case of metals, absorption is higher in the near infra-red range and generally increases with decreasing wavelength. Generally, absorption increases with increasing temperature, due to the growing phononic population density that enhances the electron-phonon energy exchange processes. Thus, the electron reradiating processes are promoted. Figure 2.8 shows (a) the spectral absorption of a number of metals and (b) the temperature dependence of absorption at different wavelengths on metals. In a metallic powder bed, the energy-transfer phenomena are determined by the intrinsic properties of the material (i.e. absorption, conduction) as well as by the morphology of the powder bed (i.e. particle size, size distribution, morphology of powder particles). The rough surface of the powder bed, as well as the voids between particles will cause multiple reflection and absorption passes between the powder particles promoting multiple incident angles of the beam that will result in higher absorption coefficients with respect to those of dense material [61].
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Figure 2.8. (a) Spectral absorption for a range of common metals; (b) Temperature dependence of absorption for Nd:YAG (λ=1.06μm) and CO2 (λ=10.6μm) laser beams on metals [10].

A highly absorptive powder bed will require less laser-energy input for melting. The absorption of a powder bed can also be characterised by the governing mode melting [11]:
· Conduction mode melting.  A conduction mode melting occurs when the depth of the melt pool formed is controlled by thermal conduction. When the laser irradiation is deposited on the surface of the powder, it is then transferred by thermal conduction to the surroundings. The skin of the upper most powder particles absorbs the incident beam and melts. The melt begins consolidation due to the surface tension of the molten metal. The enthalpy of the molten material most be high enough to melt the underlying powder and the underlying solid material to form a good bonding. In the conduction mode melting, the melt pool depth is approximately equal to its width promoting a semi-circular cross section of the melt pool.
· Keyhole mode melting. When the melt pool depth is greater than the half width, a keyhole melting occurs.  A very high irradiation energy is required to cause a deep penetration of the laser beam. Metal vapour, ionised atoms and free electrons will contribute to plasma generation inside and outside the keyhole. The beam absorption of a keyhole can be characterised by the Fresnel absorption and by the inverse Bremsstrahlung (IB) absorption. The Fresnel absorption is promoted by the multiple reflections of the trapped laser beam. The IB absorption is consequence of the plasma generated which absorbs the laser beam and redeposits the energy on the keyhole wall by radiation [62][10]. Cross sections of a conduction and a keyhole mode melting are shown in Figure 2.9. 
   [image: ]
Figure 2.9. Metallographi c cross section of (a) conduction mode melting and (b) keyhole mode melting of a single track on a metallic powder bed [11].

The variation of absorption in a metallic powder during laser processing is time dependant and can be divided into three periods. First, a high absorption rate is expected when the laser starts heating the powder (Period I). This is due to changes in the powder thermo-physical properties under a high energy density input. A prolonged laser heating will cause melting of powder surface and rearrangement of particles as well as a further absorption increase. As the powder melting goes on, the powder porosity decreases causing the absorption rate to decrease as well. Eventually, absorption reaches a maximum value. Period II and III will develop depending on the energy density induced. A low energy density will induce a heat balance that stops the melting development (Period II).  For a higher power density, the melting develops further followed by a drastic reduction in porosity and a complete final melting resulting in decreased absorption (Period III). The time dependence of absorption in a metal powder and the described periods are shown in Figure 2.10. 
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Figure 2.10. Variation of absorption with time during laser processing of Ni-alloy metal powder (λ=1.06μm; (a) P=100W/cm2, (b) P=250W/cm2) [12].

Other important variables that influence the melt pool depth of a powder bed under an incident laser beam, are the emissivity and the thermal conductivity of the powder bed. The power received by the powder bed surface P’ can be described by Equation 2.1, where P is the beam power, α is the absorption coefficient, ε is the emissivity, σ is the Stefan-Boltzmann constant (σ =5.670367 × 10-8 kg s-3 K-4), TS and TA are the surface and ambient temperatures respectively.

Equation 2.1
The thermal conductivity of the powder bed is influenced by the radiation heat transfer which is in turn influenced by the emissivity of the powder bed. At visible and near infrared wavelengths, metals can be considered as “grey” bodies with no transmission of radiation. This leads to the assumption that α=ε. In powder beds, the emission of radiation to ambient is caused by the emission of the heated particles and by the emission of the cavities within the powder bed, all at the same temperature. The hole emissivity is always higher than that of the material. Consequently, the emissivity of a powder bed is expected to be higher than that of dense material and can be described by the expression

Equation 2.2
Where AH is the area fraction of the surface occupied by the radiation emitting holes, εH is the emissivity of the hole and εS is the emissivity of the solid particle. AH and εH can be obtained as a function of the fractional porosity of the bed which is in turn dependent on particles size and distribution [13]. The emissivity of iron powder at different temperatures is depicted in Figure 2.11. The conductivity of a powder bed affects greatly the development of high thermal gradients during the melting process due to differences in thermal conductivity between loose powder and solidified material. The effective thermal conductivity of a powder bed is mainly dependent on its relative density. However, powder beds with irregular particles and with a wide size distribution tend to be more conductive than regular spherical particles at a same density.
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Figure 2.11. Measured emissivity for iron powder. Adapted from [13].

It can be assumed that the thermal conductivity of the discrete phase (solid) is significantly higher than that of the continuum (gas). Therefore, considering contact points between particles (Figure 2.12), the thermal conductivity of a loose powder bed is controlled by the gas gaps near the contact points [14]. Figure 2.12 shows the scheme of heat transfer between two spherical particles in point contact. Here, the heat flux density decreases with increasing the radius r. Therefore, it can be assumed that most of the thermal energy is transferred near the point contact. The transition from free-molecular to conductive transfer mechanism occurs at increasing r. This is true either for larger or melted particles. When the particles are melted, the relative density increases and heat dissipation is promoted.

[image: ]
Figure 2.12. Scheme of heat transfer between two spherical particles in point contact: R is the particle radius, T the mean temperature, ΔT the temperature difference, d the gap between the particles, and r the radial coordinate [14].

2.1.2. [bookmark: _Toc497898910]Control parameters and environmental effects
The control parameters of SLM can be divided into three general categories, namely laser properties (e.g. wavelength, continuous or pulsed, beam mode and laser dimensions), metal powder properties (e.g. type of material, particle size distribution) and melting parameters properties (e.g. laser power, layer thickness, hatch distance, scanning speed, scanning strategy and powder bed pre-heating). Each specific material has a unique combination of such parameters that will lead to acceptable results regarding process quality [63] [64]. In the present section, a brief description of the above categories will be presented as well as the effects of environmental characteristics in SLM.

2.1.2.1. [bookmark: _Toc497898911]Laser properties
The principal laser parameters that affect the process quality include power density at the focal point, wavelength, beam mode or beam distribution, beam form (CW or pulsed) and beam quality. The power density is determined by the amount of laser power delivered per unit area (W/mm2). Therefore, it is dependent on the focused beam size. The power density I, is given by

Equation 2.3
where P is the laser power (W) and A is the area of the focused beam. For a Gaussian beam, the area is governed by the beam diameter . High intensities can be achieved by reducing beam dimensions. The extent of focusing for a certain laser beam is limited by its wavelength λ (see Equation (6)). The diameter df at which the beam can be focused by a lens of focal length f is

Equation 2.4
where ϑ is the radial beam divergence before focusing. Gaussian laser beams are said to be diffraction limited with a radial beam divergence ϑ =θ/2 where θ is the total beam divergence. For multimode unfocused beams, the total divergence is given by 

Equation 2.5
Where M2 is the beam quality factor that indicates how similar a laser is to the TEM00 mode (see Figure 2.14). For a perfect Gaussian beam M2=1.  refers to the unfocused beam diameter. Therefore, from Equations (2.4) and (2.5), the diameter df at which a multimode beam can be focused is given by

Equation 2.6
Since the area of the focused beam is governed by the focused beam diameter df, Equations (3) and (6) indicate that higher energy densities can be achieved by reducing wavelength. Additionally, energy density can also be increased by decreasing the focal length of the lens and/or by increasing the dimension of the original beam. The characteristics of a laser beam as it passes through a focusing lens are shown schematically in Figure 2.13.
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Figure 2.13. Characteristics of a laser beam as it passes through a focusing lens (f=focal length).

The intensity distribution of a laser is indicated by the transverse modes of the cavity. Transverse modes are referred to as transverse electromagnetic modes or TEM and are characterised by two integers (m, n; designated by TEMmn) indicating the number of modes in two orthogonal directions. Mode patterns of different multimode situations are depicted in Figure 2.14.  In Figure 2.14, m refers to the horizontal direction and n refers to the vertical direction. 
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Figure 2.14. Mode patterns with rectangular symmetry [15].

Usually, the modes have rectangular symmetry. In this case, the designated mode number is one less than the number of spots in the corresponding direction. The zero-order mode is represented as TEM00 in Figure 2.14. This mode has ideally a Gaussian distribution and shows the highest spectral purity and degree of coherence. A TEM00 can be focused to the lasers’ theoretical minimum radius. However, multimode beams can have a more evenly distributed energy (Figure 2.15). The higher order modes usually correspond to high power lasers output and have greater diffraction losses as well as larger spot sizes compared to the Gaussian TEM00 mode. The form at which a laser can deliver its radiation energy onto the powder bed can be either in a continuous or in a pulsed form. A continuous wave (CW) laser usually have a constant energy output that enables a homogeneous thermal distribution during melting. On the other hand, a pulsed laser output can produce much higher temperatures in the molten metal enabling a deeper penetration depth compared to a CW output with same average power. This may facilitate the processing of highly reflective and/or high thermal conductivity materials. However, if continuity is required along the melt, the pulse frequency has to be high enough for the pulses to overlap. Also, the beam pulses may affect the resulting temperature distribution of the melt track which may in turn influence the mechanical properties of the final part.
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Figure 2.15. Beam distributions. (a) Low order (Gaussian) mode. (b) High order (multi-mode) mode [10].

2.1.2.2. [bookmark: _Toc497898912]Metal powder properties
The metal powder properties have a major influence on the quality of the resultant part. Small (<38 μm) and Coarse (>150 μm) particle sizes may induce highly porous structures while smoother and dense parts can be obtained for particle sizes ranging between 53 and 150 μm in an SLM process. Niu and Chang [16] identified that in the finer particle sizes, oxidation was more dominant when heating the powder. The presence of oxides induces an incomplete wetting that result in high porosity. The type of material and composition of the powder also plays an important role in the formation of oxides during heating and melting. Aluminium and Aluminium alloys are highly susceptible to oxidation. The melting temperature of the oxides formed tend to be significantly higher than the melting point of the metal itself. Therefore, good wettability can be achieved only by increasing the energy density in order to disrupt the resulted oxides. Stainless steel powders are less susceptible to oxidation and it can be further minimised by adding deoxidants such as H3BO3 or KBF4. For larger particle sizes, heat transfer into the powder layer is reduced and thus higher laser power is required for melting. This will result in higher porosity compared to using smaller particle sizes for a given energy density. Particle size and morphology have a direct impact on the packing density of a powder bed which will affect in turn the emissivity and conductivity of a powder bed. Metallic powder particles can be considered as a “grey” body with no transmission of radiation. This leads to the assumption that α = ε. Therefore, particle size and morphology have a direct impact on the laser absorption of the powder bed. It is assumed that the emission of radiation of a powder bed is caused by the emission of the cavities (or holes) between the particles and the emission of the particles both at the same temperature. The emissivity of the hole is considered to be higher than that of the powder material [13] and even approach the emissivity of a black body radiator (ε = 1) at reduced hole sizes. Therefore, it is expected that the emissivity of a powder bed will be higher than that of the solid material. The emissivity of a powder bed can be calculated using the expression

Equation 2.7
where AH is the area fraction of the surface that is occupied by the radiation-emitting holes, εH is the emissivity of the hole and εS is the emissivity of the solid particle. AH and εH can be obtained by using the Sih and Barlow method [13] that gives

Equation 2.8
and

Equation 2.9
where  is the fractional porosity of the bed and is  ( is the fractional packing density of the bed; and not the solid density). According to Equation 5.3, the emissivity of the hole is a function only of the solid emissivity and the fractional porosity of the bed and is independent of the particle diameter. Sih & Barlow proposed a predictive model for the thermal conductivity of powder beds [13]. They denominated their model as a variant of Zehner-Schlünder’s equation where they considered the free fluid part, the core heat transfer and added the term  to consider the contact between particles. Their final equation reads as

Free fluid

Core heat transfer                                                                                                                                           Complete solid contact
Equation 2.10
where
k = effective thermal conductivity of the powder bed (W/mK)
kg = thermal conductivity of the continuous gas phase (W/mK)
ks = thermal conductivity of the skeletal solid (W/mK)
ϕ = porosity of the powder bed
kR = thermal conductivity part of the powder bed owing to radiation, denoted by Damköhler’s equation (W/mK)
ø = flattened surface fraction of particle in contact with another particle (equal to the flattened surface area divided by the cross-sectional area of the particle); ø = 0 when there is no contact for the particles; ø = 1 when there is complete particle contact.
B = deformation parameter of the particle; B = 1 when the particle surface is that of a sphere; B < 1 when there is a prolonged needle; ∞ > B > 1 when it is a barrel-like body; B may be approximately calculated from the porosity ϕ of the powder bed

kcontact = 18 øks, for ø < 3 x 10-4; kcontact is near to ks in value only when ø > 0.01. Damköhler’s can be expressed as

Equation 2.11
where kR = conductivity by thermal radiation (W/mK); σ = 5.67 x 10-8 W/m2K4; T = mean absolute temperature of the powder bed in K; and xR = effective length of radiation between particles, or the particle diameter in m. 

2.1.2.3. [bookmark: _Toc497898913]Melting parameters 
The quantity of specific laser energy dissipated to the powder bed can be determined by the selected processing parameters, namely laser power, layer thickness, hatch distance, scanning speed and scanning strategy. Such parameters may also determine the connectivity and orientation of pores in the microstructure of SLM produced parts [65]. Microstructural characteristics for each specific material are optimised by identifying a critical specific laser energy input governed by the melting parameters. Lower energy densities may not produce fully dense parts due to poor melting and increased interconnectivity of the pores. Higher energy densities may in turn induce greater melt superheat leading to coarser microstructures due to lower temperature gradients and lower cooling rates. 

Chatterjee et al. showed that decreasing layer thickness and hatch distance tends to improve the properties (density, porosity and hardness) of the laser-melted sample [55]. They observed that low values of layer thickness minimise balling and porosity by inducing the formation of smaller balls of solidified metal as well as a smaller interconnected pores. Thicker layers will cause the air between the powder particles to be trapped inside the balls of molten metal as bubbles. This effect will increase the occurrence of pores for thicker layers which would ultimately reduce density and hardness. Low values of hatch distance may cause re-melting of the previously melted (and solidified) tracks. This will allow some of the trapped air to escape improving lateral melting and consequently reducing porosity. Dingal et al. observed that the effect of layer thickness variation in porosity is the most pronounced among the analysed control parameters [66]. Layer thickness was again observed to be the factor with the most pronounced effect on density. Furthermore, lower particle size and lower layer thickness was observed to increase the cross sectional micro-hardness of the melted mass. However, Dingal et al. observed that higher particle size range resulted in lower porosity. This could be due to a more uniform heat distribution within a coarse-grained powder layer leading to uniform and instantaneous melting, together with low radiation and convection losses. A larger fraction of the laser light may reach deeper through the larger gaps of a coarse-grained powder bed compared to the relatively smaller inter-particle gaps of a fine-grained powder bed. Hence, the major part of the heating in a coarse-grained powder bed could be through the direct absorption of the laser energy, while for a fine-grained powder bed, the major heating mechanism could be through conduction from the surface of the powder layer. Such conduction is slower (compared to direct absorption) and is directional leading to non-uniform melting and higher radiative and convective losses. Therefore, it is possible that fine-grained powders could induce higher porosity. In conclusion, higher particle size and lower layer thickness may reduce porosity and increase density. Nonetheless, for a process optimisation, Dingal et al. observed (via statistical design of experiments) that the particle size should be set to the lower level in their investigation (46-65 microns) as it decreases the variation in porosity even though the amount of porosity may increase and density decrease to some extent. Other optimisation observations include the reduction of scanning speed and reduction of layer thickness as they reduce variation in porosity and variation in density as well as increase density.

Niu & Chang analysed the effects of laser power, scanning velocity and hatch distance on density for gas atomised M2 high speed steel powder using a CW CO2 laser [16]. It is shown in Figure 2.16a that above 200 W/mm2 full density can be achieved at slow scanning speeds (1-3mm/s). Also, increasing the linear energy (P/V) coefficient will allow an increase of hatch distance (scan line spacing) to produce a dense surface as depicted in Figure 2.16b.
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Figure 2.16. (a) Variation of the porosity morphologies with scan rates for various energy densities for a given scan line spacing of 0.15mm; (b) effect of scan line spacing on surface density for various linear energies. Adapted [16].

The effect of processing parameters on density is summarised in Figure 2.17. In general, it can be concluded that higher density can be obtained by intensifying laser energy input either by reducing hatch distance (scan line spacing), increasing laser power and/or reducing layer thickness. However, critical values of processing parameters must be identified. For example, from Figure 2.17a, Simchi & Pohl observed that a consistent solid part could not be formed at scan rates higher than 150mm/s [17]. This could be the result of poor interconnection of powder particles during melting due to very low energy density. Furthermore, the density is also influenced by the scanning patters. Usually, short scan vector lengths are preferable to enhance densification and minimise residual thermal stresses.
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Figure 2.17. Effects of processing parameters on the density of laser sintered iron powder (N2 atmosphere, 80ºC powder bed temperature): (a) scan line spacing (P=215W, d=0.05mm); (b) laser power (h=0.3mm, d=0.05mm); (c) thickness of layer (P=125W) [17].

The interaction of the powder bed with the substrate has an expansion impact on the width of the scanned track. An ‘erosion’ effect on the substrate while melting may cause that powder from areas adjacent to the laser irradiation zone be involved in the vector forming process causing a wider track compared to the input CAD data from the original part design. The amount of increased width depends on the scanning strategy followed. Yadroitsev et al. showed that the optimal scanning strategy for forming precise tracks is the lengthwise one as shown in Figure 2.18 [18]. Furthermore, powder bed pre-heating can be applied to reduce thermal stresses in the material. 
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Figure 2.18. Top view of thin wall parts fabricated by different strategies for forming process: in lengthwise (0º), transversal (90º) and angular (45º) direction. Specified CAD data are (a) 400μm, (b) 200μm and (c) 100μm [18].

High pre-heating temperatures for a given material may lead to a tensile nature in residual stresses resulting in a stronger and more uniform part. However, low pre-heating temperatures can lead to compressive residual stresses which will soften the material reducing mechanical properties. For each material, a pre-heating temperature threshold must be identified at which mechanical properties start improving. Above that threshold, the application of pre-heating during SLM can produce parts with higher mechanical properties than conventionally produced and heat treated parts avoiding thus additional heat treatment post processing [67]. Higher pre-heating temperatures can also reduce crack formation and improve part density. The assistance of increased pre-heating temperatures allows the use of lower laser power to achieve the required energy density to melt the powder. Top surface roughness can be improved nearly 50% by applying high pre-heating temperatures due to the formation of a stable melt pool [68]. 

2.1.2.4. [bookmark: _Toc497898914]Environmental effects 
The quality and reproducibility of SLM produced parts are highly dependent on the processing atmosphere as well as on the gas flow across the build platform. An inert gas atmosphere minimises the formation of oxides and pore clusters improving the melting process. A melt pool free of oxides will promote a stable flux of the Marangoni convection and therefore strong bonding between melted particles. Argon and nitrogen atmospheres are usually used to improve porosity reduction. The mechanism responsible for the well consolidated microstructure under argon and nitrogen atmospheres is not currently understood. A constant inert gas flow is needed to maintain the required atmosphere during the process and to remove any melting residual (condensate) such as vaporised powder from the laser path, which may affect the laser properties and reduce the energy density on the melting spot. If this condensate is not removed, it will obstruct the beam and absorb an amount of the incident laser energy reducing the intensity of the spot. Also, the presence of condensate in the laser path will lead to beam scattering that will increase the size of the beam resulting in the formation of satellites of sintered powder tangential to the surface of the tracks which in turn will produce poorly consolidated tracks. Therefore, an efficient removal of the condensate will increase the repeatability of the process [19]. Figure 2.19 shows the effect of gas flow on the porosity distribution along the substrate area. 
[image: ]            
Figure 2.19. Porosity results for (a) non-uniform, (b) semi-uniform and (c) uniform conditions displayed graphically against gas flow at 10mm above substrate. Adapted [19].

Under the uniform gas flow condition depicted in Figure 2.19c, a difference between lateral positions on the build area is shown. This characteristic is not well understood but is believed to be due to thermal effects that affect the focal position of the laser spot.
2.1.3. [bookmark: _Toc497898915]Energy consumption and process efficiency
The most important parameter for energy consumption in SLM is the exposure (melting) time. Figure 2.20 shows the time distribution of sub-processes during an SLM build based on a four hours’ total production time. The electrical energy consumption depends directly on the duration of exposure or melting. Therefore, to minimise the electrical energy consumption, manufacturing time must be minimised. This can be done by using a multi beam approach to increase the melting area. By increasing the melting area, an SLM process could be performed in a fraction of the time needed if processing with a single beam.
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Figure 2.20. Time distribution of SLM sub-processes [20].

However, it is known that the laser unit is the most energy consuming process. The power levels of an SLM process are shown in Figure 2.21. The laser unit from Figure 2.21 is a CW fibre laser that requires 2.24 kW for an output power of 100 W and consumes 68% of the total machine tool power [20]. Therefore, the addition of multiple laser units will increase significantly the energy consumption of the process and consequently the operational costs will thus be increased. Some of the more significant efficiency components that determine the actual amount of power used in the SLM process include the laser generator efficiency ηg and the heat transfer efficiency ηth [10]. The laser generation efficiency ηg is given by the ratio of the power output of the laser generator to the power input to the generator. Also referred to as the wall-plug efficiency (optical energy out/total electrical energy into the system), the laser generator efficiency is expressed as

Equation 2.12
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Figure 2.21. Power levels during productive modes of Concept Laser M3 Linear (Ex=Exposure, Re=Recoating) [20].

The laser generation efficiency ηg or wall-plug efficiency of high-power fibre lasers (conventionally used in SLM) can in the best cases be of the order of 50 % [69]. In contrast, edge emitting high power diode lasers similar to the laser modules used in the present research, can work at >60 % wall-plug efficiencies [1]. A higher wall-plug efficiency is a very important quality improvement that reduces the electrical power consumption of the laser unit and also the amount of heat which has to be removed. Therefore, it can cut down the energy consumption of the highest energy-consuming units depicted in Figure 2.21, namely: the laser(s) unit(s) and the cooling system. 
 
The heat transfer efficiency ηth determines the actual power available in the melting process and is governed by the amount of absorbed optical energy (absorption coefficient of the material at a given wavelength of the laser light) into the powder bed. This is expressed as

Equation 2.13
therefore,

Equation 2.14
The heat transfer efficiency ηth can be improved by using lasers of smaller wavelengths in order to improve the absorbed power qa. Diode lasers can work in smaller, highly absorbent wavelengths (e.g. 808 nm) than the conventionally used in SLM laser units (e.g.1064 nm).

A more efficient SLM process in terms of energy and time consumption can be achieved by using multiple laser sources to increase the melting area. Such laser sources most have a laser generator efficiency ηg as high as possible and must work at a wavelength with the highest absorption coefficient for a given material resulting in high ηth values. Such efficiency improvement will consequently reduce SLM processing costs. The present research work will address these two conditions by implementing a laser with a higher wall plug efficiency and a lower wavelength (to promote higher absorption) than conventional SLM laser technologies.

2.1.4. [bookmark: _Toc497898916]Capabilities of current metallic powder bed Additive Manufacturing technologies
SLM or Direct Metal Laser Sintering (DMLS) are considered direct AM processes, capable of fully melting powdered feedstock with the ability to process a variety of metals (steel, nickel, titanium, aluminium alloys) to near full density. A laser spot typically 100µm in diameter is used to process layers of pre-deposited powder (typically 20-50µm layer thickness) using laser powers ranging from 100W-400W and scanning speeds of up to 2000mm/s (dependent on material, layer thickness etc.)

SLM systems (e.g Renishaw, EOS, SLM Solution etc.) typically use a galvo mirror to mechanically deflect a single fibre laser spot (continuous wave or modulated, operating at a laser wavelength of 1.06µm) over a powder bed along a path that corresponds to the cross-sectional geometry of the component that is being formed (Laskin, 2011). Once a layer has been melted, another thin layer of powder is deposited and the process is repeated until the part has been fully formed. This method of scanning from a single laser source and its reliance on mechanical galvo scanning limits the processing speed of the system. The process can only manufacture as quickly as the laser can be deflected while maintaining a sufficiently high energy density to achieve melting. The primary process time (i.e. time needed to melt each single layer of a component) within the SLM total process cycle time is influenced by the layer thickness, scanning velocity and line spacing variables. The build rate is calculated using the expression


Scanning velocity and layer thickness are limited by the laser power available while scan line spacing is limited by the focus diameter (scan line spacing typically equals approximately 0.7 times the beam diameter). Typical scan speeds in SLM can range from 160-250 mm/s and build rates from 1.2 – 3.5 mm3/s (4.32 – 12.6 cm3/h) depending on the process material (e.g. for stainless steel, typical build rates at 100 W laser power are <2.8 mm3/s) [2]. SLM system manufacturers have attempted to increase system productivity (i.e. build rate) through an increase in laser power (400-1000 W) so that sufficiently high energy densities are achieved as the galvo mirrors deflect the laser beam at a much higher speeds. Overall build rates in SLM can be improved by ~72 % by increasing the power input of the laser from 100 W to 380 W [70]. However, increasing laser power results in a proportional increase of the energy consumption of laser and cooling units. SLM system manufacturers have also introduced new products that integrate multiple parallel fibre lasers into a single system. The lasers simultaneously scan a powder bed, effectively increasing volumetric build rate. However, there are practical space limitations when integrating multiple fibre lasers into a single system (each requiring its own cooling, optics train/galvo mirror etc.) and complex process strategies would be required in areas of overlapping beams [42]. Further to this the cost of the overall system significantly increases when integrating further lasers, including increases in power consumption. Miller et al. have attempted this parallel beam approach for a high-power, multi-beam laser processing system that comprises multiple-independent pairs of selectively rotatable galvo mirrors (Miller et al., 2015). However, this approach substantially increases equipment cost and energy consumption, with scanning speed still limited by mechanical movement of the multiple galvo systems. Furthermore, the further a laser spot has to travel from the centre of the focusing optic the more likelihood for beam profile deterioration and loss of power, thus there are limits to the area a single deflected laser source can reliable melt.

The EBM process uses the same building principal as SLM, but instead of a fibre laser it uses a high power electron gun (up to 3.5 kW), deflected via magnetism to melt powdered feedstock (Murr et al., 2012). The electron gun can be deflected faster than a galvo mirror (electron spot capable of travelling up to 8000 m/s), has a higher power than SLM systems and its electron beam can be split into multiple spots allowing a much faster build rate that SLM (80 cm3/h EBM compared to 5-20 cm3/h SLM). However, this speed comes at a cost, with the methodology and apparatus used within EBM systems being generally more expensive than SLM systems, limiting its industrial uptake. Furthermore, the surface finish is generally of a poorer quality in EBM, the systems are also known to be more temperamental due to the use of an electron beam melting source. 
Present SLM and EBM systems can both be viewed as being inefficient with regards to useful energy conversion (wall-plug efficiency) during the process. The largest contribution to electrical power consumption in SLM is through the laser at 68% (Kellens et al., 2011). Present state-of-the-art SLM systems are based on fibre lasers, which typically have a wall plug efficiency ~20% (Lawrence, 2010). From this, only 20 % of the electrical energy consumed by the laser is converted into optical energy. Furthermore, due to general high reflectivity of metals and the laser wavelength operated at, just a fraction of this optical energy will be absorbed and converted to thermal energy during processing. EBM requires a period of substrate preheating prior to layer scanning (Manogharan et al., 2011). Further to this, single layer processing requires three subsequent energy consumption peaks (layer preheating, melting and post melting) making the process inefficient in terms of energy consumption.

Both time and energy consumption are layer-dependant and increase linearly with processed cross-sectional area (Baumers et al., 2013). It is therefore necessary to reduce both as far as is practical in order to reduce production costs and environmental footprint. A 2012 Innovate UK report on shaping national competency in AM stated that new AM processes needed to be developed that were more cost and energy efficient. The report also stated that one of the main barriers preventing more widespread technology adoption was the slow deposition rates or processing speeds currently available. AM systems need to be developed such that they are 4-10 times faster. A combination of slow build speeds and high SLM/EBM machine depreciation leads to a high cost process [71].

2.2. [bookmark: _Toc497898917]Diode lasers
In this section, an overview of the current use of diode lasers in material processing will be presented and a very brief description of the diode lasers’ mechanism and beam characteristics (i.e. collimation and focusing mechanisms) will be shown. Their compact cooling systems maintain a constant high efficiency during use. DLs are gaining popularity in direct material processing applications like surface heating and welding [72].

2.2.1. [bookmark: _Toc497898918]Current use of diode lasers in material processing
Diode lasers (DLs) are the most efficient devices in converting electrical into optical energy (Table 2.1) [1]. 

Table 2.1. Wall plug efficiencies and wavelengths of some industrial lasers [1].
	Type
	Wavelength (μm)
	Wall plug efficiency (%)

	CO2
	10.6
	12

	Diode-pumped solid-state lasers
	1.06
	25-30

	Fibre lasers
	1.06
	50

	Edge Emitting High Power Diode Lasers
	0.635-1.55
	>60



They work at an active region set at a p-n junction. In semiconductor materials, where the exited state is represented by the presence of electrons in the conduction band and the lower state by the holes (absence of electrons) in a valence band [1]. If voltage is applied, a current flow will be created which induces electrons to migrate from conduction band down to the valence band giving up the energy difference between these two Fermi levels in the form of radiation (hv). Photons are generated in the depletion region due to the electrons migration and stimulated by the current flow and the multiple reflections caused by the end mirrors. A partially reflective mirror emits photons at a single frequency (or wavelength) producing a monochromatic laser light. The DL mechanism is represented in Figure 2.22. 
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Figure 2.22. Laser diode working; (a) band diagram and (b) operation. 

Constant wavelength is achieved by controlling current and operating temperature. The wavelength of a laser diode depends on the band gap energy, cavity length and refractive index of the semiconductor. Diode lasers can be tuned at a range of wavelengths depending on its construction (semiconductor materials). This gives broader wavelength bands for DLs compared to other kind of lasers. Normally, DLs are based on one-dimensional monolithic linear arrays or two dimensional multi layers arrays. Such arrays form a whole DL unit featuring multiple emitters. Therefore, there is practically no limit to the maximum area that laser diode stacks can cover. However, if multiple independent non-deflected beams are required for a given scanning strategy, the power delivered by the multiple spots will not be the sum of the stacked arrays, but instead the energy of individual emitters. DLs emitters produce highly diverted output beams. The beam quality factor M2 of commercial DLs for material processing can be within 50-500. Special optics are required to focus the beams in order to produce high energy densities [73]. Li reported a maximum DL’s power density of  [41]. However, the maximum limit reported refers to the power density of multiple beams from a DL module; it does not refer to the power density of a single emitter. For this reason, most applications are limited to surface treatments, conduction limited welding, soldering, scribing and marking. Other applications such as cutting, drilling and keyhole welding have also been attempted. The characteristics of these applications are widely described by Li. In laser sintering of metallic components, the use of a 60W DL was reported to process Cu/Zn powders (diode laser sintering of metallic powders for desk top rapid prototyping). Advantages of DLs if compared to other high power lasers for materials processing include increased absorption in metals, more uniform melt and heating zones, higher consistency and repeatability and fewer cracks were observed using DLs [41].

2.2.2. [bookmark: _Toc497898919]Use of diode lasers in direct Additive Manufacturing applications
The use of High Power Diode Lasers (HPDL) in direct material processing applications like surface treatments, soldering, welding and cutting has been increasing substantially due to their advantages in terms of compactness, energy efficiency, lifetime and running costs compared to conventional material-processing lasers such as fibre, Nd:YAG or CO2 lasers (Li 2000). However, the very high divergence and the low power of a single-laser diode emitter (< 5 W compared to > 200 W of fibre, Nd:YAG or CO2 lasers) still limit the direct application of laser diodes in AM processes. Such HPDL limitations may be reduced by improving the brightness and controlling the output spectrum of HPDL. Fraunhofer ILT have developed a new HPDL-based multi-spot SLM system capable of achieving 200 W power per melting spot comparable to SLM. However, in order for such high power spot to be achieved, multiple laser diode bars are required to be stacked/combined with multiple emitters multiplexed to create each of the single 200 W laser spots [42] [43]. No details have been reported on how many laser multi-spots have been integrated into this new Fraunhofer machine, nor has information been released detailing it’s processing performance or quality of produced samples. The Lawrence Livermore National Laboratory recently demonstrated a diode-based additive manufacturing (DiAM) system [44]. The laser diode sources used within the DiAM method are comprised of a set of four 1.25 kW continuous wave (CW) stacked diode arrays (60 individual bars each) giving a total of 4.8 kW power from a combined incoherent beam at 150 A. An optically-addressable photomask captures the incoherent light in order to selectively melt a maximum single shot area of 2-3 mm with a ~10 mm wide hybrid laser beam composed of the diode laser beams together with a Q-switched Nd:YAG laser beam). The maximum practical area of the DiAM system is limited by the short pulse laser which produces a non-uniform Gaussian intensity profile with only the central 2-3 mm of the laser beam being sufficiently uniform. The capabilities of DiAM have been demonstrated with low melting temperature Sn powder. However, part density has not been reported and high temperature engineering metallic materials (i.e. stainless steel) have not been analysed.

2.2.3. [bookmark: _Toc497898920]Diode laser beam characteristics, collimation and focusing mechanisms
The high divergence of DLs limits them considerably for SLM applications. Due to their M2 factor, short focal-length focusing lenses are required, which restrains to a small distance between lens and powder bed. Equation 2.6 shows that if M2 is large, the focal length of the lens must be reduced in order to have a reduced spot diameter resulting in a higher energy density. The output beam of a single DL emitter is diverted in two orthogonal directions as depicted in Figure 2.23, namely the fast and the slow axis. The fast (perpendicular transverse mode) is perpendicular to the active layer or lasing area. The slow axis (parallel transverse mode) is parallel to the active layer and 2.5-6 times less divergent than the fast axis [74]. The dimensions and the beam characteristics of a typical DL module are depicted in Figure 2.23. The μm-sized and non-circular cross section of the lasing area causes the output radiation of the laser diode emitter to quickly diverge in the direction perpendicular to the active region plane (fast axis). And slower in the parallel direction (slow axis). The very high divergence of the fast axis makes its collimation necessary to be the first beam shaping while focusing. The fast axis collimation will determine the minimum focal spot diameter. The optical performance of the fast axis collimator is of crucial importance for the beam quality and the maximum laser irradiance that can be achieved. A laser diode beam can be characterised by the 50% intensity level and defined by the full-width at half maximum (FWHM) divergence parallel  and perpendicular  to the active region. For a collimated beam, a description at the 1/e2-level (13.5%) is more suitable (Figure 2.23.) Collimation optics transform a  divergent beam into a collimated beam retaining its Gaussian intensity distribution and elliptical beam profile with the collimated diameters . The collimated beam diameter is given at the 1/e2-level and is defined by the focal length f of the collimating lens and the divergence  of the laser diode. These differing definitions are corrected using the factor 1.7 in Equations 2.15 and 2.16 [75].

Equation 2.15

Equation 2.16
Where f is the focal length of the collimation lens,  is the beam diameter (1/e2-level) and  is the laser diode beam divergence (FWHM-level). For large distances, the beam diameter varies since a collimated beam also exhibits a minimal divergence. 
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Figure 2.23. Perpendicular (fast) and parallel (slow) transvers modes of a diode laser beam profile. Full Width Half Maximum (FWHM) and 1/e2-levels. The beam depicted represents that of a single beam and is not scaled. The laser facet may contain multiple emitters. The dimensions shown are from the DL used in the present research.

The resulting radial beam divergences  and  of the collimated beam depend on the respective collimated beam diameter  and  and of the wavelength λ of the emitted radiation. Therefore, 

Equation 2.17Diffraction limited Gaussian beams have a total divergence . Therefore, Equation 2.5 can be used to calculate the total divergences of the perpendicular and parallel transverse modes of a laser diode beam and Equation 2.6 will give the focused spot diameters of the resulted elliptical beam. This can be expressed as 

Equation 2.18
Here, the beam quality factor M2 may be different for each of the two transverse modes. To collimate the highly divergent beam of a DL, a cylindrical fast axis collimator (FAC) micro-lens must be attached to the module. The fast axis must be the first beam shaping due to its higher divergence. The geometry of a typical FAC micro-lens is shown in Figure 2.24 and typical dimensions are illustratively shown. The aspherical contour of the Plano-concave lens is depicted in real proportion to the diode bar in Figure 2.24. The paths of some light rays are drawn according to geometrical optics (angle α is exaggerated for clarity). In geometrical optics, an ideal collimation would mean that α=zero for a non-extended source. However, in reality diffraction limits the minimum divergence of a collimated beam. Hence the waist d and the beam divergence  of the Gaussian beam [21]. The slow axis divergence can be reduced by using a slow axis collimator (SAC) consisting in a monolithic array of cylindrical micro-lenses as depicted in Figure 2.25a. The diameter of the collimated beams for both transverse modes can be calculated using Equations 2.10 and 2.11. The rectangular shaped cross section, the limited confinement of the active layer and the varying gain profile across the active layer in the slow axis direction lead to an astigmatic beam with an elliptical shape at the emission facet as depicted in Figure 2.25b.
[image: ]
Figure 2.24. Typical FAC aspherical cylindrical micro-lens dimensions. P1 and P2 are the paraxial principal planes of the thick lens, f is the paraxial focal length, d is the beam waist,  is the radial beam divergence of the fast axis and r is the radius of curvature of the paraxial sphere. Adapted [21].

As the beam propagates, the beam shape will become vertically elliptical due to the larger divergence of that direction. FAC and SAC are used to correct the elliptical shape of the far field beam and the astigmatism in order to produce a beam suitable for focusing. Wide stripe multi-transverse mode laser diodes are used to increase laser power. The beam emitted from such lasers contains multiple TE (transverse to the direction of propagation) modes as depicted in Figure 2.26. Here, every TE mode is a quasi-Gaussian mode and combined they form a multi-TE mode beam. As the beam propagates, every mode will increase its size and gradually merge with the other modes forming a light line in the slow axis direction. If the beam further propagates, the beam shape will become rectangular since every mode has larger divergence in the fast axis direction.
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Figure 2.25. (a) Schematics of FAC and SAC micro-lenses. Rays tracings representation of the parallel transversal mode beams when passing through a SAC; (b) rectangular shaped and thin active layer of a DL emitting a highly divergent, elliptical and astigmatic beam. The astigmatism magnitude is much exaggerated for clarity. Adapted [22].
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Figure 2.26. Wide stripe DL featuring multiple TE modes. Adapted [22].

After fast and slow axis collimation, the resulted beams of diameters  and total beam divergences  (radial beam divergence ϑ=θ/2) must be focused by cylindrical Plano-convex lenses aligned to each of the transverse modes to produce high energy density spots. Because of the astigmatism and the different divergences of the fast and slow axis, the focusing lenses for both modes will have different focal lengths f. The focusing mechanism that is applicable for both beam modes is shown schematically in Figure 2.27.
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Figure 2.27. Focusing mechanism of the perpendicular and parallel modes. The total divergence of the collimated beam is much exaggerated for clarity. Lower values of beam quality factor M2 and lens’ focal length will lead to smaller focused beam diameter df and consequently higher energy densities. 

2.3. [bookmark: _Toc497898921]Finite Element Modelling (FEM)
Finite element modelling (FEM) can provide a good understanding about powder bed based laser melting processes such as Diode Area Melting. It can provide a good direction for process optimisation and future experimental work by pointing out temperature distribution and material’s phase changes (i.e. melting and solidification) for varying process parameters, reducing the number of experimental trials needed for charting out optimum combination of parameters for full melting of the layer thickness and substrate bonding. 

Developing a realistic laser model simulating the melting behaviour during powder bed AM assists in characterising the effect of varying parameters on laser energy density, melt dimensions and temperature evolution within a powder bed. The rapid melting/solidification during a process such as SLM makes it imperative to understand the complex heat transfer mechanism and kinetics involved. Several work is reported in literature analysing the melting/solidification mechanism during SLM [76] [77] [78] [8] [58] [53] [79] [80]. The laser melting process in SLM can be considered as a “high energy density-short interaction time process” where the powder bed is heated rapidly beyond its melting point. The working temperature of the laser melting mechanism governs the kinetics of densification. The process parameters (e.g. laser power, scan speed, etc.) that determine the energy-delivering method to the powder bed, control the melting rate. Generally, better densification is achieved at higher laser energy input. However, a saturation level of laser-energy may limit the densification mechanism for a given processing material and may even lead to evaporation of the exposed powder at intensive laser energy input. The “high energy density-short interaction time process” during SLM leads to very high temperature gradients that result in high residual stress formation [81]. Practical experimental work is generally used to determine optimal process parameters for SLM of a given material [48] [18] [52] [82] [17] [83] [64] [55] [84]. Experimental work is often supplemented with computer simulations using Finite Element (FE) modelling to provide better understanding of the laser melting process. 

Finite Element Analysis (FEA) using commercial software packages is widely used to perform temperature field and phase change analysis for various AM processes [85] [86] [87] [88] [89] [90] (Ali 2017). A three-dimensional FEA of rapid melting and re-solidification under laser irradiation of glazed enamel, using a 60 W high power diode laser (HPDL) as a moving heat source, has been performed by Nisar et al. [85]. The 3D FEA used the Rolph and Bathe finite element procedure of fixed mesh and large time steps [91] to perform a non-linear heat transfer analysis using the temperature-dependent material properties and considering phase change effects. Dai and Shaw [86] developed a multi-material laser densification FEA model to investigate the effects of various processing parameters in an AM process denominated Multi-Materials Laser Densification (MMLD). The model prediction suggested that the major mechanism for reducing distortion and residual stresses is the reduction of temperature gradients in the work-piece. Contuzzi et al. developed a FE simulation to evaluate the distribution and temperature evolution during SLM of 316L stainless steel powder and to simulate the powder-to-liquid-to-solid change [88]. The model was validated by checking the nodes temperature and comparing them with the real dimensions of the melted/re-solidified zone of a built-part micrograph. Lopez-Botello et al. computed the heat flow characteristics of the SLM process through FEA considering the powder-to-solid-to-liquid transformation in the single and multi-layer levels [90]. The FEA model was used to calculate cooling and solidification rates within 2D layers of powder to confirm the Rapid Solidification Processing (RSP) nature of the SLM methodology.

Accurate temperature predictions within SLM can be obtained by modelling the process considering the melt-pool heat transfer mechanism due to fluid flow or Marangoni convection [60]. A 3D mesoscopic, multi-physics model was developed by Khairallah and Anderson [92] to demonstrate the effect of the SLM random distribution of the powder bed. During the process, the resultant surface tension of the melt-pool governs the physical behaviour affecting in turn the heat transfer mechanism. Yuan et al. used three-dimensional, computational fluid dynamics (CFD) to predict the melt pool geometry and temperature distribution in SLM [93]. An enhanced anisotropic thermal conductivity approach was used by Safdar et al. to model the heat flow controlled by the melt-pool fluid flow [94]. In the model, the thermal conductivity of the process material was adjusted to account for the experienced thermal process. The enhanced anisotropic thermal conductivity approach reported by Safdar et al. was proved to accurately predict geometry and thermal distribution of the melt-pool without involving the complexity and/or longer processing time involved when using the CFD modelling approach. However, anisotropic models are usually more computationally expensive compared to models where material properties are considered to be isotropic. Three-dimensional SLM multi-layer models were developed by Cheng et al. [95] and Parry et al. [96] that considered the laser beam as a volumetric heat source with a specific penetration into the process material to account for the heat flow in the melt-pool. Simulation of the SLM process can lead to a better understanding of the mechanical properties and residual stress behaviour of manufactured components. The growth and further development of analytical discretised and discretised models that span multiple stages of the powder-bed based AM methodologies towards a usable, unified model is an excitement prospect [97].

2.4. [bookmark: _Toc497898922]Summary
In the present chapter, academic work relevant to the present research has been presented. The importance of SLM in the current manufacturing development and its adoption by hi-tech industries has been addressed. However, current SLM limitations in terms of productivity and energy efficiency are identified. The conventional approach of increasing laser power in order to improve process productivity, rises significantly the energy consumption of both the laser unit and the cooling system. Laser units of commercial SLM machines require ~2.24 kW for an output power of 100 W in addition to the energy required by the cooling unit. Increasing laser power (e.g. to 400-1000 W) may require input energy amounts >>2.24 kW. Furthermore, higher laser power may increase the amount of heat which has to be removed from the laser resulting in higher energy consumption of the cooling unit. The very high energy consumption of typical high-build-rate SLM mechanisms becomes a significant drawback in addressing the need to reduce environmental impact in AM technologies. In the future, it is likely to see increased pressures on energy and material consumption in the AM industry [98]. Other approach aimed to improve productivity in SLM is the incorporation of multiple high-power fibre laser units (n.b. latest generation commercial SLM machines incorporate up to 4 laser units). However, purchasing costs of current SLM machines can increase by ~£170K for each additional laser and energy consumption is expected to increase proportionally. Manufacturers are therefore interested in increasing productivity of new SLM equipment, however, limited efforts are being made on improving energy efficiency. Further to this, purchasing costs of new high-productivity SLM machines for industrial applications are still very high (e.g. £725K), which limits the adoption of this technology to only the largest manufacturing companies. Other limitation identified in SLM machines is dimensional scalability of the processing area, which is limited by the distance at which the laser(s) can be deflected without affecting the uniformity of the laser(s) intensity. New alternatives have to be explored to overcome limitations identified in current SLM technology. 

Typical scan speeds in SLM can range from 160-250 mm/s and build rates from 1.2 – 3.5 mm3/s (4.32 – 12.6 cm3/h) [2] depending on the process material. For stainless steel, typical build rates at 100 W laser power can be <2.8 mm3/s). Overall build rates in SLM of stainless steel can be improved by ~72 % by increasing the power input of the laser from 100 W to 380 W [70]. However, increasing laser power results in a proportional increase of the energy consumption of laser and cooling units.

In order to develop a more efficient process (using multiple low-power high-efficient lasers), a deep understanding of the SLM mechanism is of great importance. The physical phenomena involved during laser melting of metallic powder have been investigated. Understanding the dynamics of the melt pool and their role in the formation and characteristics of balling is crucial for the process development. Defects such as poor wetting and balling may affect negatively the density and porosity of final parts and need to be well understood. Process conditions (i.e. processing atmosphere and processing parameters) that reduce such defects have been identified. Optical and heat transfer properties relevant in laser material processing have been described, namely absorption, emissivity and powder conductivity. The role of such properties in the melting process is of crucial importance. The melting modes (i.e. key-hole and/or conduction mode) that characterise the absorption mechanism have been identified. Higher laser absorption of metals at lower wavelengths in the near infrared region has been identified. High absorptive 808 nm wavelength is used in the present research to improve the melting mechanism of a typical 1064 nm less efficient SLM melting process. Finally, state-of-the-art investigation in modelling the melting/solidification mechanism and temperature evolution of powder-bed based AM processes via Finite Element Analysis (FEA) has been briefly reviewed.

A deep understanding on the influence of the main process parameters is of great importance in order to develop a new metal AM process. The influence of such parameters as reported in literature is crucial for designing the experiments of the present research. Energy consumption and process efficiency of SLM have been described in order to state the optimisation characteristics of the technology developed in the present work.

The current use of DLs in material processing has been presented and the DL beam characteristics described. It has been concluded that their potential in material processing applications is extensive. However, the use of DLs in direct AM applications needs to be further investigated. The present research investigates the use of DLs in a direct, powder-bed based AM application.

The present research aims to develop a new AM process that addresses the SLM limitations identified and described previously in this Section. The use of high efficient (>60 % wall plug efficiency), low cost (~£1500 each module comprising 19 emitters, optics included), compact (2.2cm2.5cm1.185cm = 6.5175 cm3 each laser module comprising 19 emitters) and low powered (<5 W each emitter) lasers in a direct AM process can help addressing the SLM limitations of low efficiency, limited scalability potential, low productivity and high purchasing costs. 


3. [bookmark: _Toc497898923]Diode Area Melting Methodology 
The development of a new AM process known as Diode Area Melting (DAM) will be detailed in the present Chapter. This process utilises customised architectural arrays of low power laser diode emitters for high speed parallel processing of metallic feedstock. The present Chapter describes the details and characteristics of the test rig developed and dedicated for DAM processing. 

3.1. [bookmark: _Toc497898924]Development of a high speed efficient Additive Manufacturing process
The need for speed in manufacturing is clear, parts built faster while maintaining reasonable levels of efficiency enable reduction in manufacturing costs. The need for increased productivity and improved efficiency is an area in which industry has been continually pushing AM system manufacturers and research institutions to make progress. AM is known for its ability to create parts with near zero material waste, encouraging efficient design, and enabling on-demand manufacturing. However, AM is still lacking in its ability to compete with conventional manufacturing for medium to high volume production due to its part fabrication speed. The High Speed Sintering (HSS) process has attempted to tackle this productivity issue within AM by implementing a new approach to processing material from a powder bed [99]. Replacing the conventional laser with the scanning galvo mirror used in polymer Selective Laser Sintering (SLS), HSS is able to significantly increase build speed by using a combination of infrared heating and multiple inkjet nozzles to process larger areas of the powder bed. However due to the low energy density generated by infrared heaters this method is unsuitable for direct processing of most metals. In order to better compete, the limitations imposed by the current SLM system’s build methodology and hardware used need to be appreciated and a radical new approach needs to be developed to facilitate melting larger areas of metallic feedstock faster and more efficiently. Fraunhofer ILT have developed a new multi-spot SLM system that does not require galvo mirrors to direct the irradiated laser energy onto a powder bed. Instead it uses a fixed array of multiple laser spots moved on a gantry system of linear axes. These multiple high power laser spots create a controllable intensity distribution to create 3D structures with high flexibility in terms of productivity and building space [42] [43]. However, in order for this system to create a single irradiating laser spot, it requires multiple laser diode bars to be stacked/combined with multiple emitters multiplexed to create each of the single 200W laser spots. Details of exactly how many laser multi-spots have been integrated into this new Fraunhofer machine are unknown, nor has information been released detailing it’s processing performance or samples that have been produced. Matthews et al. developed a diode-based additive manufacturing (DiAM) system [44] capable of selectively melt a single shot area of 2-3 mm with a ~10 mm wide hybrid laser beam using 4.8 kW at 150 A (see Section 2.2.2.). The DiAM capability of processing a single shot larger area than SLM promotes a potential reduction of processing time (i.e. increased speed) during a powder bed based AM process of metallic components. However, the very high laser power required, limits DiAM efficiency.

3.1.1. [bookmark: _Toc497898925]Efficient energy absorption through use of diode lasers
As mentioned in Section 3.1, efforts are being conducted to develop high speed efficient AM processes using DLs. In metals, absorption, A, and reflection, R, of light are directly correlated (A=1-R). The absorbed light propagates within the material transforming its optical energy into thermal energy. This laser-metal interaction is crucial for determining the laser melting efficiency of metallic powder. In metals, short laser wavelengths within the infrared spectrum typically result in higher laser absorption (Bergstrom, 2008).  DLs are some of the most efficient devices in converting electrical into optical energy, working at wall plug efficiencies up to 50-80% (Lawrence, 2010). The ability to tune the emission wavelength of DLs through choice of semiconductor active material allows DLs to be designed or selected to match the peak absorption wavelength of the powder material being irradiated.

3.1.2. [bookmark: _Toc497898926]Typical HPDLs’ characteristics
HPDL arrays can be sourced operating at 808nm where they are commonly used for pumping Nd:YAG lasers. The specifications of typical HPDL modules are 50W output power 808 nm wavelength bar mounted on a standard CS-mount, comprising 19 × 135 μm wide emitters with a 500 μm period (see Figure 2.23). The emission of such arrays is typically divergent to the tune of ~30-40° in the vertical direction (fast axis). This can be corrected using collimating micro-optic lenses attached to the front of modules, resulting in a stripe of radiation that can be used for pumping solid state laser rods. However, the stripe-shaped output from standard DL arrays is not directly suitable for processing net shaped parts.

The high divergence of DLs in the fast-axis (FWHM of 27°) is combined with a smaller (FWHM of 7°) divergence in the horizontal (slow-axis) direction. FWHM (Full Width at Half Maximum) refers to the half width of the optical far-field of the divergent beam (see Figure 2.23 in Section 2.2.3). The large asymmetry of the elliptical beam emitted from each laser in the array necessitates the application of both FAC and a SAC micro-lenses array (Sturm et al., 1997, Xiong et al., 2016). Collimated diode laser beams usually have an M2 ranging from 1.1-1.7. High-energy multimode DLs can have M2 as high as 20 to 50 (Sokolovskii et al., 2012). Multimode DLs are used in cases where a large amount of power is needed. For this, multiple emitters can be stacked in a single module. The laser source used in DAM is a typical HPDLs as described in the present Section. Detailed information regarding typical HPDL modules can be found in [1][74][100][101][41].

3.2. [bookmark: _Toc497898927]System development
The limitations of single/multiple deflected lasers based on a 1.06 μm fibre laser used in SLM has been identified. A replacement of this single point energy source and a rethink of the scanning methodology used to melt material is a first step in tackling the limitations of melting speed experienced by SLM. As detailed in Section 3.1, Fraunhofer ILT have made progress in tackling these SLM limitations by developing a multi-spot laser system. To create each individual laser spot, Fraunhofer’s system is required to combine stacks of diode bar arrays comprising of many emitters multiplexed into a high power laser spot [42] (Hinke et al. 2015). Use of more direct approaches (i.e. use of non-multiplexed laser sources) where one diode emitter is used to irradiate a single laser spot directly onto a powder bed has not yet been reported. 

The Diode Area Melting (DAM) method replaces the deflected fibre laser used within SLM with multiple emitters co-located within a customised DL bar (similar to the typical HPDL arrays described in Section 3.1.2).  Figure 3.1 depicts the multiple individually addressable emitters within the bar that selectively melt shape over moving powder bed to form a 3D part. The optical system collimates and focuses the multiple beams onto the powder bed where spots overlap to form a melting multimode beam.
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Figure 3.1. Diode Area Melting. Individually controllable emitters within laser diode bar selectively turn on/off to melt shape over moving powder bed (optical system not described for simplicity). Focusing of the multiple beams for overlapping melting spots.

The customised bar contains an array of emitters (the emitters have the potential of become independent for individual addressability) with collimating micro-optics built onto the module, and further focused through a pair of cylindrical lenses to irradiate the powder bed with a linear array of laser spots, each with an elliptical shape. The optics can be controlled to allow an overlapping of the individual beams in order to create a continuous high-power stripe, such as is necessary for large area melting of high melting point materials. The multiple emitters of the bar (emitter spacing at the facet is 0.5 mm) overlap along the x-axis to produce an area of high energy density able to melt the powder bed. These customised bars have the potential to have their individual emitters electrically pumped independently to activate them (turn on/off). The path of the multiple beams can be described by a general broad beam as shown in Figure 3.3. Figure 3.3a depicts the beam path along the slow-axis plane ‘XZ-plane’ and Figure 3.3b depicts the beam path along the fast-axis plane ‘YZ-plane’. The collimators and focusing lenses are shown for both the slow and fast axis in Figures 3.2a and 3.2b respectively. 
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Figure 3.2. Optical system and general beam path along the (a) XZ-plane and the (b) YZ-plane; (b) Edge emitting diode laser array.
The edge emitting diode array shown in Figure 3.2b is driven by the flow of electrical current through the anode and cathode described in Figure 3.3. A thermistor is used to measure the bar’s temperature which is in turn controlled by the thermoelectric (TEC) cooler to operate within the operating temperature of the module. Copper plates serve as heat dissipaters to assist TEC cooling through air cooling mechanism. Figure 3.3 shows the components for temperature control. Also shown in Figure 3.3 are the processing table and microcontroller for lowering powder bed. The processing table moves along the y-axis through a moving base plate controlled using LabView through stepper motor. 
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Figure 3.3. DAM electrical and temperature control components within processing chamber. Processing table and moving base plate components. Double headed arrows describe linear movements.
The DL bar traverses across the moving powder bed with the emitters turning on/off as required to selectively melt regions of the powder bed. The individual laser spots generated by the DL are not deflected as those used in SLM to create a shape, but are instead activated to form a vertical beam to create features while the DL/substrate traverses. This process can be linked to multiple nozzles within an inkjet print-head, printing or irradiating over areas that correspond to the geometry to be printed/formed. DL bars are highly compact compared to fibre lasers and are therefore scalable such that multiple arrays could be stacked, enabling large areas of a powder bed to be irradiated at rates higher than that of a single point laser source. Figure 3.4 presents the inner and outer view of the system. Figure 3.4a shows the processing table components (including moving plate, microcontroller and powder bed), focusing optics, laser module and cooling system contained within the inert chamber enclosure. Also shown in Figure 3.4a is the argon blade supply located between the focusing optics and the powder bed. Figure 3.4b shows the power supply for cooling fan and moving plate. The inert chamber is located within an interlock enclosure. The interlock system restrains the TEC controller and HPDL power supply to operate only when doors are closed for security. The TEC controller monitors DL module’s temperature through thermistor reading and provides electric current flow to cool down the module to a set operating temperature by Peltier effect. The HPDL power supply is connected to the module’s anode and cathode and can be programmed at different voltage and current values to operate the DL module at powers ranging from 30-50 W. The key theoretical benefits of using individual non-multiplexed diode emitters to create multiple laser spots on a powder bed are summarised in Table 3.1.
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Figure 3.4. (a) Inner and (b) outer view of DAM system. (a) General components within inert chamber are shown for visualisation, the correct orientation of focusing lenses is that shown in Figure 3.3. 
Table 3.1. Key theoretical benefits of Diode Area Melting.
	DAM
	Current SLM technology
	DAM theoretical benefit

	Array of independently addressable laser diode emitters.
	Galvo scanning of a single/multiple fibre laser beam(s).
	Faster build speed, smaller laser unit size, lower cost, compact stackability of multiple lasers.

	Possible spot size reduction.
	Minimum spot size limited by numerical aperture of fibre and lens.
	High resolution enabled by small focused spot size in the array.

	Scalability to large scanning areas.
	Speed penalty for rastering over large parts. Space limited.
	High speed maintained for large parts. No space limited.

	High 60-80% wall plug efficiency laser.
	20% (50 % in the best cases) wall plug efficiency of lasers.
	Grater electrical to optical energy efficiency.

	Tuneable wavelength to peak absorption of materials.
	Single wavelength high-power laser.
	Greater melting efficiency, Greater functionality.

	Optical preheat.
	Substrate heating. RF heating.
	Precise, fast surface heating.

	Future application of 2D VCSEL/PCSEL arrays.
	
	Remove need for any scanning.



The theoretical benefits of DAM described in Table 3.1 are extended in the following points:
· Faster build speed, smaller laser unit size, lower cost, compact stackability of multiple lasers. Faster build rates can be achieved in DAM if multiple HPDL modules are stacked together in order to scan larger areas over the powder bed. For example, Sun et al. [102] reported high build rates in SLM of stainless steel 316L of 3.75 mm3/s using 380 W laser power, that is ~72 % faster than conventional 316L processing at 100 W. The compactness of the HPDL modules used in DAM (6.5175 cm3 each module comprising 19 emitters) allow the scalability of the process. If 10 such HPDL modules are stacked together, a build rate of 4.275 mm3/s can be achieved (n.b. build rate is calculated as detailed in Section 2.1.4. Layer thickness 50 µm, scan speed 6 mm/s and individual laser spot 100 µm are assumed). Therefore, DAM can be faster than the high speed SLM process reported by Sun et al. The volume of a typical single-laser SLM machine is 3.0996 m3; in contrast, the volume of a typical quad-laser SLM machine is 39.312 m3 [103]. This means that the dimension of a single-laser SLM machine can increase by ~13 times in a four-lasers SLM machine. In DAM, typical 6.5175 cm3 volume laser units (comprising 19 emitters/lasers each) can be stacked together in order to scale up the number of emitters to the order of hundreds of individual lasers working together, with a minimum penalty in the machine’s total dimension. Furthermore, the cost of typical HPDL modules used in DAM can be ~£1500, which facilitates the scalability of multiple modules that can be stacked together in a DAM machine.
· High resolution. Individual laser spots used in DAM can theoretically be smaller than the typical SLM lasers due to the lower wavelength (e.g. 808 nm) of diode lasers. However, the DAM beam delivery system (i.e. collimating and focusing optics) has to be optimised. This would allow higher resolution and high energy densities even at low laser power.
· High speed maintained for large parts. The non-deflected beam scan strategy of DAM and its scalability to hundreds of individual lasers, can overcome the speed penalty suffered in SLM due to its rastering strategy, with no processing space limitation. 
· Greater wall plug efficiency. Diode lasers benefit from >60 % efficiency, which reduces substantially the energy consumption of both the laser(s) unit(s) and the cooling system compared to typical SLM high-power fibre lasers (and their cooling system) energy consumption.
· Greater melting efficiency. The wavelength tunability of diode lasers enable high-efficient processing of materials with peak-absorption wavelengths. Also, HPDL modules can theoretically operate at multiple wavelengths (i.e. each single emitter within the HPDL module can operate at a specific wavelength), allowing high-efficient processing of multi-material powders.
· Precise, fast surface heating. The output beams of multiple HPDL modules can be multiplexed together in order to preheat selectively the processing area, rather than preheating the whole chamber. This strategy can simplify current typical SLM preheating mechanisms (i.e. substrate preheating) and reduce energy consumption (n.b. preheating can consume >2 kW in a typical SLM operation [20]).
· Remove need for any scanning. DAM scan strategy can theoretically cover the whole powder bed (irrespective of the bed dimensions) in a single ~6 mm/s scan. However, DAM has the potential of removing the scanning strategy and melt the whole bed in a single pulse by covering the whole powder bed using a melting screen comprising thousands of emitters.
Several potential benefits/advantages of the DAM process have been identified.  However, DAM has significant limitations that need to be taken into account for future investigation and system development. The maximum power that a single emitter can deliver within typical DAM HPDL modules is limited to ~5 W. Also, the number of emitters of a typical module is <20. Customised HPDL modules featuring >20 emitters of >5 W power each, is a challenge for manufacturers in order to improve the DAM mechanism. Design and development of the cooling system, collimating optics and focusing lenses for such customised arrays are also a challenge that need to be addressed. Furthermore, the need of low f-number focusing lenses to achieve high energy densities in DAM, restricts the space dimension between processing table and lenses/laser, which threatens the physical integrity of the lenses/laser. 

3.3. [bookmark: _Toc497898928]Fully integrated Diode Area Melting test rig
The key components of DAM are schematically shown in Figure 3.5. The developed DAM system is enclosed within a custom chamber that is pumped with argon gas during processing (oxygen concentration in the chamber is reduced to < 1000 ppm before processing). In the present embodiment, the LD module bars, which are thermoelectrically cooled, remain stationary during processing whilst the powder bed is traversed. However, a scheme is also possible where the modules themselves are traversed. In addition to FAC/SAC collimation, two additional plano-convex lenses were aligned to the fast and slow axis respectively to focus light in the parallel and perpendicular directions. An inert gas air knife also passes just above the processing table to prevent contaminants during processing from adhering to the focusing lens or reaching the laser facets. A motorised bed processing table (controlled by LabVIEW) adjustable in the x and z axes is positioned directly below the focusing optics for the lasers (Figure 3.5). The enclosed chamber is a two glove glovebox, to allow for manual deposition of powders after each processing scan.
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Figure 3.5. Diode Area Melting test rig key components.


3.4. [bookmark: _Toc497898929]Customised 808 nm diode laser bar control and beam profile measurement
The DL bars (continuous array of 19 lasers) used in the DAM system were sourced from Oclaro (now II-VI Lasers Enterprise, Zurich) and emit laser radiation at a wavelength of 808 nm (n.b. the 19-emitters DL module used in the present research was arbitrarily selected from typical commercial edge-emmiting modules. Any edge-emitting multi-beam DL module can be used for DAM investigation. There is no restriction in the number of emitters comprised within the module for DAM processing. However, modules with larger number of emitters are desirable in order to scan larger areas). The maximum power output of the CS-mounted module is 50 W spread over the 19 emitters (i.e. each emitter can contribute 2.63 W). In this laser bar, the 19 emitters are 135μm wide with 500 μm period. FAC and SAC collimation optics are mounted to the output facet of the bar to collimate the individual beams. The use of SAC optics in particular allows individual beams originating from the individual emitters in the bar to remain separated prior to focusing onto the powder bed. LabVIEW was used to control the individual emitters and the stepper motor attached to the powder bed stage such that selective laser melting and feature creation could be controlled along the y-axis.

In order to make the 19 emitters individually addressable for net-shaping capabilities, the individual lead-outs from each emitter needed to be independently operated. In order to achieve this level of customisation, a dual-beam Focused Ion Beam (FIB) system was used to mill the metal layer connecting individual devices (since common usage of such bars operates all lasers simultaneously). The FIB system comprises a JEOL 6500F scanning electron microscope (SEM) with an Orsay Physics Ga + ion column, which focuses the ion beam to a submicron spot size to mill material in the exposed area. A milling current of 0.16 nA and a beam energy of 30 kV were used. Electrical pumping was provided by a Thorlabs PRO-8000 multiple current source to power and control each emitter.

The optical beam profile of the 19 emitters working together at a focal distance equivalent to the distance between the slow axis focusing lens and the powder bed was measured using an opal glass target from which the melting beam area was projected and recorded using a Spiricon camera based beam profiler (BeamMic Software was used to measure the beam dimensions). The beam dimensions of all laser beam profiles used in the present research correspond to areas comprising 86.5 % of the total beam intensity (distance between points where the intensity falls to 1/e2 = 0.135 times the maximum intensity value) as is typically used for collimated/focused beams [104] (see Figure 3.6). The present work investigates the effect of multi-spot laser-beam parameters (i.e. spots period and total beam dimension) in the DAM process. Therefore, only the beam profile of the fully operated HPDL module (i.e. all 19 emitters working together) are characterised. Characterisation of individual spots can be subject of future work that investigates the potential of DAM resolution. Figure 3.6a shows the beam profile at the facet of the diode bar after micro lens collimation of the emission of all 19 lasers and before focusing. The fast axis (2.5–6 times more divergent than the slow axis) collimation will determine the minimum spot dimensions and is the first to shape the beam. After collimation, cylindrical plano-convex lenses were used to focus beams and reduce the separation between spots. The focused beam profile shown in Figure 3.6b covers a width of 4.75 mm and demonstrates superposition among adjacent spots, as is required to achieve high energy density across a continuous area. The melt width is limited due to the experimental setup consisting of only one diode bar with 19 emitters. Extension and up-scaling of this melt width over the powder bed would require multiple-stacks of these diode bars to be connected end-to-end.
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Figure 3.6. Beam profile measured using a Spiricon camera based beam profiler and BeamMic software; (a) output from all 19 DL emitters at the facet (after FAC and SAC and before focusing), operating simultaneously at 2.63 W each; (b) beam profile of the 19 emitters focused to a single stripe of overlapped spots.

3.4.1. [bookmark: _Toc497898930]Laser beam profile characterisation
The FWHM beam divergence of the DL bar is 7º in the slow axis and 27º in the fast axis. The characteristics of the laser diode used in the present investigation are presented in Table 3.2. FAC and SAC (sourced and installed by LIMO) were used for collimating the diverged beams. The divergence (FW 1/e2) after collimation is 47.6 mrad x 1.7 mrad for the slow and the fast axis (specified by manufacturer) respectively. The beam profile after collimation was observed using a Spiricon camera beam profiler and an opal glass target as depicted in Figure 3.7. The mean dimensions of the 19 emitters output after collimation were measured using BeamMic software and are shown in Figure 3.8a. The measured radii of the collimated beams are 1mm in the fast axis and 0.5 mm in the slow axis (both estimated at the 1/e2 level).
Table 3.2. LD module characteristics.
	Centre wavelength
	808 nm

	Slow axis beam divergence 
	7 º

	Fast axis beam divergence 
	27 º

	Bar width
	10 mm

	Number of emitters
	19

	Emitter spacing
	500 µm

	Emitter width
	135 µm

	Fill factor
	27 %



[image: ]
Figure 3.7. Laser profiling methodology.
The diode laser module used in this investigation features 19 transverse electromagnetic modes (TEM180) as shown in Figure 3.8a. The collimated beams were focused using two plano-convex lenses with focal length f = 50 mm and f = 25 mm for the fast and slow axis respectively. The focusing lenses are used to reduce the spot dimensions and the spots spacing to a minimum (the spot spacing reduction is particularly influenced by the slow axis focusing lens). According to Equation 2.13, the beam quality or beam propagation factor M2 is directly proportional to the minimum spot diameter at which a collimated beam can be focused. Typically, the values for the beam quality factor for broad-stripe high power laser diodes (similar to the used in the present investigation) fall in the range of 20-50 [73].
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Figure 3.8. a) Collimated beam profile of the wide stripe laser diode featuring 19 TE modes after FAC and SAC; b) Focal beam profile of the wide stripe laser diode featuring 19 TE modes. Both estimated at the 1/e2-level.

High M2 values means poor quality beams that have a focal-spot size one or even two orders of magnitude higher than the diffraction limited value. FAC and SAC are used to overcome this situation. The minimum single focal-spot and multi-mode stripe dimensions of the laser diode beams used in the present research are shown in Figure 3.8b. The fast and the slow axis have different beam characteristics (dimension and divergence) that will affect the correspondent minimum focal-spot dimension. Therefore, the beam quality factor should be calculated for each axis respectively. This can be done by using Equation 2.13:

Where the wavelength is ; the focal lengths are  and ; the collimated beam diameters are and  for the fast and slow axis respectively; the focused spot diameters for both axes are  Therefore, the calculated M2 factor for individual beams is . It is evident that the calculated beam quality factor is significantly smaller than that of typical broad-stripe high power laser diodes (described earlier in the present Section). However, the collimated beams are still considerably larger than the diffraction limited value as depicted in Figure 3.9. Smaller focal spots may be obtained if the quality of individual collimated beams is enhanced by using tailored FAC and SAC to improve their collimating characteristics in order to match the collimated beam with the ideal focal lengths, numerical apertures and dimensions (width and length) of the correspondent focusing lenses. The numerical aperture of a focal lens is a quantitative value for the range of angles of the incoming cone of light that the lens can handle and it is defined as  where n is the refractive index of the propagating medium and α is the one-half angular aperture of the incoming cone of light. A typical value of the refractive index is n=1, therefore, the value of the NA depends on the one-half angle of the cone of light that the lens can handle and that is in turn related to the lens’ dimension.
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Figure 3.9. Comparison of the propagation and focal spot dimension of a M2=4.86 beam with the diffraction limited beam. Dimensions at the focal spot are proportional for visualisation.

The NA of a plano-convex focal lens should match the NA of the incoming beam in the correspondent axis (fast or slow axis). The NA of the lens should also be able to “handle” the beam(s) in the other axis (i.e. the width and length of the lens should cover completely the light from the two diverged axes of the multiple emitters). Lenses with low NA may distort or even truncate the incoming laser beam. The minimum melting beam dimension attained in the present investigation is the laser beam profile presented in Figure 3.8b (spot radii estimated at the 1/e2-level). The measured dimensions of this melting beam profile are 4.75 mm x 0.25 mm of a line-shaped multimode beam with total beam area A = 1.19 mm2. In order to assess the melting capability of different melting-area configurations, a larger continuous (line-shaped) high intensity area and a parallel individual multi-spot configuration are presented in this Section. The different laser beam configurations resulted from increasing the distance between the slow axis focusing lens and the processing table (see Figure 3.5) by increments of 5mm and 10mm for the larger line-shaped and the parallel multi-spot beam areas respectively. The geometry and dimensions of such melting area configurations are described in Figure 3.10 (spot radii are estimated at the 1/e2-level).  The total beam areas of the configurations depicted in Figure 3.10a and Figure 3.10b are A = 1.95 mm2 and A = 3.76 mm² respectively. The laser beam profiles (LBPs) depicted in Figures 3.8b, 3.10a and 3.10b are denominated LBP1, LBP2 and LBP3 respectively (Figure 3.11). 
[image: ] 
Figure 3.10. a) Melting area of a large continuous wide stripe laser diode beam featuring 19 TE modes; b) Parallel melting multi-spots of a wide stripe laser diode profile featuring 19 TE modes. Both estimated at the 1/e2-level.

[image: ]
Figure 3.11. Laser Beam Profiles dimensions and total beam areas; (a) LBP1, (b) LBP2 and (c) LBP3.

3.5. [bookmark: _Toc497898931]Theoretical optical configurations for individual spot size optimisation
The micro-optical mechanism for beam collimation can be considered as the governing factor in the melting-spot dimension control. The collimated beam diameter is directly correlated to the focal length of the lens as described by Equations 2.15 and 2.16. The f-number of the micro lenses used in the present investigation can be calculated using the laser beam divergences shown in Table 3.2 and the measured collimated beam diameter (see Figure 3.6a). Using Equations 2.15 and 2.16, the f-number of the FAC and SAC is given by


Typical effective focal lengths for FAC micro-lenses can go down to 0.1 [105]. Shorter FAC f-numbers will lead to smaller diameters of the collimated beams resulting in tighter spots that can be used for direct melting without the need of additional fast axis focusing lens. Table 3.3 shows theoretical FAC focal lengths that will lead to individual melting spot sizes (fast axis diameter) comparable to SLM. The slow axis collimation is physically limited because of the width of emitters and the low beam quality. Focal lengths for SAC micro-lenses are therefore more difficult to change within a given FAC & SAC micro-optical module. Alternatively, smaller focal lengths of the slow axis focusing lens can be used to decrease the slow axis melting spot diameter (see Equation 2.18) to increase the process energy density. 

Table 3.3. Theoretical FAC focal lengths for fast-axis spot diameter optimisation compared to the LBP1 mechanism.
	Optical configuration mechanism
	FAC effective focal length (mm)
	Melting fast-axis spot diameter df (µm)

	F1th
	0.1
	78

	F2th
	0.128
	100

	FLBP1
	1.28 (LBP1)
	250 (LBP1)



Table 3.4 shows theoretical focal lengths of the slow axis focusing lens that lead to individual melting spot sizes in the slow axis direction, comparable to SLM. An M2 = 4.86 similar to the used in the present investigation is assumed. Table 3.5 shows the total beam area of the 19 superposed emitters (used in the present investigation) that results from the theoretical optical configuration mechanisms shown in Table 3.3 and Table 3.4 for the fast and slow axis melting spot dimensions. Table 3.5 also shows the energy density factor Ef (which is directly proportional to the process energy density) of the different theoretical optical configuration mechanisms that describes the influence of the total beam area in the process energy density. Factor Ef is calculated from the relation Ef = 1 / (total beam area). It can be seen that Ef increases significantly with optimised optical configuration mechanisms. That Ef increase will allow the use of higher scanning velocities.



Table 3.4. Theoretical focal lengths of the slow axis focusing lens for slow-axis spot diameter optimisation compared to the LBP1 mechanism.
	Optical configuration mechanism
	Focusing lens’ focal length (mm)
	Melting slow-axis spot diameter ds (µm)

	S1th
	7.8
	78

	S2th
	10
	100

	SLBP1
	25 (LBP1)
	250 (LBP1)



Table 3.5. Total beam area of theoretical optical configuration mechanisms and energy density factor (influence of melting area in the process energy density).
	Optical configuration mechanism
	Total multimode beam width of 19 superposed melting spots (mm)
	Total beam area (mm2)
	Energy density factor Ef (mm-2)

	F1th & S1th
	1.482
	0.12
	8.65

	F2th & S2th
	1.9
	0.19
	5.26

	FLBP1 & SLBP1
	4.75 (LBP1)
	1.19 (LBP1)
	0.84



3.6. [bookmark: _Toc497898932]Summary
The DAM mechanism and system development have been described in the present Chapter. Theoretical benefits of DAM over current SLM technology were presented and different DAM LBPs were characterised in order to investigate the effect of melting area dimension, melting beam shape (line or multi-spot shape) and melting spot-spacing. Different theoretical optical configurations have been presented for potential process optimisation. 


4. [bookmark: _Toc497898933]Structure of the experimental work
The experimental work developed in the present research is structured by two general stages, each focused on specific objectives as described below: 
· Scoping experimental investigation. The purpose of this stage is to explore the scope and potential of the novel DAM methodology. Different process materials have been investigated and temperature rates measured to determine the melting capabilities of DAM. Also, density analysis of components has been conducted.
·  Parametric investigation. In this stage, a parametric investigation has been performed. The process material identified from the scoping investigation has been selected as potential candidate for DAM investigation. The effect of particle size distribution, laser power, scanning velocity and laser beam dimensions during DAM processing of the selected process material has been investigated. A densification analysis has been conducted in order to identify process conditions required for producing high density components.

Results from the experimental stages are needed for modelling the DAM process. Temperature evolution during DAM processing of metallic powder beds and melt-pool dimensions can be used to validate a DAM simulation model. The process material identified in the scoping investigation (stage 1) has been used for the development of a DAM simulation model. The densification analysis conducted in the parametric investigation (stage 2) presents optimal conditions (i.e. energy density) that can be used for DAM simulation.
5. [bookmark: _Toc497898934]Scoping experimental investigation
To determine the melting and process capabilities of DAM, the temperature profiles of different materials (i.e. BiZn2.7, AlSi12 and Stainless Steel 17-4) were measured at the surface of the powder at variable laser powers and processing speeds. The density of DAM processed BiZn2.7 and Stainless Steel 17-4 formed components were analysed to determine whether a sufficient thermal energy density had been generated to achieve full melting of powder feedstock. Insufficient thermal energy density for full melting was observed in AlSi12 due to the formation of oxides. 

Initially, a low temperature eutectic composition of BiZn2.7 was used to test the melting capabilities of the DAM system. Bismuth (with a melting point of 271.442ºC) was elementally mixed with a higher melting point Zinc powder (470 ºC).  This composition was successfully processed to high density (>99 %) using conventional SLM trials and represents a low temperature SLM candidate material (Mumtaz et al., 2011). Bismuth powder (sourced from Acros Organics with D50 of 149 μm) and Zinc particles (sourced from Fischer Scientific with D50 of 100 μm) were weighed and mixed in specific percentages and deposited onto a 25x25 mm BiZn2.7 substrate. The powders were manufactured by mechanical grinding and therefore had irregular shaped morphology and broad size distribution (Figure 5.1). The large particle size of the powders prevented layers of < 200 μm from being deposited.
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Figure 5.1. SEM image of the process (a) Bismuth and (b) Zinc powders showing particle size and morphology.

AlSi12 was tested in order to analyse the effect of the increased laser absorption of Aluminium at 808nm wavelength compared to the conventional 1.64 μm (see Figure 5.2a) of the fibre laser used in SLM. AlSi12 is a eutectic alloy that solidifies at 577 ºC. The pre-alloyed eutectic AlSi12 powder (Sourced by LPW) was gas atomised with irregularly shaped morphology as seen in Figure 5.2b. A particle size analysis performed showed a particle size distribution of 20-90 μm. The powder was deposited onto a 25x25 mm aluminium substrate. Due to the manual deposition of AlSi12 powders, minimum layer thickness was limited to 150 μm. 
[image: ]
Figure 5.2. (a) Spectral absorption for Aluminium (adapted from [3]). (b) SEM image of AlSi12 powder. 

Stainless Steel 17-4 powder (sourced by EOS; D50 of 50 μm; see Figure 5.3b) was used for processing high melting point materials using the DAM system. Steel exhibits higher laser absorption that can go above 30 % for 808 nm wavelength as depicted in Figure 5.3a. Due to the manual deposition of 17-4 powders, minimum layer thickness was limited to 150 μm. For a powder bed metal AM process this is far thicker than would normally be used as a layer thickness (SLM normally uses 30-50 μm). For all BiZn2.7, AlSi12 and 17-4 stainless steel, varying scan speeds were investigated ranging between 0.5 and 5 mm/s at the maximum power of 50 W over the entire LD.
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Figure 5.3. (a) Spectral absorption for Steel (adapted from [3])SEM images of the process stainless steel 17-4 showing particle size and morphology.

5.1. [bookmark: _Toc497898935]Experimental methodology
5.1.1. [bookmark: _Toc497898936]Temperature rate measurement
A Flir 9Hz thermal imaging camera was initially used to measure the temperature rates with a set value for emissivity of material being processed. However, when this proved too slow to capture temperature rises due to rapid absorption and conduction of heat a secondary rapid high speed measurement system was used. By fitting a Hamamatsu C11440-22CU with an f/1.4 lens and an RG850 850nm high pass coloured glass filter, the camera could operate as an infrared imager and produce thermal images once calibrated. The camera was calibrated against a LANDCAL R1500T blackbody temperature reference, which was itself previously calibrated to a UKAS temperature transfer standard.

5.1.2. [bookmark: _Toc497898937]Density measurement
DAM processed BiZn, AlSi12 and Stainless Steel 17-4 samples were cross-sectioned through multiple layers (along z-axis build height), mounted and polished. The level of porosity in the specimen was determined and estimated by area fraction analysis of representative micrographs/fields using a method based on ASTM E2109-01 (2007) and BS 7590:1992.

5.2. [bookmark: _Toc497898938]Results and Discussion
In this Section, the scoping experimental findings are discussed. Temperature rates were measured at the surface of the process powder bed for low and high temperature metallic powders (BiZn2.7, AlSi12 and Stainless Steel 17-4) at varying process speeds in order to determine the maximum temperature achieved in each case. The shape forming capabilities of the DAM process are discussed, in addition to density analysis of DAM-formed BiZn2.7 and Stainless Steel 17-4 components. Also discussed is the current DAM limitation when processing AlSi12 due to the formation of aluminium oxides.

5.2.1. [bookmark: _Toc497898939]Temperature rate – low melting point BiZn2.7 powder
Multiple energy densities were generated through varying the scan speed with all emitters operating at maximum power (2.63 W each, 50 W for the entire LD array) shown in Table 5.1. The laser beam profile used is LBP1 with total beam area 1.19 mm2.  The total power used in the calculations was the diode bar maximum output power of 50 W. The energy density for the entire melting area can be calculated using Equation 5.1, with the scanning velocities given in Table 5.1.

Equation 5.1
Table 5.1. Scanning velocities and energy densities generated during DAM processing of BiZn2.7.
	Scanning velocity (mm/s)
	Energy density (J/mm3)

	0.5
	83

	1
	42

	3
	14

	5
	8



The maximum temperature over a  mm area (area described by the square at the centre of Figure 5.4a) over a ~0.2 mm thick BiZn2.7 powder bed was measured with the Flir 9 Hz thermal imaging camera as shown in Figure 5.4a. The emissivity ε=0.67 was predicted using Sih and Barlow method for emissivity in powder beds [13]. The temperature evolution was measured on a moving powder bed at different scanning speeds shown in Table 5.1. In Figure 5.4b, the actual melting beam of 19 focused laser diode emitters on BiZn2.7 powder bed is shown. 
[image: ]
Figure 5.4. (a) Temperature distribution over 25 x 25 mm area during DAM processing of BiZn2.7. (b) Shows the actual melting beam of the diode bar on the powder bed.

Figure 5.5 plots the temperature evolution measured (i.e. maximum temperature of the powder bed, plotted against elapsed time) for a range of scan speeds with the full DL array operating at the maximum 50 W. 
[image: ]
Figure 5.5. Temperature evolution (maximum temperature measured) of Diode Area Melted Bi-Zn2.7, measured for a range of scan speeds.
The temperature at the surface of the powder rises quickly, with the speed of this rise being dependent upon the scan speed. Higher temperatures are achieved faster at slower scan speeds as a result of higher energy densities being generated. The maximum unalloyed melt temperature of a BiZn elemental mix is 420 ºC (Zinc’s melting temperature). This temperature was reached at the surface with a scan speed of 0.5 mm/s after approximately 0.6 s with an energy density of 85 J/mm3. With faster scan speeds the maximum temperature measured within the  mm area was below the melting temperature of Zinc and therefore deemed unsuitable for complete melting of BiZn2.7. After 1 s the maximum temperatures were attained and stabilised due to a constantly moving laser beam.

5.2.2. [bookmark: _Toc497898940]Diode Area Melting shaping capabilities
The capability to create shaped parts was investigated using the processing parameters determined in Section 5.2.1, which proved capable of generating powder surface temperatures above 420ºC (depicted in Figure 5.5). Individual emitters across the DL were activated to create specific shapes. However, when high energy densities were used (above 40 J/mm3) to process BiZn2.7, significant over melting would occur leading to difficulties in depositing further layers. An energy density of 30 J/mm3 was found capable of sufficiently melting BiZn2.7 powder without significant over melting and powder deposition issues. Figure 5.6 shows the scanning patterns and processed geometries created by activating 4 emitters while generating an energy density of 30 J/mm3 across the BiZn2.7 powder bed using a single scanning path. 
[image: ]
Figure 5.6. 2D patterns created using 4 individually addressable emitters from a customised DL module for Diode Area Melting. Dotted circles highlight areas of over-melted lumps possibly due to abrupt turning ON of each subsequent laser/spot.

The red and grey circles in the schematic diagrams represents the ON and OFF state of individual emitters, respectively, while traversing the powder bed under the CW DL beams/spots. Features can clearly be seen within the processed powder bed that correspond to the emitter activation scan strategy. Dotted circles in Figure 5.6 highlight areas of over-melted lumps that were possibly formed due to abrupt turning ON of each subsequent laser/spot (this could be mitigated by programing the laser for gradual increasing of power at laser’s turning ON). The samples were created from ten ~ 200 μm BiZn2.7 layers. Despite the theoretical width of the melting area being ~ 1 mm, covered by 4 emitters (19 emitters covered an elliptical melting area of 4.75 mm width, therefore each emitter should cover 0.25 mm width considering overlap) the features created measure > 2 mm (i.e. smallest feature ≥0.5mm). This may be a result of larger melt pools being formed due to Bismuth’s low temperature of (270 ºC) making up the majority of the BiZn2.7 feedstock. During processing, a laser-induced surface temperature profile (Figure 5.4a) reaching in excess of 500 ºC was created within 1 s (Figure 5.5). This would have led to a potential overheating of the feedstock (combined with a low scan speed) causing the melt pool emanating from the centre of the laser spot to rapidly expand, creating larger features. The DAM shaping capability is presented here. However, the spatial resolution is not characterised and can be the subject for future work.

5.2.3. [bookmark: _Toc497898941]BiZn2.7-part density
The DAM processed BiZn2.7 samples were cross-sectioned across the z-axis (across the build height) in three locations along its length, then mounted, polished and their average density measured by area fraction analysis of representative micrographs/fields using a method based on ASTM E2109-01 (2007) and BS 7590:1992. Figure 5.7a shows an optical cross-sectional micrograph of a DAM built BiZn2.7 sample. The cross-section exhibits a number of irregular shaped pores. However, the samples have a high overall average density of 99.27 % (i.e. 0.73 % porosity). Density measurement was conducted as described in Section 5.1.2 (density measurement methodology is detailed in Appendix B). The BiZn component was cold mounted due to the low melting point of Bismuth (271 ºC) and no etching was conducted to measure part’s density. This could have shown micrographs with higher density than the actual density. When observing pores in SLM components, smearing within the melt may be a concern specially while polishing samples of soft materials such as Bismuth [106]. In order to measure density with higher precision, etching would be required. The observed porosity was attributed to the thick ~ 200 μm layers from the powder bed and inconsistencies associated with the manual process used for its deposition resulting in non-uniform melting [107]. The top surface of the samples was not completely flat (Figure 5.7b), this may have been due to inconsistencies during the manual deposition of powders as well as the large particle sizes and the irregular morphology of the Bi and Zn powders (see Figure 5.1). The sides of the samples were not completely uniform nor smooth, displaying signs of satellite formation and excess balling (track instabilities caused by the breakup of molten material into smaller entities in order to break up surface tension) most likely caused by the thick layer deposition or material being held in a molten state for too long (the melt pool will subsequently break up using the balling mechanism in order to reduce its excess surface free energy) [5]. With conventional SLM, scanning paths for features larger than a single scan typically consists of overlapping laser scans so that porosity is minimised. The DAM system’s overlap between emitter spots cannot be adjusted without a hardware modification. The position of each spot along a parallel scan line is fixed by the spacing between lasers in the DL bar and setting of the optics used in the system (de-focusing permits adjacent overlap of emitters). An alternative to hardware adjustment to combat insufficient melting in between emitters (due to insufficient overlap), the laser power may be increased or scan speeds reduced such that the melt pool or heat affected zone is expanded so that pores between emitters can be reduced. The Bismuth or Zinc powders used within experimentation were irregular shaped, this would reduce the powder bed packing density increasing the likelihood of pores being present. A reduction in powder layer thickness and use of a powder with a spherical morphology and lower particle size may have assisted in reducing overall sample porosity.
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Figure 5.7. (a) Cross-section of Diode Area Melted BiZn2.7 samples contained some irregular shaped pores, whilst attaining a maximum density of 99.27%; (b) side view of a Diode Area Melted BiZn2.7 part showing a not uniform top surface due to excess balling.

5.2.4. [bookmark: _Toc497898942]Temperature rate – AlSi12 powder
AlSi12 powder showed lower temperature increase over the melting point compared to BiZn2.7. This may be due to a lower laser absorption and higher thermal conductivity of AlSi12. The energy densities used were generated through varying the scan speed with the DL working at its maximum power (2.63 W each, 50 W for the entire LD array) as described in Section 5.2.1. Due to the lower temperature rate observed in AlSi12, only the slower scanning speeds of 0.5 mm/s and 1 mm/s were analysed (i.e. energy densities of 83 and 42 J/mm3 respectively). Faster speeds were not capable of melting due to insufficient energy density applied. The area under the superimposed beam was kept to LBP1 1.2 mm2. The maximum temperature over the powder bed was measured with the Flir 9 Hz thermal imaging camera as shown in Figure 5.4a. The emissivity value for AlSi12 was ε=0.45 which was predicted using the Sih and Barlow method [13]. The temperature rate was measured on a moving powder bed using the full DL array operating at the maximum 50 W and is depicted in Figure 5.8.
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Figure 5.8. Temperature evolution (maximum temperatures measured) of Diode Area Melted AlSi12, measured for 0.5 and 1 mm/s scan speeds.

Higher temperatures are achieved faster at a slower scan speed due to higher energy density. The temperature at the surface of the AlSi12 powder rises quickly and then stabilises above the melting temperature (i.e. 577ºC) at 800 ºC and 650 ºC for the 0.5 mm/s and 1 mm/s scan speeds respectively. Figure 5.9 shows an AlSi12 multi-layer part processed at 0.5mm/s, 83 J/mm3).

5.2.5. [bookmark: _Toc497898943]Oxidation
During DAM processing of AlSi12, a large amount of oxidation was observed (Figure 5.9) as well as the formation of balling that prevented the formation of a smooth melt track. This may be due to the presence of oxygen even at low concentrations within the chamber. Aluminium and its alloys are difficult to process due to the incorporation of significant amount of oxide and formation of oxide films during SLM at low oxygen concentration as reported in work conducted by Louvis et al. [23]. These films may induce a reduction of the surface tension and passivate the surface of the molten metal while reducing its reactivity and increasing the difficulty of penetrating the surface. 
[image: ] [image: ]
Figure 5.9. AlSi12 part processed at 5mm/s scan speed and 50W laser power. Layer thickness 150μm. (a) top view; (b) SEM image of the cross section view.

A good melt track can be considered as the movement of a melt pool across a surface where powder is added at the front of the pool and solidification of material at the back. During the process, the underlying and surrounding solid should partially re-melt in order for the regions to wet and fuse with the melt pool. However, in the case of aluminium and its alloys, a solid oxide layer is formed both on the underlying solid and on the melt pool preventing a good melt track to be formed. The wetting and fusing of the regions are governed by the disruption or disassociation of the oxide films rather than the melting of the different regions. During a conventional SLM processing of aluminium, the temperature of the upper molten surface under the laser beam can be high enough to vaporise the oxide film. However, the oxide films that control wetting are those located below and to the side of the melt pool. Marangoni forces may disrupt the lower oxide films by stirring the molten metal and folding the oxide into the melt. However, oxides formed at the side of the melt pool are more difficult to disrupt. Therefore, a success processing of aluminium and its alloys requires very high laser powers and slow scan speeds to increase significantly the temperature gradients (increasing in turn the surface tension along the melt) in order to cause changes in the melt pool size and changes in the liquid flows within the melt pool at the higher temperatures induced. Figure 5.10 shows the oxide films formed during SLM processing of aluminium and their disruption. 
[image: ]
Figure 5.10. (A) Marangoni convection in the melt pool. (B) Oxide disruption and solidification of the melt pool [23].  

During DAM processing of AlSi12, the temperatures achieved were not sufficient to disrupt the oxide films formed. This may have promoted balling due to melting of material within the oxide barriers but not able to cause good wetting and fusion of regions along the melt track. Highly dense regions of molten AlSi12 can be observed in Figure 5.9b. However, no density analysis has been performed for the processed AlSi12 part since the high amounts of oxidation would have prevented a good representative analysis.

5.2.6. [bookmark: _Toc497898944]Temperature rate – Stainless steel 17-4 powder
The same DAM process parameters applied in section 5.2.1 were used to measure surface temperature profiles on a 150µm thick Stainless Steel 17-4 powder bed. Due to the rapid heat absorption/conduction of Stainless Steel 17-4 the Flir 9Hz thermal imaging camera was unable to accurately measure the temperature at the surface of the powder. Instead a Hamamatsu C11440-22CU camera was used, its specifications are detailed in Section 5.1.1. The calibration procedure for the camera involved taking a series of measurements with the camera over the temperature range required (600-1450 °C). A curve was then fit to this data to produce a brightness to temperature conversion scale for the image data. As the camera was calibrated against a blackbody source with an emissivity ε = 0.99, any images captured would need to take this into account as the emissivity of the surface being imaged is likely to be lower. To calculate the emissivity of the surface a method from Sih & Barlow was used (Sih and Barlow, 2004). This took into account the emissivity of the solid material and the porosity of the powder in use; producing an emissivity for the powder bed. The porosity of the powder was measured at 0.2192 and the solid emissivity of a similar steel alloy was found to be 0.44 (the solid emissivity used was that of a closely matching alloy 17-4). This lead to ε = 0.4754 for the bed as a whole. This value was used as a multiplier for the brightness data in the images, therefore correcting for extra reflected radiation versus the high emissivity source used for calibration. To acquire the images, the camera was run in its high speed capture mode at a resolution of 64×2048, this allows images to be acquired reliably at 900 frames per second. The camera was set to a 1.101ms integration time to keep this constant with the calibration. Images were streamed to a PC where they were saved as TIFF files for later processing. This was done in MATLAB and consisted of cropping the images to the region of interest around the laser, then performing the conversion to thermal images using the lookup table produced in the camera calibration process. The result was a series of images with each pixel value representing a temperature in degrees Celsius shown in Figure 5.11. Figure 5.12a plots the measured temperature rate obtained for a range of scan speeds with maximum 50W operating over 19 emitters (Table 5.1 shows the processing parameters used). The temperature rise for all scan speeds are rapid, with temperature exceeding 1300 °C within 6 ms for each scan speed used. After this period the camera was unable to record the temperature (due to image saturation). According to Figure 5.12b, the laser absorption of Iron (which comprises ~70% of 17-4 powder composition) at 808nm wavelength is above 40%. This high level of absorption is expected to rise as the temperature of the formed melt pool increases (Bergmann et al., 2013). The recorded temperature is still below the melting point of 17-4, however due to saturation of the recorded images after 6ms it is still unknown whether higher temperatures were reached. This can be determined during DAM processing of 17-4 with density analysis. Due to the calibration range / dynamic range of the camera, only wavelengths corresponding to a temperature range of 500ºC to 1350ºC were observed in a 4 frames range starting from 2ms to 6ms.
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Figure 5.11. Thermal imaging measurement of Stainless Steel 17-4 at 900 frames per second during Diode Area Melting. Images from a to d correspond to subsequent frames from full LD activation to melting.

[image: ] 
Figure 5.12. (a) Temperature rate of stainless steel 17-4 process using Diode Area Melting. Each point corresponds to a single frame from Figure 5.11. The connecting line between points is a guide for visualisation. Camera sensitive for wavelengths corresponding to a temperature range 500 ºC to 1350 ºC. (b) Theoretical spectral absorption of Iron, adapted [24].
5.2.7. [bookmark: _Toc497898945]Stainless steel 17-4 - part density
Due to the spherical morphology of the 17-4 powder and relatively fine particle size (D50 of 50 μm) compared to the BiZn2.7 feedstock (D50 of 149 μm) it is theoretically possible to deposit thinner layers and thereby reduce the amount of energy required to melt a layer. However, due to the manual method used to deposit powder layers, it was not possible to accurately deposit layers thinner than 150 μm, again this is 3 times thicker than what would normally be deposited using conventional SLM. With all 19 emitters activated, a cube structure measuring ~ 4.5 x 4.5 x 6 mm was formed from 40 x 150 µm thick layers, a single scanning path was used for each layer. To maximise energy density (83 J/mm3) and achieve a high part density a scan speed of 0.5 mm/s was selected, with output power set to the maximum 50 W operating across the DL array. An image of the component formed by this process is shown in Figure 5.13, positioned adjacent to an M4 bolt for scale visualisation. 
[image: ]
Figure 5.13. Diode area melted 17-4 component (left) adjacent to an M4 bolt.
The component is solid and can be removed/handed from the stainless steel substrate plate. Part geometry distortion can be seen, it exhibits irregularities at the surface and high surface roughness. The geometric distortion (i.e. bowing vertical surfaces) is most likely the result of employing a manual non-optimised powder deposition approach combined with general inaccuracies related to the system x-y table and perhaps beam path distortion due to heating of the DL bar. The surface irregularities (building at top surface) may be the result of slow scan speeds creating a melt pool that continues to grow and draws in feedstock material that surrounds the melt pool, creating peaks and troughs of melted material. Deposition of thicker powder layers will amplify this issue further. The high sidewall surface roughness is a result of the large layer thickness and potential satellite formations. These are partially attached surrounding powder particles that were unable to completely enter the melt pool, but rather neck or partially sinter to the outside of the solidified melt pool, creating a high side surface roughness. Periodically along the build height a defined interface between layers can be seen, this would suggest that layers had not completely melted during DAM. Figure 5.14 shows an optical microscope image of the cross-section of the 17-4 sample (across the build layers). The image contains regions indicative of lack of fusion between layers. Such levels of porosity appeared to occur randomly across the component’s cross-section. This randomness may be attributed to a number of different factors including; inconsistencies in powder layer deposition (due to manual deposition), progressive blocking of laser beam as lenses become dirty during processing, continual rise and fall of laser diode temperature affecting beam alignment. These potential processing issues and inconsistencies in part density, geometric integrity and surface finish can be identified/excluded through further system development/optimisation (i.e. use of automated powder deposition system, reducing layer thickness, further optimisation of processing parameters, etc.). The present study focuses in density analysis of the DAM component. Future investigations in DAM could focus in analysing sample’s microstructure and thermal history of the specimen.
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Figure 5.14. Areas displaying lack of fusion across layers (~80.76 average density).

Within the samples there were large sections of melted 17-4 with z-axis solid non-porous features in excess of the 150 µm layer thickness, with some features measuring 600 µm across the z-axis. This clearly shows that despite there being a clear lack of fusion between some regions/layers, there is evidence of multiple thick layers being successfully fused within other regions of the sample (see Figure 5.15) (n.b. process parameters as specified previously in this Section; namely 50 W laser power, 0.5 mm/s scan speed, 83 J/mm3 energy density). Figure 5.16 shows an etched image of the stainless steel sample highlighting melt pool formation. However, further analysis could focus in investigating possible smearing effects within the specimen (see Section 5.2.3). In these areas an average density of ~99.72 % was attained. Such densities are comparable to conventional SLM technologies. Within these regions there was no evidence to suggest that there was insufficient energy density to melt multiple 150 µm thick 17-4 powder layers. There existed within these regions spherical micro-pores that may be associated with gas occluded porosity (present within the gaps between the powders particles or gas already existing within the powder particles themselves). The density of the entire ~ 4.5 x 4.5 x 6 mm component (porous and dense areas together) was calculated to be ~79.18 %. The ability to successfully melt large areas of a powder bed in a single pass, from thick multiple layers of a material with melting temperatures in excess of 1450 ºC is encouraging. This outcome, from what would conventionally be conceived to be an underpowered energy source (2.63 W per laser), was able to achieve melting through use of a relatively low power and efficient (compared to diode pumped solid state or fibre laser) diode laser and focusing optics. There are clearly issues with randomised high levels of porosity inclusions within the component and high surface roughness with geometric distortions. These issues are likely to be linked to the non-optimised early stage setup of the current DAM system, use of manual powder layer deposition, undesirably thick layer deposition, issues with non-perfectly aligned focusing optics, and overlap between laser spots. Further to this, cooling units for the DL heatsinks are non-optimal (air cooled rather than water cooled), temperature rises due to prolonged use will affect the consistency of the DL beam quality. The further development of this early stage process will increase knowledge surrounding these processing issues and facilitate improvement in part quality.
[image: ]
Figure 5.15. Areas displaying high density and successful diode area melting across multiple layers (99.72  0.13 % dense).

5.2.8. [bookmark: _Toc497898946]Melt pool formation
Figure 5.16 shows an etched optical micrograph from the plane parallel to the build direction of the DAM stainless steel 17-4 sample under investigation (see Figure 5.14). For the etching process, the sample was submerged 30 seconds within a Marble’s Reagent solution containing 20gr of CuSO4, 50ml of HCl and 50ml of water. A single continuous melt pool across the scanning direction (i.e. across y-axis) is observed to form by overlapping of multiple uniformly powered DL emitters. The average depth of the single DAM melt pool is ~ 500 µm even though the minimum powder layer thickness is 150 µm using a manual deposition system. This suggests that previous layers were successfully re-melted, which consolidated in a melt of ~500 µm depth. However, after processing several layers (i.e. large total melted depth), the previous layer could not be re-melted due to insufficient laser power. This may have resulted due to heat dissipation (i.e. thermal conduction) through the re-solidified material, preventing previous layer form re-melting due to insufficient energy density available. This could be overcome by increasing energy density (i.e. increasing laser power or decreasing total beam area).
[image: ]
Figure 5.16. Optical image of longitudinal cross-section of DAM 17-4 stainless steel sample showing single large melt pool. Short straight arrows indicate the melt pool boundaries and the straight line with double arrow head shows the depth of the melt pool.

In contrast, Figure 5.17 shows an etched optical micrograph of the cross section of an SLM 17-4 stainless steel sample reported in literature [25]. In Figure 5.17 multiple melt pool boundaries are distinctly visible in the SLM built part due to the multiple laser tracks of the SLM scanning strategy. Multiple short SLM melt pools are compared to single large DAM melt pool. The lines with double arrows in Figure 5.16 and Figure 5.17 show the depth of the melt pool.  The SLM average melt pool depth is reported to be ~60 µm using a layer thickness of 40 µm (Figure 6.17). The larger depth of the DAM melt pool may be attributed to the manual deposition approach that could have resulted in layer thicknesses in excess of 150 µm leading to an increased laser absorption of the powder bed and reducing heat loss through the solid substrate. Also, slower scan speeds and higher laser absorption at the 808 nm wavelength may have induced to a larger melt pool depth. 
[image: ]
Figure 5.17. Optical image of longitudinal cross-section of SLM 17-4 stainless steel sample showing distinct melt pools. Short arrow indicates the melt pool boundaries and the line with double arrow head shows the depth of the melt pool [25].

The short arrows in Figure 5.16 and Figure 5.17 indicate the melt pool boundaries which correspond to the separation of two overlapping melt pools. These boundaries are formed when the top surface of a previous solidified layer is re-melted and forms part of a new melt pool. A single large melt pool (induced by low powered laser beams) may promote lower temperature gradients along the melt reducing in turn residual stress formation [37]. High temperature gradients result from the use of a single high-intensity melting beam during a rapid SLM operation promoting high residual stress formation. Mercelis and Kruth reported that residual stresses can be reduced by either applying a heat treatment using the laser source and/or reducing temperature gradients by means of substrate preheating [108]. DAM process characteristics can help reducing the residual stress level as described by Mercelis and Kruth. Slow scan speeds used in DAM can serve as a laser-induced heat treatment that reduces temperature gradients within the process. DAM mechanism can therefore be compared to preheated SLM mechanisms with low temperature gradients. This is further investigated in Chapter 7.

5.3. [bookmark: _Toc497898947]Summary
The experimental procedure followed in the scoping investigation is presented in the present Chapter. Temperature evolution of the analysed materials (i.e. BiZn2.7, AlSi12 and Stainless Steel 17-4) have been experimentally measured and density analysis of formed parts have been conducted. The suitability of the investigated materials for DAM processing has been investigated in order to identify a potential candidate for further parametric investigation. It was demonstrated the capability of DAM to successfully process high-temperature engineering-grade materials such as stainless steel. It was observed that oxidation prevented successful processing of DAM aluminium components. Melting temperature of the aluminium-based alloy could be achieved, however, laser power was not high enough to disrupt the oxides formed. Stainless steel was identified as the optimal candidate for investigation of DAM process parameters. High density (99.72 % micro density and ~80.76 % overall density of component) of DAM stainless steel components was measured.


6. [bookmark: _Toc497898948]Single-layer parametric analysis of 316L stainless steel powder
The DAM process parameters can be comprised in three main categories as described by Yadroitsev et al. for the SLM mechanism [18]:
· Powder: composition, size distribution, shape, optical and heat transfer properties, thickness of deposited layers.
· Laser: power, spot size, beam spatial distribution, scanning velocity and application of protective gas atmosphere.
· Strategy of manufacturing: decomposition of each layer to be melted on a number of scanning vectors, definition of orientation and distance between them.

A parametric analysis of the DAM process has been performed in order to identify the effect of powder characteristics, laser beam profile, laser power and scan speed of multiple simultaneous scanning vectors on the porosity of a single layer sample. 

6.1. [bookmark: _Toc497898949]Experimental methodology
6.1.1. [bookmark: _Toc497898950]Process parameters
Single 260 µm layers of 316L stainless steel powder (deposited using a 260 µm thick metallic mask frame on the substrate and a manually operated sliding wiper) were DAM processed in order to investigate the effect of process parameters under the assumption of minimum heat dissipation of the laser-irradiated surface of the powder bed through the solid substrate. The powder bed was scanned and melted in a single pass along a 5mm length by the laser diode module using the different LBPs described in Chapter 3. Two different 316L stainless steel powder particle sizes (sourced by LPW) of PD1 = 15 - 45 µm and PD2 = 44 - 106 µm (see Figure 6.1) were used in order to investigate the effect of particle size distribution in the DAM process over a range of scanning velocities and laser powers. Table 6.1 shows the powder elemental composition. 
[image: ]
Figure 6.1. SEM images of the 316L stainless steel powders. Particle size distribution: (a) PD1 = 15 - 45 µm; (b) PD2 = 44 - 106 µm.

Table 6.1. Stainless steel 316L composition (% mass).
	C
	Cr
	Cu
	Mn
	Mo
	Ni
	P
	S
	Si
	Fe

	0.03 max
	17.5 – 18.0
	0.50 max
	2.0 
max
	2.25 – 2.50
	12.5 – 13.0
	0.025 max
	0.01 max
	0.75 max
	Balance



The different laser beam profiles (LBPs) used to investigate the effect of melting area dimension, melting beam shape (line or multi-spot shape) and melting spot spacing, are shown in Figure 6.2. For all LBPs, emitters of the array can be switched on/off as they traverse the powder bed to create a shape. The total beam areas of the different LBPs are approximated as rectangles of varying dimensions for simplicity. The dimensions of these melting areas are defined by the single-spot mean dimensions and the spot spacing (spot period) measured as described in Chapter 3. The single-spot dimensions, spot spacing, total beam area and beam shape distribution of the different LBPs are shown in Table 6.2. 
[image: ]
Figure 6.2. Beam profiles measured using a Spiricon camera based beam profiler and BeamMic software. Laser beam profiles (a) LBP1; (b) LBP2 and (c) LBP3 featuring different beam distributions of a (a) tight single-line, (b) large single-line and (c) individual multi-spot shape.

Table 6.2. Characteristics of the different laser beam profiles.
	LBP
	Mean single spot radii
(mm)
	Spot spacing
(mm)
	Melting area
(mm2)
	Melting beam dimensions 
(beam distribution)

	LBP1
	0.25 x 0.25 
	0.25 
	1.19 
	4.75 x 0.25 mm (stripe)

	LBP2
	0.3 x 0.34 
	0.34 
	1.95 
	6.5 x 0.3 mm (stripe)

	LBP3
	0.4 x 0.4 
	0.5 
	3.76 
	9.4 x 0.4 mm (spots)



The multiple laser diode beams used in DAM to selectively melt a powder bed and build a 3D part are schematically presented in Figure 6.3. From Figure 6.3, the distance, d, controls the resultant LBP used (d=25 mm, d=30 mm and d=35 mm for LBP1, LBP2 and LBP3 respectively); the linear movement of the processing table results in the melted area from a single pass of the non-deflected beams. 
[image: ]
Figure 6.3. Diode Area Melting, individually controllable emitters selectively turn on/off to melt shape over powder bed. Only the laser diode module and the melting area are scaled for visualisation.

The parameters used for the parametric investigation are presented in Table 6.3. 

Table 6.3. Process parameters used for the single layer parametric investigation of 316L stainless steel.
	Powder particle diameter range 
	PD1 = 15 – 45 µm & PD2 = 44 – 106 µm

	Laser beam profile a
	LBP1, LBP2 & LBP3

	Scanning velocities
	1 mm/s, 3 mm/s & 5 mm/s

	Laser power
	30 W, 40 W & 50 W


a See Table 6.2.

The scan speeds selected are limited by the slow motorised stage used and by the low power and large individual melting spots that the current DAM system is capable of achieving (requiring slow scan speeds to reach energy densities high enough to melt the stainless steel powder). However, higher individual laser power densities could be achieved by using more powerful laser diode modules, using multiple HPDL modules multiplexed to increase power, and/or optimising the beam delivery system. Such system optimisation may allow the use of higher scanning velocities. Additionally, the process has the potential to stack multiple laser diode bars or modules across the scanning direction in order to scan the entire process layer in a single pass.

6.1.2. [bookmark: _Toc497898951]Density and melt dimensions’ measurement
For measurement of top surface open porosity, the samples were manually removed from the powder bed, cleaned and analysed using Scanning Electron Microscope (SEM). The cross-sectional thickness was measured at multiple points along the samples and a mean thickness was calculated for each sample. The thickness of the solidified part is considered to be related to the melt depth. The melt width of selected LBP1 samples has been measured at multiple points along the scanning direction and an average width was calculated. To measure the cross-sectional porosity, selected samples featuring <10 % top surface porosity were hot mounted on Bakelite and polished for optical analysis of representative micrographs/fields using a method based on ASTM E2109-01 (2007) and BS 7590:1992. The mean cross-sectional micro porosity (cross-micro porosity) and the total cross-sectional macro porosity (cross-macro porosity) were measured via image processing of the optical analysis. 

6.1.3. [bookmark: _Toc497898952]Design of experiments (DOE) and experimental results
A three-level full factorial design with four replicates has been developed for each of the different particle sizes PD1 and PD2. The property to be examined are top surface open porosity of samples and melt pool depth. Selected samples featuring <10 % top surface porosity were cross-sectioned and polished in order to analyse the cross-sectional micro/macro porosities. The samples were produced by a single scan of the different laser beam profiles (LBPs) along a 5mm length. It is assumed that there exists no interaction between the factors considered in the experiments. Table 6.4 shows the treatments (i.e. combination of parameters) for the DAM analysis. No optimisation is attempted since the early stage of DAM does not allow a wide range of varying parameters and conditions that can be analysed. The treatments were tested in a random sequence using Minitab to consider any possible noise factors. Table 6.5 shows the mean response values for both PD1 & PD2. The sequence of the samples shown in Table 6.5 is based on the selected order of factors for visualisation. The energy density can be calculated using Equation 5.1, where the total beam area is dependent on the dimensions of the different laser beam profiles as described in Table 6.2. Total beam area is used (instead of individual spots area) in order to account for the total laser power in calculating energy density. Individual emitters within the HPDL module may suffer slight variations in power values, therefore, overall energy density calculation can be more realistic while considering total beam area and total laser power. Table 6.5 shows the correspondent energy density for all the different combination of parameters. LBP1 samples have been selected for melt-width measurement. Table 6.6 shows the measured melt-widths of all LBP1 samples. Table 6.7 shows the cross-sectional micro and macro porosities of LBP1 samples featuring <10 % top surface porosity.

Table 6.4. Treatments (combination of parameters) of the three-level full factorial designs of PD1 & PD2.
	Scanning speed
(mm/s)
	Laser power
(W)
	Laser beam profile LBP

	
	
	LBP1
	LBP2
	LBP3

	1
	30
	LBP1, 1, 30
	LBP2, 1, 30
	LBP3, 1, 30

	1
	40
	LBP1, 1, 40
	LBP2, 1, 40
	LBP3, 1, 40

	1
	50
	LBP1, 1, 50
	LBP2, 1, 50
	LBP3, 1, 50

	3
	30
	LBP1, 3, 30
	LBP2, 3, 30
	LBP3, 3, 30

	3
	40
	LBP1, 3 40
	LBP2, 3, 40
	LBP3, 3, 40

	3
	50
	LBP1, 3, 50
	LBP2, 3, 50
	LBP3, 3, 50

	5
	30
	LBP1, 5, 30
	LBP2, 5, 30
	LBP3, 5, 30

	5
	40
	LBP1, 5, 40
	LBP2, 5, 40
	LBP3, 5, 40

	5
	50
	LBP1, 5, 50
	LBP2, 5, 50
	LBP3, 5, 50



Table 6.5. Mean values of φ top surface and melt depth responses for PD1 & PD2 samples.
	Sample
	LBP
	Scanning velocity (mm/s)
	Laser power
(W)
	Energy density
(J/mm3)
	PD1
Top surface porosity 
  φtop surface (%)
	PD1
Melt depth on powder (mm)
	PD2
Top surface porosity 
φtop surface (%)
	PD2
Melt depth on powder (mm)

	1
	LBP1
	1
	30
	25.26
	5.19
	0.2125
	14.16
	0.3888

	2
	LBP1
	1
	40
	33.68
	3.63
	0.225
	9.76
	0.4275

	3
	LBP1
	1
	50
	42.11
	1.51
	0.2443
	8.67
	0.425

	4
	LBP1
	3
	30
	8.42
	9.12
	0.15
	X
	X

	5
	LBP1
	3
	40
	11.23
	6.52
	0.1737
	24.77
	0.33

	6
	LBP1
	3
	50
	14.04
	3.57
	0.21
	19.64
	0.3563

	7
	LBP1
	5
	30
	5.05
	20.52
	0.1087
	X
	X

	8
	LBP1
	5
	40
	6.74
	18.1
	0.1325
	X
	X

	9
	LBP1
	5
	50
	8.42
	12.16
	0.1733
	X
	X

	10
	LBP2
	1
	30
	15.39
	17.26
	0.1875
	X
	X

	11
	LBP2
	1
	40
	20.51
	11.66
	0.2025
	12.34
	0.3663

	12
	LBP2
	1
	50
	25.64
	4.62
	0.209
	8.51
	0.37875

	13
	LBP2
	3
	30
	5.13
	X
	X
	X
	X

	14
	LBP2
	3
	40
	6.84
	11.84
	0.1444
	X
	X

	15
	LBP2
	3
	50
	8.55
	10
	0.1525
	23.85
	0.36

	16
	LBP2
	5
	30
	3.08
	X
	X
	X
	X

	17
	LBP2
	5
	40
	4.10
	17.85
	0.1178
	X
	X

	18
	LBP2
	5
	50
	5.13
	16.57
	0.1367
	X
	X

	19
	LBP3
	1
	30
	7.98
	18.20
	0.1375
	X
	X

	20
	LBP3
	1
	40
	10.64
	13.15
	0.18
	X
	X

	21
	LBP3
	1
	50
	13.30
	11.73
	0.18
	13.13
	0.3438

	22
	LBP3
	3
	30
	2.66
	X
	X
	X
	X

	23
	LBP3
	3
	40
	3.55
	20.86
	0.1212
	X
	X

	24
	LBP3
	3
	50
	4.43
	12.45
	0.1225
	X
	X

	25
	LBP3
	5
	30
	1.60
	X
	X
	X
	X

	26
	LBP3
	5
	40
	2.13
	X
	X
	X
	X

	27
	LBP3
	5
	50
	2.66
	23.59
	0.1212
	X
	X


X – Insufficient energy density to cause melting. Denominated as ‘failed sample’ in future reference.




Table 6.6. Melt-width average values of LBP1 samples.
	Sample
	Sample width (mm)

	1 LBP1,1,30
	4.875

	2 LBP1,1,40
	5.023

	3 LBP1,1,50
	5.067

	4 LBP1,3,30
	4.747

	5 LBP1,3,40
	4.812

	6 LBP1,3,50
	5.023

	7 LBP1,5,30
	4.46

	8 LBP1,5,40
	4.763

	9 LBP1,5,50
	4.977



Table 6.7. Mean values of cross-sectional micro and macro porosities measured from selected LBP1 samples featuring <10 % top surface porosity.
	Sample
	φcross-micro (%)
	φcross-macro (%)

	1 LBP1,1,30
	0.21
	30.03

	2 LBP1,1,40
	0.19
	21.83

	3 LBP1,1,50
	0.18
	12.71

	4 LBP1,3,30
	1.45
	30.37

	5 LBP1,3,40
	0.19
	27.8

	6 LBP1,3,50
	0.21
	25.59



6.2. [bookmark: _Toc497898953]Results and discussion
The potential of stainless steel powder for DAM processing has been identified in Section 5.2.6. It has been shown in Section 5.2.7 that areas displaying lack of fusion across layers precludes achieving full density in stainless steel components. Therefore, in order to process fully dense 3D components, the DAM process has to be investigated at the single-layer level in order to identify the process phenomena that promote poor inter-layer bonding. In the present Section, a single-layer parametric analysis of 316L stainless steel powder will be presented and discussed. The processing parameters and powder characteristics used in the parametric investigation discussed in the present Section are shown in Table 6.3. Figure 6.4 depicts the regions or combination of parameters that resulted in bonded (i.e. successfully built) and insufficiently bonded (i.e. failed) samples for PD1 and PD2. 
[image: bonding%20and%20insufficient%20bonding.png]
Figure 6.4. Regions (i.e. combination of parameters) showing bonding and insufficient bonding for PD1 and PD2 samples. Bonding regions resulted in samples that could be lifted from the bed for porosity and melt depth analysis. Regions of insufficient bonding (i.e. failed samples) resulted in either non melted samples or weak samples that broke when lifted from the bed, preventing from further porosity and melt depth analysis.

The bonded or successfully built samples were removed from the bed to measure part’s porosity and melt depth. The insufficiently bonded or failed samples resulted either in insufficient melting or weak samples that broke when lifted from the bed. Tables 6.8 to 6.11 show top-view SEM images of successfully built samples for all of the different processing parameters studied. Tables 6.8 to 6.10 show the PD1 samples for the laser beam profiles LBP1, LBP2 and LBP3 respectively. 

Table 6.8. SEM images of the top view of PD1 – LBP1 samples at different laser powers (P) and scanning velocities (V).
[image: ]

Table 6.11 shows the successfully built PD2 samples for LBP1, LBP2 and LBP3 respectively. It can be seen that the top surface open porosity of the part is highly dependent on the energy density and particle size distribution. The samples surface exhibit a more evident open porosity at lower laser powers and higher scanning velocities. This is analysed and quantified in Section 6.2.3. The number of failed samples (i.e. particles not fused and sample unable to be lifted from the bed with tweezers) increased with decreasing energy density and increased particle size distribution of the powder feedstock. 

Table 6.9. SEM images of the top view of PD1 – LBP2 samples at different laser powers (P) and scanning velocities (V).
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It is observed in Figure 6.4 that PD2 samples had a limited number of regions (i.e. combination of parameters) that promoted successful bonding. This can be explained in terms of the limited efficiency of the laser-induced heat distribution promoted by the characteristics and larger particle sizes of PD2 (further analysed in Section 6.2.1). It can be seen that a higher energy density is preferable in all cases to improve the quality and consistency of the melted region. 

Table 6.10. SEM images of the top view of PD1 – LBP3 samples at different laser powers (P) and scanning velocities (V).
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Detailed analysis of the samples presented in Tables 6.8 – 6.11 is discussed in Sections 6.2.1 – 6.2.4. The present parametric investigation is focused only in quantification and analysis of porosity and melt-pool dimensions of DAM samples in order to develop a densification analysis and theorise the minimum energy density required for fully dense parts. Future work can be directed towards microstructure analysis of DAM components.

Table 6.11. Top view SEM images of all PD2 samples at LBP1, LBP2 & LBP3 and different laser powers (P) and scanning velocities (V).
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6.2.1. [bookmark: _Toc497898954]Effect of particle size distribution
6.2.1.1. [bookmark: _Toc497898955]Emissivity and conductivity of powder
Powder size and morphology are important for determining the optical and thermal properties of a powder bed, such as emissivity and thermal conductivity. In the case of metallic powders, the material can be considered as a grey body which means that no transmission of radiation takes place during laser irradiation. This in turn leads to the assumption that the absorptivity, α, and emissivity, ε, of a metallic particle can be considered to be equal (α= ε). However, a powder bed cannot be considered as a bulk solid material due to the large amount of porosity caused by the existing cavities between particles. The total volume of such cavities is dependent on the particle size and morphology. The material of interest can be considered to have regular spherical morphology with a range of particle diameters (see Figure 6.5). However, Figure 6.5b shows the presence of satellite defects adjacent to the PD2 larger particles. 
[image: ]
Figure 6.5. SEM images of the 316L stainless steel powders. Particle size distribution: (a) PD1 = 15 - 45 µm; (b) PD2 = 44 - 106 µm.

The emissivity of a powder bed during laser radiation can be assumed to be caused by the emission of the cavities and the emission of the heated metallic particles. The emissivity and conductivity of the PD1 & PD2 powders (shown in Figure 6.6) were calculated using the Sih & Barlow method [13] described in Chapter 2, Section 2.1.2.2. For powders’ emissivity and conductivity calculation, the emissivity of the solid material at varying temperature was used from literature [109]. Table 6.12 shows the properties of the powders used in calculation of emissivity and conductivity. A difference of 1 % in fractional porosity, φf, between PD1 and PD2 powders provides negligible difference in the emissivity of the powder beds (see Figure 6.6a). 

Table 6.12. Material properties for emissivity and conductivity calculations.
	Material
	Fractional porosity φf
	Particle size range (µm)
	Solid densitya (kg/m3)
	Bulk densityb (kg/m3)

	PD1
	0.47
	15 – 45
	7870
	5298

	PD2
	0.48
	44 – 106 
	7870
	5279


a Density of the solid material. b Density of the powder bed.
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Figure 6.6. (a) Emissivity and (b) conductivity of PD1 and PD2 powder beds for a range of temperatures. Calculated using the Sih and Barlow method [13].

However, the PD1 powder showed a significantly higher conductivity than that of PD2 as demonstrated in Figure 6.6b, due to the higher fractional packing density enabled by the smaller particle size distribution. This characteristic may play an important role when processing at low individual laser powers used in DAM. In this Section, the emissivity and conductivity of the powders investigated is presented. These characteristics are important for determining: a) the amount of laser power absorbed and converted into thermal energy within the powder bed and b) the level at which the absorbed thermal energy is conducted through the powder bed. The thermal efficiency of the absorbed laser-induced energy can thus be characterised by the conductivity of the powder, which will describe in turn the level at which the energy density is capable of melting the feedstock material (i.e. melt depth). It is widely known that the amount of porosity is directly correlated to the amount of energy density applied during the laser melting process [107]. However, to date no research has been conducted in analysing the role of emissivity and conductivity of the powder bed in part’s porosity. The effect of powder-bed characteristics (shown in Figure 6.6) in porosity and melt depth will be detailed in Sections 6.2.1.2 – 6.2.4 in terms of energy density, laser power and scanning velocities.

6.2.1.2. [bookmark: _Toc497898956]Effect of powder bed characteristics on response trends
Figure 6.7a plots the top surface porosity as a function of energy density for PD1 and PD2. The top surface porosity is observed to reduce logarithmically with increasing energy density The data points in Figure 6.7 represent all the successfully built (i.e. fused together) parts. It can be seen that the number of successfully built samples is significantly higher for PD1. It can also be seen that a larger number of PD1 samples have <10 % porosity compared to PD2. This can be explained in terms of the higher efficiency of thermal distribution for PD1 powder due to its higher conductivity (as observed in Figure 6.6b). The higher conductivity resulted in a more uniform temperature distribution induced at higher energy densities. Large particle diameters lead to decreased packing densities, which limit thermal conductivity and restrict the densification of the melt promoting the formation of pores. Reducing the particle size distribution (i.e. PD2 to PD1) will lead to a decreased top surface porosity, similar in proportion to the increase in conductivity observed in Figure 6.6b. Therefore, it is considered that the conductivity of the powder (governed by the packing density of the powder bed) and the top surface porosity are directly correlated. The measured melt depths of samples are plotted as a function of energy density in Figure 6.7b. 
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Figure 6.7. (a) Top surface porosity and (b) melt depth in terms of energy density for PD1 and PD2 with their corresponding trendlines.

For both PD1 and PD2 melt depth increases with increasing energy density before saturating at high energy densities. It can be seen that PD2 showed higher melt depth even though it presented the highest porosity. This suggests that the PD2 size resulted in thick, highly porous samples being produced whilst the densely-packed PD1 resulted in denser, thinner samples. The large melt depth measured in PD2 samples may be due to the formation of large balls (balling) and lumps of melted powder with weak bonding necks and partially fused particles. Such balling resulted in thicker samples (even in excess of the layer thickness) but with a non-uniform melt depth. Balling is defined as an agglomeration of the particles, occurring when the liquid phase breaks up into a row of spheres to reduce surface energy [83]. The formation of balling as well as the weak bonding and partially melted particles led to interrupted melt tracks that promoted high porosities. Figure 6.8 shows top views of samples as observed after being picked up from powder bed and cleaned (n.b. images in Figure 6.8 are not cross-sections nor have been polished). As stated in Section 6.2, the focus of the present investigation is limited to part’s porosity and melt depth. Future work can investigate surface roughness and microstructure of DAM components. Figure 6.8a-b show plan-view SEM images of the top surface of two PD2 samples with different amounts of porosity. Figure 6.8a depicts the melt defects observed during PD2 processing and Figure 6.8b shows the melt disruption promoted by such defects when processing PD2 at the highest energy density. Melt disruptions can be observed along the scanning direction resulting in large amounts of porosity promoting poor wettability even at the highest laser energy density. 
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Figure 6.8. Plan-view SEM images of processed (a) & (b) PD2 and (c) & (d) PD1 at (a) & (c) 20.5 J/mm2 and (b) & (d) 42 J/mm2 energy density respectively. Melt defects and melt disruptions generated high porosity in (a) & (b) PD2 samples. Such melt defects are not observed in (c) & (d) PD1 samples. PD1 promoted high densification at increasing energy density.

It has been observed that the packing density (governed by the particle size distribution) of the powder bed has a strong influence on the melt stability and in determining porosity of a processed part. The characteristics of the powder determines physical variables, such as flowability of the melt and the nature of heat transfer as stated by Manakari et al. [83]. The densification behaviour can also be affected by powder defects such as satellites and inter-agglomerated pores that can cause lack of fusion between the particles. It can be assumed that such defects strongly influence the formation of melt instabilities and melt defects in the PD2 samples. It has been observed that smaller particle size distributions (such as PD1 here) tend to agglomerate during the melt, leading to stability of the melt whilst coarse particles (such as PD2) tend to segregate, leading to process instabilities [110]. Figure 6.8c and Figure 6.8d show the corresponding PD1 samples produced at energy densities similar to those used for PD2 in Figures 6.8a and b respectively. PD1 surfaces do not show evidence of the melt defects observed with PD2, and very few pores are seen in Figure 6.8d. The smaller particles of PD1 promote a homogeneous distribution of the powder bed increasing surface contact among the particles, which improves the heat transfer through the higher thermal conductivity. Smaller powder particle sizes used during SLM of stainless steel were also found to result in higher part densities across a wider range of process parameters (i.e. beam diameter, scan speed) than larger particle sizes, similar observations seen in work by Liu et al. [111]. 22 out of 27 experimental trials on PD1 resulted in successful fusion, from which 8 displayed >90% top surface density. In contrast, only 9 of the 27 PD2 samples were successfully processed, from which only 3 of them were > 90 % dense (a 60% reduction due to use of a coarser powder).
6.2.2. [bookmark: _Toc497898957]Effect of laser beam profile
Figure 6.9 plots the reduction of top surface porosity, (a), and the increasing melt depth, (b), in PD1 samples as a function of energy density for the different laser beam profiles LBP1, LBP2 and LBP3. All LBP1 treatments resulted in melted parts that could be removed from the powder bed (i.e. would not break-up when handled). Most of the LBP2 samples were also successfully melted. However, the LBP3 configuration resulted in more highly porous, partially melted samples. It can be seen in Figure 6.9a that within the range of 10 – 20 J/mm3 LBP1 showed less porosity compared with LBP2 and LBP3. This can be attributed to the continuous overlapping of laser spots creating a continuous melting area comprised by smaller melting spots. However,  Ilie et al. [112] report that porosity in stainless steel samples can vary when varying laser power or scanning velocity at same energy densities due to lack of fusion, Rayleigh instability, balling or poor wetting characteristics as detailed by Rombouts et al. [80]. Decreasing levels of porosity were observed for LBP2 when scanned at 1 mm/s compared to the higher laser traversing speeds of 3 and 5 mm/s. This prevented any clear trend from appearing in the porosity data for LBP2 as shown in Figure 6.9a. The porosity trends depicted in Figure 6.9a generally indicate that the laser beam profile characteristics (i.e. beam diameter and spot spacing) affect the samples porosity. A melting array with smaller, more closely spaced spots presented a more efficient energy density distribution that resulted in denser parts being formed at similar energy density compared to LBP2 and LBP3. Figure 6.9b demonstrates that LBP has no significant effect on the melt depth, which increases with energy density at a similar rate for the three LBPs. The spot spacing and the spot size have a negligible effect on the melt depth at same energy densities.
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Figure 6.9. Data measured and logarithmic trends of (a) top surface porosity and (b) melt depth as a function of energy density for the laser beam profiles LBP1, LBP2 and LBP3.

Figure 6.10 shows the top view of samples produced at the same laser power and scanning speed for LBP3, (a), and LBP1, (b). The beam profiles are shown in the insets to these figures. The LBP3 sample in Figure 6.10a exhibits visible areas of partial melting in between fully fused tracks along the scanning direction. The LBP1 sample in Figure 6.10b showed no such evidence of partially melted areas. It is important to mention that the laser spot diameter of LBP3 is larger than that of LBP1, resulting in a lower beam power density for LBP3. However, it can be seen that the melt tracks (areas directly irradiated by the laser spots) in the LBP3 sample appear to be comparatively similar to the LBP1 sample, processed using the same parameters. A continuous melting beam distribution (stripe-shaped beam) therefore results in denser parts compared to a non-continuous beam distribution (multi-spot-shaped beam) at the same energy densities, as evidenced by the porosity trends in Figure 6.9a.
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Figure 6.10. Plan-view SEM images of the top surface of (a) LBP3 and (b) LBP1 samples processed at 30 W laser power and 1 mm/s scan speed with (a) non-continuous (individual multi-spots) and (b) continuous (line-shape) melt beam distribution. Beam profiles shown in the insets of Figures for visualisation.

6.2.3. [bookmark: _Toc497898958]Effect of laser power and scan speed
The effect of laser power and scan speed on the top surface porosity and melt depth is shown in Figure 6.11 for particle size distribution PD1 for the three laser beam profiles LBP1, LBP2, and LBP3. In all cases, increasing laser power and/or decreasing scan speed results in a decrease in porosity and an increase in the melt depth. This is most evident for LBP1. It can be deduced from this study that higher sample densification (less porosity) can be achieved by increasing the input energy through increasing laser power and/or decreasing scanning velocity, as also described in work by Simchi and Pohl [17]. For LPB1, the magnitude of the laser energy is increased through overlapping scan lines and use of tighter laser spots. Therefore, whilst the trends are also evident for LBP2 and LBP3, they are more pronounced for LBP1. It can be seen in Figure 6.11a that the highest energy density treatment of LBP1 at 50 W and 1 mm/s resulted in near full top surface density whilst a melt depth close to the 260µm layer thickness (244.3 µm) is achieved, Figure 6.11b. It follows that even though top surface density approaches 100% for LBP1 (e.g. ~2% porosity at 1mm/s, 50 W, in Figure 6.11a), the input energy may still be insufficient to melt the full layer thickness, preventing good bonding to the substrate. The low top surface porosity can be attributed to the stronger thermal conductivity in PD1 layers. The conductivity of powder is still low compared to that of solid material. Therefore, the laser-induced heat is retained in the powder, assisting the melt process. However, as the melt approaches the substrate, the higher conductivity of the substrate allows the heat to dissipate through the solid material preventing the melted powder from bonding to the substrate. It is anticipated that following the trends for LBP1 in Figure 6.11a and b, a further increase of the laser power beyond 50 W would result in full top surface density and a melt depth in excess of the layer thickness, which could enable bonding to the substrate. Figure 6.11a shows that the laser beam profile LBP1 produced the samples with the lowest top surface porosity at 1 and 3 mm/s scan speed. A clear trend of increasing melt depth and decreasing top surface porosity can be identified when increasing laser power at different scan speeds for LBP1. The top surface density, ρtop surface, of the samples can be considered as ρtop surface = 1 - φtop surface, where φtop surface is the surface porosity. The degree of melt depth penetration within the powder bed can be described by the melt depth fraction δ where δ = melt depth ÷ layer thickness. δ was calculated using mean values of melt depth and ρtop surface was calculated using mean values of φtop surface.  Therefore, no error bars were used in Figure 6.13. Standard deviation of measured data is accounted in the measured porosity and melt depth values shown in Figure 6.11. It has been observed that in all cases (or treatments) δ < ρtop surface. The quality of the melt can be described by the ratio δ/ρtop surface where a fully melted layer thickness with full density is represented by δ/ρtop surface = 1. This is true only for trends of decreasing top surface porosity and increasing melt depth as shown in Figure 6.11a and Figure 6.11b respectively. Therefore, ρtop surface→1 and δ→1 are desirable indicators for a ‘high quality melt’.
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Figure 6.11. Effect of laser power and scan speed on (a) – (c) top surface porosity and (d) – (f) melt depth for (a) & (d) LBP1, (b) & (e) LBP2 and (c) & (f) LBP3 for particle size distribution PD1.

Table 6.13 shows the sample width, the top surface density ρtop surface, the melt depth fraction δ and the ratio δ/ρtop surface for all LBP1 samples. From the measured sample widths presented in Table 6.13 it can be seen that a uniform DAM beam intensity results in complete melt width across the scanning direction. The whole irradiated area of the DAM process results in a fully melted part. This demonstrates a high DAM efficiency of processing a dense ~ 4.75 mm part with 50 W at 52 A in a single pass compared to the less efficient laser diode based AM methodologies [44] (see Section 2.2.2). Figure 6.12 shows a schematic representation of key parameters presented in Table 6.13.

Table 6.13. Mean values of sample width, top surface density ρtop surface, melt depth fraction δ and ratio δ/ ρtop surface for all LBP1 samples.
	Sample
	Sample width* (mm)
	Top surface porosity 
φtop surface (%)
	Top surface density 
ρtop surface (%)
	Melt depth fraction 
δ
	δ/ρtop surface

	1 LBP1,1,30
	4.875
	5.2
	94.8
	0.817
	0.862

	2 LBP1,1,40
	5.023
	3.6
	96.4
	0.856
	0.888

	3 LBP1,1,50
	5.067
	1.5
	98.5
	0.940
	0.954

	4 LBP1,3,30
	4.747
	9.1
	90.9
	0.577
	0.635

	5 LBP1,3,40
	4.812
	6.5
	93.5
	0.668
	0.715

	6 LBP1,3,50
	5.023
	3.6
	96.4
	0.808
	0.838

	7 LBP1,5,30
	4.46
	20.5
	79.5
	0.418
	0.526

	8 LBP1,5,40
	4.763
	18.1
	81.9
	0.510
	0.622

	9 LBP1,5,50
	4.977
	12.2
	87.8
	0.667
	0.759


*Dimensions presented with +/- 1 µm accuracy in order to compare with modelled dimensions in Section 7.3.2.1.
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Figure 6.12. Schematics of key parameters presented in Table 6.13.

The ratio δ/ρtop surface is plotted as a function of laser power and scanning velocity in Figure 6.13a and as a function of energy density in Figure 6.13b. 
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Figure 6.13. (a) Relation of the ratio δ/ρtop surface to laser power and scanning velocity; (b) trend of the ratio δ/ρtop surface with increasing energy density. Both LBP1 and PD1.

The ratio δ/ρtop surface increases with increasing laser power and reducing scan speed and therefore increases with increasing energy density. This behaviour suggests that during DAM of 316L stainless steel powder, the quality of the melt depends strongly on the scanning velocity. However, this limitation of scanning velocity can be compensated by the potential scalability of the total processing area, which can be increased as required (scale up the number of emitters) maintaining the energy density. This proportion can be increased further if the single-spot melting area is reduced and/or if the individual laser power is increased, resulting in a higher energy density. According to the trend shown in Figure 6.13b, for a ratio δ/ρtop surface > 1, a theoretical energy density in excess of 55 J/mm3 would be required. This can be achieved by increasing power to 66 W or decreasing melting area to 0.91 mm2 at 1 mm/s scan speed. It is suggested that under δ/ρtop surface > 1 conditions, bonding to the substrate will be achieved.

6.2.4. [bookmark: _Toc497898959]Cross-sectional density
Dense samples showing < 10 % top surface porosity were obtained using LBP1 and scan speeds 1 and 3 mm/s at 30, 40 and 50 W. These samples were cross-sectioned and polished in order to measure the cross-sectional porosity at the macro φcross-macro and micro φcross-micro levels via optical analysis. Typically, pores are of the scale of the powder itself and are caused by localised poor flow and/or trapped gas within the powder. Pores observed at the macro level (i.e. φcross-macro) in Figures 6.14a – 6.19a can be therefore better described as voids in which penetration is insufficient to cause melting. However, in the present investigation these macro-level voids will be denominated as cross-macro porosity for simplicity. The density of the samples can be considered as ρcross-macro = 1 - φcross-macro and ρcross-micro = 1 - φcross-micro for the macro and micro levels respectively. It has to be noted that φcross-macro and φcross-micro represent mean values of cross-sectional macro and micro porosities respectively. Table 6.14 shows the macro and micro cross-sectional views of the selected samples. 

Table 6.14. Cross-sectional optical images showing (a) (c) (e) (g) (i) (k) cross-sectional macro views and (b) (d) (f) (h) (j) (l) cross-sectional micro views of samples 1-6 (LBP1 at different laser powers (P) and scanning velocities (V)). (a) (c) (e) (g) (i) (k) φcross-macro and (b) (d) (f) (h) (j) (l) φcross-micro were measured from regions delimited by yellow lines.
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The φcross-macro was calculated by measuring the total cross-sectional area of a theoretical fully melted layer for the correspondent parameters (n.b. each theoretical fully melted layer accounts for the specific ‘melt depth on powder’ level described in Table 6.5) and comparing it with the actual melted cross-sectional area, which corresponds to the specific melt depth of each sample (cross-sectional melt fraction with respect to a fully dense cross-sectional area corresponding to each specific sample depth; see Figures (a) (c) (e) (g) (i) (k) in Table 6.14). Table 6.15 shows porosities φcross-macro and φcross-micro, densities ρcross-macro and ρcross-micro and ratios ρtop surface / ρcross-micro and ρcross-macro / ρtop surface.

Table 6.15. Mean values of cross-micro and cross-macro porosities, cross-micro and cross-macro densities, ratio ρtop surface/ρcross-micro and ratio ρcross-macro/ρtop surface.
	Sample
	φcross-micro (%)
	ρcross-micro (%)
	ρtop surface / ρcross-micro
	φcross-macro (%)
	ρcross-macro (%)
	ρcross-macro / ρtop surface

	1 LBP1,1,30
	0.21
	99.79
	0.95
	30.03
	69.97
	0.738

	2 LBP1,1,40
	0.19
	99.81
	0.9656
	21.83
	78.17
	0.8111

	3 LBP1,1,50
	0.18
	99.82
	0.9867
	12.71
	87.29
	0.8863

	4 LBP1,3,30
	1.45
	98.55
	0.9222
	30.37
	69.63
	0.7662

	5 LBP1,3,40
	0.19
	99.81
	0.9366
	27.8
	72.2
	0.7723

	6 LBP1,3,50
	0.21
	99.79
	0.9664
	25.59
	74.41
	0.7716



Measurement of the cross-sectional melt area fraction visualised in Figures (a) (c) (e) (g) (i) (k), Table 6.14 was compared to the total area within the yellow line that represents a theoretical fully dense cross-sectional area. This was quantified and represented as percentage in Table 6.15 (i.e. φcross-macro). It should be noted that the modulation depicted in the cross-sectional macro view (Figures (a) (c) (e) (g) (i) (k), Table 6.14) is a result of compressive stress from the hot mounting process, where molten Bakelite and clips were used to hold the thin single layer samples in place. The boundary of the yellow line in Figures (a) (c) (e) (g) (i) (k), Table 6.14 was defined taking into account the modulation caused by the compressing stress. The top boundary describes the sample’s deformation and the bottom boundary connects the deeper points of the melted depths across the sample. The φcross-micro was obtained by measuring porosity values of several areas across the melt and calculating the mean porosity (see Figures (b) (d) (f) (h) (j) (l), Table 6.14). This was obtained by measuring porosity of areas within the yellow line depicted in Figures (b) (d) (f) (h) (j) (l), Table 6.14. The yellow line accounts for the melt depth (i.e. depth in the z-axis) of each sample. The upper limits of the yellow lines describe the top part of the sample (i.e. black areas above the sample are non-processed areas). Areas below the lower limits of the yellow lines represent non-melted powder (i.e. lower limits of the yellow lines describe melt depth levels). Figures (b) (d) (f) (h) (j) (l) in Table 6.14 are depicted using the same scale bar dimension. It can be seen that Figure (f) is fully covered by melted regions. This is explained by the high melt-depth value of the sample processed at 50 W, 1 mm/s (i.e. 244.3 µm, which is very close to the layer thickness 260 µm). The melt-depth value of this sample covered the whole region of the scale shown. For both φcross-macro and φcross-micro measurements, cross-sectional optical images were converted to 8-bit greyscale images from which the contrast threshold was measured using ImageJ software as exemplified in Figure 6.14. In Figure 6.14, the yellow line delimits the investigated region. The Threshold feature in ImageJ measures the percentage of red regions with respect to the whole region within the yellow border. This percentage corresponds to the amount of porosity of the analysed region. The example shown in Figure 6.14, shows a porosity of 4.43 %. Above 4.43 %, the threshold line would be crossed and the red regions would cover 100 % of the whole image. φcross-macro of all samples was measured analysing the whole sample dimension in a single image (see. Figures (a) (c) (e) (g) (i) (k), Table 6.14). Four samples at each combination of parameters were analysed in order to obtain mean values of φcross-macro. For each combination of parameters, φcross-micro values were obtained by analysing cross-sectional micrographs of multiple sections along the whole width of each sample. Mean values of φcross-micro were obtained for each sample/combination of parameters.
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Figure 6.14. Example of porosity measurement using ImageJ.

In all cases it was observed that ρcross-micro > ρtop surface and ρcross-macro < ρtop surface. Therefore, the ratios ρtop surface/ρcross-micro and ρcross-macro/ρtop surface were used to describe the densification trend considering the decreasing tendency of φtop surface (or increasing tendency of ρtop surface) with increasing energy density presented in Section 6.2.3. Analysing the densification mechanism in terms of energy density can provide detailed information regarding the minimum energy density required for processing fully dense components. Figure 6.15 plots the measured φcross-micro and φcross-macro porosities, ρcross-micro and ρcross-macro densities and the values for the ratios ρtop surface/ρcross-micro and ρcross-macro/ρtop surface of the selected samples. It is assumed that as ρtop surface/ρcross-micro→1 and ρcross-macro/ρtop surface→1, micro and macro cross sectional areas within a melt will tend towards full density, with a fully dense top surface.  Figures 6.15a and Figure 6.15b plots the φcross-micro and φcross-macro respectively as a function of both laser power and scanning velocity. Error bars in Figure 6.15a show the standard deviation of φcross-micro for the different samples investigated. It can be seen that the lowest energy density (i.e. 30 W laser power and 3 mm/s scan speed) resulted in high standard deviation due to the formation of large pores in the micro-level as depicted in Figure h, Table 6.14. It can be concluded that low energy density precludes uniform densification of DAM components due to lack of fusion in specific and random locations. Figure 6.15c and Figure 6.15d plot ρcross-micro and ρcross-macro as a function of laser power and scan speed. Densities were calculated using mean values of porosity. Therefore, no error bars are shown. Figure 6.15e and Figure 6.15f plot the ratios ρtop surface/ρcross-micro and ρcross-macro/ρtop surface as a function of laser power and scanning velocity. Figure 6.15g and Figure 6.15h plot these ratios as a function of energy density. It can be seen in Figure 6.15a that most of the selected samples showed a ~ 0.2 φcross-micro (99.8 % density) similar to conventional 316L stainless steel SLM parts [112]. The slower 1 mm/s scan speed showed a stable trend of low φcross-micro while the higher 3 mm/s scan speed showed a high rate of decreasing φcross-micro from ~ 1.4 % to ~ 0.2 % at increasing laser power. 
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Figure 6.15. (a) Cross-micro porosity at different laser power and scanning velocities; (b) cross-macro porosity at different laser power and scanning velocities; (c) cross-micro density at different laser power and scanning velocities; (d) cross-macro density at different laser power and scanning velocities; (e) ratio ρtop surface/ρcross-micro at different laser power and scanning velocities; (f) ratio ρcross-macro/ρtop surface at different laser power and scanning velocities; (g) ratio ρtop surface/ρcross-micro with energy density; (h) ratio ρcross-macro/ρtop surface with energy density.

Figure 6.15b shows a decreasing φcross-macro with increasing laser power and decreasing scanning velocity. It is observed a steep decrease of φcross-macro when processing at the slower 1 mm/s scan speed compared to a more stable φcross-macro at 3 mm/s. Figure 6.15c shows consistent ρcross-micro values >99.6 % at the combination of parameters with higher energy density. Figure 6.15d shows a sensible increase of ρcross-macro with increasing laser power at 1 mm/s. Figures 6.15e to h were plotted against density ratios in order to identify conditions where ratios  1, such conditions can be used to quantify the minimum theoretical energy density required for achieving full top surface, cross-micro and cross-macro densities. Figure 6.15e depicts a clear increase of the ratio ρtop surface/ρcross-micro with increasing laser power and decreasing scanning velocity. Figure 6.15f shows a constant ρcross-macro/ρtop surface ratio at 3 mm/s scan speed and a high rate of increasing ρcross-macro/ρtop surface ratio at 1 mm/s scan speed with increasing laser power. Figure 6.15g and Figure 6.15h plot ρtop surface/ρcross-micro and ρcross-macro/ρtop surface as a function of energy density. The dashed lines in Figure 6.15g and Figure 6.15h represent fits to the data. According to these fits (equations provided in the Figures) a theoretical minimum of 86 J/mm3 and 46.5 J/mm3 energy density would be required in order to achieve full cross-micro and full cross-macro densities (resulting in ρtop surface/ρcross-micro = 1 and ρcross-macro/ρtop surface = 1) respectively. This suggests that the ratio of ρtop surface/ρcross-micro is the governing factor that identifies the minimum energy density required for processing fully dense parts. Energy densities in excess of 86 J/mm3 could be achieved by optimising the beam delivery system and/or increasing laser power as described in Section 6.1.1. Density ratios shown in Figures 6.15e – h were obtained by calculating densities as described earlier in this Section: ρ = 1 – φ, where mean values of φ were used. Therefore, no error bars were included. Equations describing the best fit to the data shown in Figures 6.15g and h were selected using Excel. 

6.3. [bookmark: _Toc497898960]Summary
The experimental methodology and DOE used in the single-later parametric investigation of 316L stainless steel powder has been presented in this Chapter. Experimentally acquired data of melt dimensions and part’s porosity have been presented in order to investigate the effect of process parameters in the DAM densification mechanism of the process material. The effect of powder characteristics, particle size distribution, laser power, scanning speed and laser beam profile (i.e. melting area) in the DAM process, have been described. The factors δ/ρtop surface, ρtop surface/ρcross-micro and ρcross-macro/ρtop surface were introduced in order to analyse the DAM densification mechanism. A densification analysis was conducted in order to identify optimal conditions for process optimisation. An energy density value of 86 J/mm3 has been theorised as the minimum required for fully dense DAM components.


7. [bookmark: _Toc497898961]Finite Element Modelling and Simulation of the Diode Area Melting process
In the present Chapter a DAM finite element model is presented. The model is used to investigate the temperature distribution, temperature evolution, cooling rates and phase changes and is validated with experimental findings presented in Chapters 5 and 6. The FEA model presented in this research, is built upon a previously developed SLM FEA model presented by Ali (Ali 2017) to simulate the single-layer DAM processing of 316L stainless steel powder. The model takes into account the DAM Laser Beam Profiles (LBPs) and process parameters (i.e. laser power and scan speed) presented in Chapter 3. The non-linearity of temperature-dependant material properties and phase changes are also considered. The modelling strategy used, describes the laser beam as a volumetric heat source with enhanced penetration depth to improve computational efficiency of the FEA model. Also, model-simplification approaches have been considered to simplify the simulation of the substrate and the surrounding powder as a heat sink, while maintaining a minimal model size. The aim of the present work is to simulate the DAM process under optimised process conditions as required for fully dense multiple layers. The process temperature evolution has been compared with that of optimised SLM processing.

7.1. [bookmark: _Toc497898962]Heat transfer in Diode Area Melting and modelling methodology
The DAM heat transfer mechanisms to be taken into account are schematically shown in Figure 7.1. The DAM methodology consists of multiple parallel diode laser emitters as described in Chapter 3. The multi-beam laser output can be represented by a rectangular melting area for simplicity. The laser scans the powder bed surface as the processing table moves along the scanning direction. During processing the metal powder undergoes state and phase changes from powder-to-liquid-to-solid.
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Figure 7.1. Diode area melting heat transfer representation (additional focusing optics not included for simplicity).
According to the first law of thermodynamics, the general energy balance within the enclosed system is described by the expression

Equation 7.1
where , ,  and  represent the vector heat values for the laser flux and the conduction, convection and radiation losses, respectively. The modelling approach used in the present work is based upon the concept of a moving volumetric heat source, combined with enhanced thermal conductivity through the substrate and the surrounding powder as described by Ali [Ali 2017].
7.1.1. [bookmark: _Toc497898963]Thermal modelling
During DAM processing of a single layer of powder, the majority of the heat loss is through conduction to substrate and surrounding powder (as with SLM). (When processing multi-layers, heat loss can also be conducted through previously processed/solidified layers). The general, spatial and temporal temperature distribution is governed by the heat conduction equation (Equation 7.2).

Equation 7.2
Where T is temperature, t is time, (x, y, z) are the spatial co-ordinates, kxx, kyy and kzz are the thermal conductivities, ρ is the density, Cp is the specific heat and  is the heat source term, which describes the laser energy input. To simulate the conductive heat losses through the surrounding substrate and powder, a surface film condition was defined on the different border surfaces. In order to simplify the model and reduce computational time, the temperature dependent conductivity of a solid mild steel substrate was used as a convective heat transfer coefficient on the five different border surfaces of the substrate (red-coloured lateral and inferior surfaces in Figure 7.2a) in order to correctly approximate the substrate conduction without having to model the actual substrate dimensions (i.e. 50x50x2 mm). Figure 7.2a shows the border surfaces where the substrate conduction occurs, defined as a convective interaction. To simulate the conductive heat losses through the surrounding powder, a surface film condition was defined on the four border surfaces of the powder layer (red-coloured lateral surfaces in Figure 7.2b). The temperature dependent conductivity of 316L stainless steel powder was used as a convective heat transfer coefficient on the different powder layer surfaces in order to approximate conduction within the powder without having to model the whole layer dimensions (i.e. 50x50x0.26 mm). Such considerations regarding conductive heat losses have been used previously in literature for SLM process modelling (Ali 2017).
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Figure 7.2. (a) Surfaces for conduction to surrounding substrate. Surfaces for conduction to surrounding powder.

The conductive heat transfer within the modelled powder bed and substrate are defined by the thermal dependent conductivity values shown in Figure 7.3a and d respectively. The convective heat losses from the top surface of the powder bed resulting from inert gas flow within the processing enclosure were modelled by defining natural convection as a surface film interaction on the exposed surface. A convective heat transfer coefficient of 0.2 mW/mm2-K was used (Ali 2017). Heat losses due to radiation are not considered in the present work. Such consideration is a common practice even in SLM FEA modelling/simulation since radiation losses are negligible if compared to conduction losses [87] [89] [113] [114]. The moving laser heat source provided by the laser irradiation and the laser-powder-substrate interaction can be modelled to predict the thermal history associated with the DAM process. The complexity of the process dynamics precludes simulation of the melting behaviour of the whole part. Therefore, in order to optimise computational time, the melting behaviour of a 1.2 mm single track was simulated. The thermal model is a simplification of the DAM heat transfer mechanism. The simplifications considered are listed below:
· A surface film condition was defined on the surroundings of the substrate and powder surfaces in order to simulate the heat losses.
· The thermal conductivity of the substrate was defined as a convective heat transfer mechanism on the substrate surroundings in order to reduce both model size and computational time for better approximating the heat conduction through the actual substrate’s dimensions.
· The conductive heat losses through the powder-layer’s surroundings was defined as a surface film condition on the surrounding lateral layer’s surfaces in order to simulate the actual heat dissipation through the surrounding powder.
· The convective mechanism of heat dissipation at the top surface of the powder-layer (caused by the inert gas flow) was defined as a surface film interaction with 0.2 mW/mm2-K convective heat transfer coefficient. 
· Radiation losses were not considered.

7.1.2. [bookmark: _Toc497898964]Laser heat source modelling
An ABAQUS DFLUX (i.e. Distributed Heat Flux) subroutine written in FORTRAN was used to simulate the laser as a moving volumetric heat source. The volumetric heat source was used to account for the laser penetration effect into the powder which according to Foroozmehr et al. [89] is 120 µm for 316L stainless steel powder. To make the simulation more efficient the volumetric heat source was applied to a 260 µm powder layer thickness along with a 250 µm depth into substrate [Ali 2017]. A Modified Prismatic laser Heat Flux (MPHF) model similar to the cylindrical representation model explained by Roberts and Shi et al. [115] [116], was used in the present work to represent the variation of laser intensity in the x and y direction (see Figure 7.1) direction. Equation 7.3 shows the MPHF model, describing the heat flux of the rectangular multi-beam laser output.

Equation 7.3
where P is the laser power in Watts, b and h are the base and height of the rectangle-shape multimode laser diode beam on the powder bed surface. From the DAM LBPs described in Chapter 3, these are b=4.75 mm and h=0.25 mm for LBP1, b=6.5 mm and h=0.3 mm for LBP2 and b=9.4 mm and h=0.4 mm for LBP3. α is the laser absorptivity value for the 316L stainless steel powder bed. An absorption coefficient α=0.5 was used for the present model. Equation 7.4 shows the laser intensity in the radial direction Ir used in the present work,

Equation 7.4
where cf is the correction factor required for achieving melt pool size and temperature distribution in good agreement with the experimentally acquired in Chapters 5 and 6. cf was calculated through FEA trials for different process parameters. Equation 7.5 shows the laser intensity in the melt depth direction, modelled as a parabolic relation as presented by Ali [Ali 2017],

Equation 7.5
Equation 7.6 shows the heat flux definition that describes the moving heat source simulation used in the present work,

Equation 7.6
7.1.3. [bookmark: _Toc497898965]Temperature-dependent material properties
The thermophysical properties of materials can be characterised as field and non-field properties [117]. Non-field properties are those controlled by the mass of a given composition and are not related to pore parameters (i.e. amount of porosity and morphology of the pores). Heat capacity and density are identified as non-field properties. The so-called field properties have a complex dependency on porosity and pore geometries such as thermal conductivity, which is considered a field property. The thermophysical properties of solid/liquid 316L stainless steel and mild steel for powder and substrate respectively (n.b. pure iron properties were used for the mild steel substrate since iron comprises 98.44 % of the chemical composition of mild steel), used in this research were taken from work by [26]. Sih and Barlow [13] presented a model that predicts the thermal conductivity of a powder bed as a function of the bed’s volume fraction porosity and the thermal conductivity of the solid (pore-free) material among other factors (e.g. thermal conductivity of the gas phase, contact characteristics of particles, etc.). In the present work, the thermal conductivity of 316L stainless steel powder (particle size distribution 15-45 µm) was calculated using the Sih and Barlow method. As the temperature of the powder particles increase (leading to melting/bonding of particles), the contact area between particles increase resulting in a sharp rise of thermal conductivity at the material melting point (see Figure 5.7a) [13]. A detailed model representative of the DAM process melting behaviour can be achieved using the material’s thermophysical properties to encompass the key phase transitions powder and substrate undergo when irradiated with the multimode laser beam. To simulate these phase changes, the temperature dependent material properties were included to the model definition. ABAQUS USDFLD (i.e. User Defined Field) subroutine written in FORTRAN was used for the phase change simulation of 316L stainless steel, based on the temperature of the laser irradiated region. ABAQUS interpolates for each temperature value at intermediate temperature. Tables 5.1 to 5.2 show the temperature dependant material properties of the process 316L stainless steel and the solid mild steel substrate, used in the present work. Table 7.1 shows the latent heat, solidus and liquidus temperatures of both 316L stainless steel and mild steel, used in the FORTRAN subroutine, taken from [26]. The 316L powder thermal conductivity plotted in Figure 7.3a exhibits a sharp increase with increasing temperature with an onset around ~0.5 W/mK. Figure 7.3b plots the corresponding density of the processed material compared to the volume fraction density of the process powder bed, which shows that the low density of the powder bed matches that of the bulk material when reaching the melting temperature. Figure 7.3c depicts the non-field property of material’s heat capacity. The thermophysical properties of the mild steel substrate shown in Figures 7.3d to 3f will play an important role in the substrate heat dissipation mechanism.

Table 7.1. Thermal properties of 316L stainless steel process powder and mild steel substrate [26].
	Material
	Latent heat mJ/Tonne
	Solidus temperature (ºC)
	Liquidus temperature (ºC)

	316SS powder
	2.85E+11
	1385
	1425

	Steel substrate
	2.72E+11
	1394
	1538
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Figure 7.3. Thermophysical properties of (a), (b) & (c) process stainless steel 316 and (d), (e) & (f) steel substrate; (a) & (d) thermal conductivity; (b) & (e) density; (c) & (f) specific heat. [26] [13].
Figure 7.3 shows the temperature dependence of the material properties (i.e. thermal conductivity, density and specific heat) of 316L stainless steel (a, b, and c) and the mild steel substrate (d, e, and f), used in the present work. 

7.2. [bookmark: _Toc497898966]Simulation model
A simulation model consisting of a single 260 µm (i.e. same layer thickness used in the parametric analysis in Chapter 6) layer of 316L stainless steel powder built upon a 2 mm thick mild steel substrate is presented in this work. The dimensions of the simulated substrate vary with the different LBPs modelled and range from 6x2x2 mm for LBP1 simulation to 10x2x2 mm for both LBP2 and LBP3 simulation (Figure 7.4a). To minimise computation time, a single 1.2 mm length track (moving along the y-direction) was simulated in the present model. Numerical simulation is carried out using the ABAQUS finite element package. Mesh element type DC3D8 (i.e. 8-node linear heat transfer brick element), was used. Figure 7.4b shows the 125x125x20 µm mesh size used for the powder layer. 
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Figure 7.4. (a) Model and (b) mesh dimensions. Dimension L varies from L=6 mm for LBP1 to L=10 mm for both LBP2 & LBP3.

The layer is composed by 13 elements in the z-direction to create the 260 µm layer thickness. The substrate mesh was biased to move from 20 µm at the top, increasing to 500 µm at the bottom in order to keep the number of mesh elements to a minimum, and reduce the model size and compilation time. The dimensions of the simulated region together with the enhanced thermal conductivity approach described in Section 7.1.1, allows the heat from the laser source to dissipate without interfering with the temperature distribution of the scanned region. The chamber and substrate initial temperature is 25 ºC. For the simulation model, the energy of the laser is applied as a volumetric moving heat source of varying dimensions for the different beam profiles LBP1, LBP2 and LBP3 as described in Section 7.1.2. The nodal temperatures are monitored in time steps to determine material’s phase changes (governed by the material’s thermophysical properties depicted in Figure 7.3). The material properties are updated for the appropriate elements (interpolating when necessary) as the laser moves continuously along the simulated region (i.e. scanned track) until the whole defined geometry has been analysed.

7.3. [bookmark: _Toc497898967]Results and discussion
In the present Section, the DAM FE model will be validated with experimental findings presented in Chapters 5 and 6 (i.e. temperature rate and melt dimensions respectively). A finite element analysis (FEA) has been conducted in order to investigate the DAM methodology considering optimised conditions (i.e. increasing laser power and reducing total beam area in order to increase energy density to the theoretical optimal 86 J/mm3 presented in Chapter 6). The optimised DAM model is compared with optimal SLM methodologies reported in literature.

7.3.1. [bookmark: _Toc497898968]Correction factor for varying parameters
To simulate the DAM melting process, multiple FE iterations were undertaken in order to identify the appropriate correction factor cf (described in Section 7.1.2) for the different process parameters (i.e. laser power, scan speed and melting area). It was observed that laser power and beam dimension (i.e. melting area of a given LBP) were the only parameters defining cf. Scan speed was observed to have a negligible effect in determining cf. cf remained constant at varying scan speed for a given laser power and LBP (i.e. beam dimension). Figure 7.5a shows the selected cf for varying laser power (i.e. 30, 40 and 50 W) and scanning velocities (i.e. 1, 3 and 5 mm/s) at fixed LBP1 with melting area 1.19 mm2. 
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Figure 7.5. Correction factor cf for varying (a) laser power and (b) total beam area (i.e. varying LBPs). Melting area in (a) was 1.19 mm2 (LBP1); a range of scanning velocities was used. Laser power and scan speed in (b) were kept constant to 50 W and 5 mm/s respectively. Scan speed was observed to have a negligible effect in determining cf.

Figure 7.5b plots the selected cf for varying melting area (i.e. 1.19, 1.95 and 3.76 mm3 for LBP1, LBP2 and LBP3 respectively) at fixed 50 W and 5 mm/s. Trend lines are fitted for both plots, allowing extraction of cf for process optimisation (i.e. higher laser power and smaller melting area). The equations shown in Figures 7.5a and b (calculated using Excel in order to describe the best fit to data) that describe the effect of laser power and melting area respectively, were used to extract cf for the process optimisation model.

7.3.2. [bookmark: _Toc497898969]Simulation validation
A comparative study with experimental work was conducted in order to determine the suitability of the simulation model. Different process variables were investigated (i.e. laser power, scanning velocity and laser beam profile) for model validation. The model was first validated by comparing experimentally measured melt-pool dimensions (i.e. melt depth and melt width in Table 6.5 and 6.6 in Section 6.1.3) against simulated values. Then, the model was validated by comparing experimentally measured temperature evolution over time at a range of process parameters (see Figure 5.12a in Section 5.2.6), against predicted temperature distribution in the XY-plane along the scanning direction.

7.3.2.1. [bookmark: _Toc497898970]Melt-depth dimensions
In the present Section, experimental melt-pool dimensions are compared with simulated values using the corresponding cf shown in Figure 7.5a. Figure 7.6a compares the average experimental and simulated melt-depth dimensions as a function of laser power and scan speed. To account for the effect of varying melting area in cf, laser power and scan speed were fixed to 50 W and 5 mm/s (values arbitrarily selected) to model the different areas of LBP1, LBP2 and LBP3. 
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Figure 7.6 (a) Experimental and simulated melt-depth dimensions for all LBP1 treatments. (b) Experimental and simulated melt-depth dimensions for the different LBPs. Laser power and scan speed remained constant at 50 W and 5 mm/s respectively. (c) Experimental and simulated melt-width dimensions for all LBP1 treatments. Each combination of parameters in (a)-(c) and LBP in (b) was simulated using the corresponding cf. 

It is assumed that the cf trend as a function of melting area (see Figure 7.5b) is the same at any constant power and speed. Figure 7.6b shows the comparison of measured and simulated melt-depths for varying laser melting areas (LBP1-3). Figure 7.6c shows a comparison of experimental LBP1 melt-width dimensions against the simulated values. Good agreement between experimental findings and simulated values of melt dimensions (i.e. melt-depth and melt-width) at varying parameters (i.e. laser power, scan speed and melting area), can be observed.
Figure 7.7 shows an example of the experimentally measured melt dimensions (Figure 7.7a) together with the modelled melt dimensions (Figure 7.7b) using the DAM process parameters (50 W and 1 mm/s) that resulted in the highest part density (99.68 % cross-sectional micro density and 87.29 % cross-sectional macro density) from the parametric investigation conducted in Chapter 6. 
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Figure 7.7. (a) Experimentally measured melt dimensions; (b) melt dimensions predicted by ABAQUS finite element thermal model.

Figure 7.7a depicts a representative view of the cross-sectioned sample with average melt dimensions. Figure 7.7b shows the melt dimensions predicted by the ABAQUS FEA model. The experimentally acquired 5.067 x 0.244 mm melt dimensions are in good agreement with the FEA model simulated dimensions of 4.766 x 0.222 mm. The predicted melt-width is ~6 % less than the average experimentally measured melt-width and the predicted melt-depth is 9 % less than the average experimentally measured melt-depth. This justifies the selected correction factors described in Section 7.3.1, in terms of melt-pool dimensions.

7.3.2.2. [bookmark: _Toc497898971]Temperature evolution 
The temperature evolution predicted by the FEA model has been compared to the experimentally acquired transient (see Figure 5.12a, Section 5.2.6). The temperature rate was measured from the top surface of the powder bed (XY-plane) for a range of scan speeds with 50 W laser power across the irradiating stripe. Due to image saturation, the experimentally acquired temperature range was limited to a maximum measured temperature of 1350 ºC. The nodal temperature rate of a single point within the simulated melted area within the FEA model is compared to the experimental data within the measured temperature range. Figure 7.8 shows a comparison for three different scan speeds (5, 3 and 1 mm/s) investigated. It can be seen in Figure 7.8a,b,c that temperature rises steeply up to ~ 1250 ºC for all scan speeds studied, before appearing to saturate to higher temperatures. Better agreement between simulated and experimental data is observed at slower scan speed (i.e. higher energy density). From the FEA simulation, the maximum predicted temperatures for the different scanning speeds were 1510 ºC, 1519 ºC and 1565 ºC for 5 mm/s, 3 mm/s and 1 mm/s respectively. Figure 7.9 shows the nodal temperature evolution predicted by the FEA model for the different scan speeds investigated. The cooling rate is observed to slow down with decreasing scan speed. Due to image saturation, temperatures in excess of 1350 ºC could not be experimentally measured. However, the density analysis conducted in Section 5.2.7 indicated that melting was achieved, exceeding the melting temperature when processing stainless steel powder (1450 ºC melting temperature).
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Figure 7.8. Comparison of the modelled powder-bed maximum temperature evolution in XY-plane with the experimentally measured during DAM processing of stainless steel 316 at 50 W and a range of scanning velocities: (a) 5 mm/s; (b) 3 mm/s; (c) 1 mm/s.
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Figure 7.9. Simulated nodal temperature rate for a range of scan speeds at 50 W and LBP1. Maximum predicted temperatures are 1510 ºC, 1519 ºC and 1565 ºC for 5 mm/s, 3 mm/s and 1 mm/s respectively.
The results presented in Figures 7.8 and 7.9 show that the temperature rate, temperature trend and maximum temperature predicted by the FEA model agree well with the experimental data. This justifies the selected correction factors described in Section 7.3.1, in terms of temperature evolution. It can be assumed that accurate predictions of the cooling rate and temperature gradients can be modelled. Predicted cooling rate and temperature gradients provide insight about the residual stress build up [115].

7.3.3. [bookmark: _Toc497898972]Effect of layer thickness
In order to investigate the effect of layer thickness, the model was adapted to 200 µm and 150 µm layer thickness. For this, 10 × 20 µm elements and 8 × 18.75 µm elements in the z-axis (layer depth) were used to model 200 µm and 150 µm layer thickness respectively. It has been previously reported (Section 5.2.7) a 4.5 x 4.5 x 6 mm stainless steel part composed of multiple ~150 µm layers. However, due to the use of a manual powder deposition scheme, a minimum layer thickness of ~150 µm was used. Figure 7.10 shows cross-sectional views of the temperature distribution for the 200 µm and 150 µm layer thicknesses modelled at 50 W laser power and 1 mm/s scan speed. It can be seen in Figure 7.10a that at 200 µm layer thickness temperatures in excess of the process 316L stainless steel melting temperature of 1450 ºC can be achieved uniformly across the scanning direction (i.e. along the x-direction). In contrast, the melting temperature could not be reached when simulating the processing of 150 µm thick powder layers (Figure 7.10b). In this case, it can be expected that laser-induced heat generated at the top surface of the powder bed rapidly dissipates into the solid mild steel substrate, preventing the melting temperature from being reached. When using thinner layers, the high thermal conductivity of the solid substrate has a strong influence on the temperature distribution. For the thicker (200 µm) layer, low thermal conductivity within the powder bed prevents such rapid heat-sinking into the substrate and better maintains the temperature distribution within the laser-irradiated bed, allowing temperatures in excess of 1450 ºC to be reached. The stainless steel built part presented in Section 5.2.7 was processed at 50 W and 0.5 mm/s. However, a heat dissipation mechanism similar to that described here and shown in Figure 7.10, may have prevented good inter-layer bonding in specific and random locations where layer thickness was not uniform.
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Figure 7.10. Cross-section images of the FEA model showing temperature distribution for (a) 200 µm and (b) 150 µm layer thickness at 50 W and 1 mm/s. 

7.3.4. [bookmark: _Toc497898973]Process optimisation
The densification analysis conducted in Section 6.2.4 suggested a minimum energy density of 86 J/mm3 for high part density and substrate bonding. Equation 5.1 shows that energy density is directly proportional to laser power and indirectly proportional to total beam area and scan speed. Therefore, higher energy density can be attained by increasing laser power, reducing melting area and/or reducing scan speed. The total processing time depends directly on scan speed; therefore, increasing scanning velocity is desirable for DAM optimisation, requiring an increase in laser power and/or decrease in melting area. An increase in total laser power can be achieved by multiplexing the output from two or three laser diode bars to create 100 W and 150 W total laser power respectively. Optimisation of the beam delivery system (by varying collimators and focusing lenses focal length) can reduce the total beam area. In Section 3.5 different theoretical optical configurations are presented that can result in smaller melting areas. Table 7.2 describes and compares the optical configuration F2th & S2th with that of LBP1. Also shown in Table 7.2 is the energy density factor Ef of both F2th & S2th and LBP1 schemes, which is proportional to the process energy density.

Table 7.2. Total beam area of theoretical optical configuration mechanisms and energy density factor (influence of melting area in the process energy density).
	Optical configuration mechanism
	Total multimode beam width of 19 superposed melting spots (mm)
	Total beam area (mm2)
	Energy density factor Ef (mm-2)

	F2th & S2th
	1.9
	0.19
	5.26

	FLBP1 & SLBP1
	4.75 (LBP1)
	1.19 (LBP1)
	0.84



The DAM optical configuration F2th & S2th results in an array of 100 µm diameter beams (i.e. similar to SLM). This optimised DAM configuration has been modelled for a range of laser powers and scan speeds to investigate the effect of optimised energy density. Simulation using this optimised optical configuration accounts for the effect of individual spot diameter, d=100 µm, providing a total beam area A = 1.9 mm x 0.1 mm = 0.19 mm2 considering overlapping of the 19 melting beams along the x-direction similar to LBP1. The fit to the data shown in Figure 7.5b describes the cf trend in terms of total beam area. For the optimised A=0.19 mm2 a factor cf=18.12 has been calculated using the equation describing the fit to the data in Figure 7.5b. A difference of 5.82 resulted from comparison of the cf of the optimised total beam area (i.e. 0.19 mm2) with that of LBP1 (i.e. 1.19 mm2), as was used in the cf trend analysis shown in Figure 7.5a. The cf trend for varying laser power is described by the equation describing the fit to the data in Figure 7.5a. The cf for the optimised model, taking into account laser power variation from 50-150 W and constant melting area A=0.19 mm2, can be calculated using Equation 7.7.

Equation 7.7
Where P is laser power in Watts (although cf is dimensionless). Table 7.3 shows the different combination of parameters (i.e. treatments) used in the present process optimisation analysis considering constant total beam area A=0.19 mm2 and energy density 86 J/mm3. A 50 µm layer thickness, comparable to that conventionally used in SLM, was considered in the process optimisation model. In order to account for the optimised single spot size 100 µm and layer thickness 50 µm, the powder bed was adapted to elements of 125 × 50 µm in the x-y plane with L=6 mm (see Figure 7.4a) and 16.667 µm × 3 elements in the z-direction. Temperature distribution and maximum temperatures achieved using the optimised model suggest that the adapted mesh size has not affected the simulation.
Table 7.3. Combination of parameters for process optimisation. Total beam area and energy density are fixed to 0.19 mm2 and 86 J/mm3 respectively.
	Treatment
Parameter
	T1
	T2
	T3

	Laser power (W)
	50
	100
	150

	Scan speed (mm/s)
	3.06
	6.12
	9.18



7.3.5. [bookmark: _Toc497898974]FEA prediction of temperature distribution and solidification behaviour 
The modelled temperature distribution of the top surface of the powder bed along the scanning direction is shown in Figure 7.11 for the different process treatments T1, T2 and T3 shown in Table 7.3. The instant temperature of 14 nodes/points, covering 650 µm length along the scanned track (as detailed in Figure 7.11), has been extracted in order to plot the simulated temperature evolution along the scanning direction. Maximum temperatures of 2141 ºC, 1851 ºC and 1939 ºC have been simulated for T1, T2 and T3 respectively (see nodal temperature labels in Figure 7.11). Figure 7.12a shows the extracted temperature distribution that describes the instantaneous nodal temperature along the 650 µm (composed by the 14 data nodes/points) described in Figure 7.11 along the y-axis (i.e. scanning direction) for each process/treatment. The melting-solidification range shown in Figure 7.12 is delimited by the solidus and liquidus temperatures of the powder (1385 ºC and 1425 ºC respectively). The peak of the curves (i.e. maximum temperatures) represents the melt-pool centre which is located at the plotted distance of ~525 µm. It can be seen that the melt pool starts solidifying ~ 225-150 µm behind the melt-pool centre in the scanning direction as depicted schematically in Figure 7.12b. 
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Figure 7.11. Simulated temperature distribution at the top surface of the powder bed, along the scanning direction. (a) T1: 50 W & 3.06 mm/s; (b) T2: 100 W & 6.12 mm/s; (c) T3: 150 W & 9.18 mm/s. The red spots show the location of the 14 nodes/points along the 650 µm in the scanning direction for nodal temperature (NT) measurement.

The analysis approach depicted in Figure 7.11 can be used to describe the spatial temperature distribution of DAM in order to compare the solidification distance shown in Figure 7.12 with SLM temperature spatial distribution.
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Figure 7.12. (a) Instant temperature distribution along the scanning direction. Each depicted data point represents a single red spot in Figure 7.11 for the different treatments T1, T2 and T3; (b) Schematic representation of the solidification distance.

The ratio s/d (solidification distance/beam diameter) can be used to describe the temperature gradient proportion, where a higher ratio s/d means higher temperature gradients along the melt track. Typical SLM s/d ratios describing elongated-tail-shaped temperature distributions can reach 2.2 (i.e. 220 µm solidification distance / 100 µm beam diameter reported in simulations conducted by Ali (Ali 2017)). In contrast, the s/d ratio simulated for DAM = 0.132 (i.e. 0.25 mm solidification distance / 1.9 mm total beam diameter). This will lead to significant reduction of temperature gradient in DAM compared to SLM, which ultimately should result in smaller residual stress formation. 
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Figure 7.13. (a) (Plan view) Temperature and material solidification evolution along the scanning direction in XY-plane. (b) Dimensioned isometric view showing the depth used for volumetric heat addition. (c) (Front view) Temperature and material solidification evolution across the depth of the scanning direction in the XZ-plane. (d) (Side view) Temperature and material solidification evolution along the depth of the scanning direction in YZ-plane.

Figure 7.13 shows the simulated temperature and material solidification evolution of parts processed using treatment T2 in a range of views (plan, front and side cross-sections, and a dimensioned isometric view). Figure 7.13a shows the temperature distribution in the XY-plane (plan view) along the scanning direction. This takes the form of a uniform, non-elongated elliptical temperature distribution. This is expected from use of a parallel multi-beam melting scheme and slow scanning velocities, and differs from the elongated-tail-shape temperature distribution with high temperature gradients typical of SLM [118]. Such uniformity in the DAM temperature distribution reduces the temperature gradients along and across the scanning direction, resulting in lower heating and cooling rates. 

Temperature gradients are directly correlated to the build-up of residual stress in SLM components [116] [119]. Ali et al. presented a direct correlation of the cooling rate with average maximum residual stress within SLM components (Ali 2017). In his work, substrate preheating was used to minimise temperature gradients, resulting in significant reduction of residual stress build up during SLM. Small temperature gradients inherent in the DAM process may also result in low residual stress. Figure 7.13b shows a dimensioned isometric view with scanning direction and the region used for volumetric heat addition. Figure 7.13c and d show the temperature distribution in the XZ-plane (front view) and YZ-plane (side view) across and along the scanning direction respectively. Uniform temperature distribution similar to that within the top surface can be observed in Figures 7.14c and d. This low temperature gradient across and along the melt-pool depth in both the front and side view would lead to reduced contraction upon cooling, controlling the residual stress development as described by the temperature gradient mechanism [116] [119] and cool-down phase model [119] [120]. Similar temperature and material solidification evolution has been observed for both T1 and T3 optimisation schemes.
7.3.6. [bookmark: _Toc497898975]FEA prediction of cooling rate and temperature gradient – comparison with SLM 
Li et al. presented a three-dimensional finite-element model to investigate the effects of process parameters in the temperature evolution during SLM of 316L stainless steel [27]. Li et al. predicted that a scan interval of 0.1 mm was necessary to produce high-density 316L stainless steel components. This predicted scan interval is similar to the optimised DAM mechanism proposed in the present work (corresponding to a 0.19 mm scan track width composed by overlapped tracks of 100 µm diameter/width, described in Section 7.3.4), in which the array of individual 100 µm diameter beams overlap to form the striped beam. Figure 7.14 shows the SLM scanning strategy used by Li et al. in (a) compared to that used in DAM in (b). 
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Figure 7.14. Scan strategy of (a) SLM single scanning vector [27] and (b) DAM parallel multi-scanning vectors (optimised).

The temperature evolution at points A and B have been measured for both the SLM and DAM methodologies respectively. The scan interval (i.e. hatch distance) and distance between spots (i.e. spot period) for both SLM and DAM respectively are 0.1 mm. Figure 7.15 shows the temperature evolution at point A (in Figure 7.14a) reported by Li et al. It can be seen that during the melting process, two temperature peaks (308 ºC and 889 ºC) provide a pre-heating effect prior to the powder bed reaching the maximum process temperature. After reaching the maximum temperature 1936 ºC, two further peaks are observed at 1930 ºC and 1168 ºC, which promote a gradual cooling rate. A general heating rate of 1.63×104 ºC/s and cooling rate of 1.13×104 ºC/s can be calculated from maximum and minimum data points in Figure 7.15, by dividing the differential temperature by the elapsed time between points. It can be concluded from this work that both selective preheating and gradual cooling rate mechanisms can promote high part density. 
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Figure 7.15. SLM temperature evolution of point A in Figure 7.14, at 0.1 mm laser scan interval, 95 W laser power and 50 mm/s scan speed. Adapted from [27]. General heating and cooling rates of 1.63×104 ºC/s and 1.13×104 ºC/s respectively, can be calculated from the plotted data.

Figure 7.16a shows the simulated temperature evolution of point B (in Figure 7.14b) at the top surface of the powder bed and the maximum temperatures reached for the different DAM optimisation treatments T1, T2 and T3. It can be seen that the T1 scheme resulted in a significantly higher peak temperature even though its laser power (50 W) is just a fraction of that of the T2 (100 W) and T3 (150 W) treatments. However, smaller melting and cooling rates in the T1 scheme can be observed due to the slower scan speed used. Figure 7.16b shows the heating and cooling rates at the top surface of the powder bed, calculated from data plotted in Figure 7.16a (i.e. ΔT/Δt). For treatment T2 (100W and 6.12 mm/s) the heating and cooling rates (i.e. 1.76×104 ºC/s and 1.21×104 ºC/s respectively) and maximum temperature (1851 ºC) are similar to those of the optimised SLM process described by Li et al (i.e. 1.63×104 ºC/s and 1.13×104 ºC/s heating and cooling rate respectively and 1936 ºC maximum temperature). This suggests that the heating and cooling rate mechanisms of the DAM T2 process are similar to those of a high-density selectively preheated and cooling-controlled SLM process.
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Figure 7.16. (a) DAM nodal temperature evolution of a single point (i.e. point B in Figure 7.14b) along the scanning direction for the T1, T2 and T3 simulated treatments as shown in Figure 7.11; (b) predicted DAM heating and cooling rates for the different T1, T2 and T3 treatments.

Figure 7.17a shows the simulated depth-resolved temperature gradient for the DAM T2 process, plotting the temperature at the top surface of the melt pool and 380 µm below the top surface of the melt-pool as well as the temperature of a middle point. These points are highlighted in the cross-sectional view of the model pictured in Figure 7.17b. A straight line fit to the data gives a temperature gradient of i.e. -472.96. Ali reported that residual stresses of SLM components can be significantly alleviated by preheating the substrate above 570 ºC (Ali 2017). By using a similar analysis like that shown in Figure 7.17, the optimised SLM preheated process reported by Ali, showed that in-depth temperature gradient magnitudes, lower than -832 resulted in the reduction of residual stress formation. It is therefore suggested that the low DAM temperature gradient coefficient in the melt depth direction in the DAM process will result in low residual stress development similar to that in optimised SLM with substrate preheating.

[image: ]
Figure 7.17. (a) Temperature gradient prediction of T2 optimised mechanism between the top surface of the melt, a middle point and 380 µm depth below the melt-pool from FEA simulation for DAM 316L stainless steel components; (b) Cross-sectional view of the model showing the top, middle and 380 µm position considered for temperature gradient estimation.

7.3.7. [bookmark: _Toc497898976]Melt-pool penetration into substrate
In SLM, penetration of the melt-pool into the substrate allows for deposition of further layers without removing the previously melted layer while the wiper moves along the substrate. Kamath et al. performed a density analysis for SLM processing of 316L stainless steel powder in order to identify the optimum process parameters for achieving >99 % part’s density [121]. A range of laser powers (250 W – 400 W) and scan speeds (1500 mm/s – 1900 mm/s) were investigated, resulting in substrate penetration depths ranging from ~65 µm to ~105 µm. Such penetration depths allow re-melting of previously processed layers (n.b. typical layers’ thickness in SLM = 50 µm) which facilitates the formation of an even surface. When the surface is even, the powder distribution of the next layer will be more homogeneous and will reduce the entrapment of air [122]. This can reduce porosity and improve the density of the part. Such penetration depths are therefore a requirement for high part density in DAM. 

Figure 7.18 shows a cross-sectional view of the simulated substrate penetration depth of DAM, using the T2 treatment. The area in red represents the phase changes (i.e. powder-to-liquid-to-solid) of the laser-scanned layer of powder that was melted and solidified. The areas in blue represent the surrounding powder that was not scanned/melted by the laser. The simulated substrate penetration depth of the DAM process is 132 µm, which is comparable to that reported by Kamath et al. According to this report, higher melt depths result from decreasing scanning velocities. Higher DAM penetration depth may be the result of the slower scan speed compared to SLM.
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Figure 7.18. Cross-view of the simulated substrate penetration depth using the DAM T2 treatment.

7.4. [bookmark: _Toc497898977]Summary
In the present Chapter the laser-melting mechanism of DAM has been described in order to develop a FE model capable of predicting the process temperature evolution. The modelling approach of isotropic enhanced thermal conductivity and penetrating volumetric heat source has been presented. Also presented are the thermal-dependent material properties of both the process material and substrate. The general dimensions, mesh size and analysis methodology of the simulation model have been described. The finite element model presented was validated with the experimental findings from Chapters 5 and 6 and used as a valuable tool for modelling the optimal conditions identified in Chapter 6. An optimised DAM FE model has been presented and compared with optimised SLM mechanisms reported in literature. The model presented was used to validate the densification analysis conducted in Section 6.2.4. Simulation of the optimised DAM mechanism predicted a DAM temperature evolution, temperature gradient and penetration depth similar to optimised SLM processes with low residual stress formation and high part’s density.

8. [bookmark: _Toc497898978]Conclusions and Future Work
A new methodology and system has been presented for AM of metallic components. The traditional galvo scanning methodology used within a single fibre laser SLM system has been replaced with arrays of multiple individually addressable and non-deflected low power diode laser beams in order to scan in parallel, selectively melting material from a powder bed. The ability to near-net shape and process material with melt temperatures in excess of 1450 ºC (i.e. stainless steel powder) from a low power source presents the greatest challenge. It has been demonstrated in the present work the potential in harnessing the theoretically efficient absorption characteristics of these low power laser diode bars to generate sufficient energy density to melt engineering grade materials. The DAM process was able to successfully fuse multiple ~ 150 µm thick layers of stainless steel 17-4 powder attaining ~99.72 % density in specific areas within the 3D formed component. However, due to the process being in an early stage of its development, it is considered to be a far from optimised system (e.g. optics, cooling), relying on manual layer deposition of thick powder layers from which part defects can form (i.e. geometric distortion, high surface roughness and randomised high levels of porosity within components). These component quality issues can be alleviated through further process optimisation and control.

8.1. [bookmark: _Toc497898979]DAM process characteristics
The effect of process parameters in the DAM methodology and the process densification mechanism have been investigated. It was observed that the packing density of the powder (which is in turn highly dependent on the particle size distribution) plays a crucial role in processing using the DAM method. The thermal conductivity of the powder bed, particle diameter and powder processing defects (i.e. satellites and inter-agglomeration pores) were identified as the main powder characteristics that limit DAM processing. Use of large powder particles resulted in low powder conductivity and correspondingly a ‘low quality melt’ that led to balling formation, weak particle bonding and partially fused particles. In contrast, smaller particle sizes of spherical shaped powder resulted in higher thermal conductivity leading to a ‘higher quality melt’. Particle size distribution of 15 – 45 µm, comprised by spherical shaped powder particles was identified to be optimal for DAM processing of metallic powder feedstock.

The effect of laser beam profiles during DAM has been analysed for a range of laser beam profiles from striped array to spatially separated spots. It has been identified that tight overlapped melting spots with minimum spot spacing (i.e. a tight stripe-shape melting area comprised by multiple individual melting spots) present the optimal melting beam profile for a DAM process. In the present study, individual beam spots of 250 µm diameter and total dimensions of a stripe-shaped multi-spot beam of 4.75  0.25 mm (with 250 µm spots period) was found to be capable of processing material with melt temperatures in excess of 1450 ºC.  A further reduction of individual melting spot area and spacing can be achieved by optimisation of the beam delivery system. The beam collimation mechanism (comprised by the FAC and SAC) can be identified as the governing factor in determining the minimum individual melting spot dimensions and the minimum spots period. 
 The influence of laser power and scanning velocity (i.e. energy density) on top surface density, cross-micro and cross-macro densities, and melt depth on powder have been investigated. It was found that increasing energy density resulted in denser parts and increased melt depth on powder. 1 mm/scan speed was observed to produce denser parts (>98 %, >99 % and >87 % in top surface, micro and macro densities respectively) than 3 and 5 mm/s due to the higher energy density achieved. However, the slow 1 mm/s scan speed could be increased in optimised DAM mechanisms by reducing melting spot area and spacing and/or increasing laser power. The ratios of melt depth fraction to top surface density δ/ρtop surface, top surface to cross-micro density ρtop surface/ρcross-micro and cross-macro to top surface density ρcross-macro/ρtop surface were introduced in order to identify the minimum energy density required to achieve theoretical full part density (i.e. top surface, micro and macro densities) within the DAM process. A theoretical value of 86 J/mm3 has been suggested as the minimum energy density required for fully dense parts, which can be attained through either increasing power (to 103 W), slower scan speed (to 0.48 mm/s) (system then requiring water cooling), or decreasing spot size to 175 µm diameter by using a different focal length FAC micro-optic.

8.2. [bookmark: _Toc497898980]Modelling of DAM optimisation
A DAM FE model has been developed and validated for DAM optimisation. The model was developed considering the identified 86 J/mm3 energy density that was attained by reducing model spot size (i.e. reducing total beam area) and increasing laser power (i.e. multiplexing multiple laser diode bars to create higher total melting powers). To simulate DAM-optimisation conditions, an isotropic enhanced thermal conductivity model has been adapted from the model developed by Ali (Ali 2017) to simulate processing of 316L stainless steel powder. The laser heat source has been modelled as a penetrating volumetric heat source which promoted computational efficiency. The model developed has been able of predicting the melt pool width and depth with 5.9 % and 9 % error respectively. The model accurately predicted the temperature evolution of the top surface of the powder bed in good correlation with the experimental findings. Accurate prediction of melt-pool dimensions and temperature evolution trend with high correlation with the experimental results validated the modelling approach used. The computational efficiency of the modelling methodology presented by Ali (Ali 2017) for SLM simulation has proven to be applicable for DAM simulation. The model was capable of predicting temperature evolution through the powder layer to the solid substrate, modelling the DAM limitation of inter-layer melt disruption when processing multi-layer 316L stainless steel components, identified in this work (in the scoping experimental investigation in Chapter 5) and validating the DAM densification analysis (i.e. DAM parametric investigation findings in Chapter 6) conducted in the present research. The theoretical DAM energy density 86 J/mm3 proposed in this work, has been modelled assuming optimal beam delivery system (i.e. collimating and focusing mechanisms) and higher laser power. The optimised energy density modelled has been compared with SLM of same process material and it was concluded that the DAM methodology results in lower temperature gradient and theoretical lower residual stress build-up due to its characteristic melting mechanism composed by multiple parallel scanning vectors with low individual power and low scanning velocities. It was observed that predicted temperature gradients and predicted heating and cooling rates of the DAM mechanism, can be compared with those of optimised pre-heated (either by selective or substrate pre-heating) SLM mechanism exhibiting cooling rate conditions for residual stress build-up reduction. The melt-pool penetration depth simulated in the present work for DAM processing of 316L stainless steel powder, with optimised energy density (i.e. 86 J/mm3), is similar to the penetration depth reported in literature for SLM of same process material. This validates experimental findings from Chapter 6 regarding the effect of energy density on melt depth. At 86 J/mm3, the melt depth fraction δ > 1, as predicted in the parametric investigation, promoting melt penetration into substrate as evidenced in the DAM FE model.

8.3. [bookmark: _Toc497898981]Current DAM challenges and limitations
The difficulties presented in the integration of diode lasers into the DAM system include the focusing of divergent beams into tight stripes. High numerical aperture lenses are needed to achieve the energy densities required to melt metallic particles. This makes the superposing alignment a challenge. Improved design of the DAM's optical system may produce higher energy density beams capable of melting at a lower laser power. However, reduced focusing space may be a constant challenge for melting with low powered diode emitters. In future developments the manual powder deposition should be developed into an automated process (as with conventional SLM/EBM) with finer more consistent layer deposits (~ 50 μm). Thinner layers will reduce surface roughness and may alleviate the tendencies for the melt pool to break up into smaller entities (balling formation). However, higher energy density is required in order to process ~50 µm layers successfully. Current DAM melting capability is not strong enough to achieve consistent bonding between melt-pool and substrate. Laser-induced heat is dissipated through the substrate, preventing from proper bonding. Thin ~50 µm layers cannot be currently successfully processed due to such heat dissipation. The substrate-induced thermal conductivity surpasses the absorbed laser-induced energy, which precludes melting of a ~50 µm powder-layer. Substrate preheating could be used to assist the melting process and limit heat dissipation. However, high temperatures within chamber may damage the laser and optics. If substrate preheating is to be used, the processing table should be physically separated from laser and optics. This could be done using a temperature resistant window between processing table and focusing optics.

Typical emitter spacing (i.e. 500 µm used in this research) of commercial edge-emitting HPDL modules is an important factor that limits the focusing mechanism. Low focal-length plano-convex lenses are needed to focus the slow axis (i.e. axis along the emitters’ array) of the multiple beams into a tight, high-intensity stripe-shaped beam. Longer focal-lengths could be used if the emitter spacing of the module is reduced. Overlap of spots at the focal point (i.e. at the powder bed) can thus be achieved easier and larger distance between lens and powder bed can be used.
 
Laser power is currently limited 50 W. Higher power can be investigated by either using more powerful DL modules and/or multiplexed DL arrays comprising ≥2 modules. Current DAM minimum individual spot diameter is 250 µm. This is too large (compared to typical 100 µm SLM spots) and prevents from achieving higher energy densities. Optical mechanisms for collimating and focusing need to be redesigned and optimised. Different optical mechanisms can be investigated, e.g. expanding the collimated beam prior to focusing may result in tighter spots. 

Net-shape capabilities (i.e. control of independent emitters) are currently limited to 4 emitters. Individualisation of the whole DL module (i.e. full individualisation of the 19 emitters) is a complex job that needs to be further investigated. Parametric investigation of the DAM process is currently limited to all 19 emitters working together into a line-shaped multi-spot beam. The temperature distribution predicted by the DAM FE model (developed in the present work) is therefore that of a multi-beam process. The FE model developed has been validated with a multi-beam DAM mechanism. Modelling the single-beam DAM process may require adapting the current model with the correspondent validation, or probably, developing a different model.

8.4. [bookmark: _Toc497898982]Limitations of the present work
Limitations of the present work can be described in three main fields, namely:  process mechanics, material response analysis (e.g. metallographic analysis of components) and mechanical properties of components. Process mechanics limitations include manual powder deposition, manual adjustment of focusing optics, inability to deposit uniform 50 µm layers, and use of a single laser-module in the melting process. Full automatization of the process (including lenses’ alignment) is required in order to deposit thinner, more uniform layers and increase beam intensity distribution and dimensional accuracy. Also, implementation of multiple laser modules can help increasing total laser power in order to rise energy density. Preheating mechanisms (e.g. substrate preheating or laser-induced selective preheating) have not been explored. Furthermore, microstructure, surface roughness and mechanical properties of DAM components have not been investigated. Claims made with respect to DAM advantages over SLM should be further substantiated by analysing material responses and mechanical properties of DAM components in future investigations. Further work will need to assess whether melt pool formation/expansion was conduction limited or if generated temperatures were high enough to vaporise material and induce key-hole mode melting (possibly explaining the ability to process thicker powder layers with inclusion of large voids).

8.5. [bookmark: _Toc497898983]DAM potential benefits and advantages
In parallel to process development, new materials can be explored for DAM processing potential. Multi-materials can be processed at different laser wavelengths (multiple different-wavelength diode emitters working together) to match multiple peak absorptions, opening the possibility of improved control of alloying. Aluminium has an absorption peak located close to the operating wavelength of the DL used within this work. Aluminium is a challenging material to process even with conventional SLM due to high reflectivity/conduction and high oxidation potential, often requiring very high energy densities to achieve full part density. However, DAM may be able to overcome these higher energy requirements by operating at a more efficient laser wavelength and reduce the power required by the laser to melt the material by introducing powder bed pre-heating and/or a new optical surface pre-heating. Optical pre-heating would be highly suited to DL modules due to their high beam divergence. DL are already being used as surface heating for industrial applications in an unfocused area at very high power (even in the order of kilowatts when multiple modules are stacked). Further to this, during conventional SLM/EBM most heat produced during the process is lost from the surface of the powder bed leading to the development of high residual stresses within a component. Optical pre-heat may alleviate or completely eradicate this issue. 

The DAM process is highly scalable for the melting of larger areas in a single pass. DL bars consume a relatively small space and can be stacked easily to either cover a larger melting area or to superimpose laser beams such that the energy density per laser beam spot is increased. The higher wall plug efficiency of diode lasers together with the theoretically more efficient optical-to-thermal energy conversion at 808 nm has the potential to reduce energy consumption. However, at this stage it is too early to claim DAM efficiency gains over conventional SLM/EBM approaches. Validation of this theoretical hypothesis requires confirmation through further experimental work. The wavelength tunability of diode lasers could be exploited to operate at the peak absorption wavelengths of different materials, even targeting different materials separately.

The current limitations of AM of metals systems (i.e. high purchase costs, high energy consumption and slow production time) may be overcome through the adoption of a diode laser module melting source. Previously, the use of low power diode bars for melting common SLM materials would be easily dismissed as being unable to provide the required energy density to melt these materials. It has been shown in the present work that this energy density challenge can be overcome and presents a first step in developing a novel and efficient high speed metallic additive manufacturing process.

SLM of stainless steel with 100 W laser power can be compared with DAM processing of same material using a 100 W HPDL module. That is, 100 W ÷ 19 emitters = ~5 W per emitter. Optimised DAM mechanisms featuring multiple spots of 100 µm diameter (as is typically used in SLM) and ~ 5 W each, with 100 µm spot spacing, can improve SLM build rates. Typical theoretical build rate of SLM of stainless steel can be <2.8 mm3/s using ~100 W laser power [2]. This can be improved to >2.8 mm3/s by scaling up the optimised DAM process to 133 laser emitters (i.e. 7 modules featuring 19 emitters each; similar to the DL module used in the present work). Overall build rates in SLM can be improved by ~72 % by increasing the power input of the laser from 100 W to 380 W [70]. Such increase of laser power in SLM can be compared with DAM single spots of 20 W each (i.e. 380 W ÷ 19 emitters = 20 W). Such amount of DAM laser power enables scanning velocities of ~23 mm/s (i.e. 380 W ÷ (0.19 mm2  86 J/mm3) = ~23 mm/s) resulting in the theorised 86 J/mm3 for full density; which in turn may increase build rates by ~3.8 times (i.e. ~380 % increase) using 133 laser emitters as described above in paragraph. This is explained by using Equation 8.1 for process theoretical build rate [2]:

Equation 8.1.
Where Ds is layer thickness (50 µm), vscan is scanning velocity (23 mm/s), Δys is scan line spacing (Δys typically equals approximately 0.7 times the beam diameter; therefore, Δys = 0.7  100 µm = 70 µm) and the factor 133 accounts for the number of emitters. The calculated DAM build rate 10.7 mm3/s (using 20 W per emitter), is ~3.8 times faster than the build rate ~2.8 mm3/s of ~5 W per emitter. Therefore, for the same increase in laser power, SLM build rate can increase ~72 % whilst DAM build rate can increase up to 380 %. This, in addition with higher wall plug efficiencies of DLs (>60 % against 50 % of SLM fibre lasers), evidences higher energy efficiency of DAM in terms of build rate and scalability.

Typical DL modules’ compact dimensions (2.2cm2.5cm1.185cm = 6.5175 cm3 each laser module comprising 19 emitters) and low cost (each module, with optics included, can cost ~£1500) offer great scalability potential for optimised DAM mechanisms. Additional melting beams (i.e. single emitters) in DAM can cost ~ £100 each, whilst SLM can suffer penalty costs of ~£170K per additional laser beam (typical SLM machines purchase cost can increase from £217K to £725K for single-beam (slow) and 4-beams (faster) printers respectively [49]). Customised water-cooling mechanisms of optimised DAM approaches (e.g. DAM process featuring 7 HPDL modules aligned to produce a 1.9 mm  7 stripe-shaped multi-spot beam) most be developed in order to optimise energy consumption and costs of cooling systems. Finally, DAM scanning strategies comprising multiple non-deflected beams can facilitate scaling up the number of emitters to hundreds (or even thousands) of beams. Multi-beam SLM mechanisms require complex process strategies in areas of overlapping beams [42]. In such areas, the definition of usable beam offsets is of critical importance because the melt-pool dynamics do not favour every beam offset. A badly chosen beam offset may drop rapidly the part’s density. A multi-beam strategy of high-power deflected beams, is limited due to the necessary calibration procedure and the temperature stability of the machine so that no unintended offset is added during the process [38]. DAM allows beams’ overlapping without causing temperature destabilisation due to low power-levels used in each individual beam. The number of melting beams can be thus increased while maintaining stable process temperatures.

8.6. [bookmark: _Toc497898984]Key findings and future work
Key findings of the present work are summarised in Table 8.1. From these findings, extensive fields of opportunities have been identified that promote further development of the new DAM methodology. Future work related to each finding is also shown in Table 8.1.

Table 8.1. Key findings of the present research and suggested future work for further DAM development.
	Key finding
	Suggested future work 

	Edge emitting diode laser modules featuring multiple ~5 W emitters, can be used directly in AM of metallic components.
	Edge emitting diode modules, or single DL emitters, with individual power (i.e. each single emitter) in excess of 5 W can be used to increase process energy density.

	Typical 808 nm diode lasers wavelength enables high laser absorption mechanisms in a metal powder-bed based AM process, which in turn allows the use of lower laser power (<5 W) than the conventionally used in SLM (100-400 W).
	Edge emitting diode modules, or single DL emitters of lower wavelengths (i.e. blue or green DLs) can be investigated for DAM processing of materials with peak absorption at the wavelength used (e.g. blue or green spectrum) in order to enhance the laser absorption of the process material. Such absorptivity enhancement may allow use of lower laser powers.

	Temperatures in excess of 1450 ºC can be reached in metallic powder beds (stainless steel) with <5 W diode-laser spots using appropriate optical mechanisms to collimate and focus the low-quality beam (27º and 7º divergence in the fast and slow axis respectively) down to <250 µm melting spots.
	The use of different micro-optic collimators and focusing lenses can be investigated in order to optimise the beam delivery system. This can help reduce individual spot dimensions in order to increase energy density. Different beam delivery mechanisms can also be investigated, such as expanding the collimated beam prior to focusing to reduce melting spot size.

	It has been identified the ability to near-net shape and process material with melt temperatures in excess of 1450 ºC (i.e. stainless steel powder) using multiple individually addressable and non-deflected low power diode laser beams in order to scan in parallel, selectively melting material from a powder bed.
	Net-shape capabilities need to be further investigated. This can include: temperature distribution and temperature evolution of the process, using specific combination of emitters; temperature distribution and temperature evolution of single emitters; resolution of single emitters whilst processing high temperature materials; DAM capabilities of processing complex geometries; etc.

	DAM process parameters including laser beam profile (i.e. spot spacing and spot dimensions), particle size distribution (emissivity and conductivity of the powder), laser power and scan speed affect the porosity and melt-pool uniformity of DAM components.
	Other process parameters can be investigated such as: preheating temperatures, scanning strategies (e.g. length of scanning vectors; variable power of individual beams within the line-shaped multi-beam for overall beam intensity control; etc.). Also, other material responses can be investigated, such as: surface roughness, microstructure and mechanical properties.

	An energy density of 86 J/mm3 can be theorised as the minimum required for fully dense DAM (stainless steel) components.
	DAM parametric analysis of other high temperature materials (e.g. nickel-based and titanium-based super alloys) can be investigated. Densification analysis and material responses for these materials can be explored.

	Effective melt area in DAM can be 6.67 % in excess of the actual spots size (i.e. 4.75 mm laser beam width has an effective melt width of 5.067 mm). 
	Resolution of single beam processing in DAM can be investigated. Relationship of melt dimensions with varying individual laser power can be characterised.

	Temperature gradients and cooling rates during DAM processing of metallic feedstock are similar to optimised pre-heated SLM mechanisms with low residual stress formation.
	Substrate preheating and laser-induced selective preheating of process powder can be investigated. The effect of preheating mechanisms in residual stress formation, microstructure and mechanical properties of DAM components can be studied.



Further DAM investigation as described in Table 8.1, can help to substantiate claims made in the present work regarding DAM benefits and advantages over SLM. This research presents the system development and first investigations of the new DAM technology. Solid ground has been established for further DAM development and investigation. The author believes DAM can provide a valuable solution for improving metal and polymer AM technologies through a scalable, energy efficient and high speed AM methodology.
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A.1. Selected thermophysical properties of powdered, solid and molten 316L stainless steel  [26] [13].
	Temperature (ºC)
	Density 
(Tonne/mm3)*
	Specific heat (mJ/Tonne-ºC)*
	Thermal conductivity (mW/mm-K)

	25
	5.15E-09 (powder)
7.95E-09 (solid)
	4.7E+08
(powder/solid)
	0.17 (powder)
13.4 (solid)

	100
	5.23E-09 (powder)
7.92E-09 (solid)
	4.9E+08
(powder/solid)
	0.21 (powder)
15.5 (solid)

	200
	5.28E-09 (powder)
7.88E-09 (solid)
	5.2E+08
(powder/solid)
	0.25 (powder)
17.6 (solid)

	300
	5.33E-09 (powder)
7.83E-09 (solid)
	5.4E+08
(powder/solid)
	0.28 (powder)
19.4 (solid)

	400
	5.37E-09 (powder)
7.79E-09 (solid)
	5.6E+08 (powder/solid)
	0.33 (powder)
21.8 (solid)

	500
	5.41E-09 (powder)
7.74 E-09 (solid)
	5.7E+08
(powder/solid)
	0.36 (powder)
23.4 (solid)

	600
	5.45E-09 (powder)
7.68E-09 (solid)
	5.9E+08
(powder/solid)
	0.39 (powder)
24.5 (solid)

	700
	5.49E-09 (powder)
7.63E-09 (solid)
	6E+08
(powder/solid)
	0.42 (powder)
25.1 (solid)

	800
	5.53E-09 (powder)
7.58E-09 (solid)
	6.3E+08
(powder/solid)
	0.59 (powder)
27.2 (solid)

	900
	5.56E-09 (powder)
7.52E-09 (solid)
	6.4E+08
(powder/solid)
	0.8 (powder)
27.9 (solid)

	1000
	5.60E-09 (powder)
7.46E-09 (solid)
	6.6E+08
(powder/solid)
	1.71 (powder)
29.1 (solid)

	1100
	5.63E-09 (powder)
7.41E-09 (solid)
	6.7E+08
(powder/solid)
	3.5 (powder)
29.3 (solid)

	1200
	5.89E-09 (powder)
7.36E-09 (solid)
	7E+08
(powder/solid)
	7.3 (powder)
30.9 (solid)

	1300
	6.58E-09 (powder)
7.31E-09 (solid)
	7.1E+08 
(powder/solid)
	17.93 (powder)
31.1 (solid)

	1385
	7.27E-09 
(powder/solid)
	7.2E+08 
(powder/solid)
	31.1 
(powder/solid)

	1401
	7.27E-09 (transition)
	7.2E+08 (transition)
	31.1 (transition)

	1413
	7.26E-09 (transition)
	7.21E+08 (transition)
	30.97 (transition)

	1422
	7.25E-09 (transition)
	7.27E+08 (transition)
	29.28 (transition)

	1450
	7.24E-09 (transition)
	7.3E+08 (transition)
	28.5 (transition)

	1451
	6.88E-09 (liquid)
	8.3E+08 (liquid)
	28.5 (liquid)

	1500
	6.84E-09 (liquid)
	8.3E+08 (liquid)
	29.5 (liquid)

	1600
	6.77E-09 (liquid)
	8.3E+08 (liquid)
	30.5 (liquid)


* The units (Tonne/mm3) & (mJ/Tonne-ºC) were used to simplify computational calculations of the Fortran’s subroutine.

A.2. Selected thermophysical properties of steel substrate [26].
	Temperature (ºC)
	Density (Tonne/mm3)*
	Specific heat (mJ/Tonne-ºC)*
	Thermal conductivity (mW/mm-K)

	25
	7.874E-09
	4.5E+08
	72.7

	100
	7.849E-09
	4.79E+08
	68

	200
	7.815E-09
	5.2E+08
	61

	300
	7.781E-09
	5.62E+08
	55

	400
	7.774E-09
	6.01E+08
	49

	500
	7.713E-09
	6.6E+08
	43.5

	600
	7.679E-09
	7.45E+08
	38.5

	700
	7.646E-09
	9.05E+08
	33.6

	800
	7.612E-09
	9.45E+08
	29.3

	900
	7.578E-09
	7.5E+08
	29.6

	1000
	7.605E-09
	6.2E+08
	31.5

	1100
	7.554E-09
	6.35E+08
	33.3

	1200
	7.503E-09
	6.5E+08
	35.2

	1300
	7.452E-09
	6.65E+08
	37

	1385
	7.448E-09
	6.8E+08
	39

	1394
	7.408E-09
	7.38E+08
	38.6

	141
	7.4123E-09
	7.21E+08
	38.7

	1422
	7.3699E-09
	7.28E+08
	39.26

	1500
	7.366E-09
	7.55E+08
	39.4

	1538
	7.35E-09
	7.62E+08
	39.7

	1539
	7.03E-09
	8.24E+08
	36

	1600
	6.977E-09
	8.24E+08
	36.2

	1700
	6.891E-09
	8.24E+08
	37.2

	1800
	6.805E-09
	8.24E+08
	38


[bookmark: _GoBack]* The units (Tonne/mm3) & (mJ/Tonne-ºC) were used to simplify computational calculations of the Fortran’s subroutine.


[bookmark: _Toc497898987]Appendix B
Density measurement was conducted by converting optical/SEM images to 8-bit greyscale images from which the contrast threshold was measured using ImageJ software as exemplified in Figure B.1. The Threshold feature in ImageJ measures the percentage of red regions with respect to the whole region of the micrograph. This percentage corresponds to the amount of porosity of the analysed region. The example shown in Figure B.1, shows a porosity of 0.42 %. Above 0.42 %, the threshold line would be crossed and the red regions would cover 100 % of the whole image as shown in Figure B.2. The measured porosity shown in Figure B.1 can thus be used as the porosity amount of the analysed micrograph. Micrographs of 4 different areas across the sample were analysed and mean values of porosity were obtained for each sample. Density was calculated using Equation B.1.

Equation B.1.

[image: ]
Figure B.1. Example of porosity measurement using ImageJ.
[image: ]
Figure B.2. Red region completely covered when crossing the threshold line.
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