
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

A semi‑empirical modelling of selective laser
melting

Yap, Chor Yen

2016

Yap, C. Y. (2016). A semi‑empirical modelling of selective laser melting. Doctoral thesis,
Nanyang Technological University, Singapore.

http://hdl.handle.net/10356/69292

https://doi.org/10.32657/10356/69292

Downloaded on 09 Apr 2024 16:47:53 SGT



 

 

 

 

 

 

A SEMI-EMPIRICAL MODELLING OF  

SELECTIVE LASER MELTING 

 

 

 

 

 

YAP CHOR YEN 

 

INTERDISCIPLINARY GRADUATE SCHOOL 

ENERGY RESEARCH INSTITUTE @ NTU (ERI@N) 

 

2016 

  



  



A SEMI-EMPIRICAL MODELLING OF 

SELECTIVE LASER MELTING 

 

 

 

 

 

 

 

YAP CHOR YEN 

 

 

 

 

 

Interdisciplinary Graduate School 

Energy Research Institute @ NTU (ERI@N) 

 

A thesis submitted to the Nanyang Technological University in 

partial fulfilment of the requirement for the degree of 

Doctor of Philosophy 

 

2016 



  



 

 

Statement of Originality 

 
I hereby certify that the work embodied in this thesis is the result of original 

research and has not been submitted for a higher degree to any other University 

or Institution. 

 

 

 

 

 

      29 July 2016      

. . . . . . . . . . . . . . . . .      . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date       Yap Chor Yen 

  



 

 

 



 

 

  Abstract 

i 

 

 

Abstract 

 

Selective Laser Melting is a particular powder bed based Additive 

Manufacturing technology capable of producing metallic components from 

powders. There has been increasing research and industrial interests in this 

technology as it can achieve near-full density fabrication. Research has also 

shown that Selective Laser Melting is capable of producing components that are 

higher in strength and hardness compared to their cast counter parts due to the 

localised and rapid solidification that occurs during the process. As interests in 

Selective Laser Melting grows, more research has been focused on finding the 

optimal process parameters for different materials. However, current parameter 

optimization studies are usually carried out by trial-and-error, which is time 

consuming. 

 

This Ph.D. project aims to develop a semi-empirical model of the Selective 

Laser Melting process. This model will enable parameter optimization studies 

to be shortened by a providing a close estimation of the energy requirement of 

the process, by considering the thermal properties of the materials, the laser-

material interaction and morphology of the melt tracks. The scope of this project 

is limited to metals and alloys as they are the most common materials used in 

industrial applications and some of the relevant information is available in 

scientific articles. 

 

A model of the process was developed and the energy requirement of the 

process was found to vary with the thermal conductivity values of the materials, 

in addition to their thermal capacities and melting temperatures. Applications 

and limitations of this semi-empirical model are also discussed. Through this 

work, optimized process parameters were also established for pure nickel and 

pure tin. These metals had not been successfully processed by Selective Laser 

Melting previously. The resultant microstructures of these materials have also 

been examined via various characterization techniques. 
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Chapter 1  

 

Introduction 

 

In recent years, advances in additive manufacturing (AM), also 

known as three-dimensional (3D) printing, has been spurred by 

interests from governments and industries. Selective Laser Melting 

(SLM) is one of the most popular AM technologies as it can directly 

manufacture 3D metallic components from computer-aided design 

computer-aided-manufacturing (CADCAM) data [1-3]. 

 

Studies on SLM processing of materials and product characteristics 

have been carried out by researchers to enable the application of 

SLM to industries. The wide range of materials includes various 

grades of steel, titanium and titanium alloys, nickel-based 

superalloys, aluminium alloys, copper alloys and even precious 

metals such as gold. There is also observable increase in research 

interest in the SLM processing of metal matrix composites and 

ceramics. Process parameter optimization studies have to be carried 

out for each material to ensure the quality of the product. However, 

these optimization studies are often a lengthy process that involves 

selection of laser power-scanning speed combination through trial 

and error, selection of suitable layer thickness and sieving through 

a multitude of combinations of laser power, scanning speed, hatch 

spacing, and other parameters. 
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In order to shorten the process of parameter optimization, this Ph.D. 

project examines the development of a novel semi-empirical 

analytical model for the SLM process. The model will enable 

researchers to narrow down the range of possible parameters 

quickly based on material properties and machine characteristics, 

thereby increasing the success rate of material optimization studies 

and accelerating the advancement of 3D printing in SLM. 
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1.1  Problem statement 

 

AM, previously known as Rapid Prototyping (RP), is often to create prototypes 

for product development, learning, experimentation or presentation purposes. 

With the recent advancement in AM technology, functional components can 

also be fabricated for applications in the aerospace, automotive and medical 

industries. Compared to conventional subtractive manufacturing processes for 

metallic products, SLM has the following benefits: 

 

1. There is less material wastage in SLM. For computer numerical control 

(CNC) processes such as drilling, grinding, milling and turning, the raw 

materials come in the form of cuboidal blocks, rods or sheets. The waste 

materials that are removed during the process cannot be reused, leading to 

wastage of materials. In SLM, powders left in the process can be recovered 

and reused for subsequent jobs. 

 

2. AM offers flexibility in designs that subtractive manufacturing processes 

cannot. It can fabricate complex features, minute details and lattice 

structures that are not possible with traditional manufacturing technologies. 

Figure 1.1 shows some of the products fabricated by SLM, displaying 

complex structures with high-resolution details. 

 

3. Tooling can be removed or reduced for manufacturing as SLM will be able 

to fabricate products in a single piece, thus reducing the inventory and 

associated costs significantly. Moreover, structural weakness related to 

joints and connecting parts can also be eliminated. 

 

4. Product development time can be shortened and streamlined as prototypes 

can be immediately fabricated once the CAD data has been changed. 

Investments in moulds, tooling, and craftsmanship can be drastically 

reduced. 
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5. Individualized products and bespoke components can be fabricated in small 

scales and dissimilar products of the same material can be manufactured 

together. Whereas for many manufacturers, a single product, of one exact 

design, must reach a certain volume before being accepted for production to 

achieve economy of scale. 

 

 

Figure 1.1 Complex geometries and minute structures by SLM [1]. 

 

With these advantages, SLM has been marked as one of the key additive 

manufacturing technologies for direct part manufacturing with metallic 

materials. Global revenue for AM products and services increased by four folds 

in the past five years. AM metals increased by 50 % in 2014 to USD 48.7 million 

and takes of 42.6 % of the total products and services revenues from AM [3]. 

Growth in this industry will continue to spur further innovations and research 

for SLM processing of different materials, such as metals, alloys, metallic glass 

and metal matrix composites (MMCs). 
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Process parameter optimization is important for SLM to produce high-density 

parts. However, parameter optimization studies have been a tedious process that 

involves many rounds of trial and error as careful process control is required [4] 

and different parameters are required for each and every material. This wastes 

valuable time, material, manpower, and money. 

 

A novel model is required to facilitate these optimization studies, allowing 

researchers to narrow down the range of plausible parameters. Due to the 

dynamism of the SLM process, where rapid heating, melting, rapid cooling, 

volume shrinkage and solidification is involved, a simple analytical model is 

not possible. Hence, a semi-empirical approach is adopted. 

 

1.2  Objective and Scope 

 

The objective of this Ph.D. project is to develop a new semi-empirical model 

for the SLM process to facilitate process optimization studies. The model will 

be based on material properties and machine characteristics. 

 

Although there are research and industrial interests in the SLM processing of 

composite material and ceramics, the scope of this project is limited to metals 

and alloys. 

 

1.3  Dissertation Overview 

 

This thesis addresses the development of a model for the SLM process. 

 

Chapter 1 provides a rationale for the research and outlines the objectives and 

scope. 

Chapter 2 reviews scientific literature concerning the SLM process with a focus 

on the SLM of metals and alloys. Previous attempts at modeling of the SLM 

process are also discussed. This provides the context for the Ph.D. work. 
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Chapter 3 discusses the principle and development of the semi-analytical model, 

which is based on the conservation of energy and thermal properties of the 

materials. It also covers the data from published literature concerning 

parameters of SLM process.  

 

Chapter 4 elaborates the first major set of results from experiments carried out 

on AlSi10Mg and examines the resultant density against various input 

parameters. 

 

Chapter 5 and Chapter 6 elaborates the experiments carried out on pure nickel 

and pure tin respectively. 

 

Chapter 7 threads together the semi-empirical model and the data gathered from 

literature and the three sets of experiments. Applications and limitations of the 

model are also discussed. 

 

Chapter 8 concludes the thesis. 

 

1.4  Resulting Outcomes 

 

This research led to several novel outcomes by: 

1. Establishing a semi-empirical relationship between the SLM process 

parameters with the thermal properties of the materials. 

2. Correlating the input energy density in the SLM process and the resultant 

relative density for various materials. 

3. Optimizing the process parameters for the SLM of materials such as 

nickel and tin.  
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Chapter 2  

 

Literature Review 

 

Selective Laser Melting (SLM) is an Additive Manufacturing (AM) 

technique designed to process metallic powders using high power 

laser as energy source based on 3D CAD data as digital information. 

The part is fabricated by selectively melting and fusing powders in 

a layer, upon a preceding layer [1, 2]. Other methods are known as 

LaserCusing and Direct Metal Laser Sintering (DMLS) are the same 

in principle. For DMLS, “sintering” is recognized as a misnomer as 

the metallic powders are known to have completely melted and 

quickly solidified thereafter in the process [3]. Hence, for the 

purpose of this literature review, publications on SLM, LaserCusing 

and DMLS are included. 

 

Since the patent for SLM was filed in 1998 [4], researchers have 

been exploring the processing of different materials with SLM. From 

various grades of steel [5, 6] to biocompatible alloys [7]; from 

precious metals [8] to metallic glass [9]; from metal matrix 

composites (MMCs) [10] to ceramic materials [11, 12], the pool of 

materials available to the SLM process is rapidly expanding. In this 

review, the emphasis is given metals and alloys as they make up the 

majority of the materials processed by SLM while the literature on 

SLM of MMCs and ceramics will be briefly covered. 
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There have also been many attempts to model the SLM process to 

study and understand the dynamics of SLM and to predict the 

resultant microstructure and properties of the fabricated parts. Most 

of these studies are through numerical analysis using various 

software, such as ANSYS [13] and COMSOL [14]. These works 

reveal important aspects of the process and integral factors to 

consider when developing a semi-empirical model for the SLM 

process. 
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2.1 Overview of the Selective Laser Melting Process 

 

SLM involves a series of operations from the conversion of CAD file in the 

Standard Tessellation Language (STL) format to a “build file” that contains the 

information required by the SLM machine to process, and the subsequent line-

by-line and layer-by-layer automated fabrication of the desired object.  

 

STL is a file format created by 3D Systems to contain surface geometrical 

information of a 3D object. An STL file describes a 3D object by a combination 

of the unit normal and vertices of triangles in the Cartesian coordinate system. 

It may also contain information on the colour of the surfaces although this is an 

add-on in the later stages of development. In order to overcome the limitations 

of the STL format, Additive Manufacturing File (AMF) format has been 

adopted by ASTM International in recent years to contain additional 

information describing shape and composition such as colour, texture, material, 

substructure and other properties of 3D objects to be processed by any AM 

systems [15]. It is based on extensible markup language (XML) and its ability 

to be compressed significantly allow for a more efficient transfer of data. 

However, STL file format is still the current de facto standard for transferring 

information between CAD programmes and manufacturing systems due to its 

widespread use over three decades. 

 

In 3D printing, components with overhanging features usually require a support 

structure during the manufacturing process. For instance, in Fused Deposition 

Modelling (FDM) and Polyjet, support materials are available to provide 

support structures. These support structures can then be removed either 

manually or by dissolving in a solution [1]. In SLM, support structures have to 

be built with the same material as the component as the SLM systems can 

deposit only one type of powder for each layer. Magics, a software by 

Materialise NV, is capable of processing STL files, orientating the 3D model 

for fabrication and generating support structures for overhanging features 
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(Figure 2.1). After generating support structures, the data for every slice/layer 

that is required for the machines to process is generated. For SLM, this 

manufacturing data can be produced by the Build Processor modules in Magics.   

 

 

Figure 2.1 Processing of STL file with Magics, orientation with a 45° rotation from (a) 

to (b) and generation of support structures (c). 

 

After the manufacturing data is fed to the SLM machine, the process starts by 

flushing the chamber with nitrogen or argon gas until the chamber has less than 

2 % oxygen to minimize oxidation during the SLM process. Some of the SLM 

machines have the capability of providing platform heating up to 200 °C. That 

is followed by coating a thin layer of metallic powder on the substrate plate and 

laser scanning of the first layer of powders according to the manufacturing data. 

Once scanning of the first layer is completed, the platform is lowered in the z-

axis by one layer thickness and a new layer of powder is deposited and spread 

evenly across the preceding layer. This process repeats itself until the required 

component is completely fabricated. After the fabrication process, loose 

powders are removed and the component is revealed. Powders that are not used 

in the process can be reused for the next job, minimizing wastage of materials. 

Figure 2.2 illustrates the concept of the SLM process with a relatively simple 

component. 
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Figure 2.2 Layer-by-layer manufacturing of the SLM process. i) The high-power laser 

melts selective areas of the powder bed. ii) The process is repeated for successive layers. 

iii) Loose powder is removed and finished part is revealed [2]. 

 

2.1.1 Physical Phenomena and Process Parameters of SLM 

 

The SLM process involves the rapid heating and melting of powder material 

with a laser beam and rapid solidification of the melted material. There are 

several important physical phenomena such as the absorptivity of the powder 

material to laser irradiation, the balling phenomenon that disrupts the formation 

of continuous melt vectors and the residual thermal stress caused by rapid 

fluctuation of temperature during the process. Residual thermal stresses can lead 

to crack formation and component failure. This section reviews the literature 

concerning these aspects of SLM to enhance the understanding of this dynamic 

manufacturing process. 

 

In the earlier stages of development, the laser systems for SLM were a CO2 laser 

(λ ≈ 10.6 µm), adapted from the Selective Laser Sintering process. Later 

Nd:YAG fibre laser (λ ≈ 1.06 µm) was adopted and currently most of the new 

machines are using Yb: YAG fibre laser. This is because metallic powders have 

higher absorptance to wavelengths of 1.06 µm, making Nd:YAG fibre laser a 

much more efficient energy source than its CO2 counterpart. Furthermore, 

Yb:YAG crystal has a larger absorption bandwidth to reduce thermal 
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management requirements for diode lasers, a longer upper-state lifetime and a 

lower thermal loading per unit pump power than Nd:YAG crystal. 

Advancements in laser technology are believed to continue bringing about 

higher energy efficiency to the SLM process. 

 

The absorptance of material to laser irradiation can be defined as the ratio of the 

energy flux absorbed by the material to the energy flux incident upon the 

material. It affects the energy efficiency of the SLM process and even 

determines the feasibility of processing materials with a specific laser. However, 

there is little research done on the absorptance of powder materials to laser 

irradiation. During the SLM process, the laser is irradiated onto a thin powder 

bed and the absorptivity of powder materials to laser irradiation can be 

drastically different from their corresponding bulk materials. Tolochko et al. 

investigated the absorptance of powder materials to infrared irradiation of CO2 

laser (wavelength, λ = 10.6 µm) and Nd:YAG laser (λ = 1.06 µm) [16]. From 

their study, powder materials have significantly higher absorptance regardless 

of the wavelength of irradiation compared to their counterpart bulk materials. 

For example, at λ = 1.06 µm, the absorptance of titanium powder is 77 % [16] 

while that of titanium bulk material is only 30 % [17].  

 

Higher absorptance of the powder has been the subject of study for various 

research groups. In the research group led by Professor Jean-Pierre Kruth, Wang 

et al. studied the energy absorption and penetration with a 2D optical ray tracing 

model, taking into account the geometry and structure of the powder, and found 

that the maximum energy absorption in powders occurs below the surface [18]. 

Gusarov compared the effective absorptance of powder bed with the 

absorptance of bulk material. He also matched experimental data with both the 

isotropic specular reflection model and diffuse reflection model [19]. These 

models provide means to calculate the ratio of the total absorption with respect 

to the material absorption and to predict the optimal laser parameters with which 

to process a particular material. A similar explanation was given by Streek et al 
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in their multiphase energy dissipation model [20]. In their model, the multiple 

internal reflections occur in the powder bed, increasing the number of incident 

irradiations on the powder material during the primary phase of energy 

dissipation (Figure 2.3). The model drastically increases the absorptance of 

powder material to irradiation.  

 

 

Figure 2.3 Primary dissipation of the multiphase energy dissipation, showing internal 

reflections of the laser irradiation in the powder bed [20]. 

 

In addition to the studies on laser irradiation and powder absorptance of energy, 

recent research works also examined the effects of the energy distribution 

profile of lasers and the difference between pulsed and continuous lasers. Loh 

et al. examined the different effects of Gaussian beam profile and uniform beam 

profile in SLM. Their investigation found that a uniform beam laser was able to 

achieve a larger melt width for a similar amount of melt penetration [21]. A high 

power uniform beam laser could thus be used to increase the rate of production 

in SLM. 

 

In comparison to the commonly used continuous-wave laser, a pulsed laser can 

add another dimension of control to the SLM process as the laser pulse can be 

adjusted for different pulse durations, frequencies and pulse shapes. Mumtaz 
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and Hopkinson reported a study on SLM of Inconel 625 with a pulsed laser and 

showed that a ramp-down pulse shape lowered the surface roughness of the top 

surface but was detrimental to that of the side surfaces [22]. However, the 

effects of pulse shape on other properties were yet to be tested and the scanning 

speed of this system was limited to 400 mm/s. 

 

Powder size and powder distribution also have effects on the absorptance of the 

powder bed. A study suggests that for 316L stainless steel, powders with D50 of 

15 µm and 28 µm require lower energy densities to achieve near full density 

than the powder with D50 of 38 µm [23]. Another study by Liu et al confirmed 

this finding and added that smaller powders result in better surface finish [24]. 

Moreover, powders with a narrow range of particle size flow better and generate 

parts with higher strength and hardness. These studies only showed some of the 

possible effects of powder size and size distribution on the required SLM 

processing parameters.  

 

The second physical phenomenon in the discussion is that of “balling”. It 

happens when molten metal forms spheroidal beads due to surface tension and 

insufficient wetting of the preceding layer [25]. “Balling” results in rough, bead-

shaped surfaces and obstructs the formation of continuous melt vectors. In more 

severe cases, balling may aggravate over several layers and jam the powder 

coating mechanism with large metallic beads that extends above the powder bed 

as illustrated in Figure 2.4 [26]. Kruth et al. explained that an oxide film on the 

preceding layer impedes interlayer bonding and leads to balling as liquid metals 

generally do not wet oxide films in the absence of a chemical reaction [27]. 

Hence, “balling” can be reduced by keeping oxygen level at 0.1 %, applying a 

combination of high laser power and low scanning speed or applying re-

scanning of the laser.  
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Figure 2.4 Severe balling over several layers in SLM [26]. 

 

Besides powder absorption of laser irradiation and “balling”, residual thermal 

stress is another important physical aspect of the SLM process. During the 

manufacturing process, the materials experience varying degrees of thermal 

fluctuation. This causes residual stress on the components built, as explained by 

Kruth et al. with the Temperature Gradient Mechanism (Figure 2.5) [28]. Even 

when cracks or delamination do not occur, there is residual stress in the 

fabricated component. Shiomi et al. examined methods of reducing residual in 

SLM components [29]. It was found that post-process heat treatment at 600 °C 

to 700 °C for 1 hour reduced residual stress by 70 %; re-scanning of the laser 

with the same parameters as the SLM forming process reduced residual stress 

by 55%; and heating of powder bed to 160 °C resulted in a 40 % reduction. 
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Figure 2.5 Temperature Gradient Mechanism (top) leading to crack formation and 

delamination of manufactured parts [28]. 

 

Yasa et al. introduced “sectorial scanning” as a scanning strategy in SLM. This 

strategy divides a layer into small square grids akin to a chessboard and the 

neighbouring grids are scanned perpendicular to one another [30]. “Sectorial 

scanning” reduced the residual stress significantly, it is now available in SLM 

Build Processor software and is known as chessboard strategy. 

 

Laser power, scanning speed, hatch spacing, and layer thickness are the process 

parameters commonly examined to optimize the SLM process (Figure 2.6). 

These parameters affect the input volumetric energy density (VED) that is 

available to heat up and melt the powders. Insufficient energy often results in 

balling due to lack of wetting of molten pool with the preceding layer [26]. 

Balling is usually caused by a combination of low laser power, high scanning 

speed, and large layer thickness. However, high laser and low scanning speed 

may result in extensive material evaporation and the keyhole effect [31]. Hence, 

understanding and carefully selecting laser power, scanning speed, hatch 

spacing, and layer thickness is integral for SLM to produce near full-density 

parts. 
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Figure 2.6 Illustration of common SLM parameters: laser power, scanning speed, hatch 

spacing and layer thickness [2]. 

 

The laser power determines the energy that the system delivers to the powder 

bed through one laser at any moment, usually measured in Watts for the SLM 

process. Most systems are equipped with continuous-wave laser modules 

capable of delivering up to 400 W. In more advanced systems developed by 

EOS and SLM Solutions GmbH, laser modules capable of delivering up to 

1,000 W are also adopted. However, a higher laser power may not indicate a 

higher energy flux density as the focus spot diameter may differ for different 

laser modules and individual systems. For instance, in the SLM 280 HL 

developed by SLM Solutions GmbH, there are two laser modules. The first 

module has a maximum power of 400 W and a focus spot diameter of 80 µm. 

Its second module has a maximum power of 1,000 W and a much larger focus 

spot diameter of 730 µm. Moreover, the energy profiles of these two modules 

are also different. Module 1 has a Gaussian distribution profile while module 2 

has a flat-top distribution profile. In larger systems such as SLM 500 HL, two 

lasers may operate simultaneously, covering different areas and improving the 

building rate. 

 

Scanning speed is another important process parameter, alongside laser power, 

as it affects the formation of melt lines [32] and determines the porosity, 
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hardness and mechanical properties of the fabricated material [33]. At low 

scanning speeds, distortions and irregularities occur in the melt pool and cause 

instabilities during the SLM process. On the other hand, high speed gives rise 

to the balling effect as there was insufficient wetting of the previous layer. The 

range of the optimal scanning speed is affected by the laser power deployed and 

the thermal conductivity of the material [32]. Among the publications surveyed, 

the scanning speeds used are between 50 mm/s and 1000 mm/s. It is uncommon 

to have scanning speeds higher than 2000 mm/s. 

 

The hatch spacing can be defined as the distance between the centreline of 

adjacent melt vectors as shown in Figure 2.6. The hatch spacing for the SLM 

process must be carefully selected based on the melt width and the cross section 

of the melt. If the hatch spacing is too large, there will be insufficient bonding 

between adjacent melt tracks and result in regular porosity in the fabricated 

component. These pores will weaken the structure as they are sites of stress 

concentration and points of crack initiation. Overly small hatch spacing will 

cause excessive re-melting of neighbouring melt tracks, resulting in a waste of 

energy. Hence, hatch spacing must also be carefully selected to minimize both 

porosity and energy wastage. In most literature, the hatch spacing deployed for 

the SLM process is between 50 µm to 200 µm. 

 

For the SLM process, the layer thickness of each layer is commonly kept 

between 20 to 100 µm. Layer thickness is chosen as a compromise between high 

vertical resolution and having good powder flowability [34]. Powders with large 

particulate sizes result in poor resolution and build tolerance. For instance, as 

powders at the edges of the component geometry may be partially melted or 

embedded in the melt pool, surface roughness will increase with larger particle 

size. However, smaller powders have higher tendency to agglomerate together, 

due to van der Waals forces, resulting in poor powder flowability and hence 

poor powder deposition. In a study, researchers have attempted to improve the 

flowability of light-weight ceramic powders for use in the SLM process by 
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subjecting the powders to spray-drying. The resultant powder showed improved 

flowability and was able to form a thin evenly distributed layer on the substrate 

plate [35]. 

 

2.1.2 SLM of Metals and Alloys 

 

The SLM process has been proven capable of direct fabrication with various 

metals and alloys. Over three decades, materials such as 316L stainless steel, 

M2 tool steel, titanium, Ti6Al4V, AlSi10Mg, CoCr alloy and Inconel 

superalloys have become some of the most popular materials. These materials 

have applications in medicine, dentistry, automobile and aerospace industries. 

Table 2.1 summarizes the metals and alloys that have been tested and published 

in scientific literature. 

 

Table 2.1 Types of metals and alloys researched for the SLM process. 

Material References 

Iron, ferrous alloys, and steels 

Iron [36, 37] 

Fe alloy: Cr 15 %, B 1.5 %, Fe bal. [38] 

Fe alloy: Ni 12.4 %, 4.4 Cr %, 1.3 % P, Cu 0.4 %, Fe 

bal. 

[39, 40] 

Fe alloy: Ni 29 %, Cu 8-10 %, P 1-2 %, Fe bal. [39, 41-43] 

FeAl intermetallics [44] 

Iron aluminide alloy [45] 

304 stainless steel [46, 47] 

314S stainless steel [48] 

316L stainless steel [49-53] 

904L stainless steel [54] 

M2 tool steel [5, 48, 55] 

H13 tool steel [48, 56] 

H20 tool steel [57] 

Tool steel X110CrMoVAl 8-2 [58] 

Ultra-high carbon steel (C 2.2 %) [59] 

SCM440 chrome molybdenum steel [29] 

Precipitation Hardening steel [60-62] 

Maraging Steel Grade 300 [63, 64] 

Titanium and titanium based alloys 

Titanium [65-68] 

Ti-6Al-4V [62, 69-71] 

Ti-6Al-7Nb [72-75] 
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Ti-13Nb-13Zr [76] 

Ti-24Nb-4Zr-8Sn [77, 78] 

Ti-13Zr-Nb [79] 

Nickel based alloys 

Ni alloy: Cr 9.4%, B 1.8 %, Si 2.8 %, Fe 2 %, C 0.4 %, 

Ni bal. 

[65, 80] 

Inconel 625 [22, 54, 81, 82] 

Inconel 718 [83-85] 

Inconel 738LC [86] 

Hastelloy X [87-89] 

Nimonic 263 [90] 

Mar M-247 [91] 

CM247LC [92] 

Ni-Ti Shape Memory Alloy [34, 93-95] 

Aluminium and aluminium based alloys 

Aluminium [96-98] 

AA6061 [52, 98, 99] 

Al-6Mg [96] 

Al-12Si [96, 99] 

AlSi10Mg [100-103] 

Copper and copper-based alloys 

Copper [104, 105] 

Cu alloy: Ni 15.2%, Sn 6.4 %, P 1.6 %, Fe 0.05 %, Cr 

0.05 %, Cu bal. 

[39] 

C18400 [106] 

K220 [107] 

Cu-Al-Ni-Mn Shape Memory Alloy [108] 

Other metals and alloys 

Magnesium [109, 110] 

Mg-Al alloy [111] 

CoCr alloy [112-114] 

Tungsten [115, 116] 

W-Ni-Fe alloy [117, 118] 

W-Ni-Cu alloy [119] 

Gold [8, 120, 121] 

Silver [122, 123] 

Tantalum [124] 

Metallic glass [9, 125] 

 

Most of the research publications on SLM of ferrous metals are based on 316L 

stainless steel. Jandin et al. published the first paper reporting successful SLM 

of 316L stainless steel [49] and Tolosa et al. achieved 99.9% relative for SLM 

316L stainless steel [53]. Jerrard et al. investigated the SLM of 316L austenitic 

stainless steel and 17-4 precipitation hardening (PH) martensitic stainless steel 

powder mixture [126]. Their work showed that hardness and magnetic 
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adherence of the SLM component can be adjusted by varying the compositional 

ratio of the contents. Hence, new grades of steel can be produced by exploiting 

the flexibility of the SLM process to tailor materials with specific properties as 

required by function and need. 

 

Commercially pure titanium and Ti-6Al-4V alloy are also popular materials 

with the SLM research community. As titanium is highly susceptible to 

oxidation in the molten state, the inert gas is used in the SLM process. The inert 

gas, argon or nitrogen, flushes out atmospheric air and bring the oxygen level 

below 0.5 %. Other titanium based alloys such as Ti6Al7Nb has been examined 

to replace the Ti6Al4V due to its controversial vanadium composition. 

Ti24Nb4Zr8Sn and Ti13Nb13Zr have also been studied to provide low moduli 

titanium alloys. These alloys can reduce the moduli mismatch with bone tissues 

and produce an implant with lower possibilities of bone resorption. 

 

For nickel based alloys, Inconel 625 is the most popular material. Research on 

other nickel based alloys such as Inconel 718, Chromel, Hastelloy X, Nimonic 

263, IN738LC and MAR-M 247 mainly focus on the process parameters for 

formation of stable melt track since these works are mostly in their infancy. An 

interesting nickel-based material studied for the SLM process is shape memory 

alloy (SMA) NiTi. Research has successfully produced two-way trained NiTi 

with a relatively gradual phase transition [34].  

 

Aluminium, copper, magnesium, cobalt-chrome, tungsten, gold, silver, and 

tantalum have also been studied for the SLM process. However, publications on 

each of these metals are significantly fewer than those of steel, titanium and 

nickel-based alloys. Most of the works on SLM of aluminium alloys are based 

on AlSi10Mg, a common casting alloy.  

 

There is a high degree of difficulty in processing copper with SLM. This 

difficulty is due to copper’s high reflectivity and high thermal conductivity. 
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Copper powders display a relatively low absorptivity to both Nd:YAG laser 

(63 %) and CO2 laser (32 %) irradiation [16] and cause the energy consumption 

to increase when fabricating copper parts. Moreover, copper is also high 

reactivity to atmospheric oxygen, leading to storage problems for copper and 

copper-based powders. Compared to pure copper, SLM of copper alloys such 

as K220 and C18400 have also seen greater success where relative densities 

higher than 95 % have been achieved [106, 107]. 

 

Magnesium poses a new challenge for the SLM process due to its high reactivity 

to oxygen and flammability. SLM of magnesium has thus far met with limited 

success. However, the material is of interest due to its potential application in 

medicine as biocompatible implants.  

  

Tungsten has also been studied for the SLM process. Its high melting point of 

3420 °C and low wettability make it difficult to machine into complex shapes 

or to apply powder metallurgy. SLM provides a feasible alternative to the 

processing of tungsten and widens its potential for applications. Research has 

also been done for other metals such as cobalt-chromium alloy, gold, silver, and 

tantalum. In more recent developments, SLM has also been studied as a feasible 

processing technique for the production of bulk metallic glass. Metallic glass 

has many desirable characteristics such as near-theoretical strength, low 

Young’s modulus, and high elasticity. Conventional methods have limited the 

shape of the metallic glass to rods or ribbons whereas SLM will be able to 

produce bulk metallic glass and widen its field of applications. 

 

In assessing the success of processing various materials with SLM, the relative 

density is one common yardstick. It gives an indication of the ability of SLM to 

produce near full density components with a particular material. Table 2.2 lists 

the materials with their highest relative density reported. Studies have shown 

that some materials such as 316L stainless steel, maraging steel (grade 300), Ti-

6Al-4V, Ti-6Al-7Nb, Inconel 718, K220 and CoCr alloys can be processed to 



 

 

 

Literature Review  Chapter 2 

 

25 

 

 

 

near full density by SLM. Common methods for measuring the relative density 

or porosity include applying Archimedes principle and image analysis of the 

samples’ cross sections.  

 

Table 2.2 List of materials studied for SLM and the highest relative densities reported. 

Material References Relative density 

Iron, ferrous alloys and steels 

Iron [37] 99.0 % 

Fe alloy: Ni 12.4 %, 4.4 Cr %, 

1.3 % P, Cu 0.4 %, Fe bal. 

[39] 99.5 % 

Fe alloy: Ni 29 %, Cu 8-10 %, 

P 1-2 %, Fe bal. 

[43] 97.5 % 

FeAl intermetallics [44] 98.0 % 

Iron aluminide alloy [45] 99.5 % 

304 stainless steel [47] 92.0 % 

316L stainless steel [53] 99.9 % 

M2 tool steel [5] 97.0 % 

H13 tool steel [56] 90.0 % 

H20 tool steel [57] 99.5 % 

Ultra-high carbon steel  [59] 92.0 % 

Maraging Steel Grade 300 [64] 99.9 % 

Titanium and titanium based alloys 

Titanium [68] 99.5 % 

Ti-6Al-4V [71] 99.9 % 

Ti-6Al-7Nb [75] 99.9 % 

Ti-24Nb-4Zr-8Sn [78] 99.5 % 

Nickel based alloys 

Ni alloy: Cr 9.4%, B 1.8 %, Si 

2.8 %, Fe 2 %, C 0.4 %, Ni bal. 

[65] 88.0 % 

Inconel 625 [82] 95.0 % 

Inconel 718 [114] 99.9 % 

Hastelloy X [88] 99.8 % 

Nimonic 263 [90] 99.7 % 

Aluminium and aluminium based alloys 

AA6061 [98] 96.5 % 

AlSi10Mg [103] 99.5 % 

Copper and copper-based alloys 

C18400 [106] 96.7 % 

K220 [107] 99.9 % 

Cu-Al-Ni-Mn Shape Memory 

Alloy 

[108] 92.4 % 

Other metals and alloys 

Mg-Al alloy [111] 82.0 % 

CoCr alloy [114] 99.9 % 

Tungsten [116] 89.9 % 

Gold [120] 89.6 % 
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Besides relative density, microhardness, tensile strength and surface roughness 

are three properties commonly examined in studies of SLM processed materials 

[2]. Most studies have shown that SLM produced parts have higher 

microhardness and tensile strength compared to their cast counterparts. 

However, they have lower ductility. Rapid localised solidification results in a 

more uniform chemical composition throughout the parts. Microstructure 

observations of SLM components have also shown crystal grains and dendritic 

features on the micro scale. These factors have led to higher strength and 

hardness. Moreover, the possibility of processing metallic glass has also 

allowed SLM to produce parts with near theoretical strength and hardness, 

paving the way for manufacturing of high strength and high hardness products.   

 

Surface roughness for SLM is mostly unsatisfactory for industrial standards. It 

is common to see the roughness of 10 µm to 25 µm (Ra) for raw products. 

Surfaces at the top can be improved by applying a re-melting process [127]. 

Post process surface treatments such as sandblasting or shot peening can bring 

the surface roughness down to 5 µm or lower (Ra) [2].  

 

In addition, there is also research in the area of multi-material printing for SLM. 

Researchers exploit the flexibility of the SLM process to fabricate components 

with dissimilar materials [128]. For example, it is usually difficult to weld steel 

and copper alloys together. However, these materials can be used together in 

SLM due to the rapid and localised solidification nature of the process [129]. 

Joining of dissimilar metals can open up possibilities for various applications. 

 

Besides metals and alloys, SLM has also been studied for the processing of 

metal matrix composites (MMCs) and ceramic materials. These materials 

provide unique challenges to the SLM process and opportunities for new 

applications.  
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SLM of MMCs involves a mixture of two or more types of powders, usually 

with the metallic powder acting as the matrix material. Ceramic powders and 

carbon nanotubes are popular as reinforcement materials. For example, Gu used 

nano-sized TiC powders to reinforce titanium and processed them with SLM 

[10]. Reinforcement particles can also be formed in-situ during the SLM process. 

SLM of a powder mixture containing titanium powder and silicon nitride (Si3N4) 

with a molar ratio of 9:1 causes a reaction: 9Ti + Si3N4 = 4TiN + Ti5Si3. The 

Ti5Si3 matrix was reinforced by granular TiN [130]. The relative density 

achieved for SLM MMCs range between 82 % and 99.7 %. Significant 

improvements can be seen in the microhardness and wear rate of the composites 

over their metal counterparts [2]. SLM process parameters of MMCs are often 

not far off from the parameters for the metal matrix material. Hence, 

development of MMCs is a short step away once the parameters for the 

respective metallic material are optimized. 

 

However, SLM of ceramics has achieved limited success in comparison. 

Ceramic materials have high melting point and relatively low absorptivity to 

Nd:YAG laser. Combined with its inherently low ductility, ceramics are prone 

to contain cracks when processed with SLM due to the constant thermal 

fluctuation. Hence, processing of ceramics with SLM is extremely difficult. 

Even when successful, the products have a very high surface roughness (Ra = 

150 µm) and the process is energy consuming [11]. Moreover, ceramics are less 

dense than metals and ceramic powders have poor flowability. This impedes 

ceramic powders from forming a thin and evenly distributed layer on the 

substrate plate and previous layers. Only a few research groups have 

successfully produced ceramic parts with SLM and only alumina-zirconia 

(Al2O3-ZrO2) mixture has been shown to achieve near full density [11]. 

Nonetheless, SLM of ceramics could be made feasible by using a CO2 laser, for 

a more efficient absorption of laser energy, multiple laser systems, for providing 

localised preheating and melting of the desired spot, and a powder delivery 

system capable of coating thin layers of ceramic powders. 
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2.1.3 Modelling of the SLM Process 

 

SLM is a dynamic process that involves rapid heating, melting, rapid cooling 

and solidification of small localised areas. Often, these areas experience partial 

re-melting as bonding to adjacent melt lines and neighbouring layers are 

required. In addition to the process parameters, thermal history of the 

components also matters. Hence, factors such as scanning strategy also affect 

the properties of the SLM component. There have been many attempts at 

understanding the dynamism of the SLM process via modelling and simulation. 

 

A theoretical study on the SLM process would be difficult because of its 

complex and dynamic nature. The process would involve a change of phase, 

change of volume, loss of heat energy, loss of mass and many other factors. 

Thus far, theoretical studies on SLM have been limited to the heat transfer 

phenomenon. A theoretical solution was proposed by Woo et al. to predict the 

temperature distribution in the laser hardening process [131]. The surface laser 

hardening process is similar to the SLM process as it uses a laser as an energy 

source to process a thin layer of powder on a substrate. However, the laser used 

in surface hardening process has a much larger laser spot (14 mm × 14 mm). 

Later analytical studies and models have also been proposed and these models 

considered a homogeneous medium for the process [132, 133]. 

 

Some earlier works sought to understand the effects of very specific phenomena.   

For instance, the absorptance of irradiation of different wavelengths has been 

well studied for bulk materials but not for powder materials. Hence, Tolochko 

et al examined some commonly used powders and tested their absorptivity to 

two particular wavelengths, 10.6 µm (CO2 laser) and 1.06 µm (Nd:YAG laser) 

[16]. The topic of effective powder bed thermal conductivity was explored by 

Gusarov et al to estimate the temperature field of the powder bed during the 

process. It was found that the effective conductivity of the powder bed is 

affected by the relative density of the powder bed, the mean coordination 
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number and the contact size ratio, i.e. the ratio of the contact spot radius to the 

spherical radius of the powder [134]. On the same topic of thermal conductivity, 

later studies by Alkahari et al also confirmed that thermal conductivity increases 

with powder bulk density and powder particle diameter [135]. 

 

The first paper on numerical simulation of the SLM process was published by 

Matsumoto et al, on the distribution of temperature and stress on a single 

solidified layer [136]. Much of the later works involved 3D simulations of the 

SLM process and many factors were examined: phase change [14, 137], volume 

shrinkage [14, 138], material loss through vaporization [14], heat loss through 

radiation [19], laser beam geometry [139] and surface tension [140]. Others 

focused on simulation parameters such as the type of simulated heat source 

[141], the boundary conditions [142] and the use of dynamic meshing over static 

meshing [143]. Figure 2.7 illustrates a typical 2D simulation and 3D simulation 

of the SLM process. Most of these simulation work involves the assumption 

that the powder bed acts as a homogenous continuous medium. A simulation 

study was made by taking into account the particle nature of the powder bed. 

This model was able to recreate the process of balling and melt track formation 

in SLM to yield a better understanding of this technology [144] as shown in 

Figure 2.8.  

 

 

Figure 2.7 Illustration of numerical analysis of the SLM process in 2D (a) [137] and a 

screenshot of 3D simulation (b) [138]. The temperature profile gives the boundary of 

the melt pool and shows the possibility of vaporization. 
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Figure 2.8 Simulation of SLM by factoring in the powder bed nature of the process 

[144]. 

 

From this literature, it can be observed that some factors are consistently 

considered and factored into numerical analyses. These factors include thermal 

properties of the material, the absorptance of the material to laser irradiation, 

the density of the material and relative density of the respective powder bed. 

The output of these simulation work often gives the thermal profile of the 

powder bed or material, where a boundary, usually according to the melting 

temperature, gives an indication of the melt pool and size of the melt track. 

Additional information from these simulations may also include the 

instantaneous thermal stress and residual stress in the components. 
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2.2 Ph.D. in Context of Literature 

 

Research on SLM processing of a new material often involves an iterative 

process of finding the optimal combination of laser power, scanning speed, 

hatch spacing and, sometimes, layer thickness. The laborious and time-

consuming process can be shortened by carrying out a numerical simulation of 

the process with new material parameters. However, accurate simulations also 

require computing time and simulation methods have to be verified against 

experimental results. Hence, in this Ph.D. work, an analytical model of the SLM 

process is developed with an empirical approach. The model will allow 

researchers to narrow down the energy requirement quickly and deduce the 

range of process parameters for new material. 
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Chapter 3  

 

Experimental Methodology and Modelling 

 

From the previous chapter, reviewing publications on the research 

of SLM has provided some information on the process parameters 

of SLM for different materials. However, the links between optimized 

process parameters to material properties have not been established 

despite attempts at numerical modelling and computer simulation. 

In this chapter, information on process parameters is collected from 

both literature and earlier experiments conducted by the Singapore 

Centre for 3D Printing (SC3DP), which increases the amount and 

data and allow for a trend to be established.  

 

This chapter also shows the development of a novel model which 

displays the relationship between optimized process parameters for 

near-full density parts and material properties. Assumptions made 

in the model and their implications are also discussed in this chapter. 

By inserting the data into our model, the energy requirement of the 

SLM process is observed to vary with the thermal conductivity of the 

processed material. However, more information is required to 

obtain an indicative trend for this empirical relationship. Hence, 

parameter optimization studies were required for materials with 

thermal conductivities ranging between 50 W/m·K to 100 W/m·K. 

 

 



 

 

 

Experimental Methodology and Modelling Chapter 3 

 

44 

 

 

 

In the parameter optimization studies, laser power, scanning speed, 

hatch spacing and layer thickness were the parameters examined. 

The density of SLM samples was determined through the application 

of Archimedes’ principle. Near full density SLM samples were then 

examined by X-ray diffraction and microscopy to determine the 

crystallographic phases and microstructure respectively. Some 

fundamentals of these techniques will be introduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This section published substantially as: 

C.Y. Yap, C.K. Chua, and Z.L. Dong, An effective analytical model of selective laser melting. 

Virtual and Physical Prototyping, 2016: p. 1-6. 
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3.1 Rationale for Selection of Methods 

 

In developing a semi-empirical model for SLM, data has to be collected on the 

process parameters, the wavelength of the laser used in the process, thermal 

properties of the materials and their densities. Data is collected from literature 

concerning the parameter optimization studies for different materials for the 

SLM process and through conducting such experiments and synthesizing near 

full density samples. 

 

Samples synthesized via the SLM process had to be tested for their density and 

determined how the SLM sample measures up to the theoretical density of the 

material. Moreover, the samples have to be characterized via X-Ray Diffraction 

(XRD) and microscopy techniques to help determine the presence of impurities, 

microstructure, phases and crystal orientation. The study of microstructure will 

aid in the understanding of material properties for SLM fabricated components. 

 

3.2 Data Collection 

 

First literature concerning the SLM process dated back to the ’90s. As industrial 

interest picked up in recent years [1], the number of journal publications has 

increased significantly [2]. The data required from the literature will include the 

relative density achieved for the SLM samples and the corresponding process 

parameters such as laseAl 4046r wavelength, laser power, scanning speed, hatch 

spacing, and layer thickness. Continuous wave laser is considered in this Ph.D. 

work over pulsed lasers as it is the prevalent laser system deployed in the state-

of-the-art SLM machines.  

 

Moreover, the samples have to achieve relative densities higher than 98 % to be 

considered near full density. Density and thermal properties of materials such 

as elements and common alloys were referred from ASM Handbooks Online™ 

unless stated otherwise. The benchmark of 98 % was chosen due to the 
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compound uncertainty in the calculation of density. The following formula was 

used: 

 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑 ∗ (
𝑤𝑒𝑖𝑔ℎ𝑡

𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
) 

 

There is a 0.5 % uncertainty in the density of fluid due to fluctuations in the 

ambient temperature and a ± 0.01 g uncertainty in the measurements of the 

weight (in air) and immersed weight (in fluid) of the samples. These factors 

contribute to a compound uncertainty of 2 % in the calculation of density. Hence, 

an object with a calculated relative density of 98 % can be considered near-full 

density. 

 

Data can also be collected via experiments carried out at Singapore Centre for 

3D Printing (SC3DP). Data from these experiments will serve to overwrite data 

from existing literature for the same material if the energy required to achieve 

the same relative density is found to be lower. This ensures that the most energy 

efficient process parameters are selected in the data.  

 

3.2.1 Data Collection via Literature 

 

Most published papers do not reveal the full set of process parameters that were 

used in their studies. However, some share these details. The parameters 

detailed in these publications are tallied in Table 3.1. Some materials such as 

AlSi10Mg were reported in different publications by different research groups 

[3, 4]. In such cases, the parameters that have a lower volumetric energy density 

(VED) are selected. VED is given by 
𝑃

𝑣∙ℎ∙𝑡
 and has a unit of J/mm3 and it is a 

useful indication of the amount of energy invested for the fabrication of a 

particular material with SLM. 
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Table 3.1 Selected SLM process parameters published in scientific literature. 

Material Process parameters Relative 

Density (%) 

Reference 

P (W) v (mm/s) h (mm) t (mm) 

316L stainless steel 104 550 0.13 0.03 98.0 [5] 

CP Ti 90 300 0.05 0.05 99.5 [6] 

Ti6Al4V 42 200 0.1 0.03 98.5 [7] 

Hastelloy X 195 1000 0.09 0.02 99.75 [8] 

AlSi10Mg 190 1600 0.105 0.03 98.9 [4] 

K220 350 530 0.09 0.03 99.9 [9] 

       

 

3.2.2 Experimental Data Collection 

 

There is also some studies done in SC3DP on the parameter optimization of 

SLM for different materials. Results from these experiments supersede the 

information collected from literature survey for SLM of the same material.  

 

Table 3.2 Results from process optimization studies carried out in SC3DP. 

Material Process parameters Relative 

Density (%) P (W) v (mm/s) h (mm) t (mm) 

316L stainless steel 360 1635 0.05 0.05 98.1 

AlSi10Mg 350 1170 0.17 0.05 99.1 

CoCr 360 500 0.25 0.05 98.1 

Ti6Al4V 63 300 0.075 0.05 98.4 

CP Ti 240 1200 0.125 0.05 98.7 

Inconel 718 300 900 0.15 0.05 98.5 

      

 

3.3 Modelling 

 

In addition to experimenting with SLM of different materials, researchers have 

also tried to better our understanding of this AM process by modelling and 

carrying out numerical analysis. However, the simulation of powder-liquid-

solid transition and the dynamics involved has remained a challenge.  

 

Moreover, there is also a lack of an analytical or empirical model for the SLM 

process. As a result, whenever new materials are explored for fabrication via 
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SLM, the optimal process parameters are often achieved only after multiple 

rounds of trial and error. The common steps involve (1) single track melting, to 

find the combination of laser power and scanning speed, or the linear energy 

density, for a stable melt track [10], (2) selection of appropriate layer thickness 

[11] and finally (3) selection of optimal parameters by adjusting laser power, 

scanning speed and hatch spacing in a multitude of combinations. Hence, a new 

semi-empirical model of SLM has been proposed by investigating the energy 

requirement of the process. 

 

3.3.1 Development of Model 

 

The semi-empirical model is based on the conservation of energy and the energy 

required to melt the material. For powders to be fully melted by the laser:  

 

∭ 𝑑𝑥𝑑𝑦𝑑𝑧 ∙ 𝜌𝑝𝑜𝑤𝑑𝑒𝑟 ∙ (∫ 𝑐𝑠𝑑𝑇 + 𝐿)  ≤  𝐸𝑎𝑏𝑠 (1) 

 

where 𝜌𝑝𝑜𝑤𝑑𝑒𝑟 accounts for the density of the material and apparent density of 

powders during the SLM process, 𝑐𝑠 is the temperature dependent specific heat 

capacity of the solid, ∫ 𝑐𝑠𝑑𝑇 accounts for the heat capacity from the starting 

temperature of the material to its melting temperature, 𝐿 represents the latent 

heat of fusion and 𝐸𝑎𝑏𝑠 is energy absorbed from the laser. 

 

Powders commonly used in SLM have exhibited an apparent density of 50 % 

[12], hence 𝜌𝑝𝑜𝑤𝑑𝑒𝑟 can be substituted by half of the density of the bulk material. 

Cross-sectional area of single melt tracks can be the basis for consideration 

when defining the volume in the equation. Studies have shown that single melt 

tracks produced during SLM have near semi-circular cross-sections [13]. 

Therefore, the process can be simplified as the joining of overlapping stripes 

with semi-circular cross-sections as illustrated in Figure 3.1. 

 



 

 

 

Experimental Methodology and Modelling Chapter 3 

 

49 

 

 

 

 

Figure 3.1 Simplification of melt tracks as overlapping semi-circular stripes (left) and 

melt profile of SLM M2 steel on XZ plane through light microscopy and electron 

backscatter diffraction (right) [13]. 

 

In the SLM process, laser power (P), scanning speed (v), hatch spacing (h) and 

layer thickness (t) are the parameters commonly adjusted to optimize the 

process for a particular material. Laser power refers to the power of a continuous 

wave laser. Currently, continuous wave fibre lasers are the most commonly used 

laser systems, adapted by major machine providers. Laser power and scanning 

speed determine the instantaneous power input into the powder bed. Hatch 

spacing, also known as scan spacing in some literature, is the distance between 

the centre lines of two neighbouring melt vectors. Hatch spacing and layer 

thickness are illustrated in Figure 3.2. 

 

 

Figure 3.2 Illustration of hatch spacing and layer thickness. Melt pools are modelled to 

have semi-circular cross sections with radius (r) and overlapping height (τ) between 

two neighbouring melt tracks [14]. 
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For parts to have full density, the layer thickness must be equal to or smaller 

than the overlapping height, τ. Thus, the characteristic radius of the cross section 

can be expressed in t and h: 

 

𝑟2 = 𝑡2 +
ℎ

4

2
   (2) 

 

Laser power (P) and scanning speed (v) can then be incorporated into the energy 

equation to account for the volume and the energy absorbed during the process: 

 

𝑣 ∙
1

2
𝜋(𝑡2 +

ℎ

4

2
) ∙

1

2
𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∙ (∫ 𝑐𝑠𝑑𝑇 + 𝐿)  =  𝛼𝜆 ∙ 𝑃  (3) 

 

where 𝛼𝜆 is the absorptance of the material to the laser irradiation of wavelength, 

λ. Absorptance is defined as the fraction of radiant flux absorbed by the material 

over the radiant flux the material received at a wavelength. The product of 

scanning velocity, area and density gives the mass build-up rate of the process, 

and multiplying this by the specific thermal energy gives the energy requirement 

to bring the mass from solid at room temperature to liquid at melting point. This 

equation relates the SLM process parameters and material properties. 

 

For the calculation of heat capacity, ∫ 𝑐𝑠𝑑𝑇 can be simplified to 𝑐𝑟.𝑡.∆𝑇 where 

𝑐𝑟.𝑡. is the specific heat capacity of the material at room temperature and ∆𝑇 is 

the temperature change from the resting temperature of the process to the 

melting point or liquidus temperature of the material. Latent heat of fusion, 𝐿, 

will only be considered for pure metals and eutectic alloys. 

 

3.3.2 Assumptions in the Semi-Empirical Model 

 

The development of this semi-empirical model is based on several important 

assumptions and they are listed as such: 
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(1) Heat loss to the surrounding was neglected in the calculation. Some of 

the heat supplied to create a melt track by the laser are lost to neighbouring 

powders, preceding melt tracks, previous layers and the substrate plates by 

conduction. Badrossamay and Childs postulated that the conduction mode 

accounts for the majority of the heat loss and this heat loss is more significant 

at low processing speeds [15]. Heat could also be lost in the chamber by 

convection of the flowing air above the melt pool and radiation.  

 

(2) The cross-sections of the melt tracks are semi-circular and uniform 

throughout. However, the shape of the melt tracks is determined mainly by the 

energy profile of the processing laser as shown from the work of Loh et al.. 

Lasers with Gaussian beam profile often create deep melt penetration and a 

narrow melt width while lasers with uniform beam profile create a more shallow 

penetration and a broad melt width. The Gaussian beam laser gave a width to 

depth ratio between 3 to 5 and uniform beam laser gave a width to depth ratio 

between 10 to 20 [13]. Moreover, the melted volume at the beginning and end 

of each melt tracks are not accounted for in the model. This leads to inaccuracy 

and underestimation of the energy required for the melting of powder materials. 

 

(3) The specific heat capacity values of the materials were taken at room 

temperature in the calculation and this material property was taken to be 

constant and temperature-independent. Specific heats of materials generally 

increase with temperature. This leads to lower calculated values for the energy 

required especially for materials with very high melting temperatures. 

 

(4) The absorptance of the powder to laser irradiation was taken to be the 

same as the corresponding bulk material. However, studies have shown that 

absorptance of powder material to irradiation can be significantly higher than 

that of the corresponding bulk material, and the difference is greater for 

reflective materials such as aluminium. For instance, at a wavelength of 1.06 
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µm, the absorptance of titanium bulk material is 30 % [16], while that of 

titanium powder is 77 % [17], resulting in a 156 % increase in energy absorbed 

from the laser. This effect is more significant for reflective materials such as 

copper alloys and aluminium alloys.  

 

(5) During the SLM process, the powder may be laid in an uneven manner 

for some of the materials. Obtaining an even and thin layer of powder for each 

layer can be a challenge for the SLM process and this is affected by the 

flowability of the powder. Uneven coating of powder causes variation in the 

apparent density of the powder and the mass of material processed by the laser 

at every layer. 

 

(6) Small hatch spacing values could lead to under-evaluation of the energy 

requirement as a small h will result in a small characteristic radius in the new 

semi-empirical model, giving an under-evaluation of the melt pool volume and 

consequent energy requirement. In reality, small hatch spacing would result in 

high degree of overlapping in the melt pools and between layers. This results in 

high degree of re-melting and energy wastage in the process. 

 

(7) For each material, there exists an envelope of process parameters within 

which near-full density parts can be achieved. However, not all of these 

combinations provide the most energy-efficient route for the SLM process. For 

instance, the relative density of 98 % for SLM of nickel can be achieved by 

VED from 120 J/mm3 to 200 J/mm3. It is possible that the reported optimized 

parameters in literature may not be the lowest volumetric energy density to 

achieve near full density parts. 

 

Given the numerous assumption of the semi-empirical model, there are 

discrepancies between the calculated energy required for difference materials 

and the energy supplied by the optimized parameters derived from experiments. 
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In order to account for the discrepancy, a compensation factor 𝛽 is included in 

the equation to account for the empirical relationship: 

 

𝛽 [𝑣 ∙
1

2
𝜋(𝑡2 +

ℎ

4

2
) ∙

1

2
𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∙ (∫ 𝑐𝑠𝑑𝑇 + 𝐿)]  =  𝛼𝜆 ∙ 𝑃  (4) 

 

𝛽 is a dimensionless number that gives the ratio of the actual power supplied to 

the powder over the calculated power requirement to achieve near full density 

parts via melting of the powder material with laser. A breakdown of the 

parameters and their corresponding units are given in Table 3.3. 

 

Table 3.3 Description of parameters and the corresponding units in Equation (4). 

Parameter Description Unit 

P Laser power W 

v Scanning speed mm/s 

h Hatch spacing mm 

t Laser thickness mm 

ρmaterial Density of material g/mm3 

cs Specific heat capacity J/g·K 

T Temperature K 

L Specific latent heat J/g 

αλ Material absorptance to wavelength λ - 

β Compensation factor - 

   

 

 

By factoring in the process parameters according to Table 3.1 and Table 3.2, 

and eliminating the parameters with higher energy usage for the same material, 

a plot of 𝛽 against thermal conductivity of the material, at room temperature, is 

created (Figure 3.3).  
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Figure 3.3 Plot of compensation factor against thermal conductivity of the respective 

material. The data is compiled via literature survey and experiments conducted in other 

research projects in SC3DP. 

 

From 5 W/m·K to 25 W/m·K, the compensation factor decreased sharply with 

increase in thermal conductivity. At the other side of the spectrum, an increase 

in thermal conductivity resulted in a relatively gradual increase in the 

compensation factor. For the data to be more complete, information for 

materials with thermal conductivities ranging between 50 W/m·K and 100 

W/m·K is required. Hence, parameter optimization studies were carried out for 

nickel (80 W/m·K) and tin (67 W/m·K) to fill in the gap. 

 

3.4 Synthesis 

 

In order to verify the optimized parameters for achieving relative densities of 

98 % or higher, parameter optimization studies have to be carried out. This 

section details the principles behind the parameter optimization studies and the 

method of density measurement. 
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3.4.1 Parameter Optimization – Principles 

 

Parameter optimization studies for the SLM process would involve varying 

process parameters such as laser power, scanning speed, hatch spacing and layer 

thickness. These parameters were elaborated in Section 3.3.1. 

 

Laser power, 𝑃, refers to the energy flux delivered to the surface plane of the 

powder bed. Conventional off-the-shelf laser modules have an electrical-to-

optical conversion efficiency of about 50 %. The rest is usually lost as heat. 

Studies on the effects of laser power on the SLM process have often coupled 

with the variation in scanning speed, 𝑣. Yadroitsev et al showed that the linear 

energy density, 𝑃/𝑣, is a determining factor in achieving a stable melt track [10]. 

Stable melt tracks tend to fall into a particular range of 𝑃/𝑣 values although the 

range can be larger for higher laser power. 

 

Hatch spacing, ℎ, is defined as the distance between two adjacent melting tracks 

on the same plane, measured from their centrelines. Careful selection of hatch 

spacing is essential for achieving good bonding between adjacent melt tracks. 

Most of the hatch spacing shown in literature correspond to 2 to 5 times that of 

layer thickness. This coincides with the observation of a width to depth ratio 

between 3 and 5 for melt tracks formed by Gaussian beam laser [13].  

 

Layer thickness in the SLM process can range from 20 µm to 100 µm. The layer 

thickness is chosen as a compromise between achieving high resolution in the 

z-axis, good bonding between layers, good spread of powder during the coating 

process and the fabrication time. For instance, a smaller layer thickness allows 

for better resolution and better bonding between layers while powders with 

poorer flowability will not be able to spread evenly across the powder bed. 

Fabrication time will also be longer for a smaller layer thickness as there will 

be more layers to be coated and processed. Layer thicknesses of 30 µm and 50 

µm are commonly seen in publications. In the syntheses described in this thesis, 
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a layer thickness of 50 µm is used for all the materials studied. It provides a 

good balance of processing time and vertical resolution. Moreover, good 

interlayer bonding can be achieved at this thickness. 

 

For the syntheses carried out in this study, a high laser power of 350 W is used 

for higher processing efficiency, unless low linear energy density is required. 

The maximum scanning speed of the SLM process is capped at 3,000 mm/s as 

recommended by the original equipment manufacturer (OEM). A default layer 

thickness of 50 µm is used and hatch spacing is ranged between 100 µm to 200 

µm, unless otherwise required.   

 

3.4.2 Density Measurement – Principles 

 

Density measurement of samples fabricated by SLM is done according to the 

Archimedes’ principle, which describes that in a fluid, an upward buoyant force 

is exerted on an immersed body and this force is equal to the weight of the fluid 

that the body displaces. Hence, by taking the difference of the weight of the 

object in air and in a fluid, the density of the object can be derived if the density 

of the fluid is known. In the study, each sample is first weighed in air and then 

weighed again in distilled water. The density of the sample is then calculated as 

follows: 

 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝜌𝑓𝑙𝑢𝑖𝑑 ∗ (
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟−𝑚𝑓𝑙𝑢𝑖𝑑
)  (5) 

 

where 𝜌𝑠𝑎𝑚𝑝𝑙𝑒  is the density of the SLM sample, 𝜌𝑓𝑙𝑢𝑖𝑑  is the density of the 

fluid in which the sample is submerged in for the second weighing, 𝑚𝑎𝑖𝑟 refers 

to the mass of the sample when weighed in air and 𝑚𝑓𝑙𝑢𝑖𝑑 refers to the apparent 

mass of the sample when submerged in fluid. In this simplified formulation, the 

density of atmospheric air is neglected as it is insignificant as compared to the 

density of distilled water. 
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The equipment used in the weighing of the samples is the Mettler Toledo XS204, 

which has an uncertainty of ± 0.1 mg. Samples were cleaned with ultrasound in 

ethanol solution for 5 minutes and rinsed in deionized water for 2 minutes. The 

samples were then placed in dry cabinets for at least 48 hrs. 2-3 drops of Pervitro 

75 % were added to the distilled water before measurement. The wetting agent 

minimizes bubble formation when the sample is submerged in the fluid, 

increasing the reliability and certainty of measurement. 

 

3.5 Characterization 

 

For each material studied, selected samples were characterized by X-ray 

diffraction (XRD) and microscopy. This section gives a brief introduction to the 

principles of these characterization techniques and the machines used in this 

study. Specific analysis of each material will be detailed in the following 

chapters. 

 

3.5.1 X-Ray Diffraction – Principles 

 

XRD is a technique commonly deployed for phase identification of crystalline 

materials and it can provide information on the dimensions of unit cells. The 

analysed material can be in powder form or polished surface of a solid. X-ray 

diffraction is based on constructive interference of monochromatic X-rays 

through a crystalline sample. X-rays are used because their wavelengths are 

comparable to inter-atomic spacing. Calculations can be made according to 

Bragg's Law, 𝜆 = 2𝑑 sin 𝜃, where 𝜆 refers to the wavelength of the X-ray, 𝑑 is 

the atomic spacing between planes and 𝜃 is the incident angle of the X-ray on 

to the sample. Figure 3.4 helps to illustrate the variables in Bragg’s Law. 
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Figure 3.4 Illustration of the relationship between variables in Bragg's law:  𝑛𝜆 =
2𝑑 𝑠𝑖𝑛 𝜃. 

 

This law relates the wavelength of X-ray to the diffraction angle and the lattice 

spacing in a crystalline sample. The diffracted X-rays are then detected and 

processed. By scanning the sample through θ/2θ mode, all possible diffraction 

directions of the lattice should be attained due to the random orientation of the 

powdered material and the crystalline structures in SLM processed samples. For 

constructive interference to occur, the path difference between rays must be an 

integer multiplier of the X-ray’s wavelength. A diffraction peak to 2𝜃  plot 

allows identification of the phases and crystal structure of the material as each 

material has a set of unique diffraction peaks. This is achieved by comparison 

with standard reference patterns. 

 

The machine used for this study is PANalytical’s Empyrean. Powder samples 

were compacted and flattened before characterisation. Solid SLM samples were 

cleaned with ultrasound in ethanol solution and rinsed with deionized water to 

remove any contaminants. The samples were then polished with diamond 

abrasives down to 3 µm gradation and placed in dry cabinets for at least 48 hrs 

before examination with XRD.  

 

3.5.2 Light Optical Microscopy – Principles 

 

In light optical microscopy (LOM), visible light is transmitted through or 

reflected from the sample. This light then passes through a series of lenses that 
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allows a magnified view of the sample. The images can be viewed directly by 

human eyes or captured digitally with a mounted camera. 

 

LOM has a limited depth of view as the light from points outside the focal plane 

has much-reduced clarity. The resolution of the LOM is limited by the 

wavelengths of visible light and the numerical aperture of the optical system. 

This limitation in resolution is given by 𝑑 =
𝜆

2𝐴𝑁
, where 𝑑 is the scale of the 

resolution in length, 𝜆 refers to the wavelength of light and 𝐴𝑁 is the numerical 

aperture of the system. 

 

In the examination of SLM samples with LOM, different phases may be 

distinguished due to their differences in reflectivity. Etchants may be deployed 

to separate crystals of different orientations as they are etched at different rates. 

Etchants also attack grain boundaries preferentially, hence, grains can also be 

delineated easily. Some etchants could also stain surfaces differently such that 

grains of different orientations or different phases take on distinctive colours. 

 

The equipment used in this study is the Axioskop 2 MAT, mounted with JVC 

Digital Colour Video Camera TK-C751EG. The digital imaging software is 

Image-Pro Plus 6.3. 

 

3.5.3 Scanning Electron Microscopy – Principles 

 

Scanning electron microscopy (SEM) uses electron beams instead of visible 

light. As electron beam has a lower wavelength, 𝜆, given by the de Broglie 

relationship of 𝜆 =
ℎ

𝑝
 , where ℎ is the Planck’s constant and 𝑝 is the momentum 

of the moving electron. When the electron microscope is operated at 100 kV, 

the relativistic de Broglie wavelength of the electron would be 3.70 pm. In SEM, 

the operating acceleration voltage is usually less than 30 kV, giving the system 

a resolution between 1 nm and 20 nm. Hence, much higher resolution can be 
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achieved with electron beams than with visible light. However, electron beam 

has to be operated in a vacuum environment. 

 

SEM enables the visualization of the details of the surfaces of particles to give 

a 3D view. In this aspect, SEM is suitable for examining the surface structures 

of the samples. Samples with different phrases can contain surface relieves after 

being etched with suitable etchants. These differences in surface levels enable 

the observation of different grains and grain boundaries through SEM. 

 

SEM can be further classified by the type of emitter deployed. The common 

SEM uses a thermionic emitter that uses electrical current to heat up a filament, 

usually made of tungsten or lanthanum hexaboride. Once the heat overcomes 

the work function of the material, electrons escape from the filament. Field 

emission SEM (FESEM) produces electron by placing the filament in a huge 

electrical potential gradient. This type of emitter gives better brightness, 

minimizes the evaporation of cathode material and prevents thermal drift during 

operation. Moreover, FESEM enables a higher resolution compared to SEM 

with the thermionic emitter. 

 

The equipment used in this study is the JOEL JSM 7600 FESEM microscope. 

It has additional probes for energy dispersive X-ray spectroscopy (EDXS) for 

elemental composition analysis and electron backscatter diffraction (EBSD) for 

examination of crystallographic orientation. 

 

3.6 Overview of Methodologies 

 

The increasing number of publication on the research of SLM in recent years 

has provided a large pool of material for reference. Some of these publications 

provided useful information in the form of process parameters and attained 

relative density. Data was also collected from previous experiments conducted 

in SC3DP.  
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This chapter has also shown the development of a novel model which links the 

relationship between process parameters and material properties. The model has 

shown that there is a relationship between the compensation factor β and the 

thermal conductivity of their respective materials. However, more information 

is required to obtain an indicative trend for this empirical relationship. Hence, 

parameter optimization studies were required for materials with thermal 

conductivities ranging between 50 W/m·K to 100 W/m·K. 

 

In the parameter optimization studies, a default layer thickness of 0.05 mm was 

used. The laser power, scanning speed, and hatch spacing were varied. SLM 

samples were weighed to deduce their densities via Archimedes’ principle. Near 

full density SLM samples were then examined by X-ray diffraction, light optical 

microscopy and/or scanning electron microscopy. The basics of these methods 

have been introduced. 
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Chapter 4  

 

Selective Laser Melting of AlSi10Mg 

 

Selective Laser Melting of AlSi10Mg, an aluminium alloy with 

excellent casting properties, was examined. There had been 

published literature on the SLM of AlSi10Mg where near full density 

parts were fabricated. However, the literature provided different 

combinations of process parameters and the process envelope has 

never been examined. This study aims to explore the processing 

envelope for the SLM of AlSi10Mg and to find the most energy 

efficient combination of process parameters for achieving relative 

densities higher than 98 %. 

 

In addition, X-ray diffraction was carried out to determine the 

phases in SLM AlSi10Mg components and it was found that the 

phases contained are similar to those found in Al9Si. Light 

microscopy and scanning electron microscopy were deployed to 

study the microstructure of these samples. EDXS was also used to 

confirm the elemental compositions of SLM samples for this 

aluminium alloy. 2 regions were identified in the microstructure 

which contained different atomic percentages of aluminium and 

silicon. The percentage of magnesium were found to be slightly 

higher at the melt boundaries. 
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This study also examines the variation of relative density against 

laser scanning speed, process hatch spacings and the input 

volumetric energy density. Analysis with volumetric energy density 

yielded a clear trend and showed the relationship between energy 

input of the SLM process and the resultant relative density of the 

components. This also helps to establish the method of analysis for 

future studies on SLM of nickel and SLM of tin. 

  



 

 

 

Selective Laser Melting of AlSi10Mg Chapter 4 

 

65 

 

 

 

4.1 Introduction 

 

AlSi10Mg is an aluminium alloy with good casting properties and has a 

composition similar to cast aluminium alloy 360.0 as shown in Table 4.1. Its 

high silicon content gives the alloy low contraction during solidification and 

thus ensures good castability. In contrast with cast alloy 360.0, AlSi10Mg has a 

lower tolerance for iron and copper content. Lower iron content improves 

ductility and lower copper content gives better corrosion resistance to 

AlSi10Mg. 

 

Table 4.1 Elemental composition comparison of aluminium alloys: AlSi10Mg and 

360.0. 

Alloy EOS AlSi10Mg [1] UNS 360.0 [2] 

Element Elemental composition (%) 

Al Bal. Bal. 

Si 9-11 9-10 

Mg 0.2-0.45 0.4-0.6 

Fe ≤0.55 ≤2 

Cu ≤0.05 ≤0.6 

Mn ≤0.45 - 

Ni ≤0.05 ≤0.5 

Zn ≤0.1 ≤0.5 

Pb ≤0.05 - 

Sn ≤0.05 ≤0.15 

Ti ≤0.15 - 

Others - ≤0.25 

 

SLM of AlSi10Mg was first published in 2008 for automotive applications [3]. 

The application of SLM enabled the building of the water pump in hours instead 

of days, shortening the development process for a race car engine. Three 

research groups have shown that near full density parts can be achieved with 

SLM of AlSi10Mg and shared their optimized parameters in the publications 

[4-6]. There were also earlier studies done in SC3DP on the SLM of AlSi10Mg 

where relative density of 99.13 % was achieved. In this study, the required 

relative density is 98 % and the volumetric energy density (VED), given by laser 

power over the product of laser scanning speed, hatch spacing and layer 
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thickness (
𝑃

𝑣ℎ𝑡
) , of the process is an indicator of its energy efficiency. Hence, 

the parameters with the lowest VED values that yield relative densities of 98 % 

or higher were selected for this study. Table 4.2 gives a clear comparison of the 

parameters shared by these publications. 

 

Table 4.2 Most energy efficient SLM process parameters for achieving relative 

densities higher than 98 %, as measured by volumetric energy density (VED). 

Sources SLM parameters 

𝑃 (W) 𝑣 (mm/s) ℎ (mm) 𝑡 (mm) 𝑉𝐸𝐷 (J/mm3) 

Buchbinder at al. [4] 500 1700 0.15 0.05 39.2 

Kempen et al. [5] 190 1600 0.105 0.03 37.7 

Manfredi et al. [6] 195 800 0.17 0.03 47.8 

Loh, L. E. [7] 350 1170 0.17 0.05 35.2 

  

 

Information from these earlier studies provides the basis for the examination of 

SLM process envelope of AlSi10Mg. The aim of this study is to find the most 

energy efficient process parameters for fabricating parts with a relative density 

of 98 % or higher via exploration of the SLM process envelope of AlSi10Mg 

and investigate the difference in VED in comparison with results from literature. 

Microstructural analyses were also carried out to better understand the SLM 

fabricated AlSi10Mg components regarding elemental distribution and 

microstructural features attributed by SLM.   

 

4.2 Experimental Methods 

 

AlSi10Mg samples were fabricated. Phases of the samples were studied via 

XRD. In addition, samples were prepared for microscopy by polishing with 

diamond paste to 3 µm gradation and cleaning with active oxide polishing 

suspension. The samples were then etched with Flick’s reagent for 12 s before 

they were examined by optical microscopy, SEM and EDXS. 
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4.2.1 Synthesis 

 

Synthesis of AlSi10Mg samples was done with the SLM 250 HL machine with 

a 400 W continuous wave Gaussian beam laser. The wavelength of the laser is 

1.06 µm. The laser power and layer thickness were fixed at 360 W and 0.05 mm 

respectively. The hatch spacing was varied from 0.07 mm to 0.2 mm. The 

scanning speed of the laser was varied from 500 mm/s to 3,500 mm/s. 

 

4.2.2 X-ray Diffraction 

 

XRD was carried out with Empyrean, PANalytical to analyse the crystal 

structure and phases in the SLM part. The phases identified are similar to those 

found in Al9Si. The 4 main peaks at 38.50 °, 44.76 °, 65.16 ° and 78.30 ° 

corresponds to the face centred cubic (FCC) structure crystallographic planes of 

{1 1 1}, {2 0 0}, {2 2 0} and {3 1 1} respectively. There are also some small 

observable peaks that correspond to those in intermetallic compound Al3.21Si0.47.  

 

 

Figure 4.1 XRD analysis of SLM AlSi10Mg showing peaks that match those of Al9Si 

and Al3.21Si0.47. 
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XRD analysis of the powder shows similar relative heights to that found in the 

database. However, the AlSi10Mg alloy processed by SLM shows a different 

trend. The peak that corresponds to the {2 0 0} plane is much higher, indicating 

relative abundance of the plane. This demonstrates that the SLM process 

favours the formation of the {2 0 0} plane in AlSi10Mg. A small amount of 

Al3.21Si0.47 is found in the XRD analysis and it is more evident in the SLM 

processed alloy. Al3.21Si0.47 is an intermetallic compound easily formed as a by-

product in various manufacturing processes such as laser cladding [8], 

accumulative roll bonding [9] and sintering [10], as long as aluminium and 

silicon are involved. The XRD analysis also shows that there is little or no 

impurities and no other new compound is formed during the SLM process. 

  

4.2.3 Light Optical Microscopy 

 

Optical microscopy allows observation of the microstructural features at lower 

magnifications using visible light, giving a better overview of the microstructure 

at hundreds of micrometres. Figure 4.2 shows the microstructure under 50× 

magnification in the XY plane (a) and XZ plane (b). The melt boundaries and 

the core of the melt pools were etched differently, resulting in different colours 

and the melt pools can be easily differentiated from one another. The 

overlapping between neighbouring melting tracks and between successive layer 

shows that good bonding is achieved in both the x-y plane and z-axis. The near 

full density sample was also observed to be crack-free, although pores can be 

observed. The lack of cracks can be attributed to the high silicon content which 

reduces contraction of the components during the solidification process, 

minimising the chances of crack formation. In the x-y plane, pores with 

diameters of about 10 µm, circled in red, can be observed near the melt 

boundaries. Pores of similar sizes can also be observed in the x-z plane although 

they are not necessarily found near the melt boundaries.  
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Figure 4.2 Optical microscopy of SLM AlSi10Mg samples in the x-y plane (a) and x-z 

plane (b). 
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4.2.4 Scanning Electron Microscopy 

 

SEM analysis allows observation of minute details at much higher 

magnification than that of the optical microscope. The JOEL JSM 7600 FESEM 

microscope was operated at an acceleration voltage of 15 kV, which 

corresponds to a resolution of 3.0 nm. Figure 4.3 shows the micrographs at 

magnifications of 1,000× and 10,000×. As observed in optical microscopy, the 

melt boundaries were etched differently by Flick’s reagent compared to the core 

of the melt pool. The melt boundaries seem to have different microstructure 

compared to the rest of the melt pool. 

 

At a magnification of 10,000×, there are 2 regions observed in the 

microstructure as shown in Figure 4.3 (bottom right): α region (dark) and β 

region (light). The α region appears mostly as a rounded structure surrounded 

by the β region. At the core of the melt pool, α regions have diameters of about 

0.5 µm and the structures are mostly round. Whereas at the melt boundaries, α 

region structures are more irregular and larger, with widths up to 2 µm and 

lengths up to 5 µm. 
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Figure 4.3 SEM micrograph of SLM AlSi10Mg sample in the x-y plane at different 

magnifications, after etching with Flick's reagent. 

 

4.2.5 Energy-Dispersive X-ray Spectroscopy 

 

In order to determine the differences between α region and β region, energy-

dispersive X-ray spectroscopy (EDX or EDXS) was deployed to study the 

elemental compositions of each region. EDX allows for measurement of the 

relative amount of each element and mapping of the elemental distribution. 

During SEM, high energy electrons impinge on the sample. Some of these 
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electrons collide with low-energy electrons in the atoms, causing the low-energy 

electrons to leave the atoms. As a result, a vacancy at the low-energy orbit is 

created and it can be filled by an electron from a higher energy orbit. When an 

electron transits from a high-energy orbit to low-energy orbit, energy is released 

in the form of X-rays. As these electronic transitions are specific to each element, 

the energy levels of the X-rays are unique for each element.   

 

The X-ray detection device is a probe attached to the JOEL JSM 7600 FESEM 

microscope. An atomic fraction tendency rather than accurate content was 

provided by EDX analysis. Table 4.3 tabulates the analysis results and compares 

the elemental composition of the different coloured regions in different areas. 

At the core of the melt pool, there seems to be no significant difference between 

the two regions. However, at the melt boundary, the elemental composition of 

the α region (dark) is similar to that in the melt pool core at about 11.8 at.% to 

12 at.% silicon and β region (light) has a significantly higher percentage, at 

about 16.6 at.% silicon. There is also an observable difference in the atomic 

percentage of magnesium, which is slightly higher at the melt boundary than at 

the core of the melt pool. 

 

Table 4.3 EDX analysis on α and β regions of SLM AlSi10Mg. 

 Atomic % 

Area Melt core Melt boundary 

Region α β α β 

Element     

Aluminium 87.7 ± 0.2 87.8 ± 1.0 87.7 ± 1.0 82.9 ± 2.5 

Silicon 11.9 ± 0.2 11.8 ± 0.8 11.9 ± 1.1 16.6 ± 2.6 

Magnesium 0.4 ± 0.1 0.3 ± 0.2 0.5 ± 0.1 0.5 ± 0.2 

 

The silicon percentage of 11.8 % to 12 % is close to the eutectic composition of 

12.2 % [11]. The β region structures at the core of the melt pool are very thin, 

only about 0.1 µm in width. Hence, EDX analysis of β region at the core could 

have included the surrounding volume of α region structures, giving similar 

results to that of α region structures. Therefore, it can be deduced that the β 
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region structures contain a higher amount of silicon at about 16.6 at.% due to 

segregation during the rapid solidification in SLM, which is also observed in 

casting [12]. Moreover, the difference observed between the melt boundary and 

the core of the melt pool is caused by the difference in the sizes of the α region 

structures. The sizes of the α region can be attributed to the high rate of 

solidification in the SLM process where rapid heating, melting and cooling 

occurs. Rapid solidification also leads to a relatively homogeneous elemental 

distribution in the entire alloy as there was little time for the elements to 

segregate during solidification. 

 

4.3 Principal Outcomes 

 

In this study, the relative densities of the SLM samples are the observable 

outcome of the experiments. The SLM samples were cleaned via ultrasound and 

placed in dry cabinets for at least 48 hours before they were weighed with the 

Mettler Toledo XS204. The densities were derived according to Archimedes’ 

principle. The full density of bulk AlSi10Mg was taken to be 2.68 g/cm3 [5]. 

Near full density samples have been achieved for SLM of AlSi10Mg. In this 

section, the results are analysed against a few process parameters to find 

observable trends. The analysis helps to find a meaningful relationship between 

the process parameters and establish the means of analysis for SLM of different 

materials in further studies. 

 

The relative densities of SLM samples were first analysed against the scanning 

speeds of the laser. The plot (Figure 4.4) shows the spread of the data for laser 

scanning speeds ranging from 500 mm/s to 3,500 mm/s. Although there seems 

to be a trend of achieving high relative densities of 99.5 % or higher at speeds 

between 700 mm/s to 1,500 mm/s, low densities were also obtained at the same 

given speeds. The spread of densities achieved at particular scanning speeds 

indicates that there is little or no direct links between relative density and laser 

scanning speed of the SLM process.  
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Figure 4.4 Relative densities of SLM AlSi10Mg samples obtained at various scanning 

speeds, from 500 mm/s to 3,500 mm/s. 

 

When compared with the hatch spacing of the SLM process, the relative 

densities of SLM AlSi10Mg samples showed a more coherent trend. The mean 

value of relative density increased with hatch spacing from 0.07 mm to 0.1 mm. 

Relative densities higher than 99 % were obtained for hatch spacings between 

0.09 mm and 0.19 mm. The mean relative density then decreased gradually as 

the hatch spacing continued to increase from 0.18 mm to 0.2 mm (Figure 4.5).  

 

However, the spread of the data, as given by the minimum and maximum values 

at each hatch spacing, shows the inconsistency of the results. For instance, the 

difference between the maximum and minimum value at 0.08 mm hatch spacing 

is 2.2 % while that at 0.13 mm hatch spacing is only 0.26 %. Moreover, there 

are abrupt changes between hatch spacing of 0.13 mm and 0.14 mm, where the 

mean relative density dropped by 0.23 % and the variation of data increase by 

0.93 %. At each hatch spacing, the energy input varies. The plot gives an 

indication that some hatch spacing values can yield near full density parts at a 

greater range of energy input. Hence, analysing the relative densities of SLM 

samples against hatch spacing yield an observable trend but it is not conclusive.  
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Figure 4.5 Relative densities of SLM AlSi10Mg samples (mean, minimum and 

maximum) obtained at different hatch spacings, from 0.07 mm to 0.2 mm. 

 

Besides comparing the relative densities of samples against individual process 

parameters (laser power, scanning speed, hatch spacing or layer thickness), 

analysis can also be done with the VED of the SLM process. VED, given by 

𝑃

𝑣∙ℎ∙𝑡
 , has a unit of J/mm3 and it is a useful indication of the amount of energy 

invested for the fabrication of a particular material with SLM.  

 

Near full density samples were achieved at VED input of 30 J/mm3 to 60 J/mm3. 

When the VED is lowered to 25 J/mm3, the densities decreased sharply to about 

94 %. Hence, at VED of 25 J/mm3 and below, the power supplied by the laser 

is no longer sufficient to melt the powder materials fully and create near full 

density structures for AlSi10Mg. When VED is increased to 65 J/mm3, the 

densities were lowered to an average of 98.57 % and the variation became 

significantly larger. The lowering of relative density and the enlargement of 

variation in the figure shows that the SLM process for AlSi10Mg becomes less 

stable at VED of about 65 J/mm3. Figure 4.6 shows the results of the density 

measurements against the input VED. The data points show the average values 

of the relative density and also the minimum and maximum values obtained at 

each VED point. 
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Figure 4.6 Variation of the relative density (mean, minimum and maximum) of SLM 

AlSi10Mg samples against input volumetric energy density, 
𝑃

𝑣ℎ𝑡
. 

 

From the three analyses mentioned above, comparing relative density to VED 

has yielded a clear trend and relationship between process parameters and the 

relative densities achieved. Moreover, via the study conducted, a more energy 

efficient combination of process parameters has been found for achieving 

relative densities higher than 98 %. The lowest VED value for this was 30 J/mm3. 

This result rebukes a recent study on the process energy threshold of 60 – 75 

J/mm3 [13] and it is also significantly smaller than that of 35.2 J/mm3 reported 

in the earlier studies (Table 4.2). For future studies, the densities of SLM parts 

will be analysed against the hatch spacing and VED of the process.  
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Chapter 5  

 

Selective Laser Melting of Nickel 

 

Selective Laser Melting of pure nickel, an important alloying metal 

known for its resistance to corrosion and performance at high 

temperatures, was examined. There had been no previous literature 

on the SLM of pure nickel where 3D parts were fabricated. Hence, 

this novel study aims to determine the feasibility of processing nickel 

with SLM and the optimal parameters for such a process. The energy 

input required to achieve relative densities higher than 98.0 % will 

also be examined. 

 

X-ray diffraction was carried out to compare the phases in SLM 

nickel components and the corresponding powder. Light microscopy 

(LOM) and scanning electron microscopy (SEM) were also 

deployed to study the microstructure of these samples. The grains 

were clearly distinguishable under LOM but not so under SEM. 

Under LOM, imprints of the SLM process could be seen although 

the melt tracks were filled with small grains of different sizes varying 

from 15 µm to 100 µm. Electron backscattering diffraction (EBSD) 

was used to map the local crystal orientations of SLM nickel samples 

in both the XY plane and the XZ plane.  

 

This study also examines the variation of relative density against 

process hatch spacings and the input volumetric energy density for 
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the SLM of nickel. Relative density as high as 99.0 % was achieved. 

Analysis with volumetric energy density alone shows that the energy 

required to achieve relative density higher than 98.0 % is 120 J/mm3. 

However, it is observed that at hatch spacing of 0.14 mm, the 

relative density of 98.5 % can be consistently achieved at a lower 

VED of 100 J/mm3. This study shows that hatch spacing can uniquely 

affect the energy requirement for fabrication of near full density 

parts in SLM. 
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5.1 Introduction 

 

Nickel is a transition metal with atomic number 28, discovered in 1751 by 

Swedish mineralogist Axel Fredrik Cronstedt. Nickel has a face-centred cubic 

(FCC) crystal structure, a density of 8.89 g/cm3 and a melting point of 1455 °C. 

It has excellent corrosion resistance and is susceptible to magnetization. It is an 

important material in our society in both elemental form and alloyed with other 

metals. Most of them are focused on corrosion-resistant and on heat-resistant 

applications. According to ASM International, nickel is most often used as an 

alloying element in steel, which takes up 66.5 % of the consumption of nickel 

in 1990, and nickel-base alloys only account for 13 % for the nickel usage [1]. 

 

Nickel based alloys are often applied in aircraft gas turbines, steam turbine 

power plants and metal processing for their heat-resistant properties. Such 

alloys include nickel-chromium based Inconel and Hastelloy which are 

oxidation- and corrosion-resistant and suitable for service in high heat and high-

pressure environments. These are also known as nickel superalloys. In addition, 

nickel can alloy with titanium to form a shape memory alloy, Nitinol. Nitinol 

can undergo deformation at lower temperatures and return to its original shape 

when heated to its transformation temperature, which has a range of 20 °C to 

50 °C. However, these useful alloys are difficult to machine or manufacture by 

conventional methods. Nickel superalloys are difficult to shape due to rapid 

work hardening while Nitinol has a very strict compositional requirement and 

the titanium that is needed is highly reactive. 

 

Pure nickel is known for its corrosion resistance against alkali, making it a 

suitable coating material. Its magnetostrictive properties allow it to be used as 

transducers and it has been studied as an alternative to gold as a transducing 

platform for bio-sensing applications [2]. Nickel also makes for a cost-effective 

chemical catalyst. Since it is magnetic, nickel can be a magnetically separable 

catalyst [3]. 
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Selective laser melting, as a powder-bed fusion additive manufacturing 

technique, provides an alternative manufacturing method for the processing of 

these metals. One of the pioneering work in powder bed based direct laser 

processing of nickel-based alloy is done by Das et al on Inconel 625, in which 

a relative density of 98.5 % was achieved [4]. In later works, near full density 

parts were also achieved with SLM for nickel-based alloys such as Inconel 718 

(99.98 %)  [5, 6], Hastelloy X (99.75 %) [7], Nimonic 263 (99.7 %) [8], MAR 

M-247 (98 %) [9] and CM247LC (99.12 %) [10]. SLM has also been proven 

capable of producing parts out of Nitinol powders and it been studied for its 

potential application as a smart material implant [11, 12]. 

 

However, there has been no previous publication on the SLM fabrication of pure 

nickel components. SLM of pure nickel powder was reported in a study 

concerning the linear energy density of the process and the universality of the 

“balling” phenomenon in SLM [13]. This novel work has been submitted for 

publication in Rapid Prototyping Journal and is currently under review. 

 

5.2 Experimental Methods 

 

Pure nickel samples were fabricated. Material crystallography was studied via 

XRD. In addition, samples were prepared for microscopy by polishing with 

diamond paste to 3 µm gradation and cleaning with active oxide polishing 

suspension. The samples were then etched with Marble’s reagent for 12 s before 

they were examined by optical microscopy and SEM. EBSD was used to 

determine the orientation of each crystal grain. 

 

5.2.1 Synthesis 

 

Spherical nickel powders were used in this experiment (Figure 5.1). The 

powders used had a size distribution corresponding to d(0.5) = 20 µm and d(0.9) 

= 45 µm. SLM machine used was the SLM 250 HL. It has a single mode, 
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continuous-wave ytterbium fibre laser with Gaussian beam profile, standing 

spot diameter of 80 μm and a wavelength of 1.06 µm. 

 

 

Figure 5.1 Spherical nickel powders used in the investigation with SLM. 

 

In this study, the laser power was fixed at 360 W and the layer thickness was 50 

µm. The hatch spacing was varied from 0.1 mm to 0.2 mm and the scanning 

speed ranged from 175 mm/s to 700 mm/s. 

 

5.2.2 X-Ray Diffraction 

 

XRD was carried out with Empyrean, PANalytical to analyse the crystal 

structure and phases in the powder feedstock and the SLM part. The analysis 

shows no change in the phase nor elemental composition between the SLM 

processed nickel and the nickel powder as they show the same main peaks 

(Figure 5.2). The 5 main peaks at 2θ of 44.53 °, 51.89 °, 76.44 °, 93.02 ° and 

98.53 ° correspond to the crystallographic planes of {1 1 1}, {0 0 2}, {0 2 2}, 

{1 1 3} and {2 2 2} respectively. There is also a small observable peak at about 

29 °. This may be caused by trace amounts of impurities.  
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Figure 5.2 X-ray Diffraction analysis of nickel powder and SLM processed nickel 

sample. 

 

5.2.3 Light Optical Microscopy 

 

In lower magnifications, effects of the melt vectors on the microstructure of the 

SLM nickel parts can be seen in the XY plane. Crystal grains along a single melt 

vector have lengths of about 50 to 100 µm and widths of 20 to 50 µm, as shown 

in Figure 5.3 (a), and they are packed next to each other in the melt vector. 

However, in the XZ plane, traces of the melt vectors are not as apparent as in 

AlSi10Mg samples shown in Chapter 4 (Figure 4.2). In SLM nickel, the semi-

ellipse cross sections are harder to identify as multiple crystals are formed 

within one melt pool. The grains are elongated in the z-direction, as shown in 

Figure 5.3 (b). Thus, it is difficult to discern the layer thickness of 50 µm. 

Nonetheless, some curved lines can be observed that indicate the curvature of 

melt pools. However, some of the grains can be seen to have continued from the 

preceding layer, indicating continued crystal growth, good melt penetration, and 

good interlayer bonding. The red boxes in (a) and (b) indicate the areas that will 

be shown subsequently in Figure 5.4. 
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Figure 5.3 Optical microscopy images of SLM processed nickel at a lower 

magnification, showing XY planes (a) and XZ planes (b). 
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Figure 5.4 LOM images of SLM nickel at a higher magnification. These areas observed 

corresponds to the areas indicated by the red boxes in Figure 5.3. 
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In addition, pores smaller than 10 µm in diameter can be observed. Pores, 

circled in red (Figure 5.3), can be found in two types of location: (1) within a 

crystal grain and (2) at the grain boundaries. Pores found within a crystal grain 

have a circular cross section, indicating a spherical pore. Pores at the grain 

boundaries are irregular in shape, conforming to the directions of the grain 

boundaries. More irregular pores are found at the boundaries of the melt tracks 

as more grain boundaries are present in smaller grains. These pores are 

randomly distributed and are possibly the results of trapped air during the rapid 

melting and solidification process during SLM and the void left behind by the 

contraction of crystal grains as they crystallize. These pores can lead to lower 

tensile strength, fatigue strength, and creep resistance of the product as they act 

as areas of stress concentration. 

 

5.2.4 Scanning Electron Microscopy 

 

SEM was carried out with the JOEL JSM 7600 FESEM microscope, operated 

at an acceleration voltage of 7 kV. Figure 5.5 shows the micrographs at a 

magnification of 100×. Pores between 5 µm to 10 µm in diameter, circled in red, 

are found randomly distributed in both planes. However, in contrast with the 

images from optical microscopy, the images from SEM show the different 

crystal orientations in different shades of grey, which make delineation of grain 

boundaries difficult. Unlike the previously mentioned AlSi10Mg, the material 

being studied here is a simple elemental metal, which does not have different 

phases. Instead, the main difference that can be observed will be the difference 

in crystal orientations. In this case, etching does not create a clear difference in 

the 3D structure of the observing plane and SEM images do not produce clear 

delineations. 
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Figure 5.5 Scanning electron microscopy of SLM nickel samples in the (a) XY plane 

and (b) XZ plane. 
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5.2.5 Electron Backscatter Diffraction 

 

In order to examine the crystal orientation of the SLM fabricated parts, electron 

backscatter diffraction (EBSD) analysis was carried out alongside with SEM. 

EBSD measures the local crystal orientation of sub-micron spatial resolution. It 

can also be used to find the distribution of phases and crystal orientations in an 

area of observation. In Figure 5.6, the high angle grain boundaries (HAGBs, 

misorientation > 15 °) are shown in black and low angle grain boundaries 

(LAGBs, misorientation < 15 °) in grey. This EBSD analysis also reveals 

numerous crystal grains smaller than 10 µm. 

 

From the misorientation angle distribution analysis, roughly 94 % of the grain 

boundaries are HAGBs. The observed difference in colouration of the grains in 

the light microscopy images is due to differences in crystal orientation. In the 

XY plane, most of the crystals are in the <0 0 1> and <1 0 1> orientation, as 

shown by a larger proportion of red and green coloured grains in the map. While 

in the XZ plane, the crystals are mostly in the <0 0 1> and <1 1 1> orientation. 

The EBSD mapping of both the XY and XZ planes show little indications of a 

single preferential grain growth orientation in SLM nickel. 
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Figure 5.6 EBSD analysis of SLM processed nickel, displaying the different crystal 

orientations: <0 0 1> in red, <1 0 1> in green and <1 1 1> in blue. 
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5.3 Principal Outcomes 

 

In this study, 3D samples were successfully fabricated with pure nickel powder 

via the SLM process. These samples were then cleaned and dried for at least 48 

hours before they were weighed with the Mettler Toledo XS204. The densities 

were derived according to Archimedes’ principle. The full density of bulk nickel 

is 8.89 g/cm3. As established in Chapter 4, the results are analysed against hatch 

spacing and input volumetric energy density (VED).  

 

Throughout the experiments, laser power was maintained at 350 W while 

scanning speeds were varied from 175 mm/s to 700 mm/s and hatch spacing 

ranged from 0.1 mm to 0.2 mm. The resultant density of the SLM processed 

samples was analysed against both the hatch spacing and the input energy 

density of the process. Five samples were made for each combination of energy 

density, ranging from 100 J/mm3 to 200 J/mm3, and hatch spacing. The results 

of the experiments are shown in Figure 5.7. 

 

 

Figure 5.7 Relative density of SLM Nickel samples plotted against input volumetric 

energy density at different hatch spacings. 
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Without considering the differences in hatch spacing, the mean relative density 

achieved at 100 J/mm3 is 97.0 % while the mean relative density reached 98.5 % 

at 120 J/mm3. However, when the results are differentiated according to their 

hatch spacings, an optimal hatch spacing can be observed. At hatch spacing of 

0.14 mm, SLM processing of nickel was still able to achieve densities of 98 % 

and above consistently even at a lower VED of 100 J/mm3. Whereas for other 

hatch spacing values, the relative densities obtained at 100 J/mm3 ranged 

between 96.0 % and 97.5 %. 

 

From this work, nickel has been proven to be a viable material for processing 

with SLM. More research on the SLM can be done in order to achieve shorter 

processing time and determine the mechanical properties of SLM nickel such 

as tensile strength, compressive strength and creep resistance, which are 

important aspects to understand for further applications. Furthermore, results 

from this work provide data for the semi-empirical modelling of the SLM 

process.  
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Chapter 6  

 

Selective Laser Melting of Tin 

 

Selective Laser Melting of pure tin, a post-transition metal known 

for its low crystallization temperature and applications in soldering, 

was examined. Moreover, near full density 3D tin samples were 

successfully fabricated with SLM for the first time. Process 

parameters and energy input required for achieving such 

components were also examined. 

 

X-ray diffraction was carried out to compare the phases in SLM tin 

components and the corresponding tin powder. Light microscopy 

(LOM) and scanning electron microscopy (SEM) were also 

deployed to study the microstructure of the SLM fabricated samples. 

The grains were clearly distinguishable under LOM and columnar 

structures were observed in the vertical (XZ) plane. However, 

imprints of the SLM process could not be seen, in contrast with 

previous observations in AlSi10Mg and pure nickel. Electron 

backscattering diffraction (EBSD) was used to map the crystal 

orientations of SLM tin samples in both the XY plane and the XZ 

plane. EBSD analyses and XRD results have shown that the SLM 

process favours the formation of particular crystal orientations in 

pure tin. 
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This study also examines the variation of relative density against 

process hatch spacings and the input volumetric energy density for 

the SLM of tin. The energy input required to fabricate parts with at 

least 98.0 % relative density was determined to be 5.0 J/mm3 and 

relative density as high as 99.9 % was achieved in the study. Effects 

of hatch spacing on the density of SLM fabricated tin were also 

elucidated in the study. 
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6.1 Introduction 

 

Tin is a post-transition metal with atomic number 50. It has two phases: α-tin 

and β-tin. α-tin, also known as grey tin, is stable below 13.2 °C. It is brittle and 

has a face-centred cubic crystal structure, with a density of 5.765 g/cm3. α-tin 

does not display any metallic properties as its atoms form covalent bonds and 

electrons cannot move freely as in metallic structures. On the other hand, β-tin 

is stable at and above room temperatures and displays metallic properties. It has 

a body-centred tetragonal crystal structure, a density of 7.298 g/cm3 and a 

melting point of 231.9 °C.  

 

In modern times, tin’s low melting point made it a popular element in soft 

solders, which typically contain more than 60 % tin. In addition, tin is corrosion-

resistant has low toxicity. Hence, it is also used to protect other metals via tin 

plating and tin-plated steel is often used for food packaging as tin cans. 

Moreover, tin is also commonly alloyed with copper to make pewter (85-99 % 

tin), bell metal (22 % tin) and bronze (12 % tin). Recent studies have also shown 

that pure tin, when coupled with conductive polymer, can provide high specific 

capacity and high cycling stability for Na+ cells [1, 2].  

 

At the early stage of the development of laser-based powder bed fusion 

processes, tin has been chosen as a binding material for its relatively low 

crystallization temperature. The direct laser processing of Fe-Sn, Cu-Sn, and 

Ni-Sn powder mixtures had been examined [3-6]. These early results showed 

that the materials had only undergone sintering, producing parts that are highly 

porous. In a more recent study, bronze (Cu-10Sn) was produced with SLM and 

a relative density of 99.7 % was achieved with improved tensile strength (180 

MPa to 420 MPa) and ductility (7 % to 17 %) compared to cast parts even 

though the phases in both SLM and cast parts are essentially the same [7]. The 

improvement in tensile performance was attributed to the smaller ductile 

regions in SLM processed parts which reduce dislocation movements. 
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In the study of direct selective laser sintering of pure tin, “balling” prevented 

good interlayer bonding and caused delamination [8]. This phenomenon is also 

commonly found in selective laser melting [9] and it occurs when the energy 

input of the process creates a large spherical melt pool. As the pool is 

surrounded by loose powders, there is little tensile traction to confine the melt 

pool to a layer-wise geometry as is the case in laser cladding [10]. To the best 

of the author’s knowledge, suitable combinations of parameters have not been 

found for processing of pure tin with SLM. 

 

6.2 Experimental Methods 

 

Pure tin samples, (8 × 8 × 8) mm3, were fabricated. Material crystallography 

was studied via XRD. In addition, samples were prepared for microscopy by 

polishing with SiC sandpaper and diamond paste to 3 µm gradation and cleaning 

with active oxide polishing suspension. The samples were then etched with a 

solution of 2 % HCl and 98 % methanol for 120 s before they were examined 

by optical microscopy and SEM. EBSD was also used to determine the 

orientation of the grains. 

 

6.2.1 Synthesis 

 

Spherical tin powders were used in this experiment (Figure 6.1). The powders 

used were purchased from TLS Technik GmbH and had a mesh size of 325. The 

settled apparent density of 3.48 g/cm3. Energy-dispersive X-ray spectroscopy 

showed that the powder material has a purity of 99.8 %.  
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Figure 6.1 SEM micrograph of spherical Sn powders used for SLM. 

 

SLM machine used was the SLM 250 HL, which has a single mode continuous-

wave ytterbium fibre laser with Gaussian beam profile, standing spot diameter 

of 80 μm and a wavelength of 1.06 µm. The laser scanning speed was fixed at 

3,000 mm/s. The layer thickness was 50 µm. The hatch spacing was varied from 

0.10 mm to 0.18 mm and the laser power ranged from 60 W to 162 W. 

 

6.2.2 X-Ray Diffraction 

 

XRD was carried out with Empyrean, PANalytical. The analysis showed some 

changes in the phase composition between the SLM processed tin and the tin 

powder (Figure 6.2). The 4 main peaks of the powder material, at 2θ of 30.66 °, 

32.04 °, 44.94 ° and 62.58 °, correspond to the crystallographic planes of {2 0 

0}, {1 0 1}, {2 1 1} and {1 1 2} respectively. Whereas the 4 main peaks of the 

SLM processed tin are at 2θ of 44.94 °, 62.58 °, 79.59 ° and 95.26 °, 

corresponding to the crystallographic planes of {2 1 1}, {1 1 2}, {3 1 2} and {1 

0 3} respectively. XRD analysis of the tin powder also suggests a significant 

but relatively small amount of amorphous structure in the powder material. 
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Figure 6.2 X-ray Diffraction analysis of tin powder and SLM processed tin powder. 

The analysis shows different relative peaks for the two materials. 

 

XRD analysis suggests that the SLM process favours the formation of particular 

crystal orientations while significantly reducing others. For instance, the 

amount of {2 0 0} and {1 0 1} planes were drastically reduced when compared 

to the analysis of the powder material. The presence of preferential grain 

orientation is caused by the formation of columnar structure, resulting in the 

same crystal orientation in the materials that are melted and crystallized with 

the preceding layers. Moreover, there was no amorphous structure in the SLM 

processed samples. 

 

6.2.3 Light Optical Microscopy 

 

Light microscopy was carried out on SLM tin samples. The samples were 

polished and subsequently etched for 120 s in a solution of 2 ml hydrochloric 

acid and 98 ml methanol. Pores can be seen in Figure 6.3, which was taken at a 

lower magnification. The XY plane did not exhibit any characteristic 

microstructures seen in SLM processed parts such as those in AlSi10Mg or 

nickel. The grains seemed to have a random distribution in the XY plane. In the 

XZ plane, there were also little traces of the melt pool formed during the SLM 
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process, which was evident in AlSi10Mg samples shown in Chapter 5. Instead, 

the cross section observation revealed elongated columnar structures. A fraction 

of these columnar structures stretched from the bottom to the top of the sample. 

Furthermore, there were also zig-zag patterns on the grains near the sides of the 

samples (Figure 6.4). Twinned grains and recrystallized grains could also be 

observed. These deformations were the results of working during the polishing 

process and tin is extremely susceptible to such phenomenon as it has a low 

hardness and a low crystallization temperature of 231.9 °C. Diagonal grains at 

the sides of powder bed based fusion parts has been studied by Antonysamy et 

al. [11]. However, in his study, the diagonal grains are the results of powder 

nucleation and have an upward slope from outside, which are in line with the 

temperature gradient during the fabrication process. In SLM processed tin, the 

diagonal grains were observed to have a downward slope from the outside 

instead. 
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Figure 6.3 Optical microscopy images of SLM processed tin at a lower magnification, 

showing XY planes (a) and XZ planes (b), with pores circled in red. 
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Figure 6.4 Optical microscopy: cross section (XZ plane) image of SLM processed tin 

near the edge, showing the zig-zag structure of the columnar crystal and twinned grains 

and recrystallized grains within original grain boundaries that result from working 

during polishing. 
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6.2.4 Scanning Electron Microscopy 

 

SEM was carried out with the JOEL JSM 7600 FESEM microscope, operated 

at an acceleration voltage of 10 kV. Figure 6.5 shows the micrograph of the 

cross section (XZ plane) at a magnification of 500×. Pores between 2 to 5 µm 

in diameter are found. The images show a sharp contrast in the texture of the 

different grains in the vertical plane, due to the difference in crystal orientations.  

 

 

Figure 6.5 Scanning electron microscopy of a cross-section (XZ plane) SLM processed 

tin sample, showing the contrast in texture due to different crystal grain orientations. 

 

6.2.5 Electron Backscatter Diffraction 

 

Electron backscatter diffraction (EBSD) analysis was also carried out alongside 

with SEM to examine the local crystal orientation in the samples. In Figure 6.6, 

the high angle grain boundaries (HAGBs, misorientation > 15 °) are shown in 

black and low angle grain boundaries (LAGBs, misorientation < 15 °) in grey.  
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Figure 6.6 EBSD analysis of SLM processed tin, displaying the different crystal 

orientations: <0 0 1> in red, <0 1 0> in green and <1 1 0> in blue. 
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EBSD analyses confirmed the columnar structures observed via LOM. 

Moreover, EBSD analyses have also shown that SLM processed tin has 

preferred grain orientation, which matches indications from the XRD analysis 

shown earlier. In both the XY plane and the XZ plane, most of the crystals were 

in the <1 1 0> orientation, as shown by a larger proportion of blue coloured 

grains in both maps.  

 

6.3 Principle Outcomes 

 

The study succeeded in fabricating 3D samples with pure tin powders via SLM. 

The densities of these samples were then examined for their densities through 

Archimedes’ principle. Measurements of the samples’ weights in the air and in 

water were taken with the Mettle Toledo XS204. The full density of bulk tin is 

7.298 g/cm3. The density is plotted against hatch spacing and the input VED 

(Figure 6.7). 

 

 

Figure 6.7 Relative density of SLM Tin samples plotted against input volumetric 

energy density at different hatch spacings. 
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Throughout the experiments, the laser scanning speed was maintained at 3,000 

mm/s while the laser power was varied from 60 W to 162 W. Hatch spacing 

ranged from 0.10 mm to 0.18 mm. 5 samples were made for each combination 

of process parameters. 

 

At VED of 4.0 J/mm3, the mean relative density achieved was less than 97.0 %. 

The relative density improved significantly at VED of 5.0 J/mm3 to an overall 

mean of 99.3 %. Moreover, at VED of 5.0 J/mm3, hatch spacings of 0.10 mm 

and 0.12 mm gave a mean relative density of 98.8 % while hatch spacings from 

0.14 mm to 0.18 mm produced a much better result, with a mean relative density 

of 99.7 %. A similar trend can be seen at VED of 4.0 J/mm3. At 6.0 J/mm3, near 

full density samples were achieved across all hatch spacing levels. 

 

This study has shown that tin is a viable material for use with the SLM process 

and the process produced tin with columnar structures. Near full density 

samples were obtained and the crystal grains are anisotropic, with preferred 

grain orientations. Furthermore, given that the energy required for processing 

tin is low, this can pave the way for cost-effective AM of metals. Further 

research can be done to determine the cause of grain preference, mechanical 

properties of SLM processed tin and its applications. In addition, results from 

this work provide data for the semi-empirical modelling of the SLM process. 
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Chapter 7  

 

Discussion 

 

A semi-empirical model of the SLM process has been developed 

based on the theoretical energy requirement of the process and the 

process parameters that are required to achieve near full density 

components. It is observed that there exists a relationship between 

the energy requirement and the thermal conductivity of the material. 

This relationship has been elucidated with experimental data. The 

key results from the experiments elaborated in previous chapters are 

summarized. Plausible explanations for the results will also be 

discussed in this chapter, together with possible applications of the 

model and its limitations. 

 

A reconnaissance study is also discussed in brief. This is a study on 

selective laser melting of high purity copper. It achieved a relative 

density of 82.8 % and the results indicate that a compensation factor 

higher than 2.5 was required if near full density parts were to be 

achieved at thermal conductivity of about 400 W/m·K.  
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7.1 General Discussion 

 

In Chapter 3, a semi-empirical model was developed to describe the relationship 

between the process parameters of the SLM process and the material properties.  

Discrepancies were found between the calculated energy requirements based on 

the model and the energy supplied in the SLM processes. Hence, a 

compensation factor, β, is added to the equation to account for the discrepancies: 

 

𝛽 [𝑣 ∙
1

2
𝜋(𝑡2 +

ℎ

4

2
) ∙

1

2
𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∙ (∫ 𝑐𝑠𝑑𝑇 + 𝐿)]  =  𝛼𝜆 ∙ 𝑃  (4) 

 

Figure 3.3, a plot of compensation factor β against thermal conductivity, has 

shown that there is a huge gap in the information between thermal conductivity 

of 25 W/m·K and 150 W/m·K. Experiments were then carried out on AlSi10Mg, 

nickel and tin to obtain necessary data to fill in the gap. The approach can be 

illustrated by a simplified “Black Box” diagram as shown in Figure 7.1. In this 

black box approach, the process inputs include the SLM parameters (laser 

power, scanning speed, hatch spacing and layer thickness) and material 

properties (density, specific heat, latent heat, irradiation absorptance and 

thermal conductivity). The process outputs the density of the SLM samples and 

the calculated β based on (4).  

 

 

Figure 7.1 A “Black Box approach” summary of the semi-empirical modelling process.  
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Experiments detailed in Chapters 4, 5 and 6 have provided the parameters for 

an energy-efficient SLM process in achieving relative densities higher than 

98.0 %. These parameters are summarized in Table 7.1. In addition, an updated 

plot of β vs thermal conductivity with data from current studies is shown in 

Figure 7.1. Data from the experiments on SLM of nickel and tin (Chapters 5 

and 6) were added to the graph and information from the study on SLM of 

AlSi10Mg (Chapter 4) was used to replace earlier data. 

 

Table 7.1 SLM process parameters with the lowest energy density required to achieve 

98% relative density for AlSi10Mg, nickel, and tin. 

Material Process parameters Relative 

Density (%) P (W) v (mm/s) h (mm) t (mm) 

AlSi10Mg 360 1200 0.20 0.05 98.9 

Nickel 350 500 0.14 0.05 98.5 

Tin 135 3000 0.18 0.05 98.5 

      

 

 

 

Figure 7.1 Updated plot of compensation factor against thermal conductivity with 

results from the experiments on tin, nickel and AlSi10Mg.  
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7.1.1 Compensation Factor β and Thermal Conductivity 

 

β indicates the ratio of the energy requirement of the SLM process over the 

calculated value. A β value higher than 1 indicates that the calculated value 

underestimated the energy requirement and a β value lower than 1 suggests an 

over-estimation. In Figure 7.1, all but one of the data point give a β value 

between 1 and 10, showing that the model gives an underestimation of the 

energy requirement, albeit within the same order of magnitude. At thermal 

conductivity values up to 25 W/m·K, β decreases drastically from 6.4 (material: 

Ti6Al4V) to 2.6 (material: CP Ti). However, the drop becomes more gradual 

between 25 W/m·K and 163.2 W/m·K, except the data point corresponding to 

nickel. After that, the β value started to increase. 

 

Such a trend between the β value and thermal conductivity shows how thermal 

conductivity of the material affects the SLM process. At very low thermal 

conductivity, heat energy generated by the exposure of laser on to a small pocket 

of metal powders is transferred at a much lower rate to the surrounding powders. 

Given the rapid heating and cooling that occurs during the process, only a small 

volume of powders is heated to the melting temperature. This results in a steep 

temperature gradient with a small melt pool, which means more energy input is 

required, or higher β value measured. Moreover, as parts of the melt pool can 

be much higher than that of the melting temperature and the presence of 

resultant surface tension gradient, severe Marangoni convection can occur. 

Strong Marangoni convection that flows radially inward would lead to high 

tendencies of “balling” [1, 2], a detrimental phenomenon where beads of metal 

are formed on the melt track and cause the SLM process to be disrupted [3].   

 

At higher thermal conductivities, heat is transferred to surroundings at a much 

higher rate. However, the melt pool could also be small as much of the heat is 

lost to the surrounding and only a small volume of powders were able to reach 

the melting temperature. Hence, heat loss to the surroundings due to rapid heat 
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transfer becomes much more significant at higher thermal conductivity values, 

which causes higher heat loss. These two competing factors may be a plausible 

explanation to the initial decrease in energy requirement as more powders are 

heated in the short time frame with increasing thermal conductivity and the 

subsequent increase as more heat is lost to the surrounding with better thermal 

conductivity. 

 

However, the plot for nickel at thermal conductivity value of 80 W/m·K is 

significantly higher than the adjacent data points, for tin and AlSi10Mg. The 

need for more heat energy for the processing of nickel can be caused by its 

significantly higher melting temperature. Nickel has a melting temperature of 

1724 K, compared to 505 K for tin and 925K for AlSi10Mg. As such, the heat 

loss during the SLM process is much higher for nickel, when compared to tin 

and AlSi10Mg, leading to a higher energy input. 

 

7.1.2 Applications 

 

An understanding of the effects of thermal conductivity to the energy 

requirement of the SLM process will enable researchers to predict the 

appropriate SLM process parameters for new materials. The model allows for 

the estimation of energy requirement once the material properties are known. 

Hence, parameter optimization studies can be shortened. 

 

Currently, the alloys used for SLM such as AlSi10Mg, 316L stainless steel, 

Inconel 718 and Ti6Al4V, are materials already available in the market. 

Existing alloys that have good weldability have shown that they can also be 

processed by SLM. However, there is a need to develop novel alloys that are 

specifically optimized for such a laser-based AM process. AM material 

development has been identified as one of the key areas of for advancement of 

AM [4]. Knowing the relationship of various material properties, including 
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thermal conductivity, will aid in the development of novel alloys for the laser 

based AM of metallic materials. 

 

7.1.3 Limitations of the Model 

 

The semi-empirical model developed in this study also has its limitations. 

Firstly, data from this model has used a relative density of 98.0 % as the 

benchmark. In many industrial applications, higher relative densities (99.5 %) 

are required. Moreover, material properties such as fatigue, toughness and 

ductility are extremely defect-sensitive. As shown by the results in Chapters 4, 

5 and 6, the minimal energy requirement to attain 99.5 % relative density is 

plausibly higher. However, using 99.5 % as the benchmark presents its set of 

difficulties. The parameter optimization studies would take much more time and 

the data from existing literature would be limited. 

 

Furthermore, the semi-empirical model is based on data from SLM of metals 

and alloys. Hence, such trends may not be applicable to ceramics, polymers or 

composite materials. Moreover, there is no information for materials with 

thermal conductivities higher than 220 W/m·K. Hence, the results of this study 

are applicable only to metallic materials with thermal conductivities between 

6.8 W/m·K and 220 W/m·K. 

 

7.2 Reconnaissance work not included in main chapters 

 

A few other materials have also been tested with SLM. However, the results 

from these experiments were not reported in this thesis as near full density parts 

could not be achieved. Hence, these results could not contribute directly to the 

semi-empirical model. This section details one of such studies, which was the 

SLM processing of pure copper. 
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In this study, CU1332 powder, from Industrial Powder, consists of 99.85 % 

copper was used. CU1332 powders were spherical in shape. Sieve analysis 

showed 99.4% and 0.6% of the powder have the size of 325 Mesh (44 µm) and 

200 Mesh (74 µm).  The study was carried out in 2 stages. In order to prevent 

“balling”, single melt track experiment was first carried out to determine the 

combination of laser power and scanning speed that can produce continuous 

melt tracks for a powder bed with a thickness of 30 µm. In the horizontal axis, 

the laser scanning speed varies from 50 mm/s to 550 mm/s while in the vertical 

axis, the laser power varies from 120 W to 360 W (Figure 7.2).  

 

 

Figure 7.2 Single melt track test for copper CU1332. 

 

Under the optical microscope, the tracks with a laser power of 120 W could not 

be detected and those with a laser power of 240 W were barely observable. Only 

the single tracks created with a laser power of 360 W were clear and distinct. 

The single-track scan of the laser with a power of 360 W and scanning speed of 

100 mm/s shows better continuity with less extent of “balling” behaviour 

compared to the melt track obtained at 50 mm/s. At scanning speeds beyond 
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150 mm/s, the melt tracks are discontinuous with gaps along the melt tracks as 

illustrated by the tracing shown in Figure 7.3. 

 

Figure 7.3 Microscopy images of single melt tracks created at a laser power of 360 W, 

with enlarged images and tracing of the tracks at scanning speeds of 50 mm/s, 100mm/s 

and 150mm/s. 

  

Based on the results from the first stage, the SLM 3D samples for the second 

stage were tested with a laser power of 360 W and a range of lower scanning 

speed, from 20 mm/s to 120 mm/s. In this experiment, the hatch spacing, ℎ, is 
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varied in the vertical axis, from 0.05 mm to 0.09 mm (Figure 7.4). For the first 

few layers, the CU1332 powders melted and bound well with the previous layer. 

“Balling” behaviour was minimal as expected. However as more layers were 

formed, “balling” behaviour became more severe and visible. As the results, the 

surface of the CU1332 parts was very rough. Fabrication of parts A1, A2, A3, 

and B1 was discontinued at an early stage because severe “balling” behaviour 

was observed. For the rest of the CU1332 parts, the surface was irregular and 

rough. The blocks were then removed from the substrate plate via electrical 

discharge machining and tested for their density. The highest relative density 

achieved was only 82.8 %, far below the 98 % required for the thesis. The results 

of the study are summarized in Table 7.2. 

 

 

 

Figure 7.4 Experiment on selective laser melting of copper powder CU1332. 

 

Table 7.2 Relative densities of SLM of copper powder, CU1332. 

v (mm/s) 20 40 60 80 100 120 

h (mm) Relative Density (%) 

0.05 80.2 78.9 75.9 74.9 75.6 76.2 
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0.07 79.2 74.5 74.4 76.7 76.1 82.8 

0.09 78.4 76.0 77.0 75.0 74.4 74.4 

 

In this study, porous copper components with relative density up to 82.8 % were 

obtained. The study has also shown that SLM processing of high purity copper 

powder has to be carried out at high laser power values and low scanning speeds. 

At this combination, a higher laser energy density can be achieved and a good 

flow and binding of CU1332 particles can be attained. If the parameters for 

SLM of copper, that achieved 82.8 % relative density, were included in the 

semi-empirical model, it would expand the range up to 400 W/m·K and results 

would indicate that a compensation factor higher than 2.5 is required, as shown 

in Figure 7.5. However, such a porous component cannot be considered as near 

full density and hence the data from this experiment do not qualify for inclusion 

in the semi-empirical model. 

 

 

Figure 7.5 Plot of compensation factor against thermal conductivity with data from the 

experiments on copper powder CU1332. 
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Chapter 8  

 

Conclusion and Future Work 

 

This Ph.D. project has developed a semi-empirical model of the SLM 

process based on conservation of energy. Data for the development 

of the model was extracted from various scientific literature and 

experiments. It was found that the energy requirement of the SLM 

process varies with the thermal conductivity of the materials, in 

addition to the heat capacity and melting/liquidus temperature of the 

metals and alloys. 

 

Through the course of this work, optimized process parameters were 

also developed for pure nickel and pure tin, which had not been 

successfully processed with SLM prior. Near full density samples 

were achieved for these metals and their microstructures have also 

been examined. 

 

There are several suggestions for future work. Improvements to the 

model can be made with the inclusion of more conductive materials 

such as silver, brass and other alloys. The benchmark for relative 

density can also be shifted to 99.5 % when closed loop process 

control for SLM is available for improved consistency of these AM 

machines and numerical simulations can be used to elucidate effects 

of thermal conductivity to the SLM process. 

  



 

 

 

Conclusion and Future Work Chapter 8 

 

122 

 

 

 

8.1 Findings and Conclusion 

 

In accordance with the objectives mentioned in Chapter 1, a semi-empirical 

model of the SLM process has been developed. The relationship between the 

energy requirement of the process and the thermal conductivity of the material 

has been elucidated both with experimental data and information from the 

related literature. The novel model allows for good estimation of the energy 

requirements of the SLM process for new materials. In addition, SLM process 

parameters for nickel and tin were also established through this work and the 

resultant microstructures of these materials were examined. There had been no 

prior success in the SLM processing of nickel and tin. The main findings of the 

thesis are summarized, as follows: 

 

(1) A model for the SLM process, which includes the profile of the melt pool, 

material-dependent heat capacity, laser-material coupling, and SLM process 

parameters, has been developed. The semi-empirical relationship between 

the energy requirement of the process and the thermal conductivity of the 

material has been elucidated by data from literature and experiments on 

AlSi10Mg, nickel, and tin. Discussions have been made on the development 

of the model, the methodologies adopted for the experiments and the 

principles of various techniques for the study of microstructures.  

 

(2) Experiments have been carried out on the SLM of an aluminium alloy, 

AlSi10Mg. This material has been reported in a number of scientific articles. 

However, they provide different processing parameters. This study was 

conducted to explore the process envelope and determine the combination 

of parameters that produces near-full density samples with the lowest energy 

requirement. This study shows the typical microstructures of the SLM 

processed alloys and also establishes how parametric studies can be 

analysed for further experiments.  
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(3) Studies were conducted on the SLM processing of nickel and tin. To the best 

of the author’s knowledge, these two materials had not been successfully 

fabricated with SLM prior. Experimental results showed that near-full 

density were obtained for both nickel (99.0 %) and tin (99.9 %). Their 

microstructures were also examined and characterized. 

 

The limitations of the proposed semi-empirical model have also been discussed 

in Chapter 7. As the data used is based on metallic materials, the model may not 

be applicable to ceramics and polymers. Moreover, the thesis only provides data 

from thermal conductivity values from 6.8 W/m·K to 220 W/m·K. 

 

8.2 Recommendations for Future Work 

 

Based on the limitations of the model and the analyses in the previous chapters, 

a few recommendations for future studies are suggested, as follows: 

 

(1) Currently, there are only 9 data points in the graph with an outlier in the data 

from the experiment on nickel. Moreover, the data points beyond the 

thermal conductivity of 25 W/m·K are spread far apart. For the semi-

empirical model to be better established, more information is required to fill 

in these gaps, especially for thermal conductivity values from 100 W/m·K 

to 150 W/m·K. This would require SLM process optimization experiments 

on other conductive metallic materials such as brass (110 – 130 W/m·K), 

molybdenum (142 W/m·K), aluminium (247 W/m·K), gold (318 W/m·K), 

silver (428 W/m·K), and other alloys. Additional data point would also 

allow the optimal range of thermal conductivities to be identified. This 

knowledge will be useful in the development of new materials for laser-

based AM systems. 

 

(2) The current model is based on a relative density of 98.0 %. Although this 

benchmark is acceptable for most industries and comparable to that 
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achieved via the casting process, minimizing porosity continues to be a 

pursuit in the manufacturing of metallic components. Properties such as 

ductility, fracture toughness, and fatigue life are defect-sensitive and 

reduced porosity can significantly improve the functionality and lifespan of 

the AM component.  In SLM, relative densities of 99.5 % and above has 

been reported for materials such as Marage 300 steel [1], H20 tool steel [2], 

316L stainless steel [3], Ti6Al4V [4] and AlSi10Mg [5]. However, such 

results are difficult to emulate and repeat as SLM is a dynamic process and 

current SLM systems lack closed-loop process controls for better 

consistency and reliability [6]. With improved SLM systems, experiments 

can be conducted for a higher benchmark such as 99.5 %. In this case, a 

general upward shift of the plots is expected on the graph, as more energy 

is required to achieve a higher relative density. 

 

(3) Numerical simulation can be done to elucidate the mechanism which links 

the heat energy requirement of the SLM process and the thermal 

conductivity. The study can be conducted by examining the size of the melt 

pool at various thermal conductivity values of material. The laser power and 

scanning speed chosen should correspond to the optimized process 

parameter of the said material. As the thermal conductivity varies, the cross 

section area of the melt pool is expected to change. Simulations can be done 

with software such as ANSYS or COMSOL. 

 

(4) In the future, tests can be done for SLM processed nickel and tin so that the 

tensile strength, compressive strength, fatigue properties and other 

mechanical properties can be determined. In addition, magnetostrictive 

properties of SLM processed nickel should also be tested for potential 

applications in complex geometry transducers. With these tests, the 

relationship between the SLM manufacturing process, resultant 

microstructure and properties can be determined for these metals.  
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