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ABSTRACT 

The SLS/SLM of aluminium powder had been investigated by studying the effect of 
powder properties and laser processing parameters on the microstructures and 
properties of both single layer and multiple layer builds. On the basis of experimental 
evidence, the SLS/SLM of aluminium powders could be categorised into full melting 
(SLM) which was found to have occurred in both pure and pre-alloyed aluminium 
powders, and binary liquid phase sintering (SLS) which occurred in blended bimodal or 
trimodal powders. That successful disruption of the oxide film is possible is a 
significant result, as is the constitutional effect on this. The spheroidisation and oxide 
disruption phenomena in SLS/SLM processed aluminium powders arc suggested to be 

mainly controlled by the amount of oxide on the as-received powder's surface, the 
degree of the uniformity of the distribution of the surface oxide film covering the 

aluminium particles as well as the nature of thermal mismatch existing between the 

oxide film and the parent aluminium particle which was dependent on the phase present 
in the oxide film (alumina, mullite, and spinel). It was discovered that the attainment of 
high sintered density and desirable microstructural properties in the blended aluminium 
powders is consequent upon the determination of the right processing conditions, 
appropriate choice of powders (in terms of particle size distribution, spherical particle 
shape, and component ratio). Moreover, it is now evident that chemical constitution of 
the blended aluminium powders only becomes influential in the determination of the 

properties of SLS processed parts when the choice of processing parameters and 
powder properties are correct. The choice of powder properties determines the thermal 
conductivity of the powder bed which in effect controls the sintered properties. This 
had been inferred from the relationship between powder tapping density on one hand, 

and selective laser sintered (SLS) density, dendrite spacing and fraction of primary 
phase on the other hand. In making smaller samples, it has been shown that the 

attainment of high sintered density (up to 90%) and a good microstructure are feasible. 
These arc accompanied by reasonable hardness values, comparable to those of cast Al- 
12wt%Si castings. In fabricating larger sized parts for mechanical testing, defects such 
as delamination became more noticeable leading to poor mechanical properties in those 

samples. Thus, it is now clear that physical limitations of the sintering machine hinder 

the production of SLS/SLM processed parts having excellent structural integrity. 

On the basis of this work, it is envisaged that the use of pre-alloyed Al-Si powders of 
uniform composition, but a wider particle size and size distribution, blended to 

optimise the bed density, offers the potential to produce light alloy components by SLS. 
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In conclusion, the specific laser energy input, the component ratio, and the particle size 
and size distribution of the powder were found to have strongly influenced the 
densitication mechanism and the solidification process in a small sized aluminium 
powdered part fabricated by SLS/SLM process 
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CHAPTER ONE BACKGROUND TO THE STUDY AND STUDY 
OVERVIEW 

1.1 Introduction 

This chapter describes, very briefl' y, the background to the study on layer 

manufacturing (LM) techniques including advantages, disadvantages, materials 

processed and a general overview of selective laser sintering/melting (SLS/SLM). A 

gap in the knowledge with respect to light alloys, (specifically aluminium), the 
desirability of SLS/SLM of these materials and a brief, `uninformed', discussion of 
what potential problems might be in this, have been identified. This chapter ends with 
the description of the outline to this thesis and conclusion to this section. 

1.2 Background to the Study 

The observation made by Wang (2002) that global economy was facing the challenge 
of delivering new customised products more quickly in order to avoid business failure 
is still as relevant today. This could be attributed to the keenly competitive globalised 
business environment among manufacturers aiming at gaining more consumer markets 
for their products. Therefore, this challenge has led to the development of a range of 
manufacturing techniques known as Layer Manufacturing (LM) in the last two decades 

as presented in Table I. I. These LM processes have been used to produce components 
in a variety of materials such as plastics, paper, sand, ceramics, polymers and metals 
(Karapatis et al. 1998, Kruth et al. 1998). These processes allow components to be 

fabricated without any part-specific tools being required. All of these processes 
produce components from 3-D CAD models and series of scans (e. g. CT scanner) by 
building 3-D objects a layer at a time (Dalgarno & Wright 2001, llollander et al. 2006, 
Wang et al. 2006). 
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These technologies have been developed to shorten the design and production cycle, 
and promise to transform many traditional manufacturing methods by engendering 
significant time and cost savings (Morgan el al. 2002). LM systems consist of a 
combination of a computer CAD system which controls a machine which performs the 
fabrication of the layers, an example of which is shown in Figure 1.1. 

According to Wang et al. (2006), the working principles of LM can be described as 
follows: 

(i) A 3-D CAD representation or series of scans of the part is created by a 
computer software package such as ProEngineer, Solid Works, AutoCAD, or 
IDEAS and converted to the standard STL format. 

(ii) The computer representation of the part is then sliced into layers of a certain 
thickness, typically in the range of 0.02 to 0.25mm, and their two-dimensional 
(2D) profiles stored on the LM machine. 

(iii) A layer of powder is spread on top of the building platform. 
(iv) The powder particles are melted and fused together by the laser beam as it 

scans the geometry of the sintered part. 
(v) The newly scanned layer is lowered to a depth equivalent to the specified 
layer thickness and a new layer of powder is spread over the building platform by 
the powder delivery mechanism. 

(vi) Again, the newly deposited layer is scanned so that the powder particles can 
fuse together. 

(vii) The process is repeated many times, building the part layer by layer until the 
component is fully fabricated. 

(vii) The final step is removing the part from the machine, detaching support 
materials, and performing any necessary cleaning or surface finishing such as 
polishing, scaling and painting the parts in an attempt to improve their 

appearance. 

However, in LM, a wider range of shapes can be achieved, including intricate 

geometries that would be difficult to fabricate by the conventional manufacturing 
processes. LM is gaining wide acceptance because it is a high-speed production 
technique for manufacturing tools such as specially shaped moulds, dies, and jigs 
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IC(Iui1C(1 for mass production by utiu sing rri increasing variety of materials Such as high 

speed stccls, and stainless steel powders ( Wang 2(H)2). 
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According I. cvy eI al. (2003) the 1k 110%king ranges OI' tipccilied properties h. ºý1 been 

achieved liar ferrous tooling parts ºiºanutýºctured via I. M: surtäee quality (12. ý toý oll 

Eººn), dimensional accuracy ({ 0.002 tot (). 1 i»ºýi) and tensile strength (11 )O toi HUI) 

M )a). A typical tooling Part f thricated by IN is as shown in Figure 1.2. Fur some 

compo ncºits. it can he economical to use I. N 1 to liºhricate the final products tlºenºselves, 

sometimes in it matter of days instead of' weeks or months (Wang 2002). I AI 

techniques are typically not as fast as conventional mass production meth oº(Is, but they 

eliminate tooling, set up and assembly processes (Wang 2002). 
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Figure 1.2: Typical copper-basal parts producible hý' I. M (a) mould inserts (h) oil pump ('fang cl 
aI. 2003). 

Consequently, I, M can be ideal for making customised parts teased on a cutitollier"S 

special requirements. Wang (2002) noted that an increasing number OI, nýýinuIitcturcrs 

are adopting I, M techniques Ii0r the ti)lloowtiwing reasons: 

(i) lt allows Barts of coinhletcly arbitrary 3-dinicºisimial (; I)) gcometrV, to he 

produced. olicring designers a new Ireedo» to shape parts OOptim alI) without 

constraints imposed by fl rming, machining or joining. 

(ii) The process utilises the Computer description of the p. ut'ti Shale directly, and 

allows integration of the computer Aided Design (('AI)) ý%ith the ('onºI, uter 
Aida! Main, l'aeturing (('AM) OI*the part. 

In other words, I, iýl alIo s it manufacturing Cycle with scýtntlcss transition thnlut lt the 

computer design, simulation, modelling and I: ºhriýatirºn procedures. kforcover, tile 

profiles used by the fabrication process are straightfiºrýý. uýI for the designers and 

customers to understand, thus facilitating technical coil) lntill icatIons. I his is practicable 

with the lährication procedure of a part which begins with the creation of prototype, III 

advance, with a view to demonstrating. evaluating, and testing the final product. 

Fritz & Noorani ( 1999) ilcr»rmstrated the cost saving benefit of' I'M technologies hw 

investigating the application of' SI, A to the Iirhrication of tools for slicet metal forming. 

I'hcy concluded that fier the most COiUl)ICX dies used ire 1hvdrrrilie and ruhher pad 
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forming, manufacturing by hand machining took 96 hours while SLA was able to 

produce the same shapes in 2 hours, a time saving of 98%. The dies were ready to 

shape metal as soon as they cured. Another landmark application of LM by researchers 

at the Ibaraki University in Japan is the fabrication of porous bone substitutes as 
implants by SLS technique from titanium powder sheet (Hayashi et al. 2005). Nigh 

quality and low cost metal dies for fabricating automobile deck parts were produced by 

LOM with a short production cycle (Song et al. 2002). With the expected rapid 
development and improvement in process capabilities of LM in the next decade, these 

examples buttress the fact that LM remains the technology of the future as human lives 

continue to depend upon the quality and case of use of its products in the 

transportation, medicine, sports and electronics sectors. 

The main drawbacks of LM techniques are poor surface quality, and dimensional 

accuracy, as well as material properties (microstructure and mechanical strength) that 
do not meet the pre-requisite for industrial applications. To address these demerits, 

post-processing treatments like polishing, painting, heat-treatment, and furnace- 
infiltration e. t. c. have been employed (Wang 2002). Again, these post-processing 
treatments also introduce the burden of elongating the production cycle and increasing 

the cost of production. Meanwhile, investigation of appropriate process and material 
parameters required for obtaining improved surface finish, dimensional accuracy, and 
mechanical strength of LM fabricated parts is also being undertaken with a view to 

eliminating these post-processing steps in order to shorten the lead time and production 
costs. 

1.3 Project Overview 

In agreement with Kruth et al. (2005,2007), this study shall focus on the selective laser 

sintering/melting (SLS/SLM) because it is the most versatile of the LM techniques for 

processing metals. Meanwhile, SLS/SLM can be classified into various binding or 

consolidation mechanisms (Figure 1.3) which culminate in the formation of final parts 
having significantly different microstructure upon comparison with the starting 
material. This is effected via the manipulation of the original powder's properties and 

process parameters. Kruth et al. (2005,2007) pointed out that SLS and SLM arc 
different. For example, SLS is synonymous with the liquid phase sintering (LPS) which 

combines a structural material (high melting metal e. g. steel or Fe) remaining solid 
throughout the process and a binder material (low-melting metal c. g. Cu) being 

liquefied. According to Kruth et al. (2005), the structural and binder materials may be 

in the forms coated grains (Cu coated steel powders and nylon coated Al grains), 
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composites grains (WC-Co), and separate grains (e. g. stainless steel-Cu, and WC-Cu). 

Another variant of SLS is the partial melting which occurs in a mixture of different 

powders (multiple phases) having no distinct binder and structural materials (e. g. Fe- 
Fe3P-Ni-Cu powder mixture), bimodal powders, or single phase material. SLM 

achieves fully dense parts in single component, single material powder (e. g. titanium); 

and single component, alloyed powder particles (e. g. stainless steel) (Kruth el al. 2005). 
SLM is able to impart full density into parts in a single step. Moreover, SLM requires 
careful process control in order to avoid difficulties such as part distortion, balling and 
dross formation in the melt pool that cause poor surface quality (Kruth el al. 2007). 
Apart from the properties of a material system, the choice of process parameters and 
the types of lasers used for consolidation also determine whether SLS or SLM would 
be obtained for a typical material system. This could be attributed to the duration of the 
laser-material interaction which controls the degree of consolidation that may be 

obtained in a material system. For example, high laser powers combined with low 

scanning rates would generate SLM whereas; high or low laser powers coupled with 
higher scanning rates would result in SLS. Although, all metals are candidate materials 
for SLM, significant variations associated with the case of their processing due to 
variation in their laser absorption, surface tension and viscosity of the liquid metal; 
necessitate that experimental investigation is carried out for each new material in order 
to determine its process-window (Kruth et al. 2005). Verification of the appropriate 
process-window is important if scan track instabilities and part porosity are to be 

avoided and more commercialised SLS/SLM metal powders will be made available. 
Moreover, the fore-going discourse reveals the reservation associated with use of 
terminologies for describing SLS/SLM of metals among researchers due to lack of 
understanding of the consolidation mechanisms responsible for the process of SLS or 
SLM. It can be inferred that the classification of laser-based process as SLS or SLM is 

a function of the mechanism by which the solid is formed which is controlled by the 
material component system and the choice of laser processing parameters. While the 

products developed from the LPS and partial melting processes (SLS process variants) 
suffer from low mechanical strength and durability, they will require post-processing 
treatments such as furnace infiltration, and hot isostatic pressing (111P) c. t. c. to achieve 
full density as noted earlier on. Meanwhile, the specifics of the variants of SLS/SLM 

and the application of LPS to SLS/SLM process will be discussed in sections 2.2 and 
2.5 respectively. 
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At Leeds University, the expertise in the field of LM is in SLS/SLM processing of 

metal (Hauser 2003, Dewidar 2003), polymers (Tontowi 2000) and bioceramics 

(Goodridge 2003, Xiao, 2007) powders. SLS processing of polymers is easier than that 

of metals because polymers undergo a softening phenomenon characterised by a strong 
temperature-dependent viscosity. On the other hand, since metals undergo a different 

bonding mechanism because they have a generally much higher melting temperature, a 

melting-solidification approach is usually adopted to describe the SLS/SLM of metals 
(Agarwala et al. 1995, Kruth et al. 2007). As pointed out in the preceding paragraph, 
SLS/SLM of metallic powders is bedevilled with complications such as balling, layer 

distortion, poor dimensional accuracy and surface roughness because of the oxidic 

contamination, non-uniform thermal gradient across the processed parts, and 
Marangoni convection which inhibit successful melt pool to substrate bonding in SLM 

or inter-particulate bonding in SLS across the layers (Kruth et al. 2007). It has been 

established that these difficulties result in components with undesirable microstructures 
giving rise to poor physical and mechanical properties. Therefore, research addressing 
these issues in direct SLS/SLM processed metallic parts is still on-going with a view to 

making available more commercialised powders. 

The works of Das et al. (1998a, 1999), Dewidar et al. (2003), Zhu et al. (2005,2006), 

and Rombouts et al. (2006), indicate that a lot of investigations had been conducted on 
ferrous (e. g. stainless and tool steels), and non-ferrous (e. g. Cu, bronzes, titanium 
alloys) materials with a view to overcoming these complications, whereas, there seems 
to be that no attention is being paid to address these issues in aluminium powders and 
its alloys. In an attempt to address the improvement of physical, microstructural and 
mechanical properties, the research described in this thesis focuses on the SLS/SLM of 
aluminium alloy powders. The choice of aluminium alloy powders for this research is 

premised upon the challenge of overcoming the anticipated attendant problems of 
balling which is likely to occur during its SLS/SLM processing. It is this balling 

problem which is thought to have made aluminium powders and its alloys an 
unattractive candidate material for investigation by SLS/SLM researchers. Meanwhile, 
it is expected that if this project is feasible, it will open the door of opportunities for 

producing commercial aluminium powders for fabricating automobile and aerospace 
components via SLS/SLM process. Therefore, this research aims to investigate the 
feasibility of overcoming the balling problems in SLM/SLS processing of aluminium 
powders with a view to producing fully dense parts with desirable physical, 
microstructural and mechanical properties. In supporting this research, both process 
parameters and powder properties that are likely to affect the performance of direct 

SLS/SLM processed aluminium alloy parts have been identified. The rationale is to 
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provide a detailed empirical study that investigates the appropriate processing window 
for aluminium and its alloyed powders with a view to determining a suitable powder 
that can generate a desirable sintering response for the direct SLS/SLM process. For the 

most appropriate processing window for SLS/SLM of aluminium powder, conditions 
where melt pool stability, repeatability, and reproducibility are optimised have been 
identified. The candidate aluminium powder was then taken for further improvement 
by blending it with other aluminium powders of varying particle sizes and distribution 

as well as in different component ratios. This allows for the effect of particle size 
distribution and component ratios on the powder bed thermal conductivity; which 
influences the development of densification mechanism and microstructure in SLS 

processed blended powders; to be investigated. Both the amounts of liquid phase 
present during SLS/SLM process as well as the variation in powder bed thermal 
conductivity have been identified as factors that influence the microstructural evolution 
in SLS/SLM fabricated components (Simchi 2004, Gu & Shen 2007a, b). Meanwhile, 

given that the SLS/SLM of aluminium powders may be feasible, the literature review 
section (chapter 2) seeks to determine the nature of materials, techniques and 
methodology that would be needed to maximise the chances of success in this 
investigation. 

1.4 Thesis Outline 

This thesis consists of nine chapters. Chapter one introduces the background of this 
study and the project overview of this research work. Chapter two starts with a brief 

summary of the literature survey. It then considers the application of powder 
metallurgy (P/M) and SLS/SLM process to various materials, as well as the assorted 
physical phenomena, processing parameters, and powder properties governing the 
sintering behaviour or the nature of the melt pool obtained in metallic powders 
processed by the direct SLS/SLM manufacturing technique. It also goes on to discuss 
how the physical mechanisms and processing parameters controlling the direct 
SLS/SLM process could affect the properties of components made in alloyed 
aluminium powders. It concludes by defining the key findings from the review of 
research publications with a view to outlining the aims and objectives of this research 
work. Chapter three gives a description of materials and experimental methods. This 
includes the procedure for powder blending, laser power calibration, material 
characterisation, operation of the sinter station for building both single and multiple 
components, as well as microstructural and mechanical characterisation of the samples. 
Chapter four presents and discusses the results of the preliminary investigation on the 
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single layers of the powders by examining the effect of the process parameters, powder 

particle shape and chemical composition on the surface morphology and 

spheroidisation phenomenon in SLS processed aluminium powders. Chapter five 

presents the results and analysis of the studies on the multiple layers of aluminium 

powders by examining the effect of the powder and process parameters on the sintered 

properties, oxide disruption, and liquid phase sintering development in the laser 

sintered aluminium powders. Chapter six looks into the effect of the component ratio 
and particle size of the bimodal additive binders on the processing condition, 
densification and microstructure of the suitable aluminium powder for the direct SLS 

process. Moreover, the influence of the trimodal powder particle distribution on the 
densification mechanism, microstructural and mechanical properties of the developed 

model powder for the direct SLS process is highlighted in chapter seven. Chapter eight 
discusses the implications of the results obtained so far for the direct SLS of aluminium 
powders. Finally, in chapter nine, inferences are drawn from the findings of this work 
and recommendations for future direction in the research of the direct SLS of 
aluminium are made. 

1.5 Conclusion 

The background to this study, project overview, and the thesis outline had been 
described. Reservations associated with use of terminologies for describing SLS/SLM 

of metals among researchers had been highlighted with the classification of laser-based 

consolidation mechanisms depending on the material component system and the choice 
of laser processing parameters employed. Aluminium alloy powders, a material 
bedevilled with problems of balling associated with its SLM/SLS processing had been 

chosen for investigation with a view to exploring the feasibility of producing 
automobile and aerospace components via SLS/SLM process. 
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CHAPTER TWO LITERATURE REVIEW 

2.1 Introduction 

This chapter primarily assesses the current prospects and challenges in the SLS/SLM 

processing of metal powders in order to identify a metal powder worth exploring for 
further research with a view to improving its processability and properties. This has 
been achieved by reviewing the available literature in the specialties SLS/SLM, pulse 
electric current sintering (PECS), and powder metallurgy (P/M) processing of ferrous 

and non-ferrous metallic powders as well as composites. The relevance of physical 
phenomena such as oxidation, wettability and epitaxial solidification in the direct 
SLS/SLM processing of metals has been considered. The effects of processing and 
material parameters in the densification mechanism and the development of 
microstructure in SLS/SLM processed parts have been presented. Finally, a summary 
of the key findings of this chapter is provided in an attempt to formulate the projects' 
aims and objectives. 

2.2 Selective Laser Sintering (SLS) 

The process of selective laser sintering (SLS) was developed at the University of Texas 

at Austin between 1987 to 1992. SLS allows the generation of complex 3-D parts by 
fusing together successive layers of powder material on top of bed of powder pre- 
heated to a temperature just below the material's melting temperature (Agarwala et al. 
1995, Zhu et al. 2003b). Consolidation was obtained by processing the selected areas 
on the powder bed by using the thermal energy supplied by a focussed laser beam 
(Figure 2.1). Using a beam deflection system (galvano mirrors F), each layer is scanned 
according to its corresponding cross-section as calculated from a CAD model. Pre- 
heating the powder bed prior to laser scanning reduces thermally induced stresses that 

result in curling of layers, thereby improving inter-particle bonding or melting across 
the layers (Agarwala et al. 1995, Zhu et al. 2003b). Any portion of the powder bed that 
does not feature in the 2-D slice is not scanned by the laser beam. The unscanned area 
remains unconsolidated (A), thus acting as a natural support for overhanging features 

created on subsequent layers. When a layer is completed, the powder delivery 

mechanism (B and E) deposits fresh powder over the powder bed (A) and the process is 
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repeated with each newly deposited layer fusing upon the substrate layer. Having 

completed all the slices, the fabricated part is removed from the build chamber (C) and, 
thereafter, the unconsolidated powders are removed. The deposition of successive 
powder layers with a typical thickness of 50 to 200µm has been realised using a powder 
deposition system (Simchi & Pohl 2004). SLS machines vary, for instance, in the mode 
of powder deposition (roller or scraper), the sintering atmosphere (Ar or N2) and in the 
type of laser they use (CO2 laser, lamp or diode pumped Nd: YAG laser, disk or fibre 
laser). Table 2.1 gives details of some of the commercial machines in the market for 
fabricating parts using SLS/SLM technique. The feasibility of producing metal parts 
directly by SLS/SLM has been demonstrated in various metal systems such as copper- 
based powders (Zhu et al. 2005; Tang et at. 2003, Gu & Shen 2008c); iron-graphite 

powder mixtures (Simchi & Pohl 2004); alloyed-steel powder (Dewidar et al. 2003, 
Rombouts et al. 2006); iron powder (Simchi & Pohl 2003); and mixed iron-copper 
(Zhu et al. 2003b). Most of the SLS/SLM processed parts have been employed for 

applications such as medicine, transportation, sports, and tooling. Table 2.2 presents a 
summary of the merits and drawbacks that SLS/SLM processing of metals possesses 
over other conventional production techniques. With a brief overview of the SLS/SLM 
process already gained, its main process variants shall now be considered. 

To build metal parts via SLS/SLM, both direct and indirect approaches have been 
adopted by various researchers. Before proceeding further, it should be noted that there 
is significant disparity between the definitions of each of these approaches adopted by 
different SLS/SLM specialists on the basis of the consolidation mechanisms (section 
1.3). For instance, Uzunsoy & Chang (2005) agreed with Simchi et al. (2001) in 
regarding indirect SLS as sintering the base metal powder mixed with a polymeric 
binder with a low energy laser beam to produce a green part. After the sintering stage, 
the polymer is debinded and post-processed via infiltration in a furnace with a low- 

melting point alloy in order to enable the component produced attain full density. The 

main advantage offered by indirect SLS with a polymer binder, over SLM, is that it can 
be used to process any material. The demerit is that a post-processing step to remove 
the binder is always required, and that, prior to any further post-processing steps, the 
porosity is generally high (Dalgarno & Wright 2001). Dewidar et al. (2003), while 
agreeing with Simchi and co-investigators as well as Uzunsoy & Chang (2005) on the 
definition of indirect SLS, approached direct SLS of high-speed steels by directly 
heating the steel particles with the laser beam and thereafter infiltrated it with bronze in 

order to enhance the mechanical properties of the components. Furthermore, Tang et al. 
(2003) described direct SLS as sintering the metal powder directly by the high-energy 
laser beam to achieve 100% density in one step as opposed to indirect SLS where the 
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high melting point structural material is coated with a low melting point metal and, in 

reality; it is the coating material which is sintered by the laser beam thereby bounding 

the structural particles together. This use of a composite powder blend consisting of' 
two or more immiscible alloys of different melting point has also been described as 
binary liquid phase SLS. 

SCANNER 
SYSJEMf) LASER 

SEALED 
CHAMER A 

ROLLER 49) -\ 

POWDER L" 
DELIVERY 
SYSTEM 
(E ) 

POWDER 
DELIVERY 
PISTON 

FABRICATION 
POWDER HED (A) 

F770BACT 

FABRICATED 

BUND 
CYLINDER(C) 

FABRICATION 
PISTON p) 

Figure 2.1: Direct selective laser sintering process. Source: Worldwide Guide to Rapid Prototyping 
(after http: //home. att. net/--castleisland/sls. htm) 

Table 02.1: Commercial Machines and Lasers for SLS/SLM of Metal Powders (after Santos et al. 
2006). 

Machines Company Process Laser Power 

Sinter station 
2000/2500 

DTM SLS CO2 50 W 

EOSINT 250 EOS SLS CO2 200 W 

EOSINT 270 EOS SLS Ytterbium 

fibre laser 

200 W 

LUMEX 25C MATSUURA SLM Pulsed CO2 500 W 

TrumaForm LF 250 TRUMPF SI, M Disk laser 250 W 

Realizer MCP SLM Fibre 100 W 
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Figure 2.2: Phase diagrams of Fe-P and Cu-P showing the temperature lowering effect of the 
added P (after Kruth et al. 2003). 
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Figure 2.3: Micrograph of multiphase steel powder: (I) unmolten Fe powder particles, (2) a high 
melting P-poor phase, (3) low melting point P-rich phase (no. 3), and (4) porosities (after Kruth et 
al. 2003). 

Figure 2.2 shows the application of the binary liquid phase to the SLS processing of a 

multiple phase steel powder (Fe-Fe3P-Ni-Cu), having similar composition as 
DirectSteel 50V 1 powder, with a view to attaining full density (Kruth et al. 2003). The 
lower melting point additive Fe3P or Cu3P improves the energy efficiency of the SLS 

process when added to the ferrous powder because it lowers the melting point of pure 
iron, thus requiring lower laser energy density. This is demonstrated by Figure 2.2 in 

which pure Fe has been alloyed with phosphorus (P). Consequently, the addition of P 
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lowered the melting point of pure Fe (1,538 °C) to the eutectic temperature of the Fe-P 

(1,048 °C). Furthermore, the dissolution of P in Fe is thought to have reduced the 

surface tension of the melt, thereby resulting in improved wetting behaviour (Figure 

2.3). Micrograph of SLS processed Fe-Fe3P-Ni-Cu suggests that not all the powder 

particles are molten (Figure 2.3). According to Kruth et al. (2003), the final sintered 

part consisted of some unmolten Fe powder particles (no. 1), a high melting point phase 

with no significant amount of P (no. 2), low melting point P-rich phase (no. 3), and 

some porosity (no. 4). They concluded that the process could not be described as "full 

melting" or SLM; therefore, the name "LPS or partial melting" or SLS is preferred. 

Although, selective laser melting (SLM) employs laser beam to consolidate metallic 

powders in an attempt to achieve 100% density (SLM) in one step, its demerit include 

the occurrence of balling which inhibit interparticulate melting as a consequence of the 

presence of the surface oxide film on the surface of powder particles which prevent 
wettability of the liquid metal with its solid form due to the initiation of Marangoni 

convection (Kruth et al. 2005,2007). Another setback to SLM is the occurrence of part 
distortion or layer delamination due to high temperature gradients (Kruth et al. 2005, 
2007). 

In assessing the different approaches of SLS/SLM elucidated earlier on in this section, 
it is clear that some approaches have been developed from a desire to produce a 

specific material system. According to (Dalgarno & Wright 2001), the desire to process 
materials using direct SLS/SLM approach is because such materials may be difficult 

and expensive to process conventionally. Moreover, the feasibility of fabricating 

metallic parts in direct SLS/SLM will make realisable the benefits of time saving, and 
cost reduction over the SLS with a polymer binder by not requiring dc-binding and 
post-processing steps. Although, the possibility of fabricating parts in SLS/SLM 
depends on fundamental materials issues, the processing conditions which allow direct 

SLS/SLM, and the size of the component which is to be fabricated; it had been noted 
that SLS with polymer binder is likely to continue to offer the processing of widest 

range of materials, because it concentrates on only using laser scanning to generate 
shape, with a wide range of subsequent processes available to generate strength and 

consolidate the part (Dalgarno & Wright 2001). In considering binary liquid phase 
SLS, removing the need for the debinding step requires the use of a low-melting point 

metal to act as a binder for a high melting point material. Therefore, on the basis of 

material component system (see section 1.2), SLS is applicable to different binder and 

structural materials (separate grains, composite grains, and coated grains); and no 
distinct binder and structural materials (single phase partially molten and fusing powder 
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mixture) whereas SLM is feasible in single component, single material powder; single 
component, alloyed powder particles; and fusing powder mixture (Kruth et al. 2005). In 

summary, direct laser sintering or full melting (SLM), binary liquid phase SLS, and 
indirect laser sintering incorporating polymeric binding and dcbinding stages followed 
by infiltration are hereby identified as the main process variant of SLS/SLM technique. 

2.3 An Overview of Progress in Selective Laser Sintering/Melting of 
Metals 

The primary aim of this section is to collate and analyse relevant information on the 

application of the SLS/SLM process to ferrous, wear resisting, composites and light 

metallic materials with a view to critically assessing the current prospects and 
challenges in the SLS/SLM processing of these engineering materials. This will 
identify areas worthy of further exploration in order to improve materials' 
processability and properties. Moreover, this analysis will be helpful in understanding 
the appropriate process variants of SLS/SLM which occur in each material component 
system. 

2.3.1 Ferrous Materials 

The specialty of rapid tooling has been identified as one of the most promising areas for 
the application of SLS/SLM (Asgharzadch & Simchi 2005). High speed steels and 
stainless steels characterised by carbide structures, that provide improved hardness, 
strength, and wear resistance, are suitable materials for tooling applications such as 
cutting tools, fine blanking tools and dies (Bayer et al. 1998; Niu & Chang 2000). The 
traditional methods of manufacturing these materials such as casting and hot working 
have resulted in the problem of coarse grain structures and carbide coarsening at the 

grain boundaries as a consequence of low cooling rates associated with these processes 
(Niu & Chang 2000, Asgharzadeh & Simchi 2005). This problem reduces the strength 
of these steels thus causing premature failure under conditions in which parts are 
subjected to high stresses (Niu & Chang 2000). To address this challenge, a low cost 
powder metallurgy (P/M) sintering route had been employed to produce parts with 
improved mechanical properties (Brewin 1991; Wright et al. 1995; Gomes et al. 1995; 
Zhou et al. 1995). The main benefit which accrues from the P/M sintering route is the 
fine and homogeneous microstructure in which segregation is reduced to the minimal 
degree thereby resulting in improved hardness, strength and wear resistance (Pinnow & 
Stasko 1998). 
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In the P/M route, sinterability of high speed steel powders is strongly dependent on the 

sintering parameters, the powder properties and sintering atmosphere with full 
densification being obtained via the supersolidus liquid phase sintering in a vacuum 
atmosphere (Wright et al. 1995). In supersolidus sintering, the liquid forms within each 
particle of the pre-alloyed powder once above the solidus temperature, with each 
particle consequently undergoing fragmentation and re-packing thereby giving a 
homogeneous distribution of liquid (German 1985,1998). 

Meanwhile, SLS/SLM of high speed steel powders continues to generate considerable 
interest because of the advantages the process offers, as explained in Section 2.2. 
Studies on high speed steels (HSS) have been carried out by Niu & Chang (1998, 
1999a, 1999b, 2000), Simchi et al. (2001), Morgan et al. (2002), Dewidar et al. (2003), 

and Sercombe (2003b), while Hauser et al. (1999a, 1999b), and O'Neill et al. (1999) 
investigated the processability of stainless steel powders using SLS. The role of laser 

sintering parameters, powder particle morphology, and the powder's oxygen content in 
the sintering response of laser sintered M3/2 and M2 high speed steel powders has been 
described by Niu & Chang (1998,1999a, 1999b, 2000). Their studies revealed that the 
transition from solid phase sintering to liquid phase sintering to full 

melting/solidification occurred as laser power was increasing at low scanning rates 
during the SLM processing of these materials. Observation of the different surface 
morphologies (Figure 2.4) of the melted tracks at high laser power and low scanning 
rates suggested that the melt pool was affected by Marangoni flow as a consequence of 
variation in oxygen content and particle shape of the high speed steel powders (Niu & 
Chang 1998,1999a, 1999b, 2000). For water atomised high speed steel powders 
containing irregularly shaped particles with high oxygen content, increased surface 
tension with increasing temperature induced radially inward fluid flow from the edge to 
the centre of the melt pool resulting in deep and narrow scan track (Figure 2.4a, b, and 
c) whereas, gas atomised powders containing spherical particles and having lower 

oxygen content formed a good bonding between the scan tracks as the fluid flow from 
the centre of the beam to the edge of the melt pool (Figure 2.4d). Furthermore, the 
agglomerate diameter increased with increasing laser power or decreasing scan rates. 
They observed that SLS of powder particles with diameter less than 38µm gave rise to 
low sintered density at low laser power range in which liquid phase sintering (LPS) 

occurred as a result of the high oxygen level. 
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1.01) mm/S and scan line spacing of 0.15 mm: (a) as milled M3/2-1 I, (h) water atoýmiseti N13/2-32, (c) 
water atomised M3/2-100, (d) gas atomised N12-11 7 (after Niu & ('hang I991)ä). 

'I'hey suggested that the surfhce tension gradient remained a significant factor causing 
the shheroidisatloll of' the tracks or the brcak up of' the liquid cylinder when single 
layers were constructed on the powder bed substrate. ('liildls cl erl. (2004) repOrtcd the 

eflcct of laser power and scan speed when it CO. ) laser beam was incident on beds made 
from M12 and 1113 tool steels and 314S-11(' stainless steel powders. HICK results 

enabled boundaries between regions of' dit'tcrent track formation to he explained in 

terms of melt surtäce temp raturc gradients, melt pool length to diameter ratIO 
instabilities, and transitions from partial toi complete melting. In conclusion, they 

elucidated that the resulting tracks from the rastered metallic powder bed are better 

understood in the context of selective laser melting build strategies. 

Prior to the work of' Childs and co-investigators, the CI'Icct 01' buiId strategies can the 

properties of* laser rc-incited steel powders had been explored by Morgan eI oil. (2002) 

who noted that the occurrence of porosity within the laser rc-melted parts compromises 
the material's structural integrity and thereby its properties. In Order toi obtain 

components with more reliable structural integrity, and properties t, O1,11) tr, rhle to, 

coil veiiticmally produced harts, they developed an odd1-even knitting. nornr, rl 

consecutive layers scanning strategy (Figure 2.5) that produces laser rc-melted stainless 

steel (3161, ) parts which have porosities of'- I °',. 
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Figure 2.5: Development of the scanning strategy for the production of 99% dense 3161. stainless 
steel. (A) bi-directional rastersean strategy with changing beam direction and hewn overlap, (B) the 
knitting strategy of the scan-units, and ((') how layers are scanned normal to each other to reduce 
porosity (after Morgan et I. 2002). 

'I'hc studies 0l' Mauser ei a!. (I 999a, 1999h), Niu & Chang (1998; 2000), and Ih«i(fiir 

ei u1. (2003), have all used it CO., continuous wave Kiser beam, which generated fairly 

high densities (about 55-75% of' the theoretical density) fier single Flyer tracks. 
However, O'Neill ei a!. (1999) and Morgan et it. (2002) utilised it Nd-YA6 laser with 
Q-switched nanosecond pulsing fier fabricating multiple layers. I his pulsing generates 
high power densities which can lead to rapid vaipourisation of' the powder material, 

generating extreme pressures and it recoil effect N%hich acts to flatten and widen the 

spherical melt head, thereby improving the cohesive structure of layers. Mcanwhile. 

I)algarno & Wright (2001) noted that proper controlling o4 the pulsing can result in 

d ensities of uh to 90'' of' the theoretical density. These findings indicate that the type 

of' laser employed for the SI S/SI. M process determines to it very great extent, the 

behaviour of' the powdered particles of' ferrous materials during laser scanning. The 

basis fier these findings could he attributed to the dependence (& the Kiser absorptivity 

of the investigated material on the wavelength of' the laser type in use (Table 2.3). its 

well as the resultant consolidation mechanism of' ferrous materials being it function of 

the energy density delivered as it consequence of* laser type and the laser mode. Roth 

the material's laser absorptivity and the applied energy density determine the nature of 
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the melt pool size. Table 2.3 reveals that the absorptance of metallic materials increases 

with decreasing wavelength which is in agreement with the findings from the literature 

on the SLS/SLM behaviour of ferrous powders when laser scanned with either CO2 or 
Nd: YAG lasers. 

Table 2.3: Comparison of absorptance of single-component and two-component metallic powders 
using Nd: YAG and CO2 lasers (after Tolochko et a!. 2000). 

Material Nd: YAG (?, = 
1.06µm) 

CO2 (?, = 10.61tm) 

Cu 0.59 0.26 

Fe 0.64 0.45 

Sn 0.66 0.23 

Ti 0.77 0.59 

Pb 0.79 - 
Cu-1OA1(wt. %) 0.63 0.32 

Fe-3C-3Cr-12V + IOTiC 
(wt. %) 

0.65 0.39 

Fe-0.6C-4Cr-2Mo-1 Si + 
15TiC (wt. %) 

0.71 0.42 

Fe-1C-14Cr-lOMn-6Ti + 
66TiC (wt. %) 

0.79 0.44 

Murali et al. (2003) investigated the direct SLS of an iron-graphite powder mixture 
with a pulsed Nd-YAG laser while Asgharzadch & Simchi (2005) employed a 
continuous wave CO2 laser to process a M2 LISS/graphite mixture. Findings from both 

of these research groups revealed that the product of laser sintering of iron powder is 

significantly different from that obtainable via a conventional sintering technique. Both 

research groups confirmed that the addition of graphite to the ferrous powders 
exacerbated the heterogeneity of the microstructure as evident by its porous nature as 
well as the microhardness results obtained for the sintered specimen. Chen et al. (2004) 

noted that a high carbon content in direct laser rc-melted M2 tool steel powders 
increased porosity. To address this problem, they introduced an alloying element, 
boron, into iron powders which increased the width of the scanned tracks for a given 
set of laser parameters. Thus the boron addition to iron reduces its melting point and 
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changes its surface properties. Consequently, they discovered 111.11 it reduced the 

tendency or the tracks to form halling, thus increasing the density of the part. I Ipon the 

addition of' titanium, they found that there was improvement in the bonding of the 

sample to the substrate, although the extreme hardness or the laser remelted iron 

powder as well as its hroceSsahility had been significantly Compromised, thereby 

counteracting the effect of'boron as evident by the reduction in the matrix hardness (see 
Figure 2.6 and fahle 2.4). 

Figure 2.6: SEM image of Fe scanned sample (aller ( hen et al. 2004). 

Table 2.4: Vickers microhardness of laser remelted iron powder samples containing boron and 
tit. rniurn (after Chen el al. 2004) 

M icrcºIuar(itletis (I I V� 98N) 

Phase Fe-4%B 

Matrix 938.2 610.0 

Phase 1 11227.4 1929.9 
Phase 2 2074.3 2015.0 

Further to this, Romhouts cl u!. (2006) extensively invcstigatec1 the inllucrnce (O'carht)n, 
Silicon, titanium, and copper on the binding and Hielt pool stability in the selective laser 

melting (Si, M) cif tcrrous powders. 'I hev discovered that the addition (4 carbon 

promotes the tiýrmation of' spherical pores chic to the entrapment oF carbon monoxide 
(('O) or carhon dioxide gas hubbies while simultaneously reducing the oxygen content 
in the SI, M processed parts. As a consequence the strrl ice roughness was noted to have 
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improved for the single layer parts, whereas, it was exacerbated on the 3-D parts. The 

exacerbation of surface quality on the 3-D parts had been attributed to the entrapment 
of carbon monoxide (CO) or carbon dioxide (CO2) gas formed by the oxidation of 
carbon. Although, the addition of silicon and titanium diminished the amount of 
spherical pores, while increasing the amount of irregular pores, nevertheless, it was 
noted to have produced an enlarged melt pool and increased its propensity to 

spheroidise, thus resulting in poor surface quality of parts. Their diminishing influence 

on the surface quality of parts is as a consequence of their predisposition to form oxides 
and carbides. It was discovered that copper had not significantly affected the melt pool 
behaviour of SLM processed ferrous powders. Copper also lowered the absorptivity of 
the ferrous powders as a consequence of its high reflectivity for Nd: YAG laser beam 

when added in its pure form, thereby reducing the densification of ferrous powders 
(Rombouts et al. 2006). 

Simchi et al. (2001) observed that careful manipulation of the particle shape, diameter 

and size distribution as well as the chemical composition of the different powder 
constituents can increase the sintered density of powdered materials for the direct SLS 

process. They reported densities of 90-97% of theoretical for the SLS processed 
material, with the feasibility of attaining 99% theoretical density after a subsequent 
conventional sintering technique which homogenises the microstructure and removes 
residual stresses and porosity. 

The available literature reviewed in this section suggests that a tremendous amount of 
improvement in the SLS/SLM technology of ferrous powders has been achieved. 
Nevertheless, it must be pointed out that the reported results in the cited literature are 
lacking in comparability as a consequence of various types of laser employed, powder 
properties, different heights of test samples, and alloy composition. It has been 

emphasised that the control of the surface tension gradient by both powder and 
processing parameters remains a significant factor influencing the spherodisation of the 
tracks or the break up of the liquid cylinder during the SLS/SLM of ferrous powders 
(Niu & Chang 1998,1999a, 1999b, 2000). Moreover, the laser processing parameters, 
the chemical composition, particle size and size distribution of the powders, and the 

nature of atmosphere employed for laser sintering are among the factors influencing 
both the physical and mechanical properties of SLS/SLM processed ferrous powders. 
Nevertheless, at present, the SLS/SLM technique of ferrous powders could be said to 
be essentially dependent on empirical knowledge devoid of a strong theoretical 
metallurgical basis due to the tendency to interchange the word "sinter" and "melt. " 
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The lack of a strong metallurgical understanding could be explained by the complex 

nature of SLS/SLM technique, which exhibits multiple modes of heat, mass and 

momentum transfer, in addition to chemical reactions. Perhaps, a lack of systematic 
investigations with model alloy systems is another consideration that hinders an 
insightful understanding of metallurgical processes controlling the SLS/SLM 

processing of ferrous metals. Therefore, significant research and development activity 

which adopts microstructural manipulation of the various steel alloys would be worth 

exploring for specific applications in order to obtain the full potential that SLS of 
ferrous materials offers. Table 2.5 summarises the results obtained for and comments 

on different SLS/SLM experiments of ferrous powders. 

2.3.2: Wear Resisting Materials 

Hard metals such as WC-Co and TiC-Ni are used as machining tools or abrasion- 

resistant parts because of their excellent tensile strength, hardness, wear resistance and 

elongation properties. Today, they are regarded as new materials for the SLS process 
(Das et al. 1998b; Wang, et al. 2002). Generally, hard metals are produced by a 

conventional P/M press and sintering method, which may require expensive and 

complex 3-D shaped tools e. g. die and punch. This technique is very productive and 

can achieve a fully dense structure but it is not suitable for short production runs and 

complex shapes. Hard metals are also used in thermal spray techniques to improve the 

wear resistance of a surface. It is very useful and effective in some applications, but the 

thickness is limited because of flaking and delamination of the hard coating. Some 

researchers have attempted the fabrication of 3-D objects by laser cladding but 

encountered problems of limited shapes and low productivity (Maeda & Childs 2004). 

Deckard et al. (1993); Zhuoxing et al. (1999); Das et al. (1998b, 2000); Boivic (2000); 

Wang et al. (2002); Zhu et al. (2003a, 2003b); Murali et al. (2003); Kruth et al. (2004); 

and Zhu et al. (2004a, 2004b) have applied SLS to the manufacturing of wear resisting 

materials. For example, Das (1998b); and Dcckard et al. (1993) employed binary liquid 

phase SLS in which a mixture of ceramics particles (WC) remain solid throughout the 

production cycle and the metal particles (Co) were melted by the laser beam. The 

sintered parts in which binary liquid phase SLS was employed could not attain full 

density because adequate quantity of liquid phase for filling up the inter-particulate 

pores could not be formed. As a result, post-infiltration of porous green parts was 
incorporated into the process. The findings revealed that properties such as density, 

hardness, impact toughness, and wear resistance of the laser sintered specimen arc 

superior to the same materials which had been conventionally sintered. The laser 
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sintered hard materials are observed to have homogeneously distributed phases. The 

even dispersion of WC particles within the fluid cobalt phase could be ascribed to the 

re-arranging influence of the WC particles within the cobalt matrix in which significant 
densification result from particle re-packing concurrent with liquid formation. 

Moreover, the viscosity of the liquid cobalt phase and the wetting characteristics of the 

WC particles with the cobalt binder were noted to have been adequate for attaining near 
full density (-. 99%). With regard to the relationship between the energy input per unit 

area and the localised material densif cation, a higher sintered density was obtained by 

employing high scanning rates and increased laser power due to the formation of 
increased amount of liquid phase with sufficient viscosity. Maeda & Childs (2004) 

demonstrated the possibility of producing WC-Co-bronze hard metal by SLS and 
infiltration process. The functional property as a hard coating against abrasive wear had 

been achieved to the same level as high carbon steel with the possibility of increasing it 

further by optimising the SLS process conditions. Table 2.6 presents the summary of 
the key findings on SLS investigation of wear resisting materials. It could be inferred 

that binary liquid phase SLS incorporating post-infiltration is ideal for fabricating wear 

resistant materials rather than SLM. Binary liquid phase SLS is ideal for fabricating 

these wear resisting materials such as cermets because they are usually made up of 

multiphase material components system having different melting points. 

2.3.3 Composites 

SLS of composites may be achieved via the employment of two different powders 
corresponding to the matrix and reinforcement desired in the end product (Vaucher et 

al. 2002); in-situ chemical reaction (Leong et al. 2002); and post-infiltration of SLS 

processed parts (Sercombe and Schaffer 2004a). The two-component powder method 
has been applied to metal matrix composites (Simchi and Godlinski 2008; Gu and 
Shen, 2008a); ceramic matrix composites (Laoui et al. 1999) and polymer matrix 

composites (Zheng et al. 2006). A survey of the available literature has pointed towards 

the fact that the sintered density and properties of the SLS processed metal matrix 

composites and ceramic matrix composites are not as good as are found in the laser 

sintered polymer matrix composites. This has necessitated the use of sintering additives 

or the incorporation of an infiltration stage in an attempt to achieve full density in laser 

sintered metal matrix composites and ceramic matrix composites. 
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Table 2.6: Summary of key findings on SLS of wear resisting materials. 

Materials Key findings Comments 

WC-Co mixture Density, hardness, Post-infiltration of porous 
toughness and wear green part incorporated into 

resistance superior to liquid phase SLS to attain 

conventionally sintered 99% density. 

materials. 

WC-Co-bronze hard metal Wear resistance SLS/Post-infiltration. 

comparable to high carbon 
steel. 

For example, in order to attain full density and enhanced functional properties in direct 
laser sintered ultra-fine WC-Co particulate reinforced Cu matrix, La203, a sintering 
additive which lowers the surface tension of the melt and enhances its densification 

mechanism, was added to the composite (Gu et al. 2007b). Furthermore, Laoui et al. 
(1999) were able to achieve full consolidation in WC-9wt% Co by incorporating 
infiltration with bronze. 

Laser-initiated chemical reactions that have been used to process composites are 
selective laser reaction sintering (Birmingham et al. 1995), and self-propagating high- 

temperature synthesis (Slocombe & Li 2001; Shi et al. 2004). The role of the applied 
laser is to ignite and provide sufficient thermal energy to overcome the activation 
energy barrier of the reactants thereby yielding adequate thermal energy to form 

chemical compounds. In addition, this technique is preferred to the two-component 

powder method as a result of its inherent benefits in giving rise to fine and uniform 
distribution of compounds, improved consolidation and the release of exothermic 
energy that promotes the sintering response of the reactants. Birmingham et al. (1995) 

investigated and reported on gas/powder reactions, powder/powder reactions, and 
precursor decompositions as forms of selective laser reaction sintering with the aim of 

manufacturing suitable components. They discovered that in-situ reaction synthesis 
combined with SLS opened a new door of opportunity to extend the capabilities of 
binary liquid phase SLS to process high melting point ceramic and intermetallic 

materials. Slocombe & Li (2001) applied self-propagating high-temperature synthesis 
(SIIS) in combination with SLS process to manufacture TiC-A1203 composites. They 

pointed out that by varying the amount of diluents within the initial reactants, 
modification of SHS can be achieved through controlled solid state combustion during 
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SLS in a thin layer. Therefore, by controlling the SIIS propagation wave, it was 
possible to produce a complex part manufactured from TiO2, Al, and C synthesis 
utilising the SLS process. Shi et al. (2004) developed a new self-heating metallic 
powder material for binary liquid phase SLS process by controlling the amount of heat 
during the laser-material interaction. The results revealed that there exist an optimal 
blending ratio of constituent materials in the newly developed metallic powder material 
and an optimal set of processing parameters for which the release of large amount of 
thermal energy and the SHS reaction arc controllable with the attendant benefits of 
reducing the price and running expenditure of an SLS machine, thereby widening its 

versatility. Composites fabrication via SLS/SIIS processing is gaining wide acceptance 
because the processing speed is fast, the technology is simple, the time and energy of 
the preparation are saved and manufacturing cost is low (Shi et al. 2004). 

In the light of above discoveries, SLS appears promising for the processing of 
composites being one of the methods to build near net shape parts of 3D complexity. 
From the point of view of the quality of part produced, the main drawback of the 
technique resides in the inherent high level of residual porosity which requires a post 
treatment such as re-sintering or infiltration. Additionally, the surface finish obtained is 

rougher compared to parts obtained by powder compaction. 

Table 2.7: Key findings on the SLS fabrication of Composites 

Material Key findings Comments 

WC-Co particulate Sintering additive (La203) Binary phase SLS 

reinforced Cu matrix. improves densif cation by incorporated with post- 
lowering the surface infiltration aids full 

tension. consolidation. 

WC-9Co (wt. %) Achieved full consolidation 
via post-infiltration with 
bronze. 

TiC-A1203 Used SIIS combined with This process speed is fast, 

SLS for fabrication of the technology is simple, 
parts. the time and energy of the 

preparation are saved and 
manufacturing cost is low. 
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Future work needs to concentrate on developing a better understanding of processes 
such as selective laser pyrolysis, SETS/SLS, and SLS/Metal Infiltration in producing 
nanocrystalline ceramics, ceramic-ceramic composites, and ceramic-metal composites 
with a view to improving the density and mechanical properties of parts. Table 2.7 

above presents the key findings of this section. 

2.3.4 Light Metals 

The demand for light metal, particularly from the automotive and aerospace industries, 
has propelled researchers to investigate the feasibility of manufacturing components 
from the light metals via SLS/SLM technique. At present, very little work has been 

reported on the SLS/SLM of the light metals. This brief review will only consider the 
limited body of information available on the laser processing of titanium and 
aluminium alloys from powder with the aim of applying this to understand the effect of 
the direct SLS/SLM technique on the properties of light metal components produced. 
Other sintering or consolidation techniques such as pulsed electric-current sintering 
(PECS) and conventional powder metallurgy (P/M), for these materials will be 

explored for aluminium powders with a view to gaining relevant insights that may be 

applicable to the SLS/SLM of aluminium powders. Meanwhile, both titanium and 
aluminium alloy powders are being considered together in this section because they arc 
both very reactive and form very stable oxides. Therefore, they both require the use of 
high vacuum or high-purity inert gas atmosphere for their processing. Titanium, unlike 
many metals, is capable of dissolving its surface oxide at sintering temperatures. It is 

expected that insights to be gained from how processing and material parameters 
promote mechanism of oxide disruption for achieving good microstructural and 
mechanical properties in titanium powders could be helpful in understanding disruption 
mechanism of aluminium oxides as well as how processing and materials parameters 
favour this during laser processing. 

Titanium parts are very costly to produce via conventional manufacturing methods due 
to complications which arise during its casting and machining. Some of these problems 
are wastage in lead time and material consumption and hinderance to the realisation of 
complex volumetric pore structures when producing titanium parts via traditional 
manufacturing techniques. Employing SLS/SLM processing of titanium alloy powders 
is able to eliminate these challenges, thereby, conferring the benefits as reported in 

section 1.2 of this thesis. Moreover, the capability of titanium to dissolve its own 
surface oxide at sintering temperatures accounts for its suitability as ideal candidate for 
SLS process. Das and co-investigators (1998a, 1999) demonstrated the feasibility of 
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flihricating I i-6iI-4V components k)r (ICICIicr a1)1)11C Itiuns by the SI Sl III' techhtniquee, 

vIiile titoodicv cl al. (I')r)0): I I. iuIii el a!. (2005) and I lull, inrler t, i a!. (? (H)(, ) 

cnippIuvcdI SI, S/SI, M to IprcoCcss I)urC titalliiinl 01 lIl0 I)cm(Iers 101 iiieclicill pUrl)0SCS. 

'I'hc SI, S/1111' proccssccl titanium alloys, liar the cicI ncc applications, %%erc 

characterised by ecluiaxrcl micrustructurc, high trtisiIc strength (I, 117 i ita) and a 

hi-caking elongation cal' 5° (', which are comparably equivalent toý the cotnventionaIIý P/M 

titanium parts. I)as el erl. (1999) recommended that Dorther characterisation of' 

structure/property relationship as well as cýlitiiniýaticýn of, processing parameters tier 

build spee(l, skin thickness, oxygen content and 1111) Cycle tittle needed to he explored. 
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Figure 02.7: Po der bed process mal) for the Ti powder, melted hý Nd: V1U laser at 4)) mm/s 
(after Fischer et al. 2003). 

In an attempt to investigate the SI, S/SI, M processing conditions of titaniuriI Iýºýýýclýrti, 
Fischer el eil. (2003) described the energy exchange in the SI, M cat' pure titaniurui 

powders between laser and material by applying the phenomenon ºit" the gray hod 

c1ºrr», ºirýý, behaviour of granulated media. Figure 2.7 shows the three key repetition rate 

namely the high clurnairn, low domain and intermediate domain, %%hich were iclcntilied 

with respect to pulse energy and heating et'tccts. Figure '. 7 reveal` that at Io\% 

repetition rates, Zaser-melted titaniut» plates '\ere obtained only at average powers 

between 10 and 15W. Below this range of' laser po er, no consolidation is obtained 

whereas the powder is blown away by the recoil pressure at higher laser powers. At 

intermediate repetition rates, laser-melted titanium plates were regular and smooth mth 

increasing power resulting in increasing track v, isihility and I, reseiice oI' more track 

hrcakdowns. At high domain rates (laser power greater than 00W), the plates are 

distorted and irregular as it consequence of* increased life time OI' the liquid formed as it 
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result of' high thermal gradient. This tu tiniýrlcly results in halting. I'he surface pictures 

Of laser-incited titanium plates obtained by scanning electron microscopy are sho cn in 

Figure 2. K. 

Their 1111cling imply that the intcrmccliatc clonmin characterised by bast and localised 

(heating which minimises the plasma effect, constitutes the optimal processing window. 

Subsequent to this discovery. Fischer el a!. (2005) investigated the influence of laser 

parameters on the properties of' laser sintered titanium, steel rºiicro-powder and 

amorphous Pt('uNil' powders. They established that with the appropriate energy 

dissipation ire the metallic powder layer, the degree of' porosity, density its well as the 

crystalline microstructure can be controlled to meet the requirements of the finished 

work piece. Furtliermore, Fischer c/ a!. (2004a) investigated the Interaction hctwccn 

pulsed laser radiation and titanium Powders both theoretically (by calculation 

predictions) and experimentally (by using it pulsed Nd: Yi\(i laser machine). Ilie> 

established that the occurrence of the liquid phase sintering (ITS Ill ill] 1101VIdt"I 

powder particle during SLS was spatially limited to it thickness of I f. 1111 of its surface 
layer while the main part of'part ofthe material remaining unchanged. 

Iýl �ý 

Figure 2.8: Surfaces of'I'i plates, sintcrcd in a pomler a bed hN a Nd: 1 : %(. laser of sJºiºI %i/c 41)11 pun 
scanned at 40 mm/s, at (a) I klar. (h) 10 kllr, (c) 41) kilz (moderate cncrg pcr pulse at high 

repetition rate domain where v>vm) and (d) Continuous %%, I%c (( W). 1'. ýlicriments 1ºcrfuriIIcd at {1) 
W, except (a) at 15 W (after Fischer et al. 20113) 

This finding was attributed try the cXistence Of .º significant higher skin trº>>Iicr; ºture 
during the SI. S/SI, M process Nahich resulted in lower average temperature but stronger 

sintering. In another development. Fischer el al. (2004b) compared the temperature 
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measurements between the continuous wave sintering and pulsed sintering by verifying 
the predicted difference of skin and average temperature upon pulsed interaction. They 
discovered that the average laser power required to attain consolidation of the powder 
in pulsed sintering is 30% lower than that reported for continuous sintering. This 
implies that the consolidation of the powder particles due to melting is much more 
efficient and generates stronger inter-particulate bonding across the layers in the pulsed 
laser radiation at lower wave length (1µm) than in the continuous sintering operating at 
higher wave length (10µm). This observation has been attributed to the presence of the 
temporarily higher skin temperature which was attained through lower average laser 

power in the case of pulsed interaction. They pointed out the area of the temperature 

elevation during continuous sintering is much larger and the achieved peak temperature 
nearly 1000K higher than that during the pulsed interaction which scales quite well 
with the higher average power. Consequently, because no complete melting occurs 
during pulsed interaction, reduced thermal distortion, higher lateral precisions and low 

residual thermal stresses in the parts can be achieved. Srivastava et al. (2001) 
investigated the influence of process parameters and heat treatment on the 
microstructure of direct laser fabricated gamma titanium aluminide (TiAI) alloy 
samples. Their findings revealed that a variety of microstructures, ranging from cellular 
to columnar to dendritic morphologies and consisting of lamellar (a2 + y), featureless 
(y) and partially lamellar [y + (a2 + y)], is obtainable upon the variation of the laser 
power and scanning speed (Figures 2.9 and 2.10). Micro heterogeneous and finer 

microstructures were developed in direct laser fabricated titanium alloy samples by 

comparison with their conventionally processed counterparts due to high cooling rates 
(Figure 2.11). Subsequent heat treatment of the direct laser fabricated samples 
eventually resulted in the elimination of the compositional heterogeneity and 
microstructural refinement of the samples. Moreover, Wu and Mci (2003) employed 
direct laser fabrication to achieve good geometry control and surface finish for parts 
made of Ti alloys and hypereutectic Al-Si (SiAI) alloys. They observed that Ti burn- 

resistant alloy, Ti-25V-l5Cr-2A1-0.2C (wt%) and the high SiAI alloy could have a 
large processing window in contrast with Ti-6A1-4V (wt%) alloy which has a very 
small processing window. This suggests that the chemical composition of metal powder 
determines to a very great extent the nature of the processing map that is likely 

obtained for laser-processing. They also concluded that the microstructure of the build 
is greatly influenced by the laser process parameters. 

Wu et al. (2002) assessed the effect of the oxygen content on the microstructure of the 
burn-resistant alloys, Ti-25V-15Cr-2A1-0.2C (wt%), processed in air; using the argon 
carrier as protection, and in a glove box with an argon atmosphere with 02 <5ppm. 
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They discovered that the microstructures ººhtainr(l differed for each atnioºslºItcre mtIi 
the alloy laser processed in air characterised hk Forge titanium carbide clennlrites \%IºiIc 
the carbides obtained in the argon processed atmosphere had finer and tin)iC uniform I) 

distributed carbides. While Wu and co-investigators discovered that the atmnospliere 
influences the microstructure obtained, they were not able to I, roºI, ººtie it ntrrhatni1t>i 

responsible fier this cl'tcct. 

Having reviewed the available literature on the effect of' laser procrssint: uºº the 

inicrostructurc cif'titanium alloyed powwders. the next part of tliis section ý\ill look at the 

progress manic so fär in the laser processing, pulse electric-current Sintering. and 

conventional powder metallurgy sintering cof al iºminiunº and aluminium alley powders. 

(, i) 

(C) 

(I1) 

Figure 2.9: Optical micrographs showing the variation of rnicruxtrººrture of 'I i-4SAI-2\1ºº-2Nh 
alloy Consisting of I: rmcllsrr (u2 º y), featurelc`% (y) and partisaIIN lamellar 17 ' (412 º 1)1 and 

fabricated %%ith laser po er (a) 300W, (h) 3611\%, (t) 4101W. (ticsrnning speed Krnrnh; Iw%sºIcr teal 
rate 3g/min; i-increment 0.2mm; number of IaNcrs 20) (after Srisas(ma ei al. (20111)). 
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(a) (h) 

Figure 2.10: Optical micrographs showing; the ýariatüºn Of microstructure of I i-4M, %1-2`In-2 Iº 

(wt. 'Y, ) alloy wit lt scanning Speed) (a) 4mm/`. (h) Smnº/` (Iascr luºwcr 3011\k; pomler feed) alte 

g/nºin; /-increment IL'niiiº: 111111111 cl. of I, iýu rs 20) (ºfte, tiriýaýtaý, i ct , il. (2111)1 )). 

(ji (I, 

Figure 2.11: Optical micro}ýraphý Showing the comparison of (a) coarse micrmtrurlººre of 
coil veil( ionaIIy cast Sample and (b) fine III icrostruclºu"c of direct laxer fahric. ºte(I sauº1ºIc of 'I i-Jti; 1i- 
2Mn-2Nb (wt. (Vo) alloy (after Srivastava et al. (2111)1)). 

It is thought that the case of' manufacture by low cost conventional techniques such as 

casting and machining has made the application of' SI. S/SI. M to aluminium Alloys 

unattractive in the first instance (Shdllabear & NvrhiI 12007). Other reasons ich} there 

has not been much progress reported iºt the SI, ti/SIAM of' aluminium pow dcrs might 

iºtcltide : (a) the problem of' the Oxide IiIºtt present on the titu'ft'ºce of' the metal pow der. 

the therºttudynantic stability of'altºntinium scsquioº\idc making it difficult to remove or 

avoid, and (b) the relatively low melting point of aluminium which makes it difficult to 

find a suitable lower rttcIting point hinder material that belongs to the group of light 

metals in order to generate suf'ficiertt amount of liquid phase fier hin, ºrv liquid phase 

tilg. Nevertheless, a number of ºtýºtable efforts hiºNc been made in the indirect SI. ti 

production of aluriºinium components in an attempt to reduce the cost oI production and 

the lead timt as %,, clI as achieving improved tensile strength and dimension accuracy. 
For example. aluniiniutn tooling has been I)ro duccd from lumder h` extrusion lice 

t rm fabrication (Scrconibe cal al. 1999) and indirect laser sintering (Sercr+nºhe 200.1a). 
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These powder parts were fabricated as a polymer/aluminium composite and post. 
processed by burning out the polymer and thereafter, the remnant of the metal powder 
was sintered to full or near-full density in a manner similar to that used in powder 
injection moulding. Sercombe (2003a) demonstrated the feasibility of the conventional 
P/M sintering of uncompacted, pre-alloyed Al powder alloys. The parts obtained were 
characterised with low tensile strength as a consequence of the absence of any 
strengthening mechanism for the pure Al matrix. Ile went further to assess the effect of 
the addition of elemental Mg, Sn, and Pb on the sintering response of unpressed pre- 
alloyed 2124 and 6061 powders. They discovered, at a temperature above 500°C, that 

-20 vol. % liquid phase was generated when polycthyl methacrylate (PEMA) resin was 
added to the aluminium powders with Mg facilitating the disruption of the oxide film, 

while Sn and Pb segregated to the liquid phase reducing the surface tension, thus 
improving the sintering process. The Sn or Pb segregates to the liquid phase as a result 
of its low solubility in the aluminium matrix thereby promoting wetting. The 

significance of this lies in the potency of Sn or Pb in reducing the surface tension of the 
liquid aluminium. 

Xie et al. (2003) studied the behaviour of oxide films at the interface between pure Al 

powdered particles in pulse electric-current sintering (PECS) and its effect on the 
properties of the sintered specimens. They discovered that the occurrence of direct 

metal/metal bonding interfaces increase the mechanical properties of the sintered 
aluminium powder whereas the metal oxide film layer/metal bonding interfaces 

produced contrary effect on its mechanical properties. Xie and co-investigators 
concluded that by increasing the loading pressure at high sintering temperatures, or 
increasing the sintering temperature under loading pressure, the breakdown of the oxide 
film was promoted. Moreover, Xie et al. (2005a) investigated the reduction mechanism 
of the surface oxide film and microstructure of interfaces between powder particles in 
Al-Mg alloy specimens sintered by pulse electric-current (PECS) process. They 

established that nano-sized crystalline precipitates, which may be MgAl2O4, MgO, or 
both, were formed by the reduction reaction by magnesium and were observed in all of 
the Al-Mg alloy specimens which they studied. They attributed the type of crystalline 
precipitates formed to the variation in the Mg content in the alloy powder and the 
sintering temperature. Liu et al. (2007) showed that particle shape seems to be a 
significant factor controlling the P/M sintering response of uncompacted aluminium 
powder. In addition, they suggested that the differential thermal expansion between the 

aluminium particle and its oxide film may cause the oxide skin to fracture and that the 
fracture characteristics differ as a consequence of powder morphology. However, they 

elucidated that the oxide shell in irregularly shaped particles tend to crack and heal 
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more frequently than it will in the smooth, spherical shaped ones because of the 

tendency of the irregular particles to scanvenge more oxygen during heating process 
than spherical particles will. Furthermore, they posited that this eventually resulted in 

greater weight gain observed in the sintered irregular powder particles than the 

spherical particles due to the outer layers made from irregular particles providing a 

more effective autogenous gcttcring zone than the outer layers made up of spherical 

particles. It can be inferred from the findings of Xie and Liu research groups that the 

sintering mechanism of aluminium powders can differ on the basis of the sintering 
technique adopted, chemical composition, and particle surface morphology. Therefore, 

a mechanism elucidating the reduction of the surface oxide film during direct or 
indirect SLS processing of aluminium powders has not been established. This is 

necessary at this stage if the mechanism of disruption of the surface oxide film during 
SLS processing of aluminium alloyed powders is to be understood. Moreover, the 

associated factors that aid or inhibit the SLS sintering mechanism of aluminium 
powders will have to be discovered in an attempt to achieve this goal. 

With regard to the indirect SLS route of aluminium parts' production in which they are 
processed as polymer/aluminium composites and then debinded/inf ltratcd with the a 
low melting point aluminium alloy in an attempt to achieve near full density; the main 
difficulty encountered is the poor dimensional accuracy observed during liquid phase 
SLS of the powder preform because of density gradients in the green parts and 
geometrical constraints. Although, SLS/SLM allows the incorporation of uniform 
shrinkage into the initial parts' design, however, it must be emphasised that non- 
uniform shrinkage is quite difficult to control and accommodate in the part's design. 
Consequently, the dimensional accuracy is highly relevant for a SLS/SLM processed 
parts, but the failure to precisely sinter large-sized parts is discouraging, thereby 
making the fabrication of only small-sized parts of -lcm3 feasible. Scrcombe and 
Schaffer (2003) addressed the problem of dimensional instability by adopting an 
infiltration technique which involves the formation of an unconstrained, resin bonded 

aluminium powder part, the burning out of the resin, the partial transformation of the 

aluminium into a rigid aluminium nitride (AIN) skeleton, by reaction with the nitrogen 
atmosphere under a magnesium/alumina blanket, and the subsequent infiltration with a 
second lower melting point aluminium alloy. Moreover, they found out through another 
experiment that adding magnesium to the aluminium powder, or the infiltrant, is 

beneficial but not sufficient because full infiltration only occurs under an alumina 
blanket to which magnesium powder is added. AIN which forms due to partial 
transformation of the aluminium powder by reaction with a nitrogen atmosphere was 
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ciiticovcrccl toº have . ºidrd wrttýlhilitý dill larilit, itC(l SI)Oºnt'lllc II intilt1., 111 11 (Sercººnilºe 

and Schalter 2004a). 

In all attempt to advance the understanding of the indirect Si. 5 proces lI of 
( ()O4h) alutllirlium liar rapid prototyping applications, Sercombe and Sella iIer 

examined the role of' till, as an aid in the infiltration of Irre-alloyed AAOO(, I by iAI- 

13.8Si-4.7Mg (wt%), in controlling nitride gro tll. I hey discovered that It' an 
insut'licient quantity of nitride tirrrns, then the dimensional stability iti crºrlllproorlliticdl 

(luring the infiltration step while cracking may occur as a result oI' excessive nitride 

liºrrllatioll which may result in the limitation of" mechanical propertics, particular) the 

tensile ductility. 'i'heret'orr, tin slows the gro th rate oI' the aIºInliniunl nitride by a 

nlcchall isill which relates try the low melting point and low surliºre tension (it' tin. 

thereby increasing the subsequent rate of' infiltration of the alullliiliuni liquid intro the 

nitride skeleton (Figures 2.12 and 2.13). 

Figurc 02.12: Optical ºnicrusc01º\ of %%60(I-2\Iý4 (ýSt"., ) IºuoºIci iººtriºIcºt at ýUh ( Inr h Iºi. (a) 
oithout tin and (h) uith 2tin (ist%) showing a significantly thinner nitriºIc laser ticscIººIº. in the 
Iºrcw"ce Of tin (after- tier"comhe and -Schaffer 2004b). 
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Figure 02.13: The effect of time oil the percentage infiltration ººf 6116I-2Mg (vvt"iýý) lircfººrmv 1º} AI- 

I3.8Si-4.7MI, (w('%%) with and without I"1, tin. The presence of tin decreases the iiicuhatiººn period) 
and increases the amount of infiltration (after Scrcoiuhe and Schaffer 211041)). 

Sercombc and I lopkinson (2006) investigated the shrinkage of indirect laser sintered 

aluminium alloys and the influence of' the part bed position on the part si/c and 

achievable UCLiracy. they pointed ººut that the dlimensiona l Change of a part is 

significantly affected by the iººfiltration of the skeleton. the geometry of the IMrt, and 

the location ofthe work piece within the part bed. The findings indicate that, N"lºin " 

rapid manufacturing context, it is appropriate to adopt suitable scale and o li'set values 
derivable from parts placed in the Same position as the final parts. 'l'hc summary of the 

til. S/til. M, P/M, and I'F, ('S processing of' light metals is hereby presented in the next 

paragraph. 

An extensive analysis of' the available literature has shmýn, beyond reasonable doubt, 

that direct SI, S/SI, M of titanium and titanium allow powders is feasible. In surnºriaºry 

the laser processing parameters, the chemical composition of the titanium powders. and 

the nature of the atmosphere under which the allos are processed are hereby identified 

as the factors that determine the properties of' laser processed titanium alloys. These 

ýºlunrinimu täctors are expected to he influential in the application of SI, S/SI. NI to 

powders with a view to understanding how they Could aid the dissolution or disruption 

of oxides in aluminium oxides fier the attainment of' good inierostructural and 

mechanical properties. It worth noting that the laser processing technique has Iren 

applied to titanium tpo wders to obtain e ngirneering parts with good g ometry control, 

surfitcc finish, mechanical and IIIicrostructural prOhcrtics, comparable to that obtainable 

via conventional processing methods. Thus, the current challenge for researchers is to 
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investigate the choice of appropriate processing parameters and alloy composition that 

could yield fully dense parts and more desirable mechanical and microstructural 
properties without resorting to the post-processing operations. With regard to laser 

processing of aluminium powders, it has been noted that no record is available on the 
development of appropriate processing parameters nor arc there any studies on process- 
microstructure-property relationship for either indirect or direct SLS/SLM of 
aluminium alloys. The works of Sercombe & Schaffer (2003; 2004a, 2004b), and 
Simchi & Godlinski (2008), have only succeeded in producing aluminium-ceramic 
composites: their work have not addressed the issue of manufacturing aluminium alloy 
components using SLS without the addition of ceramics or any other non-metallic 
components as it had been done for steels, titanium alloys, and copper alloys etc. 
Although, the indirect SLS route of aluminium production addresses the problem of 
dimensional inaccuracy through the infiltration technique, it adds to the burden of 
production costs and increases the production cycle time. Likewise for aluminium, the 
incorporation of post-processing steps such as heat treatment and the application of hot 
isostatic pressing (HIP) is not desirable just as in the laser processing of titanium alloys 

The lack of application of SLM to aluminium and its alloys has been attributed to the 
oxide film present on the surface of the metal powder which may likely engender 
spheroidisation phenomenon during laser-material interaction due to the initiation of 
Marangoni convection by the temperature gradient existing between the centre and the 
edge of the molten pool. Moreover, the relatively low melting point of aluminium 
which makes it difficult to find a suitable binder which can generate sufficient amount 
of liquid phase is another reason binary liquid phase SLS had not been employed to 
produce parts in aluminium or aluminium alloy powders. The application of the 
knowledge of effect of trace elements (see details in Section 2.7.2.4) on the disruption 
of the surface oxide film during the sintering phase of conventional P/M processing of 
aluminium alloys, as reported by Sercombe & Schaffer (1999a), and Schaffer et al. 
(2001a), seems to be likely solution that may improve wettability and inter-particulate 

melting during SLM of aluminium alloys. With regard to SLS, the issue of low melting 
point binder development for light metals such as aluminium, which applies binary 
liquid phase phenomenon, needs to be investigated by researchers. Key findings from 
SLS/SLM, P/M sintering, and PECS of light metals are presented in Table 2.8. 
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2.4 Sintering of Aluminium Alloys in Conventional Powder 
Metallurgy (P/M) 

The conventional press-and-sinter P/M route presently offers the opportunity for net 
shape manufacturing. In an attempt to fabricate P/M functional parts, extensive 
research efforts had focussed on wrought alloy compositions (Schaeffer et al. 2001b). 
However, it was discovered that alloys for pressing and sintering significantly differ in 

composition from their wrought counterparts because the latter were not designed to be 

sintered (Schaffer et al. 2001b). Because liquid phase sintering (LPS) is the step in the 
P/M process that is most responsible for the development of strength and other 
functional properties, it is not surprising that current commercial wrought alloys do not 
meet the requirements of the direct SLS process. In order to understand why the 

available wrought aluminium alloy compositions arc not able to meet the requirements 
for the ideal liquid phase sintering process, this section shall present the basic 

principles underlying the conventional P/M sintering process and define an ideal liquid 

phase sintering system as applicable to aluminium alloys. 

To achieve this, it must consider the nature of the aluminium oxide and its influence on 
the sintering behaviour of aluminium powders, the requirements for the LPS to disrupt 
the aluminium oxide, the role of alloying elements in the LPS of aluminium powders, 
and the compositional design of aluminium alloys using binary phase LPS will be 

explored in this section. The insight gained from the available literature on these issues 

shall hopefully be employed in assessing the feasibility of developing aluminium alloys 
which could overcome the problems associated with the direct SLS. 

Aluminium powder is usually covered by an oxide layer. The oxide has been described 
as usually amorphous and hydrated with an absorbed water layer (Schaeffer et al. 
2001b). The thickness of the oxide, vary between 10 to 150A, is dependent on the 
temperature at which it was formed and the atmosphere in which it is stored, 
particularly the humidity (Schaffer et al. 2001b). The oxide inhibits solid state sintering 
in aluminium as a consequence of the relative diffusion rates of its atoms through the 
oxide (Munir 198 1,1 liggins & Munir 1982, Guo et al. 1997). A more viable alternative 
to the solid state sintering in disrupting the ubiquitous aluminium oxide film is the 

adoption of LPS which contains the wetting liquid (Schaeffer et al. 2001). 
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According to Niidich (1981 ), and I)cllaimv o a1. (I987), the wettahility ul a solid hN ,º 
liquid (Figure 2.14) is dependent upon the work oI'adhesion \V, 1 dclined by Nicilloll 

2.1 below. 

Figure 02.14: Three-phase equilibrium for wetting -mid nrºn-wetting svstcm% (after I); r% 21103). 

Wetting of'a solid particle by it liquid occurs provided cos() "U. AIuI»iIºium oxide has a 
high melting point of ?, I I)O "('. I herctiºre, the oxide is expected to he poorly vvetted by 

the liquid aluminium at it melting tcmheratUre of 660 "('. the only exception to this is 

when the temperature elf' ligluidi aluminium is above the wetting threshold ººI' 2,1 I00 "(', it 

temperature beyond which W� increases very sharply (Naidich 1981 ). Moreover. it has 

been shown that the contact angle varies indirectly with processing temperature, but it 

must he emphasised that this is again it Function of partial pressure of' the Oxygen and 
the presence of'an oxide f1I111 on the molten metal (SchaeFtcr eel al. 2001 h). 

IG',, =(Ysl +YI: _ ysi, ) ==YIN (I+cos0) 
.............................. (?. I) 

cos0=OJ, /Y,, )-1 ................................. (2 2) 

wherc 

yi v surfircc tension of' the liquid-vapour ilitcl-l'acc 

ytiv surface tension of the solid-vapour intcrfäcc 

ytii surfdcc tension of the solid-liquid intcriacc 

0 contact angle. 

Furthermore, it had been pointed out that alloying addition of' ni. ºgrºrsium (Nig), cerium 
(('c), and calcium (Ca) to molten aluminium had not cflictiýrlý reduced the contact 

angle to produce wetting since the oxide on aluminium is a harrier to siniering and 

needs to he disrupted (hu el a!. 1992, Il) el a!. 1993). Because the work cºl' adhesion W,, 

Of liquid metals on oxide surfaces increases with the free energy of formation of' the 

metal oxide, Sehadler el a!. (2001 h) suggested the USC of cunvcntic nal atnu)spheres in 
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reducing surface oxide films or the alloying elements that can initiate a chemical 

reaction with the oxide film, with a view to disrupting its deleterious activity. 

The oxidation of aluminium can be represented as 
4A1 +302 -+ 2A120, ........................................................ 

2.3 

The free energy of formation, AG, of the aluminium oxide is given by 

OG = -RT ln(K, ) ............................................................... 
2.4 

where R is the universal gas constant, T the temperature in Kelvin and K1 the 

equilibrium constant given by 

K, = (P02)-I ...................................................................... 2.5 

where P02 is the partial pressure of oxygen when equation 2.3 is at equilibrium 

condition. 

On the basis of equation of equations 2.4 and 2.5, Schaeffer et at. (2001b) proved that 

neither a dew point of -140 °C nor a P02 of 10'50 atmospheres required for the sintering 

of aluminium in conventional atmospheres was practically feasible. As a consequence 
of the non-feasibility of the suggestions above, magnesium, a highly reactive element 

with a more negative free energy of formation of its oxide than that of the oxide of 

aluminium was adopted for the P/M sintering of aluminium powder by Schaeffer et al. 
(2001b). Magnesium, therefore, has the potential to act as a solid reducing agent in this 

system according to the reaction below. 

3Mg + 4A1203 H 3MgA1204 + 2A1 ......................................... 2.6 

The reduction reaction indicated by the presence of spinel crystallites (Figure 2.15) at 
bonding interfaces of elemental Al-Mg powder, may be facilitated during sintering by 

diffusion of the magnesium through the aluminium matrix and will be accompanied by 

a change in volume, creating shear stresses in the film, ultimately leading to the break 

up of the aluminium surface oxide film (Schacffer et al. 2001b). This will propitiate 
diffusion, wetting and therefore sintering (Schaffer et at. 2001b). Schaffer et al. 
(2001b) observed that liquid tin only wets aluminium in the presence of magnesium, 
when the dihedral angle is very sharp whereas in the absence of magnesium, the 
dihedral angle is obtuse and the liquid is exuded during sintering (Figure 2.16). By 

promoting sintering, magnesium also affects the mechanical properties by increasing 

strength and ductility when 0.15wt% Mg was added to aluminium. This is an indication 

of enhanced inter-particulate bonding and densification following the disruption of its 

surface oxide films (Schaeffer et al. 2001b). 
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-, "All 

Figure 02.15: (a) Ilansmissian electron micrograph ººf a sintered Al 2.5Mg itIIn), %ho%%ing a 

multitude of spine) crystallites: the inset shows the selected area diffraction pattern tl'ººnº this 

region, which can he in(Ie%c(I to spine). (h) Fl)ti spectra from (u) sIiu ing that the line crýstallitc% 

contain significantly inure magnesium and ººs%gcn th. ui dues the alum inium matriN (cl (after 

Lumley et al. 1999). 

'Hic C\CCSS IllilgflCSIII'll at Concentrations above 0. I5wt°o remains ill 5OIUtioll in tll' 

dlttnliniunl, causing expansion by the Kirkendall cl'lcct (an unbalanced (1111"ISiVity 
hctwccll the additive magnesium and the base alum inium which consequently results in 

the suppression of voids formed at the h(lundary interfhce) and solid solution 

hardening. 

Figure 2.16: FxutIetI Iit uid on the tiurlucc of . rn : %I titin (%s1"/,, ) alle} after sintering at 0211 "( 1: ºI'Icr 
Schaffer et al. 211111). 
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Schaffer and co-workers (2001b), in their study on P/M liquid phase sintering of 
aluminium alloys, concluded that the oxide is not the barrier to the sintering of 
aluminium that it is conventionally considered to be since magnesium was found to 
have reacted with the oxide to form spinel, thereby disrupting the oxide and facilitating 

the sintering. Other factors, such as inappropriate alloy composition, must therefore be 

the cause of the poor sintering response. Alloys are generally designed to accommodate 
the manufactured goods made from them as much as the properties required of them in 

service (Schaffer et at. 2001b). In other words, the choice of alloying additions to 
parent metals is influenced by the pre-requisite functional properties of the parts made 
from them when in operations. It is for this reason that SLS processed steels 
(Sercombe, 2003b), and copper- based alloys (Zhu et al. 2005), for example, often 
contain boron, copper or phosphorous, in addition to carbon and nickel. Similarly, 

compositions of cast aluminium alloys are different to those of forging alloys which are 
different again to extrusion alloys. Meanwhile, press and sintered aluminium alloys of 
identical composition to their wrought counterparts arc found to have exhibited poor 
sintering response as no consideration was given to the existence of the liquid phase for 

a short duration of time in their design (Schaffer et al. 2001b). Therefore, the 
compositions of aluminium alloys to be SLS processed need to be properly designed in 

order to obtain an enhanced sintering response which would result in the manufacturing 
of components possessing mechanical integrity that is comparable to that which is 

obtainable currently from other traditional production techniques. It is on this premise 
that the basics of liquid phase sintering phenomena (German 1985) will be applied to 
define the characteristics of an idealised binary liquid phase diagram which hopefully 
should assist in the design of aluminium alloys for the SLS technique. 

The adoption of liquid phases in the SLS processing has the benefits of low sintering 
temperature, fast densification, homogenisation, high final densities, and 
microstructures that often possess improved mechanical and physical properties. An 

essential requirement for the effective liquid phase sintering is the transient wetting 
liquid (formation of sufficient liquid phase within short durations varying between 0.5 
to 5ms) which promotes metallurgical bonding or inter-particulate melting across the 
layers of sintered components. 
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Figure 02.17: Phase diagram of an ideal system for I, IS (Tan (I on & . IººhHSon I99M). 

(icrnfan . 
Rabin (19x5) and (ierman (19x5) considered the schematic hinarv phase 

diagram shown in Figure 2.17 and suggested the key features of an ictcal liquid phase 

sintering system to he: 

(1) Flic additive A should have ai lower inciting point than the base It. I he 

alternative is a low inciting point eutectic which dues not turne Iiquid phase on 

spontaneous heating. 

(2)'I'hc solubility of the additive A in the hatte I3 Should he low liºr the additive to 

rcmain segregated to particle houndaries. I his increases the liquid i solid range 

and the volume Of liquid for a given amount of' the second added compoºne nt. 

(3) the base should he soluble in the Iigluid and it should also have .º high 

diffusivity in the liquid in order to cnsurc high rates of' mass transport and 

therel rc rapid sintering. 
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Figure 2.18: A schematic diagram contrasting the effects of Solubility nn (Icnsificatiººn or s'%cllint; 
during I. I'S (Tondon & . 10hnsººn 19(m). 

Solubility of' the solid in the liquid is a necessary pre-requisite tier successful ITS with 

regard to systems having more than 65vol% solid ('l andun ýý. Johnson 1909). Solubility 

pro motes solubility re-precipitation and increased efficiency in particle arrarngeflie nt 

thereby leading to increased sintered density. As noted earlicr can, solubility 01' tile 

liquid in the solid is not preferred (due to occurrence of' swelling as the liquid which 
dit'fuses into the solid grains Idols to formation of'porosity which is difficult to renroýve 

upon subsequent sintering. Figure 2.18 suggests that transient liquid phase can he 

controlled to produce desirahlc properties as exeniplilied in ('u-tin and SyStclns. 
The solubility parameter (S), which determines whether swelling or shrinkage occurs 
during ITS. is the ratio of the solid soluhility (S d in the liquid to the liquid st)luhility 
in the solid (SA). 'fahle 2.9 presents the solubility ef'fccts on d ensitication in I. PS for 

various material systems. 

The actual amount of' dimensional Change is a f'uººCtion of the processing condilit ns. 

Phase diagrams are useful in identifying solubility parameters and other f. atures that 

promotes ITS (Taudon A', Johnson I99S). A study of' an ideal phase diagram for ITS 

(Figure 2.17) reveals that a (feel) eutectic is preferred clue to significant reduction in 

sintering temperature with the lºrmation of liquid phase. Ihr fiºrnºation of' interºººedliate 

compound is generally unfävourahle. Iligh-temperature phases can reduce dif'f'usion 

rates, while krittle intermetallic phases that form during cooling can degrade 
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tticchanical properties, I` urthcrmorc. a phase diagram reveals the tendency oI alloying 

elements and impurities to segregate to the iritcrI ices. 

Table 2.9: Solubility effects on densificatiurº in HIS (after 'I': rn(loll & . Johnson I')98). 

Base Additive Solubility ratio, BC11aviour 

Al /11 0.004 Swell 

Cu Al 0. I Swell 

Cu Ii4 Shrink 

Fe U 7 shrink 

Fe CU 0.07 Swell 

W Fe 5 Shrink 

i 11 Sol I 
Figure 2.19: Typical microstructure of it ITS system with the phase diagram characteristics shown 
in Figure 2.17 ('I'andon & Johnson I99S). 

A downward sloping liquidus and solidus indicates a prolpensity fier solute segregation 

and lower surf icc energies (fandon & Johnson 1998). l hcrctrrr. ýr sintering 

temperature just above the eutectic temperature is optimal fier cr composition in the I. + 

11 region. A typical HIS microstructure is shown in Figure 2. I9 %%hich consists of 

relatively large, rounded grains suspended in a liquid matrix, with the degree of grain 

contact governed by the dihedral angle. In a system that lack soýluhiIity oºf the solid in 

the liquid phase. a rigid skeletal structure is expected with ddensilicartioýn controlled h` 

solid state diffusion. Use of' extremely fine starting powders or Segregating activators 
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that promote solid-state sintering in the presence of the liquid ensures high sintered 
densities are obtained. 

Schaffer and co-workers (2001b) examined the behaviour of a number of likely 

candidate alloys and discovered that Al-Sn, which follows very closely the ideal 

characteristics described in Figure 2.17, had a much more desirable sintering response 

than either Al-Cu or Al-Zn, both of which have at least one ideal characteristic. On this 

ground, they designed the AI-Sn-Mg system for uncompacted sintering and were able 

to achieve near full theoretical density. However, the tensile strength of the Al-Sn 

system was poor because tin could not provide much strengthening whereas Mg 

addition in AI-Sn-Mg system improved its tensile strength. This confirms the potency 

of Mg in disrupting the surface oxide film of aluminium, thus, promoting metal/metal 
bonding. Meanwhile, it is hereby speculated that the addition of tin could have reduced 
the strengthening effect of magnesium in the AI-Sn-Mg powder. 

P/M aluminium alloys can be improved without recourse to hot working or master alloy 

powders if their design is based on an understanding of the underlying sintering 
processes and the characteristics of an ideal liquid phase sintering system (Schaeffer et 

al. (2001b). However, this idea can be applied to the design of suitable aluminium 
alloys for the fabrication of parts in direct SLS process with a view to ensuring that the 

oxide phase of the aluminium powders is disrupted in order to make allowance for 

effective interparticle bonding/melting across the layers so as to achieve the production 
of full density parts. This entails the determination of the appropriate chemical 
composition of aluminium alloys that make allowance in their thermal cycle for the 
transient nature of the adequate liquid phase during SLS. Moreover, there is an urgent 
need to establish whether there exist appropriate alloying elements that will effectively 
disrupt the surface oxide of the aluminium powder under the direct SLS process and, if 

so, the necessary concentration. To do this, the mechanism of disruption of the surface 

oxide film in aluminium powders via the direct SLS process need to be understood as 
noted in Section 2.3.4. Thus, an investigation is necessary to ascertain if alloys of the 

same composition as those employed in the press and sinter technique could give 

equivalent or a better sintering response during direct SLS without the application of 
hot working processes. If this is not the case, alloys that would give desirable response 
to direct SLS need to be designed. 
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Having investigated the sintering of aluminium powders in the P/M technique, 

specifically, the disruption of the surface oxide film of aluminium, liquid phase 

sintering and alloying design, the fundamental principles of the LPS in direct SLS 

technology, as well as its effect on the properties of sintered components, is developed, 

in the following section. 

2.5 The Application of Liquid Phase Sintering to Direct SLS 

Kruth et al. (2005) classified the binding mechanisms for SLS processes as shown in 

Figure 1.3. The most applicable of all the binding mechanisms to direct SLS is the 
liquid phase sintering/partial melting (LPS) which incorporates the melting of the 
binder material of lower melting point thereby binding together the particles of the 

structural components of the system. Agarwala et al. (1995) described the application 
of LPS to SLS of metals as follows: "sintering or bonding between particles during 

SLS occurs by raising the temperature of the powder above the softening temperature 
by a laser beam heat source. " The process is similar to other laser assisted material 
processing techniques in the sense that its success depends strongly on the adequate 
coupling of the laser energy. From the point of view of the conventional powder 
metallurgy sintering process in which bonding between particles is achieved by 

compaction; when sintering between solid particles occurs via the incident laser energy, 
it is accompanied by the formation of a neck between individual particles (Figure 2.20). 

The phenomenon of necking during the sintering process has been attributed to the 
diffusion of atoms, through the liquid phase, along the surface, grain boundaries or 

other paths at elevated temperature (Agarwala et al. 1995). Because solid state sintering 
is very slow and requires an extremely long time (hours) for completion, a more rapid 
form of sintering is liquid phase sintering has been suggested to elucidate the concept 
of necking in SLS. LPS, illustrated schematically in Figure 2.21, is such that a low 

melting point additive component of the material system is in liquid phase (LP) during 

the sintering process (German 1985). The LPS phenomenon, as applicable to SLS, 
involves only the re-arrangement phase. Presence of the liquid phase results in rapid 
sintering process since mass transport can occur by liquid flow and particle re- 
arrangement. During this stage, diffusion is significantly faster. 

During SLS, the entire thermal cycle is very short. The duration of the laser beam on 
any powder particle is typically between 0.5 and 5ms so bonding or sintering must 
occur speedily, in the order of seconds. This is achieved by viscous flow or by melting. 
As noted earlier on, because metals do not have a softening phenomenon but rather a 
generally high melting temperature, a melting-solidification approach is used for the 
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description of the SLS processing of metals. From the early experimental evidence 

gathered by Agarwala et al. (1995), "I'olochoko et al. (2003), Zhu et al. (2003a, 2003b), 

and Zhu et al. (2005), it can be deduced that the SLS of metals is similar to liquid phase 

sintering which employs a material system that has a mix of the higher melting point 

structural materials and lower melting binding materials such that the lower melting 

phase melts while the higher melting phase remains solid and is bonded together by the 

melt. 

ýi1" 

Figure 20.20: SEM micrograph showing formation of a neck between individual particles (Cu 
&Shen 2007c). 
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Figure 2.21: Mechanism of Liquid Phase Sintering (LPS) as applied to SLS (after Kruth et al. 
2005). 

Moreover, it can be concluded from the results of literature cited earlier that the 
improvement obtained in the mechanical and microstructural properties of laser 

sintered components depends on the success or otherwise of the ITS with regard to the 

amount of liquid phase present. 
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Tolochoko et al. (2003) elucidated that a pre-requisite for obtaining components of 
improved mechanical integrity via direct SLS is the attainment of low porosity in the 
sintered parts. To achieve this goal, a condition of an absolutely pore-free structure in 

which the volume of space between the solid particles equals the volume of the liquid 

phase at the end of the particles' re-arrangement process must be obtainable. However, 
if an excess amount of liquid phase is present over a long period of time, balling 

results. If the liquid phase quantity is insufficient to fill all interparticulate pores 
completely, this results in the sintered part being characterized by excessive porosity. 
Furthermore, Tolochoko and co-workers applied this theory to the SLS of single- 
component powders during which partial (surface) melting of particles occurs. 
Mathematically, the volume fraction (yL) is hereby expressed as 

0 
..... 2.7 

Where V, = volume of solid particles of raw powder and Vc = volume of non-melted 
cores of particles. 

They also considered the SLS of two-component powders in which complete melting 
of binder particles is assumed while the main component particles remain solid (this is 
particularly true when the difference in the melting points of the structural and binder 
component particles is significantly high). By considering a condition in which the 
binder particles melt completely, Tolochoko et al. (2003) described their observation 
according to equation (2.8) below: 

YL = VB /Va,,, +VB ... 1................................................................... 2.8 

where Vo, = volume of space between the solid particles of the main component and 
VB = volume of binder particles. 

To achieve a low porosity component, the amount of available liquid phase should be 

such that it may act as lubricant for the re-arrangement of the particles. Therefore, the 
amount of available liquid phase in the sintering pool controls the densification 

mechanism and the resultant microstructure of the SLS processed parts by altering the 
thermokinetic and thermocapillary properties such as viscosity, wettability, and 
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rheological properties (Bourell et al. 1992, Agarwala et al. 1995, Zhu et al 2004). The 

mobility of a solid-liquid mixture and degree of interfacial bonding are functions of the 
amount and viscosity of the melt. The viscosity p of the solid-liquid mixture is defined 

as shown below according to Agarwala et al. (1995), and Tolochoko et al. (2003). 

p= fro (1- ((P/con, ))-Z .................................................................................. 
2.9 

Where uo is a base viscosity that contains no solid particles, cp, the volume fraction of 
solids in liquid, and cpo, a critical volume fraction of solids above which the mixture 
has essentially infinite viscosity. 

The inter-particulate bonding across layers is controlled by the base viscosity, Po, 

which decreases with increasing powder bed temperature. The base viscosity must be 

sufficiently reduced such that liquid completely surrounds the solid particles. Also, the 
mixture viscosity, p, must be low enough during SLS. Moreover, the viscosity of the 

mixture must be sufficiently high to prevent balling and this condition can best be 

attained by manipulating an appropriate solid-liquid ratio (Agarwala et al. 1995, Zhu et 
al 2004). This can be achieved by the combination of low p0 and regulated fs if parts 
having desirable sinterability are to be obtained. According to Zhu et al. (2004), in 
LPS, the relative shrinkage of the powder bed is described mathematically by equation 
2.10. 

(AL/La) = (ky, t)/Dp .......................................................................... 2.10 

Where y, is the liquid-vapour surface energy, t, the sintering time, D the particle 
diameter, and k is a constant. The sintered density p for a powder bed having initial 

tapping density pt is described in equation 2.11 by German (1990). 

P= Pr (1- (AL / Lo))-3 ............................................................................... 2.11 

Defining a non-dimensional parameter a according to equation 2.12, 

a= ((kYývt) D, uo) ..................................................................................... 2.12 
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The final sintered density p is obtained by combining equations 2.10,2.11, and 2.12 

according to German (1990). 

P=P, (1-a(1-(co/cL4º. r))2)-3 ......................................................... 2.13 

Equation 2.13 suggests that the densification of the SLS processed powders is directly 

proportional to its tapping density (p1 ). Moreover, it is evident from equation 2.13 that 

in order to attain the ideal condition during SLS in which the amount of liquid phase is 

exactly equal to the volume of pore spaces between the powder particles, the right 
choice and correct amount of binder material must be made coupled with the 
determination of the appropriate processing parameters (see Section 2.7.1). Powder 

properties such as the size, and shape of the powder particles, as well as particle 
arrangement play an important role in determining the ideal SLS liquid phase 
condition. If the processing and powder parameters are poorly controlled, difficulties 

such as balling, microstructural agglomeration, layer delamination and porosity are 
bound to be encountered during the SLS of metals due to the initiation of Marangoni 

convection, and uneven thermal gradient on the powder bed. These problems may also 
arise as a result of improper arrangement of the powder particles on the sintering bed. 
While the role of component ratio of binder material in the SLS of metals will be 

presented in this section, the roles of processing parameters as well as powder 
properties will be discussed in sections 2.7.1 and 2.7.8 respectively. 

An appropriate choice of the amount (measured in weight percentage) of binder 

materials (which represents the amount of liquid phase formed if complete melting of 
the binder is assumed) has been shown to overcome some of the SLS challenges 
highlighted in the preceding paragraph. Gu & Shen (2006a, 2007a, 2007b, 2008b) 
demonstrated that there exist optimal component ratios; for each of WC-Co particulate 
reinforcing Cu matrix composites; multi-component Cu-based metal powder; and sub- 
micron W-Cu / micron Cu powder mixture systems. At the binder's optimal component 
weight ratio, high densification and homogeneous sintered microstructure arc 

obtainable as a consequence of favourable viscosity of liquid-solid mixture and the 

sufficient re-arrangement of binder and structural particles. However, they noted that 

when binder content falls below its optimal component weight ratio for each of these 
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Figure 02.22: Optical images of the polished Section% of the laser sintered multi-cunºIºoncnt ('11- 
based metal I)o%rrler %%ith carving contents (wt"/%) of hinder ('uSu in file salliples (. r) 21) (h) 35 (c) 51) 

and (d) 65 (after Cu & Shen 2007a). 

AM 2.111: Fractional amount of liquid phase generated in various SI. S processed metal %>dem%. 
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With the hinder content increasing beyond its optimal component ratio. the laser 

sintered densities of' the parts made in each OI' these powder systems deteriorates 
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because of the initiation of the balling phenomenon and uneven thermal gradient. Their 

experimental evidence has revealed that the fractional amount of liquid phase yielding 
optimal densification and homogeneous microstructure (Figure 2.22) for the SLS of 
various powder systems are as shown in Table 2.10. 

In conclusion, all these studies attest to the fact that the determination of the optimal 
liquid phase amount for SLS, for which a pore-free microstructure is obtainable, is 

complex and significantly influenced by chemical composition and component ratio 
which in turn is affected by the packing density of the blended powder bed as well as 
the viscosity of the laser sintered powders powder systems. It is now evident that the 
fraction of liquid phase available in the sintering pool of SLS of metals determines the 
densification and microstructure of the laser processed parts by influencing the 
thermokinetic and thermocapillary properties such as viscosity, wettability and 
rheological characteristics (Agarwala et al. 1995). Table 2.10 suggests that provided 
appropriate processing parameters are used, the optimal liquid fraction existing at the 
binder's optimum component ratio is dependent on the energy gain of the powder and 
is partly controlled by the weight fraction of the binder in the powder mixture. 

With the background knowledge of the application of LPS to the direct SLS clearly laid 
out in the above paragraphs, the stage is now set for the understanding of the various 
physical phenomena underlying direct SLS of metals, with regard to laser-material 
interaction as well as some complications that accompany this process. In the following 
section, an attempt is made to examine how various workers in this field have 
overcome these difficulties. 

2.6 Selective Laser Melting of Metals (SLM) 

Das (2003) carried out a comprehensive review of SLM of metals by identifying and 
presenting an understanding of the important physical mechanisms affecting the 
process. The relevant physical mechanisms to be considered arc oxidation, 
"homologous wetting", and epitaxial solidification. Some of these issues will be 
discussed in this section in order to determine their relevance to the SLM process. 

58 



2.6.1 Oxidation, Wettability, and Mechanical Properties 

Metallic powders have a higher degree of contamination by moisture, organics, 

adsorbed gases, oxide and nitride films on particle surfaces due to their much higher 

surface area per unit volume when compared to cast or wrought components (Das 

2003). These contaminants not only inhibit successful wetting, which promotes 
intcrlayer bonding and dcnsification of the melted powder, but also degrade the 

mechanical properties and part geometry of the consolidated component during SLM 

(Das 2003). For this reason, SLM of metals is considered to be far more difficult than 

the laser sintering of polymers, direct or indirect SLS of metals because of the 

oxidation, balling and uneven thermal gradient across the layers which may cause poor 
interlayer bonding, low density, weak strength and rough surface of the SLM processed 

part (Das 2003, Tang et at. 2003, Gu & Shen 2007c). 

In an attempt to mitigate the deleterious effect of oxidation as well as ensuring good 
wetting and successful layer- by-layer consolidation in direct laser sintering of metals, 
various approaches have been adopted by SLM investigators: sintering in an inert 

atmosphere like argon, neon, and nitrogen which renders the oxidation process inactive 

or slows it down; disruption of the surface oxide film by alloying addition; determining 

the optimal processing parameters that allows minimal balling; remelting of the 

underlying substrate in order to break down the surface contaminants to ensure a clean 
surface at the atomic level between the solid and the liquid; ad incorporation of fluxing 

additives (Niu & Chang 1998,1999a, 1999b, 2000; Schaffer el al. 2001n, 2001b; Das 
2003; Zhu et al. 2004; Zhu et a!. 2005; Gu & Shen 2007c). Therefore, the disruption of 
surface oxide films in metals and their alloys is of paramount importance during their 
SLM processing in order to develop high performance components with improved 

mechanical properties at elevated temperatures (Das 2003). The condition of attainment 
of effective disruption of the surface oxide film with a view to ensuring inter- 

particulate melting or coalescence requires an understanding of the wetting mechanism 
of a molten liquid on a substrate of its own kind, i. e. of identical chemical composition. 
Schiaffino and Sonin (1997a, 1997b, 1997c) designated this mechanism as 
"homologous wetting. " They described "homologous wetting" as an inherently non- 
equilibrium phenomenon involving heat transfer, fluid flow and solidification. 

Furthermore, Das, (2003) explained the poor wetting ON substrate by a liquid metal by 

investigating the balance between the interfacial energies involved in wetting and non- 

wetting systems as illustrated in Figure 2.14. At equilibrium, the wetting angle, 0, is 

determined by the interfacial free energies according to equations 2.1 and 2.2. As noted 
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earlier on, the liquid will completely wet the substrate as cos (ll) 'I or equivalently, if 

Y�, -Y, 1 > Yý, , I'll is corresponds to IIºc case shown can the Icfi in Figure 2.14. '111 Is idea 

had been applied to fain an understanding of' the Ctlcct of tiurlüce oxide on aluminitun 

sintering by Schalter cal a!. (200Ih). I)as (200 3) extended the application of tlºis 

principle in describing the phenomena X11, homologous wetting (wetting behaviour of it 

molten liquid can a substrate ofits own kind i. e. the identical chemical composition) and 

epitaxial solidification in an attempt to surmount the Challenge of oxidation in the direct 

St, S of' titanium alloy powders. Both hunlologotis wetting and epitaºxial Solidification 

will now he explained in the next paragraph. 

In order to understand the wetting behaviour ()I' ,l metal on a substrate oF its ()%%n kind, 
Das (2003) conducted two types of' experiments in which a stainless steel powder 

placed on the stainless steel substrate (having the same composition its the powder) was 
melted by a stationary NLI: YA(i laser beam incident oil the powder at Iirst and another 
One in which aI x4mnl strip of' stainless steel was placed ()11 the Same composition 

substrate and melted by the same laser halm. The sarge conditions of vacuum 

atmosphere (I 0fß, 'l'orr) with no substrate preheat, 350"(' preheat and 900 "(' preheat 

were applied to investigate the influence of'substrate preheating on wetting behaviour. 

The dynamics of' melting, droplet formation, wetting and solidification were raptured 
by video microscopy during the investigation. The results oI* the experiments revealed 
that after melting and droplet formation, the molten metal showed no tendency to 

spread and wet the underlying substrate because the droplet stopped the substrate f'rum 

heating sufficiently. Instead it formed a nearly spherical droplet having a point like 

contact with the substrate (I-igures 2.23). 

400 µi11 

Figure 2.23: IIomologous wetting experiment at 37 s, 51) s, and 54 s (after I)as 2003). 

The solidilicd droplets were easily detached from their respective substrates. In 

addition, the substrates did not exhibit any evidence of inciting at the (Irººhlet/substrate 
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interface. "I'his result implies that the impact of' preheat tCI ll)CraturC oil the welting 

behaviour was Illlllllllal as shown in Figurc 2.23. 

400 iun 

Figure 02.24: Solidified droplets in "powder on plates" experiments (after Das 2003). 

400 lilt 

Figure 02.25: Solidified ºIroplets in "strip on plates" experiments (after Das 2003). 

Moreover, the shape cif the solicliticci droplets obtained liar the "powder on platc' 

experiment was noted to have been characterised hy an elongated peak Brature at the 

top and a finite contact area with the plate (Figure 2.24) whereas that of' the "strip on 

plate" experiment exhibited if greater degree of' sphericity and a very small area of 

contact with the plate (Figure 2.25). In conclusion, despite the läct that the vacuum 

atmosphere was used during the experiment (1O " fort), poor wetting observed in these 

experiments was attributed to if lack of'substrate remelting. This led I)as to consider the 

idea of remelting the underlying substrate (as will he described in the next section) in 

order to weaken and/or disrupt surf ice contamination such as oxide 1-11111-S SO its to 

provide a clean interface at the atomic level between the solid and the liquid. 
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2.6.2 Epitaxial Solidification in SLM 

According to Nelson et al. (1999) and Das (2003), SLM of metals could be likened to 

fusion welding. In fusion welding, the base metal and the weld metal may have similar 
but not necessarily the same composition, while in SLM of monolithic metallic 

materials, the substrate layer and the new layer of metallic powder to be melted are the 

same in composition. Meanwhile, it has been established that dilution of the base metal 

occurs in all types of fusion welding. Dilution is the partial localised remelting of the 

base metal which provides a continuous interface free of oxide films or other 

contaminants between solidifying liquid weld metal and the base metal. Dilution is a 

pre-requisite for good weld integrity. During dilution, or "melt back", grain growth 

occurs at the solid-liquid interface between the base metal and the liquid in contact with 
it. Due to the significant similarities between fusion welding and SLM, it is instructive 

to understand the implication of epitaxial solidification on SLM process control. 

In fusion welding, it is generally agreed that the liquid weld metal completely wets the 

partially melted substrate at the fusion boundary. Meanwhile, by likening the epitaxial 
solidification mechanism in SLM to the formation of a nucleus of solid from its melt in 

contact with a substrate as it occurs in the fusion welding process (Figure 2.14), the free 

energy required for the initiation of nucleation is a function of the wetting angle (0) 

between the substrate and solid formed. Therefore, the relationship between wetting 

angle and interfacial energies is illustrated in Figure 2.14, equations 2.1, and 2.2. 

During epitaxial solidification, both the contact angle, (0), (equation 2.2) and free 

energy OG*, become zero (equation 2.16), and consequently, growth of the solid 
initiates at the fusion boundary without difficulty (Savage et al. 1976). As a result, it 

can be argued that little or no nucleation barrier in solidifying weld metals exists during 

fusion welding or SLM. 

AGhet =S(e)*(-VS AG, +Asysc) =S(0)*(-4/3mr30Gv +4nr2YsL)........ (2.14a) 

S(O) = 

AG� = the free energy change per unit volume associated with formation of the nucleus, 

Vs = The volume of the nucleus. 
As = The surface area of the new interface created by the solid nucleus and the liquid, 

S (0) = Shape factor dependent on the contact angle 
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Figure 2.26: (a) Illustration showing the epitaxial nucleation and competitive growth in the weld 
fusion zone (after Nelson el a!. 1999), (b) Schematic of free energy change associated with 
heterogeneous nucleation in casting and welding juxtaposed with free energy change in 
homogeneous nucleation (after Grong 1994). 

The critical radius r' for heterogeneous nucleation is obtained by setting the first 

derivative of equation (2.14a) to zero. 

'' _ (2YsL) / OGv .................................................................................. 
2.15 
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The associated free energy barrier AG", for heterogeneous nucleation is derived by 

substituting the expression for r* r* into (2.14a): 

AG * =1622 'L S(©) / 3AGV3 .................................................................. 
2.16 

According to Kou (1987) and Savage (1980), growth of the solid in a fusion welding is 

perceived as being initiated by epitaxial growth from the substrate and proceeds by 

competitive growth toward the center line of the weld. At the fusion boundary, since 
the substrate is assumed to be completely wetted by the weld metal, grain growth is 
initiated in the weld by arranging atoms in the liquid phase on the existing crystalline 
substrate, thus extending the solid without altering the crystallographic orientation 
(Savage, et al. 1965,1972; Savage & Aronson 1966). ). Moreover, Savage & Aronson 
(1966) noted that solidification by epitaxial growth in fusion welding results in nearly 

complete continuity of the crystallographic orientation and grain boundary mis- 
orientation between base and weld metal grains adjacent to the fusion boundary. 
Therefore, Nelson et al. (1999) reported that once solidification by epitaxial growth is 

initiated, it proceeds toward the weld center-line in a competitive-type growth 
mechanism illustrated in Fig. 2.26a above. This implies that grains with growth 
direction oriented most preferentially along the heat flow direction gradient tend to 

crowd out those grains whose growth directions are not as suitably oriented (Figure 

2.26a). Whereas, the predominant mechanism of solidification in fusion welding is the 

competitive growth in the weld fusion zone, Kou (1987) identified and discussed the 
details of other mechanisms such as dendrite fragmentation, grain detachment, 
heterogeneous nucleation and surface nucleation that may tend can interrupt and/or 
dominate the solidification structure in fusion welding. Moreover, Nelson et al. (1999) 

noted that it is unlikely that dendrite fragmentation, grain detachment, heterogeneous 

nucleation and surface nucleation would occur in fusion welding. In addition, Lippold 

et al. (1992), defined the nature of the various boundaries observed in single-phase 
weld metal as solidification grain boundaries (SGB), solidification sub-grain 
boundaries (SSGB) and migrated grain boundaries (MGB). It is now understood that 
the nature of epitaxial growth in fusion welding metals described in this section 
produces a network of grain boundaries in the fusion zone (Figure 2.26a). This network 
of grain boundaries in the fusion zone consists of the solidification grain boundary 
(SGB) network which is an extension of the heat affected zones (IIAZ) grain 
boundaries at the fusion boundary. Nelson et al. (1999) and Das (2003) noted that the 
fusion boundary morphologies observed in the fusion welding of homogeneous or 
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single-phase metal are i» contrast to that observed in the welding of' lietcrOge"co tis 

substrate and weld metals and traditional casting processes because (he energy harrier 

in the latter processes arc finite in nature (Figure 2.261)). 

For epitaxial solidification to take place in SI, M, the substrate must he partially incited 

hack (solidification regrowth) toi pro mote growth tircºnn the prior grains ()I' tile Suh. stratc. 

For solidification regrowth to occur, the amount OI' material constituted in the layer 

thickness ofmetal powder to he incited over the substrate metal must he commensurate 

with the laser energy intensity of' the chosen processing parameters (laser power and 

scan rates e. t. c. ). This strict control of' laser-metal powder interaction is essential in 

order to obtain stronger interlaycr bonding which results in bull density components. 

F. vidence of epitaxial solidification is usually continued by nficrostructural 

examination of cross-sections of' SI, M processed material encompassing several layer 

thicknesses as demonstrated by I)as (2003) and reproduced in Figure 2.27. Figure 2.27a 

is all example of' incomplete homologous wetting and sotiditication whereby the nnrlt 

front From the laser-melted powder layer above propagated down toi barely contact the 

surface of' the previous layer. The non-unitortnity of' layer thickness is especially 

notable. In contrast, layers in the cross-section of' specimen liºhricatco. 1 at a higher laser 

power density, shown in Figure 2.271), completely indistinguishable indicating 

continuous grain growth across the layers. This result indicates sutticient reºnelt ofAhe 

previous layer took place to induce epitaxial solidification. It should be noted that these 

micrographs traverse apllroxinlately three layer thicknesses. 
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Figure 02.27: (a) Microstructure of SI. M processed 'I'i-6A1-4V exhibiting porosity and insufficient 

substrate remelts and (b) Etched microstructure of fully dense Ii-bi-4V specimen (aber I)a% 
2003). 

Since SI, M is a localised solidification process which occurs via cpitaxial gro tlh, 

evidence from Figure 2.27 confirms that it can impart finer a1nd1 more unifiorni grain Si/C 
to processed parts when compared to traditional casting pruccsuti. ('onsequcntly, this 

results in better mechanical properties. In summary, the niechanisni fier "good wetting" 

65 



is ensured by partial remelting of the previous layer in SLM giving rise to epitaxial 
solidification. Remelting the previous layer removes surface contaminants, breaks 
down oxide films, provides a clean solid-liquid interface at the atomic level and allows 
epitaxial solidification. Laser processing parameters in SLM should be chosen so as to 

ensure that sufficient remelt of the previous layer takes place and continuity of the 

solid-liquid interface under the impingement of the laser beam is maintained. From the 

above discourse, having examined the physical mechanisms governing the SLM 

process, the role of the various process parameters and materials properties as they 
affect the properties of sintered components made of steels, iron-graphite mixture, and 
tin-bronzes reported in the literature will be presented and discussed. 

2.7 Effects of Process Parameters and Powdered Characteristics on 
the Properties of SLS/SLM Fabricated Components 

2.7.1 Typical SLS/SLM Fabrication Parameters and Materials Properties 

It has been established that the qualities of SLS/SLM processed components are 
strongly influenced by the sintering/molten pool sizes and residual stresses, which are 
mainly controlled by the laser energy input (Beuth & Klingbeil 2001). 

Table 2.11: Process variables and material properties which affect sintering and densification of 
SLS/SLM-processed parts (after Agarwala et al. 1995). 

Processing Parameters Material properties 

Laser power Viscosity 

Scan rates Surface tension 

Atmospheric control Particle size and distribution 

Gas flow Particle shape 

Heaters (bed temperature) Absorptivity/reflectivity 

Laser type Thermal conductivity 

Scan radius Specific heat 

Scan vector length Emissivity 

Scan spacing Melting temperature. 

Thickness of layers Component ratio 

Machine (specific type) Chemical composition. 
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Previous researchers have described SLS/SLM as a very complicated process, and have 

suggested that several parameters influence the densification mechanism and the 
attendant microstructural features of materials processed by SLS/SLM. The main 
process parameters that determine the quality of a component fabricated by SLS/SLM 

technique are as listed in the first column of Table 2.3 whereas the characteristics of 
powder material which are of special concern are listed in its second column. The 

objective of this section is to determine from the available literature, the definitive 

effects of the SLS/SLM processing parameters on the properties of laser sintered 
components produced from materials like steel, iron, copper, and titanium powders. 

2.7.2 Density of SLS/SLM Processed Components 

This section considers the influence of processing and material parameters on the 
density of SLS processed materials. 

2.7.2.1 Effect of SLS/SLM Parameters on the Density of Components 

Dewidar et al. (2003) investigated the density of single layer parts over a range of SLS 

processing conditions for a pre-alloyed high-speed steel powder. Their results, 
reproduced in Figure 2.28, establish that density increases as the laser power increases 

and as the scan speed and scan spacing reduce. Figure 2.29 shows the effect of SLM 
laser processing parameters on the sintered density of multiple layer parts made in iron 

powder as investigated by Simchi & Pohl (2003). At constant laser power (P=215W), 

an increase in scan velocity or scan line spacing decreased the part's density (Figure 
2.29a). When scan line spacing was held constant (h=0.3mm) the sintered density 

reduced with increasing scan velocity or decreasing laser power (Figure 2.29b). Using 
increasing layer thickness resulted in a lower attainable density (Figure 2.29c). Simchi 
& Pohl (2003) inferred that intensifying the laser energy input (increasing laser power, 
decreasing scan velocity, a thinner layer thickness, and overlapping of scan lines) leads 

to higher densification. In their investigation, a scan velocity of 150mm/s was found to 
be a critical speed, above which a sound part was not obtained. Therefore, it can 
inferred that the findings from the works of Dewidar et al. (2003), Niu & Chang 
(2000), and Simchi & Pohl (2003) corroborate the assertion that densification is 
improved as the laser power increases and as the scan speed, layer thickness and scan 
spacing decrease. This assertion is also found to be true for other materials (Table 2.12) 

such as Ni-Sn and Cu-Solder (Pb-Sn) (Agarwala et al. 1995), and Ni-alloy-Cu and Fe- 
Cu (Tolochko, et al. 2003). 
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Figure 02.29: Effect of processing parameters on the density of laser sintered iron powder: (a) 
Scan line spacing (P=215W, d=0.05mm); (b) Laser power (h-0.3mm, d=0.05mm); (c) Thickness of 
layer (P=215W) (after Simchi & Pohl 2003). 

The implications of these findings with regard to how variation in processing 
parameters influences the occurrence of densification mechanism either through full 

melting (SLM), partial melting or binary liquid phase sintering (SLS) of metals (sec 
Table 2.12) will now be considered. 
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It is an established fact that high temperature in SLS/SI, M leads to a low contact angle 

and viscosity and high Marangoni flow thus improving densification (German 1985). 

Marangoni flow (Figure 2.30) can be described as the initiation of thermocapillary 

forces for fluid flow as a consequence of the temperature gradient in the melt pool 

which gives rise to a corresponding differential surface tension between the edge and 

center of the melt pool. 

Zhu et a!. (2004,2005), Gu & Shen (2006b) and Gu et u!. (2008) related the 

observations made by Dewidar et al. (2003), Niu & Chang (2000), and Simchi & Pohl 

(2003) to the volume fraction of the liquid phase formed during SLS/SLM processing. 
They observed that at processing parameters combining low scan speed and relatively 
low laser power, the resultant input energy is insufficient to generate adequate liquid 

phase that binds the particles together. Therefore, the outcome is partial melting (SLS) 

resulting in poor densification. As the laser power increases at low scan rates, the 
increasing incident laser energy increases the temperature of the powder bed thereby 

causing a significant amount of powder's interparticulate melting as a consequence of 
the occurrence of adequate liquid phase. This condition culminates in higher 

densification due to the instability of the liquid cylinder which occurs as the surface 
free energy is minimised. Therefore, it can be inferred that appropriate increment in the 
laser energy input leads to high working temperature which eventually reduces both 

melt viscosity and surface tensions. Furthermore, at high temperature, the material 
transport during laser sintering process is enhanced as a consequence of the formation 

of connective streams within the molten pool during SLS. 

Law beam Iv 

i6 
Nb 

iterin pool: cu..., g 

Aarangoni flow:: 

Repulsion force 
. .: i 

Figure 2.30: A schematic illustration of Marangoni flow as applied to the direct SLS of W-Cu 2- 

phase direct SLS (after Cu et al. 2008). 
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This results in the reduction of the amount and sizes of inter-agglomerate pores, 
thereby, obtaining fully dense parts. Moreover, the wetting characteristics and the 

attendant re-arrangement force of solid particles in the liquid phase increase as the 

amount of liquid phase increases provided the energy density increases appropriately. 
The implication of this finding is that there exists an optimal laser energy density 

combining relative high laser power with low scan speed, at which the solid-liquid 
wettability is most successful such that the structural particles in the liquid arc most 
suitably re-arranged with a view to achieving higher sintered density. Further increment 
in laser energy density leads to reduced sintered density. In this condition, the higher 
laser power generates increased quantity of liquid phase, but the reduced scan speed 
causes substantial increament in its lifetime, thereby promoting spheroidisation and 
breakdown in the melt pool. The reduced sintered density in this case is attributed to 
the significant aggregation of the structural particles. 

Successful SLM processing of metals demands that an appropriate layer thickness is 

established for the other processing parameters which are employed. For instance, if the 
powder layer thickness is very high, complete melt down of particles will be impossible 
to achieve due to insufficient laser energy penetration into the powder bed. 
Consequently, large and interconnected pores are formed in the sintered structure 
which reduces the density of the SLM fabricated sample. During SLS processing of 
WC-Co particulate reinforced Cu matrix composites, Gu & Shen (2006b) discovered 
that there exists a critical value for layer thickness at which most of the gas bubbles in 
the powder bed arc able to move up to the layer's surface, and collapse when the 
molten liquid solidifies rapidly to form finer grains and produces a pore-free sintered 
part. This pore-free sintered sample obtained at the critical value of layer thickness was 
noted to possess excellent mechanical properties because the re-melting of the 
previously sintered layer was possible, thereby enabling the formation of coherently 
bonded layers with lesser degree of spheroidisation (see Figure 2.27). Chatterjec et al. 
(2003) and Das (2003) have proved that where remelting of the substrate occurs, 
spheroidisation does not take place if there is wetting of the as-solidified material by 
the melt pool. According to Agarwala et al. (1995), the minimum possible layer 
thickness at which a pore-free structure is obtainable is determined by the maximum 
particle size of the powder deposited on the bed as well as the precision of the powder 
delivery mechanism employed in the sintering machine. Gu & Shen (2006b) 

established that lowering the layer thickness below the minimal permissible layer 

thickness for a powder system would create complications in spreading homogeneous 
layers of fresh powders with the previously laid layers being displaced and the surface 
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roughness of the sintered samples exacerbated. This consequently hinders inter- 

particulate bonding or melting. 

It must be emphasised that the most significant parameter SLS/SLM parameter 
influencing the densification of parts is the laser energy density which is defined by the 

relationship shown in equation 2.17. This shows that the energy density for the 
SLS/SLM process increases with increasing laser power, and decreasing scanning rates, 
scan spacing and layer thickness. 

V=P /(uxhxd) ................................................................... 2.17 

Where xV = Specific laser energy input (J/mm3); P= Power (W); u= Scanning rates 
(mm/s); h= scan spacing (mm); d= layer thickness (mm). 

Simchi & Pohl (2003) and Sanz-Guerrero & Ramos-Grez (2007) established that the 
resultant fractional sintered density is in direct relationship with the specific laser 

energy input incident on a powder bed for iron powder and copper-titanium powder 
mixtures. They pointed out that the fractional density, p, of these powders is an 
exponential function of the specific laser energy input (w) of as shown in equation 2.18. 

p-C, - C2 exp(-KV) .......................................................................... 2.18 

where Cl, C2 and K (densification co-efficient) are material constants of the specific 
powders under investigation. 
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Figure 2.31: Fractional density vs. the specific energy inJill t (p) for sintered iron using (Iifferell 
processing parameters (after Simchi & I'olil 20113). 

Figure 2.32: SEM image of St S/SI M processed iron I)U5%rlcr at the eýrr"ýsise delivery ººf %pcrific 
laser energy input of mm k. l/iu showing the iºccurrcncc of layer rlclaIII ination as at result of 
increased HE time of the generated liquid pha. c (Simrhi &, fohl 21)113). 

figure 2.31 illustrates that the fractional density increased with the specific laser energy 
input, for an iron powder, ul) to a maximum of' 1). 74 at the saturation specific laser 

energy input and at y, Il, the density approaches toi the tap density oI' the po\%dcr 

material (Sinichi & Pohl 2003). Moreover, when the experiment data were flitted 

Mill according to equation ?. 1 K. C, 0.719, C., 0.214, and K 14.8- at a 0.8 W 
Beyond the saturation specific laser energy input of (I. 8 U ºnnº the maxinºuº>> 
tractional density remained constant irrespective ()I' the amount oI'specilie laser energy 
incident on the powder bed. Ohscrvations ti'oº» Figures 2.11 and '. 32 imply that 

excessive delivery of' the energy density at very high laser lower and 1(m wan rates 
(i. e. above the saturation specific laser energy input) will result in c�nnplir, itions such 
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as balling and layer delamination due to increased life time of the generated liquid 

phase as noted earlier on in this section. 

Wu & Chen (1999) related the density of laser sintered parts to the micro-distribution 

of' the structural particles in its microstructure, by considering the interaction between 

the particles and the advancing solid/liquid interface (pushing versus trapping). They 
discovered that pushing of the structural particles by the solid/liquid interface 

culminated in pile-ups and local segregation of particles to the region of' the last liquid 

to solidify whereas trapping causes homogeneous distribution of the structural particles 
in the sintered part. Gu & Shen (2006b) employed this idea in their work (Figure 2.33). 

They identified a critical scan speed corresponding to the transition from pushing to 

trapping of the structural particles by the advancing solid/liquid interface. 

Figure 2.33: SEM (KSN: mo(le) images showing microstructure of laser sinicrcdl (, Ij matrix 
composite samples with variation of scan speeds: (a) 0.02m/s; (b) 0.03m/s; (c) 0.05m/s; (d) 0.06m/s. 
Other processing parameters were fixed: laser power of 700W; layer thickness of 0.20mm (after 
Gu & Shen 2006b). 

Beyond the critical scan speed, they discovered that trapping occurred due to what 
Gärd ei al. (2006) explained as the rapid infiltration rate of the liquid into the powder 
bed, thereby, promoting the introduction of fresh melts into the inter-particle regions 
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and consequently forming a continuous infiltration front to fill the voids between the 

structural particles. Therefore, the structural particles ceased to be pushed to the 

microstructural interface, but are trapped and consequently wetted and incorporated 

into the matrix in order to obtain a homogeneous distribution of particulates without the 

apparent segregation. The densification mechanism which has just been described is 

applicable to the binary liquid phase SLS. In the case of single phase powders such as 

copper (Pogson et al. 2003), and 316L stainless steel powders (Morgan et al. 2004), the 
density of SLM processed parts was related to the optimal specific laser energy input 

below which lesser quantity of powder particles consolidated into smaller size of the 

melt bead, hence resulting in high porosity level in the laser melted parts. At the 

optimal specific laser energy input, the recoil compression effects associated with the 
low pulse rates served to deform the circular section beads into flatter shapes, thereby 

widening the melt beads and allowing adjacent beads to bond into a dense layer. 

In conclusion, at low scan speed, small scan spacing, and relatively high laser power, 
the amount of liquid phase is higher and sintering time is longer, thereby promoting 
higher densification. Meanwhile, at a low volume fraction of liquid and short sintering 
time obtainable by using a high scan speed and scan spacing and low values of laser 

power, the liquid phase is not enough or has not sufficient time to enhance wettability. 
There appears to be a maximum sintered density which may be achieved in SLS/SLM 

at a critical value of the specific laser energy input. Above this critical value, it is 

unable to increase densification further because the increased lifetime of the liquid 

phase promotes the balling phenomenon which inhibits densification. The only 

exception is when substrate wetting occurs. The effect of the scanning strategy on the 

density of laser-sintered parts will be considered in the next section. 

2.7.2.2 Effect of Scanning Pattern on Density of Laser Sintered Components 

Porosity, residual stresses, and cracking as a consequence of hot shortness, and poor 

surface finish are among the problems associated with SLS/SLM process as a result of 

the generation of uneven thermal gradients in the parts (Su et al. 2003, Mauser et a!. 
1999a, 2003). To control the thermal gradient during powder heating and cooling and 
thereby fabricated unwarped and uncracked layers, Su et al. (2003); and Hauser et al. 
(1999a, 2003) have investigated the relationship between scanning strategies and the 

properties of SLS/SLM processed steel powders. 
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Figure 2.34: SLS/SLM scanning strategies (a) Standard (b) Diagonal and (c) Perimeter (Dewidar el 
a/. 2003). 
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Figure 02.35: Four different scanning strategies adopted in the direct laser sintering of tool steels 
using a Nd: YAG laser machine. The numbers indicate the scanning sequence while the arrows 
represent the scanning directions (after Su et al. 2003). 

Dewidar identified standard, diagonal and perimeter scanning strategies (Figure 2.34) 

for producing single layers whereas Su et a!. (2003) tested the influence of kur types 

of scanning patterns (Figure 2.35) and various scan spacings on the building of' 

overlapped beads of laser sintered tool steel powders. Although, l)ewidar el a!. (2003) 

discovered that perimeter scan approach was less successful while the standard and the 
diagonal scan strategies gave very similar results for high speed steel lubricated by 

direct SLS, Su and co-investigators concluded that the adoption of different scanning 

patterns culminated in different processing times which affected the nature of the 

microstructure obtained for the laser sintered parts. I Lauser et u1. (1 999a) reported on 

the scanning routines for successful small scale direct SLS of' stainless steel powders 

processed at room temperature. It was established that single layer shape af'fect warping 
but the heights of test samples did not. 
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Kruth et al. (2004) discussed how the temperature gradient mechanism induced internal 

stresses are dependent on the part geometry and the scan strategy being adopted. They 

observed that if the area to be scanned is small, a short scan length normally occurs 
thereby leaving little time for the surface to cool before the next track is scanned, thus 

resulting in high temperature. For larger areas, the laser beam travels a longer distance 

so successively scanned tracks have more time to cool down resulting in a lower 

temperature over the scanned area. The consequent lower temperature of the scanned 
area results in poor wetting conditions causing reduction in the material density 
because of larger heat sink between the loose powder and the solidified material. 
Morgan et al. (2002) reported on a series of knit-scanning strategies (see Figure 2.5 in 
Section 2.3.1) developed to overcome the formation of the surface roughness and 
porosity in laser melted parts, and hence removed the associated porosity within the 
316 stainless steel material in order to achieve full density. The effect of scanning 
pattern on the sintered density of iron powder is presented in Figure 2.30 as 
investigated by Simchi & Pohl (2003). The dependence of the densification of iron 

powder on the scanning pattern is apparent and it is noticeable that the effect is less 

pronounced for specimens with dimensional ratio X/Y (the scan line distance in X- and 
Y- directions) approaching unity. Furthermore, lower sintered density resulted from 
"Sorted" scanning pattern in Y-direction (long scan vector) than in the X-direction. Xie 

et al. (2005b) proposed a modified knit-scan strategy to obtain increased density (84% 

of its theoretical density) for H13 tool steel by optimising the line spacing and scan 
speed. 

2.7.2.3 Effect of Atmospheres on Density of SLS/SLM Processed Components 

During the SLS/SLM of metal powders, the presence of oxygen in the operating 
atmosphere and as a form of passive layer of oxide on the powder surfaces does 

exacerbate the balling phenomenon during the SLS/SLM process due to the initiation 

of Marangoni convection. The major concerns arising from this are the significantly 
high absorption of laser energy on the sintering/melt pool and the liquid-metal surface 
tension which increases the wetting angle between the solid and liquid phases that can 
inhibit interparticulate bonding/melting between rastered lines and individual layers 
(Hauser et al. 1999b). Therefore, the use of controlled atmosphere during SLS/SLM of 
metals is very important because it prevents undesirable reactions, sweeps deleterious 

reaction products from the sintering chamber, initiates desirable reactions as 
demonstrated in the use of nitrogen atmosphere to form AIN (aluminium nitride) which 
improves the dimensional stability of sintered aluminium parts, and reduces oxide 
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present on the metal surfaces as exemplified in iron through dissociated ammonia 
(Schaffer et al. 2006). 

From the available literature, very limited experimental evidence could be gathered on 
the effect of sintering atmospheres on the density of materials fabricated via SLS. 
Asgharzadeh & Simchi (2005) investigated the role of argon and nitrogen sintering 
atmospheres on the laser sintering of M2 high-speed steel (HSS) powder. Their 
findings showed that laser sintering under argon atmospheres yielded better 
densification in comparison to nitrogen atmospheres especially at higher scan rates. 
This behaviour was also observed by Simchi & Pohl (2003) for iron powder (Figure 
2.37). Das et al. (2000) evaluated the effect of a wider range of atmospheres (rough 

vacuum of the order of 30mtorr, rough vacuum purged with argon, high vacuum <5x 
10'5 torn, and high vacuum followed by argon-2% hydrogen backfill) on the fabrication 

of superalloy cermet abrasive turbine blade tips via the direct SLS process. 
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Figure 02.36: Dependence of sintered density of iron powder on scanning pattern for various 
dimensional ratios; P= 215 W, v- 100 mm/s, hQ0.3 mm, N2 atmosphere, ambient powder 
temperature. Note that dimensional ratio X/Y Is the scan line distance in X. and Y- directions. 
(after Simchl & Pohl 2003). 
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Figure 2.37: Effect of sintering atmosphere on the density of iron powder as a function of laser 

scan (after Simchi & Pohl (2003)). 

Their results revealed that both rough vacuum and the purged argon contained 

sufficient oxygen to oxidize the molten superalloy matrix thereby causing balling, 

separation, and tearing due to surface tension effects. They concluded that a high 

vacuum atmosphere resulted in relatively uniform surface features, with no cracking, 
tearing, or separation when the investigation was conducted within an acceptable 

window of processing parameters. 

All the literature reviewed in this section so far are in concurrence with the observation 
made by Hauser et al (1999b) that the amount of oxygen presents during heating, 

melting and fusing of metal powder strongly inhibits the effectiveness of' laser power 

and scanning rates for successful SLS processing. However, no previous studies have 

been made of the effect of atmosphere on the direct SLS of aluminium alloys. lt would 

seem, on the other hand, instructive to examine the effect of' atmospheres on the 

sintering response of aluminium and its alloys in the powder metallurgy route. Schaffer 

et al. (2006) carried out an extensive literature survey on the effect of' atmosphere on 
the sintering of aluminium and its alloys. They identified nitrogen, vacuum, argon and 
hydrogen gases as atmospheres that had been utilised for the conventional sintering of' 

aluminium and its alloys. The outcome of their review suggested the effects were quite 

complex. For instance, Martin & Castro (2003) found that nitrogen was more effective 
than vacuum for an Al-lMg-0.5Si-0.2Cu (wt%) alloy while an improved sintering 

response was obtained for Al-4.5Cu-0.5Mg-0.2Si (wt%) alloy under vacuum. They 

pointed out that the differences noted in the sintering responses of the alloys under the 

two atmospheres under consideration were a result of varying cooling rates after 

sintering. It is worth noting that Martin & Castro (2003) had not investigated the effect 
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of the varying chemical composition of the alloys independently of the sintering 
atmospheres. Schaffer & Hall (2002) discovered that sintering of aluminium alloys 
under nitrogen resulted in the beneficial formation of aluminium nitride. 

Other researchers have also presented evidence that sintering of aluminium alloys 
under nitrogen yielded aluminium nitride, which possibly promoted the disruption of 
the surface oxide film and facilitated diffusional processes as a consequence of the 
greater degree of stability of A14N3 than A1203 (Schaffer et al. 2006). The available 
literature presents, however, the contradictory findings regarding the role of hydrogen 
in the sintering of aluminium and its alloys. While some investigators have claimed that 
hydrogen had little influence on the sintering of aluminium and alloys, others have 

shown that it has a deleterious effect on its sinterability with the explanation that water 
vapour associated with hydrogen acts as a stabiliser of hydrated alumina thus inhibiting 

shrinkage (Schaffer et al. 2006). While no convincing inference could be drawn from 
the available literature on the effect of atmospheres on the sintering response of 
aluminium and its alloys, Schaffer and co-workers noted that anecdotal evidence from 
the industry indicates that nitrogen is always the preferred atmosphere for the sintering 
of aluminium and its alloys because of its cheap cost. Schaffer and co-investigators 
examined the sintering of aluminium alloys of varying compositions in vacuum, argon, 
wet and dry nitrogen, nitrogen-5%hydrogen and argon-5%hydrogen mixtures and 
proffered explanations as to why moisture is deleterious and the formation of 
aluminium nitride is essential. Figure 2.38 presents the results of this investigation. The 

solid line represents no change in density between the green and sintered state. Hence, 
points above and below the line confirm the occurrence of net shrinkage and net 
expansion of the sintered parts respectively. It can be seen that shrinkage only occurs 
for all green densities under nitrogen atmosphere, whereas volumetric expansion of 
sintered parts occurred when 5% H2 was added to either a nitrogen or argon 
atmosphere. 
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Figure 02.38: The effect of the sintering gas on sintered density for A1-3.8Cu-Mg-0.7Si (wt%) 

samples were sintered for 1h and air cooled (after Schaffer et al. 2006). 

Therefore, Schaffer et al. (2006) showed that dry nitrogen is the most efficacious 

atmosphere for the sintering of aluminium alloys while hydrogen (moisture) is 

extremely prejudicial to sintered density. It was explained that aluminium nitride 
formation was beneficial in the reduction of the pressure in the pore spaces thereby 
inducing pore filling at particle sizes that are smaller than those required for the 

sintering in inert atmospheres. Since the processing conditions of the conventional 

powder metallurgy sintering differ from that of the direct selective laser sintering, it 

will be good to explore whether changing from argon to nitrogen atmospheres enhance 
sinterability of aluminium alloys in direct SLS/SLM 

2.7.2.4 Effect of Additives on the Density of Laser Sintered Components 

To fabricate components using the binary liquid phase SLS, sintering from a low green 
density to a high final density is required. To achieve this aim, the use of additives that 

promote the formation of liquid phase and improve the wettability is a simple and 
inexpensive technique that is feasible. Many researchers have expended significant 
efforts in attempting to increase the densification by improving the wettability in direct 
laser sintering. Among numerous approaches adopted by various research groups are 
the use of in-situ deoxidiser or fluxing agent, alloying additions and a pre-heated 
powder bed. This section is devoted to a review of the literature on the use of fluxing 

agents and alloying additions to enhance the densification mechanism in SLS processed 
powders. 
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Fluxing agents which are used in brazing and soldering can improve wetting effectively 
during sintering due to their abilities to de-oxidise and reduce the surface tension of the 

solid-liquid-vapour interface (Zhu et al. (2006). Agarwala et al. (1995) examined the 

exact chemical role of phosphorus in SLS of bronze (Cu-10wt%Sn)-nickel powder. 
They were able to determine an optimum processing window for which a density of 

around 70% was obtained without any significant curling. Zhu et al. (2005) found the 
formation of Cu2O in a copper-based powder (Cu-40%wtSCuP) to be sensitive to the 

scan spacing as a consequence of a lack of Cu3P protection under the re-heating 

condition if small scan spacing was used. Moreover, they discovered that atomic 

concentration diffusion was the densification mechanism at fast scan speed and high 

scan spacing whereas solute-reprecipitation was noted to be the predominant 
mechanism for densification at low scan rates and small scan spacings. Although, Zhu 

and co-workers (2005) did not elaborate on the role of Cu3P in improving wetting 
between sintered layers and enhancement of densification, Zhu et al. (2006) 
investigated the influence of varying contents of brazing flux on the wettability and 
densification in the direct laser sintering of Cu-based metallic powder (Cu- 

40%wt. SCuP). Their findings revealed that small amount of flux increased the 
densification and sinterability. A large amount of flux additive had a negative effect, 
however, with balling taking place and a residual covering of flux on the surface 
leading to a deterioration of adhesion between the sintered layers (Zhu et al. 2006). 

Furthermore, the densification kinetics of iron, by SLS, was found to be enhanced by 

the addition of graphite powder (an increase of -15% theoretical density) and this 

enhancement was influenced by the scanning rates as shown on Figure 2.39 (Simchi & 
Pohl 2004). The critical scan velocity, however, increased from 150 mm/s for iron 

powder, to 600 mm/s for the iron-0.8%wt. graphite powder mixture. Chen et at. (2004) 

showed that boron addition to iron reduced the tendency to spheroidise and increased to 

some extent component density for a given set of conditions. 

On the basis of the characteristics of phase diagrams of ideal sintering systems, 
alloying elements have been used to enhance the sintering behaviour of metallic 
systems (see Figure 2.17 in Section 2.4). In these systems, the mechanism of 
enhancement is the formation of eutectic liquid phase and, since the solubility of the 

additive in the structural metallic component is low, the liquid remains segregated to 

particle boundaries. Sercombe (2003b) added boron to maraging steels with the aim of 
producing high hardness rapid tooling. His findings showed that the reaction of 0.4% 
boron with the alloying elements in the maraging steel resulted in the formation of Mo- 
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and Ti- rich borides, thereby providing a liquid phase for enhanced sintering to produce 

a near full density component. Chen et al. (2004) found that the inclusion of titanium in 

steel samples improved the bonding of the sample to the substrate and reduced the 

extreme hardness of the material. A search of the literature on the effect of alloying 

elements on the densification mechanisms of SLS/SLM processed aluminium powders 
has yielded no result. Hence, in order to gain an understanding of the role that alloying 
additions play in the sintering/melting of aluminium powders, results from 

conventional powder metallurgy must be considered. 
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Figure 2.39: Effect of laser scan rate on the sintered density of iron powder and iron-0.8 wt. %, 
graphite powder mixture processed at laser power of 215W, scan line spacing of 0.3mm, and layer 
thickness of 0.1mm (after Simchi & Pohl 2004). 

It is an established fact that trace elements facilitate the sintering of aluminium and its 

alloys by the formation of liquid phase. This initiates a change from the solid state to 
liquid phase sintering with corresponding increase in sintering rates. Sercombe & 

Schaffer (1999a, 1999b) had observed that trace additions (0.1 wt%) of Sri, Pb, Bi, and 
Sb enhanced densification during sintering of aluminium alloys and dramatically 
improved their tensile properties. This observation could be attributed to the high 

vacancy binding energy of the trace elements used as well as their insolubility. Schaffer 

et al. (2001 a) proposed a mechanism by which as little as 0.07wt% lead, tin, or indium 

promotes sintering in an Al-Zn-Mg-Cu alloy. They stated that the sintering 
enhancement was as a result of the segregation of' the micro-alloying additions to the 
liquid-vapour interface thereby lowering the effective surface tension of the oxides. 
McPhee et al (2003) discovered that the segregation of iron into the inter-granular 
liquid pools retards the liquid film migration rate in aluminium alloys while alloys with 
low iron levels develop few intergranular pools and have higher sintered densities. 
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Delgardo et al. (2005) examined the effect of the second liquid phase coming from the 

addition of eutectic Al-Si on the super solidus liquid phase sintering (pre-alloyed 

powder) and liquid phase sintering (pre-mixed powders) of Al-Cu 2XXX series. Their 

result showed an improvement in AA2014 (Al-4.4wt%Cu-0.7wt%. Si-0.4wt%Mg) 
densification and mechanical properties but the product was noted to have been 

bedevilled with porous microstructure while Alumix 123 (Al-4.4%wt. Cu-0.6%wt. Si- 
0.5%wt. Mg) densification and microstructure improved by having lower amount of 
porosity but had lower bending strength. Therefore, it can be deduced from the 
foregoing discussions, that the sintering mechanisms of various aluminium alloys differ 
depending on specific micro-alloying elements and, sometimes, the bulk alloy 
composition. The insight gained from the powder metallurgy (P/M) studies on the 

effect of trace elements on the densification of aluminium alloys could be useful in the 
direct selective laser sintering of aluminium alloys. This could be applied by 
investigating the effect of alloying elements on the sintering mechanisms of various 
aluminium alloys under the direct SLS processing conditions. This investigation is very 
important because the direct SLS processing technique differs significantly from the 

conventional sintering process. Furthermore, from the available literature, no in-situ- 
deoxidiser or fluxing agents had been developed for aluminium alloys such that it could 
promote wettability between the various layers thus improving densification. The 

requirement for such an in-situ-deoxidiser or fluxing agent should be such that it would 
not leave any residue on the layers which could impair the coherence of the layers of 
the components being formed. 

2.7.3 Surface Morphology of Laser Sintered Components 

The impact of various processing parameters on surface morphology of a variety of 
SLS/SLM processed engineering materials has been investigated by several 
researchers. These results are summarised and discussed in this section. Simchi & Pohl 
(2003) employed SEM to determine that the surface morphology of laser sintered iron 

was strongly influenced by scan line spacing (h), whereas other parameters were less 

effective. Figure 2.40 reproduces the observations of the surface morphology of laser 

sintered iron processed at various scan spacings (h =0.1,0.3, and . 0.4 mm) in a N2 

atmosphere at fixed processing parameters (P = 215 W, u= 50 mm/s, d=0.05 mm) and 
bed temperature of 80 °C. At h=0.4 and 0.3 mm, the solid particles were bonded 
together to form a network of columnar agglomerates parallel to the scan direction 
(Figure 2.40(a) and (b)) with the columns separated by longitudinal gaps. Decreasing 
the scan spacing resulted in a lower gap width, as a comparison of Figure 2.40(b) and 
(c) indicates. However, a relatively smooth and almost fully dense sintered surface was 
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obtained for specimens processed at h=0.1 mm (Figure 2.40(c)). Zhu et al. (2005) 

showed that for a Cu powder blended with pre-alloyed with SCuP, decreasing the scan 

speed also leads to a dense surface. The surface of the sample sintered at scan speed of 
500 mm/s consisted of small randomly oriented, loose equiaxed agglomerates. The 

average size of the agglomerates was only about 100 µm, as shown in Figure 2.41(a). A 

large amount of small pores with almost the same shape and size were inter-connected 

suggesting insufficient densification during the SLS process. As the scan speed was 
decreased to 300mm/s, as shown in Figure 2.41(b), the surface consisted of larger 

agglomerates, approximately 150 µm diameter, which were connected by bridges. 

Moreover, the sizes of the pores were larger, their shape became more irregular and 
they became more inter-connected. Further reduction in the scan speed to 100 mm/s 

resulted in surface morphologies consisting of large, highly dense agglomerates and 
isolated pores with a nearly spherical shape (Figure 2.41(c)). An almost fully-dense 

sintered surface could be obtained when scan speed of 20 mm/s was used (Figure 
2.41(d)). Niu & Chang (2000) carried out qualitative analysis of the effect of laser 

processing parameters on the sintering response of gas atomised M2 high speed steel 
powder by observing the SEM images of the surface morphology and internal 

microstructure of single layer parts. They discovered that with increasing laser power, 
the sintered surface varied from open/closed pores to a fully dense structure (Figure 
2.42). Large lateral pores on the sintered surface of samples were found to result from 

the usage of high scan rates. The results obtained by Zhu et al. (2005) though in 

agreement with the work of Niu & Chang (2000), contradict the findings by Simchi & 

Pohl (2003) that all SLS parameters, with the exception of scan spacing, have little or 

no effect on the surface of parts. It seems likely that this disagreement could be 

attributed to the variation in the properties of each material. 

The remaining part of this section will be devoted to the examination of the reported 
effects of laser processing parameters on the microstructure of laser-sintered multiple- 
layer parts. 
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Figure 2.40: SEM images of laser sintered iron surfaces using different scan spacings: (a) 0.4 mm; 
(b) 0.3 mm; (c) 0.1 mm (after Simchi & Pohl 2003). 
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Figure 2.42: A processing map for M2 HSS showing the variation of porosity morphologies with 
scan rates for various laser powers and a constant scan spacing of 0.15 mm (after Niu & Chang 
2000). 

2.7.4 Microstructure of SLS/SLM Processed Components 

Zhuoxing et al. (1999) demonstrated the feasibility of laser-sintered Cu-Sn-C system to 

produce intermetallics/phases such as a-Cu, Cu31Sng(6), Cu3Sn(s) and Cu6Sns(t1) in Cu- 

Sn-C systems. They were found to have a more enhanced homogeneous distribution 

than conventionally sintered materials as a result of improved flowability of the melt 
brought about by a relatively high sintering temperature. Furthermore, Niu & Chang 

(2000) reported that the SLM of M2 IISS powder resulted in the formation of line 

grains with the microstructure consisting of a ferritic matrix with grain boundary 

carbides of M6C and M4C3. These examples depict the benefits which may accrue from 

the application of SLS/SLM to the fabrication of metallic alloy components. These are 
generally, the ability to employ the transient cooling patterns to control grain sizes and 

shapes, phase percentages, and phase compositions in order to promote desirable 

mechanical properties during SLM. An extensive search of the literature has revealed 
that an accurate interpretation of the complex microstructure of laser sintered/melted 
samples requires a knowledge of the thermal history during the process resulting from 
building a range of laser sintering processing conditions. For example, the laser 

processing technique is capable of generating typical cooling rates ranging between 103 

to 1011 K/s ((Ion 2005; Steen 2003; Basu and Date 1992a, 1992b). The fine 

microstructure usually observed in materials processed by SI, S/SLM is a consequence 
of the high cooling rate ((Steen 2003; Basu and Date 1992a, 1992b). The nature of the 

microstructure obtained when laser power, scanning rates, scan spacing and layer 

thickness are varied is dependent on the duration of the interaction between the powder 
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and the laser beam. The relationship between energy density and duration of laser- 

material interaction defines the operational regime of the SLM process which results in 

a unique temperature gradient (G), solidification rate (R) and cooling rate (T = G. R). 
Steen(2003) noted that increasing the ratio G/R results in a gradual change in the 

solidification regime from dendritic to cellular dendritic and consequently to planar 
front growth (see Figures 2.9 and 2.10 in Section 2.3.4). Furthermore, higher cooling 
rate (G. R) promotes greater undercooling, thus producing finer grains. hence, the 

parameters (G/R) and (G. R) control the type of microstructure and the scale of the 

microstructure, respectively (Loretto et al. 1998; Srivastava et al. 1999; Basu and Date 
1992a, 1992b). 

Longer laser-material duration or a higher energy density, during SLM, as a 
consequence of lower scanning rates and/or higher laser power lead to the formation of 
a superheated melt pool and high surface temperature (Ion 2005; Steen 2003). Under 
these conditions, it takes longer for the liquid to start solidifying and the temperature of 
the base material becomes higher, thus lowering both the temperature gradient at the 
interface and the cooling rate. A coarse microstructure may result in this case. When 
low laser power and/or faster scanning rates are employed, superheating is not 
pronounced and the average temperature gradient at the interface is sufficiently high to 
give a faster cooling rate thereby leading to the formation of finer microstructure. The 

geometry of the melt bead in the SLM process is dependent on the laser processing 
parameters. For example, provided the energy density is less than a critical value, when 
the heat input is just sufficient to melt the powder, this will result in the melt pool 
having a cylindrical geometry due to high surface tension. The contact area between 
two such layers will be smaller resulting in poor heat conduction and a low cooling 
rate. 

For a multiple-layer part fabricated by the SLM process, where the substrate layers are 
pre-heated or partially melted in the subsequent deposition, both the cooling rate and 
the microstructure are affected (Steen 2003). The degree of formation of the heat 

affected zone (HAZ) in the deposited layer is a function of laser processing parameters. 
This could be responsible for the observed variations between the morphology and 
microstructure of individual laser deposited layers. 

The following sections present various examples of how varying SLS/SLM process 
parameters and additives affect the microstructure of laser sintered metallic materials. 
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2.7.4.1 Effect of Processing Conditions on the Microstructure of Laser Sintered 

Components 

Zhu et al. (2005) investigated the influence of SLS processing parameters on the 

microstructure of a Cu-based powder blended with pre-alloyed SCuP (Cu-40wt%SCuP) 

by varying scan speed and scan spacing as shown in Figures 2.43 and 2.44 respectively. 
These figures reveal that the grain size of the samples after laser sintering is much finer 

than the original particle size. They suggested the following reasons for this behaviour. 

The first possibility was that the Cu particles reacted with the melting binder (SCuP) 

and melted or partially melted. Consequently, as the laser beam moves away, molten 
Cu solidifies first because of its higher melting point (epitaxial growth). Therefore, the 

re-solidified Cu grains could be finer because of the high cooling rate. However, the 

laser energy in this experiment could not melt Cu completely, especially in the sample 

with the highest scan speed of 500 mm/s and a large scan spacing of 0.3 mm. Another 

possibility that may explain the occurrence of finer particle size is the mechanism of re- 

arrangement. Generally, the re-arrangement in liquid phase sintering (LPS) include two 

stages: the first stage in which the liquid flows into pores inducing the sliding, rotating 

and re-arrangement, of solid particles and the second stage in which the liquid 

penetrates along the grain boundary of the solid thereby making the particles size to be 

finer. Since the growth of Cu particles is temperature and time dependent, the decrease 

in the scan velocity and scan spacing may lead to coarsening. There are three 

overlapping stages associated with classic LPS: re-arrangement, solution- 

reprecipitation and solid-state sintering. Among these stages, solution re-precipitation 

and solid state sintering are responsible for microstructural coarsening. The 

contribution of the third stage is very limited because of the short duration of 
interaction between laser and metal powder. Therefore, it is the second stage, solution- 
reprecipitation, that is likely to be the main mechanism which promotes microstructural 

coarsening. 

Simchi & Pohl (2003) examined how the connectivity and orientation of the pores in 

the microstructure of SLM processed iron powder depended on the processing 

conditions. They observed that for a laser power of 215 W, scanning velocity of 50 

mm/s, scan spacing of 0.1 mm, and layer thickness of 0.05 mm the pores arc elongated 
horizontally, almost perpendicular to the building direction (Figure 2.45(a)). The length 

of the pores was of the order of millimeter, and the width was about 0.1 mm. The 

agglomerates were fully dense and consisted of elongated ferrite grains oriented 
parallel to the building direction (Figure 2.46(a)). 
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Figure 02.43: Microstructures of the laser sintered Cu-based samples using different scan speeds 
(after Zhu et al. 2005). 

Increasing the scan spacing to 0.3 mm, resulted in the orientation of the pores becoming 

parallel to the building direction (Figure 2.45(h)). Again, the inter-agglomerates were 
fully dense, elongated ferrite grains oriented in the same direction as the pores (Figure 
2.46(b)). However, the pore sizes in the two cases (h = 0.3 and 0.1 mm) were 

comparable and the fractional sintered density was almost equal (-0.74). On the other 
hand, increasing the scan velocity or decreasing the laser power increased the 

connectivity of the pores (Figure 2.45(c)). Furthermore, the pores became less oriented. 
Similar results were obtained for higher layer thickness but the pore channels were 

considerably bigger (Figure 2.45(d)). 

The influence of laser processing parameters on the microstructural transition of laser 

processed metal powders from cellular to columnar to dendritic morphologies had been 

highlighted in sections 2.3.4 and 2.7.1.3 (see Figures 2.9 and 2.10). It had been 

emphasised that columnar regrowth occurs under the condition of low interfacial 

undercooling. 
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Figure 2.44: Microstructures of Cu-based laser-sintered samples using different scan spacings 
(after Zhu et al. 2005). 
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Figure 02.45: Polished section of laser sintered iron showing the pore structures on a section cut 
parallel to the building direction (N2 atmosphere and 80 oC powder bed temperature) and 
processed at the laser of 215 W: (a) u=50 mm/s, h=0.1 mm, d=0.05 nom; (b) u=50 mm/s, h=0.3 min, 
d=0.05 mm; (c) u=100 mm/s, h=0.3 mm, d=0.05 mm; (d) u=50 mm/s, h 0.3 mm, d=0.2 mm (after 
Simchi & Pohl 2003). 
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For high laser scan speeds, the lag of the solidification front behind the Iiquidus 

isotherm may be quite significant, thus making the nucleation of new grains within the 

undercooled liquid a possibility. Ultimately, under extreme processing conditions and 

with the right alloy constitution, the formation of new grains will be inhibited by the 

onset of glass formation. 
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Figure 2.46: Characteristic microstructures of laser sintered iron on a section cut parallel to the 
building direction for different scan line spacings (I'= 215 W, tv-50 mm/s, (1 0.05 mm, N2 

atmosphere, 80 oC powder bed temperature): (a) 0.1 mm; (b) 0.3 mm (after Simchi & Pohl (2003)). 

2.7.4.2 Effect of Additives on the Microstructure of Laser Sintered Components 

lt is widely believed that additives can have profound eti ct on the microstructure of 
laser-sintered components: this is illustrated in the following examples. Murali cal a/. 
(2003) investigated the SLS of a powder mixture of iron and graphite (99.22wt. °/% and 
0.78wt. %. respectively) using a pulsed Nd: YAG laser and observed the laser sintered 
iron-graphite parts to be porous with a microstructure and mechanical properties 

substantially different from the same parts fabricated From the same powder mixture via 

conventional P/M. Moreover, they discovered that the carbon content in the sintered 

samples was as low as 0.3wt%. "l'hey concluded that in order to achieve it target carbon 
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content, a powder mixture of higher graphite content must be used. Simchi & Pohl 

(2004) followed up this suggestion by varying the graphite content between 0.4 to 

1.6wt% in direct laser sintering. They found that with the addition of graphite (0.4wt% 

to 0.8wt%) to the iron powder, the continuous network of pore channels was eliminated 

and irregular shaped pores surrounded by a fully dense iron matrix were formed 

(Figures 2.47(b) and (c)). The microstructure consisted of small, spherical pores with 

no degree of orientation. With increasing graphite content (1.2wt%), the total porosity 
decreased steadily, and more pores were found in the microstructure (Figure 2.47d). 

Finding by Simchi & Pohl (2004) clearly demonstrates that the heterogeneous 

distribution of carbon in the iron matrix (Figure 2.48 and Table 2.13) leads to the 

formation of different phases as corroborated through the work of Murali et al. (2003). 

Similar results were obtained for the other sintered parts, although heterogeneity is 

more pronounced in the case of samples having higher graphite content. The work of 
Simchi & Pohl (2004) and Murali et al. (2003) once again have directed attention to the 
issue of altering the starting powder composition and making the correct choice of alloy 

addition in order to overcome the problem of heterogenous distribution of phases with 
the resultant poor mechanical properties, as pointed out earlier in Section 2.5. 

Prior to these findings, Tang et al. (2003) described how microstructural features such 

as porosity, pore size and shape, the agglomerate size, and grain shape of laser sintered 

copper alloy (Cu and Cu3P)are associated with the variation of the amount of in-situ - 
deoxidiser (SCUP). They noted the existence of a large amount of pores at a low SCuP 

level (25vo1%) with small agglomerate sizes (200-300 µm) of ball-like shape (Figure 

2.49(a)). When the amount of deoxidiser increased to 40vol%, more molten binder 

flowed and infiltrated into pores between the copper particles, thereby forming big 

agglomerates and a denser microstructure, but the pore sizes became larger (Figure 

2.49(b)). However, at higher fractions of SCuP, the re-arrangement force is higher and 

the viscosity of the mixture was lower, leading to faster re-arrangement of Cu particles 

and spreading of the binder (Figure 2.49(c)). The molten binder spreads and wets the 
Cu particles well. The copper particles arc pulled together by the liquid towards the 

center of a laser scan path, thus forming long bar shaped tracks. Tang et al. (2003) 

concluded that high porosity was still left in the microstructure due to the short 
transient interaction duration (0.1 to Is) between laser and metal powder. The porosity 
could be eliminated by the appropriate choice of the laser processing parameters which 

allows sufficient laser-material interaction duration that eliminates porosity and balling. 

The findings in this section corroborate the results obtained from the investigation on 
the effect of component ratios on the attainable liquid phase which determines, to a 

very great extent, the nature of microstructural features and densification mechanisms 
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of direct laser sintered powders (see Section 2.5). "therefore, the right choice and 

correct amount of the appropriate additive for microstructural improvement in a typical 
SLS powder system is very important. 

Table 02.13 : The local carbon concentration measured by X-ray photoelectron spectroscopy (XPS) 
method and microhardness values of marked areas in Figure 2.42 (after Simchi & Pohl 2004). 

Area Possible phases Carbon content (wt. %) I lardness (l 1VO 1025) 

I Ferrite 0.1 137 

II Tempered Martensite 1.6 463 

III High Carbon 

Austenite 
1.9 476 

c9() um 

Figure 2.47: Polished section of laser sintered parts shows the effect of graphite addition on the 
pore structures on a section cut parallel to the building direction; laser power is 215 W, scan rate is 
75 mm/s, scan line spacing is 0.3 mm, and layer thickness is 0.1 mm (a) 0% C (b) 0.4% C (c) 0.8% 
C (d) 1.2% C (after Simchi & Pohl 2004). 

There appears to be no literature dealing with the effect of sintering atmospheres and 
alloying additions in the SLS/SLM of aluminium or its alloys. Reports on the indirect 
SLS of aluminium alloys carried out at the University of Queensland in Australia, 
document the effects of nitrogen sintering atmospheres and alloying addition but only 
as they affect the dimensional stability of the components, (Sercombe 2003a: Sercombe 
& Schaffer 2004a, 2004b, Sercombe &I lopkinson 2006) no mention is made of' their 

effect on microstructure. Therefore, the effect of the various additives or alloying 
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contents on the microstructure of direct SLS fabricated aluminium components is an 

area worthy of investigation. 

Figure 02.48: Characteristic microstructure of laser sintered iron-1.2 wt. '% graphite powder 
mixture on a section cut parallel to the building direction shows heterogeneous carbon dissolution 
in the iron matrix resulting in the varying local hardness values (Table 2.4). Laser power is 215 W, 
scan rate is 75 mm/s, scan line spacing is 0.3 mm, and layer thickness is 0.1 mm (after Simchi & 
Poh12004). 

2.7.5 Mechanical Properties of Laser Sintered Components 

This section is devoted to the mechanical properties oflaser sintered components such 

as hardness, strength, ductility, and impact energy. Strength is of major interest in laser 

sintered parts. From Table 2.2 in Section 2.2, it is evident that the SLS/SLM process is 

able to impart adequate mechanical properties to components produced from metal 
powders fabricated by this technique when compared to other manufacturing 
techniques. Moreover, mechanical properties "which are primarily dependent on 
fractional density" exhibit similar trends to the variation of'sintered density with respect 
to scan speed and laser power (Figure 2.50). Besides the fractional density, the strength 

of porous sintered samples also depends on various powder characteristics such as 

particle size and distribution, and particle shape. To understand how mechanical 
properties of laser sintered parts vary with the fractional density, the effect of' pores 
(porosity and pore shape) on the structural integrity (impact energy, fracture toughness, 

and fatigue strength) of parts will he discussed briefly. Furthermore, it is pertinent to 

note that although a sintered sample may attain full density, it may possess inferior 

mechanical properties as a result of microstructural defects, such as the presence of 
inclusions such as oxides (Figure 2.51). 
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Figure 2.49: SEM images of sintered Cu-Cu3P samples using different amount of binder: (a) 25 

vol% SCuP; (b) 40 vol% SCuP; (c) 55 vol% SCuP (after Tang et al. 2003). 

Pores reduce the effective load carrying capacity of a material and act as stress 

concentrators and effective crack initiation sites which affect hardness, tensile 

properties and ductility. Therefore, a sample with residual microstructural porosity 

would be expected to be weaker than fully dense bulk material. Interestingly, 

mechanical properties of sintered parts are sensitive to pore shape and placement. 
Smooth pores at large spacings are noted to be less detrimental than small, closely 

spaced pores (Figure 2.52). The undesirable influence of pores on ductility is as a 

consequence of crack initiation at the pores. 't'herefore, aside from the effect of pore 

volume on ductility, there is a further sensitivity to pore shape. On the basis of the 

above discourse, German (1998) and Grayson et al. (2004) inferred that the shape, 

spacing, size, and placement of pores contribute to the significant variation in ductility 
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observed in P/M materials. German (1998) noted that with a porosity level greater than 
15%, ductility is often negligible. 
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Figure 2.50: Ultimate tensile strength of SLS-processed bronze-nickel parts as a function of scan 
speed and laser power (after Agarwala et al. 1995). 

Grayson et al. (2004) characterised the fatigue behaviour of unreinforced pressed and 

sintered aluminium alloys by examining aspects of crack initiation and growth. They 

discovered that crack initiation occurred at surface or sub-surface pores and pore 
clusters with the veins of oxide observed on fatigue fracture surfaces. The presence of 
the veins of oxide was attributed to pre-existing microstructural features arising from 

the residue of the alumina coating on the aluminium powder particles. Moreover, 
Upadhyaya (2000) established that, for a common P/M alloy (201 AB), the tensile 

strength for a compaction pressure of 110 MPa and sintered density of 2.53 g/cm; 
(approximately 9vol% porosity) was 169 MPa. 

When the sintered density was increased to 2.70 g/cm3 (6% higher density), the tensile 

strength increased by -25% to 209 MPa. Furthermore, German (1998) highlighted the 

role of porosity in low-alloy (Ni-Mo-C) steels; for instance, the fatigue endurance 
strength for hot forged material having 0% porosity is 650 MPa, whilst the value for the 

same alloy produced by metal injection moulding (3% porosity) is 575 MPa and die 

compaction (12% porosity) is 390 MPa. In the formation of' fatigue cracks and their 

propagation through the microstructure, pores play a significant role. (Diven the 
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condition of dynamic loading, the crack grows ever so slightly on each stress cycle, 

eventually reaching a point where fracture takes place (German 1998). The nature OI' 

the final t-ailure may be ductile or brittle. 
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Figure 2.51: Impact energy as a function of the oxide inclusion content in it hot-repressed 4340 

steel, showing the detrimental effect of a small level contamination (after Cerman I99M). 
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Figure 2.52: The pores (dark spots) in these two sintered steels vary in shape and size, largely due 
to differences in sintering cycles. The arrangement of pores outlining the particles in (a) is 
detrimental to final properties, while the smooth pore structure evident in (h) is more desirable 
(after German 1998). 
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(a) (b) 

Figure 02.53: Fracture Surfaces obtained by scanning electron micrograph showing (a) dimple 

region, an indication of ductile fracture and (b) the cleavage characteristics 3500x (Callister 2007). 

An understanding of the nature of the failure demands an accurate interpretation of the 

microstructure and of the fracture surface (Callister 2007). The presence of' dimples on 

the SEM fractured surfaces is an indication of ductile Cailure while brittle fracture is 

characterised by cleavage with each fractured grain flat and differently oriented, 

thereby giving a "crystalline" or "rock candy" appearance (Figure 2.53) to the fracture 

surface (Callister 2007). The impact energy and fracture toughness are also sensitive to 

pores. The impact energy is the energy needed to fracture a sample, while the fracture 

toughness indicates the energy required for the crack growth in an already defective 

structure (German 1998). Porous P/M parts are poor in impact toughness and fracture 

toughness tests. 

As observed in other studies, higher SLS/SI, M part densities were obtained by using a 
lower layer thickness (Simchi & Pohl 2003; Agarwala et a!. 1995). However, the 

minimum layer thickness that can be successfully employed is determined by various 
factors and most importantly by the maximum particle size in the system, as discussed 

in section 2.7.2.1. Below a certain layer thickness, the roller mechanism tends to 

displace the previously sintered layers from their predetermined position, thus 

disturbing the geometry of the component. (Agarwala el a! 1995). This problem is 

particularly serious during the early build up of the component. In a study carried out 
by Agarwala et al (1995) on bronze (Cu-10%wt. Sn)-nickel powders having 

agglomerate particles as large as -150 µm, it was discovered that lowering layer 

thickness from 500 µm to 250 µm resulted in an increase in ultimate tensile strength 
from approximately 35MPa to 60 MPa, irrespective of laser power or scan speed. The 

lower layer thickness resulted in improved sintering between layers thus advancing the 

part density. However, lowering the layer thickness to 125 µm resulted in difficulty in 
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spreading fresh layer of powders without disturbing previously sintered layers. 

Agarwala and co-investigators observed that strength was considerably lower when 
bronze-nickel specimens were oriented and scanned in a longitudinal direction (40 

MPa) in comparison to when they were oriented and scanned in the transverse direction 

(60 MPa). This is as a result of the short scan vector in the transverse scanning 
direction which resulted in better sintered part. Kruth et al. (2004) demonstrated that 

short scan vectors cause the receipt of more localized net energy than a series of longer 

scan vectors because of the shorter time interval between successive pulses, minimising 
the temperature decay. 

Dewidar and co-workers (2003) adopted infiltration with bronze to improve the 

mechanical properties of high speed steel components fabricated via direct SLS. 
Uzunsoy & Chang (2005) carried out a comparative evaluation of the microstructure 
and mechanical properties of laser sintered low carbon stainless steel (316L) processed 
using three different copper alloy infiltrants. They found the tensile fracture strength 
increased in the order of high tensile brass< bronze < cast aluminium manganese 
bronze. The alloying effect on the mechanical properties of conventional P/M 

processed samples is less clear because, in most cases, alloying elements induce 
different density which is at variant with microstructure. 

Liu et al. (2006) investigated the effect of iron (Fe) and molybdenium (Mo) contents on 
the tensile properties of P/M binary titanium alloys at room temperature (Figure 2.54). 
For Ti-Fe alloys, Ti-3wt%Fe had the highest yield strength but poor elongation (1%). 
They had ductility larger than 2% when the Fe content was below 2wt% whilst the Fe 

content was above 3wt%, the strength reduced as a result of its poor ductility. Liu et al. 
(2006) attributed the observed reduction in tensile strength and poor elongation to the 

promotion of the coarse, primary ß-grains by Fe and the formation of TiFe intermctallic 

phase during cooling. Therefore, the existence of TiFc intermctallic phase was noted to 
have deteriorated the ductility and the tensile strength. For Ti-Mo alloys, the 

microstructural refinement effect of Mo and the stabilisation of ductile ß-phase lead to 
the rapid increase in strength of P/M Ti-Mo alloy and good ductility. Moreover, the 
reduction in elongation of P/M Ti-Mo alloys at Mo content above 3% could be ascribed 
to their low density, which decreases with the Mo content. 
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Figure 2.54: Effect of alloying elements on the tensile properties of binary P/M Ti alloys at room 
temperature: (a) Fe content (b) Mo content (after Liu et al. 2006). 

2.7.6 Dimensional Accuracy of Laser Sintered Components 

Despite continued improvements that have been recorded in the field of SLS/SLM over 
the past few years, achievable dimensional accuracies remain limited when compared 
to the CNC machining technique. Although, the SLS/SLM process has claimed 
accuracies of ± 0.05 mm (Pharr et al. 1998), achieving this demands a thorough 
understanding of the process and the long term experience of the machine operator. 
Reports from the available literature have shown that unfinished prototypes made by 
SLS/SLM and other rapid prototyping processes are characterised by oversize in the X, 
Y, and Z directions with the least accuracy noted for the Z build direction (Dunne Cl al. 
2004). 

The beam quality, powder granularity, shrinkage, CAD model, slicing algorithms, data 

transfer, and device motion resolution have been identified as critical process 
parameters and powder properties affecting the dimensional accuracy of components 
fabricated by LM processes (Karapatis et al. 1998). The mode or quality of the laser 
beam has been found to play a crucial role in SLS/SLM produced components. 
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Karapatis et al. (1998) observed that Nd: YAG (?, = 1.06 [Lm) lasers have better 

absorptivity on powders than CO2 lasers (?, = 10.6 µm) while they noted the CO2 lasers 

are of higher quality than the Nd: YAG lasers. They elucidated that the absorption of 
laser energy affected the accuracy of parts made by the SLS/SLM process because 

thermal gradients cause residual stresses in the parts and thermal diffusion induces 

sintering of particles not situated directly under the beam. In order to maintain excellent 
dimensional accuracy in SLS/SLM manufactured parts, powder particles sizes must not 
be too fine, to ensure the powder flowability under the delivery device, while proper 
wetting behaviour between the structural material and the binder is very critical. The 

remaining unfused powder holds the parts thereby promoting structural rigidity during 

the process. With regard to the CAD model, slicing algorithms and data transfer 

accuracy, dimensional accuracy is dependent on computer power and programming. 
Lewis (1995) observed that CAD software is at present of high precision with the 

slicing algorithms allowing a good layer representation of parts. Moreover, infiltration 
has been adopted to improve the dimensional accuracies of indirect SLS processed 
aluminium alloys (see section 2.3.4). 

2.7.7 Effect of Laser Types on the Properties of Laser Sintered Components 

The type of laser (see Table 2.1) used for sintering has been identified as one of the 
factors affecting the properties of laser-sintered components. For instance, Lauwers et 
al. (1999) explored the comparative fabrication of components made in Fe-Cu and WC- 
Co powders by CO2 and Nd: YAG lasers. They inferred that with the Nd: YAG laser, 

components of higher density, a deeper sintering depth, and a larger processing window 
are obtainable, given the same laser energy density for both laser types. Abc et al. 
(2001) employed a dual laser scanning system combining a pulsed Nd: YAG, with a 
mean power of 50W and a maximum peak power of 3kW, and a C02 laser, to fabricate 
3-D components from nickel, aluminium, iron, copper, stainless steel, chromium and 
nickel-base alloys. Their findings showed that reheating by C02 after initial heating by 
Nd: YAG improved the material's properties, the elimination of residual stress and 
ductility improvement being attributable to the reheating after melting. Steen (2003) 

noted that in order to attain effective bonding between the layers, the depth of 
penetration should be of the order of the layer thickness with the aid of pulse lengths of 
a few milliseconds for layer thickness varying from 20 to 100 lim. Morgan et at. (2001) 

achieved porosities less than 1% with a continuous wave (CW) Nd: YAG laser when 
fabricating stainless steel 316L powders. Although many of the commercial SLS 

machines are equipped with C02 lasers, Nd: YAG lasers arc well known to offer 
enhanced absorption characteristics for metallic powders (Lauwers et al. 1999; 
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Tolochoko et at. 2000). CO2 lasers are associated with high efficiency, low price and 

ease of maintenance. These reasons could be responsible for the increasing popularity 
of CO2 laser systems when compared to the Nd: YAG systems, especially for powers 
greater than 5kW (Steen 2003). Recently, a new generation of machines which employ 
lasers of enhanced beam quality are being developed (Santos et al. 2006). Among such 

machines are EOSINT 270, TrumaForm LF 250, and Realizer. Even though machines 
using diode lasers are more cost effective than those employing CO2 or Nd: YAG lasers 
but they have the limitation of poor beam quality as a result of the high beam 
divergence which needs to be improved upon (Santos et al. 2006). Meanwhile, a 

comparative processing test would be necessary for both CO2 and Nd: YAG machines 
in order to observe the sintering behaviour of aluminium alloys and make conclusions 
regarding any of the machines that may yield a more acceptable processing window 
and improved functional properties for processing aluminium alloys. 

2.7.8 Powder Bed Behaviour and its Effect on the Properties of Laser 
Sintered Components 

This section considers the property requirements of powders that may be deemed 

suitable for the direct SLS process as well as their role in the development of the 

properties of laser sintered parts. 

2.7.8.1 Powder Properties 

Many researchers working in the specialty of conventional powder metallurgy have 

emphasised the importance of controlling specific powder properties to achieve 
increased efficiency during powder handling, packing and compaction with a view to 

obtaining substantial improvements in the density and mechanical properties of the 

sintered components (Thümmler & Oberacker 1993; German 1991). Of special interest 

are the properties of individual particles, such as size and shape, and the bulk 

properties, such as packing density and flowability. The customisation of these 

properties can lead to changes in melt pool behaviour, sintering kinetics and laser 

absorptivity in SLS/SLM (Van der Schucren & Kruth 1995; Niu & Chang 1998). 
Powder metallurgy techniques generally deal with powder particle sizes that vary from 
less than one µm to several hundred ltm. The powders are often available in different 

shapes and sizes which arc determined solely by the production parameters and 
methods (Thümmler & Oberacker 1993). Due to the fact that it is difficult to quantify 
every particle shape, qualitative descriptors are frequently used, examples of which are 
shown in Figure 2.55. A brief overview of how particle shape, size and distribution 
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affect the powder properties and the density of' functional properties of' sintered parts is 

given in the following sections. 
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Figure 2.55: A qualitative description of powder particle shape (after German 1994). 

2.7.8.2 Effect of Particle's Shape, Size and Distribution on the Powder Properties 

Among the pre-requisites that metallic powders must fulfil in order to become suitable 

candidate materials for SLS process are that they must have a narrow range of particle 

sizes, small average particle size, and regular particle shape (Zhu ('t u/. 2007). Powders 

possessing these attributes are known to be characterised by small interparticle friction, 

good tlowability, in addition to large apparent and tap density (German I998). These 

characteristics enhance smooth powder transportation and deposition in the form of a 

thin layer during the direct SI, S process. This implies that the control ofthe properties 

of the powders (flowability, packing density c. t. c. ) is a determining factor in obtaining 

components ofexcellent mechanical integrity in direct SI. S (/. hu ei al. 2007). In this 

process, the loose apparent density of the metallic powder is regarded as the equivalent 

of the green density of a component processed by the conventional furnace liquid phase 

sintering (ITS) (Zhu el al. 2007). German (1985) discovered that a high green density 

inhibits re-arrangement but it increases the subsequent sintered density of' the part. 
Therefore, the expectation is that the final density obtained via the direct laser sintering 

process increases with the apparent density of the deposited loose powder. I lowevcr, 

the maximum density from close random packing of' monosized spherical powders is 

approximately 60%. Findings from a survey of the literature reveal that an effective 
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way to increase the bed density of a powder is to fill in the interstices between the large 

particles with smaller particles (Zhu et al. 2007). The expected trend is that smaller 
powder particle sizes generate lower packing density as a consequence of high 
interparticulate friction. Interestingly, packing of spherical powder particles yields 
higher density than other shapes (Zhu et al. 2007). The employment of irregular shaped 
powder particles with high surface roughness also reduces the packing density. It has 
been established that the distribution of particle sizes significantly impacts on the 

apparent density of a powder. Therefore, the relative amount of coarsest and finest 

particles as well as the percentage of particles between the two extremes, needs to be 

considered in order to develop a powder blend that would achieve the optimum 
apparent density (German 1998). German (1999) proposes four likely possibilities for 

the blending of varying sizes of powders, where DL, DM, and Ds represent the 
diameters of the large, medium and small spheres respectively. These arc illustrated 

schematically in Figure 2.56. An observation of Figure 2.56 suggests that the highest 

packing density is obtainable by the tri-modal arrangement (Figure 2.56(c)) while the 

mono-sized particles (Figure 2.56(a)) yield the lowest packing density. It is possible to 

make an idealized quantitative analysis of the tri-modal particle arrangement in which 
all the particles are in contact (Figure 2.57). 

German (1999) employed his proposition in the last paragraph to estimate the 

proportional ratio of blending together the particles of different sizes in Figure 2.57 to 

achieve the highest possible packing density. By assuming the three large disks in 
Figure 2.57 have equal radii of R1 = R2 = R3 = Dß/2, the radius of the medium filling 

powder size is DM/2 and the radius of the smallest filling powder size is Ds/2; and using 
geometry on the inscribed square, German (1999) determined Dti1 and Ds according to 
equations 2.19 and 2.20: 

D,,, =-NF2DL -DL =(I-1)DL ...................................................................... 2.19 
2/DS = 2/DL +2/DL +2/Da +2(4/(DL2)+4/(DLDA, )+4/(DLDA, ))......... 2.20 

From these equations, it can be deduced that: 

(a) DL : DM = 2.41: 1 and (b) DL: DM : Ds = 9.23 : 3.83 : 1. 

Therefore, if the proportion of particles is 1: 1: 4, the maximum achievable packing 
density is 95.7%. 
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Figure 02.56: Four different ordered powder particle packing arrangements (after German 1999). 

Zhu et al. (2007) envisaged that the composition of a mixture according to the 

geometrical relationship considered above would not be feasible. They based this 

assertion on two main reasons, namely: the impossibility of having metal powders 
consisting of purely mono-sized particles; the fact that the size of the working powder 
for direct SLS is controlled by factors such as layer thickness, flowability, deposit 

characteristic and cost. 

It has been noted previously (sections 2.7.2.1 and 2.7.5) that the biggest size of a metal 
powder should be less than the layer thickness, usually in the range of 50 - 200 µm. If 

this sets the value for DI., then 5.4 < Ds < 21.7 µm. I laving a metal powder with such a 
high amount (66 %) of such a fine particle size would have a deleterious effect on the 

apparent density because its flowability is likely to be low and it can easily agglomerate 

upon the interaction of the laser beam with the powder. Moreover, metal powders with 
fine particle size are not desirable for SLS/SLM because they are highly flammable and 

potentially hazardous to human health during handling. 
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Figure 02.57: The plain tri-modal of powder packing. (after German 1999). 

In order to overcome the challenge of making appropriate choice of powder particle 

size and distribution, Powell (1980) recommended that to improve the powder packing 
density, it is necessary to increase the particle size dispersion. Nevertheless a very wide 

power particle size distribution increases the net surface area and therefore deteriorates 

its packing characteristics by reducing its flowability. With regard to the 2-phase SLS 

process, the working powder always consists of a blend of several powders of varying 
particle sizes. Therefore, it is a condition that particle size of the binder material is 

usually smaller than that of structural metal powder. The determination of the exact size 

of the interstices or porosities present in the compacted blend is a very challenging task. 
To solve this problem, German (1998) proposed an empirical formula for the powder 

packing of a powder mixture with two kinds of powder with different particle sizes. Ile 

reasoned that if the smaller particles fill the voids formed by the larger particles, the 
bed or packing density plied at optimal composition, can be estimated by equation 2.21: 

Phed = APL + Ps eil - Pi. ) ....................................................................... 2.21 
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where p,, is the fractional packing density of the larger particles and p, 5 
is the 

fractional packing density of the smaller particles. 

Therefore, the optimum compositions in terms of weight fraction of larger particles, (k 

can be calculated from : 

GI. = PLlPhed ..................................................................................... 2.22 

German (1998) proposed that, for many powders, the optimum composition 

corresponds to two-thirds large powder and one-third small powder. Ile extended this 

same idea to multiple-mode mixtures of three, four, and even five powders of 

continuous particle size distribution with a view to obtaining high packing densities. A 

careful study of the work of Carson & Pittenger (1998), as shown in Tables 2.14 and 
2.15, provides an insight into how particle shape and the proportion in which varying 

powder particle sizes are blended together can be utilised in order to obtain optimum 

powder apparent density. They compared the effect of the addition of three different 

shapes (spherical, irregular, and flake) of -45 . tm powder to + 45 µm powder particle 
distribution on the apparent density of 3161, stainless steel powder. Their results 

showed that the addition of fine spherical powder significantly increases apparent 
density, while the converse was observed for flake powders (Figure 2.58). 

Table 2.14: Effect of mixture of coarse and fine spherical stainless steel particles on apparent 
density (after Carson & Pittenger 1998). 

Particle size (µm) Particles (wt. %) 

-150 + 90 100 80 60 40 20 0 

-45 - 20 40 60 80 100 

Apparent Density, (g/cm3) 4.50 4.90 5.20 4.80 4.60 4.30 
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Table 02.15: Apparent densities and flow rates of electrolytic iron powders of three particle sire 
distributions (after Carson & Pittenger 1998). 

Particle size (µm) Particles (wt. %) 

Powder A Powder 13 Powder C 

+150 4 3 15 

- 150 + 90 11 26 10 

- 90 + 75 18 18 30 

-75+53 16 6 25 

-53+45 18 16 5 

- 45 33 31 15 

Apparent Density, (g/cm3) 2.6-2.8 3.2-3.4 3.8-3.9 

Flow rate, s/50g 29 24 20 
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Figure 02.58: Effect of particle shape on the apparent density of powders (after Carson & 
Pittenger 1998). 

Table 2.14 shows that for spherical stainless steel powders, the optimal apparent 
density was obtained when a mixture of 60 % coarse and 40 % fine spherical particles 

were blended together. Table 2.15 extends this to a mixture of six different particles 
sizes in which both apparent density and flow rates of the blended powders are seen to 

vary as different fractions of powder sizes were mixed together. They reported that in 

the case of atomised aluminium powders, the proportion of particles from the + 45 µm 

size fraction should be at least 75% when blended with -45 µm fraction in order to 

attain an apparent density of 1.25 g/cm3. 
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2.7.8.3 Effect of Particle Shape, Size and Distribution on the Sintered Density, 

Surface Morphology and Microstructure of Laser Sintered Components 

In SLM, the effect of powder's particle sizes and distribution is considered to be of no 

avail because all particles undergo melting. Meanwhile, German (1993,1996) noted 
that chemical composition, particle shape, surface morphology, and the particle size 
distribution are among the factors that have tremendous influence on the sintering 
response of metallic powders. From the available literature, mean particle sizes of the 
bulk metallic powders that have been adopted in various SLS experiments vary from 

0.6 µm up to 400 µm and are more often produced by gas atomisation methods. This 

manufacturing technique yields spherical shaped particles with smooth surfaces and, 
when inert gases are employed, the powder often has low levels of residual oxygen and 
surface oxidation (German 1998). 

These characteristics provide for ideal flow properties and reduced surface 
contaminations which are the main causes for concern during the selection of powder 
for SLS. Previous investigations on laser sintered powders have dwelt mainly on the 
influence of processing parameters on the functional properties of sintered material; 
very few research groups have addressed the issue of the role of powder particle size 
and shape on the sintering behaviour. Consequently, to gain an insight into this, it is 

necessary to once again consult the P/M literature, this time to explain the effect of 

particle shape, size and distribution on the sintering response of various powders via the 

conventional powder metallurgy route. 

Stevens et al. (1999) employed his investigation on the role played by particle size 
distribution in the sintering response of fine titanium powders to provide a basis for 

process control. Liu et al. (2007) discovered that particle size and size distribution, the 
tap density, the oxide film thickness, the surface chemistry, and impurity concentration 
had little effect on the sintering behaviour of aluminium powders whereas particle 
shape was noted to have contributed significantly to differences in sintering response. 
They suggested that the differential thermal expansion between the aluminium particle 
and its oxide film might have caused the oxide to fracture and that the fracture 

characteristics are different for spherical and irregular particle shapes. Moreover, in a 
system having substantial solid solubility of the additive in the base metal and/or 
exhibiting preferential diffusive flow from the additive to the base metal during 

sintering, Lumley & Schaffer (1996) found that the use of fine additive powders 
resulted in a greatly reduced quantity of liquid phase formed whereas coarse powders 
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increased the amount of liquid phase that formed and prolonged its existence. They 

concluded that where there is no mutual solid solubility, particle size is unimportant in 

liquid development. Lumley & Schaffer (1996) did not consider the effect of fine 

particles sizes on the thermal conductivity of a packed powder since this is unlikely to 
be a significant factor in P/M sintering. However, this is an important consideration in 

SLS and, as noted earlier, is likely to influence the liquid formation in the laser sintered 

part. They also explored the nature of the influence of the additive particle sizes on the 

properties of sintered aluminium-copper alloys. They showed that bulk density and 
pore sizes might not be accurate indicators of the strength of sintered parts. They 

established that particles of intermediate size sintered at slow heating rates and fine 

particles sintered at fast heating rates (Figure 2.59). This tended to promote the 
formation of an extensive, well distributed liquid phase, from which a well sintered 
matrix develops. 

In the case of SLS, the powder particle size and size distribution play a key role in the 

manipulation of sintering response given that the powders are highly uniform in 

composition, shape and surface morphology. Theoretically, there ought to exist a 

relationship between the sintered properties and the particle size distribution of a 
candidate powder for the SLS process. A comparison of the SLS process with the 

conventional P/M sintering process, suggests the following features of such a 
relationship: (1) smaller sized powder particles tend to sinter more quickly since the 

sintering stress is inversely related to particle diameter; (2) powder particle 
densification should take place through neck formation at points of contact between 

particles. The consequence of this is that with a higher packing density of similarly 
sized particles in a powder, the tendency should be for a faster sintering rate to be 

obtained. 

In order to improve the packing density of the powder bed during SLS, it is necessary 
to blend together powders of different particle size distributions as noted in Section 
2.7.8.2. It is clear, however, that the introduction of fine particles to a powder can be 

significantly influential in increasing its sintering response. Furthermore, while the 
introduction of smaller particles into the interstices of larger particles which also 
increases packing density could lead to enhancement of the sintering process, it must be 

noted that the addition of smaller particles could result in the formation of defects in the 
laser sintered samples. This could be ascribed to the sintering stress encountered by the 

small particles which is much higher than that experienced by the larger particles. This 

means the larger particles are able to constrain the shrinkage of the smaller particles, 
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thus resulting in circumferential cracking defects around large particles (German 1996; 
German & Bulger 1992). 
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Figure 2.59: The effect of particle size and heating rate on the sinter density (solid symbols) and 
tensile strength (open symbols) of P/M sintered Al-4wt%Cu alloy (after Lumley & Schaffer 1998). 

The available literature on the effects of particle size and shape on the surface 
morphology and microstructure of SLS processed components is very scarce, especially 
on aluminium alloy powders. In the case of steel powders, it has been generally 
restricted to powder contamination issues rather than actual particle size effects on 
surface morphology and microstructure. Meanwhile, the available results from some of 
the studies which have addressed the effects of particle size and shape on the laser 

sinterability, surface morphology and internal microstructure have not been able to 

clearly, quantitatively define what direct consequences the choice of particle size and 
shape has on the surface morphology, microstructure and mechanical properties of laser 

sintered components. For instance, Niu & Chang (2000) observed that SLS of gas 
atomised M2 HSS powder yielded a highly porous structure when the particle size was 
small <38 µm) or coarse (>150 µm) but discovered that laser sinterability was better for 

particle sizes ranging between 53 and 150 µm as evidenced by a smooth, dense surface 
of the single layer part (Figure 2.60). They attributed the behaviour of finer particle 
sizes under SLS to oxidation, which is more dominant when heating powder of smaller 
particle sizes: the porous structure might have been as a consequence of incomplete 

wetting rather than some other phenomenon being governed only by particle size. 
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Figure 2.60: SEM images of laser sintered high speed steel powders using laser power of 50 W and 
a scan rate of 5.0 mm/s and a scan line spacing of 0.15 mm. Particle sizes were: (a) as supplied from 

atomiser (full range), (b) 53 µm - 150 µm, (c) >150 µm and (d) ß38 pm (after Niu & ('hang (2000)). 

Niu & Chang (1999a) explored the differences in the sintering response of both 

angular, water atomised and spherical, gas atomised high speed steels powders. Their 

findings showed that SLS of gas atomised powder yielded a homogeneous, dense single 
layer. Agglomerates and inter-agglomerate pores obtained for water atomised powders 

which they believed to be caused by a combination of irregular shape and high oxygen 

content in the powder particles. Niu & Chang stated that large particles (> l 00µm) 

required higher laser power for melting since heat transfer into the powder layer was 
lower. Therefore, for a given energy density, the structure produced tended to be more 

porous than a structure produced using smaller particle sizes. The observations of Niu 

& Chang are only indicative: to ascertain the actual impact of' the particle size and 

shape on the microstructure and mechanical properties, multiple layer experiments need 
to be carried out. 

Simchi (2004) investigated the effect of powder particle size on the densilication and 

microstructure of direct laser sintered iron powder. Ile discovered that the maximum 

attainable sintered density (saturation density), which was obtained at the optimal 

specific laser energy input, was optimised when a mean particle size of iron powder 
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was 29.2 gm (Figure 2.61a and b). He pointed out that fine powder with a narrow 

particle size distribution tended to agglomerate, whereas coarse powders with broad 

particle size distribution tended to segregate: reduced sintered density obtained in the 
both cases. Furthermore, a material-dependent factor, K, (Figure 2.62a and b) was 
defined using equation 2.18 and employed by Simchi in an attempt to explore the 
influence of particle sizes and oxygen content of iron powders on densification. 
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Figure 02.61: The variation of (a) fractional density with specific energy input (yi) for iron powders 
of varying particle sizes; (b) saturation density with the mean particle sizes of iron powders (after 
Simchi 2004). 

It was established that this material-dependent factor K increases as the particle size of 
iron powder increases. Since the degree of densification is inversely related to K, this 
indicated that coarser powder particles are susceptible to lower densification during 
laser sintering. He concluded that at higher oxygen concentrations, the iron melt pool is 
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solidified to agglomerates, and formation ol' pores oriented towards the building 

direction is more likely to occur (Figure 2.63). 

However, a careful scrutiny of the results obtained by Simchi (2004) fror the 

densification co-efficient of direct laser sintered iron powders seems to conflict with his 

claim that iron powders of poor sinterability tend to have a higher densification co- 

efficient. In assessing the densification co-efficient of iron powders of'varying particles 

presented in Figure 2.62 (a), it should be noted that the processing conditions he used 

were not uniform for all the powders. 'l'heref'ore, non-uniformity of the processing 

conditions he used could be responsible for his claim that iron powders with higher 

densification co-efficient exhibit poor sintering behaviour. I lad he used the same 

processing conditions for all the powders, he would have discovered that the contrary is 

true (see Figure 2.64). 
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Figure 2.62: The variation of (a) the densification (U) with the specific energy input (Y) for iron 
powders of different particle sizes; (b) the densification co-efficient (K) with the mean particle size 
of iron powders at different oxygen concentrations (after Simchi 2004). 
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Figure 02.63: Polished sections showing the pore structure on a section cut parallel to the building 
direction for iron powders as a function of varying particle size and oxygen concentration (after 
Simchi 2004). 
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Figure 2.64: The variation of the densification (D) with the specific energy input (yi) for iron-based 
powders of varying chemical composition under the same processing conditions (after Simchi 
2006). 

2.7.8.4 Effect of Powder Properties on the Surface Roughness of Laser Sintered 
Components 

Surface roughness is another critical property of components fabricated by SLS/SLM 
that affects their performance. It is particularly dependent on the powder granularity 
and laser process parameters. Das et al. (1999), and Karapatis et al. (1998) have 

established that particle sizes often determine the surface roughness of the fabricated 

component. As a result of the local heat transfer, surrounding particles tend to fuse to 
the molten region and hence the surface roughness is often found to be a direct function 

of particle size, indicating that finer particle sizes will produce improved surface finish 

given an ideal melting condition. Van der Schueren & Kruth (1995) observed that these 

results emphasised the overriding influence of the flowability of the bulk powder on 
surface quality. If the particle size is too small and the shape is very irregular, the 
smooth deposition of layers is impeded due to the initiation of inter-particulate friction 
between the particles. This in turn influences the quality of the irradiated layer. 
However, with careful control of the process parameters, it is possible to attain an 
acceptable raw surface quality. Rombouts et al. (2005) studied the influence of process 
and material parameters on the behaviour of the melt pool during laser melting of iron 
based powders. Their findings revealed that all processing parameters, with the 
exception of laser power have a significant effect on surface roughness. Lower values 
of surface roughness were obtained with smaller scan spacing, higher scan speed, and 
higher preheating temperature for layers scanned in a loose powder bed. With regard to 
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alloying effects, Cu, P, and C led, in contrast to Si, to a more stable melt pool in the 

concentration range investigated. Karapatis et al. (1998) noted that post-processing 

steps, such as infiltration and surface finishing techniques, can smoothen out the 

surface by filling the voids between the attached particles. 

2.7.8.5: Effect of Powder Flowability, Deposition and Spreading on the Properties 

of Laser Sintered Components 

Powder deposition and spreading is a very important step in the SI, S/S I ,M process 
because the morphology and density of the melted layers together with the fusion bond 

between the deposited layers is primarily determined by the uniformity, packing 

efficiency and smoothness of every deposited powder layer (Lee el u/. 1995, Van der 

Schueren & Kruth 1995, Hauser 2003). This implies that any surface irregularities in 

the deposited powder layer will be reproduced in the sintered surface. 'T'hus, the choice 

of the deposition mechanism and the efficient fluidity of the powder play a decisive 

role in the SLS process. Powder flowability is defined as the ease of flow and relates to 

the change of mutual position of individual particles lorming the powder bed 

(Yokoyama 1991). It is expressed as the time required for a 50 g powder sample to be 

discharged by the gravitational force through a Hall flow meter (Yokoyama 1991). 
Short flow times indicate free flowing powders while long flow times are suggestive of 
the presence of high interparticle friction between the powder particles. The friction 
between particles is dominated by particle shape, surface area, surface roughness and 
surface chemistry. As the surface roughness and surface area increases, or the particle 
size decreases, the amount offriction within the powder mass will increase. 

lop 

(a) lý (b) «i 

Figure 02.65: Three solutions for powder deposition and spreading during S S, based on (a) 
scraper blade, (b) counter rotating roller and (c) slot feeder (after Van der Schucren & Kruth 
1995). 

The powder flowability may be improved by changing its physical properties. such as 

moisture content and particle size and shape, by means of drying. classification, 

additives and granulation. A bulk powder consisting of spherical particles greater than 
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45 pm diameter can usually be considered as free flowing, but there will exist an 
inherent resistance to de-agglomeration up to particle sizes of 100 pm (German 1994). 

Van der Schueren & Kruth (1995) proposed three powder deposition mechanisms 

namely the scraper blade, counter rolling cylinder and slot feeder, for fabrication of 

components via SLS. The first is founded on the use of a scraper blade which sweeps 
the powder across the build zone, thereby spreading and levelling in one operation 
(Figure 2.65(a)). Although the design is capable of depositing a layer of material, 
nevertheless, it is bedevilled with some of the problems outlined below: 

(1) The quantity of powder required is not regulated during each sweep as surplus 
powder is needed to ensure complete coverage of the newly built layer in the 
build cylinder. The surplus powder consequently increases the weight of the 
powder shot, hence causing an increase in friction between the moving powder 
heap and the underlying melted layer: this can cause shearing and displacement 
leading to misalignment of layers. 

(2) A fixed contact line between the scraper blade and the surface of the powder 
bed can cause irregularities in the powder material which will be swept over the 
surface and trace lines on the new powder surface thereby raising concerns on the 
smoothness of the layer. 

(3) This approach offers no direct means of compacting the powder after 
deposition. 

Van der Schueren & Kruth (1995) addressed the challenge of the fixed contact line with 
a counter rotating cylinder (Figure 2.65(b)). By this approach, the rotary motion of the 

cylinder causes irregularities appearing on the contact line between the powder surface 
and the cylinder to leave this contact line a few moments later, giving only small traces 

of disturbance on the powder surface. Another benefit of the cylinder mechanism is that 

compaction takes place simultaneously with the application of vertical vibratory motion 
during deposition thereby yielding a high tap density in the newly deposited layer. 

Van der Schueren & Kruth (1995) addressed the demerits of scraper blade and counter 

rolling cylinder mechanisms by incorporating a slot feed mechanism which minimises 
friction between the newly deposited powder layer and the substrate upon which a new 
layer is being deposited (Figure 2.65c). Unlike the first two techniques, this third 
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system continually deposits powder during transit rather than pushing a heap of' powder 

across the build cylinder, thus reducing the interaction between powder and melted 
layer. The outflow from the hopper acts as a natural blade to deliver a final levelling 

action. There is no tapping operation to increase powder density but this technique 

often proves successful in minimising layer displacement. Since no single system fulfils 

all the deposition requirements imposed by SLS, Van der Schueren & Kruth (1995) 

planned a two phase deposition, spreading and compacting mechanism which combines 
a slot feeder and a rotating roller. They proposed a four stage deposition cycle (Figure 
2.66) as follows: 

(1) The build cylinder piston lowers to a depth just below the required layer 

thickness. 

(2) The slot feeder deposits a layer of loose, uncompacted powder. 

(3) The piston rises up to the required layer thickness. 

(4) A roller, traverses across the powder bed and compacts the projecting powder 
layer. 

Van der Scherer & Kruth speculated that such a cycle should achieve a powder bed 
density that approaches the powder tap density. This theory was supported by Lee el al. 
(1995) through evidence from their work on the compaction of alumina powder layers 

with a rotating roller. They discovered that the tap density for irregularly shaped 
particles could be reached by this method (40% of theoretical density). I lowever, Lee el 
al. (1995) also reported that powder layer compaction, which is difficult to achieve 
consistently due to the irregular distribution of particles, can cause previously melted 
layers to displace vertically from their suspended positions and thus that object 
dimensional accuracy could not be guaranteed during compaction. 

ýýr [4} 

Figure 2.66: A four stage deposition cycle (after Van der Scherer & Kruth 1995). 
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2.8 Summary of the Literature Review 

Consolidation regimes associated with SLS/SLM of metallic materials have been 
identified. Binary liquid phase sintering, partial melting, full melting (SLM) and 
indirect SLS incorporated with polymeric debinding and post-process infiltration with a 
low melting point infiltrant alloy are the variants of SLS/SLM of metals. The variants 
of SLS/SLM process have been categorised on the basis of material component system, 
type of laser employed for consolidation, and the intensity of the specific laser energy 
input dissipated on the powder bed. An analysis of the available literature on the 
SLS/SLM of metallic materials has revealed the research in the field of light metals is 

the least developed. Aluminium, an engineering material in very high demand but 

which has not been extensively investigated by the SLS/SLM manufacturing method; is 
hereby chosen in order to explore the possibilities it offers for engineering applications. 
Available literature on SLS/SLM, powder metallurgy (P/M) sintering, and pulsed 
electric current sintering (PECS) of aluminium and its alloys were evaluated with a 
view to gaining useful insights especially in the aspect of alloying effect in disrupting 
the surface oxide film barrier to sintering or melting; liquid phase sintering (LPS); and 
alloying design suitable for the SLS/SLM process of aluminium powders. This led to 
highlighting the importance of oxidic cleanliness of metals and their alloys during their 
SLS/SLM processing. Provided oxidic cleanliness of layers is ensured and adequate 
amount of liquid phase is available for filling all inter-particle pores completely, 
components with inter-particulate bonding exhibiting pore free microstructure across 
the layers are obtainable by SLS process. 

Furthermore, an extensive analysis of the available literature on the direct SLS/SLM of 
metals has led to the recognition of the influential process parameters (processing 

atmospheres, laser processing parameters, layer thickness, and type of lasers employed 
for the sintering process) and material properties (powder particle size and distribution, 

powder particle shape, apparent and tapping densities, powder's flowability, chemical 
composition, and liquid phase forming additives). All the process and powder 
parameters reported above have been implicated throughout the literature as having 

strong influences on the properties of metallic powdered parts fabricated via SLS/SLM 

with their effects being linked to what impact each has over the wetting conditions 
between the layers, density, surface roughness, dimensional accuracy, surface 
morphology, microstructure and mechanical properties. For instance, a typical 
sintering/melt pool resulting from SLS/SLM processed powders does undergo 
significant variation in shape, volume and flowability as a consequence of variation in 

process and material parameters. Therefore, the preliminary aim of the research is 
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geared towards establishing an understanding of the laser sintcrability/melting of 
aluminium powders as well as the determination of optimum processing conditions that 
favours the fabrication of continuous surface of sintered samples made in aluminium 
powders. The insight already gained from the effect of the processing parameters on the 

sintering response and densification of various materials is expected to assist greatly in 

constructing the processing maps for predicting the behaviour of aluminium alloy 
powders under varying SLS/SLM processing conditions. However, the relevance and 
influence of these parameters, both individually and when in combination with each 
other need to be clearly understood with regard to the application of SLS/SLM process 
to aluminium powders. This is very important as the aluminium powder is known to be 

uniquely bedevilled with the tenacious surface oxide film (due to the thermodynamic 
stability of aluminium sesquioxide) which is difficult to remove or avoid. The tenacity 
of the surface oxide film inhibits metallurgical bonding across the layers during laser 

processing and this consequently leads to initiation of balling process due to the 
initiation of Marangoni convection. Therefore, on-going studies on the sintering of 
aluminium and its alloys are debating whether the oxide film is the barrier to the 
SLS/SLM of aluminium or if factors do exist which need to be identified in order to 
fabricate parts in powders of aluminium and its alloys via SLS/SLM. Nevertheless, it is 

now clear that laser sintered metal powders need to be designed differently from the 
conventional powder metallurgy alloys which have no consideration for the existence 
of the liquid phase for a short duration in their design. 

Experimental evidence obtained from investigation of SLS/SLM processed materials 
reveal that they have their own peculiar porous and hetcrogenous microstructures 
characterised by interlayer porosity and pore clusters, and a mixture of different phases 
which make them distinct from the conventional P/M processed parts (Wang et al. 
2006a, 2006b). Consequently, the mechanical properties of laser sintered materials arc 
likely to have features which may be absent in the conventional P/M materials. On the 
basis of the available literature, it is clear that the effect of porosity and microstructure 
on the mechanical properties of SLS/SLM processed aluminium powders has not been 
investigated. This requires further investigation to develop a better understanding of the 
process -microstructure-property relationship for the SLS/SLM of these materials. 
Furthermore, with regard to microstructural properties of SLS/SLM processed parts, a 
consideration of the competition between re-solidification by substrate regrowth (see 

section 2.6.2) and nucleation within an undcrcoolcd melt zone (see sections 2.7.4) has 
helped in gaining an understanding of the importance of differentiating between 

external parameters and internal kinetic parameters that determine the nature of the rc- 
solidification microstructure obtained in direct SLS/SLM. External parameters are the 
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controllable processing variables, the powder' particle size distribution, component 

ratios, whereas factors such as the solidification velocity, degree of undcrcooling, 

nucleation site density, nucleation rate, metastable phase selection options, 

microstructural scale and morphology make up the internal kinetic parameters. A 

review of the available literature reveals that limited work has been carried out 
detailing the investigation on the roles of external parameters in the development of 

nucleation controlled microstructures during the SLS/SLM process of aluminium 
alloys. It is necessary at this stage that the investigation is extended to SLS/SLM of 
aluminium powders in order to gain a holistic understanding of the microstructural 
evolution that accompanies its processing via the SLS/SLM technique. Moreover, a 

more complete metallurgical control of laser sintered microstructures entails the need 
for an in-depth understanding and analysis of the internal kinetics parameters. 

In this research work, the approach to be adopted is the SLS/SLM process in which the 

powder's particles are directly heated by the laser beam. The post-processing step 
which entails infiltration will not be adopted since it is expected that with the 

appropriate choices of materials and process parameters designed to accommodate the 
transient liquid phase sintering, improved properties of the components can be 

obtained. From this, the definite contribution of the alloying elements in generating 
adequate sintering/melting pool needs to be clearly investigated under the SLS/SLM 

process since the polymeric binder will not be used to generate the liquid phase for 

sintering/melting in this context. Moreover, while the qualitative description of the 

properties of single layer parts (density, porosity, surface morphology and surface 
roughness) could not be said to wholly represent the quantitative measurements of these 
properties; it provides a basic understanding of the sintering response of the powder 
which is necessary in order to determine appropriate processing map for the processing 
of multiple layer parts. Therefore, the approach entailing initial qualitative observation 
of the sintering response of the single layer parts produced in aluminium powders after 

which multiple layer parts' properties are subjected to quantitative measurements shall 
be adopted in this research work. 

2.9 Aims and Objectives of the Thesis 

The outcomes of the reviewed literature in this section connote that if fully dense parts 

are to be obtained via the SLS/SLM processing of aluminium powders, careful 

consideration must be given to investigating the appropriate choice of processing 

parameters and materials properties with a view to minimising the problem of curling 

123 



or delamination. The aims and objectives of this study shall now be formulated on the 

premise of the literature review conducted in this chapter. In summary, this thesis 
focuses on the study of SLS/SLM processing of aluminium and its alloy powders. The 
idea is to develop an understanding of the dependence of the sintcrcd properties of 
aluminium and its alloys on the processing parameters and powder properties. Results 

of sample powders having the most desirable properties obtainable from this work will 
then be used for the development of model alloys and thereafter mechanical test 
specimens will be produced for further investigation. To achieve this goal it was 
decided in collaboration with my supervisors that the following research objectives 
should be met: 

(1) Determination of the appropriate single layer processing windows for the SLS/SLM 

of pure aluminium and its alloyed powders. 

(2) Determination of the effects of SLS/SLM process parameters and powder properties 
on the surface morphology of sintered pure aluminium and its alloyed powders. 
(3) Understanding of the spheroidisation and oxide disruption phenomenona in the 
SLS/SLM processed aluminium powders. 

(4) Determination of the suitable aluminium powder for the SLS/SLM process through 
the fabrication of multiple layer samples. 

(5) Effect of the process parameters on the densification mechanism and microstructure 
of the suitable aluminium powder for the direct SLS process. 
(6) Effect of the additive powder's component ratio on the densification mechanism 
and microstructure of the suitable aluminium powder for the direct SLS process. 
(7) Effect of the additive powder's particle size and distribution on the densifcation 
mechanism and microstructure of the suitable aluminium powder for the direct SLS 

process. 

(8) Development of a model tri-modal aluminium alloyed powder blend fabricated via 
direct SLS. 

(9) Microstructural, mechanical and morphological characterisation of direct SLS 

processed trimodal aluminium powders. 

It is expected that the exploration of these possibilities, if eventually successful, shall 
open the door of opportunity for the commercialisation of aluminium alloy production 
via the SLS/SLM route. 
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2.10 Conclusion 

The application of direct laser sintering technique to the fabrication of aluminium and 
its alloys has been an omission in the literature. The effect of the SLS/SLM process and 
powder parameters on the physical, mechanical and microstructural properties of 
aluminium powders and its alloys are yet to be proven. It is this lack of understanding 
of the effect of process and powder parameters on the sintering behaviour of aluminium 
powders processed via direct SLS that has led to the formulation of this research. 
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CHAPTER THREE MATERIALS AND METIIOI)OLOGY 

3.1 Introduction 

This chapter describes the experimental methodology adopted and the materials and 
techniques employed in order to achieve the aims and objectives of this research work 

outlined in chapter 2, section 2.9 of this thesis. The first part of this chapter describes 

the as-received powders used in the research and outlined the storage, usage, 

preparation, handling, and finally, measurement of the physical properties of the bulk 

powders. At this juncture in the research, careful thought was given to the necessity of 

establishing a reliable degree of consistency within and between the deposited layers of 

powders. This required calibration of the mixing time to obtain a homogeneous particle 
distribution in the powder following storage and before deposition. The results of this 

calibration for both monosized and bimodal powders arc presented in chapter 4. A 

detailed description of the microstructural characterisation techniques employed and 
the preparation of suitable specimens for these form the main focus of section 3.3. 

The Leeds sinter station, a Synrad 240 W CO2 laser machine, employed for all scanning 

experiments is described in the first part of section 3.4. Prior to conducting single layer 

experiments, the calibration of the laser power output and the presentation of its results 
were carried out. Thereafter, single layer scanning experiments were carried out on the 

sintering plates for the first batch of the monosizcd aluminium powders AL-1, AL-2, 
AL-3, AL-4, and AL-5 (see detailed description in Table 3.1). These powders have the 

same powder particle distribution (+45 to -75 pm), varying particle shapes and 

chemical composition. The aim of single layer scanning experiments was to determine 

the appropriate processing window for each powder that would favour the subsequent 
development of multiple-layer parts. 

126 



O 

l0 
u t:. 

W) 

O. i 

N 

O 

bA 
C 

'fl 

O 
u 
u 
is 
L 

b 

0 

6 

'v 

O 

O 

E 
cl 

6 
` 

U 

U 

O 
0 w 

.a 

'o 
b 
cl 
60 

ü 

t 
to 

ri 
d 

.0 

a 

,ä 

a ºý 

"c 

Cl, 

z 

ä 

4.0 0 4) ý u u 

o 

ä 

4) 

¢ 

0 o 

c 

0 0 

c 

' 
c 

8 
vh in 'n in in in o v 

O 
O 

O 
O 

O O O 
4ý 4-d 

O O 

t 
v'ý v vl vl O 

_ 
N O 

_ 

om, + + v v v + + + 
a) 

O . 
AD 

t' 

A d d d d 

a) Pffl 

0 0 0 0 0 0 
O O O O O O Q 

Z a p. ý¢ :¢ :¢ w a a, 

N 
fV 



O 

ed u 

a 

V 

O 

O 

PO 

O 
u 
u 
to 
N 

O a 
8 

8 
CO 

10 
dN 

. i.. l 

O 
Q 
O 

8 

C 
6) 
6 
Lr 

a 
d 

O 

O 

O 
ap 

G 
O 
V 

U 
N 
M 
C 

cl 
E" 

0 

ö < 
c ö ö ö c ö 

kn kn 

00 U z V v c 

In O en %D t- N In 
G) ^" M . -i I-i -i 

w z ° C) 0 (D 0 

a- 

N 

o /o 
ON 00 

NO 

° a o o . -4 N Ö Ö Ö - , s 

r. + 

N N ý 0 p 
, Q q 'f 00 0 0 00 

+. + , , 

0' ON Z 0\ 00 0' 0' 0' 

- N Wt N 

1 1 

%. 4 
a a N a a a 

8 
C4 4) (u ýo N W-4 U ä ä ä 

ai 
.o «i 
... .ý 

ed 
«.. 0 

z 
z 

00 
N 



Moreover, it provided an opportunity to investigate the effect of varying particle shape 

and chemical composition on the SLS/SLM processability of each powder. Scanning 

electron microscopy (SEM) was used to study surface morphology and the 

development of the agglomerates on the single layers of each powder when laser 

power, scan rates and scan spacing were varied under an argon atmosphere. 
Comparative studies between the different powder batches and the microscopic studies 

of the variations in the solidification microstructure between the sintered samples were 

also carried out. 

Multiple-layer experiments were carried out for each of the monosizcd powdered 

samples AL-1, AL-2, AL-3, AL-4, and AL-5 at a constant 150W laser power, 0. lmm 

scan spacing and 0.25mm layer thickness, but with scan speeds varied between 80 and 
200mm/s under an argon atmosphere. The mass and dimensions of each sintered 

sample were measured in order to determine the sintered density. This stage of the 

research helped in assessing the sintering response of each powder by evaluating the 

sintered density as well as observing the microstructure of each sample through the 

optical and scanning electron microscopy studies. Microhardncss of the sintered 

samples was also determined. The aluminium powder sample found to have the most 
desirable sintering response on the basis of the sintered density, microhardncss, and 

observed microstructure was taken further with the aim of developing its properties by 

optimising the processing parameters. This entailed processing AL-5 powder at varying 

processing conditions (100-200 W laser power, 80-200 mm/s scan rates, 0. lmm-0.5 

mm scan spacing, and 0.25 mm-1.0 mm layer thickness). This enabled the effect of 

each of the processing parameters on the sintered density, microhardness and 

microstructures of SLM processed AL-5 powder to be evaluated. Eventually, AL-5 was 
found to have been optimised at laser power of 200 W, 120 mm/s scan rate, 0.1 mm 

scan spacing and 0.25 mm layer thickness. Microstructural observation of the SLM 

processed AL-S samples was carried out in an attempt to investigate the effect of the 

variation in the processing parameters on the orientation and sizes of the pore structure, 

and the development of agglomeration, the morphology of the dcndritic microstructure 

and the fraction of primary phase in the multiple layer samples. 

With the optimisation of the processing parameters for the SLM processed AL-S 

powder already achieved, it was thought that the only means remaining to take the 

sintered density of AL-S to full or near full sintered density was to improve on the 

apparent and packing densities via bimodal powder blending. This entailed blending 

pure aluminium powders of varying particle sizes and distribution with AL-S with a 
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view to filling up the interstices in the AL-5 powder. According to Lumley & Schaffer 

(1996,19998), powders of smaller particle sizes and distribution tend to sinter at a 
faster rate than larger sized particles. Therefore, additive particles of smaller sizes and 
distribution are expected to melt at a lower temperature than 660 T. Again, it is 

speculated that AL-5 particles will melt completely due to its low melting temperature 

of 577 °C. Therefore, complete melting of the mixed powders is expected. Furthermore, 
due to the mis-allignment in the particle packing arrangement of the blended powders, 
occurrence of porosity is expected due to inappropriate choice of component ratio, 
particle size and distribution and particle shape of SLS powders. Consequently, this is 

likely to affect the thermal conductivity of powder particles across the layers on the 

powder bed which in turn influence the amount of melt pool or sintering pool available 
for densification. Therefore, blended powder particles may likely sinter or melt 
depending on the its particle packing arrangement. Four pure aluminium powders of 
varying particle sizes and distribution, designated AL-2, AL-6, AL-7, and AL-8 were 
added to AL-5 in varying proportions. These four powders were either smaller or equal 
in particle size and distribution to AL-5 and were either spherical or irregular in particle 
shape. With each of the additive powders properly blended together with AL-5, the 

optimum ratio of the two powders was determined by directly laser sintering the 

powder mixtures using the optimum processing parameters already developed for AL-5 

powder. Thereafter, SLS processing conditions for the blended powders were adjusted 
to optimise the properties of the built deposit. This step was necessary because the 
introduction of the additive powders was expected to have altered the laser absorptivity 
of AL-5 and the thermal conductivity of the powder bed, thereby modifying the 

processing window. 

The blending of the additive powders with AL-5 provided an insight into the effect of 
powder constitution and particle size distribution on the powder properties, sintered 
density and microstructural properties. For the bimodal powder blends, the powder and 
sintered properties of the 75wr% AL-5 and 25wt% AL-7 blend were the most desirable. 
This optimum composition of the bimodal powder blend was developed further into a 
trimodal powder blend by varying the ratios of AL-7 and AL-8 additive powders while 
the proportion of AL-5 was held fixed at 75wt%, again adjusting the processing 
window to optimise for this blend. Eventually, a trimodal powder blend with 
composition 75wt% AL-5,20wt% AL-7 and 5wt% AL-8 was found to give the 

optimum sintered density. In addition to microstructural studies, the design and 
fabrication procedure for the mechanical test parts as well as an investigation of the 

mechanical properties of the trimodal blended samples were described. Finally, section 
3.5 describes the procedure adopted for the determination of the sintered density, 
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microhardness, mechanical properties and dimensional accuracies of the multiple layer 

parts. 

3.2 Experimental Powder 

Eight aluminium and aluminium alloy powder samples, designated as AL-l, AL-2, AL- 
3, AL-4, AL-5, AL-6, AL-7, and AL-8 used in this study were supplied by ALPOCO 
(Aluminium Powder Company) and Alfa Aesar. 
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Figure 3.1: Binary phase diagrams of (a) Al-SI and (b) AI-Mg Indicating liquidus/solidus 
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The powders were produced by air, water or argon atomisation and had different 

particle sizes, size and distributions, particle shapes, and chemical composition (see 
Tables 3.1 and 3.2). Particle sizes ranging from +10 to -75 pm were chosen because 

they were the same as those typically encountered in the SLS literature for other 

powdered materials (Dewidar et al. 2003, Murali et al. 2003, Zhu et al. 2006, Mumtaz 

et al. 2008). For aluminium powders in particular, this range of particle size is known 

to promote the formation of an extensive, well distributed liquid phase, from which a 
strongly sintered matrix may develop at a fast heating rate (Lumley & Schaffer 1998). 
Furthermore, the choice of this range of particle sizes was expected to minimise the 
formation of balling during the beam-powder interaction. The use of larger particle 
sizes is reported to exacerbate the development of large-sized agglomerates which 
inhibit strong metallurgical bonding across the layers of the laser sintered parts. The 

choice of spherical and irregular shaped powder particles was made specifically to 

allow for the investigation of the role of particle shape in the liquid phase sintering of 
laser sintered aluminium powders. Pre-alloyed powders were chosen because their 

usage eliminates the problems of inhomogeneous distribution of the melt, and 
segregation of powder particles when deposited in the build chamber which are 
associated with coated and mixed powders respectively. Elements such as magnesium 
and silicon had been pre-alloyed in varying quantities with some of the powders. 
Binary phase diagrams of Al-Si and Al-Mg alloys indicating their respective 
liquidus/solidus temperatures are presented in Figure 3.1. It is evident from Figure 3.1 a 
that Al-12Si (AL-5) alloy undergoes congruent melting because its melting point range 
is approximate 0 °C. Figure 3.1b shows that the non-equilibrium freezing range for Al- 
Mg alloys (AL-3 and AL-4) could be much greater, up to 186/171 T. The choice of 
these alloying elements was informed by their roles in the disruption of aluminium 
surface oxide film and their liquid phase forming tendency during the P/M sintering 
process, respectively (section 2.4). The variation in the chemical composition of the 
powders provides the basis for the determination of the likely candidate aluminium 
alloy powder to be taken further for development into a suitable powder for direct laser 

sintering process. The melting temperature of the pure aluminium powder is 660°C. 

3.2.1 Powder Storage and Use 

The powders were supplied in 5.0 kg and 2.0 kg capacity self-scaling containers. The 

containers were also used for storing the powders. Used powders were sieved to 
remove solidified melt debris and then stored separately. 
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3.2.2 Powder Preparation 

The powders were used in their `as supplied state' without the application of heat 

treatment or fluxes addition to the powders. However, the powders were consistently 
degassed by the flow of argon gas through the bed before and during the laser sintering 
process throughout the period of this research. 

3.2.3 Powder Handling 

To ensure minimal adsorption of contaminants from the atmosphere onto the powders 
and to maximise the reproducibility of the results, powders were handled carefully. The 
lids of the storage containers were only removed when the powder was to be used and 
the pouring height of the powder from the container to the build tray and hopper were 
kept a minimum to limit the aeration of the powder. 

3.2.4 Powder Mixing Procedure Calibration of the Mixing Time; and 
Determination of the Powder Bed Density 

In order to ensure that the powders employed in this research were properly blended 
together, a V-cone mixing device (Figure 3.2), fabricated and described by Hauser 
(2003), was employed. The device consists of five unit shells. All the five V-cones, 
each containing 400g of one of the five different monosizcd or four blended powders, 
were attached together on a cylindrical bar and turned on Harrison lathe at 125 rpm for 

a specific time. The 400g of powder in each V-cone-mixer corresponded to 30% of the 
fill capacity. This procedure is in conformity with German's (1994) finding that a 
powder volume between 20% and 40% of the mixer's capacity should give optimal 
blending. The blending time was adjusted for each monosized or blended powder to 
give the required blending for that powder. The rotational speed was that which was 
found by Hauser (2003) to give the best mixing. 

The procedure adopted for the determination of the appropriate time for optimal 
blending of each of the monosized powders AL-1, AL-2, AL-3, AL-4, and AL-5 as 
well as blended powders containing 50% AL5 and 50% of each of AL-2, AL-G, AL-7, 

and AL-8 additive powders was to compare the variation in the powder bed density 

with the mixing time (Hauser 2003). 
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.0a Almmm,. - Figure 3.2: A V-shell Mixing Device for blending the powders attached to the centre-lathe machine 
during mixing operation 

pie I 

ple 2 

. plc 3 

Figure 3.3: Relative position and sub-sample identity numbers of powder samples drawn from the 
main the sample kept in a typical storage container for mixing calibration 

Each batch of powder was divided into four samples by the cone and quartering 

method. Thereafter, each of the four main samples was kept in storage containers A, B, 

C, and I) (Figure 3.3). Each of the four samples was further sub-divided into three 

smaller samples, taken from the different heights in the containing vessel, thereby 

giving a total of twelve samples for a batch of powder (Figure 3.3). Powder samples 

were taken from different heights in the containing vessel with a view to controlling the 

effects of particle segregation. Each sample number in Figure 3.3 corresponds to the 
height at which it was taken. For control purposes, a small quantity of powder was 

removed from each of the twelve samples drawn from each batch of the powder before 

blending. Each of the twelve sub-samples drawn from one of the initial main samples 

was placed into separate v-cone mixers and blended for 10,20,30,40,50, and 60 

minutes at a fixed rotational speed of 125 rpm. The times taken for the blending 
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process was cumulative, therefore, at the termination of each time segment, the mixer 
was stopped and a small quantity of powder was taken for density measurements. It 

was ensured that the volume of the powder remaining in each of the five mixers at the 

end of one hour was more than the minimum mixing efficiency of 20% of the overall 
mixing volume. At the end of each mixing stage, a small quantity of powder taken from 

each cone-mixer was deposited into a machined nylon cup, 44.75 mm deep and 26.66 

mm inner diameter. The nylon cup was placed in the build zone within the process 
chamber of the Leeds sinter station machine. Thereafter, powder sample was poured 
into the hopper and the powder shot placed in front of the wiper blade was spread 
across the build zone thereby filling the nylon cup. The mass of the powder, in, was 
obtained using an electronic balance (model WPS2100/C 1) with 0. O l gram precision. 
Digital vernier calliper was employed for the measurement of the volume, V, of the 
density cup. The bed density (Pbcd) of each shot of powder was calculated as follows: 

Peep, _ (M) /V................................... 3.1 ................................................... 
M=m, -m2 ........................................................................................ 3.2 

where M is the mass of powder in the density cup, ml is the mass of the density cup 
and the powder shot and m2 is the mass of the cup. 
The procedure for determining bed densities of each powdered sample was repeated 
three times and the average value was calculated. The results of the calibration tests are 
presented in section 4.3. Furthermore, the same procedure adopted for the 
determination of bed density in this section was used later on for the measurement of 
bed densities of monosized, bimodal and trimodal powders. Detailed measurements of 
both the calibration mixing time and the bed densities of powders are presented in 
Appendix B. 

3.2.5 Sampling of the Experimental Powders 

The MPIF Standard 01 method for sampling finished lots of metal powders was 
adopted. Each powder after mixing, as described section 3.2.4, was passed through a 
sample splitter (Figure 3.4) to form a number of test samples. These test samples were 
then used to supply the test portions for subsequent testing. 
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Figure 3.4: Sample Splitter used in this research. 

3.2.6 Determination of the Physical Properties of the Bulk Powders 

The experimental procedures used for the determination of the flow rate, apparent 
density, sieve analysis and tapping density of the powders is described in this section. 

3.2.6.1 Determination of Flow Rate of Aluminium Powders Using the Hall 

Apparatus 

Apvow t* 
25 nmm (1 0 In. ) 

IIi 

III 
i 
I1I 

(a) 

3 mm (4, n. ) 

-- ? b4 mm (0.10 In. ) I 

(b) 

Figure 3.5: Hall apparatus for the measurement of the apparent density of aluminium powders. (a) 
Equipment assembly (b) Hall funnel (after Carson and Pittenger 1998) 

MPIF Standard 03 was employed for this purpose. A 50 g powder test specimen was 

obtained in accordance with MPIF Standard 01, (section 3.2.5). The experimental 

arrangement and dimensions of the Hall funnel used in this research are as shown in 

Figures 3.5a and b respectively. The test specimen was carefully loaded into the 
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flowmeter funnel while keeping the discharge orifice at the bottom of the funnel closed 
by placing a dry finger under it (Figure 3.5). Adequate care was taken to ensure that the 

short stem of the funnel was filled. Just as the finger was removed from the discharge 

orifice, the stopwatch was started, and it was stopped immediately the last of the 

powder left the funnel. The elapsed time in seconds was recorded. This procedure was 
repeated five times for the original and the blended powdered samples and the average 
value was calculated for each powdered sample. The flow rate of the powders is 

reported in s/50g to the nearest second. 

3.2.6.2 Determination of Apparent Density of Aluminium Powders Using the Hall 
Apparatus 

The test specimen consists of a volume of 25 cm3 of powder obtained in accordance 
with MPIF Standard 01 method (see section 3.2.5). The entire test specimen was 
carefully loaded into the flowmeter funnel and permitted to flow through the discharge 

orifice into the centre of the density cup (Figure 3.5) ensuring that the testing apparatus 
was not moved during the filling. When the powder completely filled and overflowed 
the periphery of the density cup, the funnel was rotated approximately 90° in a 
horizontal plane so that the remaining powder fell away from the cup. A non-magnetic 
spatula with the blade held perpendicular to the top of the cup was used to level off the 
powder flush with the top of the density cup. At this stage, care was taken to avoid 
jarring the apparatus at any time. Immediately after the levelling operation, the density 
cup was lightly tapped on the side with the aim of settling the powder to avoid any 
spillage in transfer. The powder with the cup was weighed to the nearest 0.01g. This is 
the mass M determined according to equation 3.2. The apparent density pa was 

calculated as follows: 

Pa =MIV ......................................................................................... 3.3 

where: 

M= mass of powder in the density cup. 

V= the volume of the density cup. 
This procedure was repeated five times for the main and the blended powdered samples 
and the average value determined. 
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3.2.6.3 Sieve Analysis of the Aluminium Powders 

Sieve analysis of the aluminium powders was carried out according to MPIF Standard 
05. A mass of 60g of the each test specimens obtained in accordance with MPIW 
Standard 01 was used in this section because the apparent density of each of the 

powders was less than 1.50g/cm3. A set of 100 mm diameter calibrated sieves was 
selected on the basis of the mesh size of aluminium powders (45-75 µm) being 

evaluated. The group of sieves selected was assembled in consecutive order depending 

on the size of openings, the sieve having the largest opening being placed at the top. 
The assembly was completed by a solid collecting pan placed below the bottom sieve. 
The test specimen was placed on the top sieve, thereafter, the assembly was closed with 
a solid cover, fastened securely in a AS 200 basic mechanical sieve shaking device 

which was operated for a constant time of 15 minutes. The sieved fractions were 
removed from the nest of sieves using the following procedure. The coarsest sieve was 
removed from the nest, its contents were gently tapped to one side and poured on a 
glazed paper. Any material adhering to the bottom of the sieve and frame was brushed 

with a soft brush into the next finest sieve. The sieve just removed was then tapped 
upside down, on the paper containing the portion that had been retained on it. This 
fraction was weighed to within 0.1g. This step was repeated for each sieve in the nest, 
the fraction collected in the pan was removed and weighed. The sum of the masses of 
all the fractions was recorded. The sum of the masses of individual fractions was the 
total sample mass added to sieve track. If the sum of the fractions is not less than 99% 
of the original sample mass, the result was recorded. Otherwise, a check was made for 

weighing errors, pin holes and the test was repeated. The masses of the fractions 
retained on each sieve and the mass of the fraction collected in the pan were expressed 
as percentages of the test specimen mass to the nearest 0.1%. Powder fractions whose 
mass fraction were less than 0.1% was reported as ̀ trace. ' The results are presented in 
Table 4.1). This procedure was not used for powdered samples AL-6, AL-7 and AL-8 
because the appropriate sieve sizes for samples were not available. 

3.2.6.4 Determination of Tap Density of Aluminium Powders 

MPIF Standard 46 was employed for the purpose of the determination of the tap 
density of aluminium powders. Firstly, the inside of a 50 ml graduated cylinder was 
thoroughly cleaned and dried with cloth. A standard 50 g weight of the test sample was 
poured into the graduated cylinder from a height of 5 mm in order to limit aeration of 
powders, care being taken to ensure that a level surface of powder was obtained. The 
base of the filled cylinder was tapped squarely with hand onto a hard rubber slab 
(Figure 3.6) until no further decrease in volume took place. The cylinder was given 
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only a gentle tapping toward the end of the procedure to avoid loosening the surface 
layers of powder. 

Figure 03.6: Apparatus for the measurement of the tap density of the aluminium powders 

The volume of the powder was read to the precision of 0.5 ml and the tap density 

calculated as: 

Tap Density P1 =M/v................................................................................. 3.4 

where: 

M= mass of powder from the density cup in grams. 

v= the volume of the tapped powder. 

This procedure was repeated five times for the original and blended aluminium 
powdered samples and the average value reported for each powdered sample. 

3.3 Microscopic Inspection of Powders and Processed Samples 

The purpose of microscopic inspection of the powders and laser sintered samples was 
to establish the particle shapes, powder microstructures, presence and amount of 

alumina oxide phase, the solidification mechanism, as well as qualitative and 

quantitative description of the elemental composition of the test samples. The 

characterisation of materials was carried out by optical microscopy (OM), Scanning 
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Electron Microscopy (SEM), Energy Dispersive X-ray analysis (EDX) and X-Rays 
Diffraction (XRD). In order to observe representative microstructures, the materials 
need to be prepared properly. All powder, single layer and multiple layer samples were 
properly labelled and kept separately in order to avoid any mix-up of the samples. 
General housekeeping rules were strictly observed when carrying out all procedures in 

this section. 

Each of the characterisation techniques, the corresponding materials preparation route 
is described in this section. 

3.3.1 Optical Microscopy 

Optical microscopy was employed to observe the solidification microstructure of the 
powder and multiple layer samples, the powder samples being included to provide a 
basis for comparison between the as-supplied and processed powders. A Leitz (Leica) 
Laborlux optical microscope, fitted with a micrometer-adjustable XY-stage and an 
Olympus Camedia 5050 digital camera was used for the capture of the micrographs via 
Photograb-300Z software. 

3.3.1.1 Preparation of Multiple layer Samples 

Sections perpendicular to the direction of the laser scan were prepared from multiple 
layer samples by cutting them with a Struers Accutom 5 circular cutting machine 
equipped with a 356CA circular cutting wheel made of aluminium oxide having a 
hardness of 500 HV. The specimens were then hot mounted in Bakelite using a Buehler 
Simplimet 3 mounting press. Care was taken to ensure that samples did not topple over 
when the Bakelite was added. The machine was set at a temperature of 150 °C and 
pressure of 250 bar and the cycle was completed after ten minutes. Samples were 
ground with a Metaserve 2000 grinding wheel using progressively finer grinding 
silicon carbide papers (P400, P800, P1200, and P2500). Thereafter, in order to remove 
the scratches on the samples as a result of grinding, they were polished on Metalo 
polishing cloths using 0.05 Etm colloidal silica solution. The polished specimens were 
etched by placing them face down in dilute Kcllcr's reagent for a period of twenty 
seconds and their solidification microstructure observed under the optical microscope. 
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3.3.1.2 Microstructural Observations and Quantitative Microscopy 

The solidification behaviour across the layers of each sample was observed under the 

optical microscope at different magnifications. Micrographs of the cross-section of 

each sample taken at 50x magnification were combined together to form a montage 

which assisted greatly in studying the influence of both materials properties and 

processing parameters on the microstructure of direct laser sintered aluminium 

powdered parts. Within the range of processing and powder parameters employed, the 
dendrite morphology of each sintered sample was also observed. 
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Figure 3.7: Measurement of dendrite arm spacing. 

From Figure 3.7, 

`C 

,ý 

Ad = Ld l(n -1) .............................................................................................. 3.5 

The secondary dendrite arm spacing (A,, determined from equation 3.5) was 
determined by averaging the distance (L,, ) between adjacent side branches on the 

longitudinal section of a primary dendrite according to Toloui &I lellawell (1976), 
Grugel & Kurz (1987), Gündüz & Cadirli (2002) as shown in (Figure 3.7). Fach of' the 
dendrite spacings reported in this study is the average values from 25 to 35 

measurements made on each specimen. The details of measurements for the secondary 

arm dendritic spacings of Sl, S/SI, M processed aluminium alloy powders are presented 
in Appendix F. 
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The volume fraction of the primary aluminium phase in the laser sintered samples was 
determined by the systematic point counting method because it requires the least effort 

per observation (Brandon & Kaplan 1999; Gokhale 2004). This method is based on the 

premise that the average fraction of points which fall on grains of a given phase is 

equal to the area fraction of the phase in the microstructural field section and this 

consequently equals the volume fraction of the phase. An 80 square array of points as 

selected and overlaid at regular intervals in the metallographic plane rather than at 
independent random locations. 

"i& AV 
ff AV jr Air 

r 

Figure 3.8: A typical multilevel system sampling (after Gokhalc 2004). 

The points that fell only on the well developed trunks of primary dendrite phases were 

counted and recorded as exemplified in Figure 3.8. "l'his procedure was repeated fifteen 

times for each sample with fifteen sampling planes at different locations at fixed 

distance intervals in the specimen of interest. The volume fraction of the primary 
dendrite phase (Va) of the test samples is calculated from the population of average 

value of point fraction (f; ) according to equation 3.6: 

vý -n« , )ln) 
.......................................................................... 

3.6 
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where the fraction of test points in the phase of interest fi - (xi) / 80, xi is the number of 
points that fell on the primary dendrite phase, and na 15. Finally, the standard 
deviation and the confidence interval for each measurement were computed The 
theoretical weight fraction of the primary phase at the corresponding silicon content in 

the additive powders was determined by Lever's rule from the Al-Si phase diagram. 
The experimental volume fraction of the primary aluminium phase was used to 

estimate the corresponding weight fraction of the primary phase by using equation 
(3.7). Since density values for both primary aluminium phase and eutectic phase arc 
approximately equal to 2.7 g/cm3, therefore, the weight fraction (WQ)of the primary 
aluminium phase was estimated to be equal to its volume fraction (VQ) by employing 
equation 3.7 as follows (adapted from Callister 2007): 

Wa = (Va * Pa) /((Va * Pa) + (Ve * A) ............................................................... 
3.7 

where 

Va = Volume fraction of the primary phase 
Wa = Weight fraction of the primary phase 

pa = Density of primary phase 

We = Weight fraction of the eutectic phase 

pe = Density of eutectic phase 

On this basis, experimental volume fraction of the primary phase was converted to 
weight fraction and the results are reported in Appendix G. 

3.3.2 Scanning Electron Microscopy 

In this section, the methods of material preparation and observation for SEM are 
presented. 

3.3.2.1 Materials Preparation for Scanning Electron Microscopy 

To prepare powder specimens for SEM observation, a small sample of powder was 
taken and independently mounted on an aluminium stub using a graphite paste. The 

specimen was cleaned by spraying with pressurised air before it was placed in the SEM 

chamber. Powder samples for SEM observation were prepared in two groups. The first 

group consisted of samples taken from the as-received powders AL-I to AL-8, whereas 

143 



the second group was the blended mixtures of AL-5 powder with the additive powders 
AL-2, AL-6, AL-7, and AL-8. The second group of samples provided the basis for the 

analysis of how the particles of the additive powders had blended with the particles of 
AL-5 powders. 

The sintered single layer specimens were mounted on a stub using a graphite paste and, 
thereafter, they were placed into the SEM chamber for observation. Again, prepared 
samples were thoroughly cleaned using pressurised air before they were placed in the 
SEM chamber. Multiple layer samples for SEM observation were prepared as described 
in section 3.3.1.1. The hot mounted samples were carbon-coated using a sputter coater 
in order to prevent electron charging. Fractured surfaces of multiple layer parts were 
observed by mounting on a stub using graphite paste. 

3.3.2.2 Observation of Samples with Scanning Electron Microscopy 

A Philips XL30 ESEM Scanning Electron Microscope (SEM) with Link Systems EDS 
(operating voltage of 20 keV) and image capture accessories was employed to observe 
the particle size and shape, chemical composition and homogeneity, surface 
morphology and microstructure of the starting powders and the sintered samples. 
Working distance was maintained at approximately 12mm for all studies, and for most, 
spot size was set to 6. Topography was imaged at 20keV. Powdered and processed 
samples were mounted on stubs using double-sided carbon paste tape and examined 
uncoated. Again, the powder samples were included to provide a basis for comparison 
between the as-supplied and processed powders. 

The measurement facility within the FEI XL microscope control v. 6.0 software was 
used to measure the size of individual powder particles (Figure 3.9a) in either x or y 
direction depending on the orientation of the particle. Only ten measurements could be 

taken at once in a particular region of the particles at 200x magnification. The 

measurements were repeated three times for each of five different regions of interest 

chosen on the same sample. Average particle size was determined from these 
measurements for each sample, with the standard deviation about the mean value also 
recorded. 
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(a) 

(h) 

Figure 03.9: (a) Measurement of particle sizes (b) Measurement of agglomerate sizes. 

Powdered and SLS/SLM processed samples were also analysed for surface 

composition using the energy dispersive X-ray microanalysis (EDS) apparatus with the 

SEM. Images obtained for each location were analysed, and the resultant spectra also 

recorded as bitmap image tiles (Appendix U). Three fields were selected arbitrarily for 

analysis: the centre of each disc and 5mm to either side of this. Providing the surface 

appeared relatively uniform, only a small area was analysed within each field, to reduce 

scanning time. The only limiting criterion was to avoid scanning what appeared to be 

surface contamination, unless this was uniformly spread over the surface, or was the 

specific target of analysis. This characterisation used a lower beam power - 10kV (spot 

size 5.0) - in an attempt to increase surface specificity, while still producing a 

significant "signal". The FEI XI, microscope control v. 6.0 soflware was used to 

identify the most likely elements corresponding to the peaks on the spectra. Images 

were recorded with these reference peaks displayed. The "quantify spectrum" function 

provided approximate values of the proportions of aluminium, oxygen, and other 
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alloying elements such as silicon, and magnesium, present in the sample. Carbon had 
been examined due to its near-ubiquitous surface contaminating nature; and grinding 
may result in contamination from the silicon carbide grit and/or residual material from 

previous grinding processes using the equipment. To determine any major effects of 
processing conditions on surface composition and/or contamination, the EDX study 
included samples fabricated at different processing conditions. This was intended as a 
basis for comparison of the surfaces used in the present study with the starting powders. 

According to Exner & Weinbruch (2004), readers must note that the quantification of 
x-ray micro microanalysis necessitates the measurement of standards (sample with 
known chemical composition) and complex calculations with a view to correcting the 

matrix effects that arise due to the variation in chemical composition between the 

unknown sample and the standards investigated. To compensate for matrix effect, ZAF- 

correction (where "Z" represents atomic number, "A" absorption, and "F" for 
fluorescence), a most widely used algorithm (EDS INCA microanalysis suite, version 
4.08), was used in this research. Since quantitative chemical analysis usually requires 
flat and polished samples with dimensions larger than the interaction volume; for small 
particles, rough surfaces, stratified samples and depth profiles employed in this 
research, ZAF special algorithm had been used. 
Nevertheless, because this procedure may lead to large errors that cannot be recognised 
without measuring standards, the uncertainty in reporting EDS chemical analysis of 
samples is hereby reported with a view to informing the readers of this thesis. 

SEM of the sintered single-layer samples was undertaken with the aim of determining 
the agglomerate sizes, and describing the shapes of agglomerate, and pores, and 
observing the solidification microstructure. To measure the agglomerate sizes, the same 
procedure used for the measurement of particle sizes was adopted (Figure 3.9b). 

For the multiple layer samples, SEM observation was carried out with the aim of 
determining the degree of inter-particulate bonding and particulate aggregation or 
segregation, the solidification mechanism, the mode of fracture across the interfaces, 
the chemical homogeneity, and describing the porosity in the sintered samples. 
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3.3.2.3 Analysis SEM Qualitative Surface Topographic Information of Samples 

and EDS Results 

Qualitative surface topographic information of samples provided by scanning electron 

microscopy are shown in Figures 4.1,4.18 to 4.22,4.27,6.1 to 6.3,6.23,6.43,7.1, and 
7.21 whereas Tables 4.2,6.1 to 6.3, and 7.1 summarise approximate quantitative 

measurements of the elements detected in each of the powders. It must be emphasised 
that no oxygen was detected in the "natural" oxide surfaces because the depth of the 

natural oxide layer is negligible compared to the "sampling depth" of the EDX 

technique. Furthermore, statistical analyses were not performed, due to the approximate 

nature of the measurements. Meanwhile, these EDS results must not be regarded as 

conclusive since each surface preparation was represented by a single sample. Carbon 

was not detected on any of the samples examined. Other contaminants in the pure 

aluminium powders such as copper and iron were frequently identified by automatic 

peak fitting, but were not clearly visible in the spectra (occurring amidst "noise" in the 

spectrum). A more surface-specific technique would be required to quantify these with 

any confidence. 

As noted earlier on, EDS results must be taken as preliminary because each surface 
preparation was represented by a single sample. Moreover, it is generally accepted that 
EDS is not a highly surface-specific technique, with measurements obtained from the 

outer 1-5 µm of the surface (Brandon & Kaplan 1999, Exner & Weinbruch 2004). 

Consequently, quantitative results from this technique must also be regarded with 

caution as such measurements require flat, homogeneous surfaces for accuracy. In 

contrast, electron spectroscopy for chemical analysis (ESCA) or X-ray photoelectron 
spectroscopy (XPS) measures only from the outermost 1-10 nanometer (nm) (Brandon 

& Kaplan 1999, Exner & Weinbruch 2004). Both Brandon & Kaplan (1999) and Exner 

& Weinbruch (2004) reported that analysis employing ESCA or XPS is bedivillcd with 

ubiquitous contamination from adsorbed atmospheric hydrocarbons; therefore, non- 

usage of these techniques in this study is most likely due to the lack of surface 

specificity of EDS. This reason could probably elucidate the failure to detect, with 

confidence, contamination on autoclaved surfaces according to Exner and Weinbruch 

(2004). EDS spectra were dominated by aluminium peaks in all samples, with a 

significant increase in oxygen content (approximately 10-20% by weight) for pure 

aluminium sample AL-1. Other contaminants/impurities identified by peak fitting did 

not appear to be clearly distinct from noise in the spectra, and arc therefore considered 

unreliable. Because only the outermost layer forms inter-layer contacts during 
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SLS/SLM, it is recommended to carry out XPS to analyse the surface chemistry and 
contamination. Baekseattered electron imaging in scanning electron microscopy can 
also reveal contamination, by showing variations in atomic number as contrasts in 
brightness (Brandon & Kaplan 1999, Exner & Weinbruch 2004). 

Moreover, it was thought that oxide thickness would be the principal basis for 

minimising variations in surface microstructure (i. e. distortions of crystal structure) due 
to the different degrees of grinding during preparation. The EDS measurements suggest 
significantly increased oxide thickness for AL-1 powder. Meanwhile, the variations in 

oxide thickness could indicate uneven heat distribution and/or cooling rates during 
SLS/SLM of aluminium powders. This has yet to be investigated. Variable oxide 
thickness may account for the significant differences in oxygen content measured by 
EDS on all the powdered samples. 

3.4 Selective Laser Sintering 

In this section, the SLS equipment and its accessories are described. Procedures 
adopted for laser power calibration, fabrication of single and multi-layer coupons in 
aluminium powders, and the variability studies are presented. 

3.4.1 Selective Laser Sintering Equipment 

The sintering of the pure and alloyed aluminium powders reported in this thesis was 
carried out using a research SLS machine (Leeds Sinter Station) which is shown 
schematically in Figure 3.10. The machine consists of the following parts: laser and 
focussing optics, X-Y scan head, process chamber, powder handling apparatus, vacuum 
pump, power output control, motion control table and Pentium PC which runs the 

various software for controlling the process. A detailed description of the apparatus has 

already been given by Hauser (2003). The scan head directs the laser beam over the 
powder bed. The functions of the build cylinder arc to house the piston assembly and 
store the deposited powder and the sintered components during multiple layer 

construction. The piston head is moved by the motion control table. The storage, 
deposition, and levelling of powder over the build zone is accomplished by using a 
hopper and a wiper blade which ensures smooth passage of the cradle and blade when 
traversing across the build zone. The motion control table was controlled by a DOS- 
based software programme called talk2bus. 
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3.4.2 Laser Power Calibration Procedure and Results 

Before carrying out direct laser sintering for building parts, either single layer or 
multiple layer, careful consideration was given to laser power output calibration. The 

aim, procedure and results for the laser power output calibration are hereby described. 

In order to ensure that the laser power output remained consistent throughout the period 

of this research, it was thought necessary to carry out the calibration of the laser power 

output using a laser power probe (POWI; RMAX 5200). The procedure adopted was the 

same as that developed by Hauser (2003). To calibrate the laser power, the heat sink of 
the laser power probe was placed in the path of the laser beam at a distance of 150 mm 

above the build zone. According to Hauser (2003), this position was sufficiently far 

away from the focal point of the laser to avoid the accuracy of the probe being 

compromised by a high heat intensity damaging the surface coating on the heat sink. 
The laser power was measured every 5 0th unit on the dial. 
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Figure 03.10: Schematic diagram of SLS experimental machine (after Hauser 2003). 

The relationship between the dial setting and the power output from the laser is 

presented in Figure 3.11. 
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Figure 3.11: (a) Calibration graph showing comparison in the laser power versus dial setting over 
the two year period of this research at Leeds University. (b) Calibration graph for the manual laser 

power modulation for the machine while at Newcastle university. 

The calibration procedure was repeated several times over a period of' two years in 

order (while situated at the university of' Leeds) to ensure consistency of experimental 

procedures. Figure 3.11 a shows that the results obtained from several trials carried out 

over the period of two years, at Leeds University, fall within the experimental error 

values of 5% for a single calibration. 't'his confirms that the laser power output had 

remained consistent throughout the period of' this research. Furthermore, it was re- 
calibrated again one year after the sinter-station was moved to the Newcastle 
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University when the maximum laser power available was found to have fallen to 115 
W (Figure 3.11 b) because only one of the two laser power sources was found to be 
functioning properly. 

3.4.3 Deposition Procedure 

The procedure adopted for the preparation of single layer and multiple layer specimens 
are described in this section. All experiments were carried out using an argon 
atmosphere having 99.9% purity. 

3.4.3.1 Single Layer Scanning Conditions 

The purpose of carrying out single layer scanning experiments was to gain an indepth 

understanding of the sintering behaviour of aluminium powders under varying 
processing conditions and powder properties as well as establishing the favourable 

processing condition for the fabrication of multiple layers specimen. All single layer 

experiments were carried out using a Synrad 240 W CO2 laser of beam diameter 0.6 

mm, and Gaussian profile, with a wavelength of 10.6 µm. A range of scanning rates 
from 10 - 500 mm/s and laser power 10 - 200 W was used during the investigation. 
The notional size of each single layer build was 15 mm x 15 mm, and they were 
scanned in the build tray (170 mm x 140 mm x 10 mm) on a stainless steel plate with a 
machined pocket of dimensions 140 mm x 130 mm x7 mm. To build single layers, a 
sample of powder was initially deposited on the tray and levelled by a metre rule prior 
to the build plate's insertion into the build chamber. With the sintering chamber locked 

securely, an argon (99.9% purity) rich atmosphere was established by evacuating the 
build chamber (via the vacuum pump) to approximately 50 mbar pressure and back- 
filling with argon to atmospheric pressure. Evacuation was found to be necessary in 

order to improve the consistency of results. This step was repeated twice before 
balancing the flow rate of argon through the build chamber to give a slight positive 
overpressure (. ýiU mbar). Because 11ow gauges were not available, to maintain 
consistency the flow rate was balanced at the maximum pumping speed of the vacuum 
pump. Immediately the flow rate through the build chamber was balanced, it was left to 
settle for fifteen minutes before the laser was fired. During this period, scanning 
parameters (such as scan speed, scan spacing, beam diameter, build shape and 
dimensions) were entered into the computer using I! PGL (Hewlett Packard Graphics 
Language) commands. These conditions were maintained throughout the duration of 
the single layer experimental tests and during a five minute cooling period at the end. 
The total cycle time for a single layer build on a plate was forty-five minutes, including 
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the conditioning and sintering of the powder. It is essential to note that trace elements 
of other gases like oxygen did reside within the chamber. The presence of oxygen in 

trace amounts is expected to influence the sintering response of the powders as it may 
increase the surface tension, thereby promoting balling (Hauser 2003, Simchi & Pohl, 
2003,2004). To maintain good repeatability of results and impose safe handling, the 

number of coupons built on a tray in a cycle was restricted to a maximum number of 
twenty-eight. After cooling, the sintered coupons were taken out of the chamber and 
were thoroughly cleaned with liquidised air. Images of the samples arranged as-sintered 
in the build trays were taken with a Leitz (Leica) Laborlux microscope equipped with 
an Olympus Camedia 5050 camera as soon as they were removed from the build 

chamber. This procedure was repeated for building of single layers in powder samples 
AL-1, AL-2, AL-3, AL-4, and AL-5. 

3.4.3.2 Multiple Layers Scanning Conditions 

Multiple layers were produced using the same laser used for single layer samples with 
the first layer built on the powder bed. The following ranges of processing parameters 
were employed: laser power (150 W), scan rate (80-200 mm/s), scan spacing 0.1 mm, 
and layer thickness 0.25mm. With the powder bed lowered initially to a depth of 5mm, 
the powder was simultaneously spread and levelled over the bed by using a hopper and 
wiper blade, the motion of which was controlled by push rods. With the sintering 
chamber locked securely, an argon atmosphere was established in the chamber using 
the procedure described in section 3.4.3.1. and the first sintered layer was deposited. To 
fabricate subsequent layers, the powder bed was lowered by the specified layer 

thickness and the powder again simultaneously spread and levelled over the bed. In 
fabricating multiple layer parts, the scan direction was altered between the layers. The 

scan direction was in the x-direction of the first layer, the y-direction for the second 
layer, and this sequence was repeated for as many layers as the part contained. The 

sintered multilayered coupons were taken out of the chamber and were thoroughly 

cleaned with liquidised air for microstructural characterisation and density 

measurements. An image of each sample was taken with a Leitz (Leica) Laborlux 

equipped with an Olympus Camedia 5050 camera. The procedure outlined above was 
used to build multiple-layers parts in each of the powders AL-1, AL-2, AL-3, AL-4 and 
AL-5. 

These experiments were used to determine which of the five powders AL-1 to AL-5 
was the most likely candidate for the direct laser sintering process. Once this powder 
(AL-5) had been selected, the procedure was repeated for powdered sample in order to 
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optimise the process parameters but with a wider range of process parameters: laser 

power (80-200 W), scan rates (80-200 mm/s), scan spacing (0.1 mm to 0.5 mm), and 
layer thickness (0.25 mm to 1.00 mm). 

The effect of variation in composition and particle sizes and distribution on the sintered 
properties of AL-5 powder was also explored. AL-5 powder was blended, initially, with 
each of the powdered samples AL-2, AL-6, AL-7, and AL-8 for 20 minutes at 125 rpm 
as described in section 3.2.5. Each of the additive powders was blended with sample 
AL-5 in the following proportions: Owt%, lOwt%, 20wt%, 25wt%, 30wt%, 40wt%, 
50wt% and 100wt%. The additive powders were either of the same or smaller/narrower 
particle sizes and distribution than those of AL-5 powder. The optimal composition for 

each type of powder mixture was investigated at this stage by employing the optimal 
processing condition developed initially for powder AL-5. Having determined the 
optimum composition for each powder blend, the optimal processing conditions for 
these groups of powder blends were investigated. 

Furthermore, optimum composition obtained for the blended trimodal mixture of AL-5, 
AL-7, and AL-8 was investigated further. This was achieved by determining how much 
of varying the proportions of AL-7 and AL-8 ranging from Owt% to 25wt% that should 
be mixed with 75wt% of AL-5 powder. The optimum process parameters were again 
determined for the trimodal blend optimum composition. Thereafter, the sintered 
specimens were taken for microstructural and mechanical characterisation. Overall, two 
samples were fabricated for each processing condition either for monosized or blended 
powders. 

3.4.3.3 Procedure and Results of Variability Studies 

In order to ensure consistency in results obtained from the sintered/melted tracks for all 
single layer and multiple layers builds at any time and to provide a basis for 

comparisons between the required tests, variability test was conducted. To achieve this 
aim, twenty-five multiple layer samples were fabricated as described in Section 3.4.3.2. 
The multiple layer parts were made in powder sample AL-4 using the following 
processing conditions: laser power (200W), scan rate (120mni/s), scan spacing 
(0.1mm), layer thickness (0.25mm). The sintered samples produced varied in the 
number of layers from 5 to 12. The dimensions X;, Y; and Z; of the sintered samples 
were measured on three different days in order to determine the variability in the 
calculated density of the sintered parts (where i denote the day (1,2, and 3) on which 

153 



the reading was taken). The results of the variability studies arc presented in the next 

paragraph. 

The sintered densities of twenty five multiple-layer sintered samples made in AL-4 

powder with the following processing parameters: laser power (200W); scan rate 
(120mm/s); scan spacing (0.1 mm); and layer thickness (0.25mm) were determined. The 

sintered samples varied in the number of layers from 5 to 12. The dimensions X;, Y; 

and Z; of the sintered samples were measured on three different days in order to 

quantify the variability in the calculated sintered density of the sintered parts (X;, Yi 

and Z; denote the number of different measurements made in different days in which 
the reading was taken 1,2, and 3). The mean for each of the three days was calculated 
to be 1.5318,1.54, and 1.54 g/cm3 respectively while the sample mean sintered density 
for AL-4 was calculated to be 1.53 g/cm3. The standard deviation was 0.015 g/cm3 or 
1% of the mean. Analysis of the empirical rule was applied to the variability studies on 
aluminium powders while both 95% and 99% confidence limits were determined for 

the sintered density population. Although, the proportion of the sintered densities 

population was noted to have laid in the interval that is very close to that specified by 

the empirical rule, nevertheless only 64% and 80% of the sintered density population 
were noted to have enclosed the true parameter value µ* = 1.5338 (population mean) 
for 95% and 99% confidence limits, respectively. While the empirical rule analysis 
indicates that the variability in the sintered density is negligible, the application of the 

confidence limits reveals the contrast. 

Furthermore, the test was repeated for other monosized and blended powders over the 

period of three years. The range of processing conditions used for variability test was 
noted to have varied depending on the powder in use. Moreover, to ensure that data 

generated from this work are reproducible, control charts (Figures 3.12 and 3.13) were 
drawn at four intervals over the three year period. On the basis of the control data 

generated, it could be concluded that the impact of the error due to machine setting, 
operator, different powder batches in use and environment on the readings is minimal. 
The distribution of the sintered density could be described as being closed to the 

normal curve as shown in Figure 3.12 below. Moreover, the averages of the 25 samples 
of the sintered density are in control with the exception of sample number 5 while all 
the sample standard deviation values are found within the upper and lower limit 
boundaries of the control chart as shown in Figure 3.13. 

154 



Zr 

C 

13 

U 
L 

I 
VI 

seewo 

ýV L 
ei: Q 

O_ 

L 

Z 

AoN 

0 
CD 

C 

ýýZ 

A: )uanba ij 

CD 
r-i 

00 

, -i 

kD 
I 
r-i 

. ice 

ý. C 

Lg 

N 
U, 

7 -4 

0 
LA 
. -i 

lt) 

1ý 

N r-4 '--4 



Oý ry 
%D m 

O C O 
J 

,y 

IIX 
D 

O 

IV) 

C 

4) 
Z 
41 
C 

ueaW aldwvs 

d 
CL 
E 
A Ul 

o.. 

N. 

M 

r~ 
Mööö 

2öööö 
naa3S a, dweS 

I 

M 

ON 
. -1 

N 
. -4 

d 
Ma 

-ý E 

11o 



3.5 Determination of the Density and Mechanical Properties of the 
Multiple Layer Parts 

3.5.1 Measurement of Density of Multiple Layer Parts 

", 
46 

Figure 03.14: Dimensions of a typical direct laser sintered aluminium powder specimen length X 21 
15mm, width Y= 15mm, and depth Z= 4mm for the determination of the part's sintered density 
(i-º scan direction). 

The approximate volume of the multiple layer parts was calculated on the basis of 

measurements of the length Y, width X, and depth Z of the coupons in order to 

compute the density of the components (Figure 3.14). Each dimension was based on an 

average of five measurents with a vernier calliper. The mass of each coupon was 

measured using a balance (model WPS 2100/C1). 

3.5.2 Determination of the Mechanical Properties of the Multiple Layer 
Parts 

Mechanical testing of the parts made from the blended trimodal powdered samples was 

carried out in order to determine the mechanical properties of the materials. The tests 

carried out were tensile, bending, and un"notched impact energy tests according to 
ASTM standards E8, E855, and MPIF40 respectively. 
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3.5.2.1 Design and Fabrication of the Mechanical Test Specimens 

Figures 3.15,3.16, and 3.17 show the design of the tensile test, bending test and impact 

test samples, respectively, with their standard dimensions indicated on the drawings. 
The geometry of the test specimens were defined using IIPGL. All the specimens were 
produced using the Synrad 240W C02 laser of 0.6 mm beam diameter with the 
following processing parameters: laser power (115 W), scan rate (30.5 mm/s), scan 
spacing (0.1 mm), layer thickness (0.25 mm) which generated an energy density of 150 

3 J/mm. 

Figure 3.15: The design of the tensile test specimen used in the experiment. 

The dimensions of the test specimen are as follows: 

li=16.00mm 

12=26.00 mm 

13 = 45.00 mm 

b1= 4.00 mm 

b2=h=2.00 

mm 
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Y=6 m 

Z= mm 

E0 

X= 30mm 

Figure 3.16: The design of the three-point bend test specimen used in the experiment. 

Y=l Omm 

Z =10mm 

Figure 03.17: The design of unnotched impact test specimen. 

3.5.2.2 Determination of Bend Strength of the Multiple Layer Components 

In order to determine the modulus of elasticity in bending and the bending strength of 
the parts made by direct SLS, a 3-point bending test was carried out using grips (Figure 
3.18) developed for a JJ universal tensile testing machine by a former researcher at the 
Institute for Materials Research, University of Leeds. The 3-point bend test specimen 
consisted of a simple 30mm x 6mm x 4mm rectangular beam resting on two supports 
and point loaded mid-way between these two points equally spaced from each support 
(Figure 3.19). The cross-head speed was at 6 mm/s. A 100N load cell was used and the 
test was carried out at room temperature. Values of load versus deflection at the loading 

point were recorded on a computer. After testing, selected test pieces were chosen for 
SEM fractographic examination. 
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Figure 03.18: The grip used in the 3-point bending test. 

P/2 

Figure 3.19: Loading diagram for 3-point bending test. 

z 

The modulus of elasticity in bending was calculated from this data using Figure 3.16 

and equation (3.8) adapted from Guha (2004): 

Eh = (X AP)/(4Y!, `Ad) 
................................................................. 

3.8 

where 

Eb = Modulus of elasticity in bending (MPa) 

AP = Load increment (N) 

X= Span length (mm) 

Y= Specimen width (mm) 

Z= Specimen thickness (mm) 

OS - Deflection increament at mid-span (mm) 

160 



The parameter AP/A6 was determined from the slope of the load (N) versus 
displacement (mm) graph. 

Moreover, flexural strength for a three-point bend test is determined according to 

equation 3.9: 

Qh = (31', 
»är 

X) /(2Y7. z) 
.................................................................................. 

3.9 

' 
nax = load (force) at the fracture point 

3.5.2.3 Measurement Tensile Strength of the Multiple Layer Components 

A JJ universal tensile testing machine (Figure 3.20) was used to determine the tensile 

properties of the specimens at a fixed cross-head speed of 6 mm/s using a wedge grip. 
The specimen used for the test was an AS FM type V sample (Figure 3.15). A lOON 

load cell was used and the test was performed at room temperature. The samples were 
tested to fracture, thereby allowing the ultimate tensile strength (U'l'S) to be 

determined. The 0.2% 6y offset proof stress was determined graphically from the stress- 

strain graph. 

Figure 3.20: The JJ Universal Tensile Testing Machine. 

3.5.2.4 Determination of Impact Energy from ('harpy-type Test 

The purpose of carrying out the impact test ofthe fähricated parts was to determine the 
impact energy of the materials. Energy required to fracture the fabricated test parts 
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under the impact loading condition was measured. The test was carried out on a Avery 

charpy impact testing machine using a 150J pendulum. 

3.5.3 Determination of the Microhardness of the Laser-Sintered Parts 

A Struers Duramin micro-hardness tester was employed to determine the Vicker 
hardness of all laser sintered parts. A load of 0.1 kgf and an indentation time of 15 s 
was used for all tests. Test samples were hot mounted in Bakelite, ground, polished and 
etched, as described in Section 3.3.1.1, in order to reveal the phases present. The 

specimen was placed normally to the axis of the indenter on a flat and hard surface. 
Having located a representative location on the specimen for testing, the indentations 

were spaced so that the distance between indents or a free surface was at least twice the 

shorter diagonal or twice the extent of any deformation that appeared on the surface of 
the specimen. The indentation was observed at 500x magnification for possible defects 

and only results where the two sections of each diagonal agreed within 20% of each 
other were recorded. 

3.6 Conclusion 

This chapter outlines the testing of the materials' bulk properties and its preparation for 

microstructural characterisation, description of SLS equipment, experimental 
procedures, mixing time and laser power output calibration procedures as well as the 

methods of design, fabrication and measurement of properties of the mechanical test 
specimen. 
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CHAPTER FOUR FABRICATION OF ALUMINIUM POWDERS IN 
SINGLE LAYERS 

4.1 Introduction 

The main focus of this chapter is the presentation of results detailing the microstructure 
and properties of the as-received monosized powders (AL-1, AL-2, AL-3, AL-4 and 
AL-5) and their sintering response in single layer coupons. The effects of varying 

composition, powder properties and laser processing conditions on the laser 

sinterability, liquid phase sintering, surface morphology and spheroidisation of 
aluminium powders is hereby presented. The results and analysis of the measurement 
of the physical properties, and chemical composition of the as-received powders is 

presented first (section 4.2). This is followed by the results of the powder mixing time 

calibration for the same set of five powders (section 4.3). Thereafter, results of the 

observation of the surface morphology and measurements of agglomerate sizes for 

single layer samples and its implications for the single layer scanning are also presented 
in section 4.4. This gives the detailed description of the processing maps for each 
aluminium powder, effects of the processing parameters, powder's shape and chemical 
composition on the surface morphology, agglomerate development and laser 

sinterability of aluminium powders. 

4.2 Properties of the As-received Powders 

The results of the flowability tests, apparent and tapping densities measurements, and 
sieve analysis of the powders are presented in this section. 

4.2.1 Sieve Analysis and Particle Size Measurement of Powders AL-1 
through AL-5 

The particle size distribution of the as-received monosized powders obtained by sieving 
is presented in Table 4.1. This reveals that the particle size distribution of all the 
powders falls within the range of +45 to-75 }tm as expected. 
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Table 4.1: Particle distribution of the as-received aluminium powders. 

Powder 

Designation 

+90 
(µm) 

+75 

(pm) 

+63 

(pm) 

+53 

(µm) 

+45 

(µm) 

-45 

(Jim) 

% Distribution 

AL-1 0.40 0.40 33.50 62.30 3.10 0.30 

AL-2 0.20 0.20 43.70 52.70 3.00 0.20 

AL-3 0.10 0.10 63.80 33.00 2.90 0.10 

AL-4 0.10 0.10 81.70 16.00 1.80 0.30 

AL-5 0.10 0.10 38.90 59.30 1.50 0.10 

4.2.2 Scanning Electron Microscopy (SEM) Observation of Aluminium 
Powders Particle Shape 

SEM images of the aluminium powders are presented in Figures 4.2a-e. It can be seen 
that samples AL-1, AL-3, and AL-4 (Figures 4.1a, c and d) have irregular particle 
shapes, AL-2 powder has near spherical particles (Figure (4.1b) while sample AL-5 
(Figure 4.1 e) consists mainly of spherically shaped particles. Moreover, a careful 
observation of samples AL-1, AL-2, AL-3 and AL-4 suggests the presence of oxide 
clumps or islands on the surfaces of the particles of these powders (see the arrows in 
Figures 4.1a to d). In contrast, the surfaces of the particles of AL-5 are noted to be 

smooth. It is hereby speculated that the thickness of the oxide films present on the AL- 
5 powder is more uniform and is likely to have lesser content of oxygen than other 
powders. The implication of the nature of the oxide film on sintering behaviour will be 
discussed later in section 5.3. 

4.2.3 Chemical Composition of the As-received Powders 

The energy-dispersive spectrum acquired in area scan mode for each powder sample 
AL-1 to AL-5 is shown in Appendix H. Only elemental aluminium (Al) and oxygen 
(0) were detected in samples AL-1 and AL-2; Al, magnesium (Mg) and 0 were 
detected in samples AL-3 and AL-4 while Al, silicon (Si) and 0 were detected in 

sample AL-S. 
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Figure 4.1: SEM images showing the particle shapes of the as-received monosized aluminium 
powders: (a) AL-I; (b) AL-2; (c) AL-3; (d) AL-4 and (e) AL-5. Oxide islands on the surfaces of 
particles of AL-I, AL-2, AL-3 and AL-4 are identified by the arrows. 

The EDS spectra for the major elements in each of the powder correlate with the major 

elemental composition indicated by the suppliers. Note that the failure to detect Fe, Cu, 

and other minor elements in the energy-dispersive spectrum (see Table 3.2) taken is 

because the total amount of these elements is below the detection limit of the EDS 

technique. Moreover, the non-inclusion of the oxygen content in the manufacturer's 

powder's composition and the variation in the Mg content in AL-4 when investigated 

by EDS could probably be attributed to the wet analytical technique (atomic absorption 

spectrometry AAS) employed by the powder's manufacturer. As explained in section 
3.3.2.3, due to ZAF correction factor of ±16wt% great caution needs to be exercised 

with the quantitative oxygen values reported in this study. Meanwhile, Table 4.2 

confirms the earlier speculation (section 4.2.2) that the presence of oxide clumps or 
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islands on the particles of AL-1, AL-2, AL-3 and Al, -4 suggests the tendency fier 

higher oxide contents in these powders than in AL-5 particles observed to have smooth 

surface. The presence of a much higher amount of oxygen in sample Al, - I than that 
found in the other samples should be noted as the amount of' oxygen present in the 

powders is expected to be one of the factors that influence both the properties and the 

sintering response of the powders. 

Table 4.2: Elemental Composition of the Powdered Samples by EDS Analysis (weight %). 

Powdered 

s Sample 

Aluminium Magnesium Silicon Oxygen 

AL-1 84.1 - - 15.9 
AL-2 93.5 - - 6.5 

AL-3 89.3 5.7 - 5.0 
AL-4 89.4 6.0 - 4.6 
AL-5 85.1 - 12.1 2.8 

4.2.4 Flowability of Powders AL-1 through AL-5 

35 
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Figure 04.2: Flowability of the original aluminium powders. 

la, 
AL-5 

Flowability results for the aluminium powders AL-1 through AL-5 are presented in 
Figure 4.2. The standard deviation based on five measurements varies between 3.59 % 

and 14.39 % and these are shown as error bars in the Figure 4.2. All the powders, with 
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the exception of AL-l, could be described as free flowing since their flowability is 5 

s/50g or less. The details of experimental records taken for flowability of the original 
powders are presented in Table Al (Appendix A). 

4.2.5 Apparent Density and Tap Density of the Powders through AL1 to 
AL-5 

The apparent densities of the powders are presented in Figure 4.3 together with the 

standard deviation, which varied from 3.50 % to 8.50 %. The apparent densities of 
these powders range from 38.62 % to 52.68 % (1.04 g/cm3 to 1.42 g/cm3) of the density 

of wrought aluminium. The details of experimental records taken for apparent densities 

are presented in Appendix A. Meanwhile, the results of the tapping density of the 

powders are presented in Figure 4.4. Error bars are included which represent the 

standard error in mean over five measurements. The details of the experimental records 
taken for tapping densities are presented in Appendix A. 

4.2.6 Effect of Powders' Characteristics on the Physical Properties of the 
Powders 

In order to understand the flow behaviour of these powders, an attempt shall be made to 

relate how flowability is affected by differences in variables of the surface oxide film, 
the inter-particle friction, the particle size and shape, and environmental factors. The 

presence of the highest amount of surface oxide (15.9wt%), as evident in Table 4.2, and 
the preponderance of irregularly shaped particles in the sample AL-1 (Figure 4.1a) 

could be said to have contributed significantly to its poor flowability (30.0 s/509, see 
Figure 4.2). Since these should increase inter-particulate friction resulting in the 
formation of clusters that hamper free movement of particles when powders are 
flowing. 
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Figure 4.3: Apparent density of the original aluminium powders. 
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Figure 4.4: Tapping density of the original aluminium powders. 
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In contrast to the poor flowability of AL-I, the excellent tlowahility of samples AL-2, 
AL-3, AL-4 and AL-5 could be explained as a consequence of lower amount of surface 
oxide film (see Table 4.2) present on the surfaces of the particles and of their 

sphericity. For example, samples AL-2, AL-3, and AL-4 have irregularly shaped 

powder particles (Figures 4.1 b, c, and d), and very low surface oxide present (6.5wt%, 
4.6wt% and 5. Owt% respectively as presented in Table 4.2). Perhaps, the rationale is 
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that only the low surface oxide content in each of these powders is likely to be the 
favourable factor that could have promoted improved flowability recorded for these 

powders. Moreover, since AL-3 has lower apparent density than other powders, it may 
be reasoned that irregularity of particle shape alone cannot explain the low flowability 

of AL-1 and that the influence of oxide content may be more significant. The spherical 
particle shape (Figure 4.1e) and fairly low surface oxide content (2.8wt% as recorded in 
Table 4.2) of sample AL-5 indicate that all these properties favour the excellent 
flowability reported for it (Figure 4.2). The production techniques of each of these 

powders (see Table 3.1) could be said to have influenced their flow behaviour because 

they determine the particle shape as well as the degree of surface oxidation of the 

powder's particles (German 1993,1994,1996). Therefore, it may be deduced that air 
atomisation technique employed for the production of AL-1 imparted the highest 

amount of oxidic contamination on its particles when compared with water (AL-3 and 
AL-4) and gas (AL-2 and AL-5) atomisation techniques. In conclusion, these findings 

suggest the most predominant factor controlling the flowability of aluminium powders 
is the amount of surface oxide present on the particle's surface in the powder. The 

potential influence of environmental factors as a result of exposure of powders to 
humidity may be discounted because the powders were carefully handled to minimise 
this effect (see section 3.2.3). 

Examination of the results obtained for the apparent densities of these powders 
suggests that they are influenced mainly by the particle shape, with AL-5, having 

spherical particles giving the highest value of 1.42 g/em3 (52.7% of the density of 
wrought aluminium) (Carson and Pittenger 1998). Therefore, it may be deduced that 
the higher the apparent density of a powder, the higher the degree of its sphericity 
(Figures 2.58,4.1 and 4.3). Moreover, the tapping densities should depend on the 
powder characteristics such as particle shape, particle porosity and particle size 
distribution. The particle size distribution and average particle size of all the powders 
are comparable and falls within the same range of +45 to -75 µm, as shown in Table 
4.1, so this may be excluded. Figure 4.5 reveals that as the apparent density increases, 
tapping density also increases whereas Table 4.3 shows that the lower the apparent 
density, the higher the percentage increases in density on tapping. These findings imply 
that irregularly shaped powder particles found in samples AL-1 to AL-4 which have 
lower apparent and tapping densities do bridge or arch during loose packing. Upon 
tapping, re-arrangement of particles can overcome this, leading to a significant 
reduction in porosity. In the case of sample AL-5, a smaller percentage increase in 
density was obtained upon tapping. This is easily explained by the fact that its spherical 
particles pack more closely, without bridging or arching, as the particles move easily 
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past each other because of their smooth surfaces as observed in the high flowability 

values (see section 4.2.4). 

Table 4.3: Comparison of Density Increases for the Original Powders. 

Powder 
Designation 

Apparent Density 

cm3 

Tap Density (g/cm3) % Increase 

AL-1 1.22 1.59 30.20 

AL-2 1.32 1.66 25.42 

AL-3 1.04 1.30 24.26 

AL-4 1.28 1.61 25.53 

AL-5 1.42 1.73 21.75 

2.00 

1.80 

1.60 
a 
d_ 

1.40 
c 

1.20 
H 

1.00 
1 1.1 1.2 1.3 1.4 1.5 

Apparent density (g/cm3) 

Figure 4.5: Comparison of apparent and tapping densities of the original powders. 

4.3 The Results of Powder Mixing Time Calibration 

All the individual measurements made to ensure calibration of powder mixing time are 
presented in Tables B1 to B9 (Appendix B). The results showing the variation in the 

average bed density with the duration of mixing for each of the five monosized as- 
received aluminium powders, and the blended bimodal powders are shown in Figures 

170 



4.6 and 4.7 respectively. The length of the error bars represents the variability in the 

results for all samples, including those taken from different depths within the storage 
container. It is clear from Figure 4.6 that the results for each of the as-received 
aluminium powder batches are similar, revealing a peak in the average powder bed 
density, and a minimum in density variation, after ten minutes of mixing. By contrast, 
Figure 4.7 shows that the bed density for the bimodal powder mixtures peaks at a 
mixing time of 20 minutes. Although, the powder bed density decreases as the mixing 
time increases beyond the peak, this fall is not as sudden as the initial increment 
between the starting time and the peak time. It would appear that the longer mixing 
time required for the bimodal powder mixtures is a result of the difficulty encountered 
by the smaller particles added in percolating through the available interstices of the 

parent powder, AL-5. These results differ from the findings of Eane (2002) who 
reported that the bed density of both monosized and bimodal stainless steel powders 
peaked at the same calibrated mixing time of 15 minutes. However, critical 
examination of Eane's work reveals that the monosized and bimodal powders which he 

studied both had a wider particle size distribution than the aluminium powders used in 
this research. 

The maximum variation in bed density occurs in as-received samples and generally 
rises with mixing time for both monosized and bimodal powders. The maximum noted 
for the unmixed powders could be attributed to particle segregation as a consequence of 
transportation and prolonged storage. The continuing increase in variation up to 60 

minutes could be ascribed to over mixing, which triggers particle re-segregation. These 
findings are strongly supported by German (1998) and Hauser (2003) who both 

claimed that, provided the mobility and density of powder particles vary as a 
consequence of their forms and sizes, the influence of external forces may cause 
segregation. 

In addition, Figure 4.6 shows that the average powder bed density recorded at each 
mixing time interval decreases as the particle shape of the powder becomes less 

spherical, but the variation decreases. According to Hauser, (2003), the variation in 

powder bed density increases as the average powder bed density decreases for 

corresponding mixing time as the batch powder sizes decreases. The discrepancy 
between the relationship of the variation in the powder bed density with average 
powder bed density for powders of varying particle shapes employed in this research, 
and that of Hauser (2003) could be attributed to problems of powder deposition. A 

cursory look through Tables B1 to B5 in Appendix A shows that values obtained for 

powder bed density at some instances for all the powders are only slightly higher than 
their reported apparent densities. In these cases, it is suspected that the powder 
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deposition mechanism might have not properly delivered the powder to enable efficient 
packing across the powder bed. Therefore, it may be suggested that the improper and 
inconsistent delivery and packing of powder's particles across the powder bed appears 
to have affected the variations obtained in the powder bed density such that no definite 

relationship could be established between the variation in the powder bed density and 
the average powder bed density of the experimental powders. It is now evident that the 
discrepancy between the relationship of the variation in the powder bed density with 
average powder bed density for powders may be explained by the differences in the 

powder packing behaviour in the bed as a consequence of lesser degree of powder's 
particle sphericity and increasing surface oxide content of the powders. For AL-1, the 

combined effects of lower degree of particle sphericity (section 4.2.5) and highest 

oxide content (section 4.2.3) are responsible for non-existence of a relationship of the 

variation in the powder bed density with its average powder bed density. In the case of 
AL-3, its lowest degree of particle sphericity as evident by its apparent density (see 

section 4.2.5) could explain the same behaviour it had displayed as AL-1. It is now 
clear that the higher the sphericity of the particle shape of a powder, the higher the 
likelihood of the increased variation in the powder bed density with average powder 
bed density as seen in the case of AL-2, AL-3 and AL-4. This is because higher degree 

of sphericity of powder's particle provides for close packing of the particles in bed 

without arching or bridging, during powder deposition. 

In the case of the bimodal powders (Figure 4.7) containing a preponderance of 
spherically shaped powder particles (AL-5), it can be seen that the average powder bed 
density increases as the average particles sizes of the additive powder reduces (AL- 
5/AL-2 > AL-5/AL-6 > AL-5/AL-7 > AL-5/AL-8) and the variation in the powder bed 
density decreases. This finding again contradicts the outcome of similar studies carried 
out by Hauser (2003), reported in the last paragraph. The introduction of the additive 
powders AL-2, AL-6, AL-7 and AL-8, of varying particle sizes, into the parent powder 
AL-5 is suspected to have aided the powder packing efficiency of the blended powders, 
thereby eliminating the shortcomings of the deposition mechanism in this instance. 
Therefore, it may be argued that the optimisation of the average bed density with the 
lowest possible variation could only be achievable when additive powders of 
appropriate particle sizes are blended with the parent powder AL-5. The effect of 
blending additive powders of varying particle sizes and distribution with powder AL-5 

will be discussed in detail in chapters six and seven of this thesis. 
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As noted in section 3.2.4, the basis of the findings from these powder mixing time 
experiments, monosized powder samples of AL-l, AL-2, AL-3, AL-4 and AL-5 were 
mixed for ten minutes before processing in the sinter station while twenty minutes mixing 
duration was adopted for all bimodal and tri-modal powders, irrespective of component 
ratio. These choices were made in order to give the least variability between the deposited 

powder layers. The choice of these powder mixing durations was not made on the premise 
of the highest bed density because this is largely indeterminate during the SLS/SLM 

process, as pointed out by Hauser (2003). 

4.4 Results of Single Layers Experiments on SLS of As-received Powders 

The results of the sintering response of the AL-1, AL-2, AL-3, AL-4, and AL-5 powders 
under argon atmosphere as a function of process parameters (laser power, scanning rate, 
and scan spacing) are presented in this section. 

4.4.1 Macrostructure of Layer Surfaces 

Figures 4.8,4.10,4.12,4.14, and 4.16 show the images of single layer specimens as- 
sintered on the sintering plates for powdered samples AL-1, AL-2, AL-3, AL-4, and AL-5, 
respectively. Layer surfaces for AL-1, AL-2, AL-3 and AL-4 were noted to be grey in 
colour irrespective of the processing parameters adopted whereas those of AL-5 appeared 
yellowish in colour. For AL-5, it was noted that the intensity of "yellowishness" of the 
surfaces increases as more material appeared to have been melted. For AL-1 through AL-5, 
it was noted that the surface quality of sintered specimens varied across the regions on the 
sintering plates as the processing parameters varied. For example, when scan rates of 80 

mm/s or less was adopted at high laser powers, surface quality were noted to be very poor 
and characterised with balls formation resulting from molten particles. Moreover, the 
degree of protrusion of "first line scan balling" (FLSB) effects over the layer surface was 
observed to be very high for this range of processing parameters. Evidence of molten 
particles abound in the sintered specimens and accompanied by improved surface quality 
of the sintered specimens as the scan rates were increased from 80 mm/s to 250 mm/s. In 
addition, the degree of protrusion of FSLB over layer surface in this range of processing 
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parameters was noted to have reduced significantly such that it is at the same level with the 

surface of the sintered specimen. As the laser power reduced from 200 W to 50 W at high 

scan rates, it was noted that the preponderance of unmelted particles occurred in the 

sintered specimens with the surface qualities appearing to be finer and the FSLB effect was 
not noticeable. As the laser power is less than 50 W, and the scan rate is increasing, it was 
evident that a most of the particles in the sintered specimens had not been melted and the 
surface quality of specimens remained finest over the same range of laser power with no 
formation of FSLB effect. 

4.4.2 Processing Maps for Single Layer Fabrication of As-received Powders 

The results of the images obtained on the sintering plates of AL-1, AL-2, AL-3, AL-4 and 
AL-5, are transferred onto processing maps in Figures 4.9,4.11,4.13,4.15 and 4.17, 

respectively. The regions in the processing maps are categorised and described 

qualitatively. The nodal arrays on each processing map are the experimental points used in 
the construction of the processing maps. A comparison of the processing windows 
developed for each of the as-received monosized aluminium powders reveals that their 
sintering responses appear to have followed a similar trend but the optimum processing 
window for each powder is different. Four regions of behaviour could be identified for all 
powders: no marking, partial marking, minimal balling, and excessive balling. These 
regions are discussed in more detail in the following sections. 

4.4.2.1 Region of No Marking 

The region of no marking appeared on each of the processing maps (Figures 4.9,4.11, 
4.13,4.15 and 4.17) and is separated by diagonal f-a from the region of partial marking to 
the right. The boundary f-a indicates that a critical value of energy density of 2 J/mm2 must 
be attained for all powder samples AL-l, AL-2, AL-3, AL-4, and AL-5 before their 
particles will react with impinging laser beam. In all the processing maps, (Figures 4.9, 
4.11,4.13,4.15 and 4.17), it evident that the minimum laser power required for the powder 
particles to react with the laser beam is 50 W. Although, the processing maps do not reveal 
the sintering responses of the powders for scanning rates greater than 250 mm/s at the 
range of laser powers (20-240 W) studied, it was noted during the experiments that this 
region broadens as scan rates increase from 200 to 500 mm/s for all laser power studied. 
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Figure 4.8: Images of single layers, as sintered on the plates, made in AI, -I powder with varying 
processing conditions (a) Single layer scanning at 120-250mm/s over 20-240W laser power range and 

scan spacing O. Imm. (b) Single layer scanning at 20-100mm/s over 20-240W laser power range and 

scan spacing 0. Imm. 
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Figure 4.9: Processing window for single layer parts made in Al; t developed from Figure 4.8. 

(Note: Reciprocals of slopes f-a, f-b, and f-c, were computed and multiplied by the 

reciprocal of scan spacing (0.1 mm) in order to obtain the applied energy density). 
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Figure 4.10: Images of single layers, as sintered on the plates, made in 
" L-2 powder with varying 

processing conditions (a) Single layer scanning at 120-250mm/s over 20-240w laser power range and 
scan spacing 0.1mm. (b) Single layer scanning at 20-I00mm/s over 20-240W laser power range and 
scan spacing 0.1mm. 
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Figure 4.11: Processing window for single layer parts made in AL-2 developed from Figure 4.10. 

(Note: Reciprocals of slopes f-a, f-b, and t-c, were computed and multiplied by the 

reciprocal of scan spacing (0.1 min) in order to obtain the applied energy density). 
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Figure 4.12: Images of single layers, as sintered on the plates, made in AI, -3 powder with varying 
processing conditions (a) Single layer scanning at 120-25()mm/s over 20-24OW laser power range and 
scan spacing 0.1mm. (b) Single layer scanning at 20-100mm/s over 20-240WV laser power range and 
scan spacing 0.1 mm. 
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Figure 4.13: Processing window for single layer parts made in A1. -3 developed from Figure 12. 

(Note: Reciprocals of slopes f -a, t-h, and f-c, were computed and multiplied by the 

reciprocal of scan spacing (0.1 mm) in order to obtain the applied energy density). 
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Figure 4.14: Images of single layers, as sintered on the plates, made in A1. -4 powder with varying 
processing conditions (a) Single layer scanning at 120-250mm/s over 20-240W laser power range and 
scan spacing 0.1 mm. (b) Single layer scanning at 20-100mm/s over 20-240W laser power range and 
scan spacing 0.1mm. 
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Figure 4.15: Processing window for single layer parts made in AI A developed from Figure 4.14. 

(Note: Reciprocals of slopes f-a, I-b, and f-c, were computed and multiplied by the 

reciprocal of scan spacing (0.1 mm) in order to obtain the applied energy density). 
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Figure 4.16: Images of single layers, as sintered on the plates, made in AL-5 powder with varying 
processing conditions (a) Single layer scanning at 120-250mm/s over 20-240W laser power range and 
scan spacing 0.1mm. (b) Single layer scanning at 20-100mm/s over 20-240W laser power range and 

scan spacing 0.1 mm. 
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Figure 4.17: Processing window for single layer parts made in AL-5 developed from Figure 4.16. 

(Note: Reciprocals of' slopes f-a, f-b, and f-c, were computed and multiplied by the 

reciprocal of scan spacing (0.1 mm) in order to obtain the applied energy density). 

In this region, the duration of laser-material interaction is too short to allow liquid phase to 

form and bond the powder particles together. The absence of' liquid phase tier inter- 

particulate bonding results in a very low strength of'the single layer samples such that the 

samples could not be held by hand without fracture occurring. 
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4.4.2.2 Region of Partial Marking 

The region of partial marking appeared on each of the processing maps (Figures 4.9,4.11, 
4.13,4.15 and 4.17), and is separated by the boundary line f-b from the region of minimal 
balling to the right. It worth noting that the boundary region is less distinct in all the 

processing maps, most especially at higher laser powers and scan rates. Observation of the 
surfaces of the sintered samples from this region reveals a small number of agglomerated 
particles. It is evident that full melting of the particles had not occurred in this region. 
Energy density with the range of 2 J/mm2 to 15 J/mm2 is required for the formation of this 

region. This estimate is taken to be a reasonable assumption because there exists a critical 
value of energy density that minimal balling commences during laser scanning of the 
powders. The range of values of energy density required for the formation of this region is 

the same for both AL-1 and AL-2, (2 J/mm2 to 8 J/mm2); while it is higher for the pre- 
alloyed aluminium powders AL-3, AL-4, and AL-5 (2 J/mm2 to 15 J/mm2). The 

occurrence of this region could be ascribed to the presence of a very small amount of liquid 

phase with low viscosity which, nevertheless, is insufficient to impart adequate 
interparticulate bonding to the single layer samples. This results from a low energy density 

as a result of very high scanning speeds at high laser powers or low laser powers scanned 
at higher scan speeds. 

4.4.2.3 Region of Minimal Balling 

The region of minimal balling appeared on each of the processing maps (Figures 4.9,4.11, 
4.13,4.15 and 4.17) and is separated by boundary line f-c from the region of excessive 
balling. Observation of the surfaces of the sintered samples from this region reveals that 
continuous melting of the particles had occurred in this region. Energy density with the 

range of 8 J/mm2 to 30 J/mm2 is required for the formation of this region. The range of 
values of energy density required for the formation of this region is the same for both AL-1 

and AL-2, (8 J/mm2 to 30 J/mm2); while for the pre-alloyed aluminium powders AL-3, 
AL-4, and AL-5, it is 12 J/mm2 to 30 J/mm2. It is clear that continuous melt pool is 

maintained by reducing the scan rates from 200 mm/s to 80 mm/s in all the powders' 
processing maps with the exception of AL-3 (150mm/s to 50 mm/s). The increase in the 
minimum scanning speed of the processing window when the laser power was increasing 

could be elucidated as the compensation for the effect of increased laser power which 
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could have resulted in balling if the scanning rate had not been adjusted upward. The area 

of minimal balling should be a favourable region for the construction of multiple layers in 

direct SLS. The amount of liquid phase in this region is optimised to generate a component 

which neither has the problem of excessive balling nor insufficient liquid phase to promote 
sintering. 

4.4.2.4 Region of Excessive Balling 

The region of excessive balling appeared on each of the processing maps (Figures 4.9, 

4.11,4.13,4.15 and 4.17) and is separated by line f-c to the right of the region of minimal 
balling. Energy density required for the initiation of excessive balling is estimated to 30 

J/mm2 or more. This region becomes predominant in all powders at scan rates of 80 mm/s 

or less with the exception of AL-3 (50 mm/s or less) at high laser powers. This region of 

excessive balling is undesirable. The phenomenon of excessive balling has been explained 

as the basis of excessive amount of liquid phase with very low viscosity arising as a result 
of longer laser-material interaction. 

Observation of the processing maps reveals that the solidified melt balls are noted to be 

uniform in shape, equi-distant between its neighbours and increased in diameter and 

reduced in number as the energy density increases. Significant breakage of agglomerates is 

noted to have occurred over the scanning conditions that promote the formation of the 

regions of minimal balling and partial marking The four regions identified in this study are 
similar to the regions noted in the processing maps for other direct SLS studies on high 

speed steel (Dewidar et al. 2003) and stainless steel (Hauser 2003). These researchers had 

also attributed the occurrence of these regions on the processing maps to the variation in 

the duration of laser-material interaction. 

4.4.2.5 Effect of Powder Properties on the Processing Maps 

As noted earlier on, whilst the processing windows show similar trend for all powders 
investigated, there were differences in the location of boundaries of the different regions 
between powders. In order to understand the reasons underlying this observation, it is 

necessary that the processing map of each powder is analysed with respect to the different 

powder properties, variations in the surface oxide film, and the alloying elements present 
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in the powders. Oxide present at the powder surface would be expected to inhibit the 

initiation of inter-particulate bonding/melting during laser sintering/melting. Comparison 

of the processing maps for AL1 and AL-2 (Figures 4.9 and 4.11) reveals that they are both 

identical. This is exemplified by the occurrence of the region of minimal balling for both 

AL-1 and AL-2 when scanning rates were varied between 80 mm/s to 250 mm/s. 
Although, oxide content (Table 4.2) in AL-1 (15.9%) is higher than that of AL-2 (6.5%), 

and the bed densities (Figure 4.6a and b) for both powders are similar. It may be inferred 

from this analysis that predominant differences in the oxide contents of pure aluminium 

powders AL-1 and AL-2 appear to have little or no effect on the nature of processing maps 

obtained for them. It may therefore be argued that the identical processing maps obtained 
for these powders could be linked to their similar tapping densities which are expected to 
determine their thermal conductivities. Therefore, powders having similar tapping densities 

may possibly have identical processing maps because of similar thermal conductivities of 

their particles. 

The processing maps for AL-3 and AL-4 (Figures 4.15 and 4.17) reveal significant 
differences in their features. For example, the processing condition for obtaining the region 

of minimal balling was at scan rates varying between 50 mm/s to 150 mm/s for AL-3 

whereas the same region was obtained in AL-4 when scan rates from 80 mm/s to 200 mm/s 

were adopted. A cursory look through the powder properties shows slight differences in 

the magnesium contents (Table 4.2) and significant variation in bed densities (Figures 4.6c 

and d), but similar oxide contents (Table 4.2) for the powders. In line with the analysis 
from the last paragraph that differences in oxide contents of powders have little or no 
influence on their processing maps, it may be suggested that the similarity in the oxide 
contents of AL-3 and AL-4 has little or no influence of their processing maps. Therefore, 

significant differences noted in the processing maps of AL-3 and AL-4 could be attributed 
to the variations encountered in their bed densities. It is hereby reasoned that the degree of 

sphericity of AL-3 particles is significantly lower than that of AL-4 (Figures 4.3 and 4.4). 

In line with German's (1989) observation that irregularly shaped particles characterised by 

high surface area per unit volume have the tendency to absorb more laser energy. 
Therefore, it is suggested that higher irregularity of particles' shape in AL-3, than is found 

in AL-4, is responsible for the occurrence of the minimal balling region at lower boundary 

of the scan rates (50mm/s to 150 mm/s). Moreover, the processing map obtained for AL-4 

is noted to be similar to those obtained for AL-1 and AL-2 powders. Again, a study of their 

packing densities (Figures 4.4,4.6a, b, and d) indicates a striking similarity in their values. 
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This confirms further that the similarity in the packing densities of AL-1, AL-2 and AL-4 

is also responsible for identical processing maps obtained for them, thereby, affirming that 

the determining factor that controls the processing maps of SLS aluminium powders is the 

packing density. 

The processing map of AL-5 (Figure 4.17) shows the occurrence of the region of minimal 
balling when scan rates of 80mm/s to 200 mm/s were adopted. AL-5 is characterised by 

high packing density (Figure 4.4 and 4.6e), and lower oxide content (Table 4.2). 

Moreover, its processing map appears similar to those of AL-1 and AL-2, although the 

partial marking regions in AL-1 and AL-2 are narrower horizontal along the laser power 

axis than that obtained in AL-5 and AL-4. Nevertheless, it may be concluded that it is the 

packing densities of powders that predominantly influence their processing map. 
Moreover, the similarities existing in the processing maps of AL-l, AL-2, AL-4 and AL-5 

as a consequence of similarities in their packing densities suggest that alloying additions of 

magnesium and silicon to aluminium powders have no effect on the processing maps of 

these powders. 

4.4.3 Microstructure and Agglomerate Development of Single Layered 
Monosized Aluminium Powder Specimens Processed by SLS 

The surface morphologies of single layer laser sintered samples using varying energy 
densities are presented in Figures 4.18 to 4.22 for AL-1, AL-2, AL-3, AL-4 and AL-5 

powders respectively. At a low the energy density of 3.3 J/mm2 (Figures 4.18a, 4.19a, 
4.20a and 4.21a), the sintered surfaces of samples AL-l, AL-2, AL-3, and AL-4 consisted 
of a network of agglomerates with a large amount of small, open, and deep pores, leading 

to a equiaxed structure. Powder sample AL-5, consisting of spherical particles, give 

surface structures which consist of spherical particles connected by necks suggesting initial 

stages of sintering at the same laser power (Figure 4.22a). Such structures also contained 

some remaining unsintered starting powder particles indicating insufficient densification. 

190 



(a)   

(, 

(c' 

1 

ir 
r; 
ý1lT 

I, 

` +0 

J 

Figure 4.18: SEM images of the surface of laser sintered pure aluminium (AL I) powder produced at 
varying energy densities of. (a) 3.3 . I/mm2 (b) 6.6 J /mm2, (c) 10 J/mm2, (d) 15 J/mm=, (e) 30 . 1/mm2 
(Scan direction F +). 

When the energy density was increased to 6.6 J/mm2 (Figures 4.18b, 4.19h, 4.20h, and 
4.21b), the agglomerates of samples AL-I, AL-2, AL-3, and AL-4 coarsened significantly 

with the inter-agglomerate pores increasing in size. 
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Figure 4.19: SEM images of the surface of laser sintered pure aluminium (AL-2) powder produced at 
varying energy densities of. (a) 3.3 . 1/mm' (b) 6.6 .1 /mm2, (c) 10 . I/mm', (d) IS. 1/mm2, (e) 30 . 1/mm2. 
(Scan direction 4 º). 

In addition, the pores around the agglomerates began to merge and appear interconnected. 
Figure 4.22b reveals that with the same amount of energy density, AL-5 gives structures of 

randomly oriented, dense and equiaxed agglomerates with inter-connected pores. The 

sintered surfaces of AL-5 appeared to have a finer structure than those of AL-I, AL-2, AI. - 
3 and AL-4. At a higher energy density of 10 J/mm` (Figures 4. I8c, 4.19c, 4.20c, and 
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4.2Ic), the agglomerates were no longer seen in samples AI. -I, AI, -2, AI. -a, and AI, -4 

powders, but were replaced by a continuous skeleton structure. 
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Figure 4.20: SEM images of the surface of laser sintered pure aluminium (AL-3) powder produced at 
varying energy densities of: (a) 3.3 . 1/mm2 (b) 6.6 J /mm'. (c) 10 . 1/mm's (d) iä . 1/mm2. (e) 30 . 1/mm'. 
(Scan direction 4 ). 

This produced a fairly dense structure with closed pores whereas a relatively smooth and 

almost fully dense sintered surface was obtained for AL-5 as shown in Figure 4.22c. When 

the energy density was further increased to 15 J/mmz, the surface morphology of the laser 

sintered AL-I, AL-2, AL-3, and Al. -4 powders was noted to have remained porous and 

consisted of a network of agglomerates now aligned parallel to the scan direction (Figures 
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4. I8d, 4. I9d, 4.20d, and 4.2Id) whereas SI, S imparted a fully dense surläce (Figure 4.2d) 

devoid cif pOre formation, für powder Al, -5. 
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Figure 4.21: SFi 1 images of the surface of laser sinlereil Pure aluminium (AI. -J) pu%sdcr produced at 
varying energy densities of: (a) 3.3 . I/mm2 (h) 6.6 J /mm'. (c) It) . I/mm', (d) IS . I/nim'. (e) 31I . I/mm2. 
(Scan direction 4 o). 
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Figure 4.22: SEM images of the surface of laser sintered pure aluminium (AL-S) powder produced at 

varying energy densities of: (a) 3.3 J/mm2 (b) 6.6 J /mm=, (c) IU . 1/mm', (d) IS . Ihnm=, (e) 30 J/mml. 

(Scan direction 4 º). 

Furthermore, Figure 4.23 confirms that the agglomerate diameter of all the laser sintered 

aluminium samples continuously increase as the applied energy density increases. For 

example, at an energy density of 15 J/mm2, agglomerate formation was in the average 

diameter of 595 µm, 153 µm, 435 µm, and 455 pun for samples AL-I, AL-2, AL-3, and 

AL-4, respectively (Figures4.23). Necking was observed for several aluminium powder 

particles (Figures 4.18d, 4.19d, 4.20d and 4.21d). The same observation was noted in the 

sintered samples of AL-5 (Figure 4.23) with average agglomerate sizes at 305 µm at an 

energy density of 15 J/mm2. Laser sintering of AL-I, AL-2, AL-3, and AL-4 using an 

energy density of 30 J/mm2 resulted in the formation of a rough and fully dense surface 
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with the average agglomerate sizes increasing to 754.3 µm, 215.3Fun, 588.7 µm, and 579.5 

µm for AL-l, AL-2, AL-3 and AL-4 respectively (Figures 4.23) and connected by a 

continuous network of solid (Figures 4.318c, 4.19e, 4.320e and 4.21c). 
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Figure 4.23: Influence of energy density on the average agglomerate diameter of monosized aluminium 
powders. 

Significant balling was observed in the samples as a consequence of Marangoni convection 
arising from the increased surface tension due to the presence of surface oxide film on the 

powders. This eventually resulted in high thermal gradients which led to residual stresses 
relieved by shape change in the firm of curl or balling. The internal density of' the 

agglomerates (fraction of solid region) was noted to be increasing as the energy density 
increases from 3.3 J/mm2 to 30 J/mm2. A closer observation of the sintered surfaces from 

Figures 4.4.22a, to 4.22e indicates that the surfaces of laser sintered AI. -5 samples were 
found to have consisted of a relatively homogeneous structure at both low and high energy 
densities. 
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4.4.4 Effect of Processing Parameters and Powder Properties on the 
Microstructure and Agglomerate Development of SLS Processed Single Layer 
Aluminium Powders 

This first part compares the process maps (section 4.4.2) and the surface morphologies 
(section 4.4.3) in order to understand the effect of processing parameters on the 

microstructure and agglomerate development of SLS processed monosized aluminium 
powders. Figure 4.24a shows the relationship between the regions of the processing maps 
and the surface morphology obtained from laser sintered aluminium powders at the 
instances varying energy densities were employed. Figure 4.24b shows the variation in the 

types of pores obtained for surface structures in each region of the processing map. At 

scanning rates below 80mm/s, the pores appeared to be large in size and the inter- 

agglomerates were fully dense as the laser increases. This corresponds to the excessive 
balling region of the processing map. Further increament in the range of scanning rates 
between 80mm/s to 250 mm/s when laser power vary between 200 W to 240 W, resulted in 
formation of fairly dense structures consisting of small closed pores (region of minimal 
balling). As the laser power is reduced from 200 W to 100 W at high scanning rates, 
surface morphology appeared smooth, but less dense while it was characterised with lateral 

pores (region of partial marking). Meanwhile, the formation of open or interconnected 

pores were found to be associated with the use of high scanning rates at laser powers 
varying between 50 W to 100 W. At this instance, the sample density was very low at these 

scan rates. These observations conform to discoveries made by Niu & Chang (2000) in 

their studies on the SLS of M2 high speed steels (see Figure 2.42). 

It may be inferred from these comparisons that the occurrence of different morphologies 
associated with various regions of the processing window is dependent on the relationship 
between laser power and scan rate which in turn may yield high or low laser energy density 

that generates adequate or insufficient liquid phase for interparticulate bonding. For 

example, the formation of structures characterised by a network of agglomerates with a 
large amount of small, open, and deep pores at the given process parameters could be 

explained by the generation of lowest energy density (2 J/mm2 to 4 J/mm2) resulting from 

the adoption of low laser powers (50 W to 100 W) at high scan rates (Figures 4.24a, b). 
This condition leads to the generation of inadequate liquid phase that consequently 
produce low interparticulate bonding evident in the microstructures (Figure 18a to 4.22a) 
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Moreover, lateral pores (Figures 4.18b to 4.22b) were discovered to have formed as a 
result of employing increased laser power (100 W to 200 W) at high scan rates which 
generated energy density range of 4 J/mm2 to 8 J/mm2. Occurrence of two types pore 
morphologies in the region of partial marking should be noted due to variation in 

processing parameters. Further increament in the laser power (100W to 240 W) at the scan 
rates (80 mm/s to 250 mm/s) leads to increased energy density, (8 J/mm2 to less than 30 
J/mm2), (Figures 4.24a, b) which results in the formation of almost or fairly dense 

structures characterised by closed pores (Figures 4.18c, d to 4.22c, d). This could be 

attributed to the resultant high energy density which leads to the formation of adequate 
amount of liquid phase that promotes full melting. High energy density in SLS/SLM 
increases the powder bed temperature, while reducing the viscosity of molten aluminium 
and facilitating more efficient densification with the solid aluminium particles. The 
formation of surface morphologies having almost or fairly dense structures and 
characterised by closed pores is relevant in the construction of multiple layer samples. 

The occurrence of rough and fully dense structures associated with the region of excessive 
balling could be ascribed to higher energy density resulting from the combined effect of 
higher laser powers at the lower scan rates (80 mm/s or less). Energy density from 30 
J/mm2 or more generated at this instance is believed to have lead to the formation of excess 
amount of liquid phase that result in the formation of balling (Figures 4.18e to 4.22e, 
4.24a, b). This analysis suggests that it is the energy density, not laser power or scanning 
rates in isolation, that influence the processing map and the microstructure obtained for the 
SLS/SLM of aluminium powders. 

In order to further investigate the independence of the effects of laser power and scan 
speed, Figures 4.23 was constructed which shows the agglomerate size as a function of 
energy density for a range of different laser power and scanning rates. These findings 

reveal clearly that it is energy density which controls the agglomerate size for all the 

materials studied. This suggests that the particle shape, oxygen content, and alloying 
element present in each of the materials define the extent to which the energy delivered 

will be translated into molten material, but that in all cases an increase in energy density 

will result in more molten material and larger sized agglomerates. These results agree with 
the findings by Zhu el al. (2005) and Niu & Chang (1998) who had investigated the 
sintering mechanism for Cu-based and high speed steel powders respectively. 
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Furthermore, this section shall account for the discernible differences observed in the 

surface morphologies of AL-l, AL-2, AL-3 and AL-4 on one hand as well as AL-5 on the 

other hand, during the various stages of the SLS process. For example, the formation of a 

network of agglomerates and pores in the surface morphologies of AL-1, AL-2, AL-3 and 
AL-4 (Figures 4.18a to 4.18e, 4.19a to 4.19e, 4.20a to 4.20c, 4.21a to 4.21c) and relatively 
homogeneous structures in AL-5 (Figures 4.22a and 4.22c) could be attributed to the 

sintering kinetics of the powders which Niu & Chang (1999a) noted was dependent on the 

particle shape and chemical composition. The degree of sphericity of the particles of the 

powders increase in the following order: AL-3 < AL-1 < AL-4 < AL-2 < AL-5 (Figures 
4.1 and 4.3). It is on this basis that the powders were grouped at the beginning of this 

paragraph. In agreement with Niu & Chang (1999a), at a low energy density of 3.3 J/mm2, 
it is clear that the dominant mechanism in the SLS of aluminium powders is the partial 
sintering (Figures 4.18a to 4.22a). Irregularly shaped particles of AL-1, AL-3, AL-4 and 
near spherical particles of AL-2 are characterised by higher surface area per unit volume, 
therefore, they tend to absorb additional laser energy which influence the sintering process. 
German (1989) observed that non-spherical particles give a lower random packing density 

and co-ordination than spherical particles. Monosized aluminium powder bed densities 

presented in Figures 4.4 and 4.6a, b, c and d lend credence to German's (1989) 
observation. This inhibits the densification process and consequently results in the 
formation of large pores around the agglomerates of AL-1, AL-2, AL-3, and AL-4 as 
shown in Figures 4.18a to 4.21a due to the applied low laser energy density. Moreover, 
liquid phase sintering (LPS) becomes predominant in the SLS process of aluminium as the 

energy density increases from 6.6 J/mm2 to 10 J/mm2. For the irregular particles of AL-I, 
AL-2, AL-3 and AL-4; mis-allignment of the particle center occurs during the particle re- 
arrangement stage of the LPS as a result of the torque which tends to rotate the particles 
(Niu & Chang 1999a). This torque causes the particles to move towards the centre of the 
laser beam where the temperature is maximum (Niu & Chang 1999a). This mechanism 
results in what Niu & Chang (1999a) described as the formation of a regular array of 
agglomerates situated at the center of the melt pool and the larger inter-agglomerate pores 
in samples AL-1, AL-2, AL-3 and AL-4 (Figures 4.18b, 4.18c, 4.19b, 4.19c, 4.20b, 4.20c 
4.21b, and 4.21c). These agglomerates were found to have developed a specific growth 
direction which is at random to the direction of the laser beam scan. With the increament 

of energy density to 15 J/mm2 particulate melting (Figures 4.18d, 4.19d, 4.20d, and 4.21d) 

was noted to have occurred due to increasing energy density (Niu & Chang 199a). 
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Meanwhile, as the surface tension is a function of temperature, the presence of a 
temperature gradient causes a corresponding variation of the surface tension (dyLy /dT ) 
between the center (yc) and the edges (yA, 7B) of the melt pool of AL-l, AL-2, AL-3 and 

AL-4, thus initiating Marangoni thermocapillary forces for fluid flow (Niu & Chang, 

1999a). For pure metals having low oxygen content, Niu & Chang (1999a) noted that as 
the Marangoni flows occur from a region of increasing temperature (low surface tension) 
to a region of low temperature (high surface tension), radial outward flow is initiated in the 

melt pool consequently, thus, resulting in the formation of wide and shallow scan track 
(Figure 4.24c). However, when metal powders have high oxygen content, Niu & Chang 

pointed out that surface tension increases with temperature and radial inward flow occurs 
in the melt pool which consequently leads to the formation of deep and narrow scan track 
(Figure 4.24d). Powders AL-1, AL-2, AL-3, and AL-4 have higher oxygen content than 

powder AL-5 (Table 4.2). Therefore, SLS melt pools of samples AL-l, AL-2, AL-3, and 
AL-4 could be said to have been distributed around the center of melt pool as a 
consequence of the fluid flow from the edge to the center (see arrow directions in Figure 
4.24d), thereby imparting large pores in between the scan tracks, whereas, in the case of 
samples AL-5, the fluid flow is from the center of the laser beam to the edge of the melt 
pool (see arrow directions in Figure 4.24c). 

T, TB< T 
TA, TB<TC 

Ac 'A9 ? ßß'C YA9''s'YC ACB 
ACB 

(c) drLV / dT <0 (d) dycv I dT >0 

Figure 4.24c and d: Schematic representation of b1arangoni convection in a melt pool showing 

occurrence of (c) negative surface tension gradient (dYLv 
/dT 

< 0) resulting in broad melt pool and 
shallow pores due to spherical particles and low oxygen content in powders; and (d) positive surface 

tension gradient (dTLV 
/dT 

> 0) resulting in narrow melt pool and deep pores due to irregular 
particles and high oxygen content in powders. (after 51 ills et al. 1998). 
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Figure 4.25: Processing map showing the initiation of first line scan balling process in SLS/SLM 
processed aluminium powders. 

This section describes in detail, the balling process during the SI. S/SI. M of aluminium 
powders under varying processing conditions obtained. Figure 4.25 presents the processing 
map describing the characteristic first line scan track obtained for an aluminium powder 
sample at varying laser power and varying scan rates that yield corresponding energy 
densities whereas Figure 4.26 describes the characteristic microstructures of the first line 

tracks for each aluminium powder samples AL-I, AL-2, AL-3, AL-4, and Al, -5 when 

processed at the laser power of 150 W and scan rates of 50 mm/s (30 J/mm). All the 

samples (Figure 4.26) are characterised by significantly coarsened isolated agglomerates 
between which only a poor bond is formed. First line scan tracks formed, when laser power 

of I50W and scan rates of 50 mm/s were adopted 11w processing, are similar in structure 
and sizes to the surface morphologies obtained in the excessive balling region of the 

process map developed for aluminium powders (Figures 4.24a, 4.25 and 4.26). Unsintered 

powder particles are noted to be distributed over the surfaces of the agglomerates. It is 

suggested that the high energy density generated by the impingement of the laser beam 

onto the cold powder bed, having a low thermal conductivity, has lead to a significantly 
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higher absorbed energy than subsequent scans. This gives rise to higher temperature and 
steeper thermal gradient between the molten particles and the unsintcred materials, thereby 
increasing the Marangoni convection of the melt. This behaviour is similar to the 

characteristic surface morphologies obtained for all powders when the same high energy 
densities were adopted for the SLS of aluminium powders (Figures 4.18c to 4.22c). 

Moreover, the cold powder bed causes the melt to break up into spherical agglomerates as 
a consequence of increament in surface tension (Figure 4.26a-c). The agglomerates 
observed for these powders are similar to those observed by Morgan el al. (2001) and Gu 
& Shen (2007c) in their work on balling phenomena of laser sintered 316L stainless steels 
and Cu powders respectively. They called it "first line scan balling" (FLSL). FLS13 is 

characterised by protruded agglomerates which cause movements of the previously 
scanned layer from its predetermined position when spreading a new powder layer, causing 
a disturbance of the geometry of the sintered specimen. The processing map (Figure 4.25) 
indicates that adopting appropriate scan rate for a chosen laser power could lessen the 
challenge of FLSB in the SLS of aluminium powders. Niu & Chang (1999b) elucidated 
that the generation of appropriate energy density leads to the occurrence of low 
temperature gradient in a melt pool which causes it to have low surface tension, and 
consequently controlling the Marangoni flow and the capillary instability effect. 
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Eventually, this condition reduces the propensity for the occurrence of FLS13. The region 
of minimal balling in the processing map (Figure 4.25) shows the first line track obtained 
when energy density of 15 J/mm2 was applied It is evident that a continuous and smooth 
scan track, characterised by stronger interparticle bond was attained, and showing no 
apparent balling phenomena. This is quite similar to the structure obtained surface 
morphologies of samples fabricated with similar energy densities (Figure 4.18c, d to 4.22c, 
d). Reducing the energy density to a range of 3.3 J/mm2 to 6.6 J/mm2, resulted in the break 

up of the scan track into a series of coarsened metal balls similar to the surface 
morphologies obtained in the partial marking region of the processing map (Figures 4.18a, 
b to 4.22a, b, and 4.25). 

Findings from Figure 4.25 confirm that the applied energy density has a significant 
influence on the initiation of balling. During SLS/SLM, line by line scanning results in the 
melting of powder particles, thereby, forming a melt track which is cylindrical in shape. At 

a moderate energy density (10 J/mm2 to 15 J/m2), the liquid cylinder tends to break up into 

a row of spheres as a consequence of enhancement of capillary instability effect. This leads 
to fast collection of liquid at the contact points between the solid particles, where, 
considerable stresses are generated. As a result, Gu & Shen (2007c) pointed out that a 
significant transverse shrinkage distortion occurred in interparticle regions due to reduced 
non-deformability of the liquid along the molten track, thus causing the breakage in the 
molten track. Furthermore, they elucidated that the radial contraction of the liquid 
cylindrical track occurred to alter the direction of fluid flow from radially outward to 
radially inward flow, thereby resulting in balling. In agreement with Gu & Shen (2007c), it 
is hereby proposed that balling mechanism, termed "shrinkage-induced balling" occurring 
at moderate energy density is as a consequence of excessive shrinkage of the liquid track in 
both transverse and radial directions. 

Figure 4.25 (the excessive balling region) also indicates that "shrinkage-induced balling" 

occurred in samples fabricated high energy density (30 J/mm2 or more). This observation 
suggests that an increased energy density results in higher sintering temperature and 
eventually an excessive amount of liquid phase accompanied by a long liquid lifetime. 
This leads to lower melt viscosity, higher degree of superheat and an enhanced Marangoni 
flow which form a large amount of individual small balls with the reducing surface energy 
(Raleigh instability). This causes balling phenomenon observed here and previously in the 
SLS processing of Cu-based powder (Gu & Shen, 2007c), M3/2 high speed steel (Niu & 
Chang 1998), 316L steel (Morgan et al. 2001) and iron powder (Simchi & Pohl, 2003). 
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Analysis of the instability of the liquid cylinder reveals that provided wavelength X< 11 D 
(where D is the initial diameter of the unperturbed cylinder), the liquid cylinder is stable 
against any perturbation (Niu & Chang 1998,1999b). The mechanism of breakup of the 
laser sintered aluminium liquid cylinder into agglomerates is such that the diameter of the 

agglomerates varies directly with the diameter of aluminium liquid cylinder which has 
been found to increase with increasing applied energy density (Figure 4.23). It can be 
inferred from this analysis that increasing the energy density through the combination of 
high laser power and reducing scan rates inhibits the breakup of aluminium liquid cylinder 
into smaller agglomerates in order to attain sintered surfaces with minimal balling. Again, 
this is consequent upon the initiation of Marangoni convection and surface tension as a 
result of high thermal gradient generated at high energy density. Therefore, it is now 
evident that it is virtually impossible to achieve sintered surfaces with minimal balling only 
by increasing energy density which produces "self balling phenomenon". In order obtain a 
significant reduction in the diameter D of the agglomerate, an employment of appropriate 
energy density together with an increment in X will counteract the effect of large D. Under 
this condition, aluminium liquid is bound to break up more readily. Moreover, continuous 
and smooth sintered surface will result from the usage of moderate or appropriate energy 
density to maintain the instantaneous liquid cylinder of ?. < 11 D. 

An examination of the surface quality for each of the laser sintered aluminium samples 
(Figure 4.27) reveals that the agglomerate sizes for AL-1 are much larger than the 
agglomerate sizes obtained for other aluminium samples at comparable energy density. For 
instance, at an energy density of 10 J/mm2 the average agglomerate size for AL-1 was 
found to be 536 µm whereas for AL-2, AL-3, AL-4 and AL-5, the average agglomerate 
sizes were found to be 129 µm, 379 E tm, 382 jtm and 221 µm respectively (Figures 4.23). 
Figure 4.23 reveals a wider range of agglomerate size for AL-1 compared to the other 
samples. 

The most obvious difference between AL-1 and the other powders is the higher oxygen 
content determined by EDS (Table 4.2). This is particularly true when AL-I is compared 
with AL-2, both powders being pure aluminium. It would seem, therefore, that the 
increased agglomerate diameter in AL-I is associated with a higher oxygen content. This 

observation seems to be in agreement with the findings from the work of Niu & Chang 
(1999b) who noted that high speed steel powders with 0.10wt % oxygen has a greater 
propensity towards spheroidisation or balling phenomenon during SLS process than those 
with an oxygen content of only 0.02wt%. 
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The surface quality of laser sintered samples AL-3, AL-4 and AL-5 will now be explained 
in the contexts of the role of the alloying elements (magnesium and silicon). For example, 
Figure 4.27e suggests that the addition of silicon to aluminium improves the surface 
quality direct SLS processed aluminium sample. It has been reported that silicon reduces 
the viscosity of aluminium (King 1987, Dinsdale & Quested 2004) and has no effect on the 

surface tension of its melt pool (Geiger & Poirier 1973). On this basis, it is hereby 

speculated that silicon has the propensity to destabilise the melt pool of laser sintered AL-5 

powders. Although, silicon has a higher absorptancc than aluminium for CO2 continuous 
wave radiation, in the case of AL-5, no significant effect is expected due to the low 

concentration of Si. Therefore, since silicon reduces the viscosity of the melt pool, this 

would be expected to accelerate the development of Raleigh instability through its 

wettability with the powder bed which reduces increament in agglomerate diameter. An 

observation of Figure 4.27 (c and d) reveals that pre-alloying addition of magnesium 
improves the surface quality over pure aluminium but not so much as silicon. Magnesium 
(650°C) has nearly the same melting point as aluminium (660°C) and lower absorptance. 
Therefore, the effect of magnesium, in varying contents in the aluminium powders, has 

substantial effect on the thermal properties of aluminium as indicated by the melting 
ranges of AL-3 and AL-4 (Figure 3. Ib). Furthermore, Park el al. (2002) and Geiger & 
Poirier (1973) established that increasing content of magnesium in aluminium reduced the 
surface tension while increasing the melt viscosity. Therefore, the competing 
thermocapillary and thermokinctic effects of magnesium on aluminium melt which 
promotes its poor wetting with the powder bed could be responsible for the formation of an 
irregular layer and increased agglomerate diameter as a consequence of high inclination 
towards the occurrence of spheroidisation phenomenon. 

4.5 Conclusion 

It is now established that flow and solidification behaviour of the aluminium powder melt 
during single layer scan is strongly influenced by the choice of laser power and scan rates 
This implies that agglomerate size increases with increasing laser power or decreasing scan 
rate for all the aluminium powders. Irrespective of the alloy composition of the aluminium 
powders, the processing window for each powder was noted to have fallen reasonably 
within the same range of laser power and scanning rates. The presence of surface oxide 
film as well as irregularly shaped particles in the powders exacerbated the agglomerate 
development, and formation of porous surfaces which was found to be undesirable for the 
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development of multiple layer parts. Laser sintcring of aluminium powders with 
spherically shaped particles resulted in the formation of a homogeneous and dense layer. 
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CHAPTER FIVE FABRICATION OF MULTIPLE LAYEIt SAMPLES 
FROM MONOSIZED POWDERS 

5.1 Introduction 

Details of the sintering response of the monosized aluminium powders AL-l, AL-2, AL-3, 

AL-4 and AL-5 fabricated as multiple layer coupons arc reported in this chapter. The 

impact of powder properties and SLS/SLM processing conditions on the density and 

microstructural characteristics of processed parts is described and discussed. The aim of 

this chapter is to present an understanding of the laser sinterability of the as-received 

aluminium powders in order to select a suitable alloy and appropriate processing 

conditions to develop a high sintered density and desirable microstructure in a multiple- 
layer sample. Section 5.2 presents results of multi-layer sintering experiments of the five 

as-received powders using the optimum processing conditions described in section 3.4.3.2. 

Thereafter, the effect of the powder's properties (particle's shape, powder densities, and 

chemical composition) on the sintered density, oxide disruption, and microstructure of the 
direct SLS processed aluminium powders are described and analysed in Section 5.3. 

Appropriate processing parameters for the suitable direct SLS aluminium powder AL-5 

were determined and optimised with a view to obtaining enhancement in its sintered 
density and microstructural properties in Section 5.4. The presented results included 

records of sintered density and microhardncss measurements as well as optical and SEM 

images taken to observe sample's microstructure when material properties and processing 

conditions were varied. The implications of the findings in section 5.4 are discussed in 

section 5.5. 

5.2 Determination of Suitable Candidate Aluminium Alloy Powder for 
Direct Laser Sintering 

In order to determine which of the monosized aluminium powders is the most suitable 

candidate material for the direct selective laser sintering process, multiple layer parts were 
developed for each powder. To select an appropriate set of process parameters for each 
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powder, reference was made to the single layer process maps presented in section 4.4.2 

(Figures 4.9,4.11,4.13,4.15, and 4.17). A range of laser power and scanning rate was 
identified which had given a small agglomerate size. This would be expected to provide for 

strong metallurgical bonding between multiple layers. The processing conditions chosen 
for further investigation were: 

AL-1: Scanning rates (100-200 mm/s); laser power (100-200 W); 

AL-2: Scanning rates (80-200 mm/s); laser power (100-200 W); 

AL-3: Scanning rates (50-150 mm/s); laser power (80-200 W); 

AL-4: Scanning rates (80-200 mm/s); laser power (80-200 W); 

AL-5: Scanning rates (80-200 mm/s); laser power (80-200 W). 

From within these ranges, a uniform, narrower range of processing parameters was adopted 

such that this could be used for all the powders. Therefore, the range of processing 
parameters chosen to be investigated for multi-layer deposition of the as-received powders 
was as follows: scanning rates (80-200 mm/s), laser power (150 W), scan spacing 0.1 mm, 

and layer thickness 0.25 mm. The adoption of these processing parameters would assist in 

the assessment of the role of powder properties (apparent and tapping densities, 
flowability, and chemical composition) in the development of sintered density and the 

microstructural evolution of the laser sintered powders. 

The results of this preliminary investigation into the response of SLS/SLM processed 
monosized aluminium powders AL-1 to AL-5 are presented in Figure 5.1 whilst the 
individual density data may be found in Appendix Cl. Figure 5.1 shows that as the specific 
laser energy input increases, density of the direct laser sintcred/meltcd samples increases 

marginally over the entire range of specific laser energy input investigated (30-75 J/mm3), 

with the exception of AL-3. Although, the rate of increase in density becomes less 

pronounced as the specific laser energy input increases, this means that there is little 

potential to increase density of the SLS/SLM processed parts beyond an energy density of 
60-75 J/mm3. Moreover, the range of values of percentage sintered density obtained for 

samples AL-1, AL-2, AL-3 and AL-4 (1.17 g/cm3 to 1.62 g/cm) is found to be 

significantly lower than that of sample AL-5 (1.68 g/cm3 to 1.94 Wem3). 
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the micrographs are indication of the presence of pores while the grey regions (A) illustrate 

the sintered mass. The pores are found to be responsible for a significant decrease in 

density of the sintered parts. An observation of Figures 5.2 and 5.3 to 5.6 reveal the 

occurrence of sintering only in the isolated regions. A preponderance of irregularly shaped 

and inter-connected porosities is common to all these samples. Unsintered powders can be 

seen clearly in all the micrographs. The sintered regions could be seen to have formed as 

agglomerates. Figure 5.7 shows the microstructure of sintered AL-5 powder. Although 

pores exist in the microstructure, they are much smaller than those observed in the 

microstructures of the other alloys. These smaller pores occurred partly due to the 
influence of the spherical shaped powder particles which packed much better than those of 
AL-1 to AL-4 having irregular particles. Furthermore, particles were melted and the liquid 

duplets coalesced before freezing across the layers in AL-5. The formation of clearly large, 

spherical regions which are much bigger than the particle size of AL-5 powders are noted 
in Figure 5.7. This suggests the occurrence of full melting in AL-5, thereby, leading to the 
formation of balling due to increased lifetime of the melt pool. 

The results of the average microhardness of the direct laser sintered monosized aluminium 
powders are presented in Figure 5.8a. Average value of microhardness are 78 kgf/mm2,44 
kgf/mm2,72 kgf/mm2,85 kgf/mm2, and 59 kgf/mm2 for AL-1, AL-2, AL-3, AL-4, and 
AL-5 respectively. For sample AL-5, the average microhardness value obtained was found 

to be higher than that of common Al-12Si castings (36-45 kgf/mm2). Figure 5.8b shows the 

variation of microhardness across etched sections of direct laser sintered aluminium 
powders. This variation is clearly not systematic. Furthermore, the variation of 
microhardness across the surfaces of sample AL-2 and AL-5 could be described as 
similarly uniform. 
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5.3 Effect of Powder Properties on the Density and Microstructural 
Characteristics of Direct Laser Sintered/Melted Monosized Aluminium 
Powders 

Equation 2.18 (Simchi & Pohl 2003, Sanz-Guerrero & Ramos-Grez 2007) has been 

employed to fit/model the experimental data allowing values of C1, C2, and K for each of 
the as-received powders to be determined: they are presented in Table 5.1. 

P' Cl - C2 exp(-KV/) .......................................................................... 2.18 

Table 5.1: Densifcation parameters obtained from Figure 5.1 for direct SLS/SLM processed original 
powders AL-i, AL-2, AL-3, AL-4 and AL-5 

Powder C1 C2 K Psi 

(gcm 3) 

Exp. 
Pbed 

(gcm 3) 

Prap 

(8Cm3) 

a* = 
Plap / Pbej 

psi/Ct 

AL-1 1.537 0.989 55.6 1.531 1.335 1.593 0.84 0.997 

AL-2 1.614 0.411 35.6 1.582 1.442 1.662 0.87 0.980 

AL-3 1.692 1.277 44.5 1.618 1.156 1.296 0.89 0.956 

AL-4 1.525 0.985 60.9 1.510 1.362 1.609 0.85 0.990 

AL-5 2.030 0.910 31.9 1.947 1.642 1.732 0.95 0.959 

Interestingly, Figure 5.1 reveals that at an energy density of 30 J/mm3, SLS of the 
powdered particles occurred as evident by the values of the sintered density which arc 
more or less equal to the experimental bed density of each powder. This suggests that the 

specific laser energy input must be greater than 30 J/mm3 to cause significant densification. 
Application of the energy conservation rule, as employed by Simchi & Pohl (2003) and 
Sanz-Guerrero & Ramos-Grez (2007), to SLS/SLM of aluminium powders and depicted 
by Figure 5.1 and Table 5.1 suggest that the densification of monosized aluminium 
powders is controlled by the combined effects of laser power (P), scanning rates (u), scan 
line spacing (h), and layer thickness (d) which were unified into specific laser energy input 
(yr) according to equation 2.18. Furthermore, it can be deduced from Table 5.1, that 
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powder shape, amount of' oxide present in the powder, and alloy composition ma) 

influence the densitication kinetics of laser sintered aluminium powders. 
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Figure 5.9: Comparison of sintered density of monosized aluminium powder with (a) apparent density 

and (b) bed density at the specific laser energy input of 75 J/mm3. 
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Table 5.1 presents values of K, a densification co-efficient defined by equation 2.18, for 

each powder. K determines the relative energy density required to achieve a given 
maximum attainable sintered density (C1) for a particular powder. High values of K 

suggest lesser degree of densification as indicated by the experimental saturation sintered 
density (pst) and C1 obtained during the SLS process (Table 5.1). 

Figure 5.1 indicates that as the specific laser energy input (w) tends towards zero, the 

sintered density approaches the powder bed density (pj) during the SLS process. 
Equation 2.18 predicts that as the specific laser energy input approaches infinity, the 

saturation density (pst) for each SLM processed powder approaches a maximum attainable 
density Cl. This observation is especially true for samples AL-1, AL-2, AL-3, AL-4, and 
AL-5 (see the last column of Table 5.1). The implication of C, which is always less than 

the theoretical density of wrought aluminium is that the SLS/SLM of powdered aluminium 

cannot attain full density even at very high energy density. These outcomes are in 

agreement with Simchi (2004,2006) who demonstrated that excellent laser sinterability of 

a powder is indicated by lower values of densification co-efficient K. The reasons behind 

the difference in the responses of these SLS/SLM processed powders as exemplified by 

varying values of K are examined, on the basis of powders' properties in the next section. 

SEM images of the as-received aluminium powders presented in Figure 4.1 revealed that 

samples AL-1, AL-3, and AL-4 (Figures 4.1a, c, and d) had irregular powder particle 
shapes, AL-2 powder had nearly spherical particles (Figure 4.1b) while sample AL-5 
(Figures 4.1e) consisted of mainly spherically shaped particles. Since the powders were 
sieved before being supplied, all the monosized aluminium powders have the same particle 
size distribution (Table 4.1). Moreover, all the powdered samples could be described as 
free flowing with the exception of sample AL-t (Figure 4.2). Figures 5.9a and b show that, 

generally, sintered density of powders increase with their apparent and bed densities when 
the same processing parameters are employed. For instance, at a laser power of 150 W, 

scanning rate of 80 mm/s, scan spacing of 0.1 mm, and layer thickness of 0.25 mm (75 
J/mm3), sintered densities are found to be 56 %, 59 %, 60 %, 59 %, and 73 % for AL-I, 
AL-2, AL-3, AL-4, and AL-5, respectively. Other results arc found to follow the same 
trend. The implication of the presence of the irregular or near spherical particles in samples 
AL-1, AL-2, AL-3 and AL-4 is that they disturb and hinder the SLS/SLM process and lead 
to the formation of inferior products, as evident in the lower values of density obtained 
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(Figures 5.1,5.9a, b). This occurs through significant inter-particle friction which makes 

particle packing less effective during powder spreading, thereby resulting in lower values 

of bed density (Figure 5.1 and Table 5.1). Moreover, the second to the last column in Table 

5.1 shows the values of the ratio of the experimental bed density to the experimental tap 
density of the aluminium powder, as an agglomeration factor designated a*. The values of 

a* reveal that the spherical particles of AL-5 do not agglomerate during the SLM process, 

unlike the AL-1, AL-2, AL-3 and AL-4 powder with irregular and nearly spherical 

particles which have greater tendency towards agglomeration. It is hereby suggested that 

the agglomeration factor for irregularly or nearly spherically shaped powder particles that 

are more susceptible to agglomeration or segregation will be less than those of the 

spherically shaped particles. Therefore, the nearer the agglomeration factor of a powder is 

to a unity, the greater the tendency for such a powder bed not to be susceptible to 

agglomeration during SLM. Simchi (2004) established that agglomeration results in poor 

particle packing on the powder bed thereby causing lower values of the density of SLM 

processed parts. This explains the powder particle shape effect on the densification kinetics 

of monosized aluminium powders. In contrast, the presence of spherically shaped particles 
in sample AL-5 which pack together very effectively to yield high apparent, tapping and 
bed densities of 1.42 g/cm3 and 1.73 g/cm3,1.64 g/cm3 respectively (Tables 4.3 and 5.1, 

Figures 5.9a and b) could be said to have contributed to the highest density (1.94 g/em3) 

obtained during its SLM processing. The findings reported in this section arc well 

supported by the results obtained by Sustarsic et al. (2005) and Simchi (2004) in their 

work investigating the effect of powder properties on SLM processed iron powders. It also 

reflects, in part, the works of Liu et al. (2007) who emphasised that particle shape 
contributed to the sintering response of P/M aluminium powder. While, the pure 
aluminium powders AL-1, and AL-2 contain varying amount of surface oxide and pre- 

alloyed AL-3, AL-4, and AL-5 have different alloying elements and oxygen contents in 

their compositions, it was thought that the particle shape effect could not give wholly 

explanation of the sintering behaviour of the monosizcd aluminium powders in this 

context. Therefore, other mechanisms governed by powder properties such as the nature 

and the constitution of the surface oxide film present in aluminium powders need to be 

explored. On this basis, it was decided that the finding from this section is not definitive 

because of varying composition of the as-received powders. Therefore, the role of 

chemical composition of the powders in their densification mechanism will be explored in 

the next section. 
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The surface oxide film is known to inhibit the densification mechanism by initiating the 

surface tension in liquid aluminium which promotes balling and disrupts intcr"particulate 

coalescence/wetting across the laser sintered/melted layers. The semi-quantitative EDS 

analysis of the powdered samples presented in Table 4.2 will be related to Table 5.1 in 

order to explore the effect of the amount of oxide present in an aluminium powder on the 
laser sintered density and microstructure. Although, little confidence may be placed in the 
quantitative oxygen content determined, the relative values should indicate the relative 
oxide thickness on the particle surface. The presence of 16 % oxygen, according to EDS 

analysis, in AL-1 is an indication that it has a very thick surface oxide film (see section 
4.2.3, Figure 4.1a). As pointed out earlier on in Table 5.1 from the last section, a higher 

value of K indicates greater energy density requirement (poor densification). It can be seen 
that K is influenced by the amount of oxide present in the powders and bed densities. For 

example, a reduction in the oxygen content of a pure aluminium powder going from AL-1 
to AL-2 (see Table 4.2), as well as increased bed density of AL-2 over that of AL-1 

resulted in a significant reduction of K, from 55 (AL-1) to 36 (AL-2) and a smaller 
increase in Ct from 1.54 to 1.61. Besides the amount of oxide present in a powder, the 

nature and the distribution of the surface oxide also determines its response during 
SLS/SLM processing (Figure 4.1). For example, considering the specific laser energy input 
between 60 J/mm3 to 75 J/mm3, (sufficient to initiate complete melting of the particles), 
low values of density (50 % to 59 %) obtained for the SLS processed AL-1 and AL-2 

could be explained as a consequence of the thermal properties and the presence of non- 
uniform thickness of oxide film covering these aluminium particles. Figure 4.1a indicates 

the presence of oxide islands (see arrows) of uneven thickness covering the unsintered 
particles of AL-1 as revealed by EDS analysis of the powders (Table 4.2). Moreover, in the 
multiple-layer samples, the unsintered powder particles developed into the porosity (sec 

arrow B in Figure 5.2a and b). Evidence of non-uniform inter-particulate bonding across 
the layers can be seen in Figure 5.2a and b. Areas marked with arrow A suggest 
interparticulate bonding whereas areas marked with arrow B indicate the unsintered 
regions containing non-bonded particles suspected to have thin layer of oxide films. Unlike 
in powder metallurgy, oxide disruption could not have occurred as a result of shear 
because no powder compaction was undertaken so the particles could not have been 

mechanically deformed by an external load. Oxide disruption could not have been initiated 

via a chemical reaction as no alloying element was added to both AL-I and AL-2. Thus, 

un-even rupturing of the oxide film across the layers in both AL-1 and AL-2 has to have 
been initiated and sustained by some different mechanism. It has been noted earlier on that 
there was slight difference in the saturation sintered density of irregular particles of AL-I 
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and nearly spherical particles of AL-2 (Table 5.1), so it is hereby proposed that un-even 
oxide thickness and the resultant variation in film fracture might have exercised a critical 
influence on the sintering response of the two powders (Figure 5.2a and b). 

Harper (2001) noted that the thermal expansion co-efficient of alumina (aAi2oj = 7.4 x 10' 
6/°C) is only around one-quarter that of aluminium (aA, = 27.4 x 10-6/°C). During laser 

scanning, a circumferential stress, a, is generated in the layer of oxide film covering the 

aluminium particles as a consequence of the disparity in thermal expansion of the oxide 
film and aluminium particle. According to Hooke's law, the circumferential stress 

generated in a thin oxide shell of modulus E, subjected to temperature change AT, is given 
by: 

Qclrm. 
shrss = E(aAr - aA1203) ................................................................. 5.1 

A temperature change of 620 °C is expected to accompany the SLS/SLM of aluminium 
powders, thus giving maximum tensile stress of approximately 4,700 MPa on an alumina 
surface film (Table 5.2). The un-even layer thickness of oxide films covering the 

aluminium particles in both AL-1 and AL-2 is hereby conjectured to be responsible for the 

uneven sintering observed (Figures 5.3 and 5.4). For a thin layer of oxide shell designated 

as half crack length a, the generated stress of 4,700 MPa by laser scanning could be said to 
be several times higher than the required fracture stress of 330 MPa for the effective 
disruption of the shell of alumina (Accuratus 2002). 

Table 5.2: Mechanical and thermal properties of interfacial aluminium oxide films. 

Oxide E (GPa) AT 
°C 

a (X1 O /°C) Q ciraumfemnlad 
MPa l1rcls 

Q* Iºncwr° Nnw 
MPa 

Alumina 379 620 7.40 4 700 330 
Spinel 238 620 9.50 2,640 11000 

Mullite 69 620 5.40 940 180 

Therefore, powders with thick oxide films on the surface might be seen as being easily 
susceptible to thermal cracking leading to covalcsccnce of particles (see regions A in 
Figures 5.2a and b). In contrast, when thinner layers of oxide are present, powders may 
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have remained "unsintered" in spite of the application of a sufficiently high specific laser 

energy input to melt the aluminium. Considering the fracture mechanics of the oxide film, 

the stress required for brittle fracture is given approximately by equation (5.1). The 

analysis of the equation 5.2 implies that as the thickness of the oxide film covering the 

aluminium particles gets smaller, the stress required for thermal cracking tends towards 

infinity. Putting some data into equation 5.2, (Kic =4 MPamlf) (MatWeb 2008) and 

assuming the maximum circumferential stress in the oxide layer is 4,700 MPa, a value of 

around 0.25 pm for the critical half length is obtained. Therefore, films thicker than this 

should fracture whereas thinner films should just deform elastically. This explanation helps 
in gaining insight as to why aluminium powders with thicker oxide film might be better in 

yielding desirable sintered density when laser sintered even at a reasonably high energy 
density. 

N/ l/ Qcbm 
dress N 

KIC /l ý Tac) ...................................... «........ «........ «......... 
5.2 

where Kic is the fracture toughness, k is half crack length. 

ac = (1/11) * (KIc / acirm stress)2 

ac - (1/ II) * (4 / 4700)2 

ac=2.3x10-7m 

This implies that oxide films ? 0.2-0.3 }tm thick should fracture. 

Furthermore, the amount of specific laser energy input dissipated on the powder bed also 
influences the fracture behaviour of the oxide film in a direct SLS/SLM processed 
aluminium powder. For example, if the specific laser energy input is insufficient (e. g. 30 
J/mm3) to reduce the surface tension because adequately high temperature could not be 

generated for disrupting the oxide film, the sintered density is reduced significantly as a 
consequence lack of generation of significant melting pool. This occurs because the 
applied laser energy is not high enough to fracture the surface oxide film covering the 
aluminium powdered particles. In this case, it may be proposed that fewer amounts of 
aluminium powder particles are bonded together. On the basis of findings presented in the 
last paragraph, it could be suggested that the presence of lower amount of surface oxide 
film in a powder does not significantly affect the sintered density of a powder. What may 
be thought of as considerably influencing the density of a SLS/SLM processed aluminium 
powder is the typical layer thickness as well as the nature of its oxide film as pointed out 
earlier on. If the amount of oxide does significantly affect the sintered density of a laser 
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sintered aluminium powder, it is expected that with the oxide content of AL-2 which is 

about two-fifth that of AL-1, substantial increase in the density and non-porous 

microstructure of the latter over the former would have been achievable. Finally, it is 

hereby suggested that fracture occurs in thicker oxide regions but not as a reason 

underlying the behaviour of AL-1 and AL-2. 

An observation of Figure 5.1 also reveals that samples AL-3 and AL-4 exhibit very 
marginal increase in sintered density over that of AL-1 and AL-2, even though both AL-3 

and AL-4 contain a lower amount of oxide than AL-1 and AL-2 (sec Table 4.2). Again, it 
is now evident that it is not amount of the surface oxide film content in an aluminium 
powder that influences its laser sintered density but the nature and the thickness of the 

oxide film (its distribution over the aluminium particle's surface) which affects its 

sintering response. To understand why there has been significant incrcamcnt in the density 

of SLM processed sample AL-5 over those of other aluminium powders, especially SLS 

processed AL-3 and AL-4, the next section will assess how alloy composition do affect the 
density and microstructure of laser sintered aluminium powders. 

The pre-alloying of magnesium in the aluminium powders AL-3 and AL-4 raised the 

values of K to 45 and 61 respectively (see Table 5.1). By comparison with AL-2, this 
indicates that the addition of magnesium to aluminium worsens the densification kinetics. 
On the other hand, the addition of silicon to aluminium lowered K considerably to 32 

suggesting that silicon is beneficial to the densification kinetics of AL-5. To understand the 
role of magnesium and silicon in the development of the density of SLS/SLM processed 
aluminium powders, their effect on the oxide film disruption and wcttability will be 
discussed. Addition of Mg or Si to the aluminium alloy prior to atomisation might be 

expected to change the nature of the oxide film. Specifically, Mg promotes the formation 

of spinel (MgAl2O4) in thin layers and Si, the formation of mullitc (A1203 SiO2) (Dunkley 
1998). Table 5.2 also presents the thermal properties calculated values of the thermal 
stresses and reported fracture strengths for these oxides. The maximum circumferential 
stress, a, generated in a surface layer of spinel as a consequence of the thermal expansion 
mismatch is 2,640 MPa, significantly less than the reported fracture stress of spincl of 
10,800 MPa, (Singh el al. 2007). Moreover, observation of the particle's surface of the Al- 
Mg (Figure 4.1c and d) powders reveals the presence of uneven layer of oxides films. As 

noted earlier on, areas containing thicker oxide shells will be easier to fracture thermally 
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and the Al-Mg particles in such areas can easily melt and coalesce. Portions of the Al-Mg 

powder bed containing thinner layers of oxide films are speculated to be much more 
difficult to sinter because the generated thermal stress for a thinner layer of spinel film is 
far less than the required thermal fracture stress which approaches infinity. Observation of 
the Ellingham diagram and comparisons of the reported fracture stress (Table 5.2) suggest 
that the oxide film on Al-Mg powders are the most stable at very high processing 
temperatures. This behaviour suggests that oxide films of Al-Mg powders have the highest 
fracture toughness of the pure aluminium powders (AL-I and AL-2) and AI-12Si (AL-5) 

powders. On this basis, by considering equation 5.2, it is hereby speculated that regions 
having thinner layers of oxide films in AL-3 and AL-4 powders are likely to be many. 
Generally, variability in film thickness and effect on location of fracture as well as the 
relative value of maximum circumferential stress which is lower than the fracture stress 
suggest that fracture of oxide film is less likely. Figures 5.2c and d show the areas where 
coalescence or sintering of particle occurs (see arrow A) whereas portions containing 
porosities (see Arrow B) have not experienced sintering at all. On the other hand, Park et 
al. (2002) and Geiger & Poirier (1973) established that increasing content of magnesium in 

an aluminium melt pool reduced the surface tension while increasing the melt viscosity. 
Eventually, this inhibits the wettability between the layers of SLM processed Al-Mg 

samples and consequently reduces the sintered density, thereby exacerbating the 
microstructure (Figure 5.2c and d). 

In the case of AL-5, observation of Figure 4.1e reveals even distribution of oxide over the 
surface of its particles. From Table 5.2, the maximum circumferential stress of 940 MPa is 

again greater than the fracture stress of mullite, (180 MPa) (Accuratus 2002). On this basis, 
the oxide film present in AL-5 is thought to be much more susceptible to cracking thereby 

causing inter-particulate melting at lower temperature. An examination of Figure 5.2e 

shows uniform melting across the powder's particles. This could be attributed to the 
uniform thickness of oxide layers across the AL-5 particles, leading to more widespread 
fracture of the oxide film. Moreover, as pointed out in section 4.4.4, prc-alloying silicon 
into aluminium powders reduces its viscosity (King 1987, Dinsdale & Quested 2004), and 
has no effect on the surface tension of aluminium melt pool (Geiger & Poiricr 1973). 
Consequently, this improves the wettability between the deposited layers, by destabilising 
the melt pool of laser sintered AL-5 powders. Eventually, silicon promotes particle melting 
across layers and increases the sintered density (Figures 5.1 and 5.2c). 
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The lowest average value of microhardness recorded for sample AL-2 is indicative of the 

poor densification noted earlier while that of AL-1 is considered to be very high due to 

high oxide content (16 wt%) and the uneven distribution of oxide layer over the aluminium 

particles in AL-1. It is speculated that these factors tend to promote compression of 

particles during testing thereby raising the microhardness of AL-1. Average values of 

microhardness obtained for AL-3 and AL-4 are consistent with strengthening due to 

magnesium additions, as is the case for conventionally processed alloys. The variation of 

microhardness across etched sections of samples suggests that the microstructures of these 

samples are heterogeneous and reflects the fact that they contain large, irregularly shaped 
pores and substantially aggregated particulates as shown in Figures 5.2, and 5.3 to 5.7. 

From the available evidence, it is now clear that a suitable aluminium powder for the direct 
SLS/SLM must not only contain lower amount of oxides in order to prevent the challenge 
of balling, but the distribution of the thickness of its oxide film must be uniform in order to 

avoid differential sintering of the aluminium particles. Moreover, the thermal properties of 
the oxide film of the alloying elements has significant role to play in influencing the 

properties of SLS/SLM processed powders. It can be suggested that when the thermal co- 
efficient of expansion of the oxide of an alloying clement in aluminium is much lower that 

of aluminium and the oxide layer thickness is evenly distributed, higher values of density 

will be obtained, as seen in SLM processed AL-5. 

A careful analysis of the results obtained so far suggests the possibility of producing 
aluminium alloys via SLS/SLM process with desirable microstructural features and 
properties, provided a suitable aluminium alloy powder can be identified. This evidence 
suggests that SLM processed samples made in AL-S powder show the most promising 
behaviour which can be taken further to improve properties. The best sample made in this 
powder had 73 % sintered density, a Vicker's hardness of 59 kg/fmm2 and showed 
coherent interparticulate bonding across the layers. These properties were obtained using 
the same set of processing parameters for all the powders studied, these being derived from 

single layer experiments. Optimisation of the processing parameters for fabricating 

multiple layer parts in AL-S will allow a more thorough investigation of the influence of 
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the processing parameters on the density and microstructural properties while optimising 
sintered density and mechanical properties. 

5.4 Optimisation of Processing Parameters for the Direct Laser Sintered 
AL-5 

The most important entity that affects the density and microstructure of direct laser 

sintered materials is the energy density (section 2.7.2.1). 
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Figure 5.10: Variation of the density of SLNI processed AL-S powder with scanning rates at different 
laser powers. 
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Figure 5.11: Variation of the density of SLM processed AL-5 powder with scan spacing at NO laser 

power (240 W), scan spacing (0.1 mm) and layer thickness (0.25 mm). 

Figure 5.12: Variation of the density of SLM processed AL-S powder with layer thickness at fixed laser 
power (240 W), scanning rate (120 mm/s); and scan spacing (0.1 mm). 

Experiments were carried out to investigate the effects of laser power and scan rate (Figure 
5.10), scan spacing (Figure 5.11), layer thickness (Figure 5.12) on the density of SLM 

processed AL-5. These results were then consolidated onto a single figure showing the 

variation of sintered density with specific laser energy input (Figure 5.13). An increase in 
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the laser scanning speeds consequently results in the reduction of the sintered density of 
AL-5 (Figure 5.10, ) whereas, there exists a direct variation relationship between the 

sintered density and the laser power (Figure 5.10). Furthermore, Figures 5.11 and 5.12 

reveal that there exists an inverse relationship between the scan spacing and layer thickness 

on one hand and density of laser sintered samples made in AL-5 on the other hand. 
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Figure 5.13: Variation of the density of SLM processed AL-S powder with the applied energy density. 

Figure 5.13 shows that the density of SLM processed sample AL-5 increases as the 

quantity of specific laser energy delivered to the powder bed increases until a maximum 
density (2.05 g/cm3) was attained at a saturated specific laser energy input of 67 J/mm3 

after which a reduction in sintered density is observed until a constant value lying between 

1.90 and 1.95 g/cm3 was achieved. The manufacturing of functional engineering 
components by the SLS/SLM technique requires the appropriate choice of powder layer 

thickness and processing parameters. This is because the thinner the powder layer chosen 
for a specified range of specific laser energy input, the greater the degree of intcrlaycr 
bonding and the lower the incidence of balling. 
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Figure 5.14: Effect of variation in layer thickness on the microstructure of laser sintered AI. -S powder 
at laser power of 200 W, scan rates of 120 mm/s; and scan spacing of 0.1 mm: (a) 1.0 mm (h) 0.5 nun 
(c) 0.25 mm. 

For example, if the layer thickness is very high (I. 00 mm), large and interconnected pores 

will be formed in the AL-5 microstructure (see region fill in Figure 5. I4a). This occurs 
because the powder layer, in this instance, has not completely melted as a result of' the 

insufficient energy penetration of the laser beam. In order words, the available quantity of 

materials for sintering is much more than the intensity of' the available laser power. The 

result obtained from this research indicates that the sintered density decreases with 
increasing layer thickness (Figure 5.12). At a layer thickness of 0.25 mm, inter-layer 

densification could be seen to have increased. Ilere, the available specific laser energy 
input is sufficient to re-melt the top of' the previous layer in order to achieve coherent 
bonding (see region AA in Figure 5.114c). C'hatterjce ei a!. (2003) established that the 

remelting of the deposited layer does not contribute to balling effect, whereas melting of' 

the powder particles may lead to spheroidisation if' it does not wet the Substrate. It is 

pertinent to note that the minimum layer thickness is determined by the maximum particle 

size in the powder system and the precision of the powder delivery mechanism employed 
in the sintering equipment (Agarwala et a!. 1995). In the context of' this work, it was 
discovered that lowering the layer thickness below 0.25 mm fier AI, -5 powder system 

resulted in difficulty in spreading a homogeneous layers of' the fresh powders without 
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displacing the SLS/SLM processed substrate layers which resulted in a decline in the 

quality of the SLM processed Al, -5 specimens. 
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Figure 5.15: Optical micrographs of etched, polished sections parallel to the build directions at 
different energy density: (a) I00.1/m m' (b) 75.1/m m' (c) 67.1/mm3 (d)41) . 1/mm' (e)13 . 1/mnr' 

Figure 5.15 shows the representative inter-agglomerate structures in Sl, S/SI, M processed 
AL-5 specimens as a function of the processing conditions. Figure 5.15 shows that, though 
the microstructures consist of small pores, the connectivity and orientation of pores are 
largely dependent on the choice of processing parameters which determines the quantity of 
specific laser energy dissipated to the powder bed. For instance, elongated pores which are 
nearly perpendicular to the building direction were found in a sample fabricated with laser 
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power of 200 W; scan rates of 120 mm/s; scan spacing of 0.1 mm and layer thickness of 
0.25 mm which generated specific laser energy input of 67 J/mm3 (Figure 5.15c). The 
inter-agglomerates are fully dense and consist of dendrite grains which arc oriented nearly 
perpendicular to the build direction (Figure 5.15b). Comparison of the inter-agglomerate 

pores obtained at specific laser energy input of 100 J/mm3 and 75 J/mm3 (Figure 5.15a, b) 

with that produced by 67 J/mm3 shows that sizes of inter-agglomerates pores are larger and 
appear less dense for the former. Furthermore, the inter-agglomerates obtained when 
specific laser energy inputs are reduced to of 40 J/mm3, and 13 J/mm3 are observed not to 
have been as fully dense as the sample made with specific laser energy input of 67 J/mm3. 
It is evident that decreament or increament in specific laser energy input of 67 J/mm3 leads 
to inereament in pore sizes, less dense inter-agglomerates and less oriented pores (Figure 
5.15a to c). 

Figures 5.16,5.17, and 5.18 show the overall macrostructure and microstructural evolution 
of samples produced at specific laser energy inputs between 50 and 100 J/mm3. In order to 
attempt to quantify the microstructural changes resulting from changes in the specific laser 

energy input, measurements of secondary arm spacing and primary phase fraction were 
made (see Appendix S for the details of these measurements). The results are presented in 
Figures 5.20 and 5.21 respectively. Figure 5.20 shows that there is an increase in 

secondary dendrite arm spacing as energy density increases, with no significant variation 
in measurements when errors bars are considered. Similarly, there is a small but barely 

significant decrease in primary phase present. At the highest energy density (100 J/mm3), 
there is the potential for greater melt superheat so it takes longer for the initiation of 
solidification. A lower temperature gradient may result giving rise to a lower cooling rate 
and coarser dendrite arm spacing (Figure 5.19a and d). In AL-5, rather than the continuous 
network of pores seen in AL-1 and AL-2; irregular shaped pores with no preferred 
orientation surrounded by a fully dense aluminium-silicon matrix are seen, accompanied 
by small, pin-hole pores. As the specific laser energy input is reduced by one-third to 67 
J/mm3, superheating is not so pronounced giving a higher average interfacial temperature 
gradient leading to a faster cooling rate and slightly finer microstructure as shown in 
Figures 5.17 and 5.19b. The pin hole porosity found could be attributed to the shrinkage 
which occurs during solidification. As the specific laser energy input is reduced to 50 
J/mm3, the heat is just enough to sinter the powder and the dendritic microstructure can be 

seen to have become finer whilst the interconnectivity of the porosity increases (Figures 
5.24 and 5.19c). Figure 5.20 shows that the average dendritic arm spacing at the top of the 
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sintered samples (14.3 }tm, 16.5 µm, 19 Etm) arc smaller than that obtained at the bottom of 
each sintered sample (31.2 Etm, 35.2 Ftm, and 42 }tm) at specific laser inputs of 50 Jhnm3, 
67 J/mm3 and 100 J/mm3 respectively. Meanwhile, the average fraction of primary phase 
obtained with laser energy densities of 50 J/mm3,67 J/mm3 and 100 J/mm3 are 8.8wt%, 
7.2wt% and 5.6wt% respectively (Figure 5.21). 
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Figure 5.19: Characteristic microstructures of ti1, N1 processed AL- 5 powder with varying processing 
conditions: (a, b) 100.1/nun'; (c, d) 67.1/mm'; (e. 1) SO . Ihum'. 

It can be seen that the growth of' the secondary dendritic arm spacing is in direct 

relationship with the energy density irrespective cif' the depth of' measurement because the 

dissipation of high energy density on the powder bed is accompanied by lower thermal 

gradient and slow undercooling which results in coarse "hmonmlike" dendritic 

microstructure. On this basis, the fraction cif' primary phase in a laser sintered Al . -S might 
be adjudged to be indirectly proportional to the applied energy density, but, the variation in 

both dendritic arm spacing and fraction of primary phase could he said to he marginal and 

largely insignificant. 
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Figure 5.20: Relationship between the energy density and the average dendritic arm spacing of the 
SLM processed AL-5 powders across the depth of the laser sintered AI. -5 samples 

Figure 5.21: Effect of energy density on the fraction of primary phase in SL11 processed AL-S powder. 
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Figure 5.22: Effect of specific laser energy input on the microhardness of SLAT processed AL-5 
powder. 
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Figure 5.23: Effect of specific laser energy input on the variation of microhardness across the sections 
of the SLM processed AL-S powder. 

Figure 5.22 shows the effect of specific laser energy input on the average microhardncss of 
SLM processed AL-5 powders. The maximum microhardncss of 105 kgf/mm2 is found at 
specific laser energy input of 67 J/mm3, the same energy input at which the density (2.11 
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g/cm3) of SLM processed AL-5 is a maximum. Figure 5.23 shows the variation of 
microhardness across the horizontal sections of the SLM processed AL-5 powder for each 

of these specific energy inputs. 

5.5 Effect of Processing Parameters on the Density and Microstructure of 
SLM Processed AL-5 Powder. 

Equation 2.18 was fitted to the experimental data (Table Cl, Appendix C) giving improved 

values of the densification parameters, as shown in Table 5.3, over the values of 
densification parameters obtained in section 5.2. 

Table 5.3: Densification parameters obtained from Figure 5.13 for the optimisation of process 
parameters for direct SLS processed AL-5 powder. 

Powder C1 C2 K Pst Theor. Exp. Pap a* = Pst/CI 

(sum') PbW PbW (sum') Pbed/Ptap 

(sum') (sum') 
AL-5 2.25 0.65 15 2.05 1.60 1.64 1.73 0.95 0.91 

AL-5 2.03 0.91 31.9 1.95 1.12 1.64 1.73 0.95 0.96 

($) 

$ Initial densification parameters obtained from Figure 5.1 

This illustrates that the optimisation of the processing parameters is able to improve 
densification kinetics for AL-5 powder. Furthermore, the reduction in the density of SLM 

processed AL-5 observed between 75 and 100 J/mm3 coincided with the onset of 

spheroidisation, presumably as a result of increased lifetime of the liquid phase formation 

under these processing conditions (Figures 5.7 and 5.16). 

The increment in inter-agglomerate pores and reduction in the density of SLM processed 
AL-5 samples as the specific laser energy input is less than 67 J/mm3 could be explained 
by the reduction in the energy density applied to the powder bed as the laser power reduces 
and scan rates, scan spacing and layer thickness increase according to equation 2.17. 
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Therefore, the lesser the energy density applied, the amount of liquid phase available for 

sintering which enhances densification mechanism becomes largely insufficient, thus, the 

microstructural pore channels become bigger and inter-agglomerates become less dense. 

Furthermore, there seems to be a significant change in microstructure obtained with 67 

J/mm3 (Figure 5.15b) as a consequence the occurrence of re-melting. At specific laser 

energy input greater than 67 J/mm3, inter-agglomerate pore increases in size and reduces in 

sintered density due to the increased lifetime of the melt pool which causes splheroidisation 
as a result of reduced scan rates when laser power increases, as well as scan spacing and 
layer thickness also decreasing (Figures 5.7,5.15a, and 5.16). These findings are similar to 

the results obtained by Simchi and Pohl (2003) in the SLM of iron powders in that they 
identified a critical specific laser energy input at which the sintered density was saturated. 
Above this energy input, sintered microstructure was characterised by horizontal elongated 
pores while the sintered density remained almost constant (Figures 5.7,5.15a, and 5.16). 

Furthermore, during SLM of AL-5, cooling of the molten pool occurs via the Beat loss to 

the substrate and the surrounding atmosphere at rates of between 103 to loll K/s (ßasu & 

Date 1992a, 1992b; Steen 2003; and Ion 2005). Initially, heat loss through the substrate 

culminates in rapid cooling via conduction rather than through convection and radiation. 
The consequence of this is directional growth of grains counter to the cooling direction 

(Figures 5.16 to 5.18). As noted previously in section 2.6.2 (comparison of the fusion 

welding process to SLS/SLM processing of metallic powders), since the base and weld 

metals are of similar composition, it can be argued that there is little or no free-energy 
barrier to the phase transformation from liquid to solid due to complete wetting of the 

substrate by the molten weld metal, and the nearly ideal substrate/intcrface provided by the 

partially melted HAZ grains at the fusion boundary from which the solid can nucleate and 
grow. From the analysis carried out by Savage el al. (1976), it is hereby contemplated that 

the growth of a solid in the SLM molten pool evolved as atoms in the molten pool arrange 
themselves on the partially melted IIAZ grains at the fusion boundary. Therefore, IIAZ 

grains at the fusion boundary are thought to have been extended at the expense of the 
liquid in the SLM molten pool as it cools down. Just as it occurs in fusion welding of 
homogeneous metals, the crystallographic structure and orientation of the I IAZ grains can 
be said to have been maintained without alteration across the fusion boundary of SLM 

processed AL-5 powders (Figure 5.16 to 5.18, and 5.24). 
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Meanwhile, it must be emphasised that the exact nature of the fusion boundary at the onset 
of solidification in the SLM processing of AL-5 powders is difficult to ascertain possibly 
due to its occurrence at high temperatures, coupled with the non-equilibrium conditions 
associated with the SLM process and the on-cooling transformations in materials. 

Figure 5.24 appears to show that the tops of the grains in the previous layer are partially re- 
melted and then undergo epitaxial growth in the next layer (Steen 2003; Ion 2005) where 
the HAZ grain boundaries and SGI3s are continuous along the fusion boundary. It is hereby 

reasoned that as the first solid forms on the partially melted IIAZ grains, the crystal 
structures of base and weld metal are the same. Likewise, lattice parameters between the 
base and weld metals in the SLM of AL-5 arc very similar, because they are both the same 
composition. Once the latent heat of fusion has been liberated during SLM, the atoms in 

the weld metal arrange themselves on the substrate provided by the partially melted IIAZ 

grains without altering the crystallographic structure or orientation. Thus, the IIAZ grains 
and grain boundaries are extended across the fusion boundary without alteration, similar to 
that observed in the fusion welding of homogeneous metals. Re-heating of the previously 
solidified layers give rise to re-growth in this part of the SLM processed sample. This 

process is repeated for many consecutive layers until heat loss via the substrate is no longer 
dominant due to poor thermal conductivity of the powder bed. As the sample height 
increases, heat conduction through the built layers to the substrate becomes very poor and 
the build temperature increases uncontrollably (Figures 5.16 to 5.18) (Steen 2003; Ion 
2005) thereby causing significant heating to a greater depth with microstructural changes 
to a larger part of the build (Figures 5.19 and 5.20). As a result, the microstructure in the 
bottom part of the build (Figure 5.19b, d, and f, 5.20) becomes coarse as evident by the 
occurrence of larger dendritic arm spacing which implies slower solidification rates. The 

occurrence of coarse structure at the bottom portion of the build could be attributed to the 
lower thermal conductivity of the powder bed at the first instance laser beam was impinged 

on it. This initiates low cooling rates at the bottom portion of the build. As the build height 
increases, subsequent layers being deposited solidify on solid metal substrates which 
initiates high cooling rates, thus finer dendritic microstructures are found at the top portion 
of the build. The disappearance of layer bands in the Figures 5.16,5.17, and 5.18 when the 

energy density varies between 50-1001/mm3 could be attributed to the same reason. 
Figures 5.16 to 5.20 again confirm the earlier assertion that as the sample height increases, 
heat conduction through the built layers to the substrate (bottom portion of build) becomes 

very poor (due to poor thermal conductivity of the powder bed), and the build temperature 

247 



increases uncontrollably (Steen 2003; Ion 2005) thereby causing significant re-heating to a 
greater depth with microstructural changes to a larger part of the build. Tlic observations 
made here are similar to those reported by Loretto cl al. (1998) and Srivastava et al. (1999, 
2001) in their studies of direct laser fabricated TiAI-based alloys. Given that the higher the 

specific laser energy input, the lower the cooling rates generated across the depth of the 
samples during laser scanning. It can be inferred that the variation in dendritic arm spacing 
and fraction of primary phase in laser sintered AL-5 is marginal with variation in specific 
laser energy input (Figures 5.20 and 5.21). Amberg et al. (1993) reported that the primary 
dendrite fraction in some Al foundry alloys decreased with increasing cooling rate whereas 
Veldman et al. (2001) reported the opposite behaviour, a slight increase with cooling rate. 
It must be emphasised that the processing technique employed by these researchers is quite 
different from the SLS/SLM under investigation in this research. Nevertheless, it must be 

pointed out that the finding from this work in respect of the influence of the cooling rates 
on the fraction of primary dendrite phase in SLS/SLM processed AL-5 agrees with the 
findings of Veldman et al. (2001). Moreover, the differences in the method of 
measurement of the fraction of primary dendrite phase as well as the chemical composition 
of the materials investigated by various groups of investigators should be noted as this may 
be responsible for the different findings of their work. Finally, the variation of 
microhardness (Figure 5.23) across all the samples in a non-systematic manner is 
indicative of the microstructural heterogeneity noted earlier. 

5.6 Conclusion 

AL-5 powder was found to be the most suitable candidate aluminium alloy powder for the 
SLS/SLM process due to its constituent spherical particles which packs effectively, 
thermal properties and uniform distribution of its surface oxides films. SLS/SLM 

conditions for the fabrication of multiple-layer parts made in pure aluminium and its 

alloyed powders revealed that eutectic AL-5 alloy has been found to have desirable 

sintering response with the optimum sintered density of 2.11 g/cm3 achieved at laser power 
200W, scanning rates 120mm/s, scan spacing 0.1 mm and layer thickness 0.25mm. 
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CHAPTER SIX EFFECT OF BLENDING OF I'URE ALUMINIUM 
POWDERS WITH AL-5 POWDER ON DENSIFICATION ANI) 

MICROSTRUCTURE 

6.1 Introduction 

It has been established that the densification mechanisms, microstructural characteristics, 
and the attendant mechanical properties of laser sintered components depend on the laser 

processing parameters (laser power, scan speed, scan spacing, and layer thickness) and the 

powder properties (composition of the constituent powders, particle size and its 
distribution, and particle shape) (Simchi el at. 2003, Gu & Shen 2006,2007). In order to 

produce laser sintered Al-Si alloys samples with desirable physical, microstructural and 
mechanical characteristics, an attempt was made to optimise processing parameters and 
powder properties. Since it was not possible to obtain a range of pre-alloyed Al-Si 

compositions, a decision was made to blend Al-12wt%Si powder (AL-5) with different 

amounts of pure aluminium powder to study a range of hypoeutectic composition. This 

chapter describes the effect of this on the sintered characteristics. In addition, pure 
aluminium powders are available in a range of size fractions. This study also presented the 

opportunity to make up the same alloy composition but employing different Al powder 
sizes in the blend to independently investigate the effect of packing density on the 

microstructure and properties. Thus, four different pure Al powders AL-2 (45-75µm), AL- 
6 (10-45pm), AL-7 (17-30µm), and AL-8 (10-141tm) were blended with AL-5 at the same 
concentration of lOwt%, 25wt%, 30wt%, 40wt%, and 50wt%. Initially, the optimum 
processing conditions developed for fabricating multiple layers samples in AL-5 were 
adopted initially for the blended powder samples. This procedure was adopted with the aim 
of determining the optimum component ratio for each of the blended powders. Once these 
had been identified, the process conditions were optimised for blended powders containing 
lOwt%, 2Swt% and SOwt% AL-7. The AL-7 powder was chosen because it was found to 
give the most desirable sintered characteristics. 

From the foregoing discourse, it is now clear that the blending of larger sized powder's 
particles with smaller sized powder's particles could lead to the emergence of competing 
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effects. These competing effects make it difficult to gain an understanding of the 
relationship existing between the laser sintered properties of a powdered sample with a 
non-ideal distribution. For this reason, the relationship existing between the particle size 
distribution and direct laser sintered properties of four different blends of AL-5 powders 
with varying particle size distributions is hereby investigated. The direct laser sintered 
samples were made from each powder blend under a new processing regime developed. A 

new processing regime had been developed because the blending of AL-5 powder with the 
additive powders of varying particle sizes and distribution was expected to alter the 

particles packing arrangement as well as the heat conductivity of the powder bed which 
would have effectively modified the sintering behaviour of AL-5 powder (German 1993, 
1996). The physical and microstructural properties of each powder blend are compared and 
related to the particle size and distribution. 

The first part of this chapter (section 6.2) describes the results of the microscopic 
observation of the additive powders, in as-supplied state, and the blended powders. Section 
6.3 presents the results of the measurement of the physical properties of these powders. 
Thereafter, the implications of the findings from the measurement of the physical 
properties of the powders are also discussed. Finally, the results of the sintered densities, 

microstructural properties of the multiple layer samples made from the blended powders 
and the analysis of results are presented in section 6.4. 

6.2 Microscopic Observation of the Additive and Blended Aluminium 
Powders 

Figure 6.1 presents SEM images of the as-received powders. Particles of AL-7 and AL-8 

comprise spherical particles, similar to those of AL-5, whereas additive powder AL-2 has 
both irregular and spherical particles and additive powdered sample AL-6 has a 
preponderance of irregularly shaped particles. Figure 6.2 presents evidence of 
homogeneous mixing when lOwt%, 25wt%, and 50wt% AL-7 were blended with AL-5 

powder whereas Figure 6.3 shows the homogeneous dispersion of the additive powders 
AL-2, AL-6, AL-7, and AL-8 in the matrix AL-5 powder with no observation of internal 

porosity or agglomerates when mixed for 20 minutes in a V-shape mixing device (Section 
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4.3). The SIN images reveal preponderance of' spherically shaped particles in all the 

blended mixes. 

(a) 

(c) 

(c) 

ýý 
ýý 
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Figure 6.1: SKM images of the powders reýcalin) their Iº; rrticlc shirlºc: (a) 45 ýý nýicrýrn (ý1,2º; Ih) $ 

75 micron (AL 5); (c) I0-45 micron (Ala-6); (d) 17-30 micron (. %1, -7); (c) 10-14 micron (AI, -8) poHdcrs. 
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(a) (b) (c) 

Figure 6.2: SEM images of blended powders illustrating homogeneous mixing of hi-model blended 

powders containing (a) 10% AL-7; (b) 25% AL-7; (c) 50% AL 7. 
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Figure 6.3 SFM images of the blended powders after mixing for 20 minutes (a) 75% AL 5/25% A1: 2 

(b) 75% AL-5/25% AL -6 (c) 75%6 AL-5/25% AL-7 (d) 75% AL-5/25% AI: $ 

The elemental compositions of the unmixed additive powders, blended powders containing 

varying contents of AL-7, and additive powders of different particle sizes were determined 

by semi-quantitative EDS analysis (wt%) and presented in 'f'ables 6.1,6.2 and 6.3 

respectively. 
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Table 6.1: Elemental Composition or the Powders by Senil-quantitative EDS (wt%). 

Powdered 
Samples 

Aluminiuwn Magnesium Silicon Oxygen 

AL-2 93.5 - - 6.5 

AL-5 85.1 - 12.1 2.8 

AL-6 97.4 - - 2.6 

AL-7 97.1 2.9 

AL-8 97.0 - 3.0 

Table 6.2: Elemental Composition of Blended Powder Samples, Containing Varying Proportion of AIr 
7, by Semi-quantitative EDS Analysis (weight. %). 

Powdered Samples (wt%) AL-7 Aluminium Silicon Ox en 
10% AL-7 86.3 11.6 10.8 2.1 
25% AL-7 89.3 8.7(9.0) 2.0 

50% AL-7 91.5 6.0(6.0) 2.5 

Note: Calculated silicon content in the bracket Q. 

Table 6.3: Elemental Composition of the Powdered Samples, Containing Additive Powders of Varying 
Particle Sizes, by Semi-quantitative EDS Analysis (weight. %). 

Powdcred Sam lcs Aluminium Silicon Ox cn 
75% AL-5 + 25% AL-2 88.9 8.7(9.0) 2.5 
75% AL-5 + 25% AL-6 89.3 8.7(9.0) 2.0 
75% AL-5 + 25% AL-7 

-d 
89.3 8.7(9.0) 2.0 

75% AL-5 + 25% AL-8 - 
89.5 8.6(9.0) 1.9 

Note: Calculated silicon content in the bracket Q. 

The energy-dispersive spectra acquired for the unmixed additive powders, blended 

powders containing varying contents of AL-7, and additive powders of different particle 
sizes and all the blended samples (Tables 6.2 and 6.3) arc shown in Appendix 11. Only 

elemental aluminium, and oxygen, were detected in the unmixed additive powders AL-2 

and AL-6, AL-7, and AL-8 whereas aluminium (Al), silicon (Si), and oxygen (0) were 
detected in unmixed AL-5 and all the blended powders. The EDS spectra for the major 
elements in each of the powder correlate with the major elemental composition indicated 
by the suppliers. Upon comparison of Table 6.1 with Table 3.2, it is instructive to note that 
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the failure to detect Fe and Cu in the energy-dispersive spectrum taken from the entire 
region for each powder is because the total amount of these elements over each EDS is 
below the detection limit. The same reason is responsible for the non detection of minor 
elements indicated by the manufacturer in each sample. The discrepancies noted in the 

chemical composition of the powders as supplied to the EDS semi-quantitative chemical 
analysis had been attributed to the wet method of analysis adopted by the manufacturers 
(section 4.2.3). 

Although, great caution needs to be exercised with the quantitative oxygen values as 
explained in section 3.3.2.3 due to ZAF correction factor of f 16wt%, all the additive 
powders, with the exception of AL-2 could be said to contain nearly the same amount of 
oxygen. Earlier work on single and multiple layer samples (section 5.3) suggested that 

uneven distribution of oxide films in powders AL-2 and AL-6 might influence the sintering 
response of the blended powders. A careful observation of the particles in powders AL-2 

and AL-6 (Figure 6.1) reveals the presence of islands or uneven distribution of oxide films 

on the surface which is absent in samples AL-5, AL-7 and AL-8. Proportions of aluminium 
and silicon in the blended powders containing varying proportion of AL-7 are noted to be 

significantly different whereas there appears to be little variation in their oxygen content 
(Table 6.2). Meanwhile, silicon constitution in the all the blended powders are comparable 
to the calculated values with the exception of the blended powder containing 10W% AL-7. 
For the blended powders containing additive powders of varying particle sizes, the 

percentage of elemental aluminium, silicon, and oxygen in all the blended samples lie 

within the same ranges of 89.3-89.9wt%, 8.6-8.7wt% and 1.9-2.5wt%, respectively (Table 
6.3). Comparison of the oxygen contents in the pure aluminium powders (Table 6.1) to that 

of the blended powders (Tables 6.2 and 6.3) shows that the effect of the lower oxygen 
content of AL-5 was predominant in the blended powders as their oxygen contents were 
reduced compared to those of the pure powders . Moreover, it was noted that oxygen 
content of the blended powders increases proportionally with that of the pure aluminium 

powders blended with AL-5. 

The particle size range of the unmixed additive powders was presented in Table 3.1. 
Powders AL-2 and AL-5 have the same particle sizes and are coarser than powders AL-6, 
AL-7 and AL-8. The blending of coarse powders with fine particles had been undertaken 
in an attempt to fill up the interstices present in the coarse AL-5 with a view to improving 

the initial powder density and thus, the sintered microstructure (Simchi et al. 2003). 
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Average particle sizes of each of the additive powders estimated by SEM measurements 
are 62.9 µm, 35.8 Etm, 23.6 µm, and 12.7 Etm for AL-2, AL-6, AL-7, and AL-8 

respectively. The fine particles increase the surface area of the powder, thereby, increasing 

the absorption of laser energy, and consequently affecting the processing window. 

6.3 Properties of Blended Powders 

6.3.1 Density and Flowability of the Blended Powders 

Figure 6.4 shows the apparent densities of the blended powders as a function of 
composition with no significant variation in measurements as indicated by the error bars. 
The apparent density of AL-5 powder containing no additive powder is 1.43 g/cm3. it is 

also clear that the apparent density of pure Al powders varies: AL-7 gives the highest 
density of 1.37 g/cm3, AL-6 the least at 1.26 g/cm3, whilst AL-2 and AL-8 were 
comparable at 1.34 g/cm3. When these powders were added to AL-5, the variation in 

apparent density was not simple. Rather, a maximum in apparent density was observed. 
The addition level corresponding to this was around 25wt% for most powders but the level 

of density enhancement was greatest for AL-7. Small enhancements were seen for AL-2 

and AL-6 but the maximum density for blended powders containing AL-5 and AL-8 never 
exceeded that of pure AL-5. Indeed, small additions of AL-6 and AL-8 initially reduced 
the apparent density of the blended powders before this increased to the maximum value. 
In all cases, addition of more than 25wt% of the pure Al powder caused a continual 
decrease in apparent density to a minimum for the pure Al powder. 
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Figure 6.4: Effect of varying additive level on the apparent density of powders. 
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Figure 6.5: Effect of varying additive level on the tapping density of powders. 

Figure 6.5 shows the effect of varying the contents of additive powders on the tapping 
density of blended powders, again, with no significant variation in measurements as 
indicated by the error bars. The behaviour is very similar to that observed for apparent 

256 



density with the maximum value seen at 25wt% of the pure Al powder addition: the 

maximum value of 1.89 g/cm3 is again achieved with the AL-7 powder. I lowever, all the 

additive powders produce an increase in density of the blended powder. The behaviour 

after the maximum is also more complex with the suggestion of a second maximum 
somewhere between 35wt% and 45wt%. 
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Figure 6.6: Effect of varying additive level on the flowability of powders. 

Figure 6.6 shows the effect of the addition of pure Al powders on the flowability of 
blended powders with no significant variation in measurements as indicated by the error 
bars. The flowability of all the pure additive powders was better than that of AL-5: AL-6 

gave best flowability, AL-8 the next best, whilst AL-2 and AL- 7 arc comparable. A 

significant improvement was observed in the blended powders for all cases, suggesting that 
the additive powders had imparted their improved flowability to AL-5 upon mixing. This 
implies that the blending of AL-5 powder with the additive powders will enhance 
undisturbed powder transportation and deposition in the form of thin layer during the direct 
SLS/SLM process. While the relationship between variation in AL-7 content and 
flowability showed monotonic decreasing, slight increase at around 25wt % corresponding 
to maximum in density; samples AL-2, AL-6, and AL-8 all show a minimum (of different 
depths and at different weight fractions) and rather more complicated variations. 
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The blending together of aluminium powders of different particle sizes and distribution in 

varying proportions is expected to influence bulk powder properties such as apparent and 
packing densities; and flowability, with the aim of tailoring the sintered density and 
mechanical properties of parts towards achieving specific uses. (Thtlmmlcr & Oberacker 
1993; German 1991). For the above stated aim to be met, it is essential that small-sized 
additive powders that are to be blended together with the large-sized powder particles must 
have a narrow range of particle sizes and distribution and be mixed in the appropriate 
proportion. This will ensure that small-sized additive particles in appropriate proportions 
are able to fill-up the interstices of the large sized particles. It is on this principle that 

powders of varying particle sizes and proportions were blended together in an attempt to 

attain improved bulk properties which are expected to yield improved sintered densities 

and mechanical properties for direct laser sintered aluminium powdered parts. Moreover, 

the particle shape of both small-sized and large-sized powder particles must be spherical in 

order to give room for the existence of little or no inter-particle friction during voids 
filling. Bimodal distributions of spherical powder were adopted in order to determine the 

appropriate combination of sizes and distribution that yields the best physical properties 
leading to optimum sintered characteristics. The AL-5 powder (45-75Etm) was blended 

with pure aluminium powders AL-2 (45-751tm), AL-6 (10-451tm), AL-7 (17-301tm), or 
AL-8 (10-14µm). Figures 6.4,6.5, and 6.6 show the influence which mixing of the additive 
powders with AL-5 powder has on the bulk properties of the blended powder. The effect of 

each additive powder on the properties of the blended powder can be explained on the 
basis of the influence of the particle shape and size distribution of the additive powder and 
its concentration. 

Results presented in Figures 6.4 and 6.5 signify that the addition of AL-7 powder has 
impacted significantly and positively on the apparent and tapping densities of the blended 

powder. For AL-7, the increase in both apparent (1.46 to 1.60 g/cm3) and tapping (1.70 to 
1.89 g/cm3) densities as the its content varies from 10wt% to 25wt% could be attributed to 
improved packing, with interstices in the spherical AL-7 powders fitting comfortably 
within the interstices in the spherical AL-5 powder. As the content of the spherical particle 
of AL-7 increases above 25wt%, the apparent density reduces to that of pure AL-7 powder. 
Therefore, it could be suggested that there exists a maximum content (25wt%) of AL-7 

additive powder in AL-5 above which both the spherical particle and particle size and 
distribution of AL-7 have declining effect on its densities. This could be attributed to the 

particle packing arrangement of AL-7 in the interstices of AL-5 which becomes disturbed, 

258 



thereby resulting in the occurrence of porosities on the powder bed, as the content of AL-7 

particles exceed 25wt%. Furthermore, the improved densities observed for the mixes 
containing AL-7 and AL-5 could be ascribed to the fact that the mixes meet up with the 
dual conditions that both powders contained spherical particle shape and that the smaller 
particle sizes of AL-7 are able to fill up the interstices contained in the larger particle sizes 
of AL-5 without the development of inter-particle friction and porosity. It can be 

summarised that spherically shaped particles present in AL-7 and AL-5 powders, and the 

smaller particle sizes of AL-7(17-30 micron) powder which arc able to fill up the 
interstices contained in the larger particle sizes of AL-5 (45-75 micron) powders are the 

major factors contributing to the development of low or no inter-particle friction which 
enhances effective voids filling with smaller sized particles. It can be seen that the 

effective voids filling of AL-5 powder with the smaller sized particles of AL-7 promotes 
the development of improved apparent and tapping densities (Figures 6.4 and 6.5). In 

addition to having both finer and coarse powder particles in appropriate sizes and 
distribution, this outcome also highlights the importance of blending appropriate 
proportion of both fine and coarse powder particles together, with a view to obtaining 
desirable particle packing arrangement that enhances the bulk properties of blended 

powders. 

The addition of AL-2 powder has resulted in marginal increase in the apparent (1.43 g/cm3 
to 1.50 g/cm3) and tapping densities (1.70 g/cm3 to 1.76 g/cm3) over AL-5 powder as 

shown in Figures 6.4 and 6.5. This is despite the fact that, nominally, they have the same 
particle size. The increases in density are small, however, and probably not significant. It 

would be expected that adding AL-2 to AL-5, therefore, would have a marginal effect, if 

any, on the properties of AL-5. However, some effects are noted with a peak in apparent 
and tap densities at 25wt% and an improvement in ilowability, peaking around a 50: 50 

mixture. This, presumably, must be due to either differences in size distribution with the 
45-75 }im size fraction or to differences in shape and/or surface structure between the AL-2 

and AL-5 powders (Figure 6.1). 

The particle size of AL-6 powder is less than that of AL-5, therefore, it should be capable 
of filling up the interstitial voids in AL-5 as is the case for AL-7. This is because the 

particle packing arrangement of the blended powder containing AL-5 and AL-6 fulfils the 
bimodal powder particle packing arrangement in the aspect of interstitial filling principle 
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for particle sizes of both large and small-sized particles (DL »D5) as proposed by Zhu el 

al. (2007). Meanwhile, it is noted from Figures 6.4 and 6.5 that this is Icss effective. 
Moreover, while the irregular particles of AL-6 are expected to improve the tapping 
density of the blended powder, the contrary was observed. Therefore, initial reduction in 

the densities of the blended powders obtained when lOwt% AL-6 was added could be 

attributed to poor particle packing arrangement resulting from insufficient quantity of AL- 
6 irregular particles which arc unable to fill up completely the interstices of AL-5. 
Furthermore, marginal increament in the densities obtained when AL-6 content varies 
between lOwt% and 25wt% and further reduction in the densities attained as the content of 
AL-6 increases above 25wt% could be attributed the influence of broader size range of 
AL-6. The broader size range of AL-6 makes it unsuitable in filling up the interstices of 
AL-5 as it is likely the particles of AL-6 are larger than the available interstices of AL-5. In 

addition, the increasing content of the irregular particles of sample AL-6 could be said to 
have set up inter-particulate friction which reduces the apparent and tapping densities of 
the blended powder. This is exemplified with lower values of densities obtained for AL-5 

and AL-6 blends when compared with blends containing AL-7 (Figures 6.4 and 6.5). This 

result indicates that if the particle size distribution and particle shape of AL-6 (10-45 

micron) powder is not suitable in filling up the available interstices in 45-75 micron 

spherical AL-5 powder, then, variation in the content of AL-6 particles in the blended 

powder is of little or no effect on the bulk properties of the blended powder as seen in 

Figures 6.4 and 6.5. 

For AL-8, its much smaller spherical particle size does not seem to have produced such 
significant benefits as the addition of coarser, wider size range spherical AL-7 particles to 
the blended powders. Despite the fact that both AL-5 and AL-8 contain spherical particles, 
low densities (Figures 6.4 and 6.5) reported for the blended powders with increasing 

content of AL-8 could be credited to the narrow size range of AL-8 particles which can not 
fill up the wider interstices in AL-5. Since the particle size of AL-8 is not sufficiently 
large, the variability to fill more than a few interstices could be said to be insufficient. 

Moreover, Figures 6.4 and 6.5 indicate that lower values of densities arc obtained for AL-5 

+ AL-8 blends when compared with blends containing AL-7 (Figures 6.4 and 6.5). 

Therefore, the similarity in the values of densities obtained for the powder blends 

containing AL-2, AL-6 and AL-7 could be attributed to the inappropriateness of the choice 

of particle size and distribution for powder blending. The significance of this result is that, 

on its own, blending together both fine and coarse spherical powder particles does not give 

260 



the desirable particle packing arrangement that yields improved bulk powder properties, 
rather they must be blended in appropriate sizes and distribution that allows fine particles 
to fill up the interstices contained in the coarse particles. Moreover, they need to be 
blended in appropriate proportions in order to obtain the desirable bulk powder properties. 

6.3.2 Effect of Additive Content, Particle Size Distribution and Shape on the 
Properties of Blended Powders 

Evidence presented so far in this study points out that appropriate choice of additive 
powder's particle size distribution blended in appropriate proportions plays a dominant 

role in determining whether or not a mix of two powders of varying particle sizes will 
maximise its densities above the its original densities. Again, it is now clear that for a mix 
of powders of different particle sizes and distribution to pack effectively so as to obtain 
improved powder properties, the following conditions must be met: appropriate proportion 
of small sized additive particles must be blended with large sized AL-5 particles; the 
blended powders' particle packing arrangement should fulfil the particle size aspect of the 

proposals of Zhu and co-investigators (2007) (DL »Ds); powders of appropriate particle 
size and distribution must be blended together; and both additive and AL-5 particles must 
be spherical in shape. The results of this research suggest that the 25wt% AL-7 and 75wt% 
AL-5 mixes meet up with these conditions as attested to by the improved densities 

recorded for the mixes. Furthermore, it can be inferred from this study that for all the 

additive powders, with the exception of AL-7 (17-30 micron) powder, there exists a 
minimum quantity of the additive powder (l0wt%) that must be added to the AL-5 (45-75 

micron) powder in order to obtain an improvement over its apparent and tapping densities 
in unmixed state. Higher loose and tapping densities obtained for the mixes containing AL- 

7 suggests that it will be easier to achieve high laser sintered density for samples made 
from these blends. 

The improved flowability obtained for all the blended powders suggests that it is not 
affected by particle shape, sizes and distribution, and the content of the additive powders. 
In line with the analysis carried out in section 4.2.6, the lower oxygen contents of the 
blended powders (Tables 6.2 and 6.3) could be said to be responsible for little or no inter- 

particulate friction that promotes the free flowing properties of the blended powders during 
deposition. 
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The studies of Carson & Pittenger (1998) and Reed (1988) showed that the addition of 
finer size additive powder which packs efficiently in the interstices of a coarse structural 

powder is necessary in order to obtain improvement in the bulk properties of powders. This 

is in agreement with the results obtained in this section. The optimisation of the blended 

powder densities at 25wt% AL-7 content is in conformity with the findings of Carson & 
Pittenger (1998) who state that, for atomised aluminium powders, the proportion of +451tm 

particle size should be at least 75% in order to attain an apparent density of 1.25 g/cm3 
when blended with aluminium powders of smaller particle size. The findings obtained in 

this section signify that increasing the content of irregular shaped additive powder particles 

reduce the tapping density because it prevents particle motion. The results obtained from 

the work of Carson & Pittenger (1998) and Reed (1988) strongly support this claim. 

6.4 Sintered Properties of Blended Powders 

The results of the effect of additive powders' component ratio in the blended AL-5 

powdered samples, fabricated by direct SLS/SLM technique, on its sintered density, 

processing conditions, microstructural characteristics and surface morphology arc hereby 

presented. Furthermore, the implications of the findings arc also discussed. 

6.4.1 Sintered density of bimodal powders 

The sintered density of blended samples fabricated with the optimal processing conditions 
developed for AL-5 powders (section 5.4) are presented in Figures 6.7a and b. Figure 6.7a 

shows that increasing the additive content from 10 wt% to 25 wt% eventually results in an 
improvement in the sintered density from 1.93 to 2.03 g/cm3; 1.96 to 2.07 g/cm3; 2.05 to 
2.18 g/cm3; 1.89 to 1.99 g/cm3; for the blended mixtures containing AL-2, AL-6, AL-7 and 
AL-8 respectively. 
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Figure 6.7: Effect of (a) additive powder content and (b) silicon constitution on the sintered density of 
S[S processed blended powders at specific laser energy input of 67 J/mm3. (Note: Theoretical values of 
silicon content have been plotted in Figure 6.7b. ) 

This shows that, despite differences in the apparent and tap densities between the pure 
aluminium powders AL-2, AL-6, AL-7, and AL-8, the sintered density of each of these 
pure powders is comparable, suggesting that powder size, shape, and packing is relatively 
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unimportant. Also of note is that only the blend of AL-7 with AL-5 results in an increase in 

sintered density above that of pure AL-5. The maximum sintered density in this blend is 
found at 25 % AL-7 (2.18 g/em3) corresponding to the peak observed in apparent and tap 
densities (Figures 6.4 and 6.5). Blends of AL-5 with the other three pure aluminium 
powders also show a peak in sintered density at 25wt% but this is always less than that for 

pure AL-5 (2.05 g/cm3). The height of this peak decreases in the order AL-6 (2.07 g/cm) > 
AL-2 (2.03 g/cm3) > AL-8 (1.99 g/cm3). These results are somewhat surprising, given the 
packing properties of the powders. In all cases, the tap densities of the blended powders at 
25 % addition exceeded that of the pure AL-5 powder which might be expected to lead to 
increased process bed density and thus sintered density. However, only in the case of AL-5 

and AL-7 is this observed. Meanwhile, beyond the peak, sintered densities decrease 

smoothly to the value for the pure aluminium powder for all blends except for AL-5 + AL- 
8, there, the density drops sharply to an approximately constant value at and beyond 
50wt% of AL-8. Again, this observation could be explained partly by the inappropriateness 

of the additive content present in AL-5 once it exceeds 25wt% such that particle packing 
arrangement in this context deteriorates, thereby impacting negatively on the sintered 
density. 

Figure 6.7b shows the constitutive effect of silicon in the blended powders on the density 
of the sintered samples. The sintered density of the blended samples increases with silicon 
content and maximises its values at the silicon content of 9wt%. Further increament in the 
silicon content to 10.8wt% results in reduction of the sintered density of the samples to the 
minimal values of 1.93,1.96, and 1.90 g/cm3 for AL-2, AL-6 and AL-8 respectively. In the 
case of AL-7, the sintered density reduced to 2.05 g/em3 (density of unblended AL-5) and 
remains constant as silicon content varies between 9.6 and 12 wt%. For the blended 
samples containing AL-2, AL-6, and AL-8, Figure 6.7b reveals that increasing the silicon 
content from 10.8wt% to I2wt% increases the sintered density of the samples to that of 
unblended AL-5. According to Dinsdale & Quested (2004), the viscosity of the molten 
pool of aluminium alloys reduces with increasing silicon content. Therefore, incrcamcnt 

observed in the sintered density of the samples could be attributed to the reduced viscosity 
of the molten pool due to increasing silicon content. This suggests that the maximisation of 
the sintered density of the samples could be credited to viscosity of the molten pool, at 
9wt% silicon content, which is likely to have reduced sufficiently to a degree at which that 
the density of the sintered samples is maximised. 
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Furthermore, Figures 6.7a and b show that at the peak, only the blended powder containing 
AL-7 has its sintered density significantly greater than that of unmixed AL-5. Therefore, it 
is likely that the particle packing arrangement which is solely determined by the proportion 
and particle size distribution of the powders being blended together might have played a 
predominant role in determining the sintered density and microstructure of the blended 

samples in this context. Since only the blended sample containing AL-7 has a sinter 
density higher than that of pure AL-5, it is likely that the compositional effect of silicon 
becomes relevant in determining the sintering behaviour of SLS/SLM processed powders 
only in the event appropriate spherical powders of particle size distribution arc blended 

together in appropriate proportion (Zhu et al. 2007). On the other hand, the increased 

silicon content which is likely to have reduced the viscosity of the molten pool much more 
than is necessary is thought to have contributed to the reduced sintered density when 
silicon content increases over 9wt%. The minimisation of sintered densities observed at 
10.8wt% Si for AL-2, AL-6, and AL-8 could be explained in view of insufficient amount 
of additive particles which is unable to fill up the interstices of AL-5. It is likely that the 
particle packing arrangement in this context is poor, thereby, influencing the sintered 
density negatively. The role of particle packing arrangement in the determination of 
sintered density and microstructure will be explained on later in section 6.4.4. 

6.4.2 Processing conditions of the bimodal powders 

In an attempt to optimise the sintered properties of the blended AL-5 + AL-7 powders and 
to investigate whether the AL-5 + 25wt% AL-7 blend was the best choice irrespective of 
process conditions, the effect of process parameters was investigated. It was thought that 
this might be necessary because German (1993,1996) had pointed out that the introduction 

of additive powders in varying component ratios to the base powders has the tendency to 

alter the processing regime of the base powder. Blends of AL-5 powders containing 
lOwt%, 25wt% and SOwt% of AL-7 were chosen in order to investigate the effect of 
component ratio on the processing regime of the mixed powders. This system alone was 
chosen based on the fact that it had shown the most desirable properties in all the 

experiments conducted so far and that time for further experiment was limited. The 

average sintered density as a function of specific laser energy input for those blends is 

presented in Figures 6.8. It is evident from Figures 6.8a that the maximum sintered density 

of each blended powder is found for a specific laser energy input of 150 J/mm3. For 

265 



lOwt%, 25wt% and 50wt% AL-7, these values are 2.14 g/cm3,2.32 g/cm3, and 1.97 g/em3 
respectively. The sintered density values only increase marginally (from 2.03 g/em3,2.18 

g/cm3, and 1.83 g/em3) as the specific laser energy input is increased from 67 J/mm3 to 150 

J/mm3. Figure 6.8 shows the impact of the ratio of the two powders on the maximum 

sintered density of the blended powder, the powder mixture containing 25%wt AL-7 
having the highest sintered density. When equation 2.18 is fitted to the experimental data 
(Appendix C, Table C3), the values of C1, C2, and K given in Table 6.4 were found. 
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o 9Owt% AL-5 +I Owt% 
AL-7 

* 75wt% AL-5 + 25wt% 
AL-7 

0 50wt% AL-5 + 50wt% 
AL-7 

Figure 6.8: (a) Relationship between the sintered density and the specific laser energy input for 
different blends of AL-5/AL-7 powder- the lines show least-squares fitting to equation 2.18. 

It can be seen from Table 6.4 that as more additive powders are introduced into the AL-5 

powder, the agglomeration factor a*, first tends close unity at 25wt% then decreases. This 

indicates that the introduction of 25wt% AL-7 into AL-5 powder gives minimum 

agglomeration. The effect of varying the percentage of AL-7 in the blended powder on the 
densification co-efficient K of powder mixes can be seen in Table 6.4. The value of K 

(13.4) coupled with the saturation sintered density (p'c =2.32 g/cm3) obtained for the 
25wt% AL-7 powder attests to its excellent sinterability. A reduction in the value of K for 

this blend is observed over that obtained for 100wt% AL-5 powder (21.8) which confirms 
that the choice of an appropriate ratio of SLS powders in the blend can improve 

sinterability. 
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Table 6.4: Densifcation parameters obtained from Figure 6.8 for AIA +AE-7 blended powders. 

(wt% AL-7) 

Powder 

Cl C2 K Pst 

(g/cm3) 

pbW 

(g/cm3) 

ptap 

(g/cm3) 

a* ffi Pbcd 
/ p`A4' 

10% AL-7 2.15 0.55 23.16 2.14 1.60 1.70 0.94 

25% AL-7 2.40 0.54 13.40 2.32 1.86 1.89 0.99 

50% AL-7 2.07 0.46 10.48 1.97 1.69 1.74 0.92 

Although, the lowest value of K (10.5) was obtained for the powder mixes containing 50% 

AL-7, the corresponding saturation sintered density (p, i =1.97 g/cm3) was lower. The 

reason underlying this behaviour is unclear at this stage. Overall, powder blend containing 
25wt% AL-7 has the best densification behaviour. Again, this finding confirms the 

excellent sinterability of the blended powder containing 25wt% AL-7. 

Furthermore, the development of a new SLS/SLM processing regime for AL-5 powder 
blended with additive powders of varying particle sizes and distribution was thought to be 

a necessity at this stage because it was expected the introduction of additive powders of 
varying particle sizes and distribution would alter the particles packing arrangement as 

well as the heat conductivity of the powder bed (German 1993,1996). This implies that the 

additive powders would effectively modify the sintering behaviour of AL-5 powder after 
blending. Powders consisting of a blend of AL-5 with 25wt% of each of the additive 
powders AL-2, AL-6, AL-7 and AL-8 were chosen in order to investigate the effect of 
variation of the additive powder particles sizes and distribution on the processing regime. 
The choice of mixed AL-5 powder containing 25wt% of each of the additive powder is 

founded on the basis that these blended compositions attained the most desirable properties 
in the results of the preliminary investigation reported in Figure 6.7. The sintering 
behaviour of the blended powders is presented in Figures 6.9. It is evident from Figure 6.9 

that the maximum sintered density of each of the blended powders was 2.09 g/cm3,2.17 

g/cm3,2.32 g/cm3, and 2.08 g/cm3 for blended powders containing 25wt% of each AL-2, 

AL-6, AL-7 and AL-8 respectively when a specific laser energy input of 150 J/mm3 was 

employed. 
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These have increased marginally over the density values obtained, 2.03 g/cm3,2.07 g/em3, 
2.18 g/cm3, and 1.99 g/cm3, when the specific laser energy input of 67 J/mm3 was used. 
Values of Ci, C2, and K obtained by fitting equation 2.18 to these data are given in Table 

6.5. Again, these findings suggest that the introduction of additive powders affects the 

agglomeration factor, a*, of the powder bed which approaches a value of unity with the 

exception of additive powder AL-8. 
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Figure 6.9: Relationship between the sintered density of the bimodal powders and the specific laser 

energy input. 

This observation signifies that the addition of small-sized AL-8 particles to AL-5 powder 
has the propensity to aggravate the difficulty of agglomeration in the powder bed. The 

lowest value of densification co-efficient K (13.4) was obtained for the powder mix 

containing 17-301tm (AL-7) powder suggesting that this has the best densification kinetics. 

The sintering response of the blends obtained in this work is similar to that reported in 

sintering studies of ideal bimodal powder mixtures of iron powders (Simchi 2004,2006). 
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Table 6.5: Densit'ication parameters obtained from Figure 6.9 for direct SUS processed bimodal 
blended powders. 

Powder 

' 

Cl C2 K Pst 

(g/cm3) 

Pbed 

(6/cm) 

pwa 

(g/cm3) 

a'' 

pj / ptaa 

AL-2 2.12 0.45 18.08 2.09 1.67 1.76 0.95 

AL-6 2.21 0.53 17.20 2.17 1.68 1.78 0.95 

AL-7 2.40 0.54 13.40 2.32 1.86 2.00 0.99 

AL-8 2.11 0.50 18.35 2.08 1.61 1.79 0.91 

6.4.3 Microstructure of bimodal powders 

6.4.3.1 Microstructurc of bimodal powders containing varying proportions of AL-7 

Polished but non-etched sections of the macrostructures and inset microstructures of 
SLS/SLM processed samples of AL-5 powder blended with various percentages of powder 
AL-7 are presented in Figures 6.10,6.11 and 6.12. 'Buse macrographs and micrographs 

suggest that changes in microstructural characteristics such as amount of porosity, the size 

and shape of pores, and the shape and coherence of the sintered structure arc dependent on 

the change in the content of AL-S. Regions labelled AA represent the occurrence of melt 
back from one layer to another. Melt back promotes coherence in inter-particulate melting 

across the layers of the samples, thereby improving the dcnsification mechanism as well as 

microstructural characteristics of the SLS/SLM processed samples. Melt back had not 

successfully occurred in regions labelled 13[3 where porosity is evident, reducing the 

sintcrcd density. 
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Figure 6.13: Optical microscopy images of the characteristic microstructures of direct laser 

sintered AL-5 powder containing varying contents of AL -7 additive powder. (a) 10% AL-7; (h) 
25% AL-7; (c) 50% AL-7. 

Comparison of the sintered macrostructure of unblended AI, -5 (Figure 5.24) with those 

of the blended powders (Figures 6.10,6.11 and 6.12) suggests that only the blended 

samples containing 25wt% of AI, -7 had an improved macrostructure when compared to 

the unblended AL-5 powder (Figure 5.24). This is evident by lower porosity, thirly 

rounded, widely spaced pores and more coherent inter-particulate bonding across the 

layers (Figure 6.11). 
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Figure 6.14: Microstructural heterogeneity and homogeneity in SLS/ti1. M procc%%c(l blended A1. -5 
powder containing (a) lOwt% AL-7, (h) 25wt% Al. -7 and (c) 50wt% AL-7. 

p"( 

.` 

'ý 

273 



I. oi, 

. 
)4ý1- 

if 
a'. 

(a) iý+ ýý 

(b) 

- or, 

ý5 

ýý 
± 

0! 

Hi0l(llll 

JýP :, 

ý I'd G"ji 
- 

" ICI 
it 

Y 
'1v 

1A 

MCI 

100 11111 

1901 

Figure 6.15: The nature of dendritic microstructure discovered in the SL S processed blended AL-S 

powder containing varying content of A L-7: (a, (1) IOwt"/,; (h, e) 25wt"/,; (c, f) SOwt"/,. 

Figures 6.14a and 6.14c confirm the occurrence of' heterogeneity in the microstructure 

of the blended samples containing lOwt% and 50wt' o of' Al. -7 additive powder. I he 

occurrence of porosity on the powder bed at these instances which is envisaged to have 

reduced the effective thermal conductivity of the powder bed is likely to he responsible 
for the occurrence of' heterogeneity in the microstructure of' the blended samples 

containing I()wt% and 50wt% of' Al, -7. In contrast. Figure 6.14h shows the formation 

of large melted regions consisting ofAendrites where both 75wt% AL-5 and 25wt% 

274 



AL-7 particles appeared to have melted homogeneously. 11c formation of large incited 
homogeneous regions consisting of dendrites could be presumably attributed to the 
improved particle packing arrangement which is likely to have led to improved thermal 
conductivity of the powder bed which promotes formation of adequate melt pool for 
the densification mechanism in the blended sample. 

The microstructures of the sintered samples revealed by etching arc shown whilst the 

results of the quantitative metallography are presented in Figures 6.15,6.16 and 6.17. 
Figure 6.15 shows that there appears to be a significant variation in the dendritic 

morphology from top to bottom of the SLS/SLM processed samples. The dcndritic 

morphology at the bottom section (Figure 6.15 d, c, and 1) of each sintered sample can 
be seen to be coarser than those at the top section of the sample (Figure 6.15a, b, and 
c). Observation of etched microstructure containing 75wt% AL-5 reveals a continuous 
network of finer dendrites in the sample (Figures 6.15b, and c) whereas samples 
containing 90wt% and 50wt% AL-5 have coarser and discontinuous network of 
dendrites across the depths of the samples (Figures 6.15a, c, d, and f). 
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Figure 6.16: The relationship between the secondary dendritic arm spacing and the component 
ratio of additive powder AL-7 in the blended AL-S powdered sample fabricated at the specific 
laser energy input of 150 J/mm3. 

Error bars in Figure 6.16 shows that there exists a slightly significant variation in 

measurements of dendritic arm spacing. Figure 6.16 shows that the secondary dendritic 
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to have resulted in change of' the average compositions of the liquid and solid phases. 

and inhomogeneous distribution of' the alloying elements in the microstructure of' the 
blended samples. Meanwhile, error bars in Figure 6.17 establishes the existence of a 

significant variation in the measurements of' fraction of' primary phase in the blended 

samples. 
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Figure 6.18: E DS elemental maps showing the characteristic microstructure of interfaces in SI. M 

processed IOwt% AL-7 + 90wt% A1. -5 blend: (a) electron image (h) silicon (c) alwninium (d) 

oxygen (c) optical micrograph. 

SLS/SI, M of' the powders explored in this research necessitates complete Inciting of' 
both AL-5 and the additive powders. This is because of'the lower melting Point of' Al, - 
5 as well as the smaller additive particle sizes which sinter very fast (Lumley & 

Schaffer 19996,1998). According to Agarwala el a!. (1995), folochku ei a!. (2003), 

and Zhu er u1. (2004), the amount of' liquid phase in the solid-liquid controls the 

resultant sintered density and microstructure of' the SI. S/SI, M processed parts by 
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arm spacing is coarser for the blended powders containing 10wt% AL-7 (41 µm) and 
50wt% AL-7 (37 µm) than that of 25wt% AL-7 (20 rim). With the measurements of the 
fraction of primary phase in each sample taking into consideration only well developed 

primary aluminium dendrites, it was discovered that the estimated fraction primary 

aluminium dendrite phase present in the SLS/SLM processed bimodal AL-5 powder 

containing 1Owt%, 25wt%, and 50wt% AL-7 were 6.5wt%, 31.4wt%, and 22.2wt% 

respectively (Figure 6.17). The estimated weight fractions of primary phase also 
correspond to silicon contents of 11.6wt%, 8.7wt% and 6wt% (Table 6.2) in the 
blended powders being considered. The estimated fraction of primary phase obtained 
for all the blended samples are at variance with the theoretical values of 9. lwt%, 

35wt% and 60wt% being expected from the Al-Si phase diagram (Figure 3.1a) using 
the lever rule. This outcome indicates that the powder packing arrangements in each of 
the blended powders differs and that it is thought to have initiated varying degrees of 
heat transfer or thermal conductivity across the packed layers on the powder bed. 
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Figure 6.17: Relationship between fraction of primary phase and AL-7 content in the blended AL- 
5/AL-7 powder sample fabricated at a specific laser energy input of 150 J/mm'. 

Moreover, the variation in heat transfer across the packed layers in each blended 

powder is thought to have caused microsegregation or coring as a consequence of 

relatively low cooling rates which is thought to have occurred in all the blended 

powders. At the low relatively cooling rates, the diffusion processes are hereby 

considered incomplete to some extent. It is this incomplete diffusion which is thought 
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varying the thermodynamic and kinetic properties (e. g. solution, viscosity, wetting. and 

particle re-arrangement)ot'the molten pool. Therefore, when I Owt% AL-7 was added to 

A1, -5 with corresponding 1 1.6wt% silicon content in its composition, excessive molten 

material with reduced melt viscosity was likely to have formal. This eventually results 

in the occurrence of "balling" phenomenon in the microstructure its shown in the inset 

microstructure of Figure 6.13a (Agarwala ei a!. 1995). 
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Figure 6.19: EDS elemental maps showing the characteristic microstructure of interfaces SI. M 

processed 25wt% AL-7 + 75wt% A1. -5 blend: (a) electron image (h) silicon (c) aluminium (d) 

oxygen (e) optical micrograph. 

Moreover, Gusarov el (il. (2003) and (iu & Shen (200Th), reported the initiation of 

repulsion forces between solid particles at the occurrence of high volume fraction of' 

liquid which is presumed to have resulted in increased porosity and reduced sintered 

density observed in Figures 6.7a, h and 6.13a. Further increament in AI. -7 content to 
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25wt% with corresponding silicon content of 8.7wt% was likely to have increased the 
viscosity of the melting pool sufficiently thereby improving the easiness of the flow of 
the melting pool (Figure 6.15b, e). In addition, the re-arrangement force of solid 
particles in the sintering pool could be said to have reduced sufficiently with the 
volume fraction of the liquid in this context (Zhu et al. 2004). 'T'his condition is thought 
to have promoted adequate wettability and rc-arrangement of AL-7 particles which 
results in improved density and microstructure of the sintered sample (see the inset of 
Figures 6.11,6.9b, and 6.19). By increasing the AL-7 content to 50wt% with the 
corresponding silicon content of 6wt%, it is envisaged that the amount of liquid phase 
being formed was just sufficient to bind the AL-7 particles, thereby resulting in the 
formation of discontinuous agglomerates with large and irregular pores (Figure 6.12, 

and 13c). In this condition, the viscosity of the molten pool is thought to have increased 

much more than is necessary such that the re-arrangement force which is induced by 
the capillary force of the liquid is speculated to be too high to re-arrange all AL-7 
particles, hence, the reduced densification and heterogenous microstructure (Figure 
6.14c). 

The characteristic microstructures of the laser sintered blended powders are presented 
in term of the EDS elemental maps of silicon, aluminium and oxygen in Figures 6.18, 
6.19, and 6.20. When IOwt% and 50wt% of AL-7 were added to AL-5 (45-75 micron) 
powder samples (Figures 6.18 and 6.20), there exist dark regions in the silicon and 
oxygen maps which are presumed to have sizes and shapes that approximate to the 
sizes and shapes of pores seen in Figures 6.18e and 6.20e. These dark regions arc 
hereby speculated to be the porosities existing in the microstructurc of the laser melted 
blended AL-5 powders. With the additive content of 25wt%, absence of isolated dark 
regions in the silicon and oxygen maps (Figure 6.19) suggest that the particles of 
additive powder were uniformly dispersed in the matrix of AL-5 and the microstructure 
could be described as dense and homogeneous (Figures 6.19c). 

Figures 6.21 and 6.22 present the effect of blending AL-7 powder with AL-5 on the 

average sintered microhardncss and the variation of microhardncss measured across the 
horizontal cross-section of the samples respectively. The microhardncss values 
obtained arc generally lower than those reported for unblended SLM processed AL-5 
(Figure 5.22). It can be inferred from Figure 6.21 that microliardncss values obtained 
could be associated with variation in the additive particle component ratio in the 
blended AL-5 powder. Furthermore, the microhardncss value of the blended powders 
containing 25% AL-7 has the most desirable microhardncss upon comparison with 
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other blended powders. Error bars on Figure 6.18 indicate the existence of' significant 

variation in measurements of' microhardness on the samples. Meanwhile, the results 

obtained could be described as complex as one would expect that adding pure Al 

powders would decrease hardness whether nixed or not. 
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Figure 6.20: EDS elemental maps showing the characteristic microstructures of interfaces in SIM 

processed 50wt% AL-7 + 50w(% A1. -5 blend: (a) electron image (h) silicon (c) aluminium (4I) 
oxygen (c) optical micrograph. 

Although. an increase observed at 25w,, t% suggests that the effect of porosity is 

superimposed on alloying. A relatively uniform microhardness distribution was 

obtained for the 25wt% AL-7 blend (Figure 6.21) compared to other blended powders 

where the values of microhardness are observed to fluctuate to a very great extent 
(Figures 6.22). Error bars on Figure 6.22 suggest that there is no significant variation in 

microhardness for each cross-section on which it was measured. Figure 6.23 shows the 
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surface morphology of laser sintered AL-S powder blended with different amounts of 
AL-7. The formation of agglomerates joined together by small necks and 
interconnected pores could be seen in Figures 6.23a and c. It is clear that addition of 
25wt% AL-7 produced a markedly lower surface roughness with high agglomerate 
interconnectivity and minimum interconnected pore size. 
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Figure 6.21: Effect of powder composition on the microhardness of the direct laser-sintered AL-S 
+ AL-7 blends (specific laser energy input 150 J/mm'). 
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Figure 6.22: Variation in microhardness on the horizontal cross-sections of the direct laser- 
sintered AL-5/AL-7 blends (specific laser energy input of 150 J/mm'). 
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Figure 6.23: Surface morphologies of the laser sintered blended AI. -S/AI. -7 powders containing (a) 
IOwt% AL-7, (b) 25wt% AL-7, (c) 50wt% AL-7 (specific laser energy input of I5O . Ihnen'). 

6.4.3.2 Microstructures of Bimodal Powders Containing Additive Powders of 
Varying Particle sizes 

The microstructure of the AL-5 powder blended with each ot'the additive powders of' 
varying particle sizes is presented in Figures 6.24,6.25,6.26, and 6.27. As in Section 

6.4.3.1, regions designated AA in Figures 6.24,6.25,6.26, and 6.27 represent the 

occurrence of' melt hack From one layer to another whilst melt hack had not 
successfully occurred in regions designated 1313. The microstructures of'all samples, but 

that containing 25wt% AI, -7, are characterised by large residual pores connected with 
short inter-pore spacing. The occurrence of' inter-particulate diffusion, evident by the 
formation of' necking in all the samples indicates that all samples appear to he well 

sintered (Figure 6.28). Agglomerate formation could he seen to he associated with the 

samples containing coarse additive powders AL-2 and AI, -6. Fine additive powder AI, - 
8 was expected to be beneficial in the SI. S processing of AL-5 powder due to its 

tendency to increase densification and firm smaller secondary pores. I lowever, Figure 

6.28 shows that the microstructure of the blended sample 25wt% Al. -8 is not 

optimised. 

Figures 6.29a, 6.29b and 6.29d contirm the occurrence ofheterogeneity in the blended 

samples containing 25wt% of each of AL-2, AI, -6 and AI, -8 respectively. As nOtc(l 
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earlier on, sintered particles of AL-2, AL-6, and AL-8, could be seen to be coated with 
the melted particles of AL-5 whereas no distinction could be made between AL-5 and 
AL-7 particles in the microstructure containing 25wt% AL-7 upon comparison (Figures 
6.29a to 6.29d). Again, this observation suggests that the microstructure of the blended 

samples containing 25wt% AL-7 is homogeneous. Moreover, observation of Figures 

6.29a, 6.29b, and 6.29d suggests that the occurrence of heterogeneous microstructure in 

the blended samples containing AL-2, AL-6, and AL-8 respectively could be 

speculatively attributed to the presence of porosity in the powder bed which lowers its 
thermal conductivity. Meanwhile, the formation of homogeneous microstructure in the 
blended sample containing 75wt% AL-5 + 25wt% AL-7 is suspected to have been due 

to its improved particle packing arrangement which led to improved thermal 

conductivity of the powder bed. 

The effects of the additive powder particle sizes and distribution on the microstructure 
of SLS/SLM processed blended powder are presented in Figures 6.30,6.31,6.32,6.33, 
6.34 and 6.35. It is evident from Figure 6.30 that the introduction of additive powders 
of different particle sizes and distribution alters the dendritic morphology of laser 

sintered bimodal AL-5 powder. Finer dendritic microstructures are generally seen in 

the blended samples containing AL-7. In the case of the blended samples containing 
AL-2, AL-6 and AL-8, the dendrite structures are noted to be coarser. Meanwhile, it 

was observed that a coarse dendritic microstructure existed at the bottom parts of the 

samples, irrespective of additive particle size distribution contained in the bimodal AL- 
5 powder (Figure 6.31). Figures 6.32 and 6.33 reveal that dendritic arm spacing was 
finest for the blended samples containing additive particles having size distribution of 
17-30 µm (AL-7) and average particle size of 23.6 tm respectively. Figures 6.34 and 
6.35 reveal that the primary fraction in the blended samples was optimised at the 
instance the blended samples contain additive particles having size distribution of 17- 
30 µm (AL-7) and average particle size of 23.6 Itm respectively. Observation of error 
bars reveals that variation in measurements is not significant for the dcndritic arm 

spacing (Figures 6.32 and 6.33) whereas, significant variation occurs in the 

measurement of the primary fraction (Figures 6.34 and 6.35). 
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Figure 6.28: Optical microstructures through polished sections showing the effect of laser sintered 
AL-5 powder blends (a) AL-5/25wt% AL-2 (b) AL-5/25wt% Al. -6 (c) AL-5/25wt% AL-7 and (d) 
AL-5/25wt% AL-8. 
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Figure 6.29: Microstructural heterogeneity and homogeneity in SLS/SLM processed blended Al. -5 
powder containing additive powders of varying particle sizes: (a) 25wt% AL-2, (b) 25wt"/, % Al. -6 
and (c) 25wt% AL-7 and (d). 25wt% AL-8. 
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Figure 6.30: Effect of additive powder's particle size and distribution on the development of 
dendritic microstructure at the top portion of the SLS/SLM processed blended AL-5 powder (a) 
25wt% AL-2, (b) 25wt% AL-6 (c) 25wt'%O AL-7 (d) 25wt% AI A 
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Figure 6.31: Effect of additive powder's particle size and distribution on the development of 
dendritic microstructure at the bottom portion of the SLS/SI. M processed blended AL-5 powder 
(a) 25wt% AL-2 (h) 25wt% AL-6 (c) 25wt% AL-7 (d) 25wt% AL-R. 
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Figure 6.32: Effect of varying additive powders' particle size distribution on the dendritic arm 
spacings of the SLS processed blended powders. 
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Figure 6.33: Effect of average particle size of the additive powders on the secondary dendritic arm 
spacing. 
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Figure 6.34: Effect of varying additive powders' particle size distribution on the fraction of 
primary phase in SLS/SLM processed blended AL-5 powders. 
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Figure 6.35: Effect of average particle size of the blended powders on the fraction of primary 
phase 
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The characteristic microstructures of the laser incited blended samples for different 

additive powder particle sizes and distributions are presented in Figures 6.36 to 6.39. 
When 25wt% of each of AL-2, AL-6, AL-7 and AL-8 were mixed with AL-5 powder, 
it is clear from silicon and oxygen maps of AL-2, AL-6 and AL-8 samples (Figures 
6.36,6.37 and 6.39) that there exist dark regions that arc thought to be having sizes and 

shapes that approximate to the sizes and shapes of pores present in Figures 6.36c, 
6.37e, and 6.39e. These dark regions are speculated to be the porosities existing in the 

microstructures of the sintered samples containing AL-2, AL-6 and AL-8 additive 
particles. It is thought that the regions across the packed layers of the blended particles 
on the powder bed which have poor particle packing arrangements developed into 

porosities identified in Figures 6.24,6.25, and 6.27. With the additive content of 
25wt% AL-7, absence of isolated dark regions in the silicon and oxygen maps (Figure 
6.38) suggest that the particles of additive powder were uniformly dispersed in the 

matrix of AL-5 and the microstructure could be described as dense and homogeneous 
(Figures 6.38e). 

Figure 6.40 reveals the profile of the microhardness measured on the horizontal 

sections of blended samples containing each additive powder. A uniform 
microhardness distribution with an average of 76 kgf/mm2, was obtained by mixing 
25% AL-7 powder with AL-5 powder (Figure 6.40). Interestingly, when additive 
powders AL-2, AL-6 and AL-8 were blended with AL-5 powder, the distribution of 
microhardncss across the section fluctuated significantly (Figure 6.40). The fluctuation 
in the cross-section profiles of the blended samples containing AL-2, AL-6 and AL-8 

confirms the claim that porosity occurred during the SLS/SLM processing of the 
powder mixes containing these additive powders. Average microhardncss values of 67, 
58,76, and 54 kgf/mm2 were obtained for blends containing 25% of AL-2, AL-6, AL-7 

and AL-8 respectively as a function of the particle size distribution (Figure 6.41) and 
average particle size (Figure 6.42). Errors bars in both Figures 6.41 and 6.42 confirm 

significant variation in the measurcmcnts of microhardncss. 

292 



(a) 

40ý X" 

ry`e` ti 7 tv<<F J; 
iI% 

i 
ýý 

" xt" 

r 
1tLt 

. 
1' ýF . 

', ". 

ý` r3 Kti 'rl 

(L 

tt 
}ý 

(h) ....., 

(d) - 

50 µm 
(e) 

Figure 6.36: EDS elemental maps showing characteristic microstructure of the interfaces in S1 M 

processed 25wt% AL-2+ 75wt% AL-5 blend: (a) electron image (b) silicon (c) aluminium (d) 

oxygen (e) optical micrograph. 

Iligh microhardness values obtained could he associated with variation in the additive 

particle sizes and distribution. Furthermore, the average microhardness values obtained 
for all the blended samples are considered to he generally less than that obtained for the 

optimised pure AL-5 powder (Figure 5.22). Figure 6.43 shows the surface morphology 

of laser sintered blended Al, -S powder containing additive powders of'varying particle 

sizes. The formation of agglomerates joined together with by small necks and 
interconnected pores could he clearly seen in all samples (Figure 6.43a to (I). This lends 

credence to the claim that consolidation occurred by sintering in all the powder mixes 

during SI, S/SI, M processing. It can he deduced from Figure 6.43 that when additive 

powder AL-7 was added to AL-5 powder, the lowest surface roughness was obtained, 

agglomerate interconnectivity was greatest, the size of the interconnected pores was 

minimised and the least metal splashes was firmed. 
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Figure 6.37: EDS elemental maps showing characteristic microstructure of the interfaces in SI. M 

processed 25wt% AL -6 + 75wt'% AL-5 blend: (a) electron image (b) silicon (c) aluminium (d) 

oxygen (e) optical micrograph. 
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Figure 6.38: EDS elemental maps showing characteristic microstructure of the interfaces in SLM 
processed 25wt% AL-7 + 75wt%) AL-5 blend: (a) electron image (h) silicon (c) alinnininin W) 

oxygen (e) optical micrograph. 
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Figure 6.39: EDS elemental maps showing the characteristic microstructures of interfaces in SLM 
processed 25wt% AL-8 + 75wt% AL -5 blend: (a) electron image (b) silicon (c) alwninium (d) 
oxygen (e) optical micrograph. 
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Figure 6.40: Variation in microhardness on the horizontal cross-sections of direct laser-sintered 
blended powders processed with a specific laser energy input of 150.1/mm'. 
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Figure 6.41: Average microhardncss of direct laser-sintered blended powders processed with it 
specific laser energy input of 150.1/mm3 

. 

297 



N 
80 

E 
E 
a' 70 

N 
0 

60 

50 
rn 

< 40 - 
10 20 30 40 50 60 

Average particle size of additive powders (pm) 

Figure 6.42: Effect of average particle size of the blended powders on the microhardnctis. 
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6.4.4 Effect of Additive Content, Particle Sizes and Chemical Constitution 

on the Sintered Density and Microstructure 

The nature of particle packing arrangement determines to a very great extent, the 
degree of particle contacts in SLS/SLM processed blended powders (Gusarov ei al. 
2003). Consequently, this controls the effective thermal conductivity between the 

powder particles in a newly spread powder layer over a substrate and across the layers 

of the laser sintered sample. Again, the thermal conductivity across the layers of the 
laser sintered sample influences the amount of molten pool available for densification 

mechanisms of the material component system because it is a function of the powder 
properties and the process parameters. Therefore, the thermal conductivity is 
determined by the depth of penetration of heat flux to the core of a particle. 
Furthermore, the effective thermal conductivity of the constituent particles in a blended 

powder, which determines the depth of penetration to the core of a particle, is directly 

related to the contact size which is a function of powder density and the co-ordination 
number. Gusarov et al. 2003 established that at a given contact size, thermal 

conductivity increases with the powder density and co-ordination number of the 

particle packing arrangement of a blended powder. The direct correlation obtained 
between the powder and sintered densities of the blended samples in Figures 6.44 and 
6.45 support the assertion made by Gusarov and co-investigators. 
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Figure 6.44: Correlational relationship between the sintered density and apparent density of 
blended samples fabricated using specific laser energy input of 150 J/mm3. 
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increases the process time significantly since the molten pool can only loose heat via 
conduction of the heat into deeper layers of the loose powder bed and not by radiation 
or convection at the surface. This is due to the thermal conductivity of argon gas which 
is about three to four times lower than that of metals. 

Meanwhile, the occurrence of porosity in the packed layers of powder particles during 

SLS/SLM introduces heterogcnous sites that promote differential sintering mechanism 
across the packed layers on the powder bed. With regard to the results obtained in this 

work, it is now clear that greater amount of porosity occurred in the layers of packed 

particles of the blended powders having 25wt% AL-2,25wt% AL-6, lOwt% AL-7, 

50wt% AL-7, and 25wt% AL-8 as evident in Figures 6.14a, c, 6.29a, b, d, 6.44 and 
6.45. This is suspected to have resulted in the formation of deeper sintering pool in the 
layers of powder particles and a longer processing time due to their reduced thermal 

conductivities. For SLS/SLM of blended powder containing these additive particles in 

varying sizes and proportions, sintered density obtained are not as high as that of the 

sintered blended powder containing 25wt%AL-7. It is hereby suggested that the lower 

thermal conductivity between the particles contained in the packed layers of these 

powders' particles keeps the heat flow at the surface of particles, therefore, full inter- 

particulate melting could not occur as they could not absorb sufficient amount of 
specific laser energy to form adequate molten pool necessary for attaining fully dense 

microstructure. Moreover, due to the porosity effect on the bed, the applied specific 
laser energy could not disrupt the oxide film on the additive particles, thus reduced 
sintered density and poor microstructure were obtained. In summary, in the porously 
packed layers of particles on the powder beds, particles existing within the vicinity of 
voids remain unmelted and are thought to have sintered or coated with the sintering 
pool (Figures 6.14a, c, 6.18,6.20,6.29a, b, d, 6.36,6.37, and 6.39). Therefore, in the 

porous regions across the packed layers on the powder bed, it is presumed that the 
blended particles only sinter rather than melting. With regard to the blended powder 

containing 25wt% AL-7, it could be argued that the particles contained in its layers 

were more densely packed upon comparison with other blended powders as evident in 

Figures 6.29c, 6.38,6.44 and 6.45. Therefore, inter-particulate melting occurred 

probably due to the increased thermal conductivity of the densely packed layers of the 

powder particles, since it is thought that the depth of penetration of heat flux across 
individual particles increases more than that of the porous powder bed. 

In order to understand the effect of the variation in additive contents, particle size and 
chemical constitution of the blended powders on the sintered density and 
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microstructure, the degree of interfacial bonding in the laser sintered blended AL-5 

powder, the influence of the thermodynamic and kinetic properties of the additive 
powders and the matrix AL-5 powder on the interfacial chemistry of the sintered 
samples will be examined. These properties include the surface energy, viscosity and 
wettability. In the context of this research, the spread of the liquid phase is thought to 
have occurred probably upon full melting of AL-5 and the additive particles as 
explained earlier on. The melt pool is contemplated to have wetted both unmelted AL-5 

and additive particulates at the initial stages of sintering. This eventually leads to the 
formation of sintering pool, in the porous regions of packed layers of particles on the 

powder bed, in which unmelted or partially melted particles are speculated to have been 

coated (Figures 6.14a, c, 6.29a, b and d). Meanwhile, the interfacial characteristics 
between the particulates of the additive powders and the matrix AL-5 powder arc noted 
to rely on the variation in the additive particle's content as well as additive particle 
sizes (Figures 6.14a, c, 6.18,6.20,6.29a, b, d, 6.36,6.37, and 6.39) in the blended 

powders. With regard to the effect of additive content on sintered density and 
microstructure, the results obtained so far showed that the they were maximised as 
evident by the excellent coherence across the interfacial bonding at 25wt% additive 
content (Figures 6.7,6.11,6.19 and 6.38) but decreased when lOwt% and 50wt% 
(Figures 6.7,6.10,6.12,6.14a, c, 6.18 and 6.20) of each of the additive powder was 
introduced into AL-5 matrix. When the particle sizes and distribution of additive 
powders were varied, sintered density and microstructure were maximised again as 
evident by the excellent coherence obtained across the interfacial bonding when AL-7 

was added (Figures 6.7,6.11, and 6.38) but decreased when AL-2, AL-6, and AL-8 

were introduced into AL-5 matrix (Figures 6.24,6.25,6.27,6.29a, b, d, 6.36,6.37, and 
6.39). 

These results could be explained by the occurrence of poor particle packing 
arrangement in the blended powders at the instances it contained 10wt% and SOwt% 

AL-7,25wt% AL-2,25wt% AL-6, and 25wt% AL-8. Previous results (Figures 6.4,6.5, 

6.46 and 6.47) obtained at these instances established that the additive particles are not 
suitable for SLS either due to inappropriateness of their particle sizes, non-sphericity of 
their shapes, or incorrectness of their composition in the blended powders (sections 

6.3.1 and 6.3.2). Therefore, it is seen that their apparent and tapping densities arc not 
maximised as they could not completely fill up the interstices of AL-5. Moreover, 

Figures 6.46 and 6.47 lend credence to the observations made in Figures 6.30 and 6.34 

that the blending of 25wt% AL-7 with AL-5 resulted in the formation of finest 
dendritic arm spacing and maximisation of the fraction of primary phase respectively, 
due to improved particle packing arrangement. It is clear from Figures 6.46 and 6.47 
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that the most desirable powder packing arrangement in this context (indicated by the 
highest tapping density of 1.90 g/cm3) most improves the thermal conductivity across 
the layers of blended particles on the powder bed, thereby increasing the cooling rates 

of the molten pool which result in the formation of the finest dendrites and highest 

amount of primary phase fraction (31.4 wt%). Moreover, the occurrence porosity 
(indicated by reduced tapping density) in the packed layers of the particles of these 
blended powders suggests that the particles of the additive powders having component 

ratios and particle sizes and distributions at these instances could not comfortably fit in 

the interstices of AL-5, thereby, leaving out some voids unfilled and thereby lowering 

the thermal conductivity of the SLS processed blended AL-5 powder bed at these 
instances. In this context, due to poor particle arrangement (indicated by reduced 
tapping density), porosity in the powder bed reduces the efficiency of the applied 

specific laser energy in disrupting the oxide film on the surfaces of additive particles. 

As pointed out earlier, the introduction of 25wt% AL-7 into AL-5 powder is 

contemplated to have initiated the finest dendritic microstructure (Figure 6.30c) of all 
the samples. This could be attributed to the speculative improvement in then nal 
conductivity of the layers of the packed powder particles through which the depth of 
penetration of the heat flux into the core of an aluminium particle is thought to have 
increased, thereby resulting in lower thermal gradient across the powder bed as well as 
the high cooling rates. Figure 6.46 lends credence to the speculation that increased 

tapping density of blended powders leads to improved thermal conductivity of the 

powder bed. It is evident that an inversely direct relationship occurs between the 
tapping density of the blended powders and the resultant dcndritic arm spacing. Again, 

this supports the earlier assertion that a blended powder containing densely packed 
layers of the powder particles promote a more rapid heat transfer than the one in which 
layers of poorly packed particles exist on the powder bed. It is hereby speculated that 
the occurrence of high cooling rates that promotes undcrcooling advanced partial melt 
back that enhances growth from the prior grains of the substrate (14igures 6.14b). 

Moreover, it is hereby suggested that densely packed layers of powder particles 

enabled the applied specific laser energy to disrupt the surface oxide film of the 

additive particles more efficiently due the heat flux which is thought to have penetrated 
into core of particles. This is thought to have caused uniform melting of densely packed 

particles which eventually promoted homogeneity in the microstructure of the blended 

sample containing 25wt% AL-7. 
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Figure 6.46: (a) Correlational relationship between the dendritic arm spacing of blended powders 

and the tapping density (h) Variation between dendritic arm spacing and tapping density for 

SLS/SLM processed bimodal containing additive powders in varying composition and particle size 
distribution fabricated using 150 , 1/mm'. 
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powders and the tapping density. (h) Variation between fraction of primary phase and lapping 
density for SLS/SLM processed bimodal powders containing additive powders in varying; 
composition and particle size distribution fabricated using 151) 

Consideration of' the errors bars in Figures 6.32 suggests significant variation in the 

dendritic arm spacing lbr each blended powder. Moreover, the occurrence of' coarse 

dendritic microstructure at the bottom parts of each sample could he attributed to the 
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poor thermal conductivity of the powder bed and directional solidification which 

initiates low thermal gradient (high thermal mass of the build) in these areas. It is the 

initiation of low thermal gradients in the bottom parts of the samples that consequently 

results in the formation of coarse dcndritic structure (Steen 2003, ion 2005). Coring, (a 

micro-level segregation of alloying elements that occur during solidifications of the 

blended powders employed in this study) will be now be explained in the next 

paragraph. 

Tu 

TL 

T 

Temperature PC) 

K/J0 cs 
Co C* A I" Alloy composition (C) 

Figure 6.48: Section of a hypocutectic region of a binary eutectic phase diagram showing the 

solidification process under the equilibrium condition. The solute composition in the solid, CS, 

and the liquid C vary along the solidus and liquidus lines, as shown. CS /CL Kp (partition 

co-efficient). Ideal diffusion In the solid and complete mixing In the liquid also exists (i. e. 
DS = oo, Di = oo) in the equilibrium solidification such that a liquid with a nominal 

concentration Co solidifies at T= TL with a solid fraction of Kr Co. 

Under SLS/SLM equilibrium condition of solidification, in agreement with Eskin 

(2008), it is hereby proposed that the degree of accomplishment of phase 

transformations is determined by the following diffusion processes namely: 

306 



(a) Diffusion of alloying clement in the bulk liquid toward and from the solid- 

liquid interface in order to create the equilibrium difference of concentrations 

according to the difference in concentrations in the liquid and solid phases 

reflected by the liquidus and solidus lines in the equilibrium phase diagram 

(Figure 6.48). 

(b) Diffusion in the liquid close to the solid-liquid interface in order to dissipate 

the solute (partition co-efficient Kp < 1) or solvent (Kp > 1) pile-up at the 

solidification front. 

(c) Diffusion in the solid phase in order to equilibrate the solute concentration 

within the solid grain. 

Provided these three diffusion processes proceed accordingly during solidification by 

SLS/SLM, it is expected that solidification mechanism proceed in consonance with the 

equilibrium phase diagram with the average compositions of solid and liquid changing 

according to the solidus and liquid lines respectively. Meanwhile, if these three 

diffusion processes are incomplete, microsegregation is deemed to have occurred. With 

respect to the variation in the content of AL-7, increasing the effective silicon 

constitution of the blended powder (Table 6.2. ) is expected to reduce the fraction of 

primary phase in the SLS/SLM processed bimodal AL-5. Expected theoretical values 

of primary phase in the blended bimodal AL-5 containing 11. Gwt% Si, 8.7wt% Si and 
6wt% Si are 9. lwt%, 35wt% and 6Owt% respectively. Results obtained so far indicate 

none of the SLS/SLM processed bimodal powder containing varying proportions of 

AL-7 has its primary phase fraction equal to its expected theoretical value. Moreover, 

fraction of the primary phase determined for the blended AL-5 powder containing AL- 

2, AL-6, AL-7 and AL-8 are 10.2wt%, 24.3wt%, 31.4wt%, and 21.2wt% respectively 

(Figure 6.34). Since all these blended powders containing almost the same silicon 

content of 8.7wt% (Tables 6.3), the theoretical weight fraction of primary phase 

expected to be formed in each blended sample is approximately 35wt%. Again, none of 

these is seen to have primary phase fraction which is equal to the theoretical value. 

These results indicate occurrence of microsegregation or coring in all the blended 

samples. 
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Figure 6.49: A scheme of non-equilibrium solidification as applicable to a typical binary eutectic 
alloy (e. g AI-%Si). Co is the nominal composition of the eutectic alloy, T, is the equilibrium 

liquidus temperature; TS is equilibrium solidus temperature; TE Is the equilibrium eutectic 
temperature; Cos is the initial concentration of solid (Cos - KpCoi); C1I. and Cfs, q are the 
equilibrium liquid and solid concentration at the end of equilibrium solidification and the liquid 

and solid concentrations at the interface at Ta ; CFs. q is the average concentration of the solid 

phase at the eutectic temperature TE; Cs.. is the line of average solid concentration; and Ts�, q is 
the actual non-equilibrium solidus (Adapted from E skin 2008). 

The occurrence of microsegrcgation in the blended microstructure will now be 

explained by Gulliver-Scheil approximation represented in equation 6.1 below: 

CL =CO (1-fs)(K'-i) ............................................................................... 6. l 

where CL is the composition of the liquid phase, CO is the nominal alloy composition, 

fJ is the fraction of solid and K4, is the partition coefficient (Kp = Cs /CL'' ). In 

accordance with the proposal of Eskin (2008), it is presumed that solidification by 

SLS/SLM occurs within Gulliver-Schcil approximation as follows (Figure 6.49): 
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(a) The liquid phase changes its composition during primary solidification 

according to the liquidus lint, from C. L to C,. and cvcntually to the cutcctic 

composition C, . 

(b) The composition of the solid phase at the interface with the liquid is 

according to the equilibrium solidus at each temperature in the primary 

solidification range and is locally preserved at lower temperatures. 

(c) Consequently, the solute distribution in the solid phase changes from COS in 

the center of the grain (dendrite) to CFj�rp and, eventually, to CI; 
m,, 

(which is 

the limit solubility of the solute in the matrix) at the periphery of the grain 
(dendrite). 

(d) The average composition of the solid phase C,,, changes with the 

decreasing temperature from Cos to CFaneq 

As a consequence of the non-equilibrium solidification, the solid phase at the moment 
when the alloy reaches the equilibrium solidus contain less solute than the nominal 

alloy composition Co. Therefore, liquid still exists in the system to accommodate the 

remaining solute as the liquid continue to solidify according to the equilibrium 
liquidus. This may result in the difference between the alloy composition and the actual 
average composition of the solid phase becoming so large that the solidification process 
will continue until the eutectic temperature is reached. Gulliver-Scheil approximation 

shows the amount of the remaining liquid phase of the eutectic composition (Figure 

2.8) at the instance just described above. The liquid will therefore solidified as the 
"non-equilibrium eutectic". 

Meanwhile, it had been established that the reality of solidification is more complicated 
than as depicted by the Gulliver-Scheil Approximation (Eskin 2008). Measurable 

diffusion of solute in the solid phase during and after solidification, hindrance to 
diffusion in the liquid phase at high cooling rates, evolution of dcndritic grains during 

solidification with dissolution of some finer arms, thermo-solutal convection resulting 
in changes in the composition with correspondingly accelerated or slowed-down local 
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solidification, and the temperatures of liquidus and solidus (cutectic reaction) being 

lower than the equilibrium ones as a result of undcrcooling during solidification arc 

physical phenomena which occur simultaneously and in different proportions in 

SLS/SLM solidification, which can alter the distribution of the solute in the solid grain 

and the ratio of phase fractions (Eskin 2008). For the purpose of study, cooling rates, 

one of the most important parameters that controls microscgrcgation during 

solidification will be investigated. However, Eskin (2008) noted that experimental 

results on the effect of cooling rates on the extent of microsegregation appeared to be 

unclear as evident in the variation in the amount of non-equilibrium eutectics in Al-Cu 

alloys. In regard to this study, it can be inferred that the heat transfer in the 

solidification regime at each of these blended powders differ due to the varying 

particles' packing arrangement engendered across their packed layers. This speculation 
is supported by the evidences obtained from Figures 6.46 and 6.47 which indicate that 

the rate of cooling is fastest in the bimodal powder containing 25wt% AL-7 whereas 

cooling rates in the other blended powders are slower. Therefore, the lower cooling 

rates solidification regime occurring in the bimodal powders containing 25wt% AL-2, 

25wt% AL-6, lOwt% AL-7,50wt% AL-7, and 25wt% AL-8, is thought to have 

resulted in coarse dendritic structures and reduced fraction of primary aluminium 
dendrite phase. Again, the initiation of lower cooling rates had been attributed to the 

occurrence of porosity in the powder beds due to the introduction of these additive 

powders into AL-5. Increased cooling rates generated by the addition of 25wt% AL-7 

into AL-5 could be said to have culminated in increasing the fraction of the primary 

phase and formation of finer dendrites. If the finding in this section is compared to the 

presented result in section 5.5, it can be inferred that it is the change in additive content 

as well as variation in particle sizes and distribution that influence the variation in 

cooling rates which in turn determines the nature and the size of dendrite arm spacing 

in the microstructure. This is also consequent upon the poor particle packing 

arrangements which results when the proposals of Zhu et al (2007) arc not strictly 

adhered to in powder blending. The existence of slightly coarse dcndritic structure at 

the bottom part of each sample could be ascribed to the poor thermal conductivity of 

the substrate powder bed at the moment laser beam was incident on the powder bed. 

Subsequent deposited layers solidify on a solid metal substrate increases the cooling 

rate at the top portion of the build while as a result of directional solidification, Beat 

transfer at the powder bed substrate is very slow, thus coarse dendrite structure results. 
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Fisher et al. (2003) described the absorption of laser energy by the powder's solid 
particle through both bulk coupling and powder coupling phenomena. They noted that 
the absorbed energy consequently increases the local temperature across the scanned 
layers on the powder bed. In the context of this work, it is likely the first liquid 
formation was attained by the melting of AL-5 and the additive particles due to the 
lower melting point of AL-S as well as the smaller particles sizes which are thought to 

have promoted rapid sintering rates (Lumley & Schaffer 1996,1998). Meanwhile, 

partial or complete melting of both AL-5 and the additive powders is a function of the 

working temperature which also depend on the quantity of specific laser energy input 
into the blended powders. It is likely the liquid phase was formed at hcterogenous 

regions of the powder bed, such as the inter-particulate contact sites, as a consequence 
of the existence of porous regions on the powder bed. With increase in the amount of 
specific energy absorbed by the particles during SLS/SLM, localised temperature 
increases and formation of larger molten pool results. In this context, the powder layer 
is thought to have lost its rigidity and hence, it shrinks rapidly. As the working 
temperature is increased, complete melting of both AL-5 and the additive particles 
occurs and the consequence of this is the formation of a "melting pool" shown in 
Figures 6.14a, 6.14c, 6.18,6.20,6.29a, b, d, 6.36,6.37, and 6.39. 

The employment of the Gaussian laser beam for the sintering process initiates a 
significant temperature gradient between the centre and the edge of the sintering pool. 
This consequently results in the existence of surface tension gradient and Marangoni 

convection. According to Niu & Chang (1999b, 2000), the surface tension gradients 
and Marangoni effects inducing capillary forces for liquid flow and particle re- 
arrangement are responsible for promoting an efficient densification of solid particles 
with the wetting liquid. As pointed out earlier in section 2.5, the amount of available 
liquid phase in the sintering pool controls the dcnsification mechanism and the 

resultant microstructure of the SLS/SLM processed parts by altering the thcrmokinctic 

and thermocapillary properties such as viscosity, wcttability, and theological properties 
(Agarwala et al. 1995, Zhu et al 2004). The degree of interfacial bonding is a function 

of the amount and viscosity of the melt. The viscosity i' of the solid-liquid mixture had 
been is defined as shown below according to Agarwala et al. (1995), and Tolochoko et 
al. (2003). 

(PA _. 

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

2.9 

where It,,, is a base viscosity that contains no solid particles, q', the volume fraction of 
solids in the liquid, and cpM, a critical volume fraction of solids above which the 
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mixture has essentially infinite viscosity. I'lse inter-particulate bonding across layers is 

controlled by the base viscosity, Ito, which decreases with increasing temperature 

across the packed layers. For the liquid phase to completely wet the unmcltcd powder 
particulates in order to achieve sufficient dcnsification and improved microstructure, 
the mixture viscosity, It, must be low enough. Moreover, the viscosity of the mixture 

must be sufficiently high to prevent balling and this condition can best be attained by 

manipulating an appropriate solid-liquid ratio (Agarwala et al. 1995, Zhu el a! 2004). 
This can be achieved by the combination of low ib and regulated lt if parts having 
desirable sinterability are to be obtained. According to Zhu el al. (2004), in LPS, the 

relative shrinkage of the powder bed is described mathematically by equation 6. --. 

(AL/Lo) = (ky, t)/Dft .......................................................................... 2.10 

where yi� is the liquid-vapour surface energy, t, the sintcring time, D the particle 
diameter, and k is a constant. 
The sintered density p for a powder bed having initial tapping density p' is described in 

equation 2.11 by German (1990). 

P= Pr (1- (0L / Lo ))-3 ............................................................................... 2.11 

Defining a non-dimensional parameter a according equation 2.12, 

a= ((A ', t) / D/Io) .............................................................................. 2.12 

The final sintered density p is obtained by combining equations 2.10 to 2.12 according 
to German (1990): 

P=p, (I-ail-((p /co4))2)-' ......................................................... 2.13 

The interpretation of equation 2.13 confirms earlier findings from this research that the 

sintered density of the SLS/SLM processed blended AL-5 is directly proportional to its 

tapping density (pt) (Figures 6.45). Hence, the outcomes of this work lend credence to 

the claim that the sintered density, which is a function of the tapping density of blended 

312 



powders, is dependent upon the powder characteristics and can be maximised by 

adopting the following: 

(a) Blending of AL-5 (45-75 itm) with AL-7 having appropriate particle size and 
distribution (17-30 µm) that sits comfortably within the interstices of large sized AL-5 

powder. 

(b) Using spherical powders. 

(c) Blending the large-sized particles with small-sized particles in appropriate 
proportion of 75wt% to 25wt% respectively. 

As the tapping density of blended powders increases, it can be inferred that thermal 
conductivity increases, until the optimum tapping density corresponding to the highest 
thermal conductivity is attained (Figures 6.46 and 6.47). Moreover, equation 2.13 

shows that the sintered density of SLS/SLM processed blended AL-5 powder is 
dependent upon the amount of liquid phase available. At the optimum powder packing 
arrangement at which the thermal conductivity is optimised, adequate molten pool with 
sufficient degree of viscosity is likely to have formed with a view to maximising the 
sintered density (Figure 6.7a). Above or below the optimum tapping density, it is 
thought that thermal conductivity of the powder bed is likely to have deteriorated, 
thereby resulting in the sintering of particles rather than melting. Consequently, 
sintered density and microstructure are not optimised at these instances. For instance, in 
the case of the additive powder AL-7, the formation of balling at a low content (10%) 

of the additive powder AL-7 (Figures 6.7b, 6.10 and 6.13a) suggests an excess amount 
of liquid phase formation from AL-5 (a low Ft) due to its high content of silicon 
(11.6wt%) which reduces viscosity (Dinsdale & Quisted 2004). The unmcltcd 
particulates severely aggregate in the process of balling, and subsequently segregate 
from the AL-5 matrix (Figures 6.14a) thus resulting in low sintered density (Figure 6a, 
b). The reduced sintered density obtained when 50% of the additive powder AL-7 was 
blended with AL-5 binder powder is mainly attributable to an increased It,,, which 

results from small amount of melt in this context as evident by porosity (Figures 6.7a, 
6.12, and 6.13c ) and reduced silicon content (6wt%) (Figure 6.7b). Due to the reduced 
content of AL-5 in the blend, it is likely that the amount of resultant liquid phase had 

reduced drastically and the viscosity of melt has increased much more than is 

necessary. Figures 6.7a, 6.11, and 6.13b) show that the combination of desirable It and 
N which is attainable by adding 25% additive powders (8.7wt% Si), produces sound 

sinterability for the blended mixtures of AL-5 and AL-7 with little or no balling and 
minimal porosity (Figurc 6.7b). 
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These findings arc in agreement with the results obtained from the works of On & Shcn 
(2007a) in which the tapping density of the blended powders, employment of spherical 
powders for SLS/SLM, amount of CuSn binder's liquid volume fraction were found to 
have influenced the densification mechanism and microstructures of direct SLS 

processed multi-component Cu-based powders. With regard to this work, it is hereby 

argued that Gu & Shen. (2007a) had not optimised the binder content in the powder 
mixture that could yield the highest sintered density. This research highlights the 

relevance of the optimisation of both processing parameters and the powder properties 
in order to attain sound sintcrability for direct laser sintcrcd parts. 

6.5 Conclusions 

The results obtained in this chapter reveal significant variation in the properties of the 
blended powders which subsequently influence the laser sintered microstructures and 
properties. The pronounced differences observed in the properties of the blended 

powders and their sintered microstructure could be traced to the variation in the 
contents of additive powders in the AL-5 powder, additive particle sizes and 
distribution, and silicon constitution of the blended powders. The variation in the 
contents of additive powders in the blended powders as well as the particle sizes and 
distribution are responsible for the changes observed in the porosity of the powder bed. 
These effectively influence the thermal conductivity of the powder bed, which in turn 
influences the amount of liquid phase available for the intcrparticulate bonding/melting 
during the SLS/SLM process. Moreover, the silicon constitution in the additive powder 
influences the fraction of primary phase and determines whether or not balling occurs 
by controlling the melt viscosity. In conclusion, aluminium powder with composition 
and particle sizes and distribution 75wt% AL-5 (45-75 Etm) / 25wt% AL-7 (17-30 Iun) 
was found to have 1.89 g/cm3 packing density, 2.32 g/cm3 sintered density, and 76.2 
kgf/mm2 microhardness via processing condition employing 150J/mm 3. The 

component ratio and particle sizes and distribution were noted to have influenced the 
densifcation kinetics of the blended powder with the optimum composition having K 
13.4. The microstructure of the optimised sample was found to be devoid of excessive 

porosity. The outcomes of this investigation indicate the role play by the component 

ratio and particle size distribution in the SLS/SLM of aluminium powders and provides 

a basis for process control. 
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CHAPTER SEVEN DEVELOPMENT OF TRIMOI)AL 
ALUMINIUM POWDER BLENDS FOR DIRECT SLS 

PROCESSING 

7.1 Introduction 

This chapter aims to take further the improvement already achieved in the powder and 
sintered properties of the bi-modal powders by blending two additive powders AL-7 

and AL-8 with the AL-5 powder in varying proportions. Applying the proposition of 
Carson & Pittenger (1998) that the proportion of aluminium powder having + 4511m 

particle distribution should be at least 75% in order to attain an apparent density of 1.25 

g/cm3, the proportion of AL-5 was held constant at 75% while the remainder consisted 
of AL-7 and AL-8, each component being allowed to vary between 5% to 25% through 
four different blends of powders. Due to the consequential influence of improved 

particle packing on the thermal conductivity of the powder bed which modifies the 

sintering behaviour powder (German 1993,1996); the four different powders were 
fabricated for testing with a specific laser energy input of 150 J/mm3. In this case, three 

point-bend test specimens, tensile test specimens and unnotched impact test specimens 
were also fabricated using the same processing regime. The physical, sintered and 
microstructural properties of each tri-modal powder blend were compared and related 
to the results of the 75% AL-5/25% AL-7 bimodal powder blend. 

Microscopic observation of the trimodal powders is presented section 7.2. The effect of 
blending the trimodal powder on their physical properties and sintered properties, 
including density, microstructural properties and surface morphology arc presented in 

Section 7.3 and 7.4. Section 7.5 describes the difficulties associated with the fabrication 

and preliminary investigation of the mechanical test specimens as well as the results of 
the three-point bend testing. 
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7.2 Microstructural Observation of the Trimodal Powders 

Figure 7.1 presents the evidence of homogeneous mixing of the additive powders AI. -7 
and AI. -8 with AI, -5 afIcr 20 minutes in a V-shape mixing device (sec Section 4.1). 

The SIN images reveal a preponderance of spherically shaped panicles in all the 
blended powders. The elemental composition ofthe trimodal powders and the bimodal 

AL-7 and AL-8 are presented in '('able 7.1 for comparative analysis. The concentration 

of aluminium, silicon and oxygen in all the blended samples fall within the ranges of 
89.0-90.2 %. 8.5-9.0 % and 1.3-2.0 % respectively. Meanwhile, all the powders arc 
designated as shown on the first column by the left hand side of Table 7.1. The 
designations shall be used to refer to these powders in plotting graphs. 

ý. t s 

{ 

(C) 

KI 

). 9 

I (f. 

Figure 7.1: SF: M images of the tri-modal blended powders: (a) 75% Al. -5/20% A1. -7/5% AL-K (h) 
75% AL-5/15% AL-7/10% Al: $ (c) 75% AL 5/10% AI. -7/I5% A1. -N (d) 75% AL 5/S% A1. - 
7/20% A L-8. 
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Table 7.1: Elemental Composition of the Powdered Samples by Semi-quantitative EI)S Analysis 

(Weight %). 

Designation Powdered Samples Al Si () 

I 75wt% AL-5 º 25wt% AL-7 89.3 8.7 2.0 

II 75% AL-5 + 20% AL-7 +5%AI, -8 89.7 8.9 1.5 

III 75% AL-5 + 15% AL-7 +10%AL-8 89.0 9.0 2.0 

IV 75% AL-5 + 10% AL-7 +15%AL-8 89.8 8.6 1.6 

V 75% AL-5 + 5% AL-7 +20%AL-8 90.2 8.5 1.3 

VI 75wt% AL-5 + 25wt% AI, -8 89.5 8.6 1.9 

7.3 Physical Properties of Tri-modal Powder Blends 

Figure 7.2 shows the apparent density obtained for the tri-modal powder blends. When 

the apparent density of'the tri-modal powder blends is compared with those of'the AL-5 

+ AL-7 and AL-5 + AL-8 bimodal powder blends, with the exception of the AL- 

5/20%AL-7/5%AL-8 blend, they can be seen to lie between those of the two bimodal 

powder blends (Figure 7.2). 

1.70 

1.65 

1.60 

1.55 

1.50 

1.45 

ä 1.40 
a a 1.35 

1.30 
II III IV V VI 

Trimodal powder of varying composition 

Figure 7.2: Apparent density of the trimodal powder blends. 
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Figure 7.3: Tapping density of the trimodal powder blends. 

A similar behaviour is observed in the tapping densities (Figure 7.3). Although all the 

powder blends fulfil the trimodal packing condition proposed by Zhu e! u!. (2007), 
(Di, »DM»Ds), it is now evident the component ratio of additive powder also plays a 

significant role in determining tapping density via the particle arrangement. Figure 8.4 

presents the flowability of the trimodal powders. All the tri-nodal powder blends are 
found to be of comparable flowability and this is rather better than that of the binary 

powder blend. This finding could be attributed to the lower oxygen contents in the 

trimodal powder blends when compared to that of the bimodal powder blends (see 

Tables 6.2,6.3 and 7.1). 
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Figure 7.4: Flowability of the trimodal powder blends. 
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7.4 Sintered Properties of the Direct SLS Processed Trimodal AL-5 

Powder Blends 

7.4.1 Sintered Densities of the Tri-modal Powder Mixes 

Figure 7.5 presents the results of the sintered density of the laser sintered tii-modal 

powder blends. In agreement with the trends from the results presented in Figure 7.3, 

the powder blend containing 75%AL-5/20%AL-7/5%AI. -8 has the highest sintered 
density of 2.44 g/cm3. Increasing the substitution of' AL-7 by AI, -8 produces steady 
decrease in density to a minimum at 20% which is comparable to that of AI, -5 E AL-8 

binary powder. Observation of the length of the error bars suggests that the variation of 
the sintered density is significant across the samples. 
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Figure 7.5: Determination of the sintered density of the optimised powder composition. 

7.4.2 Microstructure of Direct Laser Sintered Tri-modal Powder Blends 

Microstructural features of the SLS processed trimodal powder mixes are presented in 

Figures 7.6,7.7,7.8 and 7.9. As in sections 6.4.3.1 and 6.4.3.2, regions designated AA 

in Figures 7.6 to 7.9 represent the occurrence of melt back from one layer to another 

whilst regions designated I3ß are those where this has not taken place and, thus, have 

high porosity which reduces the sintered density. 
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Comparison of' the optical micrographs (Figures 7.6 to 7.10) indicatcs that intcr- 

particulate bonding and coherence across the layers appears to he declining in the 

föllowing order: 75wt% A1, -5/lOwt%AI, -7/15wt%A1, -8 > 75wt`% AI, -5/Swt%AL- 
7/20wt%AI, -8 >75wt%nl, -5/20wt%AI, -7/5wt%AI, -8 > 75wt%Al, -5/I5wt%Al. - 
7/lOwt%AI, -8. The microstructures of' all the samples are characterised with the 

existence ofresidual pores connected with short inter-pore spacing. This observation is 

expected to impact on the mechanical properties of the specimens during testing. The 

occurrence of' inter-particulate diffusion, evident by the formation ofnecking in all the 

samples, indicates that these appear to be well sintered. Agglomerate formation seems 
to be more prominent in the samples containing more AI, -8. This could be ascribed to 

the oxidation tendency of small sized AI, -8 particles which promotes the formation of' 

porous structure via incomplete wetting (Niu & Chang 2000) 
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Figure 7.10: Optical microstructures of polished sections showing the pore size and distribution in 
laser sintered (a) 75%AL-5/20`%AL-7/5%AL 8, (b) 75% AL-5/I5%AL-7/I0°/, AL-8, (c) 75% Al. - 
5/I0%AL-7/15%Al. -8, and (d) 75% AL-5/5%AL-7/20%AL-8. 
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Figure 7.11: Dendritic microstructure in the SLS processed tri-modal powder blends: (a) 
75wt'%AL-5/20wt"/%Al; 7/5wt"/%AL-8 (b) 75wt"/"AL-5/I5wt'%%AL-7/IOwt'%%AL-8 (c) 75wt'%% AL- 
5/IOwt%AL-7/ISwt%AL-8 and (d) 75wt% AL-5/5w0/`AL 7/20wt"/%AL-8. 
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Figure 7.12: Dendrite arm spacing in SLS processed trimodal powders. 
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Figure 7.13: Fraction of primary phase in the SLS processed trimodal powders. 

The microstructures, measurements of dendrite arm spacing, and fractions of primary 
dendrite phase in the SLS/SLM processed trimodal powder blends are presented in 

Figures 7.11 to 7.13. Comparison of the tapping (Figure 7.3) and sintered (Figure 7.5) 

densities of the trimodal powders confirm the earlier claim (Figures 6.45) that 

enhanced particle packing arrangement indicated by increased tapping density tend to 
increase the thermal conductivity of'the powder. 't'his consequently is expected to lead 

to improved sintered density and microstructure. Meanwhile, the dendritic structure of 

all the trimodal blended samples are noted to be significantly coarser than that of' the 
bimodal blended powder containing 75wt% AI. -5 + 25wt% AL-7, whereas they are as 

coarse for the 75wt% AL-5f- 25wt% AL-8 (Figure 7.12). Moreover, it was observed 

that coarse dendritic microstructure exist at the bottom parts of the samples, 
irrespective of the composition of the blended trimodal powder AL-5. Figures 7.14a to 

7.14d confirm the occurrence of heterogeneity in the microstructure of all the blended 

trimodal samples. This is evident by the occurrence of unmelted particles ofAL-7 and 
AL-8. Furthermore, it is clear that heterogeneity of the blended trimodal microstructure 
increases as the content of A[, -8 increases. The occurrence of'porosity on the powder 
bed and the increasing tendency of AL-8 particles to oxidise during S1. M/S[. M are 
likely to be responsible for the occurrence of' unmelted particles in the microstructure 

of' all the trimodal blended samples. Consequently, both factors reduce the effective 
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thermal conductivity of' the powder bed, thereby resulting in sintering of particles in 

hcterogenous sites on the powder bed rather than inter-particulate melting. 
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Figure 7.14: Microstructural heterogeneity and homogeneity in SLS/SLM processed trimodal 
powder of varying composition: (a) 75wt% AL-5/20wt'%, AL-7/5wt% AL-8 (h) 75wt°/% AL- 
5/15wt% AL-7/10AL-8 (c) 75wt% AL-5/IOwt'%O AL-7/15wt% AL-8 (d) 75wt'%% AL-5/Swt'% Al. - 
7/20wt% AL-8 

The characteristic microstructures of' the laser sintered/melted trimodal blended 

samples are presented in Figures 7.15 to 7.18. As AL-8 content increases, it is evident 

from silicon and oxygen maps that there exist dark regions having sizes and shapes that 

approximate to the sizes and shapes of pores present in Figures 7.15e to 7.18e. 'these 

dark regions are speculated to he the porousities existing in the microstructure of' the 

SI, S/SLM blended trimodal powders. It is speculated that it is the porosity existing 

across the packed layers of' these powders' particles that develop into porosities 

identified in Figures 7.6 to 7.9. Upon comparison of the trimodal microstructures with 

those of' bimodal powders (Figures 6.29a and 6.29d), Figure 7.12 lends credence to 

observations made in Figure 7.11 through high values of' dendritic arm spacing 

obtained for all the samples. 
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Figure 7.15: EDS elemental maps showing characteristic microstructure of the interfaces in SLM 
processed 75wt% AL-5/20wt% AL-7/Swt'% AL-8 blend: (a) electron image (h) silicon (c) 
aluminium (d) oxygen (e) optical micrograph. 
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Figure 7.16: EDS elemental maps showing characteristic microstructure of the interfaces in SIAM 
processed 75wt% A1. -5/ISwt'%% AL-7/IOwt'%% AL-8 blend: (a) electron image (h) silicon (c) 
aluminium (d) oxygen (e) optical micrograph. 
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Figure 7.17: EDS elemental maps showing characteristic inicrostructure of the interfaces in SLM 

processed 75wt% Al; 5/10wt'% AL-7/15wt% Al; 8 blend: (a) electron image (b) silicon (c) 

aluminium (d) oxygen (e) optical micrographs. 
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Figure 7.18: EDS elemental maps showing characteristic microstructure of the interfaces in SLM 
processed 75wt% AL-5/5wt% AL-7/20wt% AL-8 blend: (a) electron image (b) silicon (c) 
aluminium (d) oxygen. 

Dendritic arm spacing obtained for 75%AI, -5/20%AI, -7/5%, AI, -8; 75% AI, -5/15%AI, - 
7/10%AL-8; 75% AI, -5/10%AI, -7/15%AI, -8; and 75% Al, -5/5%Al, -7/20%AI, -8 are 
40 µm, 38 µm, 35 µm and 36 pm respectively. It could be inferred that the combined 
introduction of AL-8 in varying amount into the trimodal powder blend initiates a poor 
particle packing arrangement which consequently exacerbates the thermal conductivity 

of the powder bed, hence, culminating in the formation of coarse dendritic 
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microstructure with irregular morphology. From the previous analysis carried out in 

section 5.3, it had been speculated that the thin layer of oxide film covering small-sized 
particles in AL-8 are difficult to disrupt probably due to its oxide layer thickness being 
less than 0.25 µm. Consequently, as noted in section 5.3, it is likely the applied specific 
laser energy input could not generate adequate circumferential stress to disrupt the thin 
layer of oxide film in AL-8. On this basis, the undisrupted thin surface oxide film 

covering particles in AL-8 powders is likely to have contributed to the poor thermal 

conductivity of the packed layers of the trimodal powders' particles which results in the 

occurrence of sintering of particles in the microstructure. Moreover, fraction of the 

primary phase (Figure 7.13) determined for the tri-modal blends of AL-5 powder arc 
24. lwt%, 22.6wt%, 20.6wt%, and 21.7wt% for 75%AL-5/20%AL-7/5%AL-8; 75% 

AL-5/15%AL-7/10%AL-8; 75% AL-5/10%AL-7/15%AL-8; and 75% AL-5/5%AL- 
7/20%AL-8 respectively. It could be inferred from these results that there has been no 
positive change in the effect of the particle packing arrangement of the trimodal 

powders on the thermal conductivity of its bed due to change in the powder 
composition. Consequently, no significant variation in the fraction of primary phase 
occurring as a result of the variation in the blended powder composition that would 
have resulted in significant change in the fraction of primary phase. Rather, as a 
consequence of low cooling rate initiated by the introduction of AL-8 into the bimodal 
AL-5 + AL-7, it is likely that the particle packing arrangement deteriorated. 

Figure 7.19 reveals the results of microhardness measured along the etched horizontal 

cross-sections of the SLS/SLM processed trimodal powder samples. A relatively 
uniform microhardness distribution, with an average of 81 kgf/mm2 was obtained by 

mixing 20wt% AL-7 and 5wt% AL-8 powders with AL-5 powder. Furthermore, as the 

content of AL-8 increases above 5%, the microhardncss fluctuation increases 

significantly to a very great extent with average values falling to 66,56, and 55 
kgf/mm2 for 75wt% AL-5/15wt% AL-7/lOwt% AL-8; 75wt% AL-5/10wt% AL- 

7/15wt% AL-8; and 75wt% AL-5/Swt% AL-7/20wt% AL-8 respectively (Figure 7.20). 

The fluctuation in the cross-section profiles of the blended samples containing 75% 

AL-5/15%AL-7/10%AL-8; 75% AL-5/10%AL-7/15%AL-8; and 75% AL-5/5%AL- 

7/20%AL-8 lends credence to the claim that porosity occurred during the SLS/SLM 

processing of the tri-modal powder mixes as the content of additive powders AL-8 

increases above 5%. Average microhardncss values obtained could be associated with 

variation in the additive particle sizes and distribution as there occurs wide error limits 

seen to lie between 75wt% AL-5 + 25wt% AL-7 and 75wt% AL-5 + 25wt% AL-8. 

Again, the results in this section emphasises the relevance of mixing powders of 
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appropriate particle sizes and distribution in the correct proportion in order to obtain 
improved properties for the direct SLS processed materials. 
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Figure 7.19: Variation in microhardness on the cross-sections of the direct laser-sintered trimodal 
powders. 
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Figure 7.20: Average microhardncss of the direct laser-sintered trimodul powders 
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7.4.3 Surface Morphology of the Laser Sintered Trimodal Powder Mixes 

The surface morphology of direct SLS processed tri-modal Al-Si powder blend is 

presented in Figure 7.21. Agglomerates connected by small necks could he clearly seen 
in all samples (Figure 7.21a to d). This confirms that sintering occurred in all the 

powder mixes during SLS processing 

(a) 

(c (d) 

ýý_, 

'ýý 
4- 

-, 

Figure 7.21: Surface morphologies of the laser sintered trimodal AL-5 powder mixes: (a) 75wt% 
AL-5/20wt% AL-7/5wt% AL-8; (b) 75wt% AL-5/l5wt% AL 7/lwt% AL-8; (c) 75wt% AL- 
5/Iwt% AL-7/15wt% AL-8; and (d) 75wt% AL-5/5wt% AL-7/20wt% AL-8. 

7.5 Preliminary Investigation of the Mechanical Properties of the 
SLS/SLM Processed Trimodal AL-5 Powder 

All the mechanical test specimens were designed in X orientations on the IIN. il, 

software. This is because upon scanning of the powder bed in the Y-direction, it was 
discovered that before the laser beam scanned through the whole sample length of 

either 30mm, 45mm or 55mm, curling had started to occur at the edge where the laser 

beam first scanned the powder bed. This was attributed to the uneven thermal gradient 

along the longer length of specimen which initiates balling, curling or shrinkage. This 

results from the successively scanned tracks having more time to cool down resulting 
in a lower temperature scanned test specimen (Agarwala el a!. 1995, Simchi & Pohl 

2003, Kruth et al. 2004). During attempts to fabricate the mechanical test specimens, it 

was discovered that the maximum length of specimen that could be produced on the 
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sinter station at a specific laser energy input of 150 J/mm3, for which intcr-particulate 

consolidation across the layers would occur, was 30 mm. Iýor lower values of energy 
density, the maximum length was lower. The difficulty encountered in fabricating large 

sized test specimens via SLS/SLM in aluminium powder could also be attributed in 

part to the machine limitation. It is likely this factor became more predominant as the 
scan vector length increases such that the laser energy input could not be effect full 

consolidation in the powder bed. 
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Figure 7.22: Effect of scan vector length on the fractional density of laser sintered iron (after 
Simchi, 2006). 

This finding is supported by the work of Simchi (2006) (Figure 7.22) who noted that 
the density of laser sintered parts reduces as the scan vector length increases for reasons 
discussed above. 

Furthermore, the standard length of 100mm required for impact testing could not be 
fabricated on the sinterstation as the diameter of the powder bed could not 
accommodate this length. A 55mm impact test sample length was produced (Figure 
7.23), the maximum possible length, but again, the particulate consolidation along the 
full length was noted to be very poor. Moreover, the modification of the impact test 

machine which this length required was found to be impossible. As a consequence of 
this particular difficulty encountered, no impact test data could be generated. 
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Figure 7.23: Fabrication of ('harpy impact test specimen. 
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Figure 7.24: Images of 7 layer tensile test specimen showing the initiation or development of cracks 
or delamination in a trimodal powder (arrowed). 

As noted above, cracks, delamination and balling were observed on the tensile test 

specimens produced on the sinter station. The initiation of'defects (arrowed in Figure 

7.24) which weakened the mechanical test sample could he ascribed to the uneven 
thermal gradient developing along the non-uniform cross section ofthe test specimen. 
To attempt to compensate this, other processing parameters such as laser power, 

scanning speed and layer thickness were varied. However, it was discovered that this 

still had a negative effect on the thermal gradient during production of' the part and the 

problems of' cracks, delamination and balling kept on re-occurring. Obtaining results 
for the tensile strength o1' the fabricated samples was therefore, not possible as the test 

samples were discovered to be very weak. Solving this problem is of' process design 

could not be tackled due to time constraints in this project. 
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Figure 7.25: (a) Initiation of cracks and delamination in a trimodal powder (75wt"/� A1, -5 # Itlwt"/" 
AL-7 + ISw(% AL-8) three-point [)end test specimen having a dimension of length of 30mm, 
breadth of 6min, and height of 4mm. (h) Absence of delamination in trimoilal powder test 58111 
of dimension of length of I. Snmm, breadth of Mum, and height of 2mm (of the same composition u% 
(a). 
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Figure 7.26: SEM of fracture surfaces of the laser sintered trimodal samples: (a) 75ýW"/,, AI. - 
5/20wt'% AL-7/5wt"/% AL-8; (b) 75wt'% AL-5/ISwt'%. AL-7/IOw(% AL-8; (c) 75wt% AL-5/I0wt'% 
AL-7/ISwt% AL-8; and (d) 75wt% AL-5/Swt'%, AL-7/20wt'%% AL-8. 

During the tahrication of' three-point bend test specimens, initiation of* cracks and 
delamination were observed again in the test sample (see the arrows in Figure 7.25a). 

These were expected to affect the bend strength results significantly. By contrast, 
Figure 7.25b shows the absence of'cracks and layer delamination in a eight layer test 

sample employed for density measurements and microstructural characterisation. This 

difference in behaviour could be attributed to the shorter vector length travelled by the 
laser beam during scanning which produced an even thermal gradient across the layers 

for interparticulate consolidation. l)espite these problems, the results of' the preliminary 

tests carried out showed that the test specimens were too weak and no reasonable 

results could be obtained. 
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Figure 7.26 shows the fracture surfaces of SLS/SLM processed trimodal powder blends 

obtained via three-pint bend tests. Observation of the fractured surfaces indicates 

absence of dimples in the SLS/SLM processed trimodal AL-5 powders. Preponderance 

of unsintcrcd particles similar to AL-8 particle sizes is noted in Figure 7.26a to d. This 

confirms the earlier speculation that AL-8 particles did not mix with AL-5 + AL-7 
bimodal powders. On one hand, this could be attributed to oxidising tendency of AL-8 

particles which inhibited interparticulate bonding during SLS/SLM. Moreover, the low 
laser absorptivity of aluminium powder which is speculated to have become more 
predominant on the structure of SLS/SLM processed materials as the area of scan 
increases is also thought to have exacerbated the structures of these parts. It is also 
likely that the processing regimes employed for fabricating the test specimens arc not 
the most suitable, hence, the need to investigate this further. 

Analysis of the fractured surfaces suggests that crack was instigated at the surfaces or 
subsurface pores and pore clusters. Therefore, it can inferred from this study that the 

microstructures and mechanical properties of the SLS processed trimodal AL-5 

powders significantly vary from those of extruded, cast and sintered materials as a 
result of differences encountered in types and distribution of intermetallic phase and 
porosity. These differences could be attributed to the transient nature of the laser- 

material interaction which results in the formation of liquid phase that could not impart 

sufficient inter-particulate strength, but it was able to attain high density for the 

particulates. Furthermore, it is now clear that the size of a component to be fabricated 
by SLS/SLM may also alter the processing regime in addition to the blending of 
powders of different particle sizes in varying composition. 

7.6 Conclusion 

The implication of the findings from this investigation is that trimodal powder mixes 
improves marginally the powder properties and the sintered density of SLS processed 
AL-5 powders over those of bimodal powders. The mechanical properties of the tri- 

modal powder mixes as indicated by the three-point bend test were found to be very 

poor. Analysis of the fractured samples suggests the presence of the veins of oxide 

phase, on the fracture surfaces, which are thought to have instigated fatigue crack at the 

surfaces or subsurface pores and pore clusters. It can inferred from this study that the 

microstructures and mechanical properties of the SLS processed trimodal AL-5 

powders significantly vary from those of extruded, cast and sintered materials as a 
result of differences encountered in types and distribution of intcrmctallic phase and 
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porosity. The poor mechanical property obtained for the trimodal powders could be 

attributed to the need to re-investigate the processing regime as the size of parts to be 
fabricated increases, the machine limitation which is to thought to have influenced the 

structure of the parts being made, and the oxidising tendency of small-sized particle 
AL-8 which inhibits inter-particulate melting. 
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CHAPTER EIGHT DISCUSSION OF RESULTS 

8.1 Summary 

The implications of the key findings of this work are here discussed. 

8.2 Discussions 

Evidence gathered from single layer studies (sections 4.4.3 and 4.4.4) and preliminary 
investigation of the suitable aluminium powders (section 5.3) suggest that the particle 
shape, oxygen content, and alloying element presents in aluminium powders define the 

extent to which laser energy input will be translated into molten material, but that in all 
cases an increase in energy input (Figure 4.23) will result in more molten materials, and 
larger sized agglomerates. Observation of the processing maps indicates that the nature 
of porosity (Figure 4.24b), the surface morphology (Figures 4.24a), and first line scan 
balling (FSLB) (Figures 4.25) are dependent on the energy density incident on the 
powder bed. It was also confirmed that the elimination of FSLB, leading to a surface 
with minimal balling and enhanced sintered density, are made possible by controlling 
the energy density (Figures 4.24a, b and 4.25). According to Dinsdale & Quested 
(2004), the efficacy of silicon in reducing the melt viscosity is inferred to have 

promoted wettability between the single layer and the powder bed, this could be said to 
have resulted in reducing the agglomerate diameters during single layer scanning 
(Figure 4.23). 

Powder properties such as particle shape, oxide contents, and alloying composition are 

noted to have influenced the densification mechanism and microstructural features of 
SLM processed pure aluminium and pre-alloyed aluminium powders. The densification 

co-efficient, (K = 32), was found to be the lowest for pre-alloyed Al-12Si powder of all 
the as-received powders. Examination of the microstructures of both pure and pre- 
alloyed aluminium powders (Figure 5.2) suggests that inter-particulate melting is a 
function of the oxidic constitution of the surface oxide film present in these powders, 
the degree of thermal mismatch, the thickness of the oxide film and the alloying 

clement present in the powder. It is proposed that if the circumferential stress generated 
by laser scanning in an oxide film is lower than the reported fracture stress, oxide 
disruption will not be able to occur: this is consistent with the behaviour of pre-alloyed 
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Al-Mg powders (Figures 5.2b, c and Table 5.2). Moreover, it was proposed that oxide 
disruption occurred when the oxide film thickness was greater than or equal to 0.2 to 
0.3 µm for pure aluminium powders. While silicon reduces viscosity and has no effect 
on the surface tension of aluminium melt pool, microstructural evidence suggest that 

silicon promotes wettability between layers whereas magnesium inhibits inter-layer 

wettability of particles because it increases the viscosity and lowers the surface tension 
(Dinsdale & Quested 2004). 

The densification mechanism and microstructural evolution of AL-5 (Al-12Si) were 
discovered to have been predominantly controlled by the specific laser energy input to 
the powder bed. The densification co-efficient, K, was found to have reduced from 32 
to 15, evidence that the densification of laser melted AL-5 has improved as a result of 
optimising the processing parameters. Furthermore, both the sintered density and 
microstructure of AL-5 were found to have been optimised at a specific laser energy 
input of 67 J/mm3 (Figure 5.13). Increasing the specific laser energy beyond 67 J/mm3 
led to the occurrence of spheroidisation, reduced sintered density and increased 

porosity in the microstructure. The occurrence of spheroidisation is consequent upon an 
increased lifetime of the AL-5 melt pool. That increased specific laser energy input 

gives rise to this is supported by an increased coarseness of the dendrites and reduction 
in the weight fraction of primary dendrites. Again, this supports the earlier claim that 
the specific laser energy input delivered into the powder bed controls both the 
densification mechanism and microstructural development in laser melted AL-5 

powder. 

In order to improve the sintered density and microstructure of AL-5 powder, it was 
blended with pure aluminium powders of varying particle sizes and component ratio 
with a view to assessing their influences on its densifcation and microstructure. It was 
observed that the introduction of the additive powders of different particle sizes in 

varying component ratios altered the sintering behaviour of AL-5 (Figures 6.8 and 6.9). 
Moreover, the powder densities were discovered to have had a positive correlation with 
the sintered density and fraction of primary phase, whereas, a negative correlation was 
obtained for the secondary dendritic arm spacing (Figures 6.44,6.45,6.46, and 6.47). 
This suggests that the degree of effectiveness of particle packing arrangement in a 
blended powder determines the effective thermal conductivity of the powder bed. It 

was discovered that the blending of appropriate small-sized spherical powders with 

appropriate large-sized spherical powders in the right component ratio will effectively 
improve the powder bed thermal conductivity, thus resulting in formation of an 
adequate molten pool which increased the sintered density and improves the 
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microstructure. This occurs as a result of deeper penetration of heat flux into the 

aluminium particles, thus causing more molten pool to form rather than sintering of 
particles. Furthermore, it was speculated that the introduction of additive particles into 
AL-5 powder which may be inappropriate in terms of component ratio, particle size 
distribution and shape, initiated hetcrogenous sites of poor packing arrangements 
across the packed layers of blended powders on the powder bed. It is thought that at 
these sites that thermal conductivity should be lower, leading to sintering of powder 
particles rather than inter-particulate melting. At the heterogenous sites across the 
layers on the powder bed, it is presumed additive particles could not sit comfortably in 

the interstices of AL-5, thus introducing the occurrence of porosity which were 
observed in the blended microstructures containing 25wt% AL-2,25wt% AL-6, IOwt% 
AL-7,50wt% AL-7 and 25wt% AL-8 25wt% (Figures 6.14a, c, 6.29a, b, and d). At the 

porous regions across the layers of blended particles on the powder bed, it is clear that 
particles of both AL-5 and additive particles sintered rather than melting. Moreover, the 

surface oxide film of the particles of the additive powders, which inhibit their 
disruption, could be said to be responsible for their sintering. Only in the bimodal 
blended sample containing 75wt% AL-5 + 25wt% AL-7 it could be speculated that the 
highest degree of contact occur between the particles of AL-5 and additive powders, 
thus resulting in homogenous melted structure (Figure 6.14b, and 6.29a) possibly due 

to improved thermal conductivity of the particles across the layers (Figure 6.44,6.45, 
6.46, and 6.47). The fraction of primary phase in all the blended samples was not equal 
to the expected theoretical values from the Al-Si phase diagram. This suggested that the 

solidification regime in the SLS/SLM processing of these powders resulted in varying 
degrees of microsegregation in the microstructure of the blended powders due to 
different regime of cooling rates occasioned by the different particle packing 
arrangement in each blended powder. Meanwhile, the attainment of the highest fraction 

of primary phase in the blended sample containing 25wt% AL-7 suggested that it has 

the highest degree of inter-particulate contact and by implication, the highest thermal 

conductivity. 

The introduction of AL-8 into the bimodal AL-5 and AL-7 was expected to increase the 

sintered density, the microstructure, and the mechanical properties. While the sintcrcd 
density and microhardness were noted to be good, the bend strength was noted to be 

very poor due to the occurrence of delamination along the length of the bend test 

specimens. This outcome is a surprise. Moreover, it is contemplated that this was 
consequent upon the longer vector length travelled by the laser beam during the 

scanning of bend test specimens which produced an uneven thermal gradient across the 
layers, thereby resulting in inter-particulate consolidation among some layers to 
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become stronger than the bonds among other adjoining layers. On the other hand, it is 

thought that the blending of AL-8 with the bimodal AL-5 + AL-7 powder has reduced 
the porosity of the powder bed, therefore, it is more likely that smaller sized AL-8 

particles gives greater fraction of oxide as this is more difficult to fracture and blend 
during SLS/SLM as a result of the tendency of the powder bed to oxidise during laser 

scanning. These two factors arc speculated to have reduced the thermal conductivity of 
the powder bed, thereby resulting in the inter-particulate bonding (sintering) rather than 

melting. The poor results obtained from the preliminary investigation into the 

mechanical properties of the trimodal blended powders suggest that either a new set of 
processing conditions ought to have been developed which was not possible due to 
time constraints or a different powder blend need to be formulated. Again, it is believed 

that pre-alloyed Al-Si powders of wider range of particle sizes should be used such that 
it could be sieved into various fractions and these could be blended together. This 

suggestion should present little or no problem of oxidation as it had been established in 

section 5.3 that Al-Si powders arc suitable SLS/SLM candidates. 
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CHAPTER NINE CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 

9.1 Conclusions 

On the basis of this study, the following conclusions may be drawn about the SLS/SLM 

of aluminium alloy powders. 

(1) The flow and solidification behaviour of molten aluminium powders during single 
layer scanning is strongly influenced by specific laser energy input which is the 

combined effect of laser power and scanning rates. Agglomerate sizes of the SLS/SLM 

processed aluminium powders increase with increasing specific laser energy input. 

(2) Irrespective of the composition of the aluminium alloy powders investigated, the 

processing window seems to fall within the same range of laser power and scanning 
rates. The presence of surface oxide film and irregularly shaped particles in the 

powders exacerbate the agglomerate development and formation of porous surfaces 
which was found to be undesirable for the development of multiple layer parts. Laser 

sintering of aluminium powders with spherically shaped particles resulted in the 
formation of homogeneous and dense layers. 

(3) Balling occurred in the single layer specimens due to the lower thermal 

conductivity of the bed and, possibly, the difference in wettability of the powder bed 

and sintered layers. 

(4) The processing maps suggest that adopting an appropriate scan rate for a chosen 
laser power could lessen the challenges of balling, FSLB, and porous structures in the 

laser melting of aluminium powders. 

(5) The existence of a high degree of thermal expansion mismatch between the oxide 
film and the parent metal and a uniform oxide layer thickness are believed to favour the 

disruption of the oxide shell promoting inter-particulate melting across the layers. This 
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establishes that oxide film can be disrupted and liquid droplets mix to give 

consolidation. 

(6) Microstructural evidence suggests that SLM occurs in pure and pre-alloycd 

aluminium as inter-particulate melting at regions where the layer thickness of oxide 
film is greater than or equal to 0.2 to 0.3 pm. 

(7) AL-5 (Al-12wt% Si) powders were found to be the most suitable candidate 

aluminium alloy powder for the direct SLS/SLM process as a consequence of their low 

thermal expansion and uniform distribution of its surface oxide films as well as the 

mullite phase presumed to be in its oxide film. All these factors seem to promote oxide 
film disruption that enhances coalescence across the layers. 

(9) A densification co-efficient K, determined for all the powders, affirmed that the Al- 
12wt% Si powder possessed the most desirable sintering behaviour reflected in the 
lowest value of K (32) when compared to the other powders investigated. This 
densification co-efficient could be reduced further to 15 when the processing 
parameters were optimised to give specific laser energy input of 67 J/mm3. The sintered 
density achieved in this instance was 2.1 g/em3. 

(10) The degree of porosity and its orientation, the degree of densifcation of the inter- 

agglomerates of powders were found to be controlled by the choice of processing 
parameters. At energy density lower or higher than the optimum value of 67 J/mm3, the 

sintered microstructure was hetcrogenous and characterised by large and irregularly 

shaped pores. The microstructural evolution of direct SLS processed AL-5 was found 

to be dependent on the applied energy density. As this was increased, the dendritic 

morphology was found to be increasing in its coarseness and the fraction of the 

available primary phase was decreasing. 

(11) Powder properties such as apparent and tapping densities as well as tlowability, 

could be controlled by blending aluminium powders, having different particle size and 
distribution, in varying proportions. Irrespective of the particle size distribution of the 

additive powders, apparent and tapping densities were optimised at 25wt% additive 

content of each powder blend. Powder blends containing 2Swt% of AL-7 had the 
highest apparent and tapping densities. The flowability of all the blended powders 
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improved above that of monosizcd AL-5 powder probably due to their rcduccd oxide 
contents. 

(12) Optimum specific laser energy input was found to have increased to 1S0 J/mm3 

when AL-5 was blended with different amount of pure aluminium additive powders of 
varying particle sizes and distribution. The blending of 25wt% of 17-301im powder was 
found to have improved sintered density to 2.32 g/cm3 by further reducing the 
densification co-efficient to 13.4. 

(13) The positive correlation existing between the powder and sintered densities 

suggest that appropriate choice of particle sizes distribution, particle shape and 
component ratios of the powders to be blended together could result in improving the 
thermal conductivity of the powder bed. Negative correlation between the tapping 
density and dendritic arm spacing on one hand and positive correlation between tapping 
density and fraction of primary phase seems to confirm this speculation. Therefore, it is 

now clear that the blending together of powders having either inappropriate particle 
sizes distribution, irregular shape and incorrect component ratios will lead to 
occurrence of porous in powder beds which causes heterogeneity in microstructure. 

(14) It was discovered that the introduction of additive powders of varying particle 
sizes and distribution altered the powder packing arrangement that which was inferred 
to have resulted in variation in the powder bed thermal conductivity. This influences 
the microstructural evolution of the sintered sample. It was discovered that better 
particle packing arrangement reduced the dendrite arm spacing. The dendritic 
morphology becomes coarser with the fraction of primary phase reducing as the 
powder bed became porous due to reduced thermal conductivity of the powder bed. 

(15) It was discovered that the variation in the component ratio of the additive 
powderAL-7 in the bimodal AL-5 powder altered the particle packing arrangement 
which was inferred to have influenced the thermal conductivity of the powder bed. This 
is evident in the optimisation of the amount of liquid phase available for sintering when 
25wt% AL-7 was blended with AL-5. The variation of sintered density with silicon 
content in the blended powders was inferred to have reduced the melt viscosity. 
Therefore, at the instance silicon content was 9wt% Si, the melt viscosity was deemed 

to have sufficiently reduced so that the sintered density and microstructure were 
optimised. The dendritic morphology was finest when 25wt% AL-7 was blended with 
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AL-5: this was speculated to have been as a consequence of maximisation of the 
thermal conductivity of the powder bed. 

(16) The fraction of primary phase in all the blended samples was not equal to the 

expected theoretical values from the Al-Si phase diagram. This suggested that the 

solidification regime in the SLS/SLM processing of these powders was not at 
equilibrium because complete inter-particulate mixing did not occur between AL-5 and 
the additive powders. Meanwhile, the attainment of the highest fraction of primary 

phase in the blended sample containing 25wt% AL-7 suggested that it has the highest 

degree of inter-particulate mixing and by implication, the highest thermal conductivity. 

(17) The development of the trimodal powder containing 75wt% AL-5/20wt% AL- 
7/5wt% AL-8 was discovered to have yielded the highest sintcrcd density of 2.44 

g/cm3. The microstructures of the trimodal powders were noted to have deteriorated 

when compared with the bimodal powder containing 75wt% AL-5/25wt%A L-7. The 
introduction of the additive powder AL-8 alongside AL-7 into AL-5 could be said to be 

responsible for poor microstructures obtained from the trimodal powders due to its 
increasing tendency to oxidise and increase porosity during laser scanning. 

(18) The bending strength properties of all the sintered trimodal powders were found to 
be very poor in contrast to the microhardness of all the samples which was fairly good. 
By implication, fairly good microhardness values suggest that compression was so 
weak that interfaces might be hidden during testing, but this was not so in tension 
bending. Moreover, the lack of consistency between the densities, hardness, and bend 

test properties could also be attributed to the machine limitation, design problem, and 
the material properties. It was discovered that layer delamination occurred during the 
fabrication of the tensile and bend tests specimens. The layer dclamination is as a 

consequence of poor inter-layer bonding arising from uneven thermal gradient along 
the longer length of specimen which initiated balling, curling or shrinkage as a result of 
the successively scanned tracks having more time to cool down, thereby, lowering 

temperature of the scanned area. 
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9.2 Recommendation for Further Work 

In order to advance the feasibility of taking the direct SLS of aluminium powders to 

commercialisation stage, the following arc hereby recommended: 

In order to improve the bonding in the SLS/SLM of AI-Si powders, it is hereby 

suggested that pre-alloyed Al-Si powders of different sizes should be blended together 
in varying composition with a view to optimising the bed density and consequently, the 

sintered density and the microstructure. Moreover, adoption of high laser power 

machines (Nd: YAG lasers) will ensure that laser absorption improves and laser 

scanning could be carried out at high scanning speeds which generate higher laser 

energy density. This is expected to promote higher cooling rates across the layers. The 

automation of the powder delivery mechanism in such machines will also go a long 

way in improving consistent powder compaction on the bed such that effective mclt- 
back across the layers can be more pronounced. 

In conclusion, proper manipulation of the processing and powder parameters and the 

adoption of higher power SLS machine could ultimately result in the feasibility of 
making aluminium parts via direct SLS process. 
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