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Abstract 

Scalmalloy is an Al-Mg-Sc-Zr modified aluminium alloy specifically designed for the laser 

powder bed fusion (LPBF) additive manufacturing process of Selective Laser Melting (SLM). 

This thesis investigates the processing and manufacture of Scalmalloy in an Additive 

Manufacturing (AM) 400 Renishaw laser beam melting (LBM) machine and the effect post 

processing treatments (heat treatment, cold rolling and a combination of heat treatment and cold 

rolling) and gas tungsten arc welding (GTAW) has on the mechanical properties and 

microstructures of Scalmalloy when compared to its as-built structure. Heat treatment is well 

reported in the literature, however there is opportunity to explore different heat treatment 

conditions. Cold rolling has not been widely reported for Scalmalloy and offers a novel area to 

study its effect on Scalmalloy. Lastly, GTAW of Scalmalloy has not been reported in the literature 

and offers solutions to join complex additively manufactured parts together and to join Scalmalloy 

parts to pre-existing structures. Hence, this thesis is comprised of three main studies: 

1. Experimental works were carried out to determine optimal SLM parameters for Scalmalloy 

using an AM Renishaw LBM machine with constant parameters of 400W laser power, layer 

thickness of 30µm and hatch distance of 150µm. Energy volume densities were then modified 

to establish an optimum range. Findings showed that samples manufactured with an energy 

volume density between 70J/mm3 and 110J/mm3 resulted in samples with >99% relative 

densities. Furthermore, it was shown that the influence of the layout position of each sample 

on the build platform had very little impact on relative densities. Therefore, optimal 

processing parameters were found with 400W laser power, allowing productivity to be 

increased when compared to current literature employing 200W laser power.  

2. Scalmalloy samples manufactured using the optimal SLM process parameters from the first 

study were subjected to cold rolling, heat treatment and a combination of both. Scalmalloy in 

its as built condition can possess reasonably high tensile strengths, which can be further 

increased by heat treatment, and, in turn, the microstructure is also refined. When heat 

treatment was applied an immediate increase of 14.6% occurred, while subsequent heat 

treatment had slightly lower values due to slight over ageing but remained higher than the as 

built condition. Once cold rolling was applied to the as built condition almost no increase was 

evident thought to be due to the low rolling reduction, however when cold rolling and heat 

treatment was applied an immediate increase of 28.4% occurred. The grain size distribution 

was consistent with literature for the as built condition, however, it was increased by the cold 

rolling due to elongation of the grains. Overall, the application of heat treatment and cold 

rolling had a positive effect on the microstructure of Scalmalloy reflected in its increased 

mechanical properties.   

3. GTAW was performed to join Scalmalloy to itself and to extruded aluminium alloys using 

standard welding parameters employed to weld conventionally manufactured aluminium 

alloys. High porosity and defects were found in the welded joint leading to poor mechanical 



 XIX  

properties likely due to release of hydrogen content within the Scalmalloy base metal. Hence, 

standard welding parameters are feasible to be used for GTAW of Scalmalloy, but only as a 

starting point, highlighting that parameters cannot be simply transferred from one alloy to 

another, but rather have to be modified in order to achieve optimum results.   

The main output of this thesis is that the academic community would have a better understanding 

of the effect that different heat treatment methods, cold rolling, and GTAW have on the 

microstructure and mechanical properties of Scalmalloy. Hence, providing a modified heat 

treatment than the typical heat treatment reported in the literature, and providing info on cold 

rolling of additively manufactured components, which has not been widely reported. In addition, 

to evaluating the feasibility of welding Scalmalloy using standard welding parameters for 

conventionally manufactured aluminium alloys, consequently, aiming to eliminate size 

limitations in additive manufacturing and reduce manufacturing costs.  
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Chapter 1 Introduction  

Aluminium is often used as an alloy with elements such as magnesium, zinc, and silicon, as these 

increase its mechanical and physical properties. Aluminium alloys are one of the most common 

metal alloys used within society today due to their good mechanical properties, corrosion 

resistance and high strength to density ratio (Glazoff, Khvan, Zolotorevsky, Belov, & Dinsdale, 

2019b; Rabinovich, 2013). Aluminium alloys are used in conventional manufacturing processes, 

such as extrusion and casting. However, it has recently been introduced into the additive 

manufacturing process of laser powder bed fusion (LPBF), where components are manufactured 

in a closed vacuum chamber where metal powder is melted and solidified to build the component 

according to its predefined geometry in a layer-by-layer fashion (Aboulkhair et al., 2019). 

Although, it has proven difficult to hone the properties of aluminium alloys to be suitable for laser 

powder bed fusion (LPBF) processes due to solidification cracking tendencies and its high 

reflectivity (Aversa et al., 2019), Scalmalloy was developed by Airbus Group Innovation over a 

period of 20 years specifically for the LPBF process of selective laser melting (SLM) and have 

exhibited enhanced mechanical properties compared to conventionally manufactured aluminium 

alloys due to the addition of scandium and zirconium (R. Li et al., 2017). This LPBF process 

requires specific parameters to successfully manufacture Scalmalloy, hence, there are various 

studies that have reported the processing parameters for specific machines and different 

compositions of Scalmalloy (R. Li et al., 2019; R. Li et al., 2017; A. B. Spierings, Dawson, 

Dumitraschkewitz, Pogatscher, & Wegener, 2018; A. B. Spierings, Dawson, Heeling, et al., 2017) 

. However, it was necessary to carry out a study to manufacture Scalmalloy in AM 400 Renishaw 

LBM machine, the machine used in this research, as it has not been widely reported.  

 

Heat treatment is often used as a post processing treatment to further increase and refine 

Scalmalloy mechanical properties and microstructure (Schmidtke, Palm, Hawkins, & 

Emmelmann, 2011; A. B. Spierings, Dawson, Kern, Palm, & Wegener, 2017). Although, heat 

treatment of Scalmalloy has been reported well, there is further room to explore different heat 

temperature ranges and holding times. Cold rolling is another post processing treatment used to 

increase mechanical properties and improve the microstructure of some aluminium alloys, 

especially for the Al-Mg alloys, the type of aluminium alloy group that Scalmalloy belong to (B. 

Wang, Chen, Pan, Mao, & Fang, 2015). This is a topic of interest for Scalmalloy, however, there 

is no application yet, for this to be applied to additively manufactured parts, but the effect it may 

have on the mechanical properties and microstructure of Scalmalloy may prove interesting, hence, 

these will be observed and reported in addition to comparing the findings to extruded aluminium 

alloys.  

 

The size of additively manufactured components is hugely dictated by the size of the build 

chamber of the additive manufacturing machines, especially for components manufactured by 
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LPBF (Matilainen, Pekkarinen, & Salminen, 2016). Fusion welding of Scalmalloy can eliminate 

the size limitations of additively manufactured components as several smaller components may 

be joined together through welding. In addition, additively manufactured parts can also be joined 

to pre-existing structural elements and conventionally manufactured aluminium alloys to further 

compensate for sizing limitations. Potential cost reductions may also be a by-product of this as it 

can eliminate the need to re-manufacture a whole component using LPBF processes, which can 

be costly (Braun et al., 2023). Although, welding of Scalmalloy is seldom reported in the 

literature, welding of aluminium alloys is very common and often used (Hakem, Lebaili, Miroud, 

Bentaleb, & Toukali, 2012; Shanavas & Dhas, 2017; G. Xu et al., 2016).  Hence, these topics will 

be studied in greater depth and detail in the following chapters. 

1.1 Objectives/ Aim of study 

This thesis builds on the existing literature and is aimed at developing Scalmalloy processing 

parameters to manufacture full (>99%) density samples with acceptable dimensional accuracy 

and surface roughness of the as-built structure in an AM400 Renishaw LBM machine and 

attempting to provide a comprehensive investigation and analysis on the effect that post 

processing treatments and GTAW welding have on the microstructural characterisation and 

mechanical properties of Scalmalloy. At present, the literature does not fully explain the effect of 

heat treating at various temperatures and holding times, cold rolling, nor a combination of these. 

It also does not state the feasibility of using GTAW in the welding of Scalmalloy to join structural 

components to one another and to conventionally manufactured components, therefore the 

research questions are as follows:  

¶ Post Processing Treatments for Scalmalloy ï What effect does different heat treatment 

conditions (temperature, holding times) have on the microstructure and mechanical 

properties of Scalmalloy compared to the standard 325oC/4h reported in literature? What 

are the effects that heat treatment (with differing conditions) only, cold rolling only, and 

cold rolling with heat treatment have on the microstructure and mechanical properties 

of Scalmalloy?  

¶ Welding of Scalmalloy - Is it feasible to use GTAW to join Scalmalloy to itself and to 

extruded aluminium alloys using standard GTAW welding parameters for conventionally 

manufactured aluminium alloys? What is the effect of GTAW standard welding 

parameters on the microstructure and mechanical properties of the welded joints, and 

how does the welded joint perform in terms of structural integrity? 

This thesis will attempt to answer the above research questions with full analysis and discussion 

of the results. 
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1.2 Layout 

This thesis follows a traditional layout in the following order: Chapter 2 consists of an in-depth 

literature review, Chapter 3 consists of the design of study (experimental procedure), Chapters 4 

to 6 consist of the results and discussion, and, finally, Chapter 7 consists of the summary, 

conclusions and future recommendations of the work on hand. It is comprised of three main 

research topics. Firstly, a selective laser melting parameter study conducted to determine suitable 

process parameters for Scalmalloy in an AM400 Renishaw LBM machine using 400W laser 

power. This involved necessary steps such as powder characterisation, verification of several 

SLM process parameters from literature, and then an evaluation of the SLM parameters through 

mechanical testing. Once these were verified, the SLM parameters were chosen based on findings 

and then three additional build jobs were performed to observe sample reproducibility and 

influence of layout position on the build platform. Secondly, Scalmalloy underwent post 

processing treatment such as heat treatment and cold rolling. Heat treatment conditions were 

based on literature, and cold rolling was performed according to literature recommendations for 

extruded aluminium alloys as there is little to no published research on this for Scalmalloy. 

Thirdly, gas tungsten arc welding (GTAW) of Scalmalloy was performed using typical welding 

parameters for conventionally manufactured aluminium alloys. Finally, subsequent testing and 

analysis were performed on all Scalmalloy samples to observe microstructural evolution and 

changes in mechanical properties. Additionally, extruded aluminium alloys were used as 

comparison and a baseline for the research on hand.  
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Chapter 2 Background/ Literature review 

2.1 Aluminium  

This section provides an introduction of Aluminium. Its history, classification, material 

properties, and applications are discussed, particularly the Al -Mg group as this is the aluminium 

alloy group this research is based upon. 

2.1.1 History and classification  

Aluminium has the symbol ñAlò, atomic number of 13 and is the third most common metallic 

element used globally. Al is a non-ferrous metallic substance having a silver-white appearance 

and makes up about 8% of the Earthôs crust (Santos Junior, Machado, Falco Sales, Barrozo, & 

Ezugwu, 2016). Aluminium was first discovered and named in 1807 by Sir Humphry Davy. Its 

name comes from the Latin word ñalumò which refers to a white mineral used in dyeing during 

ancient times and the Greek word ñalumenò which refers to a bitter substance. Although, Sir 

Humphry Davy first named the metal ñaluminumò, it was later changed to aluminium, however 

ñaluminumò is still used in the US today (Kvande, 2008).  

Aluminium is a highly reactive material that oxidises quickly and proved difficult to isolate in its 

elemental form. Hans Christian Orsted extracted a very small amount of impure aluminium using 

potassium amalgam in 1825. Two years later, Friedrich Wohler built on Christianôs method and 

was the first to isolate aluminium in its pure form. Aluminium possessed valuable properties such 

as corrosion resistance, high strength to density ratio and excellent electrical properties. However, 

Wohlerôs and Christianôs methodsô only produced small amounts and it was expensive due to the 

needed potassium (Rabinovich, 2013). With its favourable properties and expensive extraction 

process, aluminium became one of the worldôs most sought after and expensive  metals during 

the 1800ôs (Kvande, 2008; Santos Junior et al., 2016). In 1886, Charles Martin Hall, an American 

engineer, and Paul Heroult, a French engineer, both developed separately the Hall-Heroult 

process in which electrolysis of alumina in molten cryolite was used to separate aluminium. 

Another method was developed based upon the Hall-Heroult Process, called the Bayer method, 

where aluminium was extracted from bauxite. Both processes are still used today to extract 

aluminium. Now that the Hall-Heroult and Bayer method has allowed aluminium to be extracted 

easily and more cost efficient, the price plummeted as production of aluminium soared from 

45,000 tonnes in 1933 to 17.3 million tonnes in 1988 and rose even further to 58.3 million tonnes 

in 2016, making aluminium one of the most available metals in the world (Ashkenazi, 2019; 

Rabinovich, 2013; Santos Junior et al., 2016).   
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2.1.2 Material properties and physical metallurgy 

Aluminium, in its purest form, has very low hardness and is very ductile. It has a face-centred 

cubic unit cell (FCC) structure, a melting temperature of 660oC, a low density of 2,700kg/m3 at 

room temperature and tensile strengths as low as 10MPa. Pure aluminium is typically used in 

electrical and chemical applications. Commercial aluminium alloys were developed with 

increased strengths by adding elements such as zinc (Zn), copper (Cu), silicon (Si), magnesium 

(Mg) and manganese (Mn). These elements are usually known as ñbasicò or ñprimaryò elements 

as these are added to influence microstructure and properties (Ashkenazi, 2019; Glazoff, Khvan, 

Zolotorevsky, Belov, & Dinsdale, 2019a). Fig. 2.1 shows that these elements possess solid 

solubility in aluminium and this solubility increases with temperature known as either ancillary 

additions (dopants) or impurities (Glazoff et al., 2019a).   Eutectic phase diagrams are formed 

from the basic alloying elements used in aluminium, shown in Fig. 2.2a shows an aluminium 

binary phase diagram with eutectic alloying additions, while Fig. 2.2b shows the phase diagram 

of aluminium alloys with the addition of typical alloying elements.  Fig. 2.3a shows the typical 

microstructure of solid solution alloys such as Al-Cu and Al-Mg exemplified by a nonequilibrium 

eutectic reaction that vanishes after T6 heat treatment. Fig. 2.3b shows hypoeutectic alloys with 

two-phase structures like Al -Si alloys. Fig. 2.3c typically represent eutectic alloys where basic 

elements are the primary microstructural components and finally Fig. 2.3d represent alloys 

containing many phases with crystals (Ashkenazi, 2019; Glazoff et al., 2019a).  

 

Fig. 2.1 Binary solid solubility as a function of temperature for basic alloying elements for aluminium 

(Callister, 2014) 
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Fig. 2.2 a) Al-binary phase diagram with eutectic alloys, b) Al-binary phase diagram for typical alloys 

(Glazoff et al., 2019a) 

 

 

 

Fig. 2.3 Typical microstructures of basic binary aluminium alloys for the phases presented in Fig. 2.2 at 

X1, X2, X3 and X4 points - a) X1, b) X2, c) X3, d) X4 from Fig. 2.2 (Glazoff et al., 2019a) 

2.1.3 Classification, strengthening methods, and application 

The first aluminium alloy developed was the Al-Si-Mg heat treatable alloy used in railroad and 

automotive applications with many more being developed later (Ashkenazi, 2019). Aluminium 

alloys are classified into heat treatable (cast) and non-heat treatable (wrought). The heat-treatable 
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alloys are those whose strength and hardness can be manipulated through heat, while the non-heat 

treatable (wrought) aluminium alloys are those whose strength and hardness can be manipulated 

by plastic deformation such as rolling stretching and pressing (Callister, 2014; Hornbogen & 

Starkejr, 1993; Rao, Vasu, Govindaraju, & Srinadh, 2014; Westermann, Pedersen, Furu, Børvik, 

& Hopperstad, 2014). A typical heat treatment used for aluminium alloys is T6 heat treatment. 

This process is graphically explained in Fig. 2.4 using an example of both the solution treatment 

and ageing treatments for a 6061 Al alloy. The 6061 Al alloy is heated up to a high temperature 

(585oC) and held there for a short time (30 mins) where this is called solutionising (solution 

treatment), then water quenching immediately follows and suppresses any precipitation during 

cooling. Precipitates that occur after quenching from a solutionised state are called primary 

precipitates. Next, the material is heated up to a low temperature for a designated time, then air 

cooled. The remaining solutes are in a supersaturated state to allow for precipitation hardening. 

In this hardening step, secondary phase particles are formed called secondary precipitates that are 

normally only nanometres in size. (Jägle et al., 2016).  

 

 

Fig. 2.4 Schematic showing the stages of solution treatment and ageing treatment for a 6061 aluminium 

alloy adapted from (Chaudhury, Hailat, Liu, & Newaz, 2010) 

The non-heat-treatable alloys are strengthened by strain hardening induced by cold working or 

some form of plastic deformation. This increases dislocation density impeding dislocation 

movement and is normally performed at ambient temperatures (Callister, 2014; Hornbogen & 
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Starkejr, 1993; Rao et al., 2014; Westermann et al., 2014). The amount of cold work that has been 

applied to a material can be expressed as:  

                                                Ϸὅὡ ρππ                                                               Equation 2.1       

where CW = the amount of cold work performed on the material, A0 = the original cross-sectional 

area before cold working, and Ad = the decreased cross-sectional area of the material after cold 

work. Cold work increases strength dramatically; however, this is at the expense of ductility and 

elongation represented in Fig. 2.5. Fig. 2.6 shows a graphical representation of the elements used 

to produce the basic aluminium alloys. According to the American Society for Testing Materials 

(ASTM), these groups are classified as 1000, 2000, 3000, 4000, 5000, 6000, 7000 and 8000 series 

aluminium alloys. The first digit represents the alloy group, the second and third digits indicate 

aluminium purity and the last digit indicates the Al form either ingot or casting 

(Sivaramakrishnan, 1995). Table 2-1 shows the aluminium classification and common alloying 

elements, properties and applications for each series (Polmear, Qian, StJohn, & Nie, 2017; 

Zahner, 2019). Aluminium is very versatile and can be used in various fields such as weaponry, 

construction, aerospace, automotive and marine applications (Polmear et al., 2017).  

2.1.4 Al-Mg alloys 

The Al-Mg alloys also known as the 5000 series will be the main Al alloy group of interest in this 

research as Scalmalloy, is derived from this group of Al alloys. The second major alloying 

element, Mg, is responsible for solid solution hardening in these alloys (B. Wang et al., 2015). 

Three intermetallic phases exist for Al-Mg alloys - ɓ-Al 3Mg2 with composition range 38.5 - 40.3 

at%, Ů-phase with the composition of 42 at% Mg and ɔ-Al 12Mg17 with a composition range 45- 

60.5 at% Mg. These are represented in the Al-Mg phase diagram shown in Fig. 2.7.  All Al-Mg 

alloys are in the single-phase (Ŭ) region and the FCC structure continues to increase with 

increasing Mg content. Al-Mg alloys cannot be age hardened as the increased Mg content 

increases its response to cold working rate, which leads to intercrystalline failure at the slip band 

due to formation of Al8Mg5 phase resulting in strength reduction of the alloy. On the other hand, 

cold work causes an increase in the distortion of the crystal lattice as the Mg atoms in the FCC 

lattice position increase Al -Mg alloysô as-received condition. 



 9 

 

Fig. 2.5 Schematic showing amount of cold work in relation to strength, hardness and ductility 

(Chaudhury et al., 2010; Olaru, 2011) 

 

Table 2-1 Aluminium Classification (Zahner, 2019) 

Heat treatable alloys Non-heat treatable alloys 

2000 ï Al-Cu-Mg, used for pipes, plates, and profiles, 

aircraft industry, usually needs corrosion protection  

1000 ï < 99% Aluminium, soft and ductile, used for 

electrical and chemical applications   

6000 ï Al -Mg-Si, extrusion, welded and bolted and 

riveted connections 

3000 ï Al -Mn, somewhat higher strength than 1xxx 

series, high ductility, used for roofing   

7000 ï Al-Zn-Mg & Al -Zn-Mg-Cu, rolled and 

extruded profiles, good corrosion resistance, used in 

structural applications 

4000 ï Al -Si-Cu & Al-Si, similar to 3xxx series, good 

heat and wear resistance used as welding and building 

materials 

8000 ï Al-Fe-Si, used for packaging processes, 

aircraft and military applications, high strength 

5000 ï Al -Mg-Mn & Al -Mg, similar to 4xxx & 3xxx 

series, but has higher strength and responds better to 

cold working (moderate strength) 
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Fig. 2.6 Classification of Aluminium Alloys (Callister, 2014) 

 

 

Fig. 2.7 Al-Mg phase diagram (Glazoff et al., 2019a) 

These conditions are characterised by a coarse grain microstructure due to a small addition of the 

second component to the Al matrix which often contains intermetallic phases with different 

compositions such as ɓ-, ⱦ-, ɔ- and metastable phases. The coarse grain microstructure can be 

significantly improved by severe plastic deformation (cold work) and induces an ultra-fine-

grained microstructure, hence why Al-Mg alloys are strengthened by strain hardening (Kaiser, 

Datta, Roychowdhury, & Banerjee, 2014; Kogtenkova, Straumal, Mazilkin, Czeppe, & Zieba). 
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As 5052Al and 5083Al are two Al alloys belonging to the Al-Mg alloys, these will be 

experimented as a comparison to Scalmalloy. These two alloys can be processed by either casting 

or extrusion. 5083Al is one of the most commercially used alloys and is mainly utilised in ship 

structures, pressure vessels and vehicle building as these have good strength and superior 

corrosion resistance.  It has a nominal composition of Mg, Mn, Si, Cr and Fe. Scandium, in 

particular, has been used in 5083Al alloys since the 1970s to enhance grain refinement and result 

in an equiaxed grain structure to prevent recrystallization up to high temperatures (Aiura, 

Sugawara, & Miura, 2000; Jaya Prasad, Rao, Kamaluddin, & Surya, 2018). 5052Al has relatively 

low strength and is strengthened through severe plastic deformation, where it is mostly used as 

flat plates and sheets. It also has a nominal composition of Mg, Fe, Cu, Si and Mn (B. Wang et 

al., 2015).  

2.2 Laser Powder Bed Fusion Process - Selective laser melting 

This section will discuss the subjects of additive manufacturing (AM) , a specific AM laser powder 

bed fusion (LPBF) process of selective laser melting (SLM), and defects caused by this process. 

This section is necessary to include before discussing Scalmalloy, since Scalmalloy was 

specifically developed for LPBF. LPBF process parameters are also discussed here as this directly 

correlates to the size, number and type of defects that could occur affecting the quality of 

components being manufactured.  

2.2.1 Selective laser melting process 

Aluminium is most commonly used in traditional manufacturing methods like casting, extrusion, 

and forging, but recently it has been introduced into Additive Manufacturing (AM). AM produces 

3D-components from 3D-computer model data. A computer model is produced using computer 

aided design (CAD) software, then converted into an STL (stereolithography) file to be sliced up 

into layers called g-code data and loaded into the AM machine, where the component is 

manufactured subsequently in a layer by layer fashion, shown in Fig. 2.8 (Olakanmi, Cochrane, 

& Dalgarno, 2015). AM is a rapidly evolving area of manufacturing that can manufacture 

components with reduced weight and increased geometrical complexity (S. Singh, Ramakrishna, 

& Singh, 2017). AM is used in many industrial fields like aviation, automotive and medical 

components. There are several different categories of AM one of which is selective laser melting 

(SLM), which is a part of the AM laser powder bed fusion (LPBF) technologies, and is most 

commonly used to process metallic alloys, especially Al alloys (Aversa et al., 2019). The LPBF 

manufacturing process, shown in Fig. 2.9, involves a component built inside an inert chamber 

where a layer of metal powder is spread onto the build platform. A laser within the chamber is 

reflected onto the powder, where the laser light melts the powder, but then rapidly solidifies to 

form a layer. Melting and solidifying of the material consecutively takes place until the 

component is built according to its computer model data in  a layer-by-layer fashion (Aboulkhair 

et al., 2019). This rapid melting and solidification that occurs when the laser light interacts with 
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the powdered material is depicted in Fig. 2.10, where heat transfer and changes in the melt pool 

are shown (Gibson, Rosen, & Stucker, 2010; J. Zhang, Song, Wei, Bourell, & Shi, 2019). When 

the material begins to melt, epitaxial solidification occurs in the direction of the welding line and 

crystallisation occurs in the direction of the interior melt to form columnar crystals. The high 

cooling rates allow for grain growth to be more refined, increasing its strength, while slower rates 

of cooling can increase grain size causing a weaker structure.   

 

Fig. 2.8 Schematic of additive manufacturing process (Azlin et al., 2022) 

 

 

Fig. 2.9 Diagram showing the typical process of LPBF (Griffiths, Scanlan, Eres, Martinez-Sykora, & 

Chinchapatnam, 2019) 
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Fig. 2.10 Diagram showing the internal interactions during LPBF process (J. Zhang et al., 2019) 

The temperature gradient, G, that affects this grain growth is represented as, 

Ὃ
ὨὝ

Ὠὼ
 

Where solidification rate, R, is, 

Ὑ
Ὠὼ

Ὠὸ
 

And cooling rate can be represented as, 

ὨὝ

Ὠὸ
ὋϽὙ 

Grain size and type are dependent upon ὋϽὙ and   so when ὋϽὙ increases, crystal morphology 

will change from dendritic to cellular and from cellular to planar and vice versa. Smooth planar 

crystal grains will form if the temperature gradient is high (G1), while a slightly lowered 

temperature gradient (G2) may cause constitutional supercooling (shown in Fig. 2.11). This is 

when a liquid is cooled to below its freezing point without solidifying or crystallising. From this 

cooling, planar crystals can transform into cellular crystals. A further reduction in the temperature 

gradient (G3) will cause a cellular dendritic grain formation and an even further decrease in the 

temperature gradient (G4) will cause a dendritic grain formation. It is also possible during this 

time for new grains to form and become equiaxed. Although, planar growth is the most common 

grain type within LPBF products, many different grain types may also occur in the microstructure 

(S. Liu, Zhu, Peng, Yin, & Zeng, 2018; J. Zhang et al., 2019).  
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Fig. 2.11 Criteria to induce constitutional supercooling (J. Zhang et al., 2019) 

LPBF process parameters control the conditions produced within the machine. These are 

predetermined by the operator of the machine. The primary process parameters are scanning speed 

(mm/s), laser power (W), build direction/orientation, hatching distance/ spacing, hatch angle and 

layer thickness shown in Fig. 2.12.  Scanning speed and laser power influence the amount of 

liquid phase present during the LPBF process and the energy volume density. Energy volume 

density and the material are important factors as these can affect surface roughness, surface 

defects, performance, and relative density of the fabricated part (Hanzl, Zetek, Bakġa, & Kroupa, 

2015; Maamoun, Xue, Elbestawi, & Veldhuis, 2018). Energy volume density is represented by 

the Equation 2.2 (Wong & Hernandez, 2012),  

                                                       Ὁ  
 Ͻ Ͻ

                                                        Equation 2.2 

where Ed is energy density (J/mm3), P is laser power (W), Dh is hatch spacing (mm), T1 is layer 

thickness and Vs is scanning speed (mm/s). This equation shows the relationship between scan 

speed, laser power and energy density (Maamoun et al., 2018). Build direction is the orientation 

in which a given sample is built with respect to the longitudinal axis and vertical axis of the 

sample during LPBF. For example, a sample may be printed in an orientation of 0o, 45o, 90o and 

180o with respect to the given axes. Build direction affects the anisotropic behaviour of the 

material such that it may determine the direction in which elongated grain growth may occur and 

changes in tensile properties(Hanzl et al., 2015; B. Zhang, Li, & Bai, 2017). Hatch angle is the 

angle between laser scanning directions and layers. As with build direction, this also influences 

anisotropic behaviour and affects mechanical properties (Hanzl et al., 2015). Hatch spacing, 

shown in Fig. 2.12, can affect dimensional accuracy, surface flatness and incur defects (Yap et 

al., 2015).  Finally, layer thickness affects mechanical properties such as strength and plasticity, 

whereby if layer thickness is thicker than 30µm, than strength can be compromised (Sufiiarov et 

al., 2017). The magnitude of the affect for each processing parameter depends upon the material, 



 15 

hence various tests must be carried out to determine the optimal parameters for a material and to 

ensure reproducibility (Hanzl et al., 2015; Maamoun et al., 2018; Yap et al., 2015).  

 

Fig. 2.12 Schematic representation of LPBF process parameters (Yap et al., 2015) 

Characteristics and properties of the powdered material, such as flowability, particle size, surface 

morphology, size distribution and composition, can also affect densities and mechanical 

properties of the fabricated part. These characteristics are dependent on powder manufacturing 

process performed by AM companies such as Renishaw, EOS and ReLizer (Chituc, 2017; 

DebRoy et al., 2018). Flowability describes the behaviour of a powder between each particle 

when exposed to stress or some disturbance. Good flowability is desirable and correlates to the 

size morphology of the powder. Smooth spherical morphology allows for good flowability and 

an ideal packing density. Spherical particle shape and narrower size distribution are optimal with 

a typical powder size usually within 10ɛm to 60ɛm for powder bed fusion (PBF) processes. A 

small particle size and regular morphology yields a finer microstructure with better surface finish, 

thinner layers, better performance and better manufacturing capability (N. Li et al., 2019; Vock, 

Klöden, Kirchner, Weißgärber, & Kieback, 2019).  

LPBF is very efficient in its use of material as any leftover powder can be re used and recycled 

and the powder size does not require moulds, welding or riveting, whereby decreasing production 

cost and design time. (Olakanmi et al., 2015) These factors along with shorter lead times, smaller 

operational footprints, customisation, and direct translation of designs due to computer model 

data are factors that may make it more favourable to use over traditional manufacturing methods. 

However, LPBF parts can develop defects during this process such as porosity, balling and 

cracking leading to low density and defective components.  
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2.2.2 Selective laser melting defects 

Porosity is one of the most common defects to occur in LPBF parts, where metallurgical pores 

and parameter-based pores are the two types of porosity. Metallurgical pores develop from 

absorption of the shielding gas within the chamber or evaporation of elements, while parameter-

based pores are formed by process errors such as incompatible process parameters and material 

issues. These are identified by mostly spherical morphology and occur on both a microscopic and 

macroscopic scale. Some may also have sharp edges which can lead to cracking (Galy, Guen, 

Lacoste, & Arvieu, 2018). Lack of fusion or incomplete fusion holes may also occur due to 

insufficient laser energy causing a poor re-melting of layers and a poor bond between layers. The 

shapes of these are not usually spherical, but more jagged and abstract and contain numerous un-

melted metal powders within the defect as shown in Fig 2.13.  Keyhole pores, shown in Fig. 2.14, 

are a combination of both parameter-based pores and lack of fusion where insufficient energy and 

gas entrapment has occurred between layers (Galy, Guen, et al., 2018; Maamoun et al., 2018; B. 

Zhang et al., 2017). Inner porosity, such as gas pores, shown in Fig. 2.15, may also develop due 

to entrapped gas within powder particles, which can escape and interrupt the scanning path, while 

shrinkage porosity can develop due to the inadequate supply of molten metal during solidification 

(Cherry et al., 2014; B. Zhang et al., 2017).  

Balling, shown in Fig. 2.16, may occur due to liquid metal transforming into a ball-like shape due 

to surface energy (tension) from poor contact with a substrate (J. Zhang et al., 2019).  It may also 

occur from partial melting and complete melting. Partial melting occurs when the melted and un-

melted material are heated together resulting in coarse small balls forming on the surface of the 

component. Complete melting leaves molten metal tracks along the surface and can also occur in 

the form of lines where they eventually split into small beads upon the surface (Cherry et al., 

2014; Hanzl et al., 2015).  

Cracking is another common defect and may result from high residual stresses caused by huge 

temperature gradients present during the rapid melting and solidification in the LPBF process (B. 

Zhang et al., 2017). Two types of cracks may occur - liquation cracking and solidification 

cracking. Liquation cracking occurs in materials with many alloying elements due to tensile 

stresses. Solidification cracking, shown in Fig. 2.17, develops in the last stage of solidification 

and is initiated by residual liquid between crystals in the mushy zones of the melt pool. Cracking 

may appear on the surface or within the finished part (B. Zhang et al., 2017).  

High porosity, lack of fusion and cracking result in poor mechanical properties and low-density 

parts, while balling results in a poor surface finish and surface defects. Defects can require 

additional processing and machining to correct and for some parts, consequently increasing 

production time and cost. Minimization of defects should be a high priority as these are solely 

dependent upon LPBF process parameters, process and the powdered material (Galy, Le Guen, 

Lacoste, & Arvieu, 2018; B. Zhang et al., 2017).  
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Fig. 2.13 Lack of fusion and incomplete fusion holes on LPBF fabricated parts (B. Zhang et al., 2017) 

 

 
Fig. 2.14 Examples of keyhole pores present on AlSi10Mg LPBF fabricated  parts (Maamoun et al., 

2018)  
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Fig. 2.15 Microporosities -gas pores on LPBF processed parts (Pasang et al., 2021) 

 

 
Fig. 2.16 Balling defect present on surface of  LPBF fabricated parts (Hanzl et al., 2015) 

 

 
Fig. 2.17 Crack Initiation on LPBF fabricated part (B. Zhang et al., 2017) 
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2.3 Scalmalloy 

This section is solely focused on Scalmalloy. The development, material properties, applications, 

and physical metallurgy are discussed in the following sections.   

2.3.1 Development, material properties and applications 

The interest to develop new high strength aluminium alloys for LPBF had grown in more recent 

years with the growing interest in AM processes and the need for lightweight and geometrically 

complex components increased. Unfortunately, the use of aluminium in LPBF has eluded many 

manufacturers for years as the majority of aluminium alloys available today are incompatible with 

LPBF proesses. The 2000, 6000, and 7000 series of aluminium alloys have solidification cracking 

tendencies and possess Zn, Mg and Lithium (Li) that tend to evaporate during the LPBF process. 

Al -Si alloys are commonly processed for use in LPBF due to their ability to withstand these 

conditions (Aversa et al., 2019), however, challenges to control the high reflectivity, oxidation 

tendencies, poor spreading of powder, freezing range and thermal conductivity properties of these 

alloys have proven difficult to hone (Aversa et al., 2019; R. Li et al., 2017).  Scalmalloy is an 

aluminium alloy specifically designed for the LPBF process of SLM by Airbus Group Innovation 

and has been in development for the last 20 years. It is a modified Al-Mg alloy with added 

scandium and traces of zirconium and manganese. Its composition is given by the manufacturer 

safety data sheet listed in Table 2-2 (Awd et al., 2017; R. Li et al., 2017). Al alloys can only be 

processed using SLM in LPBF processes, as opposed to electron beam melting (EBM), since 

EBM exceeds the nominal melting temperature of aluminium (approx. 660oC) (Awd et al., 2017). 

Scalmalloy has various applications usually is used in the aerospace, automotive, and medical 

industries. Although, scandium is expensive with a high buy-to-fly ratio, itôs addition to the Al-

Mg alloy is necessary and the benefits far outweigh the drawbacks. Therefore, Scalmalloy 

possesses high strength, ductility and elongation in the as built state and low anisotropic behaviour 

(Adriaan B. Spierings, Dawson, Voegtlin, Palm, & Uggowitzer, 2016). 

Table 2-2 Chemical Composition of Scalmalloy by Specification and Analysis (From SDS Material Sheet 

given Appendix A) 

wt%  Al  Mg Sc Zr  Mn Si  Fe Zn Ti  Cu V O 

Max. bal. 4.90 0.80 0.50 0.80 0.40 0.40 0.25 0.15 0.10 0.05 0.05 

Analysis. bal. 4.55 0.65 0.30 0.51 0.16 0.14 0.02 0.01 0.01 0.01 0.04 

Min.  --- 4.00 0.60 0.20 0.03 --- --- --- --- --- --- --- 

 

Scandium has been a viable candidate used in doping aluminium alloys since the 1970s 

originating in Russia with the first recorded effects showing increased mechanical properties and, 

consequently, further research of this soared in the following decades (Zakharov, 2003).  

Fig. 2.18 shows the Al-Sc phase diagram is typically used to describe Scalmalloy. As shown in 

Fig. 2.18, there are several intermetallic phases that exist such as Al3Sc, Al2Sc, AlSc, and AlSc2. 
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The aluminium to scandium weight ratio for the work on hand (given in Table 2-1) would be 

6.6%, indicating that the equilibrium microstructure would consist of Ŭ-Al matrix and the 

intermetallic phase of Al 3Sc in a eutectic reaction that typically occurs at either 0.5w% scandium 

from the liquid at 660oC or at 0.55wt% at 655oC showing the narrow gap between the melting 

point and eutectic reaction (Murray, 1998; Zakharov, 2003). The narrow range can be attributed 

to similar liquidus and solidus temperature ranges as scandium has a low coefficient of diffusion 

for both solid and liquid aluminium. This results in the likelihood of a supersaturated solid 

solution and at the eutectic temperature the maximum solid solution solubility of Sc in the Ŭ-Al 

matrix is reported to be 0.38%, however this can be increased to between 0.4% and 0.6% for 

higher cooling rates. The formation of a supersaturated solid solution enables effectiveness of 

heat treatments like age hardening(Jostein Røyset & N. Ryum, 2005). 

Davydov, Rostova, Zakharov, Filatov, and Yelagin (2000) reported scandium had three positive 

effects in aluminium ï the recrystallisation temperature could be positively altered, increased 

mechanical strength due to the precipitation of Al3Sc particles induced through age hardening, 

and the modification of the microstructure. Scandium alters the recrystallisation temperature, 

shown in Fig. 2.19, by the formation of Al3Sc precipitates through Zener pinning whereby 

aluminiumôs solidification microstructure remains. For instance, the recrystallisation temperature 

is increased up to 300oK by 0.5wt% scandium addition (Davydov et al., 2000). Al3Sc precipitates 

are highly coherent with aluminium solid solution which increases precipitates and evenly 

distributes these throughout the matrix due to a low lattice mismatch in the FCC structure of 

aluminium and the Ll2 lattice structure of the Al3Sc precipitates. However, if precipitates grow 

to sizes of 21-40µm, then coherency is lost by Ostwald Ripening. The modification of the 

microstructure is initiated by seeding of primary Al 3Sc precipitates that are highly coherent with 

a stable globular structure in hypereutectic Al-Sc alloys, as opposed to the typically dendritic 

structure, resulting in better mechanical properties. Additionally, scandium improves the 

weldability of Al to prevent such defects as hot cracking and delamination during high 

temperature processes such as LPBF (Jostein Røyset & N. Ryum, 2005; A. B. Spierings, Dawson, 

Kern, et al., 2017).  

As with Scalmalloy, scandium is often added to Al-Mg alloys as magnesium can act as a solid 

solution strengthener. While at times, it can also substitute scandium in the Al3Sc phase and- it 

has been reported that magnesium and scandium can reduce each otherôs solubility in the Ŭ-Al 

matrix. Lastly, the Al3Sc particles tend to nucleate on Mg-oxides. The addition of just 0.1wt% 

zirconium can reduce needed scandium content from 0.55wt% to 0.18wt%, and forms the Al 3(Sc1-

xZr-x) precipitate which can slow down Ostwald Ripening (Davydov et al., 2000; Zakharov, 2003), 

while further increasing its strength. Zirconium can also lessen the potential of over-ageing and 

stabilises the alloy at higher temperatures (Davydov et al., 2000; Marquis & Seidman, 2001; 

Zakharov, 2003).  
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Fig. 2.18 Full Al-Sc phase diagram describing Scalmalloy with the  Al-Sc Binary phase diagram on the 

aluminium rich section of the Al-Sc binary phase diagram enlarged (Davydov et al., 2000; Jostein Røyset 

& N. Ryum, 2005) 
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Fig. 2.19 Recrystallization temperature for cold worked binary AL-Transition metals vs Transition Metal 

Content (Davydov et al., 2000) 

Al-Mg alloy and Al-Mg-Sc microstructures are compared in Fig. 2.20 and 2.21. The 

microstructure of the Al-Mg-Sc alloy has finer grains than the Al-Mg alloy (R. Li et al., 2017). 

These characteristic effects of scandium in aluminium alloys have led to the successful 

development of Scalmalloy.  

 

Fig. 2.20 Left- BSE image of cast Al-Mg-Sc alloy microstructure; Right- Magnified optical micrograph of 

left image (R. Li et al., 2017) 

 

 

Fig. 2.21 Left- BSE image of cast Al-Mg alloy microstructure; Right- Magnified optical micrograph of 

left image (R. Li et al., 2017) 
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2.3.2 Selective laser melting of Scalmalloy 

Processing of Scalmalloy has been explored and showed that it can be well processed using SLM. 

Adriaan B. Spierings et al. (2016) explored energy volume densities (EVDs) between 75 and 

240J/mm3 for hatch distances of 135-165µm with a laser power of 200W. Densities of more than 

99% were achieved and reproducibility was sufficient with a mean deviation of 0.09% for varying 

hatch distances. EVD did not exhibit significant effect on the microstructure and density of 

samples, except that lower EVD induced further grain refinement. A. B. Spierings, Dawson, 

Uggowitzer, and Wegener (2018) also studied the influence of scan speed on mechanical 

properties of as-built samples of Scalmalloy. A 200W laser power and layer thickness of 30µm, 

with varying hatch distances (135 µm, 150 µm, 165 µm), scan speed (170mm/s, 750mm/s) and 

EVD (54J/mm3, 290J/mm3) were used.  Samples produced using 115J/mm3, had a density of 

99.3%, while samples produced using 135J/mm3
 had densities of 99.57% showing no significant 

changes here. Ideal hatch distances were between 35 and 65% of the laser spot diameter. The 

microstructure remains unaffected by the varying EVD and scan speeds, except that the fine-

grained regions show finer grains (1µm-600nm) for higher scan speeds attributed to formation of 

Al 3Sc seed crystals. Smaller grain sizes are evident using scan speed of 350mm/s as there is faster 

cooling rate as compared to 170mm/s. Additionally, structural and mechanical anisotropy remain 

unaffected by the parameter window (A. B. Spierings, Dawson, Uggowitzer, et al., 2018). R. Li 

et al. (2017) reported that relative densities appeared to increase with increasing laser power, and 

scan strategy such that island scanning produced a more consistent powder bed than rotary 

scanning. Higher EVD reduced defects as it increased temperature, lowering dynamic viscosity. 

This enables micropores to be filled more easily allowing for a denser microstructure, however 

too high a temperature led to induced balling phenomena. Visual inspection of the surfaces of 

samples with changing EVD, shown in Fig. 2.22, appeared to be dense with no signs of any pores, 

and a low EVD increased balling phenomena detrimentally affecting surface quality. When EVD 

was increased from 81J/mm3 to 97J/mm3, the latter samples showed fewer balling effects and at 

very high EVDs the sample surface was smooth with almost no balling at all. Some crack 

initiation was apparent along the molten tracks usually caused by high tensile residual stresses 

generated by the large temperature gradient from rapid melting and solidification during SLM. 
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Fig. 2.22 SEM images showing surface morphology of Scalmalloy processed using various EVDs a) 

81J/mm3, c) 97J/mm3, g) 111J/mm3, e) 139J/mm3 with magnified sections indicated by b), d), f) & h), 

respectively (R. Li et al., 2017) 
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The phases for different EVD showed no major changes with primarily an Al phase matrix and 

minor Al3(Sc, Zr) phase. The weld pool of the samples is shown in Fig. 2.23 with different scan 

strategies and presented a fine-grained band with a thickness of about 10µm and has columnar 

grains growing epitaxially along the fine grains. In another study, Koutny et al. (2018) explored 

a processing window for Scalmalloy with low scandium content, laser power of 325W to 400W, 

scan speeds between 100-1400mm/s, hatch distance of 100 µm and layer thickness of 30µm. 

From Fig. 2.24, the optimal EVD was between 60J/mm3 to 70J/mm3 and scan speeds between 

800mm/s to 1000mm/s. Optimal results with highest density of 98.3% were observed with laser 

power between 325W to 375W and scan speed of 900mm/s. Large pores appeared in samples 

produced using 100-500mm/s scan speeds, while scan speeds of up to 100mm/s (55J/mm3 EVD) 

produced fusion defects caused by rapid solidification without filling pores completely as 

discussed by R. Li et al. (2017). Through reproducibility tests, the majority of samples yielded 

densities of 99.5% with optimal parameters of a laser power of 375W, scan speed of 900mm/s, 

hatch distance of 100µm. In a study by Awd et al. (2017) the mechanical strength of Scalmalloy 

was studied in a slow constant fatigue mode. A laser power of 500W to 700W and scan speed 

between 1200mm/s to 1700mm/s was used, and samples were built perpendicular to the build 

platform. Keyhole pores were present, which could have been due to too high an energy density, 

however, relative densities were found to be 99.96%. Additionally, an ultra-fine-grained 

microstructure occurred due to high cooling rates and rapid solidification with an average 

(dendrite) grain size of 0.4µm. 

 

 

 

Fig. 2.23 3-D Optical Micrograph showing weld pool in the build plane direction and scan track in 

horizontal direction with a) 90o rotary scanning, b) island scanning (R. Li et al., 2017) 
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Fig. 2.24 Relative densities and optical micrographs showing defects of samples are compared according 

to varying scan speeds (Koutny et al., 2018) 

In another study by Li et al (R. Li et al., 2019), relative densities were reported to be affected by 

the change in scan speed and EVD. Increasing laser power with fixed scan speed increased 

density, while fixed laser power with increasing scan speed reduced density. Irregular shaped 

micropores occurred with a laser power of 200W and scan speed of 800mm/s attributed to 

insufficient melting and poor flowability due to low energy input. When laser power, increased 

to 300W and to a scan speed of 500mm/s, the micropores decline and were rounder as the higher 

laser power trapped hydrogen and evaporated Mg during the SLM process. When using a laser 

power of 400W and scan speed of 800mm/s even fewer micropores occurred and full density was 

achieved. 

2.3.3 Microstructur e of Scalmalloy 

Scalmalloy was developed to be compatible with SLM and offer a microstructure retaining 

maximum relative density and able to form a supersaturated solid solution in liquid form. Its 

microstructure is characterized by a unique bi-modal grain structure. The region of fine equiaxed 

grains are typically known as the FG region, and are located next to coarser columnar grains, also 

known as the CG region, shown in Fig. 2.25a and 2.25b. A layered microstructure is also evident 

here which is expected from the additive manufacturing method (R. Li et al., 2017; Schmidtke et 

al., 2011; A. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018; A. B. Spierings, Dawson, 

Heeling, et al., 2017; A. B. Spierings, Dawson, Uggowitzer, et al., 2018; Adriaan B. Spierings et 

al., 2016).  The smallest grain size in the FG regions, reported by A. B. Spierings, Dawson, 

Heeling, et al. (2017), were typically between 150nm-1µm and exhibited no texture, while the 

largest grain size in the CG region were typically between 2µm to 15µm with typical grain 

orientation in the build direction and the <100> crystal direction. The CG regions are attributed 

to the high temperature differences and low density of Al-Mg oxide seed crystals giving rise to 
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columnar and coarse grain structure (A. B. Spierings, Dawson, Heeling, et al., 2017) . 

Microstructure of samples cut perpendicular to the build direction, are shown in Fig. 2.25c and 

2.25d, where the scan direction showed large weld line cross-sections and weld pool dimensions 

significantly larger than the laser beam diameter which may be attributed to aluminiumôs good 

thermal conductivity. In Fig. 2.26, EDS scans of the microstructure showed Al 3(Sc, Zr) particles 

pinned grain boundaries prohibiting grain growth shown in the homogenous distribution of Sc, 

Zr and O distributed throughout the CG region with no Mg build up unlike the FG regions where 

Mg build up had occurred. Additionally, distinct areas in the melt pool of the transition of FG to 

CG, shown in Fig. 2.27, with high concentration of particles located in the FG regions, occur 

along the grain boundary in both grain regions (A. B. Spierings, Dawson, Heeling, et al., 2017). 

From here, a hypereutectic Al-Sc solid solution was formed and decomposed during cooling to 

form finely dispersed coherent intermetallic Al3Sc particles of the cubic LI2 crystal structure. 

Al 3(ScxZr1-x) and mixed particles of Al and Mg directly affect the formation of the FG region 

caused by the outstanding lattice match to the Al matrix (A. B. Spierings, Dawson, 

Dumitraschkewitz, et al., 2018; A. B. Spierings, Dawson, Heeling, et al., 2017).  

 

Fig. 2.25 Typical microstructure of as-built Scalmalloy a) upper region on longitudinal axis showing 

scan tracks, b) mid area built from top to bottom, c) microstructure of 115J/mm3 sample showing scan 

direction and alternating layers, d) magnification of c) (A. B. Spierings, Dawson, Heeling, et al., 2017) 

R. Li et al. (2017) reported the Al3(Sc, Zr) particles were separated from the weld pool boundary 

causing grain refinement and are either square or triangular, shown in Fig. 2.28. Furthermore, 
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lamellar eutectic lattice had a layer thickness of 20nm and the nano particles Al3(Sc, Zr) were on 

average 100nm. In the <001> crystal direction (horizontal plane), equiaxed grains were evident. 

The weld track boundary resulted in fine grains (less than 5µm), while the central weld track 

resulted in coarse grains (10ɛm to 40µm) and parallel to the build direction, grains are columnar. 

Hence, the microstructure is very different to other Al alloys processed using SLM and traditional 

manufacturing methods due to this bi-modal grain size distribution (R. Li et al., 2017).  

A. B. Spierings, Dawson, Dumitraschkewitz, et al. (2018) investigated the microstructure of 

selective laser melted Scalmalloy samples that were heat treated and Hot Isostatic Pressing (HIP) 

treated. The samples were processed using a ConceptLaser M2 machine at 200W and a laser spot 

diameter of 100µm, 30 µm layer thickness and EVD range of 135J/mm3 to 238J/mm3. For the 

HIPed samples, the usual bi-modal microstructure remains. There is almost no change in the 

microstructures for these samples compared to the as-built samples, except that the HIPed 

treatment tends to cause grain growth in the coarse-grained region. The coarsening of the grains 

by HIPed samples described earlier was due to the inability for denser grain boundaries to form, 

like that in the fine-grained region. Heat treatment allows the remaining Sc and Zr trapped in solid 

solution due to high cool rates during SLM to precipitate coherent Al3Sc and Al3(ScxZr1-x) 

particles ï density of precipitates increased from 0.5-1.0 x 1023 to between 3x1023 m-3 and 5x1023 

m-3.  

 

Fig. 2.26 EDS scans of FG and CG regions: a) microstructure of FG and CG region, b) a) magnified, c), 

d),e) EDS mapping showing highlighted elements (A. B. Spierings, Dawson, Heeling, et al., 2017) 
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Fig. 2.27 SEM Images of bi-modal grain structure and grain boundaries with precipitates (A. B. 

Spierings, Dawson, Heeling, et al., 2017) 

 

Fig. 2.28 SEM image of cross sections of SLM processed samples showing distribution of Al3(Sc,Zr) 

particles a) & b) perpendicular to build direction (R. Li et al., 2017) 

2.3.4 Mechanical properties and heat treatment of Scalmalloy 

Scalmalloy is normally heat treated for precipitation hardening after being built, however at times 

precipitation may occur during the SLM process (Jägle et al., 2016). Fig. 2.29 show the 4 stages 

of possible heat treatment (precipitation) a component undergoes during SLM. Stage 1 is material 

atomization, stage 2 is intrinsic heat treatment occurring during the SLM process, stage 3 is 

through high temperature peaks and stage 4 is by regular heat treatment of the final component.   

The risk of precipitation hardening occurring for the first three stages are unlikely as precipitation 

should be supressed due to the rapid cooling rates, but there is possibility. A study by Jägle et al. 

(2016) reported no premature precipitation occurred during gas atomization of the Scalmalloy 

powder further confirming high temperatures and rapid cooling rates are high enough to induce a 

supersaturated solid solution within Scalmalloy. Typical cooling rates in the SLM process is 

similar to that of gas atomisation (106 K/s) (A. B. Spierings, Dawson, Heeling, et al., 2017), 

whereby suppression of precipitation can be assumed. Hence, if premature precipitation were to 

occur during the SLM process, it would be due to the intrinsic heat treatment, shown in Fig. 2.29. 
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Schmidtke et al. (2011) reported tensile (>520MPa) and yield strengths (>500MPa) of Scalmalloy 

samples after heat treatment of 325oC, according to build direction and can be observed in Fig. 

2.30. The average elongation was 14% and reduction in area was 20%. Variation between 

strengths of samples built in different directions was less than 5%, hence anisotropic behaviour 

was low. Variation in area and elongation for both build directions was also negligibly low. 

Ductile and fast fracture occurred as samples broke at 45o angles. Additionally, a significant 

increase in hardness from 105 to 177HV (Fig. 2.31) was reported due to the artificial ageing 

process of 325oC/4h that enabled the formation of Al3Sc precipitates. Although, Schmidtke used 

325oC/4h as ageing temperature and holding time, other authors (explained in the following) 

explored other ageing temperature ranges and holding times and observed their effects. 

 

Fig. 2.29 Temperature-time profile of the process that an additively manufactured component is subject 

to during manufacturing. Each number represents the different stages within the process and when 

precipitation may occur (Jägle et al., 2016) 

 

Fig. 2.30 Mechanical properties of samples built in the 0o, 45o, and 90o directions. Yield stress, UTS and 

elongation are compared with heat treatment of 325oC/4h (Schmidtke et al., 2011) 
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Fig. 2.31 Microhardness curves of test cubes on as built and artificially aged at 325oC/4h samples 

(Schmidtke et al., 2011) 

R. Li et al. (2017) performed microhardness testing on the densest samples and found it to be 

higher than a typical Al-Mg-Sc-Zr alloy cast part, yet lower than a solutionised annealed alloy. 

Corrosion resistance was also higher than the cast alloy with a maximum compression strength 

of 390.25MPa. Best, Maeder, Michler, and Spierings (2018), found that precipitation hardening 

induced by annealing was evident in both the FG and CG regions. Near-isotropic behaviour was 

reported for macroscopic samples in both regions of the microstructure, further confirming claims 

by Schmidtke et al. (Schmidtke et al., 2011) of near-isotropic behaviour of Scalmalloy in their 

work. As reported by previous authors (A. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018; 

A. B. Spierings, Dawson, Kern, et al., 2017; Adriaan B. Spierings et al., 2016), Scalmalloy 

samples processed in SLM result in the Al matrix being supersaturated with fine Al3Sc and Si 

precipitates which provide optimum plastic flow properties. A. B. Spierings, Dawson, Kern, et al. 

(2017) reported the effects of heat treatment on SLM processed Scalmalloy observing 

temperatures ranging between 250 to 500oC/4h. Hardness increased for temperatures up to 400oC, 

but any higher temperatures resulted in reduced hardness, thought to be caused by loss of 

coherency of Al3(ScxZr1-x) particles. Hardness was observed at annealing temperatures of 275, 

325 and 375 oC with holding times between 0.5h and 24h. An ageing temperature of 325 oC with 

a holding time of less than 4h proved to achieve high hardness than other combinations. Ageing 

at temperatures below 300oC slowed precipitation and lengthened holding times. For instance, 

hardness values achieved at ageing conditions of 325oC/1h equalled that of 275oC/24h. Preferred 

ageing temperature was found to be between 325oC to 350oC showing that some variations in 

temperature are not significant. Tensile strengths of both vertically and horizontally built samples 

were reported and showed very little anisotropy with differences of 2.6% for vertically built and 
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2.7% for horizontally built. Yield strength, however, is slightly higher with 3.8% for the vertical 

built and 10.8% for the horizontal built samples.   

A study conducted by R. Li et al. (2019) observed the effects of aging heat treatment on the 

microstructure and mechanical properties of Scalmalloy. Annealed samples with varying laser 

power, but constant scan speed of 800mm/s resulted in higher hardness than as-built samples 

(approx. 85HV).  Hardness increased with temperature during ageing until it reached maximum 

hardness of 125HV, then it decreased with increasing temperature. They found ideal ageing 

parameters for their experiments were between 300oC and 350oC for aging times between 4 and 

12h and are consistent with ageing temperatures reported by various authors (R. Li et al., 2019; 

Schmidtke et al., 2011; A. B. Spierings, Dawson, Kern, et al., 2017). Stress-strain curves were 

observed at different ageing temperatures. As-built samples had a yield strength of 166MPa, a 

tensile strength of 222MPa and elongation to failure of 10%. After ageing for 2h, yield strength 

increased to 289MPa, tensile strength to 373MPa and elongation to failure to 32.5%. After 12h 

of aging the elongation to failure dropped sharply, yet the strength increased slightly. Optimal 

aging condition was at a temperature of 325oC with an ageing time between 2h and 6h. Al3(Sc, 

Zr) precipitates, shown in Fig. 2.32, occur mainly at the grain boundaries, while the number and 

size of the precipitates increased with increasing ageing times. No evidence of high dislocation 

density was found in the columnar grain regions, but dislocation density can be observed in the 

original phase matrix. Fracture micrographs, shown in Fig. 2.33, of the samples show cleavage 

facets and few dimples leading to the poor strength and low ductility in the as-built samples. Large 

amounts of dimples (2-5µm in size) can be seen on the fracture surface of the sample aged at 

325oC/4h, showing that strength and ductility were improved. The sample aged for 16h at 325oC 

had dimple sizes of about 4µm, where pores can be seen throughout causing a lower ductility seen 

in all the samples, but higher tensile strength (R. Li et al., 2019).  . 

 

Fig. 2.32 SEM images of the distribution of  Al3(Sc, Zr) particles at 83 J/mm3: (a) as-built (b) 325 °C/4 h, 

(c) 325 °C/12 h. [49] (R. Li et al., 2019) 
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Fig. 2.33 SEM fracture images showing fracture surfaces a&d) as-built, b&e) 325oC/4h, c&f) 325o/16h 

(R. Li et al., 2019)  

Ageing temperatures between 200oC and 500oC and holding times between 1h and 24h have been 

explored, yet the ideal ageing conditions for Scalmalloy is 325oC/4h. Spierings et al. (A. B. 

Spierings, Dawson, Dumitraschkewitz, et al., 2018) showed for this ageing condition, Scalmalloy 

yielded high hardness and tensile strengths by sufficient precipitation of Al3Sc and Al3(ScxZr1-x) 

particles. Additionally, grain size distribution and microstructural features for the samples heat 

treated at 325oC/4h were not significantly altered. This extremely stable microstructure was 

attributed to the combination of intergranular particles of Al3(ScxZr1-x).  

Fatigue strength of Scalmalloy is also important as this can occur due to crack propagation, which 

is the crack initiation stage where premature propagation of a crack originates from its material 

micro-defects. The progressive propagation of a short crack will determine the fatigue life of the 

component. The fatigue limit can be defined as the maximum stress level below where a crack or 

an existing crack will not propagate into failure within a set life span of the component (Curtis, 

de los Rios, Rodopoulos, & Levers, 2003). Awd et al. (2017) investigated the fatigue strength of 

additively manufactured Scalmalloy and AlSi10Mg in a stable fatigue mode of loading. Findings 

showed that both failed at (approx.) 105cycles under stress amplitude range between 120 and 

140MPa. A study by Schneller et al. (2021) studied the fatigue life of  Scalmalloy using R=-1. 

Findings showed that heat treatment should be applied before fatigue tests as the stress amplitude 

increased from 51.6MPa to 126.4MPa after heat treatment of 325oC/4h attributed to the formation 

of Al3(Sc, Zr) increasing strength and further grain refinement. Qin et al. (2021) reported the 

effect of defects on the fatigue behaviour of a selectively laser melted Al-Mg-Sc-Zr alloy. A stress 

amplitude of 90MPa and 144MPa, with a decrement of 54MPa, yielded a fatigue life (R=0.1) 

between 104 to 107 cycles. For samples that did not fail at 107 cycles, fatigue strengths were 
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100.5MPa (19% of UTS) and almost a 50% survival rate. Also, defects did affect the fatigue 

strength as presence of these lead to crack initiation and propagation evident as fatigue strength 

of Scalmalloy was lower when compared to cast Al7075-T65 alloy.  Chernyshova, Guraya, 

Singamneni, Zhu, and Chen (2021) also studied the fatigue crack growth behaviour regarding 

stress intensity factor threshold. They found that stress intensity factor was not dependent on 

orientation of crack growth and build direction in as built and heat-treated conditions due to as 

crack propagation tends to follow the bi-modal grain structure regarding equiaxed grain and 

columnar grains.    

2.3.5 Summary 

Scalmalloy has high reflectivity tendencies consistent with typical aluminium alloys. In the SLM 

process, a laser power of 200W or greater is required to counter this, and relative densities appear 

to increase with increasing laser power. Hatch distances should also be larger than the laser 

diameter (as given by machine specifications) as scan track width areas tend to expand due to the 

high thermal conductivity of aluminium. However, too large a hatch distance can lead to a loss of 

density. Energy volume density was the primary parameter that affected grain refinement and 

apparent defects. Hence, these factors need to be considered when processing Scalmalloy and 

determining a suitable process parameter window. Furthermore, the inherent bi-modal 

microstructure in Scalmalloy is not affected by processing parameters and remains constant. 

However, grain size, type and precipitates are affected by the SLM process parameters and so 

these should be optimised to obtain smallest grain size and development of precipitates to produce 

optimum mechanical properties. Additionally, the mechanical properties of as-built Scalmalloy 

are reasonable but can be positively affected when heat treated. The optimum heat treatment time 

was found to be at 325oC/4h, however the heat treatment conditions can be further explored. There 

is a current gap in the literature in exploration of various heat treatment conditions to optimise 

strength, hardness, and ductility and to determine the effect of heat treatments on cold rolled 

samples of Scalmalloy, where cold rolling is discussed in the next section. 

2.4 Cold rolling process 

Cold Rolling is a type of cold working method, where a metal is wedged between two rollers and 

pushed through at a certain velocity reducing in material thickness, and usually performed at 

ambient temperatures or a point below the recrystallisation temperature of the material. A typical 

cold rolling process is shown in Fig. 2.34, where the material passes through the rolls with an 

initial velocity (Vi) and the roll gap is maintained on the desired final thickness (hf). Initial 

thickness of material is hi, radius of the rolls is r, the contact length is L, the reduction in thickness 

after the rolling operation is s, and the frictional force on the surface of the rolls is Ff (M. Singh 

& Singh, 2019). Cold rolling changes the initial microstructure of a metal to one with a reduced 

grain size (more fine-grained), elongated grains and high dislocation density that improves 
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mechanical properties, such as strength and hardness, but reduces ductility (M. Singh & Singh, 

2019; B. B. Wang et al., 2021).  

2.4.1 Effect of cold rolling of aluminium alloys  

Cold rolling is usually performed on the non-heat-treatable aluminium alloys as this induces strain 

hardening, but can also be performed on the heat treatable aluminium alloys in conjunction with 

heat treatment. Panagopoulos and Georgiou (2010) studied the effect of cold rolling on the 

lubricated wear of a 5083-aluminium alloy. 30mm thick sheets were used and reduced in 

thickness by 7% and 15%. According to Fig. 2.35, the microstructure after 7% and 15% reduction 

by rolling shows reduction in grain size attributed to the recrystallisation of grains caused by 

stress of rolling as an aluminium solid solution and intermetallic phases of Mg2Si were induced 

after rolling. 

 

Fig. 2.34 Cold Rolling Process Schematic also showing force representation (M. Singh & Singh, 2019) 
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Fig. 2.35 Microstructure of 5083Al alloy. a) as-received, b) cold rolled to 7% reduction in thickness, c) 

cold rolled to 15% reduction in thickness (Panagopoulos & Georgiou, 2010) 

Hardness increased from 74HV (as-received) to 84HV (7% roll reduction) to 88HV (15% roll 

reduction) caused by reduction in grain size elucidated by the Hall-Petch Equation that shows the 

relationship between increasing yield strength of a metal with decreasing grain size:  

                                                            „ „
Ѝ
                                             Equation 2.2 

K = strengthening coefficient, ů0 = material constant of starting stress for dislocation movement 

and d = grain diameter. Although, yield strength can also be related to hardness in the following 

equation: 

                                                                    Ὄὠ ςȢω„                                                    Equation. 2.3 

Through the relationships represented by Equation 2.3 and 2.4, it can be said that increasing 

hardness is related to decreasing grain size. Additionally, cold working increases the number of 

dislocations within the materialôs volume and the development and movement of new dislocations 

are inhibited by existing dislocations and the occurrence of texture orientation, hence hardness is 

increased (Panagopoulos & Georgiou, 2010). T. Wang et al. (2021) studied a powder metallurgy 

manufactured (sintered and hot pressed) 2024 aluminium alloy subjected to cold rolling and 

annealing to study its microstructure and mechanical properties.  The as-sintered microstructure 
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features a typical equiaxed grain structure and clear powder particle grain boundary. Cold rolled 

samples showed elongated ellipsoidal grains in the rolling direction and were more stretched with 

increasing rolling reduction. Precipitates for as-sintered samples were distributed along powder 

particle boundaries and were typically coarse and irregularly shaped, but precipitates distributed 

in the Al matrix within the cold rolled samples were more spherical and evenly distributed. This 

redistribution and change in morphology of precipitates were attributed to shear stress between 

the matrix and precipitates, movement of dislocations, and nucleation of precipitates from the 

dissolution of precipitate phases due to the blend of both cold rolling and annealing. Relative 

densities were also positively affected by cold rolling porosity within the matrix, reduced as the 

compactness of the microstructure increased due to cold rolling. Hardness also increased due to 

work hardening effect during deformation. Tensile strength eventually increased due to the blend 

of both phase precipitation and work hardening. Hence, mechanical properties improved due to 

intense cold rolling and second phase precipitation occurred due to the blend of annealing 

treatments and cold rolling.  

 

Fig. 2.36 Microstructure of as received 5052Al alloy - a &b) as cast, c &d) solutionised (B. Wang et al., 

2015) 

The refined grains developed during cold rolling inhibit dislocation movement that consequently 

increases resistance and reduces ductility; thus, annealing can be beneficial in reducing these 

effects.   

Another study by B. Wang et al. (2015) observed the effects of heat treatment and cold rolling of 

a 5052Al alloy. Rolling reductions of the alloy were 15%, 33% 46%, 60%, 75% and 87%. The 
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75% reduction in rolling was also annealed at temperatures of 220oC/4h, 250oC/4h, 300oC/4h, 

350oC/4h, and 380oC/4h. Fig. 2.36 shows dendritic structure with large Al matrix phase and 

second phases located along the boundary of the dendritic grains for the as received alloy, and 

obvious grain growth for the solutionised alloy where typical grain size increased from 118µm to 

136µm. Additionally, solutionised alloys show the grain structure dissolved with little obvious 

grain boundaries, structure and second phase particles - typical features in solutionising. Fig. 2.37 

show obvious elongated grains in rolling direction and a strained structure with increasing 

elongated grain size with increasing rolling reduction. Typical grain size lengthening for the 

rolling reductions from least to greatest were 148µm, 156µm, 180µm, 467µm, 701µm, and 

732µm showing that rolling reductions between 46% and 87% result in very coarse grains. Al 

matrix, Mg2Si and Al3Fe were the phases identified in all samples showing that the kind of phases 

are unaffected by cold rolling, however secondary phase increases with increasing rolling 

reduction. Samples of annealed and 75% roll reduction exhibited different phases to that of only 

cold rolled - Mg2Al 3, Al, Mg2Al 3, Mg2Si, Al3Fe and Mg2Al 3, where the Mg2Al 3 phase is known 

to be induced through annealing. Hardness increased from 61HV to 99HV from as received to 

the highest roll reduction of 87% due to the increase of dislocation density. Hardness reduced 

from 61HV to 57HV after solutionising as the microstructure is mostly dissolved. Samples that 

were annealed with a roll reduction of 75% reduced in hardness from 83HV to 58HV with rising 

annealing temperature attributed to recovery and recrystallisation and shows work hardening 

decreases due to annealing. As received ultimate tensile strength (UTS) increased from 69MPa to 

325MPa, yield strength (YS) from 69MPa to 320MPa, however ductility reduced drastically from 

25% to 2.5%. Increase in tensile strengths are attributed to the intense roll reduction and elongated 

grains in the rolling direction and second phase particles being more numerous after cold rolling 

inducing precipitation hardening. Consequently, the increased work hardening reduces ductility 

and elongation. Samples that had been cold rolled and annealed had highest UTS value of 

311MPa, but with subsequent annealing treatments, it decreased to 212MPa, YS decreased from 

201MPa to 75MPa, while max elongation increased from 2.8% to 25.2% and final grain size was 

516µm. These tensile strengths were synonymous to that of the solutionised and cold rolled then 

annealed at 300oC to 380oC for 4h samples. This increase in elongation was thought to be due to 

the annealing temperature increasing grain size and precipitates according to Equation 2.3. Hence, 

smaller refined grain improved mechanical properties through increased dislocation density that 

changed slip systems within the metal. Finally, the recrystallisation occurred at 300oC leading to 

loss in density of dislocations and corresponding mechanical properties (B. Wang et al., 2015).  

Mansourinejad and Mirzakhani (2012) investigated the influence of age hardening and cold 

working in a 6061Al (Al-Mg-Si) alloy. Samples were subjected to a series of heat treatment and 

cold work. Cold working reductions were 20%, 40% and 60%, and all samples were homogenised 

at 520oC/1h then quenched in water. In cold worked samples, the samples are subjected to heavy 

strain providing numerous nucleation sites for precipitation to take place increasing hardness and 



 39 

strength. Reduced area and elongation is attributed to high dislocation density impeding the flow 

of the material. When cold worked samples were aged, elongation (ductility) was improved by 

the annihilation of dislocations, strain hardening effect is reduced and work softening in the 

material exceeded the detrimental effects of dislocation pinning by precipitates. The potential for 

precipitates to nucleate and form increases with the increasing reduction in area as precipitates 

lock in dislocations and hinder gliding dislocations.  Final ageing for samples showed strength 

was constant or decreased slightly, while elongation improved. 

 

Fig. 2.37 Optical images of microstructure of cold rolled 5052Al alloy. a)15%, b)33%, c)46%, d)60% 

e)75% f)87% (B. Wang et al., 2015) 

Solution treatment on the alloy showed that recovery and recrystallisation had taken place due to 

cold work expanding defect density in the microstructure, thus internal energy causes the 

recrystallisation and recovery process to accelerate and the high solution temperature caused grain 

growth.  
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2.4.2 Effect of cold rolling on additively manufactured metals 

Little to no literature is provided on the cold rolling of additively manufactured alloys as this is 

not typically performed for lack of application, however observation of the effects of cold rolling 

on mechanical properties, microstructure and density may be beneficial. A study by Natali, 

Brotzu, and Pilone (2019) made a comparison between thin sheets of 316L stainless steel 

produced using additive manufacturing and cold rolling. The microstructures, shown in Fig. 2.38, 

exhibit very fine grains in both samples, while shear bands were reported in the cold rolled 

samples due to the deformation induced in cold rolling centrally located in the sheet. TS, YS, and 

elongation were examined and showed that UTS and elongation for additively manufactured 

samples are lower, than cold rolled samples, but have a higher YS. These were attributed to a 

non-heterogenous microstructure and mechanical properties, and complicated thermal cycles 

induced during the additive manufacturing process. Furthermore, defects such as lack of fusion 

and micrporosity resulted in crack propagation leading to failure and lowered strength.  Both 

samples exhibited a ductile fracture with many dimples, where increased dimples were visible on 

the cold rolled samples.   

 

Fig. 2.38 Planar view of the microstructure of 316L stainless steel - a) rolled, b) additively manufactured 

(Natali et al., 2019) 

Additionally, the effect of rolling direction on samples and sample thickness showed that 

mechanical properties remained independent of these. A study by Ma et al. (2020a) investigated 

the enhanced mechanical properties of a selectively laser melted Al-Mg-Sc-Zr alloy by cold 

rolling and annealing. It was found that the coarse-grained regions in the alloy were refined by as 

much as 30%. This is thought to be due to the Al3(Sc, Zr) precipitates prevention of grain growth 

and promotion of thermal stability. Mechanical properties of samples cold rolled to 80% reduction 

in thickness had YS and TS of 573MPa and 612MPa, respectively, attributed to the high 

dislocation density and induced point defects to inhibit dislocation movement. Hence, improved 

tensile properties of the alloy were apparent.  
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2.4.3 Summary 

Cold rolling can improve the hardness and tensile strengths of Al-Mg alloys through increasing 

dislocation density, inducing changes in microstructure, solid solution hardening and 

precipitation hardening. This shows that Scalmalloy could benefit from cold rolling in terms of 

refinement in microstructure and improved mechanical properties. However, very little to no 

literature has been reported on cold rolling of Scalmalloy. As cold rolling is not typically 

performed on additively manufactured alloys, a valid comparison can be made between the cold 

rolled microstructure of the additively manufactured Scalmalloy, and conventionally extruded 

aluminium alloys. Furthermore, the effect of cold rolling and cold rolling and heat treatment on 

the microstructure and mechanical properties of Scalmalloy can be observed and reported. 
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2.5 Gas tungsten arc welding 

This section will provide background on Gas Tungsten Arc welding (GTAW) method and studies 

of GTAW on aluminium alloys. GTAW and other types of welding of additively manufactured 

metals will also be discussed. 

2.5.1 Definition and characteristics of gas tungsten arc welding process 

Welding is a common joining method for metals and plastics. There are different types of welding 

processes, the most common of which is fusion welding. Fusion welding joins two pieces of metal 

by heating both to melting point and then having them solidify together to fuse into one piece 

(Subbaiah, 2019) . GTAW is a fusion welding method that can weld both ferrous and non-ferrous 

metals. It is extremely economical, easy to use, and welded joints are have good quality, making 

it the most commonly used fusion welding process (Varshney & Kumar, 2021). GTAW consists 

of various components shown in Fig. 2.39.  The power source supplies a constant current to the 

non-consumable tungsten electrode to produce the energy needed to melt the metals. A filler metal 

is usually used to aid in the fusion process.  An inert shielding gas, usually argon or helium to 

protect the welding environment from oxidation, is distributed around the weld through the nozzle 

(Bğachnio, Kuğaszka, Chalimoniuk, & WoŦny, 2016). Macroscopically, the weld joint is affected 

by the welding parameters such as power input, weld speed, filler material, welding angle, 

electrode diameter, shielding gas, electric current type, and welding voltage. These may be pre-

determined by the welder (Messler Jr, 2008).  

 

Fig. 2.39 Schematic of GTAW Process (Bğachnio et al., 2016) 
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Fig. 2.40 Profile of single groove butt joint showing main areas of interest (Bğachnio et al., 2016) 

 

 

Fig. 2.41 Different solidification modes affected by constitutional supercooling (Kou, 2003) 

During the welding process, three distinct areas emerge across the weld profile, shown in Fig. 

2.40. The main areas are the fusion zone (FZ) - the area that is in direct contact with the tungsten 

electrode and metals being melted; the true heat-affected zone (HAZ) - the zone thermally 

affected by the heat from the welding process; and the parent material or base metal (BM) which 

remains unchanged. A partially melted zone (PMZ) may be seen in the fused zone indicated in 

Fig. 2.40, however this may not be observed at all for alloys with very short solidification 

temperature ranges (Li, Zou, Yao, & Peng, 2017; Messler Jr, 2008).  

After welding has ceased, different types of grain structures may occur after solidification. 

Quality of the welded joint and its mechanical properties, such as strength, hardness, and 
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elongation, are dependent on this grain structure. The thermodynamic aspect affecting 

solidification is the location of the solid liquid interface depicted in Fig. 2.41 as a phase diagram. 

Constitutional supercooling is the cooling of a liquid to its freezing point without solidifying and 

affects the solidification mode of the weld.  Fig. 2.41 also shows the four typical grain formations 

ï planar, cellular, columnar dendritic, and equiaxed dendritic, affected by constitutional 

supercooling, whereby the degree of constitutional supercooling corresponds to the grain 

structure  (Kou, 2003). 

2.5.2 Gas tungsten arc welding of aluminium alloys  

Aluminium has high thermal conductivity, possesses some excellent weldability and good heat 

efficiency making it very responsive to the high-power input experienced during GTAW and 

other higher power welding (Varshney & Kumar, 2021). The lifecycle (strength) of a weld joint 

is dependent upon the mechanical properties of the weld and upon the number of defects present 

within the weld mainly focusing on the FZ, but fracture can occur at the HAZ due to coarser 

grains forming here attributed to elevated temperatures. Lack of fusion, lack of weld penetration, 

porosity, inclusions, and cracks can be the prevailing defects and should be minimized where 

possible as this can facilitate component failure (D.-k. Zhang et al., 2019). A good balance of 

welding parameters is necessary to ensure mechanical properties are optimized, while defects are 

minimized. GTAW weld parameters have been researched well. Shanavas and Dhas (2017) 

investigated the effect of weld current and shielding gas flow on the tensile strength of welds 

using GTAW welding and friction stir welding (FSW), where FSW is a type of solid-state 

welding, and these results were compared. They found that the welding current increased tensile 

strengths slightly as weld penetration is increased improving weld properties. Shielding gas flow 

rate also influenced strength, whereby a moderate level was beneficial. Additionally, grain growth 

occurred in the weld, especially the HAZ, due to the elevated temperatures during welding. 

Çetkin, Çelik, and Temiz (2019) compared effects of GTAW and MIG welding parameters on 

the microstructure and mechanical properties of an AA7075 and AA5182 Al alloy. Again, a 

higher welding current induced sufficient weld penetration resulting in less porosity. All round, 

the GTAW weldments exhibited better mechanical properties in terms of tensile strength, 

hardness, and fatigue than the MIG samples. The effects of weld penetration on the tensile 

properties of a 2219Al alloy was investigated by D.-k. Zhang et al. (2019) and it was reported 

that weld penetration does have some effect on the tensile properties. Hence, it was found that 

weld penetration can be controlled by the welding current and welding voltage, although all 

welding parameters should be considered to achieve suitable weld penetration.  Hence, weld 

parameters are important in achieving a good, welded joint.  

Apart from welding parameters, the overall effect of GTAW on aluminium alloy mechanical 

properties and microstructures has been observed. In a study by Y. Liu et al. (2012) the 

microstructures and mechanical properties of GTAW and GMAW (Mig welding) were studied. 

They found that GTAW welds were visually better and less defective than the GMAW 
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weldments. Slower welding speeds and arc cleaning from the shielding gas reduced pores 

resulting in higher tensile strengths. A homogenous equiaxed grain structure developed in the 

centre of the weld, and these were more ductile showing dimpled fracture with coalescence. In 

another study by D. Zhang et al. (2019) observed the inconsistencies of mechanical properties for 

the same alloy. It was found that these were due to the differing shapes of the weld joints and the 

presence of a coarse eutectic microstructure. Additionally, parameters such as welding heat input 

and wire feeding speed affected tensile strength and microhardness. Hence, it was important to 

consider the geometrical and metallurgical attributes during the welding process. A study by 

Arunkumar and Subbaiah (2019) conducted welding trials using GTAW on cast Al-Mg-Sc alloys. 

GTAW welded joints exhibited good hardness, but hardness profile was constant until it reached 

HAZ and FZ where a sharp drop occurred but then rose again until it reached BM hardness. 

Tensile strengths were reasonable as magnesium seemed to evaporate fully in the weld. The 

microstructure of the FZ, shown in Fig. 2.42a consists of fine homogenously distributed Al3Sc 

recrystallising from solutionsing and heat treatment. BM to HAZ is shown in Fig. 2.42b and 

shows recrystallisation of Al3Sc precipitates and no shrinkage voids are apparent. Small gas pores 

(<50µm) can also be seen here due to melting and solidification in GTAW process. Additionally, 

fracture occurred in the HAZ zone due to coarsening of grains in this region. G. Xu et al. (2016) 

studied whether a new Al-Mg-Mn-Sc-Zr alloy could be joined using GTAW welding and the 

mechanical properties and microstructure were examined. It was possible to join this alloy by 

GTAW and mechanical properties, such as strength and hardness, reached acceptable levels, and 

some were higher than the as-cast alloy. Microstructures of this weld is shown in Fig. 2.43 

consisted of a cast dendritic and super saturated solid solution in FZ and some gas pores are 

evident here, HAZ consists of coarsened elongated grains due to heat from welding, and the BM 

remains unaffected as welding does not affect this area. Microhardness was also reported to have 

a downward trend as it transitioned from BM to HAZ and then drops sharply in the FZ before 

rising again to BM hardness, which is consistent with the relevant microstructures in each zone.  

 

Fig. 2.42 a) Microstructure of FZ and b) microstructure of BM and HAZ for GTAW cast Al-Mg-Sc alloy 

adapted from (Arunkumar & Subbaiah, 2019) 
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Fig. 2.43 Microstructure of GTAW joints of Al-Mg-Sc-Zr alloy. a) macrostructure, b) FZ, c) HAZ (G. Xu 

et al., 2016) 

2.5.3 Welding of additively manufactured metals 

Welding of additively manufactured metals is beneficial as geometrically complex additively 

manufactured parts can be joined to existing structures or other components. Component size 

limitations in AM is a common problem due to a restricted build chamber size and footprint. 

GTAW can be particularly advantageous as it offers an inexpensive and easy way of joining costly 

additively manufactured metal components (Matilainen et al., 2016; Shanavas & Dhas, 2017). 

However, there are very few studies conducted using GTAW on additively manufactured parts; 

hence, the following studies are based upon both GTAW and laser beam welding, where laser 

beam welding studies offer observations of the influence of welding on additively manufactured 

components that could occur during GTAW.  

Mäkikangas, Rautio, Mustakangas, and Mäntyjärvi (2019) investigated the suitability of laser 

welding on a selectively laser melted AlSi10Mg based alloy. This alloy was successfully joined 

by laser welding. Average tensile strength was found to be 63% lower than the as built specimen 

and pores as large as 0.7mm were found in the FZ of the weld, but the weld shape was good with 
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minimum welding spatters. However, more research needed to be done to minimize porosity. 

Matilainen et al. (2016) studied the weldability of powder bed fusion (PBF) stainless steel. It was 

found that PBF exhibited good weldability when energy input was low as this led to full weld 

penetration. However, when energy input was high, large pores generated within the weld. Also, 

crack tendencies were apparent and thought to be due to residual stresses within PBF components, 

but more research was needed to conclusively determine the root causes of these. In another study 

involving laser beam welding, Wits and Becker (2015) investigated joining a selective laser 

melted titanium part with similar laser welding process parameters as that for conventional 

titanium parts. However, the conventional process settings could not be transferred from one to 

another as the weld geometry became irregular. A higher energy and slightly different process 

settings were suggested. A study by Pasang et al. (2019) investigated the mechanical properties, 

strain distribution and microstructure of the additively manufactured SS316L following GTAW 

welding. This alloy was easily welded through GTAW, and precipitates were apparent in FZ and 

BM, but lacking in HAZ as these dissolved due to elevated temperatures during GTAW. Hardness 

remained at original BM values and was consistent throughout the weld profile as this alloy is 

non heat treatable. Additionally, tensile strengths were higher than the as-built condition with 

primarily ductile fracture occurring.  

A study by Xu (P. Xu et al., 2018) reported the effects Variable Polarity Plasma Arc welding had 

on an Al-Mg-Sc-Zr alloy. Microhardness was consistent across the BM but dropped sharply 

across HAZ and FZ and then slowly rose to the original BM values. Fig. 2.44 shows the 

macrostructure and the microstructures of the weld zone. The FZ consists of equiaxed dendritic 

grains (20µm to 40µm in size), HAZ consists of coarser grains than BM due to heat input from 

welding, and some recrystallised grains near the bond. Tensile strengths are also slightly lower 

than BM due to the high heat suppressing Al3Sc precipitates from forming.    

C. Zhang et al. (2019) compared GTAW and laser welding for an AlSi10Mg cast and a selective 

laser melted alloy. The selective laser melted alloy had very high pore susceptibility due to pre-

existing high hydrogen content compared to the cast alloy. Tensile strength was also inferior to 

the cast alloy, while all samples had very low elongation. Furthermore, a study by Cui et al. (2022) 

compared welding methods that would reduce hydrogen pore susceptibility of AlSi10Mg in both 

the cast and selective laser melted form. Autogenous, single pass and laser melting deposition 

(LMD) welding were compared resulting in LMD having the highest mechanical properties due 

to a smaller melting zone resulting in less hydrogen entering the weld pool.  



 48 

 

Fig. 2.44 Microstructure of Al-Mg-Sc-Zr alloy a) Macrostructure of weld, b)FZ, c) HAZ, d) BM (P. Xu et 

al., 2018) 

2.5.4 Summary 

Welding of metal parts is very beneficial, especially additively manufactured parts, as this 

eliminates sizing issues and can be done cheaply. It is also clear that aluminium alloys are highly 

compatible with GTAW and can be used on additively manufactured alloys in a satisfactory 

manner, especially those produced using PBF. Furthermore, parameters often need to be 

optimized for these parts and fusion welding has proven to be difficult for aluminium additively 

manufactured alloys due to their hydrogen susceptibility. However, GTAW (welding) of 

Scalmalloy has not been reported, therefore, the effect and processing of GTAW on Scalmalloy 

can be explored to determine whether it is feasible to weld Scalmalloy using GTAW with standard 

GTAW parameters often used on aluminium alloys. The effects on the resulting microstructures 

across the weld and the prevailing mechanical properties will also be observed and reported.  
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Chapter 3 Design of study  

This chapter will discuss the design of study for each research topic and incorporates the 

necessary steps of manufacturing, testing, and analysing microstructures and mechanical 

properties, both qualitatively and quantitively.  There are three main studies in this research each 

having slightly different methods to one another: the SLM parameter study (Chapter 4), cold 

rolling and heat treatment study (Chapter 5) and GTAW Welding study (Chapter 6). A schematic 

outline for the design of each study is shown in Fig. 3.1 and the subsequent sections explain each 

in detail. 

 

Fig. 3.1 Design of study schematic 

3.1 Sample preparation 

The following section outlines the method of preparation of the samples for each topic of study 

in this research. 

3.1.1 Selective laser melting parameter study 

It was necessary to develop SLM process parameters to manufacture Scalmalloy samples of  

>99% relative densities using a Renishaw AM 400 LBM. This section will include the method of 

obtaining these optimal SLM parameters. Please note that the experimental method explained in 

this section has similar elements to the experimental method reported in Celine Turangi, Haslich, 

and Pasang (2020) as this is earlier published research of the work on hand.  
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3.1.1.1 Selective laser melting machine 

A Renishaw AM 400 SLM machine was outfitted with a pulsed laser having a maximum power 

of 400W and a laser focus diameter of 70µm. The build chamber was 250mm x 250mm x 300mm 

in size and used an argon shielding gas flow. Samples were built on a stainless-steel build platform 

and the surface of the build platform was either milled or sandblasted before each use. Standard 

software was used with each layer being hatched bi-directionally first and then two single scan 

tracks of contour and alternating hatch direction of 67o layer-wise.  

3.1.1.2 Scalmalloy powder characterisation  

Scalmalloy powder was obtained from LPW Technology and chemical composition can be seen 

in Table 3-1. From the material data sheet provided by LPW Technology, 0 wt% of the particles 

were larger than 63µm according to sieve analysis and 6 vol% particles were found to be smaller 

than 20µm according to the laser size diffraction analysis. For accuracy, powder morphology was 

assessed using a Hitachi SU-70 SEM (section 3.5.3) according to the standard VDI 3405 Part 2.  

A minimal amount of powder was distributed onto a carbon adhesive strip to ensure electric 

conductivity and 5kV voltage was used with the Hitachi SU-70 SEM. Gas porosity was also 

investigated where samples were cold mounted using Struers EpoFix epoxy resin and hardener. 

Metallography (section 3.5.1) was carried out upon these powder samples an examined using an 

Olympus BX51M optical microscope (section 3.5.2). Three different optical micrographs at 100x 

magnification were taken of all cut particles with visible inner pores where the total number of 

these pores were analysed and counted using Image J software. Microhardness testing was carried 

out upon the cut cross-section powder particle samples according to section 3.4.3. Only spherical 

powder particles having similar diameters with the edge at least 2.5x distances away from 

indentation diagonal length were tested.  In addition, samples were coated with a thin film of nm 

platinum for electric conductivity for the SEM system which is thought to be negligible during 

microhardness testing. 

Table 3-1 Chemical composition of Scalmalloy from data sheet (refer to Fig. A.1 in Appendix A) 

/wt%  Al  Mg Sc Zr  Mn Si  Fe Zn Ti  Cu V O 

Max. bal. 4.90 0.80 0.50 0.80 0.40 0.40 0.25 0.15 0.10 0.05 0.05 

Analysis. bal. 4.55 0.65 0.30 0.51 0.16 0.14 0.02 0.01 0.01 0.01 0.04 

Min.  --- 4.00 0.60 0.20 0.03 --- --- --- --- --- --- --- 

3.1.1.3 Initial verification of selective laser melting process parameters  

Spierings et al. (A. B. Spierings, Dawson, Dumitraschkewitz, et al., 2018; A. B. Spierings, 

Dawson, Heeling, et al., 2017; A. B. Spierings, Dawson, Kern, et al., 2017; A. B. Spierings, 

Dawson, Uggowitzer, et al., 2018; Adriaan B. Spierings et al., 2016) have researched Scalmalloy 

heavily in regards to processing, mechanical properties and microstructure in recent years. 

Adriaan B. Spierings et al. (2016) developed process parameters that manufactured >99% relative 

density Scalmalloy samples and was used as a starting point for the work on hand. 
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Table 3-2 lists the process parameters developed by Spierings et al. (Adriaan B. Spierings et al., 

2016) and the process parameters used in this work. There are differences in elemental 

composition of Scalmalloy, scan strategy, SLM machine and laser focus diameter between 

Adriaan B. Spierings et al. (2016) and the work on hand, which may cause some differences in 

the results. 

Table 3-2 Comparison of process parameters from Spierings et al. (Adriaan B. Spierings et al., 2016) and 

process parameters used in this work 

Process Parameters Adriaan B. Spierings et al. (2016) 

Process Parameters 

Process Parameters used for the 

work on hand 

SLM Machine Concept Laser M2 Am Renishaw 400 

Laser Power 200W 400W 

Laser focus diameter 100µm 70µm 

Layer thickness 30µm 30µm 

Scan strategy Bi-directional and alternating by 90o 

layer-wise 

Bi-directional and alternating by 

67o layer-wise 

Hatch distance 135é165Õm 135é165Õm 

Energy volume density 120é240 J/mm3 120é240 J/mm3 

Chemical Composition Al-Mg4.6-Sc0.66-Zr0.42-Mn0.49 Al -4.5Mg-0.6Sc-0.3Zr 

Due to this, an initial verification of parameters was necessary consisting of one build job of five 

10mm x 10mm x 10mm size cubes spaced 20mm apart, supported by 3mm high structures, built 

in the centre of the build platform (Fig. 3.2). In addition, a laser power of 400W was used in this 

research to substantially increase productivity and employ the full potential of the SLM machine. 

Each cube sample was subjected to a different energy volume density and Equation 2.1 was used 

to calculate energy volume densities of 80J/mm3, 120J/mm3, 150J/mm3, 240J/mm3 and 280J/mm3 

when hatch distance of 150µm and layer thickness of 30µm remained constant. Corresponding 

scan speeds were 1111mm/s, 741mm/s, 593mm/s, 370mm/s and 317mm/s. Expected findings 

from Spierings et al.(Adriaan B. Spierings et al., 2016) are shown in Fig 3.3 in relation to relative 

density changing with varying energy volume density. Furthermore, each cube was visually 

inspected, and dimensional accuracy of opposing cube faces and lengths of upper cube edges 

were measured with a micrometre.  

3.1.1.4 Evaluation of relative densities, microhardness and defects 

Relative densities were assessed for each cube sample using the Archimedes density measurement 

test conducted according to section 3.4.1 to determine the level of inner porosity. Samples 

underwent metallography, optical microscopy (OP) and scanning electron microscopy (SEM) 

according to sections 3.5.1, 3.5.2 and 3.5.3, respectively. SEM was used to investigate porosity 

and surface topology and SEM and OP was used to observe the microstructure.  
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Fig. 3.2 Build Job Layout on Renishaw AM 400 LBM steel platform for first build job with cubes 

numbered from 1-5 

 

Fig. 3.3 Expected findings of relative density for chosen energy volume densities from results of (Adriaan 

B. Spierings et al., 2016) 

Microhardness testing was carried out according to section 3.4.3 on each metallographic sample 

and compared with powder particle microhardness (refer to Chapter 4). 

3.1.1.5 Investigation of selective laser melting parameter window 

Findings from the initial build job (refer to Chapter 4) showed the expected findings from the 

work on hand (Fig 4.4), had shifted to the right due to laser power of 400W compared to expected 

findings from Spierings et al. (Adriaan B. Spierings et al., 2016) using laser power of 200W (Fig 

3.3). Therefore, corresponding results from this work do not show the full parameter window, but 
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only part of it, when compared to Spierings et al (Adriaan B. Spierings et al., 2016). Hence, a 

second build job was necessary. The second build job was identical to the first build job 

(according to section 3.1.1.3); however, the energy volume densities were changed to 30J/mm3, 

45J/mm3, 60J/mm3, 80J/mm3, and 100J/mm3 with corresponding scan speeds of 2962mm/s, 

1975mm/s 1481mm/s, 1111mm/s and 889mm/s. The newly calculated scan speeds and energy 

volume densities ensured a full SLM parameter process window was explored for the work on 

hand in comparison to expected findings from Spierings et al. (Adriaan B. Spierings et al., 2016). 

Similar to the first build job, all samples from this second build job were analysed according to 

the methods and equipment outlined in section 3.1.1.4. 

3.1.1.6 Reproducibility and inf luence of layout position  

Reproducibility of samples was assessed to ensure as-built samples yielded >99% relative 

densities using optimum SLM parameters regardless of the number of build jobs (refer to Chapter 

4). Influence of layout position on the build platform was also investigated to determine its effect 

on the as-built samples. Therefore, to inspect intra- and inter- build reproducibility of samples, 

the following experimental procedure was established. Three build jobs were carried out 

consecutively using optimal SLM parameter (refer to Chapter 4). A total of 75 cubes (10mm 

x10mm x10mm) were built with 25 samples per a build job. These were arranged in a 5x5 array 

200mm in length and width, within the mounting holes of the build platform shown in Fig. 3.4. 

Each cube sample was assigned a number to track its position on the build platform and determine 

influence of layout position regarding relative densities. Archimedes density tests (section 3.4.1) 

were carried out to determine and compare relative densities of all 75 cube samples. 
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Fig.  3.4 Layout of cube samples on build platform in a 5x5 array to assess reproducibility and influence 

of layout position 

3.2.1 Cold rolling and heat treatment of Scalmalloy study 

The experimental procedure for the cold rolling and heat treatment study is outlined in the 

following sections. Please note that elements of the experimental procedure discussed here are 

the same as those reported in Celine Turangi et al. (2020) as this earlier published research of the 

work on hand. 

3.2.1.1 Sample manufacturing and preparation 

Scalmalloy samples were manufactured using optimal SLM parameters obtained during the SLM 

parameter study explained in section 3.1.1. As established earlier, build direction bears no 

measurable effect upon the finished component, hence, samples were built horizontally (XY 

direction) to minimise build time and material usage. Scalmalloy samples were manufactured in 

two geometries - tensile sample geometry shown in Fig. 3.5a and square sample geometry shown 

in Fig. 3.5b, as these will be subject to different heat treatment and cold rolling conditions before 

testing. 
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Fig. 3.5 Dimensioned drawing (a) tensile specimen, (b) square specimen - only for Scalmalloy to be 

additively manufactured for cold rolling, (c) extruded plates wire cut for cold rolling  (units are in mm) 

 

Table 3-3 Composition of 5052Al and 5083Al 

 

 

 

5052Al and 5083Al alloy extruded plates having a thickness of 3mm were obtained from Ullrich 

Aluminium to be compared with Scalmalloy. Their composition is given in Table 3-3. As 

mentioned earlier in section 2.1.4, 5052Al and 5083Al were chosen as comparison to Scalmalloy 

samples as these belong to the same alloying group of Al-Mg 5000 series alloys. Similarly, to 

Scalmalloy samples, tensile samples were wire cut from the extruded plates according to Fig. 

3.5a, while 150mm x 100mm rectangles were wire cut from the extruded plates shown in Fig. 

3.5c as these also were subject to different conditioning. It must be noted that the extruded 

aluminium alloys are 0.5mm thicker than the Scalmalloy samples, as it was necessary to test 

sample in the as-received state. This will not affect the observation of microstructure and 

microhardness, but only tensile strength, which is not significant as this data is only used as a 

baseline for the work on hand.  

Base 

Metal 

Al  Mg Mn  Si Fe Cu Cr  

5052Al Bal. 2.70 0.07 0.43 0.36 0.04 --- %wt 

5083Al Bal. 3.5 0.50 0.30 0.25 --- 0.26 %wt 
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3.2.1.2 Cold rolling method  

Scalmalloy square samples, shown in Fig. 3.5b, and 5083Al and 5052Al rectangular samples, 

shown in Fig.3.5c, were subjected to cold rolling. Each one was reduced in thickness by 10% and 

30% (from a thickness of 2.5mm to 2.25mm and 1.75mm, respectively).  Similarly, 5052Al and 

5083Al rectangular samples, shown in Fig.3.5c, were reduced in thickness by 10% and 30% (from 

a thickness of 3mm to 2.7mm and 2.1mm, respectively). These samples were then wire cut into 

tensile sample shapes shown in Fig. 3.5a and referred to as the ócold rolledô samples. These were 

cold rolled at ambient temperature and passed through the rollers as many times as needed to 

achieve final intended reduction in thickness. These were wire cut into the tensile sample 

geometry shown in Fig 3.5a.  All offcuts were preserved for later testing and sample analysis.  

3.2.1.3 Heat treatment conditions 

Preliminary tests were conducted to test suitable heat treatment temperatures and showed that 

heat treatments with temperatures exceeding 540oC resulted in melting within the sample, hence, 

melting occurred below the expected melting point of 660oC (as per the data sheet in Appendix 

A). A thermogravimetric (TGA) test was performed on one manufactured Scalmalloy sample to 

determine the exact melting point of Scalmalloy used in this work and ensured the chosen heat 

treatment conditions did not cause local melting or other undesirable occurrences. The TGA graph 

can be seen in Fig. 3.6. Two more samples were tested (shown in Fig. A.2 and A.3 in Appendix 

A) resulting in an average melting point for Scalmalloy for the work on hand as 618oC. Therefore, 

this has been the heat treatment limit in selecting heat treatment conditions. Heat treatment was 

carried out on the Scalmalloy samples only, as the 5052Al and 5083Al are non-heat treatable. 

Heat treatment conditions are listed in Table 3-4. Heat treatment 1 (HT1) was chosen based on 

the Al-Sc phase diagram, shown in Fig. 2.19, as the Al 3(ScxZr1-x) second phase particles are 

expected to precipitate at this temperature during heat treatment. This is also below the melting 

temperature given in Fig. 3.6, ensuring there is no melting (liquid) occurring within the sample. 

Heat treatment 2 (HT2) is a mixture of HT1 and the typical heat treatment of 325oC as given in 

the literature (A. B. Spierings, Dawson, Kern, et al., 2017). while heat treatment 3 (HT3) is based 

on the Al-Mg phase diagram. Furthermore, these heat treatment conditions were selected on the 

basis that they have not been reported in the literature.  

T6 heat treatment process was used as this is a typical heat treatment process for aluminum alloys 

(Yu & Wang, 2018), where the thermomechanical diagrams for the different heat treatment 

conditions are shown in Fig. 3.7 ï Fig. 3.9, and three different heat treatments were applied to the 

as built and cold rolled Scalmalloy samples.  
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Fig. 3.6 Thermogavimetric graph showing the actual melting temperature of Scalmalloy used in this work 

 

Table 3-4 Selected heat treatment conditions 

Heat Treatment Conditions 

HT1 - 450oC /1h ï selected based upon Al-Sc Phase Diagram given in section 2.1 

and melting temperature of Scalmalloy 

HT2 - 450oC /1h, water quenched (WQ), heat treated at 325oC /4h, WQ - 

selected based upon multiple authors (Koutny et al., 2018; R. Li et al., 2019; 

Schmidtke et al., 2011; A. B. Spierings, Dawson, Kern, et al., 2017; Zhao et 

al., 2021) 

HT3 - 450oC /1h, WQ, heat treated at175oC /8h, selected based on Al-Mg 

Phase Diagram 
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Fig.  3.7 Thermomechanical diagram of HT1 (450oC/1h, WQ) 

 

 

 

Fig.  3.8 Thermomechanical diagram of HT2 (450o/1h, WQ, then heat treated at 175oC/8h) 
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Fig.  3.9 Thermomechanical Diagram of HT3 (450o/1h, WQ, then heat treated at then heat treated at 

325oC/4h) 

Fig. 3.10 and 3.11 show schematic sequences of how samples were conditioned as there are 

different combinations of heat treatment and cold working conditions applied to a single sample. 

Once all samples were conditioned (cold rolled, heat treated), they were set aside to be prepared 

for testing and sample analysis. As built or as received samples are considered non-conditioned. 

Table 3-5 shows the abbreviations for the different heat treatment and cold rolled conditions for 

the samples of Scalmalloy, 5052Al and 5083Al, which will be used through the remainder of this 

thesis. 

 

 

 

 

 

 

AR Cold Rolled

10% roll 
Reduction

30% Roll 
Reduction

Fig.  3.10 Sample Conditioning diagram for extruded aluminium alloys 
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Fig. 3.11 Sample conditioning diagram for Scalmalloy 
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Table 3-5 Abbreviations for samples to indicate condition for non-conditioned, cold rolled, and heat-

treated samples 

Abbreviation Description 

AR As Received ï in the condition from which it was received and only refers to 

5052Al and 5083Al alloys 

AB As built ï in the condition immediately after manufacturing process and only refers 

to Scalmalloy 

10% CR As built or as received condition cold rolled to 10% reduction in thickness. Can 

refer to both Scalmalloy and the extruded aluminium alloys 

30% CR As built or as received condition cold rolled to 30% reduction in thickness. Can 

refer to both Scalmalloy and the extruded aluminium alloys 

AB+HT1 As built condition heat treated at 450oC/1h, then WQ. Only refers to Scalmalloy 

AB+HT2 As built condition heat treated at 450oC/1h, WQ, heat treated at 175oC/8h, then                                   

air cooled to room temperature. Only refers to Scalmalloy 

AB+HT3 As Built condition heat treated at 450oC/1h, WQ, heat treated at 325oC/4h, then air 

cooled to room temperature. Only refers to Scalmalloy 

10%CR+HT1 As built condition cold rolled to 10% reduction in thickness and heat treated at 

450oC/1h, then WQ. Only refers to Scalmalloy 

10%CR+HT2 As built condition cold rolled to 10% reduction in thickness and heat treated at 

450oC/1h, WQ, heat treated at 175oC/8h, then air cooled to room temperature. Only 

refers to Scalmalloy 

10%CR+HT3 As built condition cold rolled to 10% reduction in thickness heat treated at 

450oC/1h, WQ, heat treated at 325oC/4h, then air cooled to room temperature. Only 

refers to Scalmalloy 

30%CR+HT1 As built condition cold rolled to 30% reduction in thickness and heat treated at 

450oC/1h, then WQ. Only refers to Scalmalloy 

30%CR+HT2 As built sample cold rolled to 30% reduction in thickness heat treated at 450oC/1h, 

WQ, heat treated at 175oC/8h, then air cooled to room temperature. Only refers to 

Scalmalloy 

30%CR+HT3 As built condition cold rolled to 30% reduction in thickness heat treated at 

450oC/1h, WQ, heat treated at 325oC/4h, then air cooled to room temperature. Only 

refers to Scalmalloy 
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3.3.1 Welding of Scalmalloy study 

This section outlines the Gas Tungsten Arc Welding method used on Scalmalloy, 5052Al and 

5083Al samples. Sample building and procurement, the welding machine used on the experiment, 

and the welding parameters are discussed in the following section. 

3.3.1.1 Sample manufacturing and preparation 

Scalmalloy samples for welding were built using the optimal SLM process parameters established 

in Chapter 4 and were 60mm x 27mm x 2mm in size (Fig. 3.12). A layout of the Scalmalloy 

samples on the build platform is shown in Fig. 3.13, where samples are built in the XY direction. 

Extruded aluminium samples for welding, like the Scalmalloy samples, were wire cut into the 

geometry shown in Fig. 3.12. Samples were then welded together and then wire cut into the 

geometry shown in Fig. 3.15a.  

 

Fig.  3.12 Dimensioned drawing of samples for welding ï units are in mm 

 

 

Fig.  3.13 Scalmalloy samples for welding on build platform ï units are in mm 
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3.3.1.2 Gas tungsten arc welding machine  

A Hobart Tigwave 250 AC/DC Arc Welder, shown in Fig. 3.14, was employed to weld 

Scalmalloy, 5052Al and 5083Al samples together to form one rectangle 60mm x 54mm in size 

with a thickness of 2mm via a butt weld.  

 

Fig.  3.14 Hobart Tigwave 250 AC/DC Arc Welder 

 

 

Fig.  3.15 Geometry of tensile test specimen showing dimensions. Side view of b) as welded cross-

sectional view and c) post machined cross-sectional view and d) proportions of Scalmalloy, extruded Al 

alloy and welded metal over the entire length of the sample, where the percentages refer to the 

approximate proportions of each material contained in the sample  - (units are in mm) 

 



 64 

3.3.1.3 Gas tungsten arc welding parameters 

The GTAW welding parameters are introduced in this section. Table 3-6 summarises the welding 

parameters that remained constant based on available literature for welding 5083Al and 5052Al 

alloys (Lei, Deng, Peng, Yin, & Xu, 2013; Y. Liu et al., 2012; Messler Jr, 2008; Shanavas & 

Dhas, 2017; Subbaiah, 2019). Samples were welded in the following method: Scalmalloy to 

Scalmalloy, Scalmalloy to 5052Al and Scalmalloy to 5083Al in the óas welded (AW)ô condition 

and ópost machined (PM)ô condition. PM condition refers to samples where the weld nugget was 

removed by wire cutting to suit the original thickness of 2mm. The AW condition refers to the 

weld nugget being left intact on the sample. Welding current was the only varying welding 

parameter among the three aluminium alloys as weld penetration and deposition rate can affect 

the quality of the weld, where a low welding current can result in lack of penetration and lack of 

fusion, while a high welding current can cause premature hot cracking. Hence, the welding current 

varies due to the varying composition of each alloy being welded and is whereby determined 

based upon preliminary welding tests (Shanavas & Dhas, 2017; Shankar & Wu, 2002; W. Wang 

et al., 2018). Optimal currents are listed in Table 3-7. These are consistent with the typical welding 

currents for the 5xxx aluminium alloys reported to be between 70-90A according to literature 

(Shanavas & Dhas, 2017; Shankar & Wu, 2002; W. Wang et al., 2018). Additionally, the 

composition of the filler wire of 5356Al is listed in Table 3-8.  

 

Table 3-6 Constant Welding Parameters 

Parameters Values 

Electrode Material Tungsten 

Welding Angle (o) å 45 

Filler Wire 5356Al 

Electrode diameter (mm) 2 

Weld Speed (mm/s) 3.6 

Shielding Gas Argon 

Welding/Gas Flow (l/min) 81 

Electric Current Type AC ï High Frequency, Continuous 

Welding Voltage (V) 9 

 

Table 3-7 Selected Welding Currents based upon preliminary weld tests 

Parameters Values 

Scalmalloy - 5083Al Welding Current (A) 85 

Scalmalloy - 5052Al Welding Current (A) 88 

Scalmalloy Welding Current (A) 81 
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Table 3-8 Composition of Filler Wire 5356Al 

 

 

The PM samples ensured that the area for tensile testing was uniform and tensile results were not 

influenced by a variable cross section by the weld bead remaining intact. AW samples were 

included for information since it is not always possible or practical to remove the weld bead in 

real life applications. The tensile strength of each sample was calculated individually using their 

nominal cross sections given in Fig 3.15. Fig. 3.15a shows the tensile geometry for the welded 

samples with the welded region located in the centre of the sample. The AW samples had a 

nominal cross section of 6mm (gauge length size) and 4mm due to the size of the weld bead (Fig. 

3.15b). PM samples had a nominal cross section of 6mm and 2mm (Fig. 3.15c). The approximate 

proportions for the base metal substrates to the welded zone is given in Fig. 3.15d for information 

as the elongation will be measured along the overall length of the sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Filler Metal  Al  Mg Mn  Si Fe Cu Zn Cr   

5356Al Bal. 5.0 0.07 0.22 0.38 0.1 0.1 0.45 %wt 



 66 

3.4 Mechanical testing  

This section outlines and describes the mechanical tests used in this experiment.  Tensile testing, 

hardness testing, fatigue testing, Archimedes density measurement and surface roughness testing 

are included here. 

3.4.1 Relative density evaluation by Archimedes Principle 

Archimedes density measurement test was used to determine the relative densities of each sample 

as this is one of the simplest and most efficient ways in determining relative densities of a part. 

The samples were weighed in air and then in ethanol while being attached to a thin metallic wire 

supported by a metal frame, shown in Fig 3.16. A BSM220.4 electronic balance with accuracy of 

0.1mg was used to weigh the samples. Each sample in both air and ethanol were weighed three 

times to account for temperature differences and other possible errors. Absolute densities were 

calculated using Equation 3.1 taking the theoretical density of Scalmalloy as 2.67g/cm3. 

                                               ” Ͻ ” Ὕ                                       Equation 3.1  

 

Fig.  3.16 Archimedes Density Measurement Experimental Setup 

3.4.2 Strength analysis by tensile testing with digital image correlation 

Tensile testing was carried out using three systems. The Tinius Olesen Tensile Testing System, 

Zwick 1476 Universal Testing Machine Limess VERTSS position measuring system with Digital 

Image Correlation (DIC) and the Autograph Universal Testing Machine Ag-Is also equipped with 

DIC. A position rate of 3mm/min and a 10kN load cell was used for all tests. A minimum of three 

samples per condition were tested and the mean value was calculated for all tensile properties. 

One sample of each condition were either tensile tested with the Zwick 1476 Universal Testing 
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Machine Limess VERTSS position measuring system and an Autograph Universal Testing 

Machine Ag-Is with DIC Imaging, while the remaining samples were tested with the Tinius 

Olesen Tensile Testing System.  

3.4.3 Microhardness assessment by hardness testing 

Vickers microhardness testing was carried out upon samples using an LM800AT tester. A dwell 

time of 10 seconds and a load of 100fg was used. This test was used to compare hardness among 

the samples subjected to different conditions and was also used to compare hardness among 

powder samples for determining optimal SLM parameters in Chapter 4. Ten indents were made 

along the sample in the horizontal (x), transverse (y) and longitudinal (z) planes, and the mean 

value was calculated. The microhardness of the welded samples was recorded slightly differently, 

where readings were taken from left to right starting at the Scalmalloy base metal side and 

continuing through heat affected zone and welded region until finally reaching the next base metal 

substrate along the transverse plane perpendicular to the weld plane. This was done to illustrate 

the varying microhardness through each region.  

3.4.4 Surface topology inspection by profilometer   

Surface roughness was measured using a Taylor Hobson Ultra 2006 version, where ten readings 

were taken per a sample upon each surface in the horizontal (x), transverse (y) and longitudinal 

(z) directions, shown in Fig. 3.17. This was done to illustrate the effect of post processing 

treatments of heat treatment and cold rolling on the surface topology (roughness) of Scalmalloy 

samples compared to the as built condition and the as received condition of the extruded 

aluminium alloys.  

 

Fig.  3.17 Depiction of surface roughness test 
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3.5 Sample analysis 

This section details methods used to prepare samples for analysis and describes the different 

equipment used in analysing samples. Metallography, optical microscopy (OP), scanning electron 

microscopy (SEM), electron backscatter diffraction (EBSD) is employed to analyse mechanical 

properties, microstructural features, and material characterization of all samples. 

3.5.1 Sample preparation by metallography 

Samples were metallographically prepared to undergo microhardness testing, fracture and defect 

analysis, and microstructural analysis. A Stuers Labotom-3 cutter was used to cut samples. These 

were then hot mounted using PolyFast and a Struers Labo-Press 3 at 150oC at 25kN. Each sample 

was ground using Struers silicon carbide grinding papers with 180, 500, 1200, and 2400µm mesh 

on a Buehler MetaServ rotary grinding machine. Then, manually polished with Struers diamond 

paste on a 6µm on MD-Dac fabric on a Struers LaboPol-2 polishing machine. Lastly, a Struers 

TegraPol-25 automatic polisher with a 3µm diamond suspension on MD-ol fabric for 3min and 

0.04µm colloidal silica suspension n MD-Chem fabric for 1min. Samples were cleaned with 

ethanol between each polishing step. For examination of microstructure, cross sectioned mounted 

samples were etched using Kellerôs agent, a solution of 2.5% HNO3, 1.5% HCl, 1% HF and the 

balance is distilled water.  

3.5.2 Microstructural characterisation by optical microscopy 

Olympus BX51M was used to observe the microstructure of the samples. Images were captured 

and then ScopePhoto system was used to record the micrographs. Micrographs were taken at 

magnifications of x5, x10, x20, x100 and x1000. Fig. 3.18 shows the correct orientation for the 

planes and axes that will be used in this study especially when presenting micrographs. 

 

Fig.  3.18 Orientation cube showing reference planes and axes 

3.5.3 Fracture, defect, and microstructural  analysis by scanning electron microscopy 

Hitachi SU-70 Schottky field emission scanning electron microscope (SEM) was used in fracture 

analysis and defect observation of samples. SEM was also used to obtain high magnification 
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images of the microstructure. Micrographs were taken at several magnifications, in a range 

between x100 and x5000 depending upon the sample under investigation. Energy Dispersive 

Spectrometer (EDS) was used to observe elemental composition of samples by the incorporation 

of the Noran System 7 (NSS) especially for the welded samples.  

3.5.4 Microstructural ïcrystallographic characterization by electron backscatter 

diffraction  

Electron Backscatter Diffraction (EBSD) is a powerful technology often coupled with an SEM 

machine to obtain microstructural information of a material by mapping the microstructure of the 

surface area to obtain crystallographic and grain information. The EBSD process, shown in 

Fig.3.19a, consists of an electron beam probing the surface of a sample within an SEM machine. 

Electrons that backscattered from the sample are collected by a detector and displayed on a 

monitor to show the electron backscatter diffraction pattern, where the sample is tilted to an angle 

between 60o and 70o towards the detector to increase the definition of the pattern. This pattern that 

is obtained is called the Kikuchi pattern (Wilkinson & Britton, 2012). The EBSD maps produced 

through this process are then used to determine crystal orientation, grain size, grain size 

distribution and grain type. Crystal orientation is often described using Miller indices. This is a 

reference convention used to describe the orientation of a cubic crystal with reference to the 

overall material axes - (x, y, z), which are also known as directions of the crystal. Some common 

directions are (1 0 0), (1 0 1), and (0 0 1), where <1 0 0> signing convention can also be used, 

described in Fig. 3.19a, noting that the crystal orientation is worth knowing as it can indicate 

whether a material has anisotropic tendencies (Waeselmann, 2012; Wilkinson & Britton, 2012).  

 

EBSD was carried out using the Hitachi SU-70 Schottky SEM and only performed on the 

Scalmalloy AB condition and the Scalmalloy cold rolled and heat-treated conditions that 

possessed the highest tensile properties. Samples were prepared according to section 3.5.1 but 

with a mixture of Struers Polyfast and Condufast due to their conductive properties to perform 

electropolishing. The mounted sample thickness was between 15-17mm for higher accuracy 

during the EBSD process. Struers electrolytic machine was used for electropolishing for 10s at 

23V in an electrolytic solution of 10% perchloric acid and 90% ethanol solution.  Lastly, samples 

were rinsed with 99.8%+ (pure) ethanol, and immediately stored in the ethanol until EBSD could 

be performed ensuring the smallest time period between polishing and performing EBSD to 

minimise oxidation. A diagram of the EBSD camera and mounted sample is shown in Fig. 3.19b, 

where the sample is tilted at between 60o and 70o to observe the Taguchi pattern and begin the 

EBSD scan. Furthermore, the grain size and grain size distribution information from the EBSD 

maps were analysed using ImageJ software. 
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Fig.  3.19 a) Miller indices directions on a cubic crystal structure adapted from (Waeselmann, 2012). b) 

Graphical representation of the EBSD process adapted from(Wilkinson & Britton, 2012) 

 

 

a) 

b) 
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Chapter 4 Results and discussion of selective laser melting process 

parameter study 

This section will include powder characterisation, verification of SLM parameters, investigation 

of SLM process parameters, reproducibility, and the influence of layout position. These factors 

determined the optimum set of SLM process parameters to produce Scalmalloy samples for this 

work. It is worth noting that the results discussed in this chapter are also reported in Celine 

Turangi et al. (2020), as this is earlier published research for the work on hand. Having said that, 

the final conclusive results for the Archimedes relative density measurements achieved a higher 

accuracy, as the experimental apparatus for the Archimedes density test was refined. Hence, the 

published results may differ slightly to the results reported in the work on hand.  

4.1. Powder characterisation 

SEM micrographs, shown in Fig. 4.1, were taken of the supplied Scalmalloy powder and show 

powder particles had mostly spherical morphology with an average diameter distribution size 

between 5µm and 40µm. A small number of irregular-shaped elongated particles with lengthwise 

dimensions between 60µm and 80µm were observed, along with satellites having diameters as 

low as 2 µm. At higher magnifications, all particles displayed a rough surface structure. 

 

The supplied material data sheet, shown in Fig. A.1 in Appendix A, for the Scalmalloy powder 

shows a sieve analysis with 0wt% particles larger than 63µm. As discussed above, a small number 

of particles have dimensions larger than 63µm with the majority of these being elongated 

suggesting that at least one of their dimensions is smaller than 60µm. Hence, they can pass the 

sieve analysis, which is one disadvantage of this analysis method. This is why powder particles 

were also analysed optically to ensure accuracy in powder characterisation. Fig. 4.2 shows optical 

micrographs of powder particle cross sections showing inner porosity in 7.1% of 966 optically 

evaluated powder particle cross sections. 

 

 

Fig.  4.1 SEM micrographs of powder morphology at different magnifications 
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Fig.  4.2 Optical Micrographs of Scalmalloy powder particle cross sections 

Inner porosity had mostly spherical morphology likely due to gas entrapment during solidification 

similar to findings in Galy, Guen, et al. (2018) (Galy, Guen, et al., 2018). Inner porosities were 

either much smaller than the powder particle cross section size or as large as their powder particle 

size. Hence, it is worth noting that the likelihood of a metallographic cross section to cut an inner 

pore is lower than to cut a powder particle cross section so the number of powder particles with 

inner pores was assumed to be slightly higher than 7.1%. Microhardness testing was carried out 

on 30 different powder particle cross sections resulting in an average value of (91.4±9.7) 

HV0.005. This is in agreement with findings reported  by Palm, Leuschner, Schubert, and 

Kieback (2010) where it was reported that microhardness values ranged from 120 to 175HV.0.005 

for a different Scalmalloy composition than the one used in this work, processed by melt spinning.  

According to Palm et al. (2010), the lower microhardness readings in the range of 120HV were 

thought to be due to the increasing suppression of Al3(Sc1-x,Zrx) due to increased cooling rates and 

thicker ribbon thicknesses. This is likely the reason for the lower microhardness in the Scalmalloy 

powder particles in this work as cooling rates for gas atomisation processes are between 105-

107K/s for aluminium alloys, exceeding cooling rates experienced in melt spinning processes 

 

Powder morphology must be uniform and a standard size between 20µm to 100µm for the powder 

particles sizes to achieve better flowability of the powder. Smaller powder particles will have low 

flowability as Van der Waals forces would result in agglomeration, while larger powder particles 

would result in poor build tolerance and resolution (Yap et al., 2015). Hence, good SLM 

processability of the Scalmalloy powder used in this work is expected as powder particles showed 

mostly spherical powder morphology and typical powder particle size distribution suitable for 

SLM processes allowing for the formation of homogenous powder layers. Additionally, 

suppression and absence of Al3(Sc1-xZrx) precipitates increase powder processability as these do 

not need to be melted during the SLM process and formation of a supersaturated solid solution is 

also more likely to occur. However, inner porosity found in powder particles may lead to 

increased porosity of the manufactured parts detrimentally affecting mechanical properties.    
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4.2 Verification of selective laser melting process parameters 

The first five manufactured Scalmalloy cube samples are shown in Fig 4.3, and were processed 

using SLM process parameters (Table 3-2 given in section 3) reported by A. B. Spierings, 

Dawson, Dumitraschkewitz, et al. (2018). By visual inspection, it appears that the swelling on the 

top surfaces increases with increasing EVD. 

 

Fig.  4.3 As-built cube samples from first build job showing swelling on top surface with 3mm bottom 

support structures. From left to right: 80J/mm3, 120J/mm3, 150J/mm3, 240J/mm3, 280J/mm3 energy 

volume density. 

Dimensional accuracy of each sample is compared to changing EVD (energy volume density) in 

Fig 4.4. Low influence from EVD is evident as all samples were ±0.1mm to 0.2mm larger than 

the CAD model. Distances between opposing surfaces in y-direction are slightly larger than in 

the x-direction as each sample was marked with a sample number in y-direction (to identify each 

sample) which may negatively influence the results. Standard VDI3405 Part 3 (VDI, 2014) 

suggested a tolerance of ±0.1mm for dimensional accuracy which has been slightly exceeded 

here. The swelling on the top surfaces and varying dimensional accuracy is thought to be due to 

the attraction and melting of adjacent powder particles next to actual laser scan tracks from the 

surface tension of the melt pool and melt pool motion with laser scan speed (Yadroitsev, Gusarov, 

Yadroitsava, & Smurov, 2010).  

 



 74 

 

Fig.  4.4 As-built dimensional accuracy of first build job for all five cube samples in x and y directions 

with changing energy volume density. CAD model and suggested tolerance of ±0.1mm is included  

Fig. 4.5 compares the surface quality of as-built samples processed with 80J/mm3 and 280J/mm3 

EVD. The top surfaces for the samples show visible hatch and contour scan directions of the 

finally built metal layer. Visual inspection detected partially melted powder particles appearing 

on the surface of both samples. The 280J/mm3 samples observed visible swelling and side 

surfaces have open porosity.  The apparent surface roughness on the side surfaces and top  

surfaces are likely due to differing surface tension in the melt pool causing Marangoni convection, 

balling and partially melted particles to stick to the surfaces like results reported by Strano, Hao, 

Everson, and Evans (2013). 

 

Relative densities of the five cube samples from the first build job were evaluated to determine 

the level of inner porosity. Fig. 4.6 shows results of Archimedes and metallographic relative 

densities with changing EVD. The 120J/mm3 and 80J/mm3 samples reached relative densities of 

more than 99%, while other samples reached values between 95% and 98%. The differences 

between Archimedes and metallographic relative densities were significantly small almost less 

than 2%, where this discrepancy can be attributed to a smaller section of the sample being 

evaluated in the estimation of metallographic density compared to the Archimedes density 

method that involves the entire sample in its calculation of relative density. The standard 

deviations of samples with lower EVD were much higher. When compared to expected findings  

shown in Fig 3.3 (section 3.1.1.4), the curve has shifted to lower EVDs consistent with findings 

reported in A. B. Spierings, Schneider, and Eggenberger (2011) where Archimedes density 

measurements showed lower standard deviation than metallographic densities.  

 

Fig 4.7 shows optical micrographs of innner porosity for samples processed with 80J/mm3 and 

280J/mm3 EVD. Hot cracks did not occur for any of the samples, and the three samples with lower 

relative densities (150J/mm3, 240J/mm3, 280J/mm3) showed uneven lateral pore distribution and 
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a wider range of pore size distribution consistent with higher standard deviations for 

metallographic relative densities. The porosity shown in Fig 4.7a for the 80J/mm3 are randomly 

distributed mostly spherical micro pores with diameters smaller than the powder particle size 

likely caused by powder derived gas porosity (Galy, Le Guen, et al., 2018). The larger pore sizes 

are likely due to insufficent melting of powder and low flowability due to lower energy input 

consistent with the literature (R. Li et al., 2019). While Fig. 4.7b with high EVD of 280J/mm3 

features large mettalurgical pores and irregular sized pores with a higher pore size distribution 

likely related to high energy input resulting in rapid solidification of the metal without completely 

filling all gaps with molten metal (Koutny et al., 2018). Hence, the sharp drop in relative densities 

(Fig. 4.6) for samples manufactured with 150J/mm3,  240J/mm3 and 280J/mm3 is attributed to the 

higher level of inner porosity shown in Fig 4.7. Differences in the measured shifted SLM process 

parameter window compared to expected findings (Fig 3.3), from Adriaan B. Spierings et al. 

(2016) are explained by the differences between SLM machines, laser focus diameter, lasers, 

scanning direction and Scalmalloy powder. Additionally, doubling laser power does not result in 

the same relative densities even when EVDs remained constant. Yadroitsev et al. (2010) reported 

decreasing scan track width, while increasing scan speed for single scan tracks seemed to incur 

gas entrapment porosity as the hatch distance was too high for SLM parts. However, the influence 

of scan speed on scan track width with increasing laser power decreased.  

 

  



 76 

 

 

 

Fig.  4.5 SEM micrographs of as-built cube samples showing surface quality: top view (a,b) and side 

view (c, d). (a, c)80J/mm3, (b, d) 280J/mm3 samples. Hatch direction, scan direction contour, rippling 

and swelling as indicated 
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Fig.  4.6 Relative densities, both Archimedes and metallographic, are compared with changing EVD. 

Ideal density (99%) as indicated for reference 

  

 

Fig.  4.7 Optical micrograph showing cube sample cross sections with morphology, lateral and size 

distribution of inner porosity for a) 80J/mm3 and b) 280J/mm3 energy volume density 

Fig. 4.8  shows the microhardness results for the five cube samples, where an increase in 

microhardness is visible as EVD increases. Low microhardness corresponded to the suppression 

of precipitates Al 3(Sc1-xZrx) by rapid solidification. Hence, low EVDs result in less heat in the 

melt pool and the high thermal conductivity of Scalmalloy solidified layers underneath caused 

higher cooling rates. Fig. 4.8 also compares microhardness of the cube samples to the 

microhardness of the initial metal powder particle cross sections. Standard deviations for all 

average values are identical and the cube samples processed using 80J/mm3 and 280J/mm3 EVD 

exhibit similar microhardness readings to the powder particles. Hence, parts produced with a laser 

power of 400W and EVDs lower than 120J/mm3 result in high suppression of Al 3(Sc1-xZrx) 

particles and high supersaturation of aluminium solid solution leading to optimum conditions for 

post heat treatment of Scalmalloy (B. Zhang et al., 2017). Fig. 4.9 shows etched cross sections of 

cube samples processed using 80J/mm3 and 280J/mm3 EVD. These show similar microstructures 

as those discussed in the literature (Best et al., 2018; A. B. Spierings, Dawson, Dumitraschkewitz, 
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et al., 2018; A. B. Spierings, Dawson, Heeling, et al., 2017; A. B. Spierings, Dawson, Kern, et 

al., 2017) where scan track depth increases with increasing EVD.  

 

In summary, a partial optimal SLM processing window with relative densities exceeding 99% 

was found for a laser power of 400W in an AM 400 Renishaw SLM machine. Findings were 

confirmed using Archimedes density method and metallographically prepared cross sections of 

samples. This partial processing window also resulted in lowest microhardness of samples 

comparable to microhardness of powder particles. Further investigations were made in the 

following section to explore the full SLM parameter window and as no maximum in relative 

densities were found yet. 

 

 

Fig.  4.8 Microhardness results of cube samples dependent on energy volume density, where 0 J/mm3 

refers to powder particle cross sections. 
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Fig.  4.9 SEM micrographs of etched microstructures for cube samples produced using a) 80J/mm3 and b) 

280J/mm3 

4.3 Investigation of selective laser melting process parameters 

 

Fig.  4.10 As-built cubes showing surface quality in both the front and top views. Cubes are built on 3mm 

high supports. Left to right: 30J/mm3, 45J/mm3, 60J/mm3, 80J/mm3, 100J/mm3. 

 

Identical experiments and methods were performed, but with modified EVDs. The second build 

job consisted of five cube samples, shown in Fig. 4.10. These samples were produced using 

30J/mm3, 45J/mm3, 60J/mm3, 80J/mm3 and 100 J/mm3, lower EVDs than the first build job. By 
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visual inspection, swelling was less evident compared to the first build job, but surface roughness 

appears to have increased with decreasing EVD.  

 

 

Fig.  4.11 Comparison of dimensional accuracy for as-built cube samples for both build jobs in different 

surface directions with changing energy volume density. Tolerance of 0.1mm is indicated here as 

suggested by VDI 3405 Part 3 for SLM process (VDI, 2014) 

 

 

Fig.  4.12 Comparison of Archimedes and Metallographic relative densities for as-built cube samples for 

both build jobs. 99% relative density desired value is as indicated. 

 

Fig. 4.11 compares the dimensional accuracy in the x- and y- directions of all samples from both 

build jobs according to changing EVD. The 80J/mm3 sample indicates a high inter-

reproducibility, while the 30J/mm3 sample deviates by >0.1mm in the y-direction, yet in the x-

direction it is almost equal to the exact dimension of 10mm. On the other hand, the 100J/mm3 
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sample was >0.3mm than the 10mm sample cube in both directions. It should also be noted that 

cube faces in the y direction were marked with sample numbers, which may have a negative effect 

on dimensional accuracy. 

Fig.4.12 compares Archimedes and metallographic relative densities of all cube samples for both 

build jobs according to changing EVDs. For 40J/mm3 to 110J/mm3 samples, Archimedes relative 

densities were equal to or slightly more than 99%, while the 70J/mm3 to 120J/mm3 cube samples 

showed optimum values for metallographic densities. All standard deviations for the Archimedes 

average values are far lower than metallographic average values. The 80J/mm3 cube samples for 

both build jobs are almost identical with relative density slightly higher than 99%, further 

confirming its high reproducibility.  

Fig. 4.13 compares porosity for the 30J/mm3 and 80J/mm3 cube sample. Each show irregular-

shaped pores between 20µm to 100µm and micro porosity likely due to lack of fusion from the 

low EVD range consistent with finding from A. B. Spierings, Dawson, Dumitraschkewitz, et al. 

(2018). Fig. 4.14 shows the presence of unmelted powder particles further supporting the 

assumption of lack of fusion. Koutny et al. (2018) also investigated SLM processing of a variant 

of Scalmalloy with much lower levels of scandium, magnesium, and zirconium than the 

Scalmalloy composition used in this work. Laser powers were between 325W to 400W and 

yielded samples with less than 98% relative densities. Optimum laser power and EVD was found 

to be 375W and 69J/mm3, respectively, consistent with the work on hand. It should be noted that, 

we did not model the work on hand after the findings from Koutny et al. (2018) as it did not use 

Scalmalloy, but a variant. 

Fig. 4.15 compares microhardness results for both build jobs with changing energy volume 

density. The 80J/mm3 cube sample and their standard deviations are identical for both build jobs 

confirming high inter-reproducibility of Scalmalloy and the AM 400 Renishaw SLM machine. All 

microhardness data of build job 2 are consistent with data of build job 1. Although, microhardness 

average value for 30J/mm3 cube sample is decreased slightly and standard deviation is higher 

assumed to be caused by the high levels of inner porosity as shown in Fig. 4.13. 
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Fig.  4.13 Optical micrographs of cube cross sections showing size morphology, size distribution and 

lateral distribution of porosity for a) 30J/mm3 and b) 80J/mm3 cube samples 

 

 

Fig.  4.14 SEM micrographs of etched cube cross sections for 30J/mm3 cube sample 

 

 

Fig.  4.15 Microhardness results for all cube sample cross sections with changing energy volume density. 

0J/mm3 corresponds to powder particle cross sections 

 

In conclusion, the full SLM processing window considering relative densities exceeding 99% for 

chosen laser power of 400W, layer thickness of 30µm and hatch distance of 150µm for processing 
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Scalmalloy was found to be between 70J/mm3 to 110J/mm3 EVD. Microhardness of samples 

manufactured with these EVDs showed high potential for subsequent post heat treatment and 

good mechanical properties for Scalmalloy parts. SLM inter-build reproducibility is presumably 

high, based on relative density, dimensional accuracy, and microhardness of two cube samples 

built in subsequent build jobs.   

4.4 Reproducibility and influence of layout position 

Fig. 4.16 shows contour plots of the average relative densities mapped in the build platform 

according to the method outlined in section 3.1.1.6. The contour plots for each build job (25 cube 

samples) compare Archimedes relative densities to their position on the build platform with 

standard deviations shown in Fig. A.4 and Fig. A.5 in Appendix A. The highest Archimedes 

average relative density was 99.8% and no values are lower than 99.4%. Standard deviations were 

between ±0.2%, which is considered low. The discrepancies in average relative densities seen 

between the different positions on the build platform for SLM are influenced by many factors 

such as homogeneity of powder layers, shielding gas flow and laser properties. However, the 

average values are consistent and overall standard deviations are low. Hence, it is proven that the 

Scalmalloy samples processed in an AM 400 Renishaw SLM machine with optimal processing 

parameters (section 4.3) for laser power of 400W exhibited high intra- and inter-build 

reproducibility regarding relative density. These may be indicative of the SLM machine, and 

cannot be recommended for a different SLM machine, Scalmalloy powder, or metallic powder. 

 

Fig.  4.16 Contour plots of the build platform mapping the average values for Archimedes relative 

densities 
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4.5 Summary 

In this chapter, processing parameters were developed to manufacture Scalmalloy samples in a 

Renishaw 400 LBM Machine using 400W laser power which has not been widely reported as 

most of the literature generally reported the use of 200W laser power. Powder characterisation 

was carried out and overall results showed that the powder on hand had good processability. Two 

build jobs were carried out with adjustments to the energy volume density for the samples, where 

Archimedes method was used to measure each sampleôs relative densities. It was found that the 

parameter window that was explored showed a shift to lower energy volume densities when 

compared to literature, where the optimal parameter window occurred between 70J/mm3 and 

110J/mm3. Therefore, Scalmalloy can be manufactured with a high laser power to greatly improve 

productivity. Microhardness testing shows that Al3(Sc1-xZrx) precipitates were suppressed so 

subsequent heat treatment has a higher potential of increasing the mechanical properties. In 

addition, anisotropy is apparent in the x direction and should be considered when manufacturing 

thin-walled and complex components. The influence of the layout position on the build chamber 

was also observed but showed no significant impact on the relative densities of the samples.  
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Chapter 5 Results and discussion of the heat treatment and cold rolling 

of Scalmalloy 

This result section will include tensile and hardness properties, microstructural characterisation, 

fracture, and defect analysis for all as-built, heat treated, cold rolled, and heat treated and cold 

rolled samples of Scalmalloy. Tensile, hardness, surface roughness and microstructural 

characterisation of 5052Al and 5083Al extruded aluminium alloys are also included for 

comparison to Scalmalloy samples and to use as a base line for the reported findings. The optimal 

SLM parameters from Chapter 4 will be used to manufacture the Scalmalloy samples used in this 

section. It is worth noting that the results of the cold rolled (10%CR, 30%CR) and AB condition 

discussed in the following sections are also published in C Turangi et al. (2022) as this is an earlier 

published paper of the work on hand. Having said that, the published results of the cold rolled 

samples may differ slightly to the results reported in the work on hand as the tensile testing 

procedure was refined since slight slippage may have occurred during testing. Hence, the final 

conclusive results for the cold rolled samples reported in the work on hand achieved a higher 

accuracy. Furthermore, additional optical and SEM micrographs for each sample condition are 

provided for further information in Appendix B and C, respectively. 

5.1 Microstructural characterisation 

The microstructure for heat treated and cold rolled samples were investigated through optical 

microscopy, SEM and EBSD. Fig. 5.1 and Fig. 5.2 show optical and SEM micrographs of the 

5052Al as received (AR) microstructure in the horizontal, longitudinal, and transverse planes, 

respectively. In a similar manner, Fig. 5.3 and Fig. 5.4 shows optical and SEM micrographs of 

the 5083Al AR microstructure in the horizontal, longitudinal, and transverse planes, respectively. 

Fig. 5.1 and Fig. 5.3 both show visible magnesium silica distributed evenly over the entire surface 

with no pores or defects visible typical of the extrusion process. Additionally, Fig. 5.2 and 5.4 

show visible lines indicating the direction of extrusion and small voids on the surface is indicative 

of phase dissolution of Al6Mn common in the 5000 aluminium alloy series (Sivaramakrishnan, 

1995; Varshney & Kumar, 2021).  

 

Fig. 5.5 shows optical micrographs of the SLM-processed Scalmalloy AB microstructure in the 

horizontal, longitudinal, and transverse planes. All additive manufactured components, including 

Scalmalloy, have a unique layer-by-layer microstructure perpendicular to the build direction 

(transverse and longitudinal planes). A bi-modal grain size distribution was observed in 

Scalmalloy consisting of a coarse columnar grain (CG) and a fine equiaxed grain region (FG). 

The conditions within the SLM process such as high cooling rates (å1.5Ĭ106 K/s), direction of 

heat, and reactions within the melt-pool pre- and post-solidification are the driving factors behind 

the mechanism for its microstructure. Particularly for Scalmalloy, the grain structure is mostly 

dependent upon different aspects such as formation of precipitates and their behaviour within the 
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as-built material. The darker shaded areas in Fig. 5.5 represent the FG regions and the lighter 

shaded areas represent the CG regions. The grain size and shape can be seen at higher 

magnification in Fig. 5.5 along with the transition from the CG region into the FG region. The 

numerous small are assumed to be AlSc3 particles formed during the SLM process as reported by 

(Davydov et al., 2000).  These general features of Scalmalloy are consistent with findings reported 

by A. B. Spierings, Dawson, Heeling, et al. (2017). The CG and FG regions of the horizontal 

plane are randomly distributed throughout the surface of the cross section. 

 

Fig.  5.1 Optical micrograph of the microstructure of AR 5052Al alloy in the horizontal, longitudinal, and 

transverse planes 
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Fig.  5.2 SEM micrographs of the microstructure of AR 5052Al in the horizontal, longitudinal, and 

transverse planes 

 

 

Fig.  5.3 Optical micrograph of the microstructure of AR 5083Al alloy in the horizontal, longitudinal, and 

transverse planes 

 
















































































































































































































































































































