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1 

 

Abstract 

 
The research aim is identification and production of new aluminium alloys of high 

mechanical strength via Selective Laser Melting, and has focused on the heat-

treatable 2xxx and 7xxx aluminium series.  The method for selecting the alloys uses 

weldability as a key criterion. Laser welding deals with many of the same problems 

of a wide freezing temperature range leading to melt tearing and thermal gradients 

that SLM also has to contend with. This approach proved partially successful with all 

of the tested alloys achieving densities exceeding 99.2%. 

For each alloy there was successful identification of a specific volumetric energy 

density and its component process parameters, this was conducted via a factorial 

DOE approach. This demonstrated the differences between the alloys examined in 

which SLM processing parameters they were most responsive to. A comparison 

between the selected alloys and their response demonstrates significant 

differences in response to processing even within the same alloy series. 

The effect of the form that the voids within a part is examined and it was 

demonstrated that the form of the voids, whether they are spherical or elongated, 

within a material is a major factor in the overall structural integrity of the parts. It 

was found that form factor of the larger void population was the major correlating 

factor to mechanical strength rather than the overall relative volume of those voids.  

This research concludes that for the production of mechanically strong aluminium 

alloys, Al 2618 is the one that shows the greatest promise. It demonstrated the 

greatest Tensile Strength of the materials tested, the most refined grain structure 

and had the highest consistency in those characteristics.  The contribution of this 

research is the identification of aluminium alloys processable via SLM; the 

identification of ideal process conditions and the response of those materials to the 

SLM process. The demonstration of the effect of HIP on densifying SLM parts in 

these new materials, and that there is no demonstrated link between high density 

parts and good mechanical properties. For these alloys there is an investigation of 

the grain size response from SLM and post-processing, and its link to properties.  
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1. Introduction 

 

1.1 Laser additive manufacture 

 

Additive manufacturing process have been the subject of increased interest and 

research, they offer distinct advantages over conventional manufacture. They have 

the ability to produce parts on-demand, local to the area where they may be used 

owing to the geometry agnostic nature of the machine and lack of prerequisite 

tooling or jigs. This results in potentially reduced lead time, environmental impact 

from transportation and storage stockpiles for parts leading to new approaches for 

supply chains [1-3]. It permits the construction of complicated and unconventional 

shapes that might be very time consuming or even impossible to manufacture via 

conventional methods [4-6], particularly parts with complicated internal 

geometries. This provides new design opportunities in areas such as lightened 

mechanical components and components with enhanced thermal properties. There 

is no prerequisite tooling or material form that is necessary to produce a part, any 

compatible CAD file can be quickly put into production owing to the universal 

characteristics of the machine and the powder used as a feedstock. The universal 

nature of the powder also means it is a process with very little waste as leftover 

material requires minimal reprocessing to be useful again [7]. 

All of these qualities mean that laser additive techniques hold great potential for 

manufacture of metallic components, the development of new techniques to 

expand the quantity of materials that can take advantage of the benefits of AM is 

an area of rapidly evolving interest. This investigation will cover the Selective Laser 

Melting technique. SLM is a laser additive process where layers of powder are built 

up on a substrate and the parts are constructed by the laser melting one slice of the 

parts final geometry at a time, melting lines of powder into a melt pool which then 

solidifies and then progressively adding additional layers until the final desired 

geometry is achieved.  
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1.2 Research problem 

 

The research problem which this project is going to explore is whether the range of 

metals that laser additive manufacturing techniques can manufacture from can be 

expanded, specifically it is looking at whether the mechanically stronger wrought 

alloys of aluminium can be manufactured. There has been promise in the higher 

strength casting alloys such as A20x [8] however the peak properties of casting 

alloys are inferior to that of wrought alloys and so focus will be on wrought alloys. 

Many of the stronger wrought alloys of aluminium present a challenge for 

production via laser additive manufacture owing to their specific material 

properties leading to significant porosity, cracking or other defects in the built 

parts. Some of these problems have also been observed in other metals produced 

via SLM and consideration will be made of those as well to arrive at a solution. 

The problems encountered for aluminium are significant and varied in their nature 

due to the specific properties of aluminium. These issues include high powder 

conductivity and reflectivity leading to difficulties maintaining sufficient heat in the 

melt pool necessary for densification [9], aluminiums characteristic tenacious oxide 

layer [10-13] leading to problems with wettability and oxide inclusion as well as 

incomplete densification. Aluminiums large solidification temperature range, large 

coefficient of thermal expansion and large shrinkage, all of which put a lot of stress 

on any part as it transitions from liquid to solid leading to significant embodied 

stress and hot tearing or solidification cracking within the material [14-17] these 

effects have also been observed in laser welding [18; 19], a similar process which 

faces many of the same challenges. These challenges among others have slowed 

the adoption of aluminium production via additive methods. 

At the moment there are only a select few aluminium alloys which are capable of 

production via SLM methods, these tend to be either silicon alloys such as Al10SiMg 

[20] which have weaker mechanical properties than 2xxx series aluminium alloys or 

very expensive alloys such as Scalmalloy [21], which is a relatively new alloy 

developed by APWorks GmbH and has excellent mechanical characteristics but is 
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very expensive and hard to obtain. Demonstrating the timeliness and interest of 

this work is the significant recent interest since the beginning of this research in the 

development of regimes for stronger aluminium alloys selected for consideration 

such as 2219 [15], 2618 [16] and 7075 [17] however there has not yet been a 

development of a widely adopted successful manufacturing process for those 

alloys. 

This research aims to examine how to produce an aluminium alloy which has good 

mechanical characteristics that can be put into quick production by the corporate 

partner of this research. The alloys that will be considered include the 2xxx series 

and 7xxx series, a balanced consideration was made of the factors of likelihood of 

success and necessary final properties in the selection of the alloys that would be 

examined. Al 2024, 2219, 2618 and 7075 were eventually selected as the alloys 

which best met the balance of these requirements. The best criteria available at the 

start of this research was to examine their weldability due to the significantly 

greater quantity of literature on laser welding of aluminium alloys compared to 

SLM. During the course of this research there has been significant development in 

the literature in the production of alloys from the 2xxx and 7xxx series, much of 

that research is focused around those alloys selected here by those criteria which 

shows the validity of that approach.  

The mechanical properties of the alloys mentioned along with those with potential 

to replace them are shown in Figure 1. 
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es drawn from [20-24] 

Previous research as will be covered in the literature review has shown several 

areas that have been successfully explored for the production of new alloys via the 

SLM process and those approaches, those approaches are all considered in the 

development of the methodology for this research. Identification of an ideal energy 

density has been employed [25] which condenses the parameters of the SLM 

process into a singular measure to optimise the structure as shown in equation 1, 

however there have also been second order effects identified between the various 

parameters [26; 27] which indicate that the volumetric energy density used in this 

fashion might obfuscate the results. A Design of Experiments approach will be 

employed to permit the examination of all of the different configurations of 

parameters which achieves the same volumetric energy density and the 

consequent effect on the final structure. A set of ideal processing parameters 

therefore will be established and will be the main aim of this research.  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1, 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦: 

𝜓 =  
𝑃

𝑢ℎ𝑑
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Figure 1 - Aluminium alloy MTS and Yield strength. Values drawn from [20-24]. (AB) is as built. 



6 

 

In equation 1 ψ is the specific laser energy input (J/mm3), P is power (J/s), u is laser 

scan rate (mm/s), h is scan spacing between individual scan tracks (mm) and d is 

powder layer thickness (mm).  

Related to the idea of the interactions between parameters is that of scan strategy, 

given the nature of additive laser manufacture as involving a progressive point 

energy source it has been shown that this can induce significant thermal gradients 

in parts which add to the thermal stresses, given aluminiums already described 

problems with high thermal shrinkage this will be an issue of particular concern in 

this research. The idea of scan strategy, manipulation of how the laser paths in each 

layer, to address the creation of high thermal gradients has been explored in the 

literature [28; 29], steps taken to address this in the scan strategy and other 

techniques to decrease thermal gradients will be identified and employed in this 

research to produce densified components.  

There has been exploration of other parameter areas and their relation to 

successful additive manufacture in the literature. Particularly of note is the powder 

characteristics necessary for successful production via this method which have 

been found to generally be a mixed modal powder of a range of sizes and spherical 

morphologies [30; 31], this leads to better packing density of the bed and hence 

more consistent thermal characteristics and reliable supply of metal for the melt 

pool. Examination has been made of these characteristics in this experiment to 

ensure that the powder supply used is suitable when compared to the identified 

ideal parameters. 

Given the alloys which are explored in this research, the heat treatable alloys of the 

2xxx and 7xxx series, the effect of the process on the achieved microstructure of 

the materials will be an area of examination. There have been recent discoveries in 

the microstructures of existing AlSi alloys more conventionally used for ALM [32; 

33] which boast significant gains in properties. When examining alloys which are 

usually precipitation hardened by ageing the effects of heat treatment on the as 

built properties of the material will be an area of investigation. This will combine 

with the examination of Hot Isostatic Pressing for these specific alloys as a means to 
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close voids and create a densified part as another potential method to create 

densified parts as has been attempted in investigations of other alloy types [34]. 

The microstructure of additively produced parts has been shown to exhibit large 

columnar grain structures [8; 35], this has been linked to increased susceptibility of 

Al-Cu alloy systems to tearing [36]. Combined with the link between smaller grain 

size and improved mechanical properties in these alloys the final grain structure of 

the produced aluminiums will be investigated, both after the building process and 

after the final post processing, the response of these materials to the conventional 

hardening processes they would undergo after casting or rolling is very relevant to 

their eventual use as engineering materials.  

The nature of Selective Laser Melting is such that it can create highly isotropic parts, 

as mentioned previously the columnar grain structure is characteristic of SLM parts, 

these columnar grains will tend to be aligned with the solidification gradient of the 

melt pool [37]. This in combination with the inherent directionality of the melt 

pools which has been identified in the SLM of multiple different materials [38; 39], 

each layer will have the laser sweep in the same direction across the part for its 

entire geometry and hence the overlap zones between solidifying melt pools will 

align. The structure produced by SLM will be examined and an investigation will be 

made into whether it is possible to ameliorate the directionality if it is found to 

exist. 

1.3 Aims and objectives 

 

The key objectives and questions that will be answered by this research are: 

• To identify the potential alloys that can be produced via SLM and the 

development of a processing regime that can successfully produce first 

structurally dense then mechanically useful parts. This is to expand the 

range of mechanically strong materials producible via SLM.  

• To examine the connection between the processing factors of SLM and their 

effect on the final properties of the part. This will increase the 

understanding of the SLM process for the new alloys and enable tailoring of 

the parameters to produce the desired outcome of parts properties.  
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• To characterise the best producible mechanical properties which can be 

achieved with the alloys selected and the identification and characterisation 

of what effect SLM as a process has on their final structure. This will enable 

comparison between these new materials and other SLM produced 

materials. 

• To examine the use of HIP as a post processing technique for improving the 

final properties and the effect of the heat treatment process on the final 

parts. Porosity is a key flaw to be overcome in SLM of materials and testing a 

promising method will investigate whether HIP is suitable for SLM as a 

whole to remediate the common issue.  

• To identify any systematic structural effects from the building processes and 

description of their effects, if any, on the final properties of the parts. SLM is 

a fundamentally different process to conventional forming so the 

identification of isotropic mechanical properties of microstructure for the 

new materials is a key part of examining their suitability for SLM. 
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2. Literature Review 

 

2.1 Basics of SLM 

 

SLM is a form of additive manufacturing where a 3D model of a part is built, layer 

by layer, via the  

 of layers of powdered metal until the final shape is formed. It is a direct metal 

contact process that does not use a binding material and is capable of producing 

densities with aluminium of up to 99.85% [40]. The parts in this research will be 

produced on an EOSINT M280 and so parts of the process are specific to that 

machine, however the general principles will remain the same on different 

machines, only the specifics of how they are implemented will change. 

 

2.1.1 Data preparation 

 

A 3D model of the part is prepared and then undergoes preparation for the build. 

Any tears are repaired, and the support material is added to the model, support 

material being weakly built material that is there in order to support features of the 

part while being built to prevent deformation and to allow easy extraction of the 

part from the work bed. Support material is typically a hatched infill or produced at 

a lower input energy.  

In the layer preparation software, the model is sliced into layers of a set thickness 

that are built one after the other by the machine to create the finished part, this 

will be a potential processing parameter considered. Layer thickness affects the 

density and microstructure of a sintered component [41] which in turn affect the 

properties. 

The machine software is then used to arrange the parts spatially how they will be 

constructed, it is important to consider the mechanical way that the machine will 
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operate when arranging the parts. The machine feeds powder by spreading it from 

a reservoir that exists at one side of the work area, using a recoater, across the 

work area, this layer is then conglomerated by the laser by melting or sintering. 

However if tall features are placed closest to the powder reservoir with shorter 

features at the side of the work area farthest away then it is possible that the 

powder may short feed and there won’t be enough powder reaching the other side 

to build a full density part as too much powder is used near the reservoir edge [42]. 

This is also the point at which the other process parameters are set: laser power, 

exposure type, beam offset and scanning speed, these parameters will be explored 

more in Section 2.2 as they are the main parameters of the research. 

2.1.2 Building the part 

 

The process by which the part is built is comprised of three stages: 1) powder feed 

2) powder recoating, 3) laser melting. In stage 1 the powder reservoir feeds powder 

to the recoater blade, the reservoir is a box of powder to the side of the build area 

with a feeding ram at the bottom of it, at the start of a build cycle the feeding ram 

moves upwards and raises up a set volume of powder for the blade to feed onto 

the build area, this parameter is controlled in order to produce a desired layer 

thickness as shown in Fig. 2. 

 

Figure 2 - Stage 1 build process. [43] 
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During the recoating stage 2 the recoater blade travels across the reservoir pushing 

a wave of powder in front of it across the work area creating the powder layer. This 

wave of powder will deposit on the plate to a layer thickness largely controlled by 

the height of the blade above the plate, but also by the characteristics of the 

powder. Ideally it will be of consistent thickness, but the powder will be more 

consistent to the process parameters the closer it is to the reservoir as there is less 

chance of it short feeding by leaving more powder behind at the edge closest to the 

reservoir. If there is any preferential deposition of certain sizes of powder, then it 

will occur at this point and by the time the recoater reaches the far side of the plate 

the powder deposition will be less ideal and may result in short feeding. The 

specifics of this are explored further in section 2.2.4. 

 

Figure 3 - Stage 2 building process. [43] 

In the laser melting stage 3, the laser each layer according to what the process 

control software is instructing, which melts the powder into a cohesive mass before 

instructing the recoater blade returns to the reservoir in preparation for the next 

layer. This stage of the process is outlined in Fig. 4.  
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2.1.3 Finishing the part 

 

When the layers have been melted the part is extracted from the work area and 

detached from the build plate, ideally the part had a layer of support material 

between it and the load plate to make extraction easy as the support material is 

easier to cut having been designed with less density of melted material. However, 

parts built directly onto the plate can still be removed via processes such as EDM 

with a high degree of accuracy. 

Once the part has been properly extracted then it can be post processed, via the 

medium of heat treatment or mechanical means, heat treatment is used to relieve 

internal stresses caused by PBF processes such as SLM or to harden the part to a 

rated temper after the part has been completed [44], mechanical processes are 

used to separate the part from the support materials and to achieve the desired 

surface finish and tolerances via CNC machining, shot peening or polishing. 

 

 

Figure 4 - Stage 3 build process. [43] 
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2.2 SLM processing parameters and their effects on part properties. 

 

The parameters touched on in section 2.1 will now be examined in more detail, 

with an examination of how they affect the mechanical qualities of the parts 

processed. The parameters of SLM are outlined in previous research in the field of 

process optimisation by Ghosh et. al. [45], Koutiri et. al. [46] and Read et. al. [47] as: 

powder layer thickness (μm), powder composition (wt.% of Al), laser power (W), 

scan speed (mm/min) and hatching distance.  The approaches are largely the same 

but differ slightly on the definition of hatching distance, Ghosh et. al. and Koutiri et. 

al. defined it as the lateral distance between two scans while using a fixed laser dot 

size whereas Read et. al. went one step further and defined it as a dimensionless 

number defined by Scan spacing/laser track width. 

The quantification of the parameters by these studies is appropriate and has 

identified the key alterable parameters, their close agreement on them gives good 

confidence that they are the correct parameters to be examining. The parameter of 

powder alloy composition identified by Ghosh et. al. will be considered in section 

2.3 as opposed to 2.2, it is not identified in both studies because the subject of the 

Ghosh study is more wide ranging and looks at many compositions while the Read 

and Koutiri studies are focused on a specific alloy. These parameters are the ones 

that will be reasonably alterable within the confines of the equipment available for 

this research. 

Other parameters have been shown to affect the properties of metals produced by 

laser melting processes, most notably that of laser type. It was shown in a 

comparison between Nd:YAG and CO2 lasers that the absorptance of the Nd:YAG 

laser was between 31% – 127% higher, dependant on the metallic powder 

composition that was being examined [48], the wavelength of the Nd:YAG laser 

used was at 1.06 μm with the CO2 at 10.6 μm and the study showed that the 

absorptivity was inversely related to wavelength for metallic powders. The 

absorption findings were backed up by other studies, with Lauwers et. al. [49] 

concluding that Nd:YAG lasers are capable of producing components of a higher 
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density and sintering consistently to a greater layer depth and in a report on the 

different machines available by Santos et. al. [50] shows that the CO2 lasers had the 

advantage in cost, while the Nd:YAG lasers were capable of producing a better 

result. The EOS machine used in this research employs a Nd:YAG fibre laser and so 

is well suited as far as the current state of research on laser types is to have a good 

chance of success. 

The three-part properties that are affected by the SLM process parameters are: 

Porosity characteristics, Density and Microstructure. There are also defects that can 

arise as a result of the parameters such as cracking, porosity and density are the 

two which are most controllable by the parameters, and are the ones that are most 

investigated, the microstructure of the part is more easily changed after production 

of the part via standard post processing techniques such as annealing, tempering 

and precipitation hardening.  

 

2.2.1 Energy density 

 

Energy Density has several components as outlined in section 2.2, the parameters 

in question being laser power, layer thickness, scan spacing and scan speed. These 

four parameters can be combined into the specific laser energy input by the use of 

the energy density function in equation 1. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1, 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦: 

𝜓 =  
𝑃

𝑢ℎ𝑑
 

Where ψ is the specific laser energy input (J/mm3), P is power (J/s), u is laser scan 

rate (mm/s), h is scan spacing between individual scan tracks (mm) and d is powder 

layer thickness (mm).  
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2.2.1.1 Effects on Porosity characteristics 

 

Laser power is intuitively what would seem to have the greatest effect on the 

finished part. Ghosh et. al. [45] carried out a DOE approach to attempt to 

determine the effect of the various parameters mentioned on the final output of an 

SLM process for Al10SiMg, laser power was listed as the third most important 

factor influencing the porosity of the final part at 5.98%, though significantly less 

influential than the scan spacing. Read et. al. [47] carried out a similar experiment 

and concluded that laser power was one of the factors closely associated with 

porosity. The Ghosh study speculated that if laser power was increased above the 

ideal value that was found by that study then porosity may increase due to 

vaporization of material; the Read study showed this to be the case, the critical 

values that were found by that study were around 60 J/mm3 and also later at 120 

J/mm3, with porosity increasing in the regions of ψ <50 J/mm3 and 60 J/mm3 < ψ < 

120 J/mm3. 

The reason that was found for the increasing porosity in the two different regions 

for ψ differed, for the low energy density area of ψ < 50 J/mm3 the laser power was 

insufficient to create good consolidation of the powder, there was insufficient 

energy for the necessary consolidation step of laser melting to occur, so it was 

found that there was a threshold energy necessary for the process to begin at all. 

The second area of 60 J/mm3 < ψ < 120 J/mm3 was found to have other defects with 

differing causes, Read et. al. reported seeing keyhole formation, which is a type of 

porosity usually caused by liquid starvation caused by the melt solidifying too 

quickly, which fits with the prediction made by Ghosh et. al. however they do not 

go on to explain why the porosity again falls at a higher specific energy input.  

The Ghosh study briefly investigated the layer thickness, with two values used for 

layer thickness, and found that it was the second most influential part of ψ with 

regards to influencing porosity, the thinner the layer was the less porous it was, 

which is logical given that if there is an increased volume of material that the 

energy needs to act on the more likely it is that some of the powder won’t reach 
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the critical energy needed to allow the process to function. This is corroborated by 

other studies conducted by Olakanmi et. al. [41] that looked at layer thickness in a 

slightly more granular fashion and concluded that an ideal layer thickness was as 

thin as possible without creating problems in spreading a homogenous fresh layer 

of powder. The advantages of as thin a layer of powder as possible are that you get 

a more consistent heat gradient across the powder layer, and also that the previous 

layer is remelted which helps to create a solid bond between the layers. These 

assertions were also corroborated by Chatterjee et. al. [51] who demonstrated in a 

study of layer thickness and hatching distance in the SLM of steel that porosity was 

related to layer thickness. This was also investigated by Gusarov and Kruth [26] who 

demonstrate that as the layer thickness increases while the total proportion of the 

laser energy absorbed by that layer also increases, it does not do so proportionally 

to the increased volume, the energy fraction of the laser absorbed goes up while 

the energy density of the material goes down. This is also demonstrated by Gu and 

Shen [52] in their investigation of balling phenomena in stainless steel. 

Scan spacing (termed as hatching distance in the study) was the most important 

factor identified by Ghosh et. al. in contributing towards porosity, it clearly showed 

that a low scan spacing was preferable. The diameter of the laser spot in the Ghosh 

study was 700μm, and the hatching size set at between 600μm and 400μm, given 

that scan spacing is the lateral difference between the centre of two scans, there 

was between a 100μm and a 300μm overlap out of a possible 350μm overlap. The 

larger the overlap the larger the quantity of energy applied to that area, and for 

similar reasons to the thinner powder layer it will mean that the melted lines will 

join with fewer defects. Running back over the previously solidified line will have 

the effect of remelting it and allowing the new powder molten pool to 

conglomerate with it much more easily. This is demonstrated in Figure 5, with a 

laser diameter A of 700 μm the proportion of overlap increases as the distance 

between the scan tracks decreases. B showing minimum overlap at 700μm 

distance, C a sample medium overlap at 500μm distance and D maximum overlap 

(without overlapping into a third scan area) at 350 μm. The larger the overlapping 

area the more energy applied to it.  
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Yang et. al. [53] investigated the link between energy density and the formation of 

specific types of defect in Al-Si-Mg. They identified three types of defects, large 

irregular shaped defects which they identified as being formed by a lack of energy 

density in the process. The second is that of small gas pores caused by entrapped 

gas. These were shown to reduce slightly with increasing energy density but also 

when the powder was dried out under vacuum before building, particularly 

relevantly to the equipment to be used in this experiment is that drying them out 

under argon at an elevated temperature showed similar beneficial results to 

vacuum drying. Similar results were also reported for AlSi10Mg by Weingarten et. 

al. [54] in their investigation of powder dried out by a pre-sinter scanning 

technique. The third type was that of large round pores caused by a quirk of the 

build mechanism. When the laser decelerated at the edge of the shape in the study 

it caused a spike in energy levels leading to a significant keyhole pore that does not 

backfill sufficiently. The result of these considerations is that care should be taken 

Figure 5 - Scan Spacing diagram 
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with designing the processing regimen such that the energy density calculated is 

universally applied throughout the part.  

What these studies show is that there is an ideal value for energy density which 

gives better results for porosity, the studies have looked at a range of different 

materials including Al10SiMg, Al12Si and low carbon steel (0.15%), and each has 

shown that the ideal conditions for removing porosity from SLM produced 

components are dependent on controlling the factors that go into the ψ value. 

Therefore, in examining 2xxx series aluminium it will be necessary to identify the 

point at which the highest density is created, given the wide range of materials that 

have been investigated, it seems very likely to be identifiable. 

 

2.2.1.2 Effects on Density 

 

Final part density is affected far less than porosity by the energy density. A study 

conducted by Simchi and Pohl on SLM of iron powder [12] found that the fractional 

density of the final component and the specific energy input were non-linearly 

related. The fractional density increased very sharply with increased energy input 

until a threshold value was reached, in their study it was 2000 J/mm3, and after that 

point increasing the energy input had very quickly diminishing returns, the study 

produced an expression for sintered density which is shown in equation 2. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2, 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎 𝑝𝑜𝑤𝑑𝑒𝑟 𝑏𝑒𝑑:  

𝜌 = 𝐶1 − 𝐶2 𝑒−𝐾𝜓 

In this equation: ρ is the density, C1, C2 and K are constants specific to the material 

and ψ is the specific laser energy input.  

The findings of Simchi and Pohl are consistent with the problems explored in 

porosity in the area of ψ < 50 J/mm3, it is an area of the process where there is 

insufficient initiation energy to allow the SLM process to occur. The reason for this 

critical point is explored by Simchi and Pohl, the large input of thermal energy at 
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higher values of ψ caused residual thermal stress within the material, this caused 

the material investigated to crack as it solidified which reduced the final density. 

This is a plausible explanation as a high energy input is more likely to cause thermal 

gradients and differing rates of solidification which would cause cracking and 

tearing. The phenomena associated with high energy inputs has been shown in 

aluminium welding, and Cao et. al. [18] attribute it to three properties of 

aluminium, its large solidification temperature range, large coefficient of thermal 

expansion and large solidification shrinkage, they suggest as a remedy to this 

limiting thermal input, which tallies with the findings of Simchi et. al. It was found 

by Simchi [55] generally in their description of the DMLS process that while an 

increase in energy density was correlated with an increase of density there was a 

point of futility past which it does not improve. Solidification cracking is especially 

problematic in 2xxx alloys [56] owing to the wide range of compositions at which it 

is susceptible to hot short cracking caused by the alloying copper and so is going to 

be a significant obstacle to successfully producing 2xxx alloys via SLM. 

The two main factors in the study by Ghosh et. al. [45] that apply to the specific 

laser energy input were that of layer thickness and laser scan spacing, however 

both of those factors were less important in that study as compared to the 

composition of the alloy, composition will be examined in greater detail in section 

2.3. These two factors are the ones which are likely to cause cracking out of the 

four factors in specific laser energy, laser power and scan speed when altered are 

not going to cause the differences in temperature across the part which initiates 

cracking; whereas layer thickness and scan spacing for reasons explored in the 

porosity section can cause temperature gradients and hence are the two factors 

that will need to be particularly well managed. 

 

2.2.2 Scan Strategy 

 

Scan strategy is how the laser traces the profile of the part in each layer of the 

build, it has some overlap with energy density as it can also have an effect on the 
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scan spacing, but it differs in that it manages the timeframe in which energy is 

applied to the layer. Control over the directionality of the microstructure of a part 

by altering its scan strategy was proposed by Carter et. al. [57] who demonstrate 

the creation of a textured microstructure aligned with the scan strategy that they 

employed in their investigation of SLM  of nickel. Similar findings were also found in 

the SLM of Inconel by Geiger et. al. [58] and Lu et. al. [38]. 

 

 

The following examples of scanning strategies were identified by Dewidar et. al. 

[28] and are not exhaustive but do serve as a good example set: perimeter scan, 

where the edge of the part is sintered first then filled in the centre according to 

standard scan, standard scan where the scan direction is parallel to the X or Y axis 

of the work area and diagonal scan where the scan will perform the majority of its 

movement at a 45 degree angle to the X or Y axes of the work area.  

The reason that scan strategy will have an effect on the microstructure, porosity 

and density of a part has been examined partially in section 2.2.1, the strategy is 

able to help control the thermal gradient of the part. Considering an example case 

for a long thin part, if the scan strategy was to go all the way up one long side and 

then across the thin edge and back down then the melt area at the starting end of 

Figure 6 - Scan strategy diagram, A: Standard, B: Diagonal, C: Perimeter 
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the part will have cooled by the time the laser returns to melt next to it, causing 

variations in energy density which will lead to some of the problems already 

discussed. If, however the scan strategy is to go across the thin edge then up in a 

snaking pattern, then each scan path will be much shorter and there will be less of a 

thermal gradient between melted lines, helping to avoid the problems already 

discussed. 

Dewidar et. al. studied the effect on distortion and layer composition in High Speed 

Steel of the strategies mentioned. In producing multiple layered test samples, the 

layers were arranged in a sequence with the first layer parallel to the rectangular 

parts side, then the next at 90 degrees to that, then the next at 45 degrees to the 

previous layer, using the diagonal scan strategy described, then the next at 90 

degrees to that.  

In examining standard and diagonal scanning strategies Dewidar et. al. found that 

the two produced very similar results in both distortion and layer composition. That 

result seems reasonable as the mean scan lengths of the two were very similar. The 

standard scanning strategy remaining consistent in length whereas the diagonal 

scanning strategy covers a smooth range of scan lengths both smaller and larger 

than the length of the standard scanning length. It is possible that given the small 

size of the samples used by the study, (typically of 30mm by 25mm with a thickness 

of 1.1mm), differences in scan length were small, therefore differences in distortion 

and layer composition were also small. On larger parts a difference might emerge 

due to the variation in the two strategies only becoming significant in larger parts, 

however given that ALM techniques are seldom used to produce large monolithic 

blocks it is a reasonable conclusion on their part that for practical uses the two 

strategies are similar.  

The perimeter scan strategy was found to be significantly less successful. The 

perimeter and the centre fill were both well formed as they were melted at the 

same time, but the problem came when the centre fill and the perimeter met, 

distortion caused by the difference in heat energy between the two meant that the 

two areas did not join leading to large gaps in the build. This is an interesting finding 



22 

 

because one way to eliminate porosity in a part is via Hot Isostatic Pressing, as 

shown in a study by Das et. al. [59] on Titanium where a perimeter scan technique 

is used to create the fully dense outer skin necessary for the HIP process to 

function. Full internal density was then achieved by the HIP process to create the 

finished part. The study does not state explicitly the quality of the outer skin layer 

of the part produced by perimeter scan, only noting that it is well formed, it may be 

possible to use this method in Aluminium to combat porosity but only if the 

perimeter scan method is capable of producing a gas-impermeable density of 

material.  

A method based on scanning strategy for reducing the porosity of AlSi10Mg in SLM 

was attempted by Aboulkhair et. al. [29] The methods that they used included: Pre-

Sinter, in which each layer was scanned was preheated at half power then scanned 

at full power, Overlap, in which each layer was scanned twice with the second scan 

running along the midpoint of the overlap between the two rows of the previous 

scan, Alternating in which each layer was scanned orthogonally to its predecessor, 

X&Y 2HS in which each layer was scanned twice with the second scan being 

orthogonal to the first scan and 2x in which each layer was scanned twice over the 

same track pattern. 

The study found two different types of pores developed, Keyhole pores and 

hydrogen pores. Keyhole pores which are large pores of above 100μm diameter 

usually caused by an absence of molten metal caused by rapid solidification of the 

melt. The keyhole pores in the study were found to contain partially melted powder 

indicating that insufficient energy was applied. Hydrogen porosity is caused by 

dissolved hydrogen being released as the liquid metal solidifies, they are typically 

small pores of below 100μm. The study found that it was possible to achieve a 

99.82% dense component using a pre-sinter strategy, this was an improvement on 

the 97.74% density achieved by a simple unidirectional scan at the same scan 

velocity, overlap scan strategy also produced an improved density of around 98.2%. 

In general, the Pre-Sinter strategy was best at a scan speed of 500 mm/s and 1000 

mm/s with a 2x strategy being superior at 750 mm/s. The reason for the poor 

performance of the 2X scan strategy at low speeds was attributed to too much 
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energy input at low scanning speed introducing significant quantities of 

metallurgical pores, a problem which pre-sinter did not have. 

Dai et. al. [60] investigated the effect of an alternating scan strategy which they 

found increased the dimensional accuracy of their parts. They attribute this to the 

alternation stopping the build-up of an edge effect of powder and also the 

reduction of spatter of powder from the melt pool to the side, creating a more 

consistent top surface. This would improve powder stacking and adhesion 

consistency of recoated powder to the layer.  

Hussein et. al. [61] demonstrate the mode of formation of stress within SLM, they 

demonstrate a higher stress level at the start of a scan layer when starting from a 

room temperature powder bed. This demonstrates the importance of the thermal 

gradient with regards to the stress of a part, with the highest peak stresses being 

observed at the start of each scan, as the substrate is heated the temperature 

differential and hence the stress is reduced due to the fact that the substrate itself 

is heating up as it is residually heated by the melting scans. This relates to the 

scanning strategy findings of others in the improvement of the final properties 

found when a pre-sinter strategy is employed, which raises the powder bed and 

hence would reduce the internal stresses developed by the temperature gradient.  

The study found that at low scan speeds Hydrogen porosity was dominant but at 

high speed keyhole porosity was dominant. The lower specific laser energy input as 

a result of the higher scan speeds explains the keyhole porosity being caused by 

insufficient energy. The study shows that the scanning strategy that was adopted 

had a significant effect on the relative density of the finished part, and that 

depending on the specific laser energy a different scanning strategy might be more 

appropriate. It shows that there is good scope for experimentation with scanning 

strategy to optimise density. Comparing the results achieved by Aboulkhair et. al. to 

another study by Thijs et. al. [62] also on AlSi10Mg, Aboulkhair et. al. were able to 

achieve higher densities with a lower input of laser energy, using a 100W laser 

compared to the 200W of Thijs et. al.. A pair of studies by Kempen et. al. [63; 64] 

showed similar results, that densities of up to 99.8% could be achieved by using a 
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double scanning strategy, these studies did not go into as much depth on alternate 

scanning strategies as the Aboulkhair study but do corroborate its results. Thijs et. 

al. were however able to exercise very significant control over the isotropy of the 

microstructure by altering the scan strategy as the texture produced by the 

solidification was dependent on the solidification direction imparted by the scan 

direction. 

SLM produces high residual stresses in components, owing to the unavoidable 

thermal gradients in the material due to the high heat applied to small areas of the 

part by the laser [10]. A paper by Li et. al. [65] examined the idea of rescanning a 

component in order to prevent crack formation and layer delamination due to the 

high thermal forces. The study examined a Bulk Metallic Glass Composite based 

around Aluminium and after a layer formation was completed with the high-power 

scan of 200W it was immediately rescanned at a lower laser intensity of 80W in 

order to stop the cracks propagating through the material. The study was able to 

reduce crack formation and inhibit crack propagation through the same sample. 

This finding is not necessarily transferrable to all other aluminium derivatives given 

the difference in microstructure between amorphous metals used in this study and 

the crystalline structure of a 2xxx alloy, but it does demonstrate another form of 

defect control achieved via the use of differing scanning strategies. 

 

2.2.3 Processing Atmosphere 

  

Reactive metals such as aluminium tend to form a tenacious oxide layer very quickly 

upon contact with oxygen, and in the case of powder form aluminium there is going 

to be a much higher concentration of that oxide layer because of the higher surface 

area of powder. In SLM the oxide layer needs to be inhibited from reforming over 

the fresh melted scan track so that the aluminium can form a properly cohesive 

mass without oxide inclusion, it is also necessary to avoid the powder catching fire 

during the process by depriving it of oxygen. 
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Wang et. al. [66] investigated different atmospheres in an SLM application of Al12Si 

alloy, a standard SLM application aluminium alloy. They studied the effect of argon, 

nitrogen and helium atmospheres, and their research showed that argon and 

nitrogen atmospheres enhance the yield strength, MTS and elongation properties 

of the final part, while helium had no significant positive effect. Though in contrast 

to the findings of Shaffer et. al. on conventional sintering nitrogen and argon had 

similar effects on the final materials density, the reason speculated for this was that 

because of the short life of the melt pool at any one particular point in the process 

there isn’t time for formation of AlN to occur and hence the property enhancement 

of AlN formation does not occur under the SLM process. Wang et. al. conclude that 

the role of atmosphere in the SLM process is only to protect the sample from 

oxidation and not to play an active chemically reactive role in the formation of the 

solid part. 

In other metals undergoing the SLM process similar results were found by Simchi 

and Pohl [12] and Asgharzadeh and Simchi [13] when investigating M2 HS steel 

powder and iron powder, in the iron powder slightly better densification (0.01) was 

observed under an argon atmosphere as opposed to nitrogen. Hauser et. al. [67] 

demonstrated the obstruction of oxide layer growth during the SLM of 314S 

stainless steel under an argon atmosphere. A similar result was observed with the 

M2 HSS powder, as scan rate increased argon was able to maintain a lower porosity 

than nitrogen, though at a low scan rate nitrogen resulted in a lower porosity. 

These findings with iron and steel while not directly applicable to aluminium, do 

show that in other SLM processes argon and nitrogen produce similar results in 

improving characteristics in SLM generally.  

There is disagreement between the research on net shape powder metallurgy and 

SLM powder metallurgy on what atmosphere specifically is the best for achieving 

certain properties, but there is broad agreement that it is important to have an 

oxygen free atmosphere for any sintering process. Given the fact that the research 

dealing with SLM found no significant difference, Wang et. al. Simchi and Pohl and 

Asgharzadeh and Simchi, it is reasonable to select a processing atmosphere similar 

to what is used in Industry, for the EOSINT M280 that is argon given that the 
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procedures for using it are already established and well known and the gas itself is 

readily available. 

 

2.2.4 Particle morphology and size 

 

There are two properties of powder that have been identified as having a potential 

effect on the SLM process: particle size distribution and morphology. 

 

2.2.4.1 Particle size 

 

Particle size was investigated for iron powder in the SLM process by Simchi [68] and 

several conclusions which would apply equally to aluminium were reached. In the 

area of particle size there were 3 groupings of mean particle size investigated; 

Mean Particle Size < 50μm, 50μm < MPS < 125μm and 125μm > MPS. The layer 

thickness involved was also varied to study any interconnection between the two 

areas. What Simchi found was that the fractional density of the powder increases 

with a lower MPS, and as does the densification, this is however only up to a certain 

point. The exact point was dependant on the scan rate but was between 30 and 

40μm when the fractional density started to drop off, this characteristic was 

attributed to fine powder being much more prone to agglomeration during the 

motion of the powder recoater blade. A similar phenomenon was observed by Liu 

et. al. [69] when dealing with aluminium powder. He drew the general conclusion 

that excluding outside factors powders with a lower particle size provide better 

densification during the SLM process, this was linked to the fact that fine particles 

produce a higher surface area which provides better absorption of laser input 

energy, and hence density is increased. This conclusion seems reasonable to draw 

as the effect of increased input was covered both by Simchi and also in section 

2.2.1, while Simchi did identify an optimal range for iron powder size its values 

would not be directly transferrable to aluminium owing to the differences in 

properties.  
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The SLM of Al12Si powder and a selection of pure aluminium powder was 

investigated by Olakanmi et. al. [30], where the size distributions ranged from 10 to 

14μm to 45 to 75μm with some blended powders of pure aluminium and Al12Si 

also being prepared. This study used a model to predict the ideal blend of particle 

sizes that would result in an increased density of the product. The model in 

question was close packed sphere analysis, the bimodal and trimodal blends used 

by Olakanmi et. al. both showed an increase in packing density over unimodal 

blends, of 11% by the bimodal mix and 3% over the bimodal mix by the trimodal 

mix. Mixes with large amounts of smaller powder were shown to have introduced 

more oxidised surface area into the mix which inhibited densification. The 

conclusions reached was that there was a correlation between the tap density of 

the powder and the final density of the product but that it varied between the 

alloys used. This research does reasonably show that the effect of powder size on 

the density is significant, in agreement with Simchi and also shows that a 

distribution of particle sizes can cause greater density in the final product.  

Powder size variations in general are identified as being responsible for variations in 

the SLM of titanium by Gu et. al. [70], the powder feedstock that displayed a 

concentration of fine powder sizes produced a fully dense component when the 

other two tested feedstocks despite displaying similar powder bed densities and 

size distributions both displayed significant porosity. This was linked to a much 

higher powder bed conductivity value caused by the increased contact area 

between the small diameter powder population as it fills the gaps between the 

larger sized powder grains.    

In simulations of an SLM bed involving powders of varying size distributions by 

Meier et. al. [31] several conclusions were reached about the suitability of powder 

of varying sizes for its use in SLM. Primarily that as powder became increasingly fine 

the cohesive forces come to dominate the simulated interactions between 

particles; in this instance cohesive forces refers to the interparticle forces. This 

logically follows the idea that as you decrease the volume you increase the surface 

area to volume ratio and hence the area available for cohesive forces to take effect. 

The layer thickness and its relation to the powder layer quality was also 
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demonstrated with an ideal value of two to three times the maximum powder 

diameter being recommended for optimal powder density.  

An investigation by Nan et. al. [71] into the jamming effect of powders of differing 

diameters caused by the recoater blade came to the conclusion that as the gap 

expressed in relative powder diameter increased, the overall packing density 

increased as well. This effect is a potential area of concern given the competing 

desires to try and obtain a lower layer thickness for greater fine control of the 

process being incompatible with increasing the recoater gap. It is possible however 

to address the problem of jamming in the blade with regards to the simulation 

model of Nan et. al. by decreasing the particle friction coefficient between particles 

and also between blade and powder. The effects of this were explored by Chen et. 

al. [72]. Another observation made by Chen et. al. was that there was a lower 

bound under which the cohesive interparticle forces of smaller powder would begin 

to decrease the powder fluidity and hence increase jamming. The link between 

finer particles and the increase in cohesiveness will present a problem when 

attempting thin layer thicknesses and attempting to satisfy the recommendation of 

an increased blade gap relative to particle and could lead to the examination of 

thicker layers to avoid self-defeating considerations for layer quality. As alluded to 

in this section increasing the layer thickness comes with its own problems examined 

in section 2.2.1. 
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Figure 7 - Absorbtivity of laser light against particle size. Taken from Yang et. al. [73] 

A relationship was identified between the powder size and the absorbed laser light 

for aluminium by Yang et. al. [73], their investigation discovered that as the particle 

size approached the size of the laser spot, the energy absorbed by the powder bed 

decreased sharply by up to 50% from the maximum value observed at the smallest 

particle size and is demonstrated in figure 7. This was due to increased reflection of 

the energy into the atmosphere rather than sideways into other particles in the 

powder bed. This investigation dealt specifically with unimodal powders which 

makes its applicability to the likely distribution of any given powder supply 

potentially challenging given that spherical powders have the lowest absorptivity as 

a form factor. However, it does demonstrate the potentially significant effect the 

particle size might have on the absorptive capabilities of the build area. 
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2.2.4.2 Particle morphology and surface characteristics 

 

Meier et. al. [31] studied the morphology effect of powders in their investigation by 

linking it to the powder cohesion in their simulation, on the basis that rougher and 

more deformed particles will exhibit higher cohesion and hence interparticle forces 

which oppose tight packing. They also investigated the nature of the substrate to 

particle forces and their effects on the quality of the layers produced. They noted 

that dependent on the quality of the melted substrate, which in SLM can potentially 

vary from the smooth plate to a rough scanned layer, the cohesive forces between 

powder and substrate could vary by as much as a factor of four which lead to a 

difference of up to 20% in the packing fraction of the powder layer. A similar 

interaction was noted with regards to the recoater blade, though in that case it was 

inverse relationship with a lower cohesion between the blade and the powder 

leading to an increased powder packing fraction as the powder tended to stack 

more readily. The quality of layers produced by the different values of adhesion of 

blade and substrate may present an alternative option if layer quality is an 

observed issue. They also observed that a slower blade velocity was linked to higher 

powder layer quality, due to the fact that the powder had more time to move into 

an ideal arrangement before the blade passed over, a similar observation to that 

was made by Haeri [74] and Mindt et. al. [75]. Though Meier et. al. demonstrated 

that the effect of that was diminished when there was high cohesion between 

blade and powder. 

Olakanmi [76] found a significant effect from morphology on the packing density, 

they examined four categories of morphology: dendritic, irregular, round and 

spherical, they found that the more spherical the powder became then the tighter 

the apparent density of the powder bed was and the flow characteristics of each 

improved.  

Liu et. al. [69] investigated morphology in comparing spheroidal aluminium powder 

to irregular shaped aluminium powder and the results of that study were that in 

comparison between the two irregular Al powder would produce a much higher 
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density, in contrast to Olakanmi and Simchi this study was undertaken using 

furnace sintering rather than laser sintering methods, which is less useful for 

application to SLM though is still reflective of the realities of packing density which 

will apply for laser manufacture. The packing density achieved with the irregular 

powder was significantly higher, at varying between 88.3% and 90.9% in 

comparison to the spheroidal powder which achieved 65.1 to 72.9%. The density of 

the irregular powder was also much more consistent with a lower spread of results, 

the reason proposed for this was that due to the irregular shape of the powder 

differential expansion occurred, which fractured the oxide skin on the irregular 

powder which allowed much greater surface contact between the aluminium cores 

and hence enhanced the sintering, this finding is unlikely to apply directly to SLM 

processes, however the irregular particle shape will provide a higher surface area to 

volume ratio and hence a greater area of oxidation that may disrupt the melt pool 

to a greater extent due to a higher concentration of oxide in the melt pool.  

One of the persistent issues in SLM is that the powder, having inherently a high 

surface area to volume ratio compared to a solid ingot is likely to be subject to a 

high degree of oxidation, particularly in reactive alloys such as Aluminium and 

Titanium [77] as explored by Simonelli et. al. Oxidation on the surface of the 

powder leads to the breakup of that oxide when melted and its inclusion into the 

melting pool. This can then lead to an increase in the balling effect which leads to 

melt pool variations and faults between layers of the build as demonstrated by Tan 

et. al. and Li et. al. in their investigations of melt pools in SLM [78; 79]. 

 

2.2.5 Melt pool stability and solidification 

 

The melt pool is an essential part for consideration when understanding SLM, as the 

consolidation mechanism how it behaves during the building process is essential to 

the final properties of the part. Yadroitsev et. al. [80] demonstrate that when 

insufficient energy input to maintain a stable melt pool is used the surface tension 

forces of the pool cause the melt pool to lose cohesion and break up into smaller 
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beads that frequently lie outside of the scan line. Balling in the melt pool is the 

breakdown of a single cohesive melted pool on the surface of the material into 

smaller distinct volumes of melted material which solidify separately and create 

discontinuities in the final product. The balling effect in the melt pool has been 

shown by Gu and Shen [52] to significantly inhibit the structure fully densifying. 

Their investigation further demonstrated the mechanism by which insufficient 

energy input leads to balling in agreement with Yadroitsev but also how very high 

energy inputs leads to a different type of breakdown in the melt pool, that of small 

balls of melt outside the laser melt track caused by splashing from an energetic 

melt pool. A general effect observed at high scan speeds is that it forms a melt pool 

which is very unstable and liable to form longitudinal cracks across the solidifying 

molten track.  

One of the major forces involved in melt pool stability is that of Marangoni 

convection [81]. Marangoni convection is the effect observed where convective 

movement within a melted pool is induced by differences in the surface tension of 

that melt, caused by differences in temperature, the liquid will flow towards areas 

with high surface tension from those of lower surface tension [82]. Rombouts et. al. 

[83] demonstrate this effect for the SLM of steel powder in their investigation, and 

it is explored in other research by Long et. al. [84] who show that inconsistency in 

the temperature of a laser melted droplet causes an increase in the intensity of 

Marangoni convection. This is also observed by Heeling et. al. [85] in their 

simulation of the SLM process. The significance of Marangoni convection is in its 

effect on the dimensions of the melt pool, Yuan and Gu [86] in their investigation of 

TiC/AlSi10Mg demonstrate that the Marangoni effect causes a widening of the melt 

pool, the surface tension is lower at the outside of the melt which causes 

convective flow of heated material from the centre of the melt to the outside and 

creates a concave melt pool shape. They also demonstrate the varying effect on the 

profile of the melt with large energy gradients causing intensified Marangoni effects 

and hence increasing the instability of the melt pool due to the increased forces 

working within the pool. 
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Another significant force in the nature of the melt pool is that of keyhole formation. 

A keyhole in the melt pool is a temporary void formed behind the laser bream front 

[87], this void is known as the keyhole void, it is typically formed by the laser energy 

intensity being of such a scale as to induce vaporization of the metal and as shown 

in figure 8 it is a void behind the melting front. The laser is better able to penetrate 

through the vapour filled cavity than through the powder and hence it deepens the 

penetration of the laser energy and deepens the melt pool. The effect of this voids 

formation is in potentially allowing for a more evenly heated melt pool as the lower 

parts of the powder bed are also receiving direct heat from the laser, rather than 

conducted heat from the material above. The formation of the keyhole is linked 

directly to the energy input. However, the keyhole has been shown by Lee et. al. 

[88] and Cao et. al. [18] to be potentially unstable and its formation will lead to the 

collapse of the melt front and the embodiment of a void in the solid material 

caused by gas entrapment from the void. Zhou et. al. [89] observe that the collapse 

of the keyholes melt front leading to voids within the material were caused by the 

melt solidifying before it is able to properly backfill the keyhole that has been 

formed behind the melt front. As keyhole formation develops however the effect of 

the pressure exerted on the melt pool by the vaporisation process suppresses the 

Figure 8 - Keyhole welding diagram showing the keyhole void [87]. 
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effect of Marangoni convection on the melt front, as is observed by Heeling et. al. 

and Zhou et. al. in their studies mentioned earlier on in this section. 

The transition point for Keyhole welding versus conductive welding is explored for 

Al 7050 by Qi et. al. [90], the distinction being whether a keyhole is formed through 

which laser radiation can penetrate deeply to effect heat transfer, or if the main 

mode of heat transfer is conduction from an irradiated top layer, chiefly by 

Marangoni effect. They demonstrated a drop by as much as 250µm in the depth of 

the melt pool penetration from a peak of 390µm and a similar proportional drop in 

the width of the melt pool. This depth from keyhole welding was shown to remelt 

the previous layer. The cracking observed under both forms of melting, keyhole and 

conductive, was observed to go along the grain structure boundaries in both 

instances. It was proposed that the smaller and more disordered grain structure 

produced by the keyhole weld inhibited crack growth as the lower crack density 

observed in the specimens that exhibited keyhole melting. 

Dai et. al. [60] investigated the effect of energy density on creating a melt pool that 

not only encompassed the powder layer, but also penetrated into the previous 

layer to improve inter-layer bonding in AlSi12. They increased the energy input 

density by reducing the scan speed, this led to higher melt pool penetration into 

the previous layer and caused a reduction in the porosity by freeing entrapped gas 

in the previous layer and allowing it to escape the melt pool; this reduced gas 

entrapment porosity in their samples. AlSi12 is more tolerant of high thermal 

gradients than the alloys that are to be studied here so while a high energy density 

input should be studied it may not be show a similar effect in different aluminium 

compositions. 

A study on Al 2024 was conducted by Zhang et. al. [91] demonstrated the potential 

for very high energy densities to achieve high densities and mechanical properties 

in Al 2024. This effect was largely as a component of the melt pool having improved 

wettability and heat penetration which enhances its conglomeration with other 

layers in the solid end product and allows for a longer-lived melt pool that 

backflows to fill in void imperfections. Their use of a significantly larger block than 
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the final machined part potentially offset the high thermal stresses such an 

approach would create in the part. These findings agree with Milewski et. al. [92] in 

their investigation of the Nd:YAG laser welding of Al 2024 at higher energy input 

levels.  

A study that covered how the melt pool formation is affected by some of SLM’s 

process parameters was conducted by Wei et. al. [27], they discovered that the 

depth and width of the melt pool decreased sharply with increased scanning 

velocity in their investigation of AlSi10Mg. At higher scan speeds the depth dropped 

below what would be the minimum layer density possible on the equipment 

available. As it densified the surface roughness was also observed to vary 

significantly by as much as 9µm from a maximum measure of 20 μm. The 

development of these properties is linked to the intensity of the Marangoni 

convection within the melt pool and its variance with the energy input. 

The melt pool stability is dependent heavily on the processing parameters, the 

forces governing it are demonstrated within the literature to have an ideal range of 

energy inputs in which an ideal melt pool is produced. Identification of the region of 

aluminium processing in which a stable melt pool can be developed and maintained 

will be essential.  
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2.3 Properties of Aluminium and alloys and their effect on SLM processes 

 

Until this point 2xxx has been talked about as the alloy series under consideration, 

this is due to a mix between its weldability, its existing widespread use as a high 

strength aluminium alloy and its mechanical properties. However, there were a 

selection of alloys that were worthy of consideration. There is a proprietary alloy 

developed by APWorks GmbH, called Scalmalloy, which is an aluminium-

magnesium-scandium alloy which achieves high MTS and yield strengths of 490MPa 

and 450MPa respectively [21]. Its properties are close to the 2xxx and 6xxx series as 

produced by conventional manufacturing methods, but its price is significantly 

higher, and availability is poor. The commercial partner of this research was 

interested in materials that were capable of achieving good mechanical properties 

which were comparable to Scalmalloy, which limited the choice to a selection of the 

2xxx, 6xxx and 7xxx alloys. 8xxx alloys such as Al 8090 were considered but their 

uncommon usage and high cost lead to them being dismissed. 

2.3.1 Mechanical properties and composition 

 
 

 Figure 9 - Aluminium alloy MTS and Yield strength. Values drawn from [20-24]. (AB) is as built. 
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Table 1 - Alloy composition table. 

Alloy 
Composition 

(Wt.%)          

 Si Fe Cu Mn Mg Cr Ni Zn Ga V Sc 

2014 
0.5-
1.2 0.7 

3.9-
5.0 

0.4-
1.2 

0.2-
0.8 

0.2-
0.8 0.1 - 0.3 - - 

2024 0.5 0.5 
3.8-
4.9 

0.3-
0.9 

1.2-
1.80 0.1 - 0.25 - - - 

2219 0.2 0.3 
5.8-
6.8 

0.2-
0.4 0.02 - - 0.1 - 

0.05-
0.15 - 

2618 
0.1-
0.25 

0.9-
1.3 

1.9-
2.7 - 

1.3-
1.8 - 

0.9-
1.2 0.1 - - - 

6063 
0.2-
0.6 0.35 0.1 0.1 

0.45-
0.9 0.1 - 0.1 - - - 

6070 
1.0-
1.7 0.5 

0.15-
0.40 

0.40-
1.0 

0.50-
1.2 0.1 - 0.25 - - - 

7075 0.4 0.5 
1.2-
2.0 0.3 

2.1-
2.9 

0.18-
0.28 - 

5.1-
6.1 - - - 

AlSi10
Mg 

9.0-
11.0 0.55 0.05 0.45 

0.2-
0.45 - 0.05 0.1 - - - 

Scalm
alloy 0.4 0.4 0.1 

0.3-
0.8 

4.0-
4.9 - 0.25 0.25 - 0.05 

0.6-
0.8 

 

Scalmalloy and AlSi10Mg are included for comparison purposes, as shown in figure 

9 the alloys under consideration exceed the strength of the current standard alloy 

used for SLM, AlSi10Mg, however there are relatively few alloys that come close to 

the properties of Scalmalloy, the 6xxx series in particular is significantly lower and 

so would be the least desirable series to investigate.  

Al 2014, 2024 and Al 7075 all show excellent tensile properties, getting closest to 

that of Scalmalloy. The influence of alloying elements on the densification 

mechanism is discussed by Zhang et. al. [93] with regards to tungsten with added 

nickel; by Simchi [94] with regards to iron with a variety of additives; and by 

Dadbakhsh and Hao [95] investigating differing aluminium alloys. Simchi identified a 

densification coefficient, used to describe the properties of the final sintered part, 

which varied in part with the composition of the alloy that he was testing agreeing 

with the work of Zhang et al. and Dadbakhsh and Hao who all found that 

composition affected the properties that their process produced. Al 2014 shares its 
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basic alloying composition with Al 2024 and 2219, being mainly comprised of 

aluminium, copper, magnesium and silicon, and their processing by SLM is likely to 

be similar for those alloys of similar composition. Al 2618 is distinct with its high 

nickel content and lower copper content compared to the other 3 2xxx series alloys. 

Examination of the distinction between differing compositions of the 2xxx series 

should provide insight into whether the composition differences lead to dramatic 

differences in properties when built via ALM. 

A preliminary investigation into Al 2219 and 2618 and their achievable densities 

was conducted by Ahuja et. al. [96]. They demonstrated that high energy densities 

were capable of producing high densities in those two aluminium alloys. However, 

the predictive power demonstrated was poor with inconsistent results with regards 

to its optimisation. This demonstrates that there is an uncertainty in the process 

that has yet to be identified, beyond the scope of just the input energy density. 

They identify the wide solidification range as a potential cause of the porosity and 

cracking that they observed but also outlined that the many ways by which a 

particular energy density might be achieved could lead to variation. The interaction 

of the various parameters within the overall energy density equation each having a 

greater or lesser influence on areas such as the melt pool width, depth or time for 

evaporation which are components that decide how well a material responds to 

SLM processing. Hence the factorial DOE approach outlined should help to identify 

any such variations within the energy density measurement for each alloy. 

Custom alloying has started to be examined for the purpose of SLM, specific work 

has been done on Al-Cu-Mg alloys by Zhang et. al. [91] who found that it was 

possible to create fully dense and mechanically useful parts from that alloy in a 

recent investigation. Silicon aluminium alloys have shown advantageous 

solidification properties and has been demonstrated in investigations of a modified 

Al 7075 alloy by Montero-Sistiaga et. al. [97] and Aversa et. al. [98], it did so by 

improving the liquid phases flow and the solidification properties of the material, 

causing the significant reduction of cracking in the solids. Use of TiB2 to boost the  

absorptivity of the powder layer of AlSi10Mg was explored by Li et. al. [99] who 

found that in adding this material they boosted the absorptivity of the powder by 
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50% which proved a significant benefit to the processability of the powder and lead 

to a microstructure with no imparted texture. 

There have also been efforts via the addition of small quantities of alloying 

elements in an attempt to refine the grain structure, the grain boundaries being 

identified as acting as crack sites by Martin et. al [100] and Qi et. al. [90]. Zirconium 

was employed by Zhang et. al. [101] as an alloying element to successfully 

significantly improve the produced grain structure of Al-Cu-Mg alloys produced via 

SLM.  There have also been more successful attempts via additives to develop AL 

7075 and 6061 powder into an SLM processable material, this was done via the 

addition of Zirconium as a grain refiner by Martin et. al. [102], these improved the 

grain growth characteristics of Al 7075 by introducing new nucleation sites which 

allowed a finer structure free of cracks to be produced. The material was certified 

for manufacture as Al 7A77 by the Aluminium Association in 2019.  

A20x or A205 is another high strength alloy that has been introduced to SLM [8; 

103], it also works on the principle of using grain refining additives, in this particular 

case TiB2 which works in a similar fashion to Zirconium as described for 7A77, it 

creates a lower activation energy for nucleating aluminium out of the melt hence 

driving the composition away from the lengthened columnar grains and towards 

more fine structured and spherical structure.  

A significant problem identified with the SLM of Al 7075 was identified by 

Kaufmann et. al. [17], they successfully produced sub 1% void Al 7075, but there 

was significant elemental loss of the zinc alloying element of 1.6 wt.% which took it 

outside of the specification range for Al 7075. The reason was identified as being 

the much lower evaporative temperature of zinc compared to other alloying 

elements. Similar results were also observed by Holzer et. al. [104] in their 

investigation of welding of Al 7075 where they noted energy dependent 

evaporation of alloying Mg and Zn contributing to the problem of hot cracking in 

welding of that material. Care must be taken therefore to examine the results of 

any investigation to see if there are significant drops in elemental composition as a 

result of the SLM process. 
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2.3.2 Typical defects in SLM of aluminium. 

 

There are typically 4 major defect types that occur in the SLM of aluminium, 

cracking, porosity, surface roughness and anisotropic properties [105], those are all 

linked in various ways to certain qualities of aluminium, the causes will all be 

examined in greater depth elsewhere in this review. Cracking is typically caused by 

Aluminiums wide solidification range and high thermal shrinkage leading to melt 

starvation and high residual stress [18; 106], it is examined in more depth in 2.3.3. 

Porosity [41; 47] is typically caused either by gas entrapment as a consequence of 

keyholing, melt turbulence or soluble gases exiting the melt, this is particularly 

relevant in aluminium due to the change in solubility of hydrogen [107] and the 

high energy inputs [108] needed to achieve adequate melting and sustain a stable 

melt pool; shrinkage of the metal caused by aluminiums physical properties or by 

insufficient energy input leading to incomplete melting, this is examined in more 

depth in section 2.2. Anisotropy is the development of the structure such that the 

properties are different in various axes, its caused by the solidification mechanisms 

of SLM which involve progressive solidification leading to elongated columnar 

grains [109], this is explored more in section 2.5. The final type of defect observed 

is that of surface roughness, this is a particular issue in ALM as many of the unique 

features that can be produced by ALM, such as internal cavities or particularly 

complicated features, can render post process finishing via machining to smooth 

the edges difficult or impossible. Aluminium has problems with surface balling [25; 

110] which can produce a rough surface which has the issue of inhibiting the layers 

in SLM bonding but also the potential to act as a stress concentrator. 

 

2.3.3 Metallurgy and material properties  

 

The metallurgy of the 2xxx and 7xxx series will need to be considered, what the 

likely precipitates and other strengthening mechanisms are will need to be 

identified. Both 2xxx and 7xxx alloys are precipitation hardened alloys [107]. The 
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general process [111] for precipitation hardening is that the entire mass is heated 

to above its recrystalisation temperature, this brings all the composing elements 

into homogenous solution, then as it is cooled it goes through an evolution of 

metastable phases and the GP zones, metastable phases are phases which form at a 

specific temperature but do not represent the absolute lowest energy state a 

matrix can be in, so if they are precipitated out of a liquid they will remain in their 

metastable state without further energy input to reabsorb them, GP zones are 

clusters of solute which are precursors to precipitated phases but are not yet 

homogenous precipitates. During aging at an elevated temperature, a material is 

held at an elevated temperature where a specific metastable state is formed and 

then cooled rapidly to retain the desired precipitates. This is demonstrated in figure 

10 with the precipitate structure that develops for the material at different 

temperatures shown alongside the phase diagram. 

 

The Al-Cu alloy system goes through a typical sequence of Solution into GP Zones 

into θ’’ into θ’ then into θ. The lowest energy phase is the θ which is the 

equilibrium phase. The θ and θ’ phases are both Al2Cu but with different lattice 

arrangements. The composition of the strengthening phases of Al-Cu-Mg depends 

on the balance in the alloying elements between Cu and Mg [112]. They will 

Figure 10 - Al-Cu system phase diagram. [107] 
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undergo the same process as pure Al-Cu systems as well however they will add in 

the formation S phase, which is Al2CuMg. There is also the potential for the T phase 

of Al6CuMg4 in alloys with particularly high Mg to Cu ratios, however that should 

not appear in either 2024 or 2618 as their composition is unsuitable. In 7xxx series 

alloys the major strengthening phase is the η’ phase [113], which is MgZn2 however 

due to the presence of both copper and magnesium it will also potentially have the 

θ and S phases discussed for the 2xxx series alloys.  

 

2.3.4 Weldability  

 

Weldability is a characteristic of aluminium which can be considered a good 

indicator of how well a particular alloy may respond to the SLM process [114] as 

explored by Das, who states in his analysis of epitaxial solidification that due to the 

significant similarities in the process of fusion welding and SLM that it is useful to 

consider the welding literature with regards to SLM processing. The reasons for this 

are due to the significant similarities in the processes. Welding literature will be 

considered alongside SLM literature due to this similarity, welding has been much 

longer studied than SLM and the problems applied to aluminium specifically are 

well explored there. During the course of this experiments far more SLM specific 

aluminium literature has been published but the use of welding literature remains 

valid and form a significant part of how the materials were chosen for these 

experiments. 

Given the similarities in the processes it is useful to look at the relative weldabilities 

of the different aluminium alloys to decide what would provide the starting point 

with the most reasonable chance of success via parameter optimisation. The nature 

of the SLM process means that any existing temper or heat treatment that the 

metal had will not survive the process, and so it is important to consider the 

specifics of the mechanical properties of aluminium after the welding process, in 

this section that will be considered from the welding literature.  
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2xxx series alloys are considered difficult to weld successfully using typical fusion 

welding, [107; 115; 116]. The issues that occur in welding are very similar to the 

ones that are identified in SLM, that of hot cracking, hydrogen porosity and 

solidification cracking. Hydrogen porosity is formed when the solubility of hydrogen 

in molten aluminium decreases while molten, forcing hydrogen out of the melt 

which forms bubbles that will create entrapped gas pores if not able to escape. This 

issue may be less prevalent in SLM due to the use of an entirely inert gas 

atmosphere surrounding the workpiece and also due to potential greater control of 

the cooling duration of the heat affected area allowing more time for entrapped gas 

to escape. Cracking is more likely to be a common issue shared between welding 

and SLM, 2xxx series, its particularly problematic due to the Al-Cu-Mg eutectic 

system and the chemical segregation of low melting point eutectics along the grain 

boundaries leading to embodied weakness. The high coefficient of thermal 

expansion which is also known to create problems in welding is also likely to be 

more problematic in SLM, however its more feasible to exercise control over the 

temperature of the solid as a whole in SLM than it is generally in welding so it may 

prove easier to mitigate. The interface between the Heat Affected Zone of the weld 

and the solid of the material will be less prominent in SLM because the entire 

workpiece is effectively made up of welded zones and will be at an elevated 

temperature mitigating some of these problems.  

There is some granularity within the different alloy series with some being more 

weldable than others. Mathers [56] provides a useful guide on the weldability of 

the various series, he splits the 7xxx alloys into 2 areas, high strength alloys 

containing copper and lower strength alloys like 7020. The former are very prone to 

hot cracking, and if heat treatment is used to recover the strength lost by the 

welding process, they tend to lose a significant amount of ductility and can 

therefore suffer a brittle failure. Mathers states that the welding of these should 

generally be avoided due to that problem.  This leaves the latter, lower strength 

alloys to be considered, and these alloys still have some of the problems of the 

higher strength 7xxx alloys as there is a higher chance across the series of weld 

defects caused by zinc oxide formation. 
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Mechanical property considerations in section 2.3.1 mean that consideration 

should be made only of the 2XXX and 6XXX series alloys, they are similar in many 

regards in their weldability with both being potentially weldable, 6XXX however are 

described as being particularly vulnerable to hot cracking, in actual welding 

conditions that is ameliorated by using a 4XXX series filler metal to fill the cracks 

[56], however this approach is less attractive for SLM as it would likely involve a 

significant proportion of 4XXX alloy in the final mix which would severely affect the 

properties. 2XXX alloys is less susceptible to cracking, this combined with the 

superior mechanical properties of the 2XXX series in general means that an alloy 

from that series should be selected. 

Mathers picks out two particular 2XXX series alloys, 2219 and 2014, between those 

two 2219 is described as both more weldable and more able to recover its 

mechanical properties after heat-treatment which makes it the preferable choice of 

material to work with. It is the most likely to be successful and if it is successful then 

it is worth investigating the other alloys in the 2xxx series to attempt to obtain 

higher mechanical properties, though the ideal materials will be tempered by 

availability and cost of the powder. 

 

2.3.5 Melting range and shrinkage 

 

Cracking is well documented as being a problem in laser welding of aluminium 

alloys, [19; 106; 117; 118]. Cracking in aluminium is particularly problematic 

because of the large solidification temperature range, high coefficient of thermal 

expansion and large solidification shrinkage [18], there are two types of cracks that 

form, liquation cracks and solidification cracks. Liquation cracking occurs in the 

partially melted zone which has been weakened by the heating of the metal and 

the mechanical stresses of cooling causes the Powder Melt Zone to tear. 

Solidification cracking occurs as the metal fully solidifies, the supply of liquid metal 

is insufficient to fill the spaces between solidifying grains and the stresses of 

solidification cause the metal to rupture [119]. Cao et. al. state that of the two 
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forms solidification cracking is far more prevalent due to the small amount of liquid 

at any one time in a laser process and that conclusion seems reasonable to extend 

to SLM.  

Solidification cracking is especially problematic in 2XXX, 6XXX and 7xxx series alloys, 

given that this research will focus on a 2XXX alloy it is especially relevant to consider 

it. The mechanism for solidification cracking is not fully defined by Cao et. al. but 

the procedures for minimising it are. Generally solidification cracking is caused by 

starvation of liquid from part of the melt pool as it solidifies, this is consistent with 

the properties of aluminium that are stated to exacerbate the problem of cracking;  

large shrinkage within the lattice creates strain and cracks start to form, with liquid 

being drawn from the melt pool to fill these cracks and alleviate the stress on the 

structure. High cooling rates increase the problem of cracking as it decreases the 

time available for the melt to fill the forming crack and places greater stress rate on 

the structure as it shrinks faster. Cao concludes by stating that crack free joints are 

achievable in crack sensitive alloys suck as 2xxx series alloys but that a parameter 

operating window needs to be defined for that particular purpose.  

In investigations into the ALM of Al 7075 by Reschetnik et. al. [14] it was found that 

the significant issue that they had to combat was that of solidification induced 

cracking. In their investigation while they were able to achieve solidification, they 

had significant cracking in all of their samples. The presented reason for this was 

the wide solidification range of Al 7075, leading to high solidification shrinkage and 

consequently internal stresses which lead to cracks in the material. Similar concerns 

were identified by Karg et. al. [15; 16] when they studied the difference between a 

long and short scan length structure in Al 2219 and in Al 2618. They did find a 

strong link between shorter scan directions and reduced thermal stresses and 

shrinkage.  

Milewski et. al. [120] defined a processing parameter set for Al 2024 and a model 

for the same alloy was developed and shown by Sheikhi et. al. [121], both pieces of 

research reached similar conclusions. Milewski et. al. concluded that in creating a 

smaller thermal gradient by ramping up and down the intensity of the weld more 
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gently, created a reduced stress state by minimising the stressed induced by 

thermal contraction and solidification shrinkage and allowed created cracks to be 

backfilled by the weld pool more effectively. Sheikhi et. al. came to a similar 

conclusion, they identified a low solidification rate and a small vulnerable zone as 

key conditions for a crack free weld similarly by allowing backfilling of the cracks 

created and minimising the induced stresses caused by solidification shrinkage etc. 

These two studies show that for an alloy in the 2XXX series it is possible to create a 

crack free weld by careful control of the processing conditions and as such should 

be applicable to the SLM process by control of the process parameters. 

Hussein et. al. [61] identify the mechanism by which shrinkage causes enhanced 

stresses in the produced part, when building on top of a solidified layer the material 

is constrained in its thermal expansion and contraction by the layer it is built upon. 

As the forces imparted on it by the cooling are unable to contract naturally their 

residual stress level increases significantly. This could prove to be particularly 

problematic with aluminium and its high thermal shrinkage characteristics. Similar 

effects are observed by Kruth et. al. [122] in their assessment model of the 

behaviour of the SLM process generally.  

In a different study by Mercelis and Kruth [123] the stresses were identified as 

being concentrated perpendicular to the scan direction, this occurred as a result of 

the interface between scan lines being an area of increased stress due to the 

overlap between melt pools there, and the consolidation between a solidified track 

and the newly molten track next to it causing an overlap zone. The stresses caused 

by the thermal shifting of the material and other sources identified and the stress 

become embodied in the material and a potential failure mode observed in 

aluminium’s 2xxx and 7xxx [10; 107; 124; 125], among others, is caused by the size 

of those embodied stresses exceeding the structural integrity of the aluminium in 

combination with alloying elements concentrating and forming unfavourable 

eutectics which migrate to form boundary films as the rest of the melt solidifies, 

these films are more vulnerable to the stresses involved and are frequently the 

ones that will tear under stress as was outlined by Olakanmi [25] in their study of 

aluminium powders in SLM. 
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As well as direct control of the temperature being used to reduce the cooling rate it 

was also found by Brandl et. al. that preheating the powder bed had significant 

beneficial effects on AlSi10Mg [126]. Brandl preheated the powder bed to 300°C 

and found that it had significant positive effect on the mechanical properties, 

reducing the residual stress and reducing distortion and cooling rate, which in 

accordance with Milewski et. al. and Sheikhi et. al. would have a similar effect, this 

is another area of process optimisation which should be examined. 

 

2.3.6 Oxide Inclusion 

 

Oxidation has been touched on in section 2.2 as an obstacle to production owing to 

oxide inclusion in the melt. Oxidation is stated by Louvis et. al. [110] as being the 

greatest obstacle to the effective melt processing of aluminium, with the difficulties 

specifically being identified as oxide inclusion hindering diffusion. Louvis et. al. also 

cited the problems of reduced wettability caused by the oxide film on the powder 

and also of oxide entrapment, where shards of disrupted oxide are included in the 

solidifying melt causing discontinuities in the lattice and possible porosity. Louvis et. 

al. found that oxide layers were formed between the laser hatches, which when 

they met formed porosity. The oxide was also displaced throughout the melt by the 

means of Marangoni convection largely from the side of the melt pool. Similar 

problems were also reported by Cao et. al. [18], Katayama et. al. [127] and by Gu 

and Shen [52]. 

Oxide films cannot be avoided on the powder itself, but as pointed out by Campbell 

[128] the other source that may be avoidable in SLM processing is new oxide 

formation caused during the process by gas entrapment with the melt pool. Louvis 

et. al. processed under an argon atmosphere with a 0.2% oxygen content and were 

unable to prevent oxide inclusion being an issue for them. They did note that high 

laser power evaporated off the oxide film from the top of the melt pool and that 

Marangoni convection disrupted the oxide film at the bottom of the melt pool, and 

the major problems that were encountered were at the side. The alloy being 
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considered in this research differs from ones tested so far, alloying elements have 

been shown to affect the formation of the oxide layer, MacAskill et. al. [129] 

demonstrated the effects of nitrogen and magnesium on disrupting the oxide layer 

which were also found by Xie et. al. [130] Oxide inclusion will have to be considered 

but it is plausible that via adoption of different scanning strategies the 

imperfections caused by oxide inclusion can be minimised.  
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2.4 Post Processing and its effect on properties. 

 

2.4.1 Hot Isostatic Pressing 

 

As mentioned throughout the literature review one of the problems encountered 

with sintered parts is the problem of porosity, one process which could hold some 

promise for attempting to decrease the porosity while retaining the shame of the 

part is hot isostatic pressing or HIP. HIP is a process usually conducted on powder 

[131] where a mould is filled with powder and then it is heated and subjected to 

isostatic gas pressure. The combination pressure and heat force the powder to 

merge into a cohesive part in a similar process to sintering, the powder is not 

heated to its melting temperature. The process has the advantage of producing 

parts of a high density but is not as flexible as SLM is in producing parts of different 

shapes. 

HIP has been explored as a means of attempting to improve the properties of 

aluminium and iron powder mix parts that have been consolidated initially by laser 

processes by Dadbakhsh and Hao [132], who found that they were unable to 

significantly increase the density of their produced parts due to thick oxide bands 

that had been produced as a part of the SLM process, density only increasing by 

between 5% and 18%. They also found that HIP reduced the hardness of the part 

due to changing of the microstructure by the heating process, with drops in 

hardness ranging from 20% to 33% It is however true that they found that 

increasing the iron content of the mix also increased the oxide layers presence, so 

in working with pure aluminium alloy that result may not be fully applicable. 

Tradowsky et. al. [133] did an extensive review of HIP and its effects on AlSi10Mg 

produced via SLM. The tensile properties of HIP treated parts were found to drop 

significantly from their fabricated state, this is to be expected with the HIP process 

involving recrystalising the metal. However the elongation performance of the 

materials was shown to dramatically increase which is consistent with the general 

annealing effect of HIP on the material. An increase in yield strength when HIP 
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treated parts were treated to T6 was observed which was linked to internal void 

defect reduction of the HIP process, however the precise reduction in the quantity 

of internal voids and changes in their morphology is not examined in the paper 

itself, it was also the case that HIP treatment was found to potentially reduce peak 

strength.  Similar changes in the conditions of the material were found by Rosenthal 

et. al. [134] who found that HIP significantly decreased the UTS of AlSi10Mg 

compared to the as built condition.  

Spierings et. al. [135] investigated the effect of HIP upon SLM produced Al-Mg-Sc-Zr 

alloy and its microstructure, they found that HIP caused the grain structure of the 

material to coarsen in the part generally as the grains grow in size which would 

consequently have a similar effect of weakening the mechanical properties as was 

observed by Tradowsky et. al. and Rosenthal et. al. Spierings et. al. also found that 

HIP caused the precipitation of Scandium which was not able to precipitate out due 

to the rapid cooling of the SLM process, while not applicable directly to the Al-Cu 

alloys due to the difference in precipitates it indicates that HIP processes need to be 

examined for their potential effect on alloying precipitates.  

There has not yet been a demonstration of the use of HIP to completely remove 

voids from SLM produced parts, however it has been demonstrated that it is 

capable of improving the properties and in making the produced part more 

consistent and so it will be a potentially useful tool to employ when exploring new 

alloys. The potential obstacle is in the lost of strength properties and weighing that 

against the increase in toughness potential.  

 

2.4.2 Heat treatment 

 

Heat treatable aluminium alloys are confined to certain series and alloy 

compositions, it is the 2xxx, 6xxx and 7xxx alloys which are the series which are 

commonly heat treatable [136]. The method by which these alloys are treated is 

known as precipitation hardening, or age hardening. The general requirements 
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[137] include that they have sufficient of an alloying component which has a 

solubility within the overall alloy which decreases with decreasing temperature. 

This means that as an alloy cools that element will precipitate out into a separate 

phase within the metal and this will harden the alloy and improve its mechanical 

properties. This creates precipitates within the metal matrix which will inhibit 

dislocations in the metals matrix from moving freely, preventing the material from 

deforming by doing so. To enable this the alloy needs to be heated to a high 

temperature in solution treatment, this will dissolve the alloying elements into a 

single phase, shown in figure 11 as α, which is then rapidly cooled which preserves 

the phase mixture into solid solution. The alloy is then aged by holding at a 

separate, lower, temperature, which causes the precipitate elements which are in 

saturation at the lower temperature to precipitate out into a second distinct phase 

as is shown further down the phase diagram in figure 11 the composition will be 

comprised of α + β phases at that temperature.   

Figure 11 - Phase diagram of a binary Al-Cu  alloy compared to temperatures of heat treatment and ageing. 

[138] 

 

The GP and various β solvus lines indicate the temperature at which below the 

various forms of precipitates will form. The aging temperature as shown by T1 could 

be elevated to exceed various solvus levels at which point the material will not form 

precipitates whose solvus lies below that temperature. The GP zone is an area of 

the metal matrix which is showing a precursor to precipitated phases where 

clusters of the elements which are going to form the precipitates are starting to 

congregate.  

Figure 11 - Phase diagram of a binary alloy compared to temperatures of heat treatment and ageing. 
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Alongside the precipitation hardening, heat treatment also refines the grain sizes of 

the materials in question. The Hall-Petch relationship states that the material 

strength of metals has an inverse square root dependence on the average grain size 

of the material as studied by Hall and Petch [139; 140]. It has been demonstrated 

that limiting the grain size in aluminium is linked strongly with greater mechanical 

properties [141] and that the cooling rate of aluminium is also strongly linked to the 

final grain size [142], particularly in alloys containing a high copper concentration as 

it typical in the 2xxx series which is being heavily considered. Evidently the rapid 

cooling rates of both heat treatment and the SLM processes effect on the final grain 

size and geometry of the part will need to be examined. 

There are several problems which have been identified with regards to the use of 

heat treatable alloys such as 2xxx and 7xxx series alloys in SLM. Particularly with 

regards to the effect of the heat treatment process. The formation of parts via SLM 

will tend to result in a columnar, larger grain structure [8] owing to the preference 

of grain growth parallel to the heat source as its applied to the powder bed. This 

will present a potential obstacle to achieving high parameters as-built as it will have 

both anisotropic properties due to the non-equiaxial shape of the grains, but also 

that the material properties will be adversely affected by the larger size of the 

grains, and hence lower concentration of grain boundaries, which will affect the 

degree of grain boundary strengthening that takes place in the material [143].  

In existing work on Al-Si alloys there has been the observation of microstructures 

which are unique to SLM. It is well established [144-146] that heavy silicon 

composition aluminium casting alloys form an ultrafine eutectic microstructure 

which produces a fine microstructure and one that exceeds heat-treated strength 

parameters. Rao et. al. [147] studied the effects of heat treatment on A357 Al-7Si-

0.6Mg alloy produced via SLM. Their findings were that while post production heat 

treatment caused an increase in some parameters. The highest tensile strengths 

were achieved in that study with the sample that underwent direct aging after 

being treated with SLM. This was a mildly better achieved MTS and yield strength 

when compared to the sample that was solution heat-treated and subsequently 

aged. However, it suffered from lower ductility and extension properties. Similar 
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results were observed by Yang et. al. [33] in their examination of the same alloy, 

though the difference in ductility was less pronounced in that investigation, it was 

also found in both of the studies that the anisotropy of the microstructure 

produced by SLM was decreased significantly by heat treatment. The SLM standard 

Al-12Si alloy has also been examined by Prashanth et. al. [32] in its response to heat 

treatment and it suffered a significant degradation in its strength and 

microstructure when it underwent annealing.  

Tradowsky et. al. [133] examined heat treatment of AlSi10Mg parts produced via 

SLM, they found that while the peak UTS was smaller in most cases, this is linked to 

the creation of fine grained dendritic structures in the as fabricated materials owing 

to the SLM process. This however is lost in further treatment as the material 

recrystalises. The standard deviation of the results was generally much lower 

indicating a more consistent response to process from the heat treated parts as 

opposed to the less consistent response to the SLM process. Heat treatment was 

able to bring the HIP treated material up to a T6 level successfully, this also 

produced a material with a higher yield strength than the as built components. 

Similar but more extreme results were observed by Rosenthal et. al. [134] who 

found drops in properties from the as-built condition with AlSi10Mg when using 

conventional heat treatment programs, however they did find an increase in 

properties with a modified T5 process being used.  

Ageing effects have been considered on SLM produced AlSi10Mg by Li et. al. [148] 

who studied its effect on as-built material and Mertens et. al. [149] and Manfredi 

et. al. [150] who studied heat-treated parts subsequently subjected to ageing. The 

broad trend noted was a reduction in the MTS but significant gains in the ductility 

and extensive properties. This is in line with the effects observed in other 

examinations of the silicon-based alloys for aluminium. While it is impossible that 

the specific strengthening mechanisms of the AlSi alloys, the creation of the silicon 

eutectics and their development will occur in the aluminium series under 

consideration, it does demonstrate the possibility of a unique microstructure 

growing from the SLM process and the possible recovery or even reduction of 

properties from post build treatment. Another matter demonstrated by these 
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studies was that the as-built aluminium parts were significantly anisotropic and that 

the heat treatment did significant work in normalising the properties to become 

isotropic.  
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2.5 Grain structure 

 

2.5.1 Grain boundaries & misorientation 

 

Grain boundaries are defined as the point at which two atoms of the metal 

concerned meet and the angle between them exceeds a defined value. The typical 

value for the transition between low and high angle grain boundary lies between 10 

and 15 degrees [151] where anything below the high angle boundary is considered 

part of the continuous grain and below the low angle dislocation represents an 

interior boundary. Angles below 5 degrees are typically ignored on the basis that 

identifying those angles is very error prone [152].  

  

 

 

 

Figure 12 demonstrates what the distribution functions of cubic structures look like 

when the material has taken on a certain texture. The black line labelled uniform is 

what the function will look like in the case of the material carrying no texture. The 

grains are all randomly misorientated from each other and have not had a texture 

imparted upon them. The other lines on the chart all demonstrate what the 

function would look like when the rotations between grains are all equal to or less 

Figure 12 - Distribution of the misorientation angles in varying cubic structures. Graph taken from [149]. 
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than the labelled angles. All of the distributions described are created by taking 

random samples of grain pairs throughout the material.  

Wheeler et. al. [153] demonstrates the use of comparing the MDF of neighbouring 

crystals to that of random crystals to infer differences between the structure of 

materials, this is also described by Tóth et. al. [154]. In an instance where there is a 

difference between the two it must be the case that there is an external influencing 

factor which is affecting one of the structures, in this research that would be likely 

the solidification mode of SLM.  

 

2.5.2 Grain structure in SLM 

 

In the SLM environment there is rapid solidification occurring sequentially 

throughout the part, a mechanism for which was described by Kurz et. al. [155] for 

dendritic grain growth, this study described the speed of dendritic growth as 

related to the degree of undercooling at the tip. In numerical simulations of SLM’s 

grain growth procedure it was demonstrated that the likely response of the grains 

within a scan layer in SLM was to create coarse columnar grains which are 

orientated with the scan direction as outlined by Zinoviev et. al. [37] and by Liu and 

DuPont [156]. This is due to the influence of the more rapid cooling of grains that 

do not grow in the direction of the moving thermal gradient created by the lasers 

movement. The short time scale of the temperature changes after the laser moves 

on and its interaction with the build parameters is outlined by Loh et. al. [157] in 

their investigation of Al 6061. The grains are growing from the cool outer area 

towards the heated inner area, but that process is effectively elongated as the hot 

area moves across the part causing growth to continue in this preferential direction, 

effectively imparting a texture.  

The effect of grain elongation is observed in several practical experiments on steel 

[158], aluminium by Kimura and Nakamoto [35], nickel [57] and titanium [159]. This 

creation of long columnar and rough grains can be potentially expected to lead to 



57 

 

less dense microstructures for tensile properties and indicates potential gains if the 

grain refinement of heat treatment is able to take place post the initial sample 

construction. It is the case that in Al-Cu alloying systems that an elongated grain 

structure is linked to cracking and tearing as explored by Dvornak et. al and Spittle 

and Cushway [160; 36] in their investigation of casting and welding of those alloys 

and hence grain refinement would be necessary if SLM produces such a structure.  

However, in Kimura and Nakamotos examination of AlSiMg0.3 they found that the 

as-built product was weaker after heat treating to a T6 level and annealed. While 

this cannot necessarily be extended to 2xxx and 7xxx series alloys given their 

difference to the Al-Si casting alloy examined by that research it will be potentially 

useful to examine the distinction between the two states for the alloys to be 

considered. Thijs et. al. [62] were able to exert significant control over the texture 

of AlSi10Mg during SLM of ALSi10Mg, though they did not examine at length the 

mechanical consequences of this it does clearly demonstrate the potential of the 

effects of SLM on the microstructure. 

One potential issue with aluminium in instances of high stored energy in a material 

the recrystallization will be uninhibited by precipitates [161], there is the potential 

for high levels of embodied energy in SLM due to the cooling mechanics of the 

process which may lead to inconsistent grain structure.  

While the SLM process has been shown to have an effect on the final grain 

structure, what is important to consider is how the grain morphology will change 

between the as-built product and the heat-treated product. Starke and Staley [162] 

note that in rolled Al 7075 T6 plate the recrystalized morphology may be influenced 

by the pre recrystalised structure. This is due to the effect that initial structure has 

on the locations of dispersoids within the structure. It is possible that will be 

retained if the SLM process imparts a specific structure to the parts as produced as 

is done so in rolling of ingots. A similar effect of alloying element segregation at 

grain boundaries affecting recrystallization is observed by Doherty et. al. in dealing 

with conventionally processed aluminium [163]. 
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 2.6 Packing density and powders 

 

The higher the packing density of a given volume of powder then the denser that it 

is. Hence there are fewer pre-existing voids or air gaps within the material itself 

which should lead to a potentially denser final solid product. In a material with a 

range of sizes of powder it should create a denser final product if the arrangement 

is such that the smaller spheres of powder fill in the gaps of the larger spheres an 

efficient packing manner. 

 

2.6.1 Packing in powder metallurgy 

 

In any powder sample there are going to be a range of discrete powder sizes. The Al 

2219 powder used in these experiments displayed a range of values up to 158μm in 

diameter. This was explored by Zou et. al. [164] who explored a calculated and 

experimental approach to more complex powder systems. Their findings showed 

that at the scale of the particles involved in these experiments a wider range of 

particle sizes will generally lead to a more densely packed final product. The 

experimental values observed for powders with a median diameter of between 30-

250μm was examined in the Zou study with 8 different powder distributions 

examined, it was found that the packing fraction varied between 0.58 and 0.88 

dependent on the width and characteristics of the powder distribution.  

The observed median diameter for the aluminium’s in these experiment lies 

between 34.4 and 47.6μm which places them comfortably within the range for 

which that assertion of a wider particle range causing an increased packing density 

is valid. This is also demonstrated experimentally by Gürtler et al [165] who 

demonstrated in AlSi10Mg that powder mixtures of a higher density produced 

fewer defects when produced via ALM methods, and also by Engeli et. al. [166] who 

demonstrated a higher tapped density when using powders with a wider spread of 

diameter values. 
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2.6.2 Melt pool performance 

 

The packing density of the powder bed is important in ALM for several reasons. 

There is the intuitive reason that less powder material in a given area of the powder 

bed leads to a reduced melt pool size as shown by Gürtler. et. al. [165], this would 

subsequently lead to poor or inconsistent overlap between the melt beads creating 

conglomeration defects. There is also evidence from simulation of the melt pool by 

Lee and Zhang [167] demonstrating the creation of balling defects at the edges of 

the melt pool, which is caused by the porosity voids having to be filled and hence 

pulling melt liquid away from the melt pool and creating instability. This is also 

demonstrated by Körner et al. [168] where a higher relative powder density results 

in significantly improved melt pool geometry that is more symmetrical and less 

unstable as low powder densities inherent randomness has a much bigger effect.  

 

2.6.3 Thermal performance 

 

The intuitive idea is that in a tightly packed powder system the heat transfer will be 

greater and more even than in a loose packed system. If there is more contact 

between particles then there will be more heat transfer by the most efficient 

method of contact conductivity between metal powder particles, rather than by the 

less efficient processes of radiation or conductivity by the intervening gaseous 

medium. This is shown by Luikov et. al. [169] for powder mediums of varying sizes 

and by Brailsford and Major for two phase spherical mediums [170]. One of the 

chief concerns identified earlier in ALM is the creation of as equivalent a 

temperature gradient as possible to prevent differential thermal shrinkage from 

introducing stresses that crack the material. A material with a more consistent 

structure and a higher thermal conductivity will in general prevent hotspots from 

forming and keep the temperature more even throughout the whole work mass. It 

was shown by Rombouts and Froyen [171] that a higher packing density was related 

to a higher thermal conductivity in powders, it was also shown by  Gusarov et. al. 

https://www.sciencedirect.com/science/article/pii/S0924013610003869?via%3Dihub#!
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[172] who demonstrated the difference between differing stacking mechanisms 

and showed a link between the contact size ratio, a measure of the contact surface 

related to the packing density, and the conductivity.  

One thing to note is that in a large mass of high conductivity temperature will be 

very quickly conducted away from the laser heat site which may lead to flaws due 

to rapid and uncontrolled cooling, this is one reason why a heated build plate was 

employed to try and keep temperature constant throughout the build mass. 

Fischer et. al. [173] demonstrated in their work with nickel powders that a powder 

of a lower average diameter had a lower optical penetration depth than a powder 

of the same material but a higher diameter. Optical penetration depth is a measure 

of how quickly the laser energy is absorbed by the material and hence it can be 

inferred that the lower powder diameter which is associated with higher densities 

produces better thermal conductivity than larger diameter powders.  

Boley et. al. [174] calculated that in a tightly packed surface area the absorptivity of 

the laser energy was lower in an area of concentration of fine steel particles in both 

bimodal powder and in a powder with a gaussian distribution. The gaussian 

distribution is far more likely to reflect reality in the aluminium experimental setup, 

it was demonstrated that absorptivity was generally higher in the bimodal powder 

than in the gaussian the bimodal powder had been specifically engineered to have 

that higher density and so shouldn’t be considered necessarily to be reflective in all 

cases.  

 

2.6.4 Flowability 

 

Flowability is important for ALM because if a powder is not able to spread evenly 

upon a surface and create a consistent power layer then it will potentially create 

very large pores and defects in the final product caused by a bulk absence of 

powder. Problems like particle agglomeration caused by high forces between the 

particles are problematic as it will draw powder out of a smooth arrangement. This 
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is an area where lower size and widely distributed powder size distributions start to 

cause issues. Equation 4 is the Hausner ratio which is correlated to the flowability of 

a given powder. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3, 𝐻𝑎𝑢𝑠𝑛𝑒𝑟 𝑟𝑎𝑡𝑖𝑜:  

𝐻 =  
𝑃𝑡

𝑃𝐵
  

In equation 3, H is the Hausner ratio, 𝑃𝑡 is the tapped density of the powder and 𝑃𝐵 

is the bulk density of the powder. 

Engeli et. al. [166] demonstrated in their investigation of Inconel powders that 

powders with a lower particle size that creates a higher tapped density, such as is 

characteristic of lower particle size powders with wide spreads, leads to a higher 

Hausner ratio and hence poor flowability characteristics in the powder. They 

identified localised porosity caused by bad powder flow as the likely reason for high 

porosity in some of their samples. The mechanism identified for this was that the 

void would get filled with powder on the next recoater pass and then the laser 

would penetrate insufficiently deep to melt the powder in that area leading to poor 

conglomeration and voids within the material. In an examination of 3 differently 

distributed Ti6Al4V powders Gu et. al. [175] showed that the powder with the 

highest flow resistance was also the one that had the higher proportion of fine 

powder in its makeup.  Schade et. al. [176] demonstrated a relationship between 

the apparent density of stainless steel powder and its particle size and 

consequently between its particle size and its flow speed characteristics, the lower 

the particle size the slower the flow speed. It was an exponential shaped 

relationship starting at around 70μm and increasing rapidly after that point. Simchi 

[68] also found similar results in their work on iron powders where particles of 

below 30μm had impaired flow characteristics. 

  



62 

 

2.6.5 Part characteristics 

 

The part density is a vital part of producing an ALM process part that functions as 

designed. The powder characteristics and its influence on the nature of the powder 

bed via its packing is a feature that needs to be addressed. Spierings et. al. [177] 

demonstrated that part density was positively affected by both a smaller average 

particle due to both the higher packing densities but also that under lower energy 

levels there was thought to not be enough energy input to fully melt the larger 

particles. This was also shown by Liu et. al. [178] in their investigation of steels that 

showed that wider distributions and smaller powders performed better at scan 

rates in excess of 150mm/s with a laser power of 50W. They also found that at the 

slower scan rates more fine powders tended to vaporise and cause a density drop, 

which indicates another dimension to getting the appropriate powder size 

distribution for the SLM process. The denser packing of powders was also observed 

to have a positive effect on higher part densities by Olakanmi et al. [179] in their 

examination of Al-Si powders.  

Egger et al. [180] demonstrated how the density of a laser sintered nickel part could 

be increased by the appropriate proportion of fine to coarse powders within a 

bimodal powders particular size distribution. The conclusion that they arrived at 

was that the coarse particles wanted to be no more than 10 times the size of the 

fine particles and the distribution wanted to ideally be of around 30% fine particles 

for an ideal situation, though their experiment was focused on layer thicknesses far 

thicker than would he found in the typical laser melting process.  

 

2.6.6 Powder production 

 

There are a wide variety of potential processes for the production of aluminium 

powders, these include centrifugal atomisation, gas atomization, melt spinning and 

water atomization [181]. A very common one used for aluminium for PM is gas 
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atomization, the reason for this is that it produces the appropriate spheroidal form 

of powder necessary for good flowability in PM processes [182]. The other 

processes mentioned resulting in particles that have a medium particle size that 

would be too fine or too coarse for use in SLM or a particle shape that would stack 

poorly. A result of the atomisation process will be a high concentration of oxide on 

the powders leading to the issues outlined in section 2.3 but this is largely agnostic 

of the process used to atomise the powders, the process typically uses inert gas in 

order to mitigate explosion risk which will prevent oxidation while within the 

production line, but once the powder has been extracted and packaged it will 

oxidise by the time of use.  

The general form of gas atomisation as a process is that pre-alloyed aluminium is 

melted by some means, in larger scale applications typically in an inductive or direct 

heat furnace, or for smaller scale applications a wire is fed into a plasma torch or 

inductive ring to melt it into a liquid film. Then it is fed past a high-pressure gas 

nozzle that breaks up the liquid film into droplets which solidify in a chilling 

chamber, they are then extracted and may undergo a sieving process to separate 

different size ranges depending on requirements and shipped. Inert gas atomisation 

will tend to produce spheroidal powders in the size range of 45-100μm which is a 

suitable range for SLM [182]. 
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2.7 Testing standards 

 

The testing standards for powder metallurgy more generally is set out by the ISO in 

the 17296 standard, replicated by the British Standards as BS ISO 17296 [183]. This 

standard sets out the means by which the characteristics of all other PM parts 

should be tested by reference to their own respective standards. The most relevant 

for the purposes of this investigation is the tensile standards for design of the test 

piece and the carrying out of the method which are covered by BS ISO 6892 [184] 

and also ASTM E8/M [185]. ASTM has developed a standard for AlSi10Mg 

production specific to additive manufacturing in ASTM F3318 [186], however there 

is not one for the Al Cu alloys mainly being considered here. 
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2.8 State of current knowledge and gaps. 

 

The current state of knowledge for SLM of aluminium is rapidly evolving. The main 

challenges that are identified for the successful production of aluminium via SLM 

are addressing the following. 

• The wide solidification temperature range of aluminium and its high 

shrinkage leading to cracking and porosity within the structure of SLM 

produced aluminiums. 

• Presence of oxide layers and other atmospheric impurities leading to 

discontinuities within the SLM produced material and creating defects 

within the solid product that weaken it. 

• High energy input required owing to aluminiums reflectivity and potential 

low powder bed density. Insufficient or too much energy input can lead to 

as melt pool instability, causing issues such as balling or entrapped pores. 

• Potential for lengthy columnar grain structure in the SLM produced part 

which affects the final mechanical properties.  

• Wide ranges of powder morphology and inappropriate powder size 

distribution can lead to issues of poorly packed build beds or poor powder 

flowability which affects the supply of material and the conductive 

behaviour of the material fed to the machine.  

There have been several approaches in the literature addressing these issues that 

have met with varying degrees of success.  

• Specific alloying and additives have proven promising with the creation of 

Scalmalloy and alloys such as 7A77 that are gaining use as specific ALM 

alloys for aluminium. 

• Parameter manipulation to control energy flux has been shown to be able to 

decrease the quantity of internal voids in various SLM alloys along with 

altering of the scan strategy to minimise the identified problems specific to 

aluminium. 

• The unique effect SLM has on grain structure has been shown in some 

aluminiums to produce higher strength products than equivalent 

conventionally processed alloys. 

• Use of post processing techniques such as HIP to try to reduce post build 

defects and improve the internal microstructure or shot peening and other 

external techniques to improve the external finish and properties. 
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The gaps for further examination which will be explored are: 

• Is it possible to use purely parameter manipulation in order to produce an 

aluminium part of good mechanical properties via SLM without using 

additives or alloy design? 

• High densities in SLM has been shown to be possible in some aluminiums 

but does that equate to a high-quality microstructure that will survive the 

stresses of hardening processes and achieve good properties? 

• How useful is HIP in refining the microstructure to be heat treatable in these 

researches’ specific alloys, will it eliminate planes of weakness caused by 

crack closing and make the material homogenous enough to withstand 

other post processing techniques?  

• What effect will heat treatments have on the final mechanical properties of 

the SLM parts compared to their as-built states? 

• What is the internal grain structure produced by ALM in the 2xxx series 

alloys by SLM and does it have a beneficial effect on the final properties as 

has been observed in other SLM alloys?  

• Are 2xxx alloys in particular well suited for the SLM of high mechanical 

strength parts? 
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3. Methodology 

 

This section will describe all the processes involved in examining each of the 

aluminium alloys, each alloy has its own dedicated section and so the processes are 

explained here beforehand to avoid duplication of the explanation in each specific 

alloy section. 

 

3.1 Materials selection 

 

As explored in the literature review there were several options for the selection of 

which alloys to investigate. Ones that were specifically identified as being promising 

included Al 2219 due to its high weldability. The other areas to consider were the 

2xxx series, 6xxx series and 7xxx series. Ultimately the decision was made on the 

basis of the potentially most mechanically useful powders that showed good 

indicators of working via their weldability, along with the consideration of what was 

available within the budget of the project. Al 2618 and 2219 were selected and 

consequently were ordered custom atomized. Al 7075 was selected because while 

it had low weldability its powder was immediately available, and it had potentially 

the best mechanical properties of them all, and 2024 became readily available 

during the course of the project and so was included despite its potential problems 

with weldability in the literature. All the powder companies approached for the 

production of custom aluminium powders used gas atomisation techniques which 

should produce powders of a similar morphology and size profile, though 

investigation to confirm that will be necessary. There has been consideration during 

the course of this research as to the addition of microalloying elements that has 

shown promise, this was dismissed to avoid altering the specifications of existing 

commercial alloys and to see if it was possible to achieve the desired aim by 

process manipulation alone.  
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3.1.1 Manufacturer materials specifications. 

 

Three different manufacturers were use to get the various powders that were 

examined in this research. Eckagranules, LPW (now Carpenter Additive), and EOS. 

The test certificates are included in Appendix A in full. All powders were nitrogen 

gas atomised and their compositions are within the range for their alloys and are 

summarised below, Oxygen content was not measured: 

Table 2 - Manufacturer alloy compositions. 

Major 
alloying 
components 

2024 
composition 
(wt %) 

2219 
composition 
(wt %) 

2618 
composition 
(wt %) 

AlSi10Mg 
composition 
(wt %) 

7075 
composition 
(wt %) 

Al 94.1 92.6 93.5 89.0 90.1 

Cu 4.0 6.4 2.3 0.0 1.6 

Fe 0.1 0.2 1.2 0.2 0.1 

Mg 1.4 0.0 1.6 0.4 2.5 

Mn 0.4 0.3 0.0 0.0 0.0 

Ni 0.0 0.0 1.0 0.0 0.0 

Si 0.0 0.1 0.4 10.4 0.0 

Zn 0.0 0.0 0.0 0.0 5.5 

Other 0.0 0.4 0.0 0.0 0.2 

Manufacturer LPW Eckagranules LPW EOS LPW 

 

All of the materials except AlSi10Mg were sieved to varying sizes which are 

recorded in table 3: 

Table 3 - Manufacturer powder sizes. 

Alloy 2024 2219 2618 AlSi10Mg 7075 

Sieve 
diameter 

63 μm 63 μm 53 μm N/A 63 μm 
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3.2 Processing window 

 

As explored in the examination of the literature in section 2.2 the fractional density 

of the final component and the specific energy input are non-linearly related. The 

fractional density increased very sharply with increased energy input until a 

threshold value was reached, and after that point increasing the energy input had 

very quickly diminishing returns. This meant that the methodology was developed 

with a focus on covering a wide range of energy densities to try and identify that 

processing window within these materials, but also to see if differing combinations 

of processing parameters that lead to similar energy densities produced similar final 

part porosity and identify which of those parameters were the key factors that 

wanted to be adjusted to get a dense final product. To satisfy both of these aims a 

DOE approach was employed. 

 

3.2.1 SLM System factors 

 

There are 4 main factors to consider which can take the following range of values 

limited by the equipment, an EOS M280 machine: 

- Power: 10 – 370 W. 

- Scan rate: 50 – 7000 mm/s. 

- Layer Thickness: Any multiple of 30 μm. 

- Scan spacing: 1 - 70 μm, (This is controlled by the laser dot size, fixed at 70 

μm diameter). 

There is also the size of the build chamber to consider as that limits the amount of 

test cubes available in one run. 

- Build bed size (mm): 250 (X) x 250 (Y) x 325 (Z)  

To ensure that the parts are produced consistently at the calculated energy density 

rate the skywriting process was enabled, which controls laser positioning to ensure 

that acceleration and deceleration take place outside the build area when it 
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changes direction. This means that the laser beam will always enter and leave the 

active building area at the same velocity.  

The scanning strategy adopted was XY alternating aligned to the X and Y axes of the 

part, with the X axis set as parallel to the central spine in the longer tensile parts, 

this means each plane of the build is built simultaneously in the same sweep so as 

to minimize the cooling differences and avoid joints within the laters.  

 

3.2.1.1 Part location 

 

It was observed that the powder bed would become noticeably less covered as the 

recoater spread across the build bay, this became particularly pronounced in the 

rear 80mm of the plate. This meant that it was likely that using the whole of the 

build area would be unwise as samples at different points on the build plate were 

potentially going to see significantly different densities of powder. Hence the 

decision was made to only employ the first half of the build plate to attempt to 

keep the powder densities as consistent as possible. 

Considering the mechanism of the recoater blade as described in section x it is not 

advisable to stack up lots of features in a line parallel to the motion of the recoater 

blade as it is possible that the blade may short feed as the solid parts already built 

extract more powder from the blades recoating process than the smooth plate or 

powder bed  which reduces the amount of powder for each part along that axis on 

the plate. 

To combat this it is possible to change the arrangement of the parts, in the vertical 

orientation remaining with the 10mm test cube the gap is increased to 15mm to 

prevent any overlap, and the line of cubes is staggered so the midpoint of each 

cube intersects with the midpoint of the 15mm gap in the first line, reducing the 

amount of cubes in that line by half and reducing the likelihood of a short feed. This 

allowed lines parallel to the recoater blade of 8 cubes to be fitted onto the plate. 

These could be arranged at 10mm intervals which lead to a total of 44 cubes 
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maximum per plate while maintaining similar powder characteristics. This 

combined with the selection of an appropriate number of cubes for the factorial 

design meant 36 cubes were fitted onto the plate and this was selected as the 

design and will be discussed further in the factorial DOE array design section. The 

final parts arrangement is pictured in figure 13. 

A similar arrangement was conducted for the tensile parts, their dimensions 

differed with a 125mm length and a 25mm width. 9 were fitted to the build plate 

with 8 placed aligned parallel to the build direction up the plate and the ninth 

perpendicular to the build direction. This should not influence the directionality of 

the properties of the part as the building scheme was such that the laser scan 

direction alternated orthogonally with each layer, and so while the layers 

orientation will be offset between samples it will only be by a magnitude of one 

layer. 

 

3.2.1.2 Potential parameter ranges 

 

For the manufacturing of the specimens an EOS M280 system equipped with a 

400W Yb-fibre laser was used, though due to variations in the laser power the laser 

 
Figure 13 - Aluminium cube bed arrangement 
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was run at a maximum of 370W to ensure consistent output. For the specimens a 

fixed layer thickness of 30μm was used, this was chosen as the minimum value the 

machine can employ. The laser power was varied between 270W and 370W in 

increments of 50W, scanning speed was varied between 900 mm/s and 1500 mm/s 

in increments of 200mm/s and hatch distance was varied between 0.11 mm and 

0.15 mm in increments of 0.02mm. The builds were all conducted in an argon 

flooded chamber with an oxygen value of below 0.05%. The rationale for this is 

discussed in the factorial DOE array design section. 

Given the strongly identified need to minimise the thermal gradient within a part 

the platform was pre-heated to 200°C, the maximum the machine was able to 

achieve, in an effort to reduce that. Full density construction straight onto the plate 

should lead to a better conductivity between the heated area and the part itself 

and reduce the thermal gradient that a less dense support material would produce. 

While in the small cubic samples the scan length is likely to be short inherently 

which provides less of a cooling interval for a temperature gradient to develop 

when the process is scaled up for the longer tensile samples the cooling effect and 

its issues may be observed due to the longer sweep time of the laser. This effect 

unavoidable but should be noted and the scan lines be defined to take place 

sequentially as far as is possible.  

While efforts were made to keep the scan distance as short as possible considering 

the limitation of cracking and improvement in the melt pools characteristics 

explored in section 2.3, the only option available that would have had significant 

effect was a raster scanning strategy where islands of a given width are scanned 

and they tile up to produce the part. This was not adopted as it would introduce 

more boundaries within the layers where melted material interacts with solidified 

material and create discontinuities which could become defect concentrations. 

While it would be possible to scan orthogonally to the long edge of the tensile 

samples this would likely lead to strong directionality in the properties of the part 

that would be unrealistic representations of how a part for general use might be 

employed.  
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Scan strategy as examined in section 2 will be selected to be X&Y based scan with 

alternating lines, this was selected as it is the least likely to introduce directionality 

into the structure of the built samples and will permit the samples to be aligned 

differently in the build bay with no significant difference in their overall 

directionality. The idea of diamond or edge scanning strategies as examined in 

section 2.2 are not being considered as they showed no real improvement over 

each other in the literature and in the case of perimeter scan caused more 

problems than standard scanning strategies did for the final properties. Multiple 

scan strategies are not considered as they would introduce another element that 

increase the number of necessary tests runs though they are an area for potential 

further consideration.  

 

3.2.1.3 Powder spreading 

 

 

 

Issues were encountered when attempting to use any of the powders initially as are 

pictured in figure 14. The powder would tend towards clumping when disturbed 

Figure 14 – Al 2219 Powder clumping 
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which would badly inhibit the recoater blade from producing an even layer. It also 

exacerbated other issues when it came to trying to spread initial layers. Uneven 

consolidation from cases of larger clumps would lead to a surface of such roughness 

that it would in extreme cases jam the recoater and otherwise cause a stacking 

defect in the powder layer spread. 

To combat these issues with the powder spreading mechanism several steps were 

taken to improve spreading properties of the powder: The powder was dried out 

after having been received, this was done in an argon flooded process chamber at 

an elevated temperature of 50 degrees centigrade for a period of 12 hours. A soft 

recoater brush was employed rather than a ceramic blade. A 1mm grid was etched 

onto the build plate by the laser before the spreading of the first layer to provide 

more surface friction.  

To prevent the problems of a bad first set of layers influencing the part during the 

EDM separation of the parts from the plate the EDM was set to begin at above 

180μm which would skip the first 6 produced layers which was after the point at 

which the layer quality had been observed to improve in the machine.  

 

3.2.2 Geometry of specimens 

 

The geometry of the porosity test specimen is a cube of dimensions 10mm x 10mm 

x 10mm with an identifying number being produced on the front of the cube. Of 

that specimen a 6mm x 6.5mm square from the centre of the specimen plane, 

which was at least 3mm down into the specimen, was chosen for the examination 

under an SEM. It’s impossible to be exact as to how deep each examination plane 

was due to the variations in how much grinding and polishing was necessary, 

however they should be comparable in the area given that they all started from the 

same point. This allowed the porosity of the main body of the specimen to be 

examined and avoided any interference from edge effects. This design was selected 

as a simple geometry that would be easy to place consistently and would 
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comfortably fit in most analysis machinery without need for excessive post 

processing. 

The geometry of the tensile test specimen as produced was a tensile wishbone 

shape prepared according to BS EN ISO 6892. It had initial dimensions of 145mm 

length, 8mm thickness, 25mm width, 27mm tab length, 8mm radiusing down to a 

central gauge width of 8mm. The parts were post processed via HIP as is described 

in section 3.7 before removal from the plate. They were then separated from the 

build plate and machined down on a CNC mill to 125mm length, 25mm thickness, 

5mm throat thickness with 12mm radiusing and a total central gauge length of 

51mm, 10mm of the length was cut off the end for examination using a rotary 

abrasive cutter to allow examination of the parts internal structure at that stage in 

the post build processing. Engineering drawings of the tensile parts are included in 

appendix A. 

3.3 Factorial DOE array design 

 

There are two arrays designed for this experiment, the first array was designed to 

try and cover as wide a range as possible of potential conditions to identify an ideal 

range of process parameters which could then be used to create the second more 

granular array to give a more detailed look at how aluminium performed within 

that ideal area.  

The first array was a fractionally factorial L36 array, to keep the number of 

specimens down to a manageable size a compromise was reached when the array 

designed would only examine second order interactions and would not examine 

third order interactions between all 3 parameters. The second array was an L9 fully 

factorial array that studied all the interactions between the factors identified as 

significant.  

The use of this particular experimental technique should lead to a more complete 

picture of the behaviour of the materials. Identified at length in the literature 

review in section 2.2 and 2.3 is the various complex interactions of the parameters 
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of SLM with the output of the process. By breaking down the various terms of the 

energy input and varying them individually it will be possible to gain a more 

granular understanding of the SLM process. 

 

3.3.1 Initial array design 

 

The best starting point that exists for this experiment is the current EOS M280 

default conditions for Al10SiMg, which are as follows: 

- Laser Power: 370 W. Increasing gives more energy input. 

- Scan Rate: 1300 mm/s. Decreasing gives more energy input. 

- Layer Thickness: 30 μm. Decreasing gives more energy input. 

- Scan Spacing: 15 μm. Decreasing gives more energy input.  

- X Y alternating scanning strategy. Changing will alter energy input. 

 

Given that the alloys under consideration are far more challenging to manufacture 

than Al10SiMg and exhibit higher melting points, it is best to give the largest range 

of consideration to the condition that will increase the amount of energy supplied 

to the powder. Layer thickness is set at its minimum and laser power at its 

maximum, the two states where they would contribute towards the largest energy 

input. Scan spacing is also closest to its minimum value, therefore the factor that 

should have the highest resolution is that of scan rate. Laser power should come 

next as it carries the widest range that can be reasonably investigated, then scan 

spacing with 3 parameters due to its importance in the study of Ghosh et. al.  

Layer thickness receives no attention because with the link to porosity found by 

Ghosh et. al. [45] and the finding of Olakanmi et. al. [41] that layer thickness wants 

to be kept as thin as possible, however investigating a thicker layer thickness does 

have potential for speeding up build rate and so is potentially worth considering in 

future work. This does ignore the findings of Meier et. Al. [31] and their 

recommendations for a good quality powder layer as this does not meet the 
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recommendations of two to three times the maximum powder diameter. However, 

given the consideration of exercising finer control over the melt pools temperature 

gradient and trying to avoid very high energy inputs that such a thick powder bed 

would entail it has been chosen to keep the powder bed as thin as possible for this 

testing. The XY alternating scanning strategy will be employed as it will avoid 

isotropy in the materials. Though this will present an issue where in some instances 

the scanning direction of the material will be unable to be determined between the 

two as determining the specific layer will be impossible in some circumstances. 

However specific features of the micrographs may enable that to be determined in 

some instances.  

The parameter ranges that will be used for all the alloys considered are therefore as 

follows: 

- Scan rate (4): 900 mm/s, 1100 mm/s, 1300 mm/s, 1500 mm/s. 

- Laser power (3): 270 W, 320 W, 370 W.  

- Scan spacing (3): 11 μm, 13 μm, 15 μm 

- Layer thickness (1): 30 μm. 

- X Y alternating scanning strategy.  

This was selected to give the best examination to the criteria that seemed to be the 

most important while keeping the sample size down to a manageable level. It will 

produce a sample size of 36 cubes for each material, the specific values are covered 

in the alloy sections. The design of the arrays for tensile testing based on these 

samples will also be covered in the respective alloy sections as they will be based on 

the specific results for that material. The array used for all of the initial void array 

experiments is in Appendix C table 69. 

 

3.3.2 Response criteria 

 

The response criteria for this experiment is void area%, in aluminium specimens 

there is the likelihood of both porosity and of cracking, both of which mechanisms 
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are included in the final measurement of void area%. While formed by different 

mechanisms both have a detrimental effect on the structural integrity of the part by 

serving as crack initiation sites and hence decreasing the mechanical integrity of the 

part. Minimising both is essential to producing a part with as good integrity as is 

possible. 

The micrographs are analysed in ImageJ to measure the void area%, this is a value 

that measures the entirety of the part sample that is not solid and therefore 

contributed to the part not being mechanically sound. This will combine both 

spherical porosity and cracking into a single value, while this does ignore the 

difference in forming mechanisms between the two it should help to make simpler 

the identification of a parameter set value that minimises both, and the 

minimisation of both is necessary for the creation of a mechanically sound part. 

ImageJ operates by converting the micrograph image into a binary form and then 

performing image analysis on it as described in the literature review. 

The process for the analysis of the micrographs is the images are loaded into 

ImageJ, then the images are converted into greyscale and the scale is set in the 

program according to the total width of the image. Then via the process menu the 

image is made binary, this is done via imageJ’s automatic thresholding to decide 

what is part of the solid metal and what is a void to ensure consistency as much as 

is possible between pieces. When a binary image has been created the analyse 

particle function is used which outputs the void area% value. Error values are 

created at this point by adjusting the thresholding value manually to either side of 

the automated value. 

It is important to identify the nature of the voids within the manufactured piece, 

the crack initiators in porosity are the interface points between the void and the 

material, in spherical porosity there is the least interface area per unit volume as 

compared to long thin cracks, which for the same void volume have a far larger 

interface area. Hence examination by cross sectioning and use of Electron 

Microscopy equipment will produce micrographs which can be examined visually to 

identify various consolidation phenomena more closely. 
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3.3.3 Identification of a potential processing window 

 

As outlined by Olakanmi et. al. [25] there is identified a key processing window 

outside of which the porosity of the specimen would increase rapidly, to see if the 

same effect exists in these specimens a it is necessary to plot the results of all the 

differing aluminium’s of volumetric energy density against void percentage by the 

relation outlined in  Equation 1. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1, 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦: 

𝜓 =  
𝑃

𝑢ℎ𝑑
 

Where ψ is the specific laser energy input (J/mm3), P is power (J/s), u is laser scan 

rate (mm/s), h is scan spacing between individual scan tracks (mm) and d is powder 

layer thickness (mm). The powder layer thickness was not a varying characteristic in 

this experimental set but is set at 0.03 mm. 

This will be comparing the overall volumetric energy density against the void area% 

produced by that particular density. This will serve to demonstrate if there is any 

difference in the output depending on how exactly the input value of energy 

density is achieved. Illustrating cases such as higher energy at a higher speed 

compared to lower energy at a lower speed and whether they produce a similar 

effect on the void area% output or not. It will also demonstrate whether there is 

the presence of a zone of ideal energy density for minimised void area%. 
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3.4 Preparation for analysis 

 

3.4.1 Microscopy Sample preparation 

 

The initial cube specimens were cut using an EDM machine to remove them from 

the plate and then ground down to a depth of 3mm from the edge to start at, given 

the nature of the rotary grinder used it was difficult to keep the measurement 

completely consistent, some specimens needed to be reground and republished 

due to the easily scratched nature of aluminium’s final polish so the precise depth 

each specimen was prepared to will differ. The starting point for the process was 

consistently at 3mm depth of the 10mm deep specimen so each sampled area is 

representative of the central matter of the specimen. The tensile specimens had a 

10mm wide sample area removed from one of the tab ends after they were 

separated from the plate using a rotary abrasive cutter, they were then ground 

down by 4mm to take the examination plane to the top of where the finished parts 

would and polished from the top down to prepare for microscopy. 

The microscopy specimens were first mounted in Konductomet phenolic resin using 

a Buehler simplimet 3000 hot mounting press with the conditions for the mounting 

being 190°C and 280 bar of pressure. The specimens were then polished on a rotary 

polisher using 4 grades of polishing surface. 320 grit SiC sandpaper with 22N of 

force and a base speed of 300 RPM to grind to a plane, followed by Buehler Texmet 

C polishing pads of 9µm for 5 minutes and 3µm for 4 minutes at a base speed of 

150 RPM and finally at 0.06µm using a Buehler Chemomet pad for 2 minutes at 150 

RPM. Each polishing step using a water based polishing suspension of identical size 

to the polishing pad.  

To prepare for EBSD analysis the specimens were placed on a vibratory polisher for 

a period of 6 hours at 70% intensity using Buhler MasterPrep polishing suspension, 

a 0.05µm alumina suspension, this was done no more than 48 hours before the 

specimen was to be examined under the EBSD microscope to avoid as far as 

possible surface contamination and oxidation from occurring. Some specimens 
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required multiple sessions to achieve an appropriate level of polish owing to 

Aluminium’s rapid oxide layer formation and the delicacy of the polish achieved.  

 

3.4.2 Tensile sample preparation  

 

The samples were designed in order to adhere to BS ISO 6892 [184] , the 

engineering drawings of the part are include in appendix B. The general shape is 

that of a tensile dog bone with 25mm square tab ends, 12mm radiusing down to a 

50mm throat length. The samples were prepared on the plates in an arrangement 

which oriented them all either parallel or orthogonal to the build direction of the 

chamber and to each other. The machine was set to alternate the orientation of the 

build line by 90 degrees with each layer. This ensured that the parts were built in as 

identical a fashion as possible and there was as little anisotropy in the layers as 

possible. The samples were then separated from the build plate via EDM wire 

cuttings and machined down to the dimensions of the final test pieces using a 

shallow cut regime to minimise the amount of stress embodied in the parts by the 

process. The low stress machining regime was characterised by only removing 

0.5mm thickness of the material in any one cut and in progressively shaping the 

tensile pieces to the required dimensions. Under a deeper cut regimen some of the 

original specimens fractured or started to display cracks. 

The samples were then put through a HIP cycle where the temperature was 

increased from ambient to 400°C over a time period of 2 hours, the parts were held 

at 400°C for 4 hours 20 minutes, then allowed to cool to 50°C over a 10-minute 

period, then allowed to cool to ambient room temperature. The pressure was 

increased to 105MPa over a period of 2 hours 23 minutes and held there for 4 

hours and then allowed to return to atmospheric pressure over 1 hour 20 minutes. 

The parameters for this were selected in consultation with the HIP operators 

according to their recommendation. This was conducted as an effort to try and 

close gaps and cracks in the materials before heat treatment took place and also to 

potentially have an annealing effect on the stress in the materials. The tensile 
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samples were then cut off the plate via EDM and then machined down on a CNC 

machine to the dimensions specified in the geometry section. 

The aluminium alloys were then solution heat-treated in an electrically heated 

furnace certified to AMS2750 [187] standard as a class 2 C type furnace. Al 2024 

was heated to 493 +/- 6°C and held at that temperature for 60 minutes, it was then 

immediately quenched in a 28% AMS3025 [188] type 1 polymer liquid which was 

10-32°C. They were then deep froze and straightened and subsequently aged for 12 

+/- 1 hours at 191 +/- 6°C and subsequently air cooled afterwards at ambient 

temperature. Al 2219 was heated to 535 +/- 6°C for 60 minutes, it was then 

quenched in water between 10-32°C immediately after the stopping of the heating 

cycle. It was straightened and deep froze and then aged for 36 +/-1 hours at 191 +/-

6 °C and then allowed to air cool. Al 2618 was heat-treated at 530 +/-6°C for 60 

minutes and then quenched into 28% AMS3025 type 1 polymer between 10-32°C. It 

was then frozen and straightened and then aged for 21 +/- 1 hours at 199 +/- 6°C 

and then air cooled. All of these were heat treated to T6 standard as appropriate 

for each of the alloys in accordance with BS EN 515 [189]. 

 

3.4.3 Powder sample preparation 

 

The powder for the characterisation in the mastersizer was taken from the 

machines powder reservoir before the building process was initiated to get as 

accurate as possible a representation of the characteristics of the powder in the 

process. The powder for examination in the mastersizer was taken from the top of 

the powder volume within the build bay area after a build with a small scoop and 

placed in an airtight bag until it could be examined. 

For the examination of the bulk density a scale accurate to 0.01g was used, a 

100cm3 graduated cylinder and its cover was placed atop the scale and then tared. 

Powder was taken from the powder reservoir and poured through a funnel at the 

top of the cylinder until it reached a volume of 100cm3, this was performed in the 
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powder bay of the ALM machine for safety considerations. The cylinder was sealed 

with a rubber cover and was then removed from the machine and weighed to 

calculate the mass of powder contained within the cylinder. The cylinder was then 

returned to the machine where it was raised to a height of 5cm and then dropped, 

this was repeated 100 times and the volume of the powder was then measured. 

This gave the values of initial volume, tapped volume and mass which can then be 

used to calculate the bulk and tapped densities. 

For microscopy examination a mounting stub for the microscope was taken and 

then had an adhesive carbon pad attached to the top of it, the stub was then 

pressed into the powder reservoir firmly before being dusted off with a small brush 

within the process chamber in order to prevent powder aerosolization outside a 

controlled environment.  
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3.5 Microscopy examination 

 

3.5.1 Microscopy techniques 

 

In order to examine the structure of SLM samples there have been a variety of 

techniques applied to view the microstructures of SLM produced materials. X-Ray 

computed tomography has been employed to examine AlSi10Mg [190] and also 

various other metals produced via SLM methods such as chromium and titanium 

[191; 192]. XRCT will produce a 3D visualisation of the part, however its resolution 

is limited to around 10μm [193]. This potentially ignores a significant degree of 

porosity within a part that falls below the minimum size threshold. While 

techniques such as Focused ion beam milling [194] can be employed to get a more 

full resolution 3d image of a sample, it suffers from an extended cycle time due to 

the need for progressive erosion of the sample and is unsuitable for large samples. 

Another technique that has been employed [195-197] for the studying of porosity 

in materials is the use of a Scanning Electron Microscope, images are taken of a 

sectioned area of the material which is then subsequently analysed using image 

analysis software which automatically identifies, counts and characterises the voids 

contained within. This carries with it some specific advantages, the first is that the 

resolution of the analysis is limited only by the resolution of the SEM image which 

can reach a pixel size as low as 2 nm2 [196] depending on the magnification and 

resolution of the SEM image. It is also possible via image tiling [198] to examine a 

very wide area of an image at the same degree of resolution which bypasses the 

contradiction of wide acquisition area and high resolution. The drawback of SEM 

image analysis is that it is only examining a single plane of the sample at a time 

which may prove to be unrepresentative of the sample as a whole. 
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3.5.2 SEM Mapping 

 

SEM mapping was selected as the main avenue for the examination of the internal 

structure of the samples for a variety of reasons. The first was that it was the 

quickest method by which such a large sample set would be examined. While CT 

and ion beam milling approaches were considered, the cycle time and availability of 

the machines was such that it would only have proven possible to examine a small 

subset of the samples prepared. Given the necessity of getting a measured quantity 

of the entire sample set for factorial DOE analysis to be possible it was therefore 

decided to use SEM and image analysis to do the majority of measurement in these 

experiments. An attempt was made to use CT scanning and create a comparison 

with the SEM examinations both to check for validity and to get an idea of whether 

the lost resolution of the CT process would be sufficient, but it proved impossible to 

schedule and so was discarded.  

The accelerating voltage used was 20kV and the beam current varied from 13nA up 

to 48nA as was required to get a clear picture. The same process was used for the 

solid and the powder samples. Owing to ongoing wear on the microscope 

equipment and the long timescale involved in the examinations it was not possible 

to keep the same accelerating current and still maintain a clear image, so it was 

adjusted as needed to produce a clear picture.  

The samples were examined under a Zeiss Sigma FEG-SEM microscope, the 

composite images taken were made up of 60 stitched micrographs which were 

composited by the microscope in an image stitching process. The composited 

micrographs were then put through image analysis using ImageJ. The process was 

to first binarise the image into a black and white map of the voids and then use 

imageJ’s volume fraction and particle analyser tools to analyse the fraction of the 

micrograph that consists of void to deliver the percentage void value of each 

specimen. The binarized images were visually checked to ensure the sanity of the 

conversion but none needed altering. 
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ImageJ, a freeware software distributed by the US Government contains the 

facilities for both the conversion and examination of images is commonly used for 

this purpose in examining porosity [199-201] and as such was selected as the 

program to be used to analyse the micrographs. 

With the examination of images via software it is necessary to convert the image as 

extracted from whatever capture device has been employed. This is done via the 

thresholding process which converts an image into a binary black and white form 

which removes the ambiguity and presents an image that can be examined. ImageJ 

uses the ISODATA algorithm for this is based upon work by Ridler and Calvard [202]. 

Thresholding within ImageJ can be viewed by examining the histogram of the 

greyscale values of each pixel, the algorithm then iteratively selects a value for the 

threshold value beneath which pixels are classed as white and above which are 

classed as black to produce a binary image. ISODATA is one of many commonly 

accepted [203-205] algorithms for this purpose.  

Once examined the voids were counted and their dimensions measured by imageJ 

and the relevant data was exported into excel for examination and analysis of the 

voids and cracks. The precise methods are further explored in 3.5.4 

 

3.5.3 EBSD analysis 

 

The samples were examined under a Zeiss Sigma FEG-SEM microscope with an 

EBSD detector attached. The accelerating voltage was set to 20kV and the 

accelerating current to 23 nA. Binning mode was set to 4x4 and the detector was 

set for both Forescatter Electron (FSE) and Backscatter electron (BSE) mode. The 

pattern was then optimised using the optimise function on the Aztec software, five 

sample points were selected in the centre and the edges of a box bounding the 

intended scan area, the mean angular deviation (MAD) values were required to be 

below 0.5 at all of those points, if it failed then another site was selected, if that 

failed then the specimen was repolished until an acceptable site was found. A step 

size of 0.5 μm was used and then the specimen was scanned. During the scanning 



87 

 

process a hit rate of 85% was maintained and if it dipped below that the specimen 

was repolished and rescanned until it was maintained. When examined the low 

angle grain boundary was set at 5 degrees and the high angle at 15 degrees for the 

definition of the grains in analysis.  

 

3.5.4 EDS samples 

 

The samples were examined under a Zeiss Sigma FEG-SEM microscope with an EDS 

detector attached. An accelerating voltage of 20kV was selected and a current of 

32nA was used. A standard SEM image was taken of the area of interest which in 

the case of the solid samples was the central area of the specimen, in the case of 

powder it was the centre of the stub on the basis that was likely to have the best 

coverage. From that point the spectra were identified in the software. The peaks 

were then compared with the literature compositions as outlined in the literature 

review section to check for any errors in composition identification.  

 

3.5.5 Verification of void area%. 

  

Figure 15 - Al 7075 Specimen 14 Image analysis converted picture (left) versus 

original micrograph (right). Build direction out of the page.  
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While porosity and cracking have been considered together for factorial DOE 

analysis as a generic void percentage there are two problems with taking that value 

in a vacuum that need to be addressed. Cracks that are sufficiently thin in the 

specimen have the potential to not be picked up by the image analysis used while 

still being clearly identifiable upon examination of the micrograph image itself.  

Figure 15 shows an example of this, while the cracks general shape is still picked up 

by the converted image, it does not show their full length or nature. 

The second problem is that the aim of reducing the amount of crack propagation 

sites by reducing the surface area of defects within the specimen means that 

spherical porosity is generally preferable to long cracks for the reason as outlined 

by Murphy et. al. in their examination of fatigue growth in ferrous PM [206] 

because it means that the maximum surface area to volume ratio is achieved for 

the internal void percentage which reduces the potential for crack initiation.  

 

Figure 16- Specimen 10 and 11 from Al 2219, 10 left, 11 right. Build direction out of the page.  

Figure 16 shows two micrographs, specimens 10 and 11 from Al 2219 who have a 

very similar void percentage with 10 having 0.279% and 11 0.253% but the form in 

which that porosity exists is very different, with 10 having strata of long cracks 

running through the length of the material where 11 has more porosity but very 

little cracking. 
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The models used are not high enough resolution to make a prediction, however 

they are useful in the case of Al 2219 for presenting a set of processing conditions 

that can be used to produce a low void specimen. But it is vital when taking the best 

figure that the micrograph in its raw state is also examined to ensure that there is 

no missed detail when the images were encoded for machine examination to 

ensure that the void percentage value is not misleading.  

 

3.5.6 Pore characterisation 

 

The geometry of the pores is an important characteristic the affects how the pores 

behave under stress. A more spheroidal pore is less likely to initiate cracking as a 

smooth and consistent edge contains no stress concentrators whereas the less 

spheroidal a pore is the more likely it is to contain points that will act as stress 

concentrators. The pixel dimensions of the analysis are each pixel is 0.66μm by 

0.66μm for an area of 0.44μm2 per pixel for a total pixel value per 39mm2 image of 

88636. 

The 2D slices which are produced by this analysis however do not contain all the 

information for a 3D pore analysis, however for the purposes of evaluating a 

minimised amount of pores from the from the 2D slices of the microscopy images 

there are useful measures that can be employed for a flat image as minimising 

undesired porosity characteristics in a given plane will improve the characteristics 

of the entire sample piece. The two qualities that can be measured are circularity 

and roundness which represent slightly different characteristics of the void. 

The principle behind this is examined in section 2.7.2 of the literature review, here 

the specifics of the ImageJ software used, and its calculations are outlined.  

Circularity is a measure of the exact geometry of the voids exterior and how its ratio 

relates to the overall size of the void, its value can vary from 0 < n ≤ 1. With 1 being 

a perfect circle and any value below it is representing one that is deformed in some 

way. Roundness is a smoothed measurement where an ellipse of best fit is plotted 
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around the void and the skewness of that ellipse is measured. This will be less 

affected by perimeter roughness as the ellipse and hence the measure Ma is 

weighted by every part of the void and not just the perimeter as it is in circularity. 

Roundness is a description of the overall geometry of the void. 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4, 𝑖𝑚𝑎𝑔𝑒𝐽 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦: 

𝐼𝑐 = 4𝜋
𝐴

𝑃2
 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5, 𝑖𝑚𝑎𝑔𝑒𝐽 𝑟𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 

𝐼𝑟 = 4
𝐴

𝜋𝑀𝑎2
 

In these equations: A is area of void, P is perimeter length and Ma is length of major 

axis, or the longest ferret length of the ellipse of best fit of the void. 

 

 

 

The circularity for the large voids in figure 17 and 18, as shown in table 4jn, are 

comparable in their size, however observing those two figures, the geometry of the 

Figure 17 - More spheroidal defect (2618 sample 21) Figure 18 - Less spheroidal defect (Al 2024 sample 30) 

Scan direction same for both 

samples, build direction out of the 

page  
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voids is quite different with figure 17 being far more distended and long than figure 

18, its likely that figure 17 is a chunk of the structure that was torn out during the 

polishing process due to having a linked up crack network surrounding it, which will 

the presence of the weakness caused by cracking on the void area study. This is 

reflected in the measures of their roundness which are dramatically different. This 

demonstrates the distinction between the two measures as descriptors of different 

kinds of voids.  

Table 4 - Specimen circularity and roundness table 

Figure Circularity Roundness 

Figure 17 0.209 0.853 

Figure 18 0.185 0.530 

Figure 20 0.405 0.790 

 

To separately demonstrate some of the issues with circularity as a measurement for 

the size of the voids is demonstrated in table 4, the formula is dependent on the 

roughness of the perimeter displayed in the image, and with the high resolution of 

the micrographs which goes down to the sub micrometre level, this means that the 

length of the perimeter is artificially lengthened as demonstrated in figure 19 and 

20. Figure 20 has been eroded using the ImageJ erode function to reduce the 

amount of variation in the outer perimeter while still retaining the overall geometry 

of the pore, as shown in table 5 this results in a 37% reduction in perimeter while 

only reducing the area by 16% which has a dramatic effect on the circularity 

measurement as shown in table 4 when comparing figure 17 and 20. The circularity 

value for figure 20 increased by 95% whereas the value for roundness only 

decreased by 7% due to the erosion process. 

The issue this presents is that it means that it is not possible to distinguish between 

an elongated but smooth void and a more rounded void that has ragged edges. 

However, circularity is still a valuable characteriser of a pore because the two types 

of void outlined both share the characteristic of having a higher surface area to 

volume ratio, both types of pore want to be minimised in order to reduce the crack 

initiation sites enclosed in the metal.  
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Table 5 - Eroded perimeter and area 

Specimen Perimeter Area 

2618 Specimen 21 binarised 1217μm 24620μm2 

2618 Specimen 21 eroded 800μm 20659μm2 

 

Another issue with circularity is that when using ImageJ, it will analyse everything it 

detects as a void, this can include pores of a very small size, single or pairs of pixels 

will always have a consistent size, however voids of that size will not be in reality be 

a square but are of too small a scale to be measured at the resolution of the 

microscope. To avoid this a minimum threshold for the size of a void needs to be 

applied in order to ensure that the results are not skewed by a quantity of small-

scale pores that are not represented accurately by the image analysis, though this 

does rely on the assumption that the geometry of pores remains similar in different 

sizes. The threshold is best set at 3 pixels because that is the first point at which 

they can be arranged into a setup that will be capable of exhibiting circularity, given 

that two pixels orthogonal to each other will always return the same value for 

circularity whereas three pixels can be arranged in two distinct fashions which will 

return different values, that of a corner shape or a straight line. While 3 pixels will 

return a very limited range of different values for circularity and roundness as 

compared to larger voids it is still capable of providing useful information, therefore 

Figure 19 - Binarised image of 2618 sample 21 Figure 20 - Binarised and eroded image of 2618 sample 21 
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setting it at 3 will therefore exclude all the pixel values that are incapable of giving 

varied information and will provide a balance between losing important data and 

skewing the data to ignore important points. 

Table 6 - Effect of thresholding on pore count 

Aluminium 2618 2024 7075 2219 

0 – Infinity mean 
sample void count 1559981 21550311 2603737 671879 

3 – Infinity mean 
sample void count 1056277 15176275 1633748 476510 

Percentage 
removed by 
threshold 32.3% 29.6% 37.3% 29.1% 

 

The threshold percentage removed in each aluminium sample is quite consistent, 

with the outlier being the value for Al 7075, the others lying within a 3.2% spread 

between a reduction of 29.1% and 32.3%. The higher value for Al 7075 could be 

caused by the long thin cracks that are evident in Al 7075 to a much more 

pronounced extent than they are in the other 3 aluminium’s, long thin cracks 

providing more opportunity for small segments of a pixel wide crack to drop below 

the threshold value of 3 pixels and not being recorded. 

 

3.5.7 Crack characterisation 

 

In order to judge the degree of cracking involved in the samples not solely the area 

of the combined void network a method for counting the number of cracks will be 

employed. Taking the existing micrographs whose collection method is described in 

the SEM mapping a 100µm spaced grid in both X and Y directions is overlaid onto 

the micrograph itself as is shown in figure 21. The grid measures 3mm x 3mm to 

scale with the micrographs and every instance of a defect intersecting with a line is 

counted manually to create a measure of Contacts per mm2 which serves as a 

measure of crack density. In order to ensure as much consistency as possible the 

following rules to count are used: 
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- Any crack may only be counted once per 100µm length of the grid line.  

- All defects that intersect lines are counted even if they don’t have a 

standard crack form. 

- The grid is to be placed centrally in the micrograph to avoid as much as is 

possible edge effects and to try to examine the same area within each 

sample. 

Each micrograph was counted three times and the standard deviation of those 3 

measures was taken to be the error in the measurement as the only source of error 

is that of experimenters judgement when whether a line is contacting a defect is in 

doubt or from counting errors. 

  

  Figure 21 - Crack density counting grid overlay. 
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3.6 Powder examination methodology 

 

The various techniques of powder characterisation are widely described and are in 

general agreement about the techniques used and their specific purposes [207-

209]. Laser diffraction is commonly recommended for the characterisation of the 

powder size and the wider population. Laser light is shined through a suspension of 

the powder in water and the intensity of the scattered light is measured in order to 

calculate the particle size diameter. These machines provide an accuracy of down to 

0.02µm diameter particles and enables the examination of larger sample sizes of 

the powder populations. The one potential flaw with laser dispersion measurement 

is that it provides the measurement of the particles in the form of their major 

diameter, which does not necessarily describe the particle in its totality if it is an 

elongated particle or one with an excessive surface roughness. That data is 

obfuscated in its reporting of the particle diameter. So, for shape characterisation it 

is still common to use microscopy images and image analysis to examine the precise 

morphology of the powders.  

The powder was prepared for characterisation by the following method outlined in 

the machine documentation for the Mastersizer 2000 [210], the powder was mixed 

at the production stage and handling was minimised to try and prevent settling of 

the powder in its storage containers. The storage container was mixed inside the 

fume hood chamber of the EOS machine to prevent the hazard of clouds of 

flammable powder. It was physically difficult to mix thoroughly in those conditions, 

but it was the best approach practicable to meet safety concerns. The powder was 

dried out overnight in the EOS chamber and stored with desiccants to enhance its 

flowability and prevent it from sticking together. The sample was tested and 

dispersed well in water, so no ultrasound or solvent was necessary to make it 

disperse properly.  

The powders were characterised on a Mastersizer 2000 laser particle size analyser, 

the measuring process started with cleaning the processing chamber through with 

distilled water. Then the background noise level was set, and the measured 
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material selected as alumina. To set the background distilled water was used to fill 

the measurement chamber and the dispersion unit was switched on to create a 

vortex in the measuring chamber and then the measure background function is 

used to create a baseline value to exclude background noise. Then the powder was 

added into the machine when prompted by the process until the obscuration 

reading was in the ideal zone of 10-20% for the measurement of the powder, 

powder residue on the feed chute was washed in with distilled water into the 

vortex that dispersed the powder throughout the measuring chamber. While it is 

impractical to achieve the same obscuration value each time a midpoint of 15% was 

aimed for and according to the documentation any value in the range should be 

suitable to avoid double diffraction of the laser beam. Then the machine begins the 

scattering measurement and runs its process outputting the data to a .CSV file. 

Then the processing chamber is then flushed out with distilled water and cleaned in 

preparation for the next sample.   
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3.7 Mechanical properties examination methodology 

3.7.1 Tensile examination methodology 

 

The tensile samples were placed on an Instron 3300 Universal Testing System 

equipped with a 10kn load cell and subjected to tensile testing until failure. The 

extension was measured with 50mm Instron 2630 strain gauge extensometer and 

each part had the testing lengths dimensional accuracy measured by a micrometer 

at the top, centre and bottom of the test length to calculate the cross-sectional 

area of the testing piece. The tensile pieces were loaded into the machine and then 

the strain from the loading process was balanced out before the beginning of any 

testing. The machine was set to an extension speed of 0.02mm/s for the first 2% of 

strain to maximise the data density in that part of the testing process. The modulus 

was to be determined by a chord taken from the stress/strain graph between 0.02% 

and 0.05% strain in order to avoid any slippage in the grips from the start of the 

testing process influencing the data.  

 

3.7.2 Hardness examination methodology 

 

The samples were prepared as described in the microscopy section to produce a 

surface finish suitable for Vickers hardness testing. Vickers was selected owing to 

the size of the samples being most suitable for it. The machine employed was a 

Wilson VH1102 micro hardness tester. The load selected was 100g. Five impressions 

were taken at 1mm intervals apart across the sample with the central point defined 

as being in the centre of the sample. The machines automatic function was used to 

determine the size of the indentation subject to a visual check to ensure that it was 

selecting them appropriately. The specimens used were the highest tensile strength 

specimens from the tensile testing to provide the best value.  

The majority of quoted values for hardness in the literature are expressed as Brinell 

hardness values. This presents an issue for the testing as the sample size is small 
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enough that it would be impossible to use a Brinell tester on the parts in question. 

Hence Vickers hardness will be used as a test methodology. At the likely values for 

hardness that will be observed with aluminium, below 300 HV, the two scales are 

similar but not necessarily identical at each value but still provide a useful point for 

comparison. [211].  

  

3.8 Sources of error 

 

Error for the response criteria of void area% is based on the measurement error in 

ImageJ. As a prerequisite step to measuring that value the image is binarized in 

ImageJ, to detect this ImageJ sets a threshold value to determine which parts of the 

image are voids and which are parts of the solid material. To identify the error in 

this part of the process the threshold was manually changed to the setting above 

and below the ImageJ generated threshold to identify how much variation in that 

would affect the binarized image and hence the measurement of void area%. The 

error was consistently within the range of 1.9 to 2.3% of the value for the void area. 

It was consistently between 4.2 and 7.0% for the circularity with the lower 

threshold for examination set to either 0 or 3 pixels. When set to 20 pixels the error 

dropped to a range between 1.5% and 3.7%, this discrepancy can be accounted for 

by the elimination of more of the smaller voids who made up the majority of the 

void count but were inherently less defined in the micrographs as each pixel 

identified differently by the thresholding algorithm makes up a far bigger 

proportion of the measured circularity of the smaller voids. The error for void count 

was consistently between 0.3 and 1.5%. The variation in these cases can be 

attributed to the similar forms of the voids overall meaning that when the 

thresholding algorithm differed it did so within a relatively narrow range.  

Error for the individual input values for the parameters of the ALM machine were 

taken from the machine’s calibration reports over. At a set input of 370w the 

machine was returning a beam output of 367w leading to an error of 3w, there is an 

issue with this particular measurement in that it is based on only two calibration 
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reports for the laser power but it is the best available means of estimating the error 

in the energy input values, hence the value has been set at +/- the calibrated error, 

it is likely that this exceeds the actual error as the laser output would tend to be 

lower rather than higher due to wear on the components causing the output to dip 

below the estimated value more frequently than it would exceed it. There was no 

available way to estimate the error in the mechanical components used to control 

the beams, as they are not calibrated, and the machines documentation contained 

nothing that referred to the accuracy of the components used so it has been 

assumed to be insignificant compared to the error in the laser power.  

Errors for the mastersizer powder characterisation machine was measured as the 

standard deviation of the measurement across the three samples taken. No 

standard literature values were available for this machine as it was outlined in the 

user documentation as dependent on the powder sample employed. Hence a 

measured approach was necessary to get a good estimation of experimental error.  

The tensile testing machine error were taken as +/- the lowest reported division on 

the machines various outputs for stress, strain, dimensions and applied force as is 

accepted practice for the error of measuring devices. 
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4. Powder characterisation 

 

4.1 Density 

 

The powders were prepared and measured as was outlined in section 3. 

Table 7 - Mean powder density values 

Alloy 
Weight 
(g) 

Error 
(+/-) StDev 

Volume 
(cm3) 

Error 
(+/-) StDev 

Bulk 
Density 
(g/cm3) 

Error 
(+/-) 

Tapped 
density 
(g/cm3) 

Error 
(+/-) 

Hausner 
ratio 

2024 151.01 0.10 0.57 86 1 0 1.51 0.02 1.76 0.02 1.16 

2219 142.08 0.10 0.79 94 1 0 1.42 0.02 1.51 0.02 1.06 

2618 142.49 0.10 0.35 89 1 0 1.42 0.02 1.60 0.02 1.12 

7075 147.12 0.10 0.69 93 1 0 1.47 0.02 1.58 0.02 1.08 

AlSi10
Mg 134.01 0.10 0.79 91 1 0 1.34 0.01 1.47 0.02 1.10 

 

The Hausner ratio is included here partly as an expression of flow suitability but also 

as an expression of the ratio between bulk and tapped density for each of the 

powders. 

The powders had quite similar Hausner ratios which indicate that the powders 

morphology and size profiles are similar, though better examination via laser 

diffraction would provide a more complete picture. Most of interest is the 

comparison of the 2xxx series and 7075 alloys to the value for AlSi10Mg which is 

included here as an example of a manufacturer supplied ideal powder which is 

suitable for ALM production. If the distributions of sizes are similar, then the 

powders should be of a similar suitability in terms of their morphologies, their 

precise morphologies will be examined later. 
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4.2 Size distributions 

 

The powders were each measured three times in the mastersizer and then an 

average was taken to arrive at the value that will be plotted, the results are 

expressed as a volume distribution of how many particles are in the diameter 

range. The average of three different sets allows the calculation of the standard 

deviation to provide a measured error expression. It is possible that the powder 

may have been subject to settling over storage but mixing the powder presented a 

significant safety hazard were the powder to become aerosolized in the mixing 

process. This should not affect the analysis as the powder samples used in the 

analysis were taken from the machine loaded powder, which is representative of 

the powder that was used in the production of the parts, but it is a consideration 

for use of the powder long term as the composition of the powder may vary as the 

powder used in the machine comes from further down the storage. 

  



102 

 

4.2.1 Al 2024 powder  

 

Table 8 – Al 2024 powder size thresholds 

Powder sample 

10% of particles 
lie below 
diameter (μm) 

50% of particles 
lie below 
diameter (μm) 

90% of particles 
lie below 
diameter (μm) 

Al 2024 A 15.7 35.1 76.1 

Al 2024 B 15.9 34.9 75.4 

Al 2024 C 15.9 34.7 76.5 

Al 2024 - Average 15.8 34.9 76.0 

 

The values for the chart are shown in table 8. At both ends of the distribution the 

standard deviation is over the value of the mean in the ranges of 0-2.88 μm and 

120-138 μm. This is reflective of the dataset measurements not beginning or ending 

at the same point. Given the small number of particles which exist at both tails of 

the distribution however this does not represent a problem with the data but that 

the proportion of particles existing in those data intervals is sufficiently small that 

they are not present in large enough numbers to be detected in different samples 

of the powder. 

Figure 22 - Al2024 powder size distribution. Appendix D Table 58 for full data. 
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Table 6 demonstrates that 80% of the particle count lies between 15.8μm to 

76.0μm with an average particle size of 34.9 μm. When compared to the 

manufacturer’s certification included in appendix A it is in broad agreement with 

their certification of 63μm with 82.3% of powder measured to lie under that size. 

To account for the percentage of greater size that was found in the powder its 

possible that non spherical powders of varying key dimensions made their way 

through the sieve employed in the production process.  

 

 



104 

 

4.2.2 Al 2219 powder 

Table 9 - Al 2219 sample powder size thresholds 

The values for this chart are shown in table 9. The standard deviation eclipses the 

measured values for the extremes of the curve at the upper and lower end those 

values only being observed in one or two of the datasets at all with them not 

appearing in the others. This is unlikely to represent a problem with the powder 

measurements but purely that they represent such a small proportion of the overall 

percentage that they were only negligibly present if at all in the other samples.  

Table 8 demonstrates that 80% of the volume of the powder lies within the range of 

14.3 – 73.2 (μm) with the mean particle size being 36.0μm.  When compared to the 

manufacturers specifications as included in appendix A 82.6% of the population lay 

under the 63μm threshold specified by the manufacturer. 

Powder sample 

10% of particles 
lie below 
diameter (μm) 

50% of particles 
lie below 
diameter (μm) 

90% of particles 
lie below 
diameter (μm) 

2219A 14.7 36.5 74.4 

2219B 14.3 36.1 73.3 

2219C 13.8 35.5 72.0 

2219 - Average 14.3 36.0 73.2 

Figure 23- Al 2219 powder size distribution graph. Appendix D Table 59 for data. 
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4.2.3 Al 2618 powder 

 

Table 10 - Al 2618 sample powder size thresholds 

 

The extremes of measurement for this sample are much tighter than the others, 

this is reflected in the standard deviation which only exceeds the mean at the 

lowest measurement interval of 2.88-3.31 μm. This shows a good consistency in the 

particle size even at the edges of the distribution. Table 10 shows that 80% of the 

particle numbers lie between the diameter 15.6-62.5 μm with an average particle 

size of 34.4.  81.0% of the powder lies under the manufacturers spec of 53μm as 

included in appendix A. 

Powder sample 
10% of particles lie 
below diameter (μm) 

50% of particles lie 
below diameter (μm) 

90% of particles lie 
below diameter (μm) 

2618A 15.1 34.2 62.5 

2618A 15.7 34.5 62.6 

2618A 15.9 34.5 62.3 

2618A - Average 15.6 34.4 62.5 

Figure 24 - Al 2618 powder size distribution. Appendix D Table 60 for data 
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4.2.4 Al 7075 powder 

Table 11 - Al 7075 powder size distribution 

 

The distribution for Al 7075 is notably different in its form compared to all of the 

2xxx aluminium’s and also the baseline distribution of AlSi10Mg. The other 

aluminium’s display a skewed distribution whereas the Al 7075 is in an unskewed 

normal curve. This has mainly come by an elimination of the low particle size region 

in 7075, with Al 7075 starting at 15.1μm which is close to the point at which 10% of 

the distributions in the 2xxx aluminium’s lie below. (15.6 in 2618, 14.3 in 2219 and 

15.8 in 2024). This could have an effect on the overall packing density and 

Powder Sample 
10% of particles lie 
below diameter (μm) 

50% of particles lie 
below diameter (μm) 

90% of particles lie 
below diameter (μm) 

7075A 26.2 47.9 87.1 

7075A 26.1 47.6 86.0 

7075A 26.0 47.4 85.5 

7075A - Average 26.1 47.6 86.2 

Figure 25 - Al 7075 powder size distribution. Appendix D table 61 for data 
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flowability of Al 7075 as the small powder sizes act to increase both of those 

qualities in powder.  

Table 12 shows that 80% of particles lie between 26.1 – 86.2μm with an average 

particle size of 47.6μm. 73.1% of the powder lies under the manufacturers certified 

diameter of 63μm as incuded in appendix A, this is noticeably lower than the other 

powders being considered for research and is possibly explained by the increased 

age of the powder with it having existed in stock for roughly 3 years longer than the 

other powders who were all fresh ordered.  

 



108 

 

4.2.5 AlSi10Mg powder 

Table 12 - AlSi10Mg powder size thresholds 

 

The bottom tail of Al10SiMg is distorted by the C dataset which has values in all the 

distribution intervals from 3.80 μm to 11.4 μm. The other two datasets only start at 

11.5 and 13.2 μm. This could be an indication of a poorly mixed powder or of 

sample contamination between measurements from one of the other samples.  

Table 14 shows that 80% of the particles lie in the interval of 22.8 μm to 74.4 μm 

with a mean of 42.2 μm.  82.0% of the powder lies under the manufacturer certified 

size of 63μm which is in broad agreement with the size specified. 

Powder Sample 
10% of particles lie 
below diameter (μm) 

50% of particles lie 
below diameter (μm) 

90% of particles lie 
below diameter (μm) 

AlSi10MgA 23.1 42.4 74.8 

AlSi10MgB 23.1 42.3 74.5 

AlSi10MgC 22.1 41.7 73.8 

AlSi10Mg mean 22.8 42.2 74.4 

Figure 26 – AlSi10Mg powder size distribution. Appendix D table 62 for data. 
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4.3 SEM examination 

 

While the general size of the powders used can be determined by laser diffraction 

and density examination of the powders. The precise morphology of the powder 

can only be determined by a microstructural evaluation of the powders in question. 

Spherical powder is the ideal, with elongated or deformed powder shapes being 

detrimental to flow and packing properties. To examine that each powder sample 

used was examined by SEM to comment on its general shape and suitability, the 

powders being mounted as described in the methodology section. SEM results were 

image processed to obtain a comparable value for the circularity of the powder 

granules as compared to each other and assess their suitability.  

 

4.3.1 Roundness of powder  

 

Table 13 - Powder roundness and circularity 

Powder sample Circularity StDev Roundness StDev 

2024 0.700 0.233 0.641 0.190 

2219 0.722 0.276 0.703 0.185 

2618 0.722 0.286 0.620 0.219 

7075 0.700 0.259 0.647 0.193 

 

The equations, 4 and 5, that imageJ specifically uses to calculate circularity and 

roundness are outlined in the pore characterisation section, 3.5.5. In this instance 

roundness will be used as the key defining feature of quality. The fine texture of the 

outside surface is of less importance in packing than the macro shape. A round but 

rough spherical shape is more suitable for packing than a smooth surfaced but 

highly deformed shape and roundness is the ideal measure for that as it disregards 

the precise surface characteristic of the shape in order to better describe its larger 

scale geometry. 
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Figure 27 - Roundness frequency histogram Al 2024 

Figure 28 - Roundness frequency histogram Al 2219 
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Figure 29 - Roundness frequency histogram Al 2618 
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As is demonstrated both in table 13 and in the histograms, there is a significant 

difference in the powder geometry composition between the various alloys. Al 

2219 has by far the best arrangement of powder with the highest average 

roundness and lowest standard deviation indicating that much of its population lies 

towards the ideal value of roundness which is 1. The other powders all demonstrate 

peaks around the 0.65-0.70 range of roundness. One possible reason for this is that 

Al 2219 has a different manufacturer of powder compared to the other three who 

all come from the same manufacturer. Both manufacturers used gas atomisation, 

but it could be accounted for by differences in the specifics of the processes that 

they used. Examining the micrographs of the powder used for this analysis will 

allow a better look at exactly how the powders differ in their precise form. 
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Figure 30 - Roundness frequency histogram Al 7075 
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4.3.2 Powder malformations 

 
  

 

 

 

Figure 31 - Al 2024 powder. Gas atomised. 

Figure 32 - Al 2219 powder. Gas atomised. 

Figure 33 - Al 2618 powder. Gas atomised. 
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As shown in figures 31, 33 and 34, and is representative of the state of powder 

throughout the examined sample, there is a lot of elongated or triangular powder 

grains in the non Al 2219 samples, particularly among the larger powder grains. 

There is evidence of smaller powder grains fusing with larger ones during the 

atomisation process along with granules that appear to have just stretched out. The 

packing density and flow characteristics would be adversely affected by all of these 

deformations. The powder for Al 2219 is more spherical, backing up the findings of 

the wider image analysis of the powders beyond what is shown in the micrographs.  

All the powders are demonstrating adhesion between the very small scale particles 

and the larger particles which will likely affect the presence of the smaller scale 

powders in the material. There is some evidence of internal voids in the Al 7075 

powder which could affect the volume of melt available but its presence isn’t 

widespread in the powder so should only have a minimal effect. 

The presence of non spherical powder leads to worse flow characteristics and also 

worse packing density both as a direct consequence of worse flow and poor 

stacking characteristics of non spherical shapes. This will mean that the layer quality 

will be negatively affected in the non 2219 powders by both of these factors. This 

will potentially lead to increased porosity in the parts as a lower packing density 

carries the risk of insufficient melt supply leading to voids, also of inconsistent heat 

conduction in the bed which could affect the thermal characteristics of the bed.  

Figure 34 - Al 7075 powder. Gas atomised. 
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4.4 Summary 

 

Table 14 - Summary of means of particle size 

Sample 
Name 

10% of 
particles 
lie below 
diameter 
(μm) 

50% of 
particles 
lie below 
diameter 
(μm) 

90% of 
particles 
lie below 
diameter 
(μm) 

Width of 80% 
distribution 
(μm) Skew Producer 

AlSi10Mg 
mean 22.8 42.2 74.4 51.6 0.633 EOS 

7075 
Average 26.1 47.6 86.2 60.1 0.153 LPW 

2618 
Average 15.6 34.4 62.5 46.9 0.678 LPW 

2219 
Average 14.3 36.0 73.2 58.9 0.546 Eckagranules 

Al 2024 
Average 15.8 34.9 76.0 60.2 0.816 LPW 

 

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6, 𝑆𝑘𝑒𝑤: 

𝑆𝑘 =  
1

𝑁
 ∑

𝑥𝑖 − �̅�2

𝜎

𝑁

𝑖=1

 

In this equation Sk is skew, N is the population number, 𝑥𝑖  is the diameter of the ith 

particle, �̅� is the mean value for diameter of the population, 𝜎 is standard deviation 

of the population. 

AlSi10Mg is included as an example of the powder which is tailored for the 

machine, it is supplied by the manufacturer of the machine as the designed powder 

for the machine. Hence a comparison to it will be useful to examine the suitability 

of the powders for production via ALM on the EOS M280 machine. 

The diameter means for the 3 2xxx series aluminium’s are closely grouped within a 

range of 1.6μm. The aluminium’s were all produced via the same method of gas 

atomisation but by 3 different companies owing to production constraints. 

All of the powders except for Al 7075 display a similar skewed distribution with an 

elongated tail towards the smaller particle end of the distribution. The skewness 
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function is described in equation 6. The skewness in those four aluminium’s ranges 

from 0.546 to 0.816. The outlier is in Al 7075 which has a skewness of only 0.153, 

where a value closer to zero indicates a perfectly balanced distribution. The 

difference in the distributions is likely a product of the specific aluminium’s 

involved, given that the 7075 is produced by the same company and process as two 

of the other aluminium’s.  

As identified in the section on powder distribution in the literature powder quality 

can have a big influence on the properties of the final part. One matter for 

consideration is the fact that the layer thickness of the machine was set at 30μm, 

which in size terms is smaller than a large percentage of the particles in the powder 

feedstock. Identified in the literature was the problems in spreading powders and in 

other factors of the SLM process with powders with major fractions of sizes below 

20μm or above 70 μm with that dimension of powder exhibiting poor flow 

characteristics. It is below the central median of all the feedstocks, notably 

including the AlSi10Mg powder which was supplied by the manufacturer of the 

machine. This indicates that it is not necessarily as simple as Karapatis et. al. [212] 

outline in their work. However, the problems which were exhibited with getting the 

powder to deposit correctly as outlined in the methodology section were almost 

Figure 35 - Aluminium volume distributions 
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certainly exacerbated by the higher size of the particles when combined with the 

lower layer thickness. The measures taken to ameliorate this include using a flexible 

spreading brush instead of a blade and the grid scoring onto the build plate enabled 

a workable layer to be spread despite the issues of spreading small powder 

diameters identified in the literature. 

The size distributions of powder are typical for ALM powders with the majority of 

the distributions lying under the typical manufacturer specifications for 63μm, or 

53μm for 2618. The shape of the distributions of the powder is similar to that of the 

EOS provided AlSi10Mg which is conserved as the baseline for powder optimised to 

work in the machine itself. The agglomeration of smaller powder particles on to the 

larger ones shown in the micrographs is indicative of how the low size powder 

particles are likely to behave in the powder bed and at the fine end of the 

distribution. This will ameliorate the potential problems of poor flow caused by fine 

powders as they will move and stack with the larger powder particles.  

The fine and coarse tails of the powder distributions are a small enough proportion 

of the powders population that it is unlikely that there is much of a potential for the 

issues identified that this can cause of poor spreading and powder bed density. The 

10% lower bound and the 90% upper bound of the populations lie close to the 

range of 15-70μm typical for ALM, the powders upper bound is above 70 in 4 out of 

the 5 alloys but is only majorly so in the case of Al 7075. The 7075 powder displays 

a concerning spike at the higher end of the distribution of X>105μm which may lead 

to issues with that particular alloy.  

The powders roundness measures indicate that there may be issues with getting 

the powders to pack properly and flow with particularly Al 2024, 2618 and 7075 

having a lower roundness measurement than Al 2219. This matches up with the 

finding of the lower Hausner ratio obtained for Al 2219 when compared to the 

other alloys.  

In terms of packing density influenced by the size of the particles, the wide 

distribution of the particle sizes is indicative of a powder with a good packing 

density. The negative effects on the final product should be minimal. The 2xxx 
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series aluminium’s distribution shapes are similar to AlSi10Mg along with their 

mean powder sizes. There should not be a significant effect for the 2xxx series 

process from the powder used. They are on average smaller which will improve 

packing efficiency compared to AlSi10Mg. Al 7075 however is both different in its 

distribution shape with fewer smaller particles to fill voids between the large 

spheres. It is possible that the higher porosity and cracking evident within the 7075 

samples particularly, and Al 2024 and 2618 when compared to Al 2219 is caused by 

poor packing density of the powder. However, to conclusively investigate that it 

would be necessary to examine other powder size distributions of the various 

alloys. 

The morphology of the powder however is less consistent than the size with there 

being large observable differences between the roundness of Al 2219 when 

compared to the other 3 powders. This could lead to a significant difference in the 

powder bed characteristics of the powders and their final product. This is also 

underlined by the differences in the Hausner ration which demonstrates differences 

as high as 1.16 for Al 2024 down to 1.06 for Al 2219. Unfortunately, it would have 

proven very difficult to measure the density of each spread layer due to the 

problems of gathering and maintaining the powder arrangement of a 30μm thick 

layer. Gathering any more would introduce the complicating factor of how one 

spread layer is compacted by the layers above it. 
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5. Al 7075 

 

The factorial DOE array was constructed as described in the methodology section 

and the parts were produced with Al 7075 powder. The errors for the processing 

parameters are discussed in the sources of error section but are assumed to be +/-3 

W for the laser power and to contain no other significant sources of error for the 

parameters, void error is measured from the data set. 

 

5.1 Initial void optimisation 

 

Factorial DOE is used to examine the process parameters for Al 7075. The three 

terms labelled A B and C are as follows: A is scan speed, B is power, C is hatch 

distance. The production conditions for each specimen number are in Appendix C 

table 69. 
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Figure 36 - Al 7075 sample void area %, complete data in Appendix E table 75. 
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Figure 37 - Pareto chart for Al 7075 

Only one factor in Al 7075 exceeds the 5% confidence interval, which is scan speed, 

however there are some factors that need to be examined to determine the 

reliability of this model and its suitability to explain the variation in void area%.  

 

Figure 38 - Residuals vs fits plot for Al 7075 
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The S value for this model is 1.14503 and the R-Squared value is 56%. As shown in 

Figure 38 the data is more widely scattered than that of Al 2219 from the fit line. It 

is still close to evenly distributed either side of the models fit line with 17 values 

below and 19 above, however the variance is high. The R squared value is low at 

56.07% with an adjusted value of 51.95% which suggests that there may be an 

important factor missing from the model that affects Al 7075. It is possible that this 

missing factor is accounting for the high variance of Al 7075. There are two 

abnormally high residuals above the line but those represent a small proportion of 

the 36 total residuals. Owing to the low R2 no definite conclusion can be reached 

about the specifics of the interactions of processing factors in Al 7075 however it 

does provide an indication of the most influential factor in defining Al 7075’s 

processing. 

 

5.1.1 Ideal processing conditions for Al 7075 

 

While the model itself is not capable at the resolution it was performed at of giving 

a calculated ideal, most dense, parameter set. It has shown that the ideal 

parameter set for minimising void percentage is defined by speed of the laser 

primarily in Al 7075. However, there is the issue that it seems likely there is a 

missing parameter in the consideration of Al 7075. The experiment did produce low 

void percentages parameter sets that could potentially be used as a baseline for 

mechanical testing. These are outlined in table 15, however there needs to be 

examination of the microstructure to characterise the structure of the voids. The 

crack density is consistent between the ideal specimens of the lowest void area. 

Table 15 - Al 7075 ideal parameter set 

Specimen 
number 

Scanning 
Speed 
(mm/s)  

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Error 
(+/-) 

Crack density 
(Co/mm2) 

Error 
(+/-) 

14 900 270 0.13 0.717  0.014 144 10 

23 1300 370 0.15 0.877 0.017 130 9 

26 900 320 0.15 0.896 0.017 141 8 
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5.1.2 Al 7075 Micrographs 

 

The three most dense parameter sets for Al 7075 are 14, 23 and 26 as outlined in 

table 15. Figures 39-41 are three Al 7075 micrographs from those ideal parameter 

sets 

  

 

Owing to the X Y alternating scan 

direction the scan direction in a 

particular layer may be either of the 

two. Build direction is out of the page. 

All no heat treat. 

Figure 40 - Al 7075 sample 23 Figure 39 - Al 7075 sample 14 

Figure 41 - Al 7075 sample 26 
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In the factorial DOE analysis, it was concluded that the scan speed was the only 

statistically significant factor that was examined within that range. All specimens 

shown here as well as all specimens collected had significant degrees of 

interconnected cracking within the specimens. However, it is at its least 

pronounced in these three. It is extremely unlikely that in their as made state AL 

7075 specimens could be made mechanically useful, however it is possible that void 

closing techniques such as HIP could be used to improve the internal structure of 

these parts. Therefore, the basis for further experimentation would be set at 

varying the scan speeds between 900 and 1300 as identified by the most dense 

specimens with a power of 320W and a hatch distance of 0.15mm. 

 

 

Figure 42 - Al 7075 sample 14 partially 

melted defect. 

Figure 43 - Al 7075 

sample 26 partial 

conglomeration 

defect. 

Scan direction same for both samples, 

build direction out of the page. Both 

no heat treat. 
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The defect types observed in the most dense Al 7075 specimens are pictured in 

more detail in figures 42-44. Figure 42 shows a pore defect that is partially filled 

with unmelted powder, this is likely caused by insufficient energy input in the local 

area of the pore, which results in the unmelted powder that would have joined the 

melt sitting visibly in the hole having only established a weak joint. Figure 43 is an 

example of a partially conglomerated powder cluster that has become embedded in 

the solid metal surrounding it forming a discontinuity. Figure 44 demonstrates the 

cross linking which is evident in all of the specimens of Al 7075 as the cracking is 

occurring not just in one axis as it did in other aluminiums tested but also 

orthogonally to the scan direction, this spreads throughout the specimen 

micrograph and is observable on the entire specimen to the naked eye which is 

indicative of the entire specimen being an unsealed volume which would result in 

HIP processing being impossible as no pressure gradient would be able to be 

established without measures being taken to seal the outside of the part. The 

cracks line up with both of the potential build directions indicating a strong link 

between the build direction and the cracking. This would indicate that the cracks 

 
Figure 44 - Al 7075 sample 26 cracking interlinking. 

Build direction out of the page. No heat treat. 
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are likely being focused around the melt pools fusion zone and is likely a form of 

solidification cracking.  

5.2 Energy density and its effect on void area%  

 

Using the energy density equation 1 outlined by Olakanmi [25] and described in the 

literature review it should be possible to examine the results and identify the 

existence of a window of ideal processing parameters if one exists for this material. 

 

A second order polynomial line fits the data with an R2 of 0.378, a second order 

polynomial in the form of an inverted arc is the pattern that should be observed if 

there is an ideal processing region in the middle of the experimental energy density 

range. The low R2 of the fit however demonstrates that it is not a good fit for Al 

7075, while there is evidence of a dramatic increase in porosity below a certain 

energy input threshold, and there is also some evidence of an upper bound above 

which the void area% will begin to increase. However, the line of fit observably is 

not well fitted to the minimum porosity points and so has poor predictive qualities 

R² = 0.3783
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Figure 45 - Al 7075 Energy Density against void area%. Tabulated data in Appendix E table 64. 
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for creating an ideal parameter set. This is reflected in its poor R2 value, which is 

significantly below that of the DOE process which indicates that identifying an 

energy density window is unlikely in this material..  

In aluminium given some of the differences in the mechanisms that form cracks and 

those that form spherical porosity, high embodied stress versus causes like gas 

inclusion, the highly cracked nature of the Al 7075 specimens would potentially 

explain the high variance at given energy densities, with the process causing 

different modes of void formation as the energy is applied to the part in different 

forms. A higher energy but faster scan speed pattern heating the aluminium much 

quicker and potentially causing higher embodied stress being one example of how 

this would work. There is also the identified issue with the factorial DOE’s R2 value 

indicating a low model fit for Al 7075 and this suggests the presence of another 

factor that has not been examined properly by this analysis, the vertically stacked 

nature of a lot of the data, a high variance of void area% in a small region of energy 

density input, also indicates that there is a factor not covered solely by energy 

density at work. However, it is still possible to use the data to identify a region of 

minimum porosity that could be used as a basis for creating a best-case parameter 

set for minimum porosity and using that as a basis for trying to create an ideal 

parameter set.  
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5.3 Al 7075 Circularity and Roundness 

 

The form of the voids within the aluminium was examined by looking at their 

circularity and roundness to attempt to quantify and compare numerically the type 

and shapes of the voids within the material.  

Table 16 - Al 7075 Circularity and roundness sample population summary. Full data in appendix E table 65. 

 Circularity StDev Roundness StDev 

Sample mean value. 0.659 0.294 0.480 0.224 

StDev of mean value. 0.031 0.015 0.019 0.009 

Relative StDev (%) 4.70% 5.10% 3.96% 4.02% 

 

The circularity and the roundness values of Al 7075 within each parameter group 

are shown to vary widely within each specimen as shown by the values of the 

standard deviation for both displayed in table 16. The mean standard deviation of 

circularity is equivalent to 44.6% of the mean value itself, and the mean standard 

deviation of roundness is equal to 46.7% of the value of the mean roundness. This 

demonstrates that the void populations geometry is spread evenly over the range 

of possible values in both roundness and circularity within a specimen and 

represents a wide range of forms of voids that are embodied.  

The standard deviations of the circularity and roundness and their standard 

deviations are however proportionally much lower than the ones of the circularity 

and roundness themselves with the largest spread being observable in the standard 

deviation of the circularity with the standard deviation being 5.10% of the mean. 

This demonstrates that the values of the individual specimens are consistent in 

their geometry, the major variation is that of the size and number of the voids but 

there is not an observable bias towards an arrangement of pores in either their 

roundness or circularity.  
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5.4 Summary 

 

Al 7075 was not taken further in the experimental process. The porosity of the 

specimens was great enough that it seemed unlikely that HIP would be able to close 

the specimens voids to any significant extent, this is particularly because of the high 

degree of crack interlinking which represents not only a problem for the HIP 

process but a number of ready-made failure planes that would likely be embodied 

as weaknesses even had it been closed to some degree by HIP. The crack density 

measurement cannot be compared to anything however the figures found for Al 

7075 should be considered as representative of a highly cracked sample as a point 

of comparison for the other aluminiums given what is observed on the 

micrographs. Hence it was decided that the space that it would have occupied in 

the process chamber would be better employed in increasing the number of 

specimens that could be prepared and tested from the more promising 2xxx series 

alloys to increase the robustness of the data from those samples.  
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6. Al 2219  

 

The factorial DOE array used is described in the methodology section. The errors for 

the processing parameters are discussed in the sources of error section but are 

assumed to be +/-3 W for the laser power and to contain no other significant 

sources of error for the parameters, void error is measured from the data set. 

6.1 Initial void optimisation 

The production parameters for each specimen number are in Appendix C table 69. 
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Figure 46 - Al 2219 sample void area%. Appendix F table 66 for full data. 
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In examining the response of the Void area% to the input parameters factorial DOE 

is used to examine the interactions and significance of the various parameters. In 

this case the three terms labelled A B and C are as follows: A is scan speed, B is 

power, C is hatch distance.  

 

Figure 47 - Pareto chart of Al 2219 

Figure 47 shows that of the three parameters, only two of them are statistically 

significant above the 5% level, that is scan speed and laser power, and that the 

product of the two (AB) is the greatest influencing factor. Given the common link 

between the three different parameters and the total energy input per unit area via 

equation 1, it would indicate that the changes in hatch are too small to be of a 

significant effect in this experimental run.  
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The S value for the model was 0.4572 and the R2 was 87.44% with the adjusted R2 

being 64.53%, indicating that the data lies close to the fit line of the model and 

explains the majority of the variation within the data.  

Figure 48 - Residuals versus fits plot for Al 2219. 

The residuals versus fits plot shows that the data points are distributed evenly 

around the mean with 18 either side of the fitted value, there is the issue of some 

residual outliers. One potential explanation for this is held by the much higher void 

values contained in all 3 results for 1500mm/s and 270W. Outlined at length in the 

literature was for aluminium and other metals the existence of processing windows 

where too high or low levels of energy input would lead to defects. The highest 

scan rate combined with the lowest laser power would fit with the total energy 

input having dipped below the threshold where good consolidation occurs. identify 

Identified was a nonlinear increase in the porosity of specimens when energy dips 

below a given threshold value for aluminium. The outlier therefore does not 

necessarily represent a problem with the sample but a factor of the materials 

response itself.  
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6.1.1 Ideal processing conditions 

 

While the model itself is not capable at the resolution it was performed at of giving 

a calculated predicted ideal, most dense, parameter set. This would be possible 

with a higher order model, it has shown that the ideal parameter set for minimising 

void percentage is defined by the speed and power of the laser primarily.  Given 

that the analysis shows that the hatch distance probably does not have an influence 

on the void percentage the ideal parameter sets around which to base mechanical 

testing of Al 2219 are: 

Table 17 - Al 2219 ideal parameter sets 

Specimen 
number 

Scanning 
Speed 
(mm/s) 

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Error 
(+/-) 

Crack density 
(Co/mm2) 

Error 
(+/-) 

10 1300 320 0.11 0.812 0.017 42 1 

11 1300 270 0.11 0.832 0.017 14 0 

23 1300 370 0.15 0.678 0.014 4 0 

 

In such testing it would be useful to eliminate Hatch Distance from the list of 

parameters and instead do a higher order test with more values for scan speed and 

power, this approach is most likely to bring with it a truly ideal parameter set for Al 

2219.  

However, it is necessary to examine the micrographs of these to get a more 

complete picture of the way the material is behaving as is outlined in the 

microscopy examination section 3.5 of the methodology. Compared to Al 7075 the 

crack density is significantly lower and demonstrates that the samples as built 

predominantly have spherical porosity given their comporable void area% and 

much lower crack density. 
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6.1.2 Al 2219 Micrographs 

 

The three most dense parameter sets for Al 2219 were those for specimens 10, 11 

and 23 from the experiment set. However, it is necessary to examine the three 

micrographs from these specimens to observe the nature of the voids in those 

specific pieces. 

  

 

 

Figure 49 - Al 2219 specimen 10 micrograph. Figure 50 - Al 2219 specimen 11 micrograph. 

Figure 51 - Al 2219 specimen 23 micrograph. 

Scan direction the same 

for all specimens, build 

direction out of the 

page. All no heat treat. 
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Two of the specimens shown, specimens 11 and 23 are almost free of cracking, 

some is in evidence in specimen 23. However, there is significant cracking in 

specimen 10 in both length and quantity of cracks. They are parallel to one of the 

potential build directions of the layer, making it likely that the layer being examined 

had a scan direction parallel to the cracks orientation. This is potentially due to the 

lower energy input in specimen 10’s parameter set as it had the lowest of the 3 

pictured. The cracks are likely taking place in the fusion zone between scan lines 

which would indicate it as a form of solidification cracking, 

The upshot of this is that in designing a parameter set to produce parts for 

mechanical testing the better starting point would be in the region of 320W to 

370W at a speed of 1300mm/s with the variation in the parameters being around 

that point and of sufficiently high order to be able to be used for predictive 

purposes and to try and produce an experimental set that can be used to derive a 

predictive equation.  

  

The defects observable in the Al 2219 are pictured in more detail in figures 52 and 

53, there are three types displayed there, in figure 52 there is a void and distinct 

examples of cracking of varying width, the causes of porosity in the part are not 

investigated by this experiment set but causes could include poor packing density in 

Figure 52 - Al 2219 sample 10 lack of fusion defect. Figure 53 - Al 2219 Sample 23 surface charring. 

Scan directions the same for both samples. Build direction 

directly out of the page. Both no heat treat. 
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that particular area of the part, shrinkage of the material during solidification or 

trapped gas porosity. Cracking in the specimen is most likely to be caused by 

contraction during the solidification of the melt causing stresses that initiate the 

cracks as the melt pools pull apart. Sample 23’s defect is likely a charred area 

caused by high energy input given sample 23 was the highest energy input and 

demonstrates the potential danger of higher energy input parameter sets. 

6.2 Energy density and its effect on void area%  

 

Using equation 1 as described by Olakanmi [25] and outlined in the methodology in 

section 3.3.3, which describes the volumetric energy density and its link to the 

identification of a processing window section it should be possible to examine the 

results and identify the existence of a window of ideal processing parameters for 

higher density if one exists for Al 2219. 

R² = 0.2198
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Figure 54 - Al 2219 Energy density against void area%. Tabulated data in appendix F table 67. 
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A second order polynomial line fits the data with an R2 of 0.2198, this is the pattern 

of an inverted arc that should be observed if there is an ideal processing region 

within the parameter range covered by the experiment. The R2 value is notably very 

low for Al 2219. There is not observably a point in energy density where the void 

spikes up universally, there are observed high points of void area% but they exist at 

the same level of energy density as much lower values of void area%. At the point 

of void area% at 46.67 W/mm3 there is both a point which is in the midrange of void 

area% density and also one at the very low levels of void area% for the material.  

The very low fit nature of the line contrasts with the high R2 value found in the 

factorial DOE analysis of the material which judged only two components of the 

energy density equation shown in in equation 2 to be significant, that of power and 

speed. These findings do not fit with the idea of an ideal processing window linked 

to energy density as a measurement for Al 2219. It could be the case that the range 

of energy input examined was not wide enough to display such a region. However, 

the clustered low void area% points are still useful as a point for the creation of a 

parameter processing set as was outlined in the DOE analysis, because at the 

increased resolution it’s possible to adjust the parameters that are having a 

significant effect on the output and get a better idea of how it is affecting the voids 

in the material. The more likely analysis of Al 2219 is that it is more affected by the 

parameters identified as significant by the DOE analysis.  

The reason for the change in void% with energy density is the void effects identified 

in the literature review, low input energy will effect of the size of the melt pool with 

insufficient melt to fill the gaps as the metal shrinks during solidification, possible 

keyhole formation as the energy density increases and turbulence in the melt pool 

leading to entrapped gas. 
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6.3 Al 2219 circularity and roundness 

 

The form of the voids within the aluminium was examined by looking at their 

circularity and roundness to attempt to quantify and compare numerically the type 

and shapes of the voids within the material.  

Table 18 - Al 2219 circularity and roundness summary. See appendix F table 68 for full data. 

 Circularity 
Standard 
Deviation Roundness 

Standard 
Deviation 

Sample mean value. 0.645 0.289 0.454 0.224 

StDev of mean value. 0.038 0.016 0.038 0.015 

Relative StDev (%) 5.82 5.62 8.39 6.78 

 

The circularity and roundness of Al 2219’s voids within each specimen are shown to 

have a wide range in a similar fashion to the other aluminium’s as is shown by the 

standard deviations in table 18. The mean standard deviation for circularity is 44.8% 

of the mean value, the mean standard deviation for roundness is 49.3% of the 

mean value for roundness. This shows a similar wide spread of the values for those 

parameters over the population of differing samples as is displayed in the 

population of the other examined aluminium’s.  

The standard deviations for the mean values and their associated standard 

deviations are also low in Al 2219 with the highest value being the standard 

deviation of the roundness having a value of 8.39% of the value of the mean itself. 

This demonstrates the clustered nature of the values between the different 

parameter sets showing that Al 2219 also exhibits little variation between 

specimens in the geometry of its void population as the processing parameters 

change.  
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6.4 Mechanical characterisation 

 

The tensile test pieces were identified by stamped symbols on the tab ends and 

were processed via isostatic pressing and then subsequently by heat treatment and 

aging to a T6 standard as described in the methodology section. Some of the 

specimens fractured during the quenching process and hence were not able to be 

tensile tested. Those specimens are indicated by N/A in the results table. Some 

were also lost in the quenching media and so were not able to have their 

microstructure examined, those specimens are indicated by N/A in the results 

table. 

A further factorial DOE parameter set was assembled using the basis of the initial 

experimental results to provide the best basis for further testing. As hatch distance 

was found to not be a significant factor it was removed from the parameters used 

for the factorial DOE array and on the results from the previous analysis it was 

shown that the design parameters should be based around a laser energy of 345W 

and a scan speed of 1300 mm/s. The L9 array shown in table 19 was created for the 

second examination. Hatch distance was set at 0.15 for all of the parameter sets 

and the tensile test parts were produced according to these parameters. 

Table 19 - Al 2219 L9 tensile array 

Parameter 
set number Power (W) 

Scan Speed 
(mm/s) 

1 345 1200 

2 370 1200 

3 370 1300 

4 320 1400 

5 320 1300 

6 320 1200 

7 345 1300 

8 370 1400 

9 345 1400 
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6.4.1 Microstructure after heat treatment 

 

6.4.1.1 Void characterization 

 

Three samples were created, labelled A, B and C, each of which contained the 9 

individual parameter sets, they were then HIP and heat-treated. The sample 

volumes for void characterisation were 10mm lengths taken from the tab end part 

of the tensile wishbones before the specimens were tensile tested. 

Table 20 - Al 2219 Ideal parameters full table in appendix F table 78. 

Specimen 
ID 

Void 
No. 

Void No. 
error (+/-) 

Void 
Area % 

Void Area % 
error (+/-) 

Circularit
y 

Circularity error 
(+/-) 

10 25823 550 0.812 0.018 0.631 0.023 

11 23286 493 0.832 0.016 0.758 0.017 

23 17280 356 0.678 0.014 0.739 0.022 

Mean 22129 466 0.774 0.016 0.709 0.021 



 

 

1
3

9 

Table 21 - Al 2219 microstructure post HT summary. Full data appendix F table 69 

 

Parameter 
set 

Void 
No. 

Void No. 
error (+/-) 

Void 
No. 
StDev 

Relative 
StDev (%) 

Void 
Area % 

Void 
Area % 
error (+/-) 

Area % 
StDev 

Relative 
StDev (%) Circularity 

Circularit
y error 
(+/-) 

Circularit
y StDev 

Relative 
StDev (%) 

1 26367 456 2509 9.5 0.863 0.027 0.047 5.4 0.741 0.065 0.024 3.2 

2 23483 591 3702 15.8 0.753 0.041 0.072 9.6 0.731 0.067 0.055 7.5 

3 31758 625 5913 18.6 1.171 0.052 0.289 24.7 0.722 0.068 0.007 1.0 

4 33559 570 6326 18.9 1.445 0.043 0.470 32.5 0.700 0.068 0.054 7.7 

5 30892 419 4067 13.2 1.167 0.052 0.449 38.5 0.731 0.062 0.044 6.0 

6 35221 588 7141 20.3 1.379 0.031 0.091 6.6 0.715 0.063 0.008 1.1 

7 25096 528 1637 6.5 0.830 0.030 0.105 12.7 0.771 0.069 0.017 2.2 

8 29366 634 5557 18.9 0.829 0.038 0.114 13.8 0.718 0.068 0.053 7.4 

9 32310 466 7941 24.6 1.032 0.035 0.303 29.4 0.726 0.078 0.042 5.8 

Mean of 
column 29784 542 4977 16.2 1.052 0.039 0.216 19.2 0.728 0.068 0.034 4.7 



140 

 

Table 20 shows the characteristics of the 3 ideal, most dense, parameter sets which 

were used as a basis to make the parameters on which the tensile parameters were 

based, they are the most useful ones to compare to the new results from the initial 

data set. Table 21 provides the average of the parameter sets across all 3 samples. 

The results displayed in table 21 demonstrate that the samples had a very wide 

spread of results with the relative standard deviation in all of the examined 

categories representing large percentages of the mean. This shows that in Al 2219 

the HIP and heat treatment process has inconsistent effects on the microstructure 

of the samples, even within the same sample parameter the specimens varied 

significantly. The relative standard deviations of the void number and their area are 

high comprising on average between 16.2% and 19.2% of the mean values that they 

are describing. This is all indicative of an uneven effect on the microstructure by the 

HIP and heat treatment process. 

When compared to the ideal results for the void area% as identified by the initial 

factorial DOE ideal results displayed in table 20, the void percentage and number of 

voids are both significantly higher in the post-heat-treated samples, the mean 

number of voids observed in the most dense samples was 22129 while the mean 

number of voids in the heat-treated samples was 29784, an increase of 34.6%. 

There was also a significant increase in void area%, with the average of the ideal 

samples being 0.774 compared to the heat-treated samples average of 1.052, an 

increase of 35.9%. This indicates that the process has opened up more voids, but 

they are of a generally similar distribution in their sizes, as the two quantities 

changed relatively similar amounts. The likely mechanism that has caused the 

increase in voids is the stress of the heat treatment process which has caused 

defects within the metal to fail and open up into voids. The consequence on the 

mechanical properties of the part would potentially include an increase in the 

number of crack initiation sites which would potentially decrease the mechanical 

usefulness of the end part. 

Circularity differed by comparatively very little between the two sets of data, with 

the ideal results having a mean value of 0.709 and the heat-treated samples having 
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0.728. This indicates that the geometry of the pores has not changed that much 

with a percentage difference of only 2.3% between the two dataset means.  

 

6.4.1.2 Factorial DOE analysis 

 

Compared to the initial parameter testing this factorial DOE set is fully factorial and 

enables the examination of all the altered factors and their interconnection, this is 

enabled by the reduction in the number of factors from the initial testing and could 

allow for the identification of the influence each factor has on the void area% of the 

final product.  

 

 

The pareto chart demonstrates that only the power of the laser is significant 

enough to have an effect on the void area at above the 95% confidence level. 

Compared to the factorial DOE analysis of the initial testing speed is no longer 

identified as being an important factor in the control of the void area%. It is likely 

that this is as a result of the much-reduced variation in speed in the second 

Figure 55 - Al 2219 pareto chart 



142 

 

parameter set, there was insufficient variation in the scan speed to produce a 

statistically significant difference in the output.  

The S value of the data was 0.2661 with an R squared of 54.73% and an adjusted R 

squared of 34.61%. These values indicate that the data is a poor fit to the 

regression equation with the power term only explaining 34.61% of the variation in 

the data. This is not necessarily a result of the parameters used in the initial 

manufacturing of the test pieces as there were several steps performed on these 

parts in order to attempt to increase their properties which were outside of the 

control of the experiment, particularly the heat treatment process which is the one 

likely to cause adverse changes in the void area%.  

 

 

The residuals plot exhibits good symmetry however it does exhibit some 

heteroscedasticity as the residuals range increases as the fitted value increases. 

This indicates that there is potentially a problem with one of the factors of the 

model having an outsized effect on the void percentage. However, the points that 

are forming the distinctive cone shaped increase in the residuals do not come from 

Figure 56 - Residual vs fits chart for Al 2219 
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the same parameter set and are representative of one of the repeat values it is 

probable that this is a consequence of another factor which is not accounted for in 

the model or randomness within the process. 

The model predicts that the lowest value for void is a setting of 370W of laser 

power and 1200 mm/s of laser scan speed in order to achieve the lowest Void 

area%.  

 

6.4.1.3 Summary 

 

The expected difference from the use of HIP and optimisation of the parameters 

was in achieving an almost completely dense, heat-treated part. However, the 

microstructure analysis has produced some problems with that aim. First that there 

has been an overall increase in the void area% in the parts produced and processed 

in this manner. The second is that even in employing a reduced number of terms 

and ranges of terms the regression analysis has not produced a more precise 

outcome even with the repeated terms. This indicates that there is a quality of the 

part which has not been examined that is causing the increase in void area% when 

it is heat-treated. It is possible that there are high residual stresses in the parts 

which are being exacerbated by the external stresses introduced by the heat 

treatment process.  

However, void area% has only been used so far as an analogue for mechanical 

strength on the basis that a part with voids within it is unlikely to exhibit high 

mechanical strength. It is necessary to complete the testing before reaching a more 

conclusions. 
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6.4.2 Tensile strength  

 

6.4.2.1 Pre-heat treatment 

 

Table 22 - Al 2219 tensile testing pre-heat treatment. 

Parameter 
set 

Cross 
sectional 
area 
(mm^2) 

Error 
(+/-) 

Maximum 
tensile stress 
(MPa) 

Error 
(+/-) 

Modulus 
(0.02-0.05% 
chord) (MPa) 

Error 
(+/-) 

1 20.05 0.01 25.6884 0.0128 19160 547 

2 20.01 0.01 20.1036 0.0100 22844 653 

3 20.35 0.01 22.3872 0.0110 20194 577 

4 20.01 0.01 21.1802 0.0106 17425 498 

5 20.14 0.01 26.1497 0.0130 20518 586 

6 20.19 0.01 21.7593 0.0108 22428 641 

7 19.94 0.01 27.3213 0.0137 20336 581 

8 20.14 0.01 26.1484 0.0130 20518 586 

9 20.00 0.01 22.4611 0.0112 14118 403 

Mean of 
column 20.09 - 23.6888 - 19727 - 

StDev 0.13 - 2.6308 - 2644 - 

 

One set of tensile parts was tested without undergoing the HIP and heat treatment 

processes and the results are displayed in table 22, the fracture was in every case 

characterised by a straight disintegration across the test length without any 

significant necking in the testing length as shown in figure 58. The modulus is 

calculated by the gradient of a chord drawn between 0.02 and 0.05% stress to give 

the peak gradient of the curve but avoid any initial slippage in the equipment 

affecting the measurement.  
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Figure 57 - Al 2219 non-heat-treated tensile samples Stress/Strain graph. 
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The curves for the non-heat-treated alloy display almost no evidence of an elastic 

region with the deformation curves starting to immediately form a plastic like 

curve. This is characteristic of a low ductility material that has an unusual 

microstructure. From the examination of the form of fracture and of the 

microstructure it seems likely that the reason for the strange shape of the curve is 

that there are cracks being opened in the material on planes of existing weakness 

which separate under tensile stress.  

Figure 58 – Al 2219 sample fracture 
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As shown in figure 59 which is a micrograph of the end of test piece 4, the fracture 

surface is very blocky, and its profile looks similar to that of some of the cracks 

exhibited in the material. This indicates that the material has separated along an 

existing weakness of a crack in the material. The cracks are caused by high 

embodied stresses in the material which could be as a result of the machining 

stresses of separating the parts from the plate or as a result of planes of weakness 

below the level of the microscopes examination which became opened up under 

the strain of the tensile testing.  

 

6.4.2.2 Post Heat treatment  

 

Three samples were put through the HIP/Heat treatment process as outlined in the 

methodology section, four specimens were lost to the heat treatment process.

Figure 59 - Fracture end Al 2219 specimen 4. Build direction directly out of page. Heat treated. 
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Figure 60 - Al 2219 Sample A Stress/Strain. Post HT. Tabulated data in Appendix F table 70. Specimen 7 and 9 are missing after fracturing during heat-treatment. 
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Figure 61 -Al 2219 Sample B Stress/Strain. Post HT. Full data in Appendix F table 70. Specimen 2 is missing as it fractured upon quenching after the heat-treatment process.
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Figure 62 – Al 2219 Sample Stress/Strain. Post HT. Full data in Appendix F table 70. Specimen 7 is missing from this set as it fractured upon quenching after the heat-treatment process.
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The tensile properties of Al 2219 processed for this experiment are below literature 

values significantly [22]. An attempt was made to get the 0.2% proof yield strength 

however the materials deformed so quickly as to render it pointless. The highest 

achieved MTS for Al 2219 produced via ALM was 73 MPa, or 17.6% of the literature 

value of 415 MPa. The measured modulus is of limited use given the materials 

plastic deformation behaviour at every stage of the curve. The elongation before 

break of the 25mm gauge length ranged from as low as 0.044% in specimen C3 to 

1.92% in specimen B4. The minimum literature value for elongation at break is 10% 

for Al 2219 T6.  

 

6.4.2.3 Correlation between void parameters and tensile strength 

 

The correlation coefficient between the void area% and the MTS is 0.099, which 

indicates a very moderate positive coefficient between the two values. The 

expected value was for a negative coefficient to indicate that a decrease in the void 

area% would lead to an increase in the MTS, which would be the intuitive link 

between the two. Without a clear causal link that can be identified, and the very 

low value of the correlation coefficient, it cannot be said that there is a relationship 

where an increase in void area% leads to an increase in length so it is likely that this 

is randomness within the experiment and that there is no link between the void 

area% and the MTS found in the ranges examined in this experiment. A high degree 

of cracking was identified post-heat-treatment in the micrographs as explored in 

section 7.5, which would mean that there need only be one major line of weakness 

present to fail, the void populations of each of the specimens were all sufficiently 

large to contain such a weakness and hence the rest of the populations sizes were 

largely irrelevant because they did not contain the weakest crack that was actively 

stretching to failure.  
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To investigate the link suggested by the void correlation the micrographs were 

thresholded to eliminate sub 20-pixel voids in order to focus the examination on 
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Figure 63 - Al 2219 maximum tensile strength versus void area%. Appendix F table 69 and 70 for tabulated data. 
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voids that were large enough to embody at least part of a significant plane of 

weakness. The average circularity measurement of all of the larger voids in a 

specimen will describe the population as to whether it tends towards longer thinner 

cracks with lower circularity or more spherical voids with higher circularity.  

The correlation coefficient between the circularity and the MTS is 0.474 which 

indicates a positive correlation between the geometry of the pores being more 

circular and the tensile strength. This agrees with the link proposed as an 

explanation for the lack of correlation between the overall void area% and the MTS, 

the less prevalent that long cracks are in the void population the better the 

structural integrity of the part.  

 

6.4.2.4 Crack density 

 

To examine the ideal crack density and compare it to the cubic samples on which 

the parameter set is based. In the absence of a single unbroken series to examine, 

the highest MTS sample is selected from each set of specimens produced via the 

same production parameters for examination. 

Table 23 - Crack density Al 2219 tensile samples. 

Specimen  Crack density (Co/mm2) Error (+/-) 

A1 80 1 

A2 72 0 

A3 63 1 

C4 89 2 

B5 74 1 

B6 83 2 

B7 68 2 

C8 66 2 

C9 86 1 

Mean 76 1 

StDev  9 - 
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Table 24 - Al 2219 cubic samples crack density 

Specimen Crack density 
(Co/mm2) 

Error (+/-) 

10 42 1 

11 14 0 

23 6 0 

Mean 21 0 

StDev 19 - 

 

The conclusion that can be drawn is that the heat treatment processes have 

significantly increased the cracking in the tensile samples, this agrees with the 

general increase in void area and the decrease in the circularity of those cracks as 

noted earlier in this section. This indicates that despite the initially promising state 

of the samples, particularly that of sample 23 which had very low cracking there 

were existing faults in the microstructure not immediately obvious on the 

microscopy analysis that were exacerbated by the heat treatment and 

compromised the final structure. This is also supported by the fact that the crack 

density is more consistent, if worse, in the tensile samples, whose parameters run 

the same range in total as the cubic samples which indicates that the faults were 

present despite being unobservable.   

 

6.4.2.5 Summary 

 

The mechanical properties did show large potential improvements with the heat-

treatment process. Table 25 shows the pre-heat-treated tensile properties (P) 

alongside the highest result for the heat-treated tensile parts. The minimum value 

of the tested end pieces is included, and labelled Min. Measures marked with a * 

had one or more specimens lost to the heat-treatment process. Range is the width 

of the heat-treated samples tensile stresses between the specimens that make up 

the sample. 

In all instances of the parameter set the heat-treated parts demonstrated a 

significant rise in their maximum tensile stress, with the exception of parameter set 
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7 where there was a drop caused by the internal structure of the specimens 

becoming too compromised to hold any kind of mechanical strength. This is also 

backed up by the that parameter set losing two of its tensile test pieces to 

disintegration in the heat-treatment process. The highest gain in strength that is 

seen is in parameter set 4 with an increase of 234.6% in maximum tensile stress 

after the heat-treatment process which does demonstrate that even considering 

the loss of structural integrity from the increased void area% in the material itself it 

did represent significant gains. 

However the final results were generally quite inconsistent after the heat-

treatment process so it is not possible to make general statements based on the 

best case result without considering the spread within the up to three tested 

samples, in the case of parameter set 4 which was the highest maximum tensile 

stress, its lowest was still a significant increase in strength over its untreated state 

with an increase of 91.9% in its maximum tensile stress. Specimen 9 also had a 

similar increase at the low end of its range with an increase of 166.3% but one of its 

specimens was lost and so represents a more problematic example.  

The range in most cases represented a very large proportion of the maximum 

tensile stress with sample 9 providing the best with a range of only 9% of its highest 

stress value if the value of the lost tensile piece is ignored.  

It is the case that the results for Al 2219’s tensile mechanical properties were highly 

inconsistent and not equivalent even in the best case to literature values for the 

material, which presents issues with using material processed in this way for 

mechanical applications. 

The achieved values for MTS however were correlated with circularity as opposed 

to overall void area% with which they achieved no positive correlation. This 

demonstrates that tensile strength in Al 2219 is more dependent on the form of the 

voids rather than necessarily their overall size. It also identifies that the form of 

voids is a measure whose specific investigation and optimisation may lead to 

greater property gains.
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Table 25 - Al 2219 pre and post-heat-treat tensile properties 

(PHT) indicates pre heat treated properties. 

Parameter set 

Maximum 
tensile stress 
(MPa) (PHT) Error (+/-) 

Maximum 
tensile stress 
(MPa)  Error (+/-) 

% change 
from pre-
heat-
treated 
state 

Min. 
Maximum 
tensile 
stress 
(MPa) 

Error 
(+/-) 

% change 
from pre-
heat-
treated 
state 

Range 
min. – max 
achieved 
properties. 

Range (%) 
of 
maximum 
property 

1 25.6884 0.0128 66.016 0.032 157.0 34.028 0.017 32.5 31.986 48.5 

2* 20.1036 0.0100 52.191 0.025 159.6 28.188 0.014 40.2 24.002 46.0 

3 22.3872 0.0110 49.069 0.024 119.2 17.346 0.009 -22.5 31.722 64.6 

4 21.1802 0.0106 72.858 0.036 244.0 40.576 0.020 91.6 32.281 44.3 

5 26.1497 0.0130 63.155 0.031 141.5 37.758 0.019 44.4 25.397 40.2 

6 21.7593 0.0108 55.818 0.027 156.5 26.742 0.013 22.9 29.074 52.1 

7* 27.3213 0.0137 19.995 0.009 -26.8 19.995 0.001 -26.8 N/A N/A 

8 26.1484 0.0130 35.461 0.017 35.6 26.968 0.013 3.1 8.492 23.9 

9* 22.4611 0.0112 65.643 0.032 192.3 59.806 0.030 166.3 5.836 8.9 
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6.4.3 Hardness  

 

Table 26 - Al 2219 hardness values 

Parameter 
set 

Mean 
hardness 
(HV) 

Minimum 
(HV) 

Maximum 
(HV) Range StDev 

Relative 
StDev (%) 

1 117.9 116.6 118.8 2.2 0.9 0.8 

2 118.4 114.8 120.2 5.4 2.2 1.9 

3 121.5 116.9 125.5 8.6 3.1 2.6 

4 119.4 118 121.3 3.3 1.5 1.3 

5 116.4 114.2 117.7 3.5 1.5 1.3 

6 115.6 112.4 119.1 6.7 2.5 2.2 

7 117.8 114.8 118.7 3.9 1.7 1.4 

8 113.2 109.5 114.9 5.4 2.2 1.9 

9 120.3 117.6 121.6 4.0 1.6 1.3 

Mean 117.8 115.0 119.8 4.8 - - 

Standard 
deviation 2.5 2.7 2.9 2.0 - - 

The literature value for hardness of Al 2219 T6 is 130HV [23], here the properties 

are much closer to literature values with the lowest mean hardness value being at 

87.1% of that literature value. The relative standard deviation of the mean is at 

most 2.6% which means that in this property the output is consistent within the 

same specimens. The standard deviation of the mean value across all parameter 

sets is 2.1% of the mean so the different parameter sets themselves are well 

grouped.   
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6.5 Microstructure after tensile testing 

 

To determine how the microstructure changed as a result of failure the samples 

were re-examined after the process was complete and compared to gain 

information about the failure of the parts. 

 

6.5.1 Void area% 

 

Table 34 demonstrates the significant increase in void area as compared to the pre 

tensile tested pieces. Every individual value is significantly above the average value 

given in the pre-tensile examination. Pre tensile testing is indicated by (P). 

Table 27 - Al 2219 Pre and post tensile testing treatment microstructure. Full data in appendix F table 83. 

Parameter 
Void 
No. (P) Void No. 

Area % 
(P) Area% 

Circularity 
(P) Circularity 

1 26367 10863 0.863 3.190 0.741 0.652 

2 23483 8649 0.753 1.580 0.731 0.624 

3 31758 15225 1.171 2.887 0.722 0.621 

4 33559 13358 1.445 2.763 0.700 0.621 

5 30892 13401 1.167 2.153 0.731 0.609 

6 35221 14483 1.379 2.487 0.715 0.611 

7 25096 10565 0.83 1.630 0.771 0.665 

8 29366 12304 0.829 2.233 0.718 0.610 

9 32310 14197 1.032 2.400 0.726 0.611 

Column 
mean 29784 12561 1.052 2.369 0.728 0.625 

 

As shown in table 27 all three measured parameters have changed significantly 

between the two. The mean void number of the post tensile samples is 42.2% of 

the value of the pre tensile samples. The mean void area however has increased by 

125.2% from pre to post tensile testing and the mean pre tensile circularity is 85.9% 

of the value of the post tensile circularity. This change indicates the following about 



159 

 

how the void structure has changed. The first is that the voids have gotten larger 

and that smaller voids have come together to form larger voids, this can be inferred 

from the number of voids dropping while the area increases. The second thing that 

can be inferred is that the voids are generally longer and thinner relatively speaking 

after the tensile testing as the circularity has decreased which shows a higher 

surface area to volume ratio among the voids.  

Those two changes in the general void structure indicate that under the stress of 

the tensile testing that cracks have opened up in the material, either by the 

widening of already existing cracks or by the instigation of cracks at the surface of a 

small void which have then propagated through the material to form a longer void.  

 

 

Figure 65 - Al 2219 fracture ends. 

Figure 66 - Al 2219 heat treated sample A3 fracture end micrograph. Build direction is vertically out of page. 

Post HT. 
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The tensile pieces themselves exhibited no noticeable elongation before failure and 

the fracture surfaces were consistently perpendicular to the direction of the gauge 

length. Under microscopic examination it is clear that the end of the tensile piece 

follows the profile of an existing crack that has widened to the point of failure. As 

shown in figure 66 there are frequently areas of the test piece that stick out into 

the fracture plane which reinforce that assessment along with the heavy cracking 

which is displayed elsewhere in the micrograph which is typical of all of the samples 

that were examined. Cracking was not only evident in the post tensile tested pieces, 

as shown in figure 67, it was present in the pre-test samples as well but became 

more pronounced in the post test samples as shown by the data in table 27. 

The form of failure is the widening of cracks in the material which were introduced 

by the stresses of the heat-treatment process. These are the weak points that are 

shown in both the pre and post testing samples, unlike in conventionally 

manufactured samples there is no need for cracks to be propagated through the 

material for failure as the cracks are already existing despite the attempts to reduce 

the number of internal voids and stress via HIP and annealing before the heat-

treatment process. The cracking itself largely follows the two directions of the X Y 

scanning strategy which is a very strong indicator that the heat treatment processes 

was not able to fully remove the microstructural defects caused by the SLM process 

in Al 2219 and hence the orthogonal cracking. 
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Figure 67 - Al 2219 sample B1 pre and post tensile testing (Pre left). Build direction is vertically out of the page. Post HT both. 



162 

 

6.5.2 EBSD study of grain structure 

 

The grain structure was examined in the pre and post-heat-treatment state to see 

how the process affected the structure and to identify the degree of grain 

refinement that was achieved by the heat-treatment process. The selected pieces 

for examination were the ones that had achieved the best tensile parameters in 

testing for an examination of the ideal, most dense, part  

 

6.5.2.1 Size 

 

Aspect ratio is a calculation made by the software of the fitted ellipse major 

diameter over the fitted ellipse minor diameter. pre HT indicates pre-heat-

treatment, post HT indicates post-heat-treatment. Grain size is extracted from the 

EBSD data that is used to plot the grain maps, it is the measurement of the area of 

each grain as defined by its edges being above the low misorientation angle 

boundary of 5 degrees. 

Table 28 - EBSD grain structure Al 2219 

Specimen 
ID 

Average 
area 
(µm²) 

Error 
(+/-) 

Relative 
StDev StDev 

Average 
Perimeter 
(µm) 

Error 
(+/-) StDev 

Aspect 
ratio 

23 184.60 0.01 1.95 359.58 49.24 0.01 52.13 1.89 

C4 pre HT 161.23 0.01 1.84 296.49 44.85 0.01 41.89 1.87 

C4 post 
HT 129.57 0.01 1.98 256.26 41.54 0.01 48.00 1.83 

 

The specimens responded in the expected way to the heat-treatment process. 

There was a significant reduction in both grain size and in perimeter length which 

indicates grain refinement through the process and the increase in the amount of 

grain boundaries which provide mechanical strengthening. This fits with the general 

increase in strength observed between the pre and post-heat-treatment tensile 

samples that were examined.  
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The aspect ratio decreases but only slightly with a drop of 3.17% between specimen 

23 and C4 post HT. Any significant decrease in this measure would indicate that the 

grains were rounding out and becoming more spherical however there is no 

evidence of a significant decrease. This indicates a similarity in the grain formation 

mechanism in both ALM and in the heat-treatment owing to the similar form of the 

grains produced. 

 

 

Figure 69 - Al 2219 Grain size C4 Pre HT. 

Figure 68 - Al 2219 Grain size specimen 23. No heat treat. 
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As shown by figures 68 - 70 the general distribution of the areas of the grains 

remains quite similar. This combined with their similar relative standard deviations 

means that it is safe to conclude that the effects on the microstructure from the 

additive manufacturing process was similar to heat-treatment in its effect on the 

microstructure. The shape of the curve also shows an expected exponential 

decrease in the grain size from a peak at the smallest grain size. The population of 

each 100 wide interval never exceeds 3 grains in the >1000 category, the charts 

being truncated for display.  

 

6.5.2.2 Orientation 

 

The grain orientation can be expressed by the misorientation angle between grains 

throughout the specimen. Whether this is random or not is expressed by how close 

the plotted values of misorientation between grains relates to the theoretical ideal 

which is expressed by the Mackenzie distribution [213]. Here two sets of values 

have been extracted from the EBSD data, the first is random pair misorientation 

and the second is neighbour pair misorientation. This will enable an examination of 

Figure 70 - Al 2219 C4 Post HT grain size. 
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whether there are localised patterns in the grain orientation that do not appear 

between random pairings. The third plotted is the Mackenzie distribution which 

represents the theoretical ideal with no influence on the grain orientations.  
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Figure 71 - Al 2219 grain misorientation plot sample C4 Pre HT. 
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Figure 72 - Al 2219 grain misorientation plot sample C4 Post HT. 
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In both the pre and post-heat-treated specimen the random pair distribution lies 

close to the Mackenzie distribution. This demonstrates that it is a constant quality 

of Al 2219 produced in this fashion that it produces a random overall grain 

structure in line with what is expected from cast aluminium. However, the 

neighbour pair distribution in the pre-heat-treated specimen is significantly 

different from both the Mackenzie plot and also the random pair distribution. This 

demonstrates that neighbouring grains have an effect on the orientation of their 

neighbouring grains, which is an expected outcome. The neighbour effect on grain 

orientations has become less pronounced with the heat-treatment which indicates 

there is a distinction between the two processes which has caused the difference.  

The neighbouring grains are showing a higher proportion of low angle grain 

boundaries than the random pairs. High angle grain boundaries are often caused by 

two grain growth directions from separate nucleation points meeting at a sharp 

angle which creates a high angle grain boundary. Owing to the mechanics of SLM 

the specimen is crystalizing sequentially as the laser sweeps across the part as 

described by Zinoviev et. al. [37]. This means that there is far less likely to be a grain 

coming in from another direction that has nucleated elsewhere, to stop grain 

growth in a particular axis, and that coincidence point creating a high angle 

boundary. Instead the grains are tending to be orientated parallel to the sweep 

path of the laser which is demonstrated by the larger concentrations of low angle 

neighbour grain misorientations. Whereas in the heat-treating and annealing 

process there will be multiple different grain nucleations going on at effectively 

random points in the part that will meet in a much less structured fashion causing 

neighbouring grains to have a higher incidence of high angle grain boundaries. This 

would account for the discrepancy between the non-heat-treated specimen and the 

heat-treated one. Examination of the IPF maps to look for texture would help to 

identify this.  
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6.5.2.3 Inverse pole figure 

 

Inverse pole figure projections provide a visual representation of the orientation of 

grains in a structure. The Normal direction is defined as being parallel to the build 

direction of the specimen. Note the difference in the colour scales in each figure. 

 

 

 

 

As is shown in the IPF diagrams there is a texture at certain parts of the IPF 

projection, particularly in the non-heat-treated specimen at the 001 side of the 

triangle. Contrasting however is the post-heat-treatment projections whose 

orientations are far less structured and would lend themselves more to a structure 

which has not had a texture imparted upon it by an external influence. The change 

is mild in both the IPF and Mackenzie plots, which is what should be expected in the 

case where heat-treatment and SLM solidification are both imparting a similar 

structure in their crystallisation. This is shown by the visually similar IPF grain maps. 

Figure 73 -Al 2219 specimen C4 Pre HT. 

Figure 74 - Al 2219 specimen C4 Post HT. 
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There is clustering of the grain orientations shown which supports the strength of 

the neighbour effect on grain orientations observed in the Mackenzie plots 

 

 

 

  

Figure 75 - Al 2219 specimen C4 Pre HT grain map. Build direction out of the page. 

Figure 76 - Al 2219 specimen C4 Post HT grain map. Build direction out of the page. 
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6.6 Composition of the heat-treated specimens.  

 

 

Figure 77 shows the SEM image of the area used for EDS analysis of the specimens. 

The majority of the specimen is the same alumina phase with the exception of the 

white inclusions which indicate a different phase. The literature value for the 

composition of Al 2219 is 5.8-6.8% copper, 0.3% iron, 0.2% silicon, 0.2-0.4% 

Manganese, 0.02% magnesium, 0.1% Zinc and 0.05 - 0.15% Vanadium [24]. To 

check for composition loss during the process an examination was made of the 

powder and the finished part. Precipitated hardening particles are visible 

throughout the part as the white grains.  

The elemental analysis results from the powder pre manufacture and the parts post 

manufacture are displayed in table 29. 

 

Figure 77 - SEM image of Al 2219 sample C4. Heat Treated. 
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Table 29 - Elemental composition of Al 2219 

Element 
Wt. % Al 2219 
powder Error (σ) (+/-) 

Wt. % Al 2219 
C4 Error (σ) (+/-) 

Al 92.6 0.0 93.0 0.0 

Cu 6.7 0.0 6.3 0.0 

Mn 0.3 0.0 0.3 0.0 

Fe 0.2 0.0 0.2 0.0 

V 0.1 0.0 0.1 0.0 

 

Oxygen and carbon were both excluded from the composition due to the heavy 

oxidation coating that accumulated between the production of the specimens and 

the composition testing and the mounting compound causing them to show up as 

major composition peaks.  

The values for all of the elements were within the boundaries of the composition 

from the literature, there was the notable absence of any silicon or zinc though 

those are listed as maximum compositions and are not required minimums. There 

was some loss of copper observed during the process but insufficient to take the 

material out of specification range. 

The white phases observable in the SEM image were examined for their local 

composition and that composition is displayed in table 30. From the composition 

and literature [24; 214] it can be inferred that these are precipitated systems 

combining Aluminium, Copper and Fe in phases such as Al2Cu or Al3Fe. The error on 

the detection is quite high owing to the large magnification needed which means 

that there is likely a large amount of the lower composition alloying elements in 

there that have been lost in the noise of higher magnification, as shown in figure 78 

the precipitated phases are evenly distributed throughout the material, the large 

white spot shows a peak in Fe and Cu which is likely a larger intermetallic phase. 

Table 30 - Al 2219 C4 precipitate composition 

Element Wt. % Al 2219 C4 Error (σ) (+/-) 

Al 60.1 2.4 

Cu 29.8 2.5 

Fe 10.1 1.4 
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Figure 78 - Elemental mapping for Al2219. From left to right: Original SEM, Al Kα1, Cu Kα1, Fe Kα1, Mn Kα1. All images show the same section of the SEM. Heat Treated. 



174 

 

6.7 Summary 

 

The objective of the experiments was to establish whether it was possible to 

produce mechanically useful parts of Al 2219. In the initial testing stages, it was 

demonstrated that it was possible to create parts with very close to full density via 

ALM methods when examined on a microscopic level. An ideal, most dense, region 

for the parameters was identified as between 1200 and 1400 m/s scan speed and 

320 and 370w of laser power, hatch distance was eliminated as a relevant 

parameter and this testing set was applied to creating tensile test pieces. 

When the parts were HIP and heat-treated however it did not successfully decrease 

the internal void area further as was expected. After the heat-treatment to 

enhance the strength the internal void area went up as cracks were created ore 

exacerbated in the heat-treated samples. The cause of this is the stresses 

introduced into the material by the heating and cooling process of bringing the Al 

2219 to the T6 temper level. The adverse reaction of Al 2219 to the process 

indicates that there was a significant level of embodied stress and unfavourable 

microstructure already present in the tensile parts before the process was 

completed which was exacerbated by the heating and cooling cycle. This explains 

the difference in reaction between conventionally processed aluminium when heat-

treated, and the aluminium produced via additive methods here. 

There were gains in mechanical properties from the as-built material compared to 

the heat-treated material, however the results for that were inconsistent in the 

case of Al 2219 with large ranges in the final mechanical properties achieved and 

also several instances of parts becoming damaged to the point of disintegration by 

the heat-treatment process. The hardness values were more consistent between 

the different samples and specimens. 

Two of the parameter sets show the most promise for further investigation in but 

cannot be considered as useful for building mechanical parts as of yet. These were 

parameter sets 4 and 9 which were 320W and 345W respectively combined with a 

1400mm/s scan speed.  
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7. Al 2024 

 

The factorial DOE array used is described in the methodology section. The errors for 

the processing parameters are discussed in the sources of error section but are 

assumed to be +/-3 W for the laser power and to contain no other significant 

sources of error for the parameters, void error is measured from the data set. 

 

7.1 Initial void optimisation 

Factorial DOE is used to examine the process parameters for Al 2024. The three 

terms labelled A B and C are as follows: A is scan speed, B is power, C is hatch 

distance.  

The production parameters for each specimen number are in Appendix C table 69. 
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Figure 79 - Al 2024 sample void area %. See appendix G table 72 for tabulated data. 
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Figure 80 - Pareto chart for Al 2024 

 

Two factors exceed the 5% confidence interval, that of speed and power which 

provide a similar area to focus on for the final optimisation as for Al 2219. Though a 

notable feature is that Al 2024 displays no second order interaction between speed 

and power despite both being significant factors in themselves.  
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Figure 81 - Residuals versus fits for Al 2024 

 

The S value of the model is 0.585 with an R2 of 59.46% and an R2 adjusted of 

51.08% with an even distribution of points either side of the line, the points are 

mostly clustered around the fit line in a tight band as indicated by the low S value.  

The R2 values are such that the two factors of speed and power account for a 

majority of variation within the model and hence can be used with a reasonable 

degree of confidence to try and optimise further with a higher order model. 

7.1.1 Ideal Processing conditions 

Table 31 - Al 2024 ideal processing conditions. 

Specimen 
number 

Scanning 
Speed 
(mm/s)  

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Error 
(+/-) 

Crack 
density 
(%) 

Error 
(+/-) 

26 900 320 0.15 0.804 0.017 104 5 

28 1100 370 0.15 0.739 0.015 78 2 

30 900 270 0.11 0.909 0.021 95 2 

31 900 370 0.13 0.925 0.017 101 4 

32 900 320 0.11 0.931 0.019 96 1 

36 900 370 0.15 0.914 0.019 75 1 
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Al 2024 has two factors that exceed the confidence interval, that of Speed and 

Power, it has the largest grouping of parameters at the low end of the tested alloys 

which are focused around two distinct scan speeds and power settings which gives 

a clear range around which to optimise further testing. It exhibits a higher crack 

density than Al 2219 but lower than Al 7075, this is potentially concerning for its 

suitability as a material for SLM. 

 

7.1.2 Al 2024 Micrographs 

 

 

Figure 82 – Al 2024 sample 26. Build direction out of the page. No HT. 
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Figure 83 – Al 2024 sample 30. Build direction out of the page. No HT. 

Figure 84 - Al 2024 sample 32. Build direction out of the page. No HT 
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Figure 85 - Al 2024 sample 31. Build direction out of the page. No HT. 

Figure 86 - Al 2024 sample 36. Build direction out of the page. No HT. 
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The factorial DOE analysis gave 6 parameter sets that had a void of under 1% which 

are specimens 26, 28, 30-32 and 36. The micrographs of these parameter sets show 

very limited spherical porosity and the pores that do exist tend to be small, with the 

largest pores exhibited in specimen 30 being 205μm long at its longest point and 

121μm wide at its widest point. A large proportion of the measured void area% 

exists in the form of cracks. These form interconnected networks in all of the 

specimens observed, however their severity varies, with the width of the cracks in 

specimen 28 being so thin as to be almost unobservable at the magnification of the 

micrograph. While these cracks could very easily serve as failure initiation points as 

much as pores could it is possible that they may be thin enough that under HIP 

treatment they will form enough of a closed void that the process can close them.  

Figure 87 – Al 2024 sample 28. Build direction out of the page. No HT 
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The 6 low void area% specimens all behave in very similar fashions with their 

internal structures being characterised by lots of cracking but limited pores. It is 

possible that this is indicative of a high energy input which causes the metal to 

conglomerate fully but the added energy input introduces high stress that 

promotes cracking, the crosslinking is demonstrated in figure 88. There is also an 

inclusion of a non-powder imperfection from the powder itself that has been 

included into the solid metal in figure 88. Figure 89 shows a typical void defect as 

has been observed in all of the examined aluminium’s of this alloy, it appears to 

have been an area of the solid ripped out during polishing which would have likely 

been a weakened piece surrounded by cracking that left it disconnected from the 

main solid.  

  

Figure 88 - Al 2024 sample 26 crosslinked cracks and 

partial conglomeration. Build direction out of the 

page. No HT. 

Figure 89 - Al 2024 sample 30 void. 

Build direction out of the page. No 

HT. 
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7.2 Energy density and its effect on void area%  

 

Using equation 1 as outlined by Olakanmi [25] and described in the methodology 

section 3.3.3 it should be possible to examine the results and identify the existence 

of a window of ideal processing parameters if one exists for Al 2024. 

 

  

A second order polynomial fit matches the data with an R2 of 0.5305, a second 

order inverted arc fit line should be observed if there is an ideal parameter range 

within the range of values covered by the experiment. The R2 value is close to the 

R2 value of the factorial DOE analysis, which was 0.5946. There is a clear trend in 

the lower energy density areas and the fit line is much closer to the lower void 

percentages than was exhibited in Al 2219 or 7075. One potential issue is that the 

existence of an upper bound beyond which the void percentage increases is only 

characterised by a single point, which given the observed quality of the rest of the 

Figure 90 - Energy density against void area% Al 2024. Data in appendix G table 73. 
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data to still have varying void percentages at each energy density value might not 

necessarily represent a trend.  

The findings for Al 2024 however do suggest the possibility of an ideal processing 

window. The values fit with that idea however in order to conclusively show it 

would be necessary to create a new experimental set with a higher quantity of data 

points at the higher energy density values to identify if there data point at the high 

energy density tail is representative of a trend or not. However, there is evidence of 

a systematic increase in porosity as the energy density decreases owing to the 

higher concentration of data points in that region of the data. 

 

7.3 Al 2024 circularity and roundness 

 

The form of the voids within the aluminium was examined by looking at their 

circularity and roundness to attempt to quantify and compare numerically the type 

and shapes of the voids within the material.  

Table 32 - Al 2024 circularity and roundness summary table. Full data appendix F table 85.  

Specimen Number Circularity StDev Roundness StDev 

Sample mean value 0.617 0.301 0.432 0.226 

StDev of mean 
value 0.038 0.018 0.025 0.020 

Relative Standard 
Deviation (%) 6.17 6.06 5.85 8.92 

 

The circularity and roundness of Al 2024 within each parameter group are shown by 

table 32 to vary in a similarly wide fashion to the other aluminium’s. The mean 

standard deviation for circularity is 48.7% of the value of the mean itself, and the 

mean standard deviation for the roundness is 52.3% of the value of the mean. This 

indicates a widely spread group with only a limited variation at each level of 

circularity or roundness and is similar to what was observed in the other aluminium 

alloys. 



185 

 

The standard deviations for the mean values and their associated standard 

deviations are similarly low in Al 2024 as they are in the other aluminium’s with the 

highest value being the standard deviation of the roundness at 8.92% of the value 

of the standard deviation. This demonstrates that the population of the group of Al 

2024 are clustered and show little variation between them unlike the population 

within the sample groups and are indicative of a similar void formation response for 

all parameter sets examined. 

 

7.4 Mechanical characterisation 

 

The results from the initial testing area employed to produce a parameter set for Al 

2024 which due to its smaller scale can have repeat runs in and can examine all 

possible interactions, which was not possible with the larger array due to the 

unwieldy size of the array. Two parameters were identified as important in the 

initial analysis, laser power and scan speed, so those are the two that have been 

focused on in the second testing set. The array is set at three equally spaced levels 

for each, with laser power ranging between 320W and 370W and scan speed 

between 900mm/s and 1100mm/s. Hatch distance was set at 0.15. 

Table 33 - Al 2024 factorial DOE tensile parameter set 

Parameter 
set 

Laser power 
(W) 

Scan speed 
(mm/s) 

1 320 900 

2 320 1000 

3 320 1100 

4 345 900 

5 345 1000 

6 345 1100 

7 370 900 

8 370 1000 

9 370 1100 
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7.4.1 Microstructure after heat-treatment 

 

7.4.1.1 Void characterisation 

 

Three samples were created, labelled A, B and C, each of which contained 9 

individual parameter sets, they were then HIP and heat-treated. The sample 

volumes for void characterisation were 10mm lengths taken from the tab end part 

of the tensile wishbones before the samples were tensile tested. 

 

Table 34 – Al 2024 ideal parameters from void optimisation. Full table in appendix G table 72. 

Specimen 
num. Void No.  

Void No. 
error (+/-) 

Void 
Area % 

Void area % 
error (+/-) Circularity 

Circularity 
error (+/-) 

26 37620 380 0.804 0.017 0.631 0.010 

28 25496 247 0.739 0.015 0.705 0.014 

30 38257 235 0.909 0.021 0.685 0.016 

31 28994 170 0.925 0.017 0.629 0.010 

32 46230 406 0.931 0.019 0.649 0.012 

36 34353 410 0.914 0.019 0.610 0.008 

Mean of 
column 35158 308 0.870 0.018 0.652 0.012 

 

Table 44 shows the ideal parameters as identified by the initial factorial DOE 

analysis and their associated parameters. These represent the best comparison 

point for the post-heat-treatment microstructure.  
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Table 35 - Al 2024 average microstructure after heat-treatment.Full table in appendix G table 75 

 

 

StDev is standard deviation 

ME is propagated mean error 

Parameter 
set Average 

Void No. 
ME (+/-) 

Void 
No. 
StDev 

Relative 
StDev 
(%) 

Void 
area % 

Void area % 
ME (+/-) 

Void 
Area% 
StDev 

Relative 
StDev 
(%) Circularity 

Circularity 
ME (+/-) 

Circularity 
StDev 

Relative 
StDev 

1 21658 432 17596 81.2 1.772 0.025 0.453 25.5 0.719 0.090 0.109 15.2 

2 20478 469 10407 50.8 1.332 0.037 0.655 49.2 0.692 0.087 0.101 14.6 

3 15137 318 3612 23.9 1.736 0.057 0.468 27.0 0.612 0.082 0.040 6.5 

4 13366 219 3603 27.0 1.700 0.039 0.454 26.7 0.626 0.062 0.049 7.8 

5 15277 202 1912 12.5 1.626 0.036 0.047 2.9 0.650 0.084 0.019 2.9 

6 12235 216 3480 28.4 1.567 0.021 0.242 15.4 0.613 0.056 0.051 8.3 

7 13883 337 2995 21.6 1.808 0.041 0.551 30.4 0.628 0.090 0.063 10.0 

8 27211 421 21185 77.9 1.819 0.034 0.431 23.7 0.686 0.071 0.151 22.0 

9 15286 327 7860 51.4 2.003 0.029 0.352 17.6 0.679 0.099 0.094 13.9 

Mean of 
column 17170 327 8072 47.0 1.707 0.035 0.406 23.8 0.656 0.080 0.075 11.5 
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The results displayed in table 35 show that Al 2024 has a very inconsistent response 

to the heat-treatment and HIP process, the relative standard deviations for the void 

number and area categories being very high, typically in the range of 12 - 50% in 

both void number and void area %. There are two examples of very high standard 

deviations in parameter set 1 and 8 in Void No. but those are caused by a single 

outlying value rather than by all 3 values having a spread significantly higher than 

the other parameter sets, there is an example of a very tightly grouped parameter 

set in parameter set 5 in void area. The conclusion that can be drawn about the 

process is that there is a factor beyond the void percentage that was optimised that 

affects the parts in an unexamined way when they are put through the heat-

treatment process.  

When comparing the microstructure post-heat-treatment to the ideal parameters 

as identified by the initial factorial DOE analysis, the number of voids has decreased 

in the heat-treated samples, and the void area % has increased. The average 

number of voids among the treated samples was reduced by 51.2% by the heat-

treatment processes, though the smallest gap between the two sets is significantly 

lower with the average voids of treated set 8 being 93.9% of the number of voids in 

parameter set 31 of the non-treated set; however the general trend is that there is 

a significant gap between the two. The void area % shows a similar average gap but 

in the other direction, with the heat-treatment processes causing a gain of 96.2% in 

void number. This is quite a consistent gap in void area% with the smallest 

difference between the two datasets being between treated parameter set 6 and 

untreated set 31 with the untreated set being 69.9% of the value of the treated set. 

The process has reduced the quantity of smaller voids in one of two ways, either it 

has successfully densified them as part of the HIP process; or in the pre-treated 

sample there were hairline cracks which were being counted as multiple voids as 

due to their width they kept dipping below the image analysis threshold, and under 

the additional stress of the process those cracks have opened up and formed a 

much more visually distinct crack that is now counted as one void by the analysis. 

Given the increase in Area void area% indicated a more general opening up of voids 
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within the material it is most likely that the cause is the opening up of cracks to 

form larger voids. 

The consequence on the mechanical properties of the piece are likely going to be 

adverse, potentially offsetting the gains of the heat-treatment on the strength of 

the material as it will have increased the number of crack initiation sites and 

decreased the structural integrity of the piece. 

The circularity average is quite consistent between the two datasets, with the 

circularity value of the non-treated parts being 99.4% of the value of the treated 

parts, however the circularity within the treated parts themselves varied 

significantly with high relative standard deviations so there is a variation in both the 

scale and geometry of the pore within the treated parts.  

 

7.4.1.2 Factorial DOE analysis 

 

The factorial DOE analysis of this is a fully factorial L9 array which is possible due to 

the reduction in the quantity of factors and should be able to show the effects of 

the various parameters on the final void percentage of the part.  

The pareto chart in figure 91 shows that none of the parameters exceed the 95% 

confidence interval for their effect on the void area. Compared to the factorial DOE 

analysis of the initial testing it shows that neither speed nor power are important 

factors within the tested parameter ranges with regards to the final void area%. It is 

possible that this is as a result of the reduced parameter ranges within the second 

experimental set, that void area% is reduced but only up to a certain point that the 

scope of the ranges was too narrow to identify. It is also possible that the heat-

treatment process has a far greater effect on the final structure of Al 2024.  

The S value of the data was 0.4388 with an R squared of 19.64% and an adjusted R 

squared of 0.00%. These values indicate that nothing can be reliably stated about 

the void area% of the final parts of Al 2024 within the parameter range examined. It 

is possible that were the magnitude of the speed and power to be expanded an 
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effect would be observed, however that cannot be stated with any degree of 

certainty.  

 

Figure 91 - Pareto chart Al 2024 

Figure 92 - Residuals vs fits heat-treated Al 2024 
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The residuals are consistently distributed with no discernible pattern, there is one 

notable outlier in the top left of the residuals chart but the plot generally 

demonstrates that the results are randomly distributed. 

Nothing reliable can be determined from the factorial DOE model and for the 

creation of dense parts other sources of variation need to be examined.   

 

7.4.1.3 Summary 

 

The expected result from the use of HIP and then heat-treatment was that a dense, 

fully heat-treated part would be achieved, that the results from the initial testing 

would be improved upon. However, microstructure analysis has shown that the 

opposite effect has been achieved with a significant percentage change in the void 

area% for an average gain from pre to post treatment of 205%. It is also the case 

that introducing a process in the form of the HIP and heat-treatment process has 

influenced the void area% in an unknown way to sufficient magnitude that the 

speed and power factors are no longer significant in the void area% of the final 

part. Precisely what effect the changes in microstructure have had on the final 

mechanical properties will need to be explored in the mechanical testing of the 

final part. It seems likely that the ALM processes residual stress and the thin cracks 

observed in Al 2024 were exacerbated by the heat-treatment process which caused 

them to expand after the HIP process failed to close them. 

Up to this point however void area% has been used as a stand in for mechanical 

strength as a means to try and optimise it, actual testing of the mechanical 

properties needs to be carried out in order to fully examine the response. 
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7.4.2 Tensile strength  

 

The tensile wishbones were identified by the means of stamped letters on the tab 

ends and were processed via isostatic pressing and then subsequently by heat-

treatment and aging to a T6 standard as described in the methodology section. 

Some of the specimens fractured during the quenching process and hence were not 

able to be tensile tested. Those specimens are indicated by N/A in the results table. 

Some were also lost in the quenching media and so were not able to have their 

microstructure examined either, those specimens are indicated by N/A in the 

results table. The modulus was selected as an offset measurement in order to get 

the peak stiffness while avoiding any initial slip in the measurement rig. 

 

7.4.2.1 Pre-heat treatment 

 

Table 36 - Al 2024 pre-heat-treatment strength. 

Parameter 
set 

Cross sectional 
area (mm^2) 

Error 
(+/-) 

Maximum 
tensile 
stress 
(MPa) 

Error 
(+/-) 

Modulus 
(0.02-
0.05% 
chord) 
(MPa) 

Error 
(+/-) 

1 20.10 0.01 21.4783 0.0107 15065 430 

2 20.12 0.01 21.4661 0.0107 15570 445 

3 20.01 0.01 21.9422 0.0110 16429 469 

4 20.01 0.01 21.1842 0.0106 17425 497 

5 20.20 0.01 21.7525 0.0109 15682 448 

6 20.21 0.01 21.8758 0.0109 16550 473 

7 20.01 0.01 23.1549 0.0116 16954 484 

8 20.00 0.01 22.9212 0.0115 16844 481 

9 20.01 0.01 22.4603 0.0112 14118 403 

Mean 20.07 - 22.0262 - 16071 - 

StDev 0.09 - 0.6792 - 1049 - 

 

One sample of parts was tested without being subjected to heat-treatment 

processes in order to test them in their as-built state and provide a point of 
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comparison for the effects of the heat-treatment. All of the tensile pieces snapped 

very quickly after the start of testing in a horizontal crack across the neck with no 

evidence of necking or thinning in the test length.
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Figure 93 - Al 2024 non heat-treated tensile samples Stress/Strain. 
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The stress/strain curves for the non-heat-treated Al 2024 are characteristic of a low 

ductility material that almost immediately undergoes plastic deformation. By 

examining the microstructure of the part and its fracture point the mode of failure 

in each case looks to have been a fracture along an existing line of weakness. 

 

As shown in figure 94, the fracture surface is blocky and similar in profile to cracks 

observed in Al 2024. It is possible that cracks were introduced into the material by 

machining stresses involved in separating the parts from the plate and then 

profiling them down, or that there were high embodied stresses in the part that 

were exacerbated by the tensile testing which then opened up the cracks in the 

manner shown.  

 

7.4.2.2 Post Heat treatment  

 

Three samples were put through the HIP/Heat treatment process as outlined in the 

methodology section, three specimens were lost to stresses caused by the process 

and are noted beneath the graph where that occurred. 

Figure 94 - Al 2024 sample 5 fracture surface 
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Figure 95 - Al 2024 Sample A Stress/Strain. Summary table in appendix G table 76. Post HT. 
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   Figure 96 - Al 2024 Sample B Stress/Strain. Summary table in appendix G table 76 .Post HT. B9 is missing as it fractured during HT and was lost. 
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Figure 97 - Al 2024 Sample C Stress/Strain full table in appendix G table 76. Post HT. C3 and C8 are missing as they fractured during heat treatment.  
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The tensile properties of Al 2024 processed for this experiment are below literature 

values, [22]. An attempt was made to determine the 0.2% proof yield which proved 

impossible due to the rapid disintegration of the material. The Maximum Tensile 

Stress for Al 2024 at T6 is 495 MPa with some potential variations on that 

depending on the manufacturing and forming processes that it undergoes. The 

highest achieved MTS for Al 2024 produced via ALM was 45.08 MPa or 9.1% of the 

literature maximum value for T6. The measured modulus is of limited use given the 

stress strain curves do not exhibit an elastic region and so no useful conclusions can 

be drawn from that result. The elongation before break in the literature is 13%, the 

values in the tested pieces ranged from a minimum of 0.543% in A9 to a maximum 

of 1.89% in specimen C4 (See appendix F table 93 for full data). Both of these values 

are significantly below the literature values and demonstrate the very poor 

performance of ALM produced Al 2024 in extension. Most of the failures observed 

were brittle failures with no real necking as shown by the sudden end on the 

stress/strain graphs. Where there is some evidence of a downward curve from UTS 

to fracture, these tended to take the form of the material granularly disintegrating 

rather than the thinning to failure expected in a traditionally processed material.  
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7.4.2.3 Correlation between void parameters and maximum tensile stress 

 

The correlation coefficient between the maximum tensile stress and the void area% 

is 0.331, this indicates a moderately positive coefficient between the two. However, 

the expected value was for a negative correlation coefficient, where a decrease in 

void increases the maximum tensile stress. This would suggest that there is either a 

very weak correlation or no correlation at all and the one found is a result of 

randomness within the experiment, this is because without identification of a 

probable cause for higher void area% reducing the maximum tensile stress it would 

not make sense for it to be the case. One possible reason is that due to the 

prevalence of cracking post-heat-treatment that all the material needed was one 

weakness line through the tensile length and that was the one that failed, the 

Figure 98 - Al 2024 maximum tensile stress versus void. Tabulated data in appendix G table 75 and 76 
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amount of lines of a higher integrity than that was immaterial because they 

wouldn’t contribute to the strength because they were not the major failure plane.  

To investigate the link between the prevalence of long thin cracks and the MTS the 

micrographs were thresholded to eliminate all voids below 20 pixels in size, this was 

done in an effort to examine only the larger void networks which are likely to 

embody through thickness cracks and other large voids. The average circularity 

measured for each specimen will describe the nature of the larger voids, whether 

they tend towards long and thin cracks, with a lower circularity, or larger more 

spherical voids with a higher circularity. The correlation coefficient between MTS 

and circularity is 0.526 which indicates a positive coefficient between the two. This 

is a reasonable finding as the link between the two measured quantities is that if 

there are less longer and thinner cracks in the material then there are less planes of 

weakness and a higher ratio of void perimeter to volume area and hence less crack 

initiation sites.  

  

Figure 99 - Al 2024 Maximum tensile stress versus circularity. Tabulated data in appendix G table 74 and 76 
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7.4.2.4 Crack density 

 

To examine the ideal crack density and compare it to the cubic samples on which 

the parameter set is based. In the absence of a single unbroken series to examine, 

the highest MTS sample is selected from each set of specimens produced via the 

same production parameters for examination. 

Table 37 - Crack density Al 2024 tensile samples. Post HT. 

Specimen  Crack density (Co/mm2) Error (+/-) 

C1 118 1 

C2 97 0 

B3 111 1 

C4 98 2 

A5 97 1 

B6 93 2 

A7 122 2 

A8 92 2 

C9 112 1 

Mean 104 1 

StDev  11 - 

 

Table 38 - Al 2024 cubic samples crack density 

Specimen Crack density 
(Co/mm2) 

Error (+/-) 

26 104 5 

28 78 2 

30 95 2 

31 101 4 

32 96 1 

36 75 1 

Mean 92 2 

StDev 12 - 

 

The crack density has not changed a significant quantity between the tensile and 

the cubic samples, there has been a slight increase in the mean as would be 

expected with the general increase in void area as is shown in 8.5. However, the 

increase in the number of cracks is not of the same order of magnitude. This 
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indicates that there has been widening of already existing cracks, but not much new 

cracking is apparent, as with the counting methodology the width of a crack is 

largely irrelevant as its area is not considered. In comparison to Al 2219 which saw a 

significant increase in its number of cracks this indicates that Al 2024 is much more 

sensitive to the SLM process, which produced embodied weaknesses that were 

expanded into cracks by heat treatment in Al 2219 but in 2024 the stress of the SLM 

process meant that they were already cracks after the SLM process. 

 

7.4.2.5 Summary 

 

The mechanical properties did show potential improvements with the heat-

treatment process from the as-built parts to the final product after treatment. 

Table 39 shows the pre-heat-treated properties (P) alongside the minimum (Min.) 

and maximum tensile stress achieved by the heat-treated parts. Parameter sets 

marked with a * had one or more specimens lost to the heat-treatment process. 

Range is the width of the heat-treated samples maximum tensile stresses. The 

numbers in brackets represent the gain or loss 

The gains in the tensile properties in Al 2024 were moderate with the greatest gain 

being seen in parameter set 4 in both minimum and maximum achieved MTS, this 

ranged between a 35.2% to a 90.8% gain for that particular parameter set. Three 

distinct parameter sets, 3, 8 and 9, lost one test piece to disintegration in the heat-

treatment process and in some instances, there was either a negligible or even a 

negative gain in the tensile strength after heat-treatment. This occurred in 

parameter sets 1, 2, 6 and 9. Taken together these represent two thirds of the 

tested parameter sets which can be assumed to have suffered damage on a 

microstructural level from the heat-treating process that lowered their eventual 

mechanical properties.  

The spread of the final strengths was consistently below 50% of the maximum 

achieved strength for each parameter set. While lower relatively than the spreads 
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observed in Al 2219 it does however still demonstrate the inconsistency of the 

response of Al 2024 to the heat-treatment process. Even some of the better 

performing parameter sets such as 1 which had the third highest maximum gain in 

strength of 68.5% had the greatest loss of strength at the lowest end of its sample 

set with a decrease of 7.6% in that instance. The high incidents of lost specimens 

also demonstrate this inconsistency and need to be considered, though the 

effective strength value of those specimens being zero is not reflected in the range 

calculation. 

In examining the correlation between the void and circularity and the Maximum 

Tensile Stress it was found that the profile of the voids was far more important to 

the final mechanical properties than the overall volume of the part taken up by 

voids. This reinforces the idea that all that needs to be present is a major plane of 

weakness which will take the form of a longer crack.  

It is the case that the results for Al 2024’s tensile properties are highly inconsistent 

and does not approach the literature values at all for this material and tempering 

level. It did not respond consistently well to heat-treatment to gain strength either.  
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Table 39 - Al 2024 pre and post-heat-treatment tensile properties 

Parameter 

Maximum 
tensile 
stress 
(PHT) 
(MPa) Error (+/-) 

Maximum 
tensile 
stress 
(MPa) Error (+/-) 

% change 
from 
untreated 
state 

Min. 
Maximum 
tensile 
stress 
(MPa) Error (+/-) 

% change 
from 
untreated 
state 

Range min-
max 
property 
(MPa) 

Range (% 
of max) 

1 21.473 0.011 36.181 0.018 68.493 18.715 0.009 -7.623 17.466 48.273 

2 21.462 0.011 32.307 0.016 50.531 19.360 0.010 -6.506 12.947 40.075 

3* 21.946 0.011 28.390 0.014 29.363 27.504 0.014 19.578 0.886 3.120 

4 21.180 0.011 40.407 0.020 90.779 35.397 0.017 35.184 5.010 12.400 

5 21.751 0.011 34.168 0.017 57.085 27.515 0.014 16.871 6.652 19.469 

6 21.876 0.011 25.268 0.013 15.503 22.309 0.011 1.713 2.959 11.709 

7 23.157 0.012 45.076 0.022 94.653 34.244 0.017 24.597 10.831 24.029 

8* 22.921 0.011 32.726 0.016 42.775 28.808 0.014 17.989 3.917 11.970 

9* 22.462 0.011 30.483 0.015 35.711 21.223 0.010 -4.063 9.260 30.377 

 

 

(PHT) indicates pre heat treated state.
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7.4.3 Hardness  

 

Table 40 - Al 2024 hardness summary 

Parameter 
set 

Mean 
hardness 
(HV) 

Minimum 
(HV) 

Maximum 
(HV) Range 

Standard 
deviation 

Relative 
Standard 
deviation 
(%) 

1 132.1 131.4 132.8 1.4 0.4 0.3 

2 133.5 132.2 134.8 2.6 0.8 0.6 

3 132.8 129.6 136.1 6.5 2.5 1.9 

4 134.1 132.5 135.7 3.2 1.0 0.7 

5 135.1 133.0 137.2 4.2 1.3 0.9 

6 132.3 129.2 135.3 6.1 2.2 1.6 

7 135.9 135.2 136.6 1.4 0.4 0.3 

8 131.8 130.1 133.5 3.4 1.2 0.9 

9 132.1 129.6 134.7 5.1 1.6 1.2 

Mean 133.3 131.4 135.2 3.8 - - 

Standard 
deviation 1.5 2.0 1.4 1.9 - - 

 

The literature value for HV for Al 2024 T6 is 135 HV [22], Al 2024 produced via this 

method has achieved values close to or meeting that value. The relative standard 

deviations are all beneath 2% which indicates that hardness is consistent across the 

entirety of the specimens examined. The lowest HV achieved was 97.6% of the 

literature value. This all demonstrates that the hardness properties of Al 2024 

produced via ALM are good when compared to literature values. The standard 

deviation of the average values of hardness is only 1.1% of the value of the mean 

which demonstrates very closely clustered data between specimens. 
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7.5 Microstructure after tensile testing 

 

7.5.1 Void area% 

 

Table 50 demonstrates the significant increase in void area as compared to the pre 

tensile tested pieces. Every value is significantly above the average value given in 

the pre-tensile examination.  Pre tensile testing is indicated by (P). 

 

Table 41 - Pre and post tensile testing microstructure. Unsummarised data in Appendix G table 75 and 77

Parameter 
Void No. 
(P) Void No. 

Area % 
(P) Area% 

Circularity 
(P) Circularity 

1 17370 10453 1.356 3.029 0.808 0.655 

2 25485 18753 0.756 2.643 0.823 0.665 

3 19251 16931 2.276 2.350 0.759 0.624 

4 15686 10501 1.756 2.825 0.731 0.624 

5 20217 15815 1.573 2.641 0.744 0.637 

6 15769 16058 1.833 2.441 0.744 0.634 

7 23364 15527 2.020 3.437 0.756 0.656 

8 20358 20549 1.821 2.612 0.768 0.622 

9 19191 19906 1.929 3.366 0.790 0.681 

Column 
mean 19632 16055 1.702 2.816 0.769 0.644 
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As shown in table 41 the parameters of void count, void area and circularity have 

changed to varying degrees of significance. The very low tensile strength of Al 2024 

means that there would have been relatively less change in the internal structure of 

the material, because comparatively less time would be spent under load in order 

to achieve the parts breakage when compared to a hypothetical stronger material. 

The mean void number has decreased as has the circularity, and the mean void area 

has increased. This indicates the following things about the way the structure 

changed. The voids have gotten larger and the smaller voids have been subsumed 

into the larger voids. This can be inferred from the drop in the void number but the 

increase in the overall area. The second is that significant new voids have opened 

up under the stress of the tensile testing, which can be inferred from the void area 

itself increasing. The third is that the form of the voids has changed with the voids 

becoming longer and thinner with a higher surface area to volume ratio as shown 

by the changes in the circularity.  

 

There are some cases which do not fit with the general trends stated above, 

parameter sets 6, 8 and 9 have small positive changes in their void numbers which 

need to be considered. It is probable given their low maximum tensile stress gain 

that there was very little force needed to pull them apart and hence not much 

energy was put into the microstructure in order to change it. This also fits with their 

lower change in void area % compared to the other samples, except in the case of 

parameter set 9. 

 

 

Figure 100 - Al 2024 fracture ends 
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The tensile pieces exhibited no noticeable necking before failure, as shown in figure 

100 the fracture surfaces tended to follow a perpendicular line to the gauge length. 

Figure 101 shows an example test end from a micrograph and the fracture surface 

at the bottom of the test piece as examined follows a profile similar in shape to 

many of the other cracks demonstrated in the rest of the piece. There is also an 

example of a much wider crack which is in the process of opening up under the 

stress. This matches up with the conclusions from the data shown in table 42 with 

the increase in percentage of the void which is represented by long thin voids such 

as cracks.  

The failure mode of the tensile piece is the widening of cracks in the material which 

were exacerbated by the stresses of the heat-treatment process. These are likely to 

have been internal lines of stress and structure which were introduced by the ALM 

process. This meant that unlike in conventionally manufactured samples there were 

Figure 101 - Al 2024 specimen B7 fracture end. Build direction out of the page. Post 

heat treat. 
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significant planes of weakness already embodied within the material and there was 

no need for failure planes to initiate and then propagate through the material as 

there was a significant pre-existing network of weakness.   

 

7.5.2 EBSD study of grain structure 

 

The grain structure was examined in pre and post-heat-treatment samples in order 

to identify the degree of effect that the heat-treatment process had on the 

microstructure. The selected pieces were the ones that had displayed the best 

parameters in their respective testing regimes.  

 

7.5.2.1 Size 

 

Aspect ratio is a calculation made by the software of the fitted ellipse major 

diameter over the fitted ellipse minor diameter. Pre HT indicates pre-heat-

treatment, post HT indicates post-heat-treatment. As a note the scan area of each 

of these differ slightly in size owing to the difficulty of getting an area of high 

enough quality to scan. Grain size is extracted from the EBSD data that is used to 

plot the grain maps; it is the measurement of the area of each grain with its edges 

defined by being above the low misorientation angle boundary of 5 degrees. 

Table 42 - EBSD grain structure Al 2024 

Specimen 
ID 

Average 
area 
(µm²) 

Error 
(+/-) 

Relative 
StDev StDev 

Average 
Perimeter 
(µm) 

Error 
(+/-) StDev 

Aspect 
ratio 

28 310.65 0.01 2.13 662.69 60.95 0.01 80.67 1.91 

B2 pre HT 343.94 0.01 2.19 753.89 65.74 0.01 71.05 1.89 

B2 post 
HT 272.21 0.01 1.78 485.69 62.00 0.01 59.69 2.44 
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The samples responded in the expected way to the heat-treatment process. The 

grain size reduced and as did the perimeter length which shows that grain 

refinement took place with an increase in the quantity of grain boundaries leading 

to a strengthening of the material. This is in line with the behaviour observed in the 

mechanical testing. The average area decreased by 20.86% when heat-treatment 

was carried out.  

The aspect ratio increased during the heat-treatment process which indicates that 

the grains have become longer and more columnar in their form. There is a 

significant increase of 29.1% in the aspect ratio. This fits with the observation that 

the perimeter has not changed significantly while the area drops significantly. 

Longer grains as indicated by a greater aspect ratio inherently have a higher surface 

area to volume ratio than one that is more spherical.  

As shown by figures 102-104 the shape of the grain distribution remains similar in 

overall shape, however the post-heat-treated sample has a relative standard 

deviation which is 18.7% lower than the same specimen before heat-treatment. 

This indicates that heat-treatment has created a more consistent grain structure 

than was produced in the non-heat-treated samples.  
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Figure 102 - Al 2024 sample 28 grain size. 

Figure 103 - Al 2024 B2 Pre HT grain size. 
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7.5.2.2 Orientation 

 

The grain structure can be expressed by comparing the misorientation angle 

between grains in the specimen. If the structure of the grains is random it will 

follow the Mackenzie distribution [213]. Two sets of data have been plotted, the 

first is random pair misorientation and the second is neighbour pair misorientation. 

This will reveal whether the overall structure is random and also will check as to 

whether the local structure follows the trend of the overall distribution. The third 

plotted dataset is the Mackenzie distribution which represents the theoretical ideal. 

 

Figure 104 - Al 2024 B2 Post HT Grain size. 
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Figure 105 - Al 2024 grain misorientation plot sample B2 Pre HT 



215 

 

 

Figure 106 - Al 2024 grain misorientation plot sample B2 Post HT 
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The non-heat-treated specimen has a poor fit to the Mackenzie distribution in 

neighbour and non-neighbour distribution. This indicates that they have a non-

random grain orientation distribution after the ALM process, which shows that the 

ALM process for Al 2024 introduces anisotropy into the grain structure of the 

material, that the process is encouraging grain growth along a particular axis. 

It is expected that neighbour grains will have an effect on the orientation of their 

neighbouring grains, however it is observably much stronger in the pre-heat-

treated part than in the post-heat-treatment, it is also the case that the random 

pair distribution is less adherent to the Mackenzie plot in the pre-heat-treated 

specimen than in the post-heat-treated one. The most likely outside influence that 

would affect both of these specimens is that of the melt pool solidification with the 

solidification and recrystallization of the part taking place sequentially throughout 

the part rather than simultaneously as in the heat-treatment and annealing process 

causing neighbouring grains to be much less misaligned as outlined in section 2.5.3 

of the literature review, this accounts for the higher proportion of low angle grain 

misorientations in the as-built part which is subject to those described influences. If 

this is the case, then the IPF projections should show a definite texture which 

becomes less pronounced after heat-treatment. 

 

7.5.2.3 Inverse pole figure  

 

Inverse pole figure projections provide a visual representation of the orientation of 

grains in a structure. The Normal direction is defined as being parallel to the build 

direction of the specimen.  
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The as-built specimen of B2 pre HT demonstrates a very strong directionality in its 

structure which would match with the results of the Mackenzie plots. Likewise, the 

IPF figures for the post-heat-treated specimen shows a significant decrease in the 

texture of the specimen after it has undergone heat-treatment. There is still some 

evidence of the built texture, but it has dramatically decreased in its intensity. This 

is also shown on the two IPF grain maps where the grain orientation is much more 

directional in the B2 pre HT than the post HT. 

Figure 107 - IPF figures for Al 2024 specimen B2 pre HT. 

Figure 108 - IPF figures for Al 2024 B2 Post HT. 
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Figure 109 - Al 2024 B2 PHT HT IPF grain map. Build direction out of the page. 

Figure 110 - Al 2024 B2 Post HT IPF grain map. Build direction out of the page. 
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7.6 Composition of the heat-treated specimens 

 

 

Figure 111 shows the SEM image of the area used for the composition EDS analysis. 

The majority of the specimen is the same phase with precipitate phases evident in 

the white dots on the image. The literature value for the composition of Al 2024 is 

3.8-4.9% copper, 1.2-1.8% Magnesium, 0.3-0.9% Manganese, 0.5% silicon, 0.5% 

Iron, 0.1% chromium, 0.25% zinc [24] . To check for composition loss an EDS 

examination was made of the composition of the powder and the finished 

component, these are displayed in table 43. 

Table 43 - Al 2024 B2 composition 

Element 
Wt. % Al 2024 
powder Error (σ) (+/-) 

Wt. % Al 2024 
C4 Error (σ) (+/-) 

Al 94.0 0.1 95.0 0.1 

Cu 5.1 0.1 4.3 0.1 

Mg 1.8 0.2 1.6 0.2 

Mn 0.6 0.1 0.5 0.0 

Fe 0.2 0.1 0.2 0.0 

Figure 111 - Al 2024 sample B2 SEM image 
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Oxygen and carbon were both manually excluded from the composition due to the 

heavy oxidation coating and the mounting compound causing them to show up as 

major composition peaks that would not be present in the relevant solid phase.  

The value for the composition both before and after is within the boundaries of the 

literature, the copper content of the powder is slightly higher than the literature 

allowed range, but elemental loss has caused the final product to sit within the 

range. The increased error in the magnesium composition compared to the other 

elements detected can be explained by the closeness of its emission energies to 

that of aluminium that could be causing obfuscation. 

The white phases observable in the SEM image were examined for their local 

composition and that composition is displayed in table 44. From the composition 

and literature [24; 214] it can be inferred that these are precipitated systems 

combining aluminium, copper and magnesium. There is no report of magnesium or 

iron but the error on the detection is sufficiently high that it has likely been 

obfuscated, however its presence cannot be assumed but a typical precipitated 

phase for Al 2024 would be Al2CuMg. The error on the detection is quite high owing 

to the large magnification needed which means that there is likely a large amount 

of the lower composition alloying elements in there that have been lost in the noise 

of higher magnification. There is some evidence of intermetallic precipitates with a 

high concentration of Cu and Fe with visible clusters in both of those elemental 

maps in the area of the larger white phase on in the SEM area and an 

accompanying void area in the Al map. Otherwise the elemental maps show a good 

dispersion of strengthening phases of all the alloying elements throughout the 

material. 

 

Table 44 - Al 2024 B2 precipitate composition 

Element Wt. % Al 2219 C4 Error (σ) (+/-) 

Al 65.2 5.8 

Cu 34.8 5.8 
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Figure 112 - Elemental map of Al 2024. From left to right: Original SEM, Al Kα1, Cu Kα1, Mg Kα1, Fe Kα1, Mn Kα1. All images are of the same section of the SEM image. Post heat treatment. 
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7.7 Summary 

 

The objective of these experiments was to create a manufacturing regime that 

would be able to produce Al 2024 via ALM methods to a mechanically useful 

standard. In the initial testing it was found to be possible to produce specimens of 

Al 2024 at very close to full density via the manipulation of manufacturing 

parameters. An ideal high density region for the parameters was identified with 

between 320W and 370W of laser power and scan speed between 900mm/s and 

1100mm/s. Hatch distance was eliminated as a relevant parameter and this set of 

results was used to create a set of pieces for tensile testing. 

However, when the parts were initially tensile tested in their as-built state the 

properties achieved were very poor, the parts were subsequently put through HIP 

and a heat-treatment process in order to attempt to improve the internal void 

area% even further and to treat them up to a T6 standard. However, the stresses 

introduced by this process were in many cases detrimental to the point of 

decreasing even the poor mechanical properties that had been measured of the as-

built parts. This is likely a result of high embodied stress and the existing 

microstructural flaws caused by the ALM manufacturing process which was 

subsequently exacerbated by the heating and cooling cycle of the heat-treatment.  

There were some gains in material properties from the as-built material when 

compared to the heat-treated material, but the results were generally very 

inconsistent with large ranges in the final achieved properties and several parts 

becoming destroyed in the heat-treatment process itself. The hardness values 

achieved were very close to the literature values and were much more consistent in 

their output than the tensile values. 

Al 2024 does not seem to offer enough justification to be worth further 

investigation, it does not show any signs of having reliable enough a response to 

the process. However, in the case of further investigation a starting point and 

parameter set has been identified.  
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8. Al 2618  

 

The factorial DOE array used is described in the methodology section. The errors for 

the processing parameters are discussed in the sources of error section but are 

assumed to be +/- 3 W for the laser power and to contain no other significant 

sources of error for the parameters, void error is measured from the data set. 

 

8.1 Initial void optimisation  

 

Factorial DOE is used to examine the process parameters for Al 2618. The three 

terms labelled A, B and C are as follows: A is scan speed, B is power, C is hatch 

distance. The production parameters for each specimen number are in Appendix C 

table 69. 

 

Figure 113 - Al 2618 void area %, complete data in appendix H table 78. 
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Figure 114 - Pareto chart for Al 2618 

 

Two factors in Al 2618 exceed the 5% confidence interval, that of Power and that of 

Hatch. This is notable for being different to Al 2219 and Al 2024 both of which had 

the significant factors of speed and power and for whom hatch was unimportant. 

Therefore, a different approach will be needed for the design of the optimum 

conditions for Al 2618 than for Al 2219 and 2024. 
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Figure 115 - Residuals vs Fit for Al 2618 

 

The S value for this set is 1.52245 with an R2 of 86.10% and an R2 adjusted of 

59.46%, the chart shows significant scatter from the fitted line as indicated by the 

high S value. It is evenly distributed with 18 points either side of the line with none 

of the points being significant outliers either side of the line. These values of R2 

show that the terms in the model account for a majority of the variation within the 

model and are a good fit for controlling the variation.  

 

8.1.1 Ideal processing conditions for Al 2618 

 

While the model itself is not capable at the resolution it was performed at of giving 

a predicted ideal parameter set it has demonstrated that a significant relationship 

exists with two of the factors within the ranges set by for the sample set. While 

these factors do not explain every part of the variation within the porosity value for 
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Al 2618, they do provide a point for a more detailed study based on the best values 

from this initial testing set. 

Table 45 - Al 2618 ideal processing conditions, full tabulated data appendix G table 78.  

Specimen 
Number 

Scanning 
Speed 
(mm/s)  

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Error 
(+/-) 

Crack 
density 
(Co/mm2) 

Error 
(+/-) 

21 1100 370 0.11 0.734 0.017 40 2 

31 900 370 0.13 1.539 0.030 83 5 
 

8.1.2 Al 2618 Micrographs 

 

Figure 116 - Al 2618 sample 21, build direction out of the page.  
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The factorial DOE analysis showed that the ideal, most dense,  parameter sets for 

minimised void were specimen numbers 21 and 31. Al 2618 had only 2 specimens 

that had a void of less than 2%, this could be indicative of the material being 

generally unsuitable for ALM manufacturing. However, in these two specimens the 

cracking and the porosity do not form interconnected webs as shown by the Al 

7075 specimens, which means that it is more feasible that HIP could be used to 

close the voids within the material and make the part into a cohesive form that 

would be suitable for mechanical purposes. The voids while not forming full 

interconnected crack networks are following the trend seen in the other 

aluminiums in being arranged in a hatched pattern similar to the alternating scan 

direction of the pieces.  

 The majority of the void area% is concentrated into a few large voids which are at 

their largest point 213 μm across at the widest point in a deformed circular shape in 

Figure 117 - Al 2618 sample 31, build direction out of the page. No heat treat. 
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specimen 21 and in specimen 31 602 μm across at the widest point and 90 μm 

orthogonally to that line in an elongated void. 

 

Figure 118 - Al 2618 sample 21 Crosslinking cracks, build direction out of the page.  
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Partially melted defects appear in both the ideal parameter sets in Al 2618, this is 

caused by insufficient energy input in the area, it is possible that a cause of this 

might be gas porosity that disrupted the melt and stopped enough energy reaching 

the powder at the bottom to conglomerate into solid metal, the long stringy 

imperfections observed in figure 119 are likely the result of imperfections in the 

powder not becoming absorbed into the melt and solidifying in place used as 

outlined in the powder examination section. Figure 120 shows evidence of the 

layers delaminating with flakes of solid metal having separated, this is caused by 

high embodied stress created by the thermal expansion and cooling rates of the 

process. There is some visible crosslinking in the cracks in Al 2618, but they are far 

thinner and harder to observe than in a more heavily cracked material like Al 7075. 

 

  

Figure 119 - Al 2618 sample 21 partially melted 

defect, build direction out of the page.  

Figure 120 - Al 2618 sample 31 layer delamination, build 

direction out of the page. Scan direction identical for all 

micrographs. All no heat treat. 
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8.2 Energy density and its effect on void area% Al 2618 

 

Using equation 1 as outlined by Olakanmi [25] and described in section 3.3 of the 

methodology it should be possible to examine the results and identify the existence 

of a window of ideal processing parameters if one exists for Al 2024. 

 

A second order polynomial fit matches the data with an R2 of 0.3555, it should be in 

the form of an inverted arc if it is demonstrating a processing region within the 

bounds of the experimental energy input values. The fit line does not exhibit the 

shape that would be expected to be seen and is observed in the results of the other 

aluminium’s examined, it decreases its void percentage consistently down to the 

R² = 0.3555
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Figure 121 - Energy density against void area% Al 2618, full data in appendix H table 79. 
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highest energy density used in the experiment and has no second tail to form the U 

shape seen in the other aluminium’s. 

The R2 value is significantly lower than the one produced by the factorial DOE 

analysis which is 0.8610. Which means that while the fit line has poor predictive 

power and reveals nothing about the data and Al 2618 is not displaying signs of an 

ideal processing region in the range of energy density values used in this 

investigation, the higher fit nature of the DOE experiments make it possible to use 

the low void values as a basis point for creating tensile specimens. 

 

8.3 Al 2618 Circularity and Roundness 

 

The form of the voids within the aluminium was examined by looking at their 

circularity and roundness to attempt to quantify and compare numerically the type 

and shapes of the voids within the material.  

Table 46 - Al 2618 Circularity and roundness summary, full data in appendix H table 80. 

Specimen Number Circularity StDev Roundness StDev 

Sample mean value 0.616 0.309 0.440 0.233 

StDev of mean 
value 0.037 0.012 0.028 0.019 

Relative Standard 
Deviation (%) 5.98 4.00 6.28 8.18 

 

The circularity and roundness of Al 2618 within each parameter group are shown to 

vary widely in a similar fashion to the other aluminium’s as is shown by the 

standard deviations in table 46. The mean standard deviation for circularity is 50.1% 

of the mean value, the mean standard deviation for roundness is 53.0% of the 

mean value for roundness. This shows a similar wide spread of the values for those 

parameters over the population of differing samples as is displayed in the other 

aluminium’s population.  

The standard deviations of the values of means and their associated standard 

deviations however are low with the highest value being 8.18% of the value of the 
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roundness standard deviation which shows that the population is consistently 

clustered, and the sample processing conditions have had only a minor effect on 

the geometric characteristics of the voids and far more of an effect on the number 

and size of voids. 

 

8.4 Mechanical characterisation 

 

A further factorial DOE parameter set was assembled using the basis of the initial 

experimental results to provide the best basis for further testing. Speed and hatch 

were identified as the important parameter by the initial testing, however with 

power being an important factor in both other aluminium experiments and the 

range of the power used in the experiments having the greatest influence on the 

energy density it was included in the array for this part of the Al 2618 to ensure that 

a parameter was not being missed. 

 

Table 47 - Al 2618 factorial DOE table. 

Parameter set 
number 

Scan Speed 
(mm/s) Power (W) 

Hatch distance 
(mm) 

1 1100 370 0.11 

2 1100 370 0.13 

3 1100 320 0.11 

4 900 370 0.13 

5 900 320 0.11 

6 900 370 0.11 

7 1100 320 0.13 

8 900 320 0.13 
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8.4.1 Microstructure after heat-treatment 

 

8.4.1.1 Void characterization 

 

Two samples were created, labelled A and B, each of which contained 8 individual 

parameter sets, they were then HIP and heat-treated. The void samples were taken 

from the tab end part of the tensile wishbones before the specimens were tensile 

tested. Only 2 sets of 8 were prepared for this alloy owing to space constraints in 

the process used to make all of the parts.  

 

Table 48 - Al 2618 ideal parameter microstructure 

Number 

Void 
No. 

Void No. 
error 
(+/-) 

Void 
Area % 

Void 
Area % 
error (+/-) Circularity 

Circularity 
error (+/-) 

21 38129 261 0.734 0.017 0.654 0.032 

31 28994 198 1.539 0.030 0.629 0.045 

Mean of 

column 
33562 229 1.137 0.024 0.642 0.039 

 

Table 48 shows the characteristics of the 2 ideal parameter sets which were 

employed to make the parameters on which the tensile parameters were based, 

they are the most useful ones to compare to the new results from the initial data 

set. Table 47 provides the average of the measured quantities for the parameter 

sets across both samples.  

The results displayed in table 49 show that the samples of Al 2618 were split far 

apart between the two samples, with the relative standard deviation representing 

large parts of the mean in the majority of the parameter sets for both void area and 

the void count. This shows that there was not an observably consistent response to 

the heat-treatment processes even when using the same parameter sets except in 

the case of parameter set 6 where a low relative Standard deviation is observed for 
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both the void count (at 4.76% of the mean) and the area % (at 0.819% of the mean) 

responses, however owing to the high scatter of much of the rest of the results it’s 

unlikely that represents a repeatable instance and is only a result of random 

chance.  

When compared to the ideal results obtained from the initial factorial DOE testing, 

the parts are significantly worse after the heat-treatment process than they were 

as-built. The mean number of voids observed in the heat-treated parts was 12.0% 

lower than in the as-built parts, however the size of those voids had increased 

dramatically with the average void area increasing by 81.4%. This demonstrates 

that the heat-treatment process had a significant adverse effect on the parts in 

terms of their interior microstructure. The decrease in the number of voids but 

increase in the void area indicates that there was an opening up of voids and cracks 

which encompassed many smaller voids into larger ones and hence compromising 

the structural integrity of the part more so than if the small voids had remained 

encapsulated in solid material. It is likely that the material properties will be 

severely compromised by the increase in void area% in these parts however 

mechanical testing will be necessary to verify that prediction 

Circularity differed by a significant amount between the two sets of data, with a 

gain of 10.6%. This indicates that the form of the voids has become more spherical 

with less cracking evident in its HIP and heat-treated form.  



 

 

2
3

5 

Table 49 - Al 2618 microstructure table. Full results in appendix H table 81. 

 

StDev is standard deviation. 

ME is propagated mean error 

Parameter 
set 

Void 
No. 

Void No. 
ME (+/-) 

Void No. 
StDev.  

Relative 
StDev 
(%) 

Void 
Area % 

Void 
Area % 
ME (+/-) 

Area % 
StDev 

Relative 
StDev 
(%) Circularity 

Circularity 
ME (+/-) 

Circularity 
StDev 

Relative 
StDev 
(%) 

1 12506 156 1764 14.1 1.8450 0.0365 0.1513 8.2 0.736 0.047 0.013 1.8 

2 16571 188 2924 17.6 1.2035 0.0245 0.0912 7.6 0.703 0.034 0.058 8.3 

3 12667 90 1159 9.1 1.8380 0.0395 0.6435 35.0 0.700 0.041 0.025 3.6 

4 18227 94 8622 47.3 1.6920 0.0365 0.2022 12.0 0.756 0.049 0.059 7.8 

5 10004 74 811 8.1 1.6325 0.0345 0.4462 27.3 0.704 0.044 0.016 2.3 

6 11040 161 1942 17.6 1.3965 0.0295 0.1082 7.7 0.738 0.045 0.039 5.3 

7 14607 121 491 3.4 1.9055 0.0390 0.1916 10.1 0.726 0.037 0.004 0.6 

8 8601 64 1235 14.4 2.0555 0.0405 0.2143 10.4 0.682 0.040 0.025 3.7 

Mean of 
column 13028 119 2369 16.5 1.6961 0.0351 0.2561 14.8 0.718 0.042 0.030 4.2 
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8.4.1.2 Factorial DOE analysis 

 

Compared to the initial parameter testing this factorial DOE set is fully factorial and 

enables the examination of all the altered factors and their interconnection, in this 

test it was possible to go up and include the third factor interaction between all of 

the parameters owing to the reduced parameter range. 

 

The pareto chart demonstrates that the significant factors are very similar to those 

that were found in the initial factorial DOE analysis. Speed and Hatch remain as the 

only significant first level parameters above the 95% confidence threshold. 

However, power in combination with hatch has been identified as a very strong 

effect on the void, and there is also another significant second level interaction 

between power and speed. The significance of speed as a combined factor in the 

second test despite its lack of effect in the first test indicates either that there was 

an issue in either the first set of testing or in the latter one which caused the effect 

of speed to be obscured, or that the heat-treatment process that was undertaken 

Figure 122 - Al 2618 heat-treated pareto chart 
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has influenced the results, that the combination of factors created conditions 

within the material that were more or less susceptible to void growth under the 

effect of heat-treatment. The most probable answer is that power combined with 

speed to create enough of a variation in energy density to have an observable 

effect, but on its own was not significant enough due to a change in the range of 

values explored between testing regimes.  

The S value of the data is very low at 0.110 with an R2 of 97.88% and an R2 adjusted 

of 96.03% and an R2 predictive of 91.53%. These values all indicate that the data is a 

good fit to the regression equation and explains the majority of the variation within 

the data, they are also significantly higher than those of the original void% DOE 

which indicates the examined processing window was much better defined for the 

tensile parts.  The optimal predicted parameter result for Al 2618 is 900 mm/s, 

370W and a hatch of 0.13mm.  

 

There is no point in commenting on the symmetry with only two repeats in the data 

set as the normal fit is consistently central in that situation. However, the distance 

Figure 123 - Residuals vs fits for Al 2618 
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of the residuals from the normal is consistent between the data points with no 

obvious signs of heteroscedasticity which indicates alongside the good S and R2 

values that the factors used are all suitable. 

 

8.4.1.3 Summary 

 

The expected outcome from the HIP and use of optimised parameters was in being 

able to achieve an almost completely dense part which was suitable for heat-

treatment. However, with the increase in the void area% this is unlikely to have 

resulted in the mechanically strong part that was sought after. The factorial DOE 

analysis however did demonstrate the importance of all three of the factors 

examined when working with Al 2618 and potentially indicates the presence of a 

secondary effect from the parameter sets which interacts with the heat-treating 

processes used.  

To be certain of the assertions about the void area% reflecting non ideal mechanical 

strength however it is necessary to perform proper mechanical parameter 

characterisation and examine the effect of the processing on the properties of Al 

2618. 

 

8.4.2 Tensile strength  

 

The tensile test pieces were identified by the means of stamped letters on the tab 

ends and were processed via isostatic pressing and then subsequently by heat-

treatment and aging to a T6 standard as described in the methodology section. 

Some of the specimens fractured during the quenching process and hence were not 

able to be tensile tested. Those specimens are indicated by N/A in the results table. 

Some were also lost in the quenching media and so were not able to have their 

microstructure examined, those specimens are indicated by N/A in the results 

table. 
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8.4.2.1 Pre-heat treatment 

 

Owing to space constraints in the machining and building area Al 2618 did not have 

a set of tensile pieces to be tested pre-heat-treatment. It was decided to take both 

samples that existed and heat-treat them in the hopes that they would respond 

well to the process and hence have as much potential data on the ideal state of the 

alloy as possible.  

 

8.4.2.2 Post Heat treatment  

 

Two samples were put through the HIP/Heat treatment process as outlined in the 

methodology section. 

The literature values for the mechanical properties of Al 2618 are a maximum 

tensile strength of 450 MPa at T6 [215]. The best achieved values for MTS in Al 

2618 is specimen A8 which achieved a value 21.9% of the literature value. An 

attempt was made to determine the 0.2% proof yield however the material 

fractured quickly and hence this was not determinable in this experiment. The 

measured modulus is of limited use due to the lack of an identifiable elastic region 

on the curves which display constant plastic deformation properties. The elongation 

before break is 5% and the best achieved value was 0.652% achieved by specimen 

A8. The values achieved do not approach the literature values. 
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Figure 124 - Al 2618 sample A heat treated Stress/Strain. Summary table in appendix H table 82. 
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Figure 125 - Al 2618 Sample B heat treated Stress/Strain. Summary table in appendix H table 82. 
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8.4.2.3 Correlation between void parameters and Maximum Tensile Strength 

 

The correlation coefficient between the maximum tensile stress and the void area% 

is 0.252, this indicates a positive coefficient between the two parameters when 

what would be expected is a negative coefficient. The value is large enough to need 

potential justification rather than it just being a response caused by randomness 

within the experiment. A potential link between a piece with more void area% 

embodied in it and it having a higher MTS is if the form those voids take is more 

conducive to a strong part. This would potentially be the case if the damage a void 

causes to the overall structural integrity of the part is based not solely on how big it 

is but also on how much of its volume interrupts the bonding within a part, its 

surface area to volume ratio. If a void has a greater contact area to the lattice it is in 

it has more crack initiation points and decreases the total area of interlinked grains 

within the specimen leading to a reduction in the mechanical properties. To 

examine this a similar investigation of circularity to MTS can be made. 
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Figure 126 - Al 2618 Maximum tensile stress versus void. Tabulated data Appendix H table 81 and 92. 
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To examine only the larger voids which might conceivably be part of a through 

thickness crack or a larger more spherical void a threshold of 20 pixels was set 

when examining the micrographs. The average circularity will describe the nature of 

the larger voids with void populations dominated by longer crack like voids having a 

lower circularity and more spherical ones a higher circularity. The correlation 

coefficient between MTS and circularity is 0.818 which indicates a strong 

correlation between the two, there is an issue when comparing this to the 

populations for Al 2024 and 2219 given the significantly smaller sample size of Al 

2618 however it should still be valid. This finding does back up the proposal from 

the void correlation plot that the absolute proportion of void is less important than 

the form those voids take.  

  

Figure 127 - Al 2618 Maximum tensile stress versus circularity. Tabulated data appendix H table 80 and 82. 
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8.4.2.4 Crack density 

 

To examine the ideal crack density and compare it to the cubic samples on which 

the parameter set is based. In the absence of a single unbroken series to examine, 

the highest MTS sample is selected from each set of specimens produced via the 

same production parameters for examination. 

Table 50 - Crack density Al 2618 tensile samples. 

Specimen  Crack density (Co/mm2) Error (+/-) 

A1 54 1 

B2 60 2 

B3 65 1 

B4 47 0 

A5 44 0 

A6 38 1 

B7 60 1 

A8 48 2 

Mean 52 1 

StDev  9 - 

 

Table 51 - Al 2219 cubic samples crack density 

Specimen Crack density 
(Co/mm2) 

Error (+/-) 

26 40 2 

28 83 3 

Mean 62 3 

StDev 30 - 

 

The crack density has not changed a significant quantity between the tensile and 

the cubic samples, there has been a slight decrease in the mean but that is likely 

due to the low number of specimens being considered from the cubic samples, 

which is the same reason for the higher standard deviation. The lack of change 

however indicates that Al 2618’s response to the heat treatment process has been 

good which is correlated by its, relative to the other alloys, lower gain in void% 

overall and better response in its mechanical properties. 
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8.4.2.5 Summary 

 

It is impossible to comment on the state of Al 2618 before and after heat-treatment 

due to the limited number of samples, however as shown in table 52 the 

parameters achieved by Al 2618 were quite consistent in many cases in their 

response to being heat-treated. Three parameter sets achieved single digit 

percentage ranges when compared to the mean value. This indicates that Al 2618 is 

potentially capable of providing consistent materials properties from the process 

which is an essential component of anything that will potentially be used as an 

engineering material. It cannot be stated with certainty due to the low size of the 

sample but is indicative for further work.  

 

Table 52 - Al 2618 mean tensile parameter values 

Parameter set  

Mean Maximum 
tensile strength 
(MPa) 

Error 
(+/-) Range Range % of mean 

1 56.075 0.028 4.41 7.86 

2 52.52 0.026 20.88 39.76 

3 63.595 0.031 11.59 18.22 

4 57.51 0.029 16.68 29.00 

5 49.425 0.025 0.85 1.72 

6 44.215 0.022 7.27 16.44 

7 80.735 0.041 15.71 19.46 

8 96.33 0.048 4.42 4.59 
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8.4.3 Hardness 

 
Table 53 - Al 2618 HV table 

Parameter 
set 

Mean 
(HV) 

Minimum 
(HV) 

Maximum 
(HV) Range 

Standard 
Deviation 

Relative 
Standard 
Deviation 
(%) 

1 134.8 134.1 135.5 1.4 0.5 0.37 

2 137.3 136.0 138.6 2.6 0.7 0.51 

3 133.2 130.0 136.5 6.5 2.0 1.5 

4 134.1 132.5 135.7 3.2 0.9 0.67 

5 133.7 131.6 135.8 4.2 1.2 0.90 

6 134.4 131.4 137.5 6.1 2.4 1.8 

7 132.9 132.2 133.6 1.4 0.5 0.38 

8 133.9 132.2 135.6 3.4 1.0 0.75 

Mean 134.3 132.5 136.1 11.2 - - 

Standard 
Deviation 1.4 1.8 1.5 1.9 - - 

 

 

The literature hardness value for Al 2618 is 135 HB [216], while the HB and HV 

scales will differ to some degree the two scales are close to each other in value at 

lower values [211]. It proved impossible to find given literature HV values for Al 

2618 that were not themselves a conversion from HB. While as a result it cannot be 

confidently said that the HV of Al 2618 exceeds the literature value it can be 

observed that the HV of Al 2618 is close to the literature value and demonstrates 

good potential hardness results for Al 2618 produced via ALM.  
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8.5 Microstructure after tensile testing 

 

Two samples were put through the HIP/Heat treatment process as outlined in the 

methodology section, three specimens were lost to stresses caused by the process 

and are noted beneath the graph where that occurred. 

 

8.5.1 Void area% 

 

As shown in table 54 the values of void count, area and circularity have all changed 

during the process of tensile testing. In all cases the mean void number has 

decreased, the void area percentage has increased, and the circularity has 

decreased. This indicates that the structure has changed in the following way. The 

voids have increased in size, and in doing so they have absorbed many of the 

smaller voids, this is shown by the decrease in void number alongside the increase 

in the void area. Due to the increase in void area alone it can be inferred that there 

was the creation or expansion of existing voids within the structure of the material. 

The decrease in the circularity means that the voids that were created and 

expanded had a long and thin structure, increasing their surface area to volume 

ratio.  

The degree to which each individual parameter set follows the identified trends 

does vary, the percentage change values varying by significant amounts, in the 

area% the variation is from as low as a 7.13% change to as high as an 85% change. 

The relative quantity of change indicates the amount of energy absorbed by the 

material in its deformation before it fractures, as materials with very limited change 

in their internal structure are experiencing a more brittle failure mode than those 

that undergo more microstructural changes before failure.  
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Table 54 - Al 2618 pre and post tensile testing summary, full data in appendix H table 83 

Parameter Void No. (P) Void No. % change Area % (P) Area% % change 
Circularity 
(P) Circularity % change 

1 13326 11059 -17.01 2.609 2.810 7.70 0.705 0.642 -8.87 

2 20532 15657 -23.75 1.386 1.886 36.04 0.695 0.600 -13.68 

3 48205 11328 -76.50 1.958 2.887 47.42 0.731 0.570 -22.02 

4 48657 17030 -65.00 1.372 2.540 85.13 0.698 0.659 -5.59 

5 18544 9432 -49.14 1.571 2.687 71.01 0.756 0.594 -21.49 

6 35986 9842 -72.65 2.286 2.449 7.13 0.729 0.661 -9.33 

7 39992 13538 -66.15 2.635 2.856 8.39 0.721 0.626 -13.19 

8 11007 8145 -26.00 2.290 2.909 27.03 0.696 0.580 -16.74 

Column 
mean 29531 12004 -49.52 2.013 2.628 36.23 0.716 0.616 -13.86 
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The tensile pieces exhibited no noticeable necking before failure, as shown in figure 

128 the fracture surfaces followed a perpendicular line to the gauge length, this 

would lie along one of the build axes and hence one of the melt pool interface 

points, which would be an obvious source of embodied stress and weakness. It is 

also observable in figure 128, specimen 2 shows another crack starting to open up 

above the fracture point on the gauge length. Other such cracks exist in other 

specimens but are less easily seen in the photograph. 

 

 

Figure 128 - Al 2618 tensile test fracture ends 

Figure 129 - Al 2618 sample B1 fracture surface 
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Figure 129 shows the fracture surface of specimen B1 from Al 2618. The profile is 

similar to those displayed by the cracks in the same image. This indicates that the 

fracture took place along an existing line of weakness of which there are many 

other examples within the structure of the test pieces. 

The precise failure mode of the tensile pieces was the widening of existing cracks in 

the material, the cracks themselves were exacerbated by the heat-treatment 

process and the stresses that introduced into the material which caused pre-

existing stresses from the material building process to fail and widen into cracks in 

the material. This resulted in a significant network of pre-existing lines of weakness 

within the material that failed quickly under tensile testing.  

8.5.2 EBSD study of grain structure 

 

The grain structure was examined in pre and post-heat-treatment specimens in 

order to identify not only the final structure but also the degree of effect that the 

process had on the microstructure of the specimens. The tested specimens were 

the ones that had the best values for the parameters that were optimised for in the 

previous experiments. 

 

8.5.2.1 Size 

 

Aspect ratio is a calculation made by the software of the fitted ellipse major 

diameter over the fitted ellipse minor diameter. pre HT indicates pre-heat-

treatment, post HT indicates post-heat-treatment. The scan area of each of these 

differ slightly in size owing to the difficulty of getting an area of high enough quality 

to scan. Grain size is extracted from the EBSD data that is used to plot the grain 

maps, it is the measurement of the area of each grain with its edges defined by 

being above the low misorientation angle boundary of 5 degrees. 
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Table 55 - EBSD grain structure Al 2024 

Specimen 
ID 

Average 
area 

(µm²) 
Error 
(+/-) 

Relative 
StDev StDev 

Average 
Perimet
er (µm) 

Error 
(+/-) StDev 

Aspect 
ratio 

B8 pre HT 64.17 0.01 2.10 134.57 28.61 0.01 28.81 1.70 

B8 post 
HT 32.95 0.01 1.71 56.44 23.46 0.01 23.39 1.74 

 

The specimens grain area shrunk in the heat-treatment process, and as did the 

perimeter length. This is the typical response to heat-treatment which represents 

an increase in the quantity of grain boundaries and an associated strengthening of 

the material. This is born out in the mechanical testing where gains in strength 

were observed. The average area of a grain shrunk by 48.65% when heat-treated. 

The aspect ratio did not change significantly during the heat-treatment process, 

with it increasing from the pre-heat-treatment value observed in the non-heat-

treated state. This indicates that the grain formation mechanism is potentially 

similar between the two with both producing grains of a similar geometry. 

As shown by figures 130 and 131 the overall profile of the grain distribution is 

similar in its profile, demonstrating exponential decrease, however as would be 

expected from the dramatic decrease in mean area there is a dramatic decrease of 

grains of a higher size in the post-heat-treated specimen.  

There is also proportionally far less grains above the upper limit of 400µm² which 

indicates a complete recrystallization has taken place and hence that the heat-

treatment process. There is also the indication of a more consistent process in the 

significant drop in the relative standard deviation of the grain size dropping by 

48.65% between B8 pre HT and post HT.  
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Figure 130 - Al 2618 B8 pre HT grain size. 

Figure 131 - Grain size Al 2618 B4 post HT. 
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8.5.2.2 Orientation 

 

The grain structure will be expressed by examining the misorientation angle 

between both neighbouring grains and randomly paired grains in the specimen. A 

random distribution of grain orientations will follow the Mackenzie distribution 

[213]. By comparing the distributions of neighbour grains, random grains and the 

theoretical distribution it will be possible to identify the nature of both the overall 

and local structures of the material and their relations to each other.
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Figure 132 - Al 2618 grain misorientation plot sample B8 pre HT 
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Figure 133 - Al 2618 grain misorientation plot sample B8 post HT 
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Both specimens display a relatively good fit to the Mackenzie distribution in their 

random pair distribution, this indicates that the overall grain structure of the 

specimens as-built is random which is contrary to what would potentially be 

expected with the scan direction of ALM causing potential directionality in the 

solidification process. The neighbour orientation however is notably different 

between the non-heat-treated specimen and the heat-treated specimen.  

The form of the neighbour plot is far closer to the Mackenzie distribution and the 

random pair distribution in B8 post HT than pre HT. It is expected that neighbouring 

grains have an effect on the orientation of each other, however the difference 

between the pre and post-heat-treatment specimens indicates that there is an 

effect on the orientation of neighbouring grains that is present in pre HT but 

significantly less strong in the recrystallization process of heat-treatment,, As was 

described in section 2.5.3 of the literature review, this is a directionality influence 

on the grain growth caused by the moving heat source of the laser interacting with 

the recrystallization process. The effect most likely to cause this directionality is the 

sequential recrystallization of the ALM process causing neighbour grains to grow 

more preferentially in one orientation and not meeting so many other grains 

coming from different directions, which causes high angle grain boundaries. 

Examining IPF diagrams should provide further evidence for this. 

 

8.5.2.3 Inverse pole figure  

 

Inverse pole figure projections provide a visual representation of the orientation of 

grains in a structure. The Normal direction is defined as being parallel to the build 

direction of the specimen. Note the scale difference in the colour scale between 

images. 
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Comparing the heat-treated specimen to the non-heat-treated specimen its texture 

has become less defined with less intense colorations, the general zones of specific 

orientations remain identifiably similar in some places but are less intense. This 

matches up with the neighbour orientation becoming less pronounced as shown in 

the grain misorientation plots. The texture of the post-heat-treated specimens is 

significantly less pronounced than the pre-heat-treated specimen which 

demonstrates the directionality imparted on the specimen by the ALM process and 

the change in the grain misorientation during the heat-treatment process. On the 

IPF grain maps the grain size refinement and the slight softening of the grain 

clustering is demonstrated. 

 

Figure 134  - IPF figures for Al 2618 specimen B8 pre HT 

 

 

Figure 135 - IPF figures for Al 2618 specimen B8 post HT 
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Figure 136 - Al 2618 B8 pre HT grain map. Build direction out of the page. 

Figure 137 - Al 2618 B8 post HT grain map. Build direction out of the page. 
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8.6 Composition of the heat-treated specimens 

 

 

Figure 138 shows the SEM image of the area used for EDS analysis of the 

specimens, the spectrum was taken from an area smaller than the image bounded 

by the labelled spectrum 1 box. The majority of the specimen is the same alumina 

phase with the exception of the white inclusions which indicate a different phase. 

The literature value for the composition of Al 2618 is 1.9 – 2.7% copper, 0.9 – 1.3% 

iron, 1.3 – 1.8% Magnesium, 0.9 – 1.2% nickel and 0.1% zinc [24]. To check for 

composition loss during the process an examination was made of the powder and 

the finished part.  

The elemental analysis results from the powder pre manufacture and the parts post 

manufacture are displayed in table 56. 

Figure 138 - SEM image of Al 2618 sample B8. Post HT. 
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Table 56 - Al 2618 elemental composition 

Element 
Wt. % Al 2618 
powder Error (σ) (+/-) 

Wt. % Al 2618 
B8 Error (σ) (+/-) 

Al 92.1 0.1 94.1 0.1 

Cu 3.5 0.1 2.5 0.1 

Fe 1.6 0.1 1.2 0.0 

Mg 1.4 0.0 1.2 0.0 

Ni 1.4 0.1 1.0 0.0 

 

Oxygen and carbon were both manually excluded from the composition due to the 

heavy oxidation coating and the mounting compound causing them to show up as 

major composition peaks that could not be present.  

The values for all of the elements were within the boundaries of the composition 

from the literature, while the values in the raw powder were higher than the limits 

with the elemental loss between the stages the final product was within the 

required specifications.  

High errors in the measurements made it impossible to produce satisfactory EDS 

examinations of the precipitates due to the lower composition percentage of the 

alloying elements in the built B8 specimen being exceeded by the errors. There is a 

definite presence of precipitated phases in the micrograph that would include 

AL9FeNi and Al2CuMg [217] as their primary precipitates. This would match with the 

composition of Al 2618 observed in bulk.  
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8.7 Summary 

 

The purpose of these experiments was to identify and create a manufacturing 

regime which would be able to produce Al 2618 via ALM methods and that the 

resulting product would have sufficient mechanical properties to be useful. In the 

initial test focused around producing a part as close to full density as possible a set 

of manufacturing parameters was found which could produce Al 2618 at a void area 

percentage of 1.5% and under. The region of the parameters identified for this was 

a power of 370W and a hatch of 0.11 to 0.13 mm. Speed was found to be 

unimportant by the initial testing but was retained for the second analysis section 

where it would prove to be significant in the second set of factorial DOE testing. 

The parts tensile properties were not tested due to processing constraints that 

meant less samples of Al 2618 were available than were for Al 2219 and 2024 and 

as many samples were preserved for the heat-treatment process to get as much 

data on what was thought to be the ideal state that could be achieved by Al 2618. 

The final tensile properties achieved by the parts were not up to literature 

standards however and indicate that there is a problem deeper than the creation of 

a part with no visible cracking or voids. There is an issue to be addressed which is 

that of the structure and stresses embodied within ALM built parts that caused 

issues with further processing. Hardness values very close to the literature ideal 

were produced on the tested sets however. While gains in properties were made 

there are inherent issues with the structure that need to be solved before any 

mechanically sound parts can be produced. 

Parameter sets were identified which would be a good base for further 

investigation, creation of a void free initial part is a self-evident first step to 

producing a mechanically useful part out of this alloy, but it has been identified as 

only one step of several.   
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9. Conclusions and further work 

9.1 Production processes 

 

The research demonstrated a sound method for seeking to minimise and control 

void percentage on a new material via judgement of a materials weldability, and 

examination of all of the machine parameters used in SLM. All of the alloys 

considered were able to achieve a sub 1% void value in their as built state. 

It was demonstrated for the considered alloys that the structures produced from 

the same energy density input was not homogenous and depended on the precise 

makeup of the lasers energy input in terms of component parameters. Void area 

was found to be secondary in importance to void form with cracking and non-

circular voids creating a much greater impact on the final mechanical properties 

than the increase in area.  

The grain structure was found to be heavily influenced by SLM creating an aligned 

structure in the new materials as observed in other aluminiums produced via SLM. 

No corresponding increase in the properties of the as-built parts compared to heat 

treated parts was observed in these aluminiums however, likely due to the 

compromised nature of the microstructure of the built parts.  

Heat treatment demonstrated a significant increase in the properties of all of the 

parts and refined the grain structure away from the aligned columnar state of the 

as produced parts towards a more circular small grained composition. The strengths 

achieved though were not as high as literature values for wrought components. HIP 

was unsuitable for closing voids and homogenising the SLM produced parts. It is 

likely that the compromised microstructure meant that a pressure gradient was 

unable to be established to densify the parts in the case of the more compromised 

ones. Its failure to do so in the higher density samples indicates that there is likely 

non-void defects such as oxide films or elemental segregation at grain boundaries 

which renders the product vulnerable to the stresses of heat treatment and 

resulted in a weak final product.  
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9.2 Suitability of specific alloys 

 

Al 7075 demonstrated itself to be the least suitable material for production via 

ALM, it was extremely crack prone with all parameter combinations attempted on it 

and had high internal void areas and its testing was stopped at an earlier stage. 

Al 2024 was the least suitable of the 3 completely examined alloys. It was able to 

achieve promising low void area% in the initial builds it responded very poorly to 

heat treatment with significant cracking and elongated voids caused by the post 

processing and inconsistent and worse performing mechanical properties. 

Al 2219 showed promise in its lowest void area% in the initial build with more 

spherical voids and low cracking. However, it responded poorly to post processing 

with a growth in void area and like Al 2024 suffered from inconsistent final 

mechanical properties of which some were weaker than the as built parts.  

Al 2618 was the investigated material with the greatest promise, despite its higher 

initial void% than Al 2219 it responded to the post processing better, suffering no 

specimen losses to heat treatment. In its heat-treated state it had less cracking and 

smaller more refined grain structure compared to the other aluminiums.   

9.3 Identified areas of further study. 

 

• Further investigation of powder bed characteristics to increase density and 

hence melt supply and enable the backfilling of cracks and voids. 

• More detailed investigation of Al 2618 as the most promising, varying the 

parameters of hatch distance and layer thickness initially set in a narrow range. 

• Variation and examination of post processing parameters such as HIP conditions 

and heat treatment to try and address the depreciation of its microstructure. 

• Investigation of the elongated microstructure to see if it can be controlled and 

produce a stronger microstructure as seen in other SLM metals. 

• Examination of the grain boundaries in greater detail to be able to identify 

microstructure features initiating the cracking in the post processing 

• Further reduction of the void% based around the ideal parameters identified. 
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11. Appendices 

Appendix A: Powder manufacturer test certifications 
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Appendix B: Tensile test piece drawings 

Figure 139 - Tensile test piece pre machining 
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Figure 140 - Tensile test piece post machining 
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Appendix C: Void array design 

Table 57 - Void array design 

Specimen 
Number Scan Speed Power Hatch 

1 1500 320 0.13 

2 1500 370 0.15 

3 900 370 0.11 

4 1100 270 0.11 

5 1300 320 0.13 

6 1300 270 0.13 

7 1300 370 0.13 

8 1100 320 0.13 

9 1500 270 0.11 

10 1300 320 0.11 

11 1300 270 0.11 

12 1100 320 0.11 

13 1500 320 0.15 

14 900 270 0.13 

15 1500 270 0.13 

16 1300 320 0.15 

17 1100 370 0.13 

18 900 320 0.13 

19 1300 270 0.15 

20 1500 320 0.11 

21 1100 370 0.11 

22 1500 270 0.15 

23 1300 370 0.15 

24 1500 370 0.11 

25 1500 370 0.13 

26 900 320 0.15 

27 900 270 0.15 

28 1100 370 0.15 

29 1300 370 0.11 

30 900 270 0.11 

31 900 370 0.13 

32 900 320 0.11 

33 1100 270 0.13 

34 1100 320 0.15 

35 1100 270 0.15 

36 900 370 0.15 

 

  



292 

 

Appendix D: Powder size distributions 

 

 

Table 58 - Al 2024 Powder size 

 

Table 59 - Al 2219 Powder size 

 

Table 60 - Al 2618 Powder size 

 

Table 61 - Al 7075 Powder size 

 

  

Pd (μm) 
0<X

<5 
5<X
<10 

10<
X< 
15 

15<
x< 
20 

20<
X< 
25 

25<
X< 
30 

30<
X< 
35 

35<
X< 
40 

40<
X< 
45 

45<
X< 
50 

50<
X< 
55 

55<
X< 
60 

60<
X< 
65 

65<
X< 
70 

70<
X< 
75 

75<
X< 
80 

80<
X< 
85 

85<
X< 
90 

90<
X< 
95 

95<
X< 

100 

100
<X<
105 

105
<X 

2219 A 

0.43 2.49 3.78 6.21 8.81 9.42 9.62 9.29 8.86 8.06 6.76 5.97 4.40 4.12 2.68 2.59 2.12 1.88 1.04 0.81 0.75 0.73 

2219 B 

0.44 2.10 3.99 5.96 8.69 9.52 9.64 9.24 8.88 8.10 6.83 6.07 4.46 4.19 2.75 2.65 2.10 1.86 1.01 0.77 0.71 0.87 

2219 C 

0.54 2.04 3.85 6.13 8.78 9.41 9.55 9.33 8.86 8.16 6.83 6.02 4.38 4.12 2.75 2.65 2.20 1.95 1.03 0.76 0.70 0.84 

Mean 

0.47 2.21 3.87 6.10 8.76 9.45 9.60 9.29 8.87 8.11 6.81 6.02 4.41 4.14 2.73 2.63 2.14 1.90 1.03 0.78 0.72 0.81 

StDev 

0.06 0.24 0.11 0.13 0.07 0.06 0.05 0.04 0.01 0.05 0.04 0.05 0.04 0.04 0.04 0.04 0.05 0.05 0.02 0.03 0.02 0.08 

Pd (μm) 
0<X

<5 
5<X
<10 

10<
X< 
15 

15<
x< 
20 

20<
X< 
25 

25<
X< 
30 

30<
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35 

35<
X< 
40 

40<
X< 
45 

45<
X< 
50 

50<
X< 
55 

55<
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60 

60<
X< 
65 
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X< 
70 
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X< 
75 
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X< 
80 

80<
X< 
85 

85<
X< 
90 

90<
X< 
95 

95<
X< 

100 

100
<X<
105 

105
<X 

2219 A 

0.56 3.53 6.44 8.19 9.58 9.67 9.24 8.61 7.55 5.70 5.60 4.94 3.65 3.47 2.50 2.40 1.85 1.71 1.04 0.87 0.80 1.81 

2219 B 

0.79 3.82 6.57 8.25 9.62 9.69 9.25 8.60 7.53 5.65 5.57 4.90 3.61 3.43 2.46 2.36 1.81 1.67 1.00 0.83 0.77 1.49 

2219 C 

1.01 4.06 6.80 8.44 9.76 9.77 9.27 8.58 7.48 5.55 5.50 4.83 3.55 3.37 2.41 2.31 1.76 1.62 0.99 0.83 0.77 0.99 

Mean 

0.79 3.81 6.61 8.29 9.65 9.71 9.25 8.59 7.52 5.64 5.56 4.89 3.60 3.42 2.45 2.36 1.81 1.67 1.01 0.84 0.78 1.43 

StDev 

0.22 0.27 0.18 0.13 0.09 0.05 0.01 0.02 0.04 0.07 0.05 0.06 0.05 0.05 0.04 0.04 0.05 0.04 0.02 0.02 0.02 0.41 

Pd 
(μm) 

0<X<
5 

5<X<
10 

10<X
< 

15 

15<x
< 

20 
20<X< 

25 

25<
X< 
30 

30<
X< 
35 

35<
X< 
40 

40<
X< 
45 

45<
X< 
50 

50<
X< 
55 

55<
X< 
60 

60<
X< 
65 

65<
X< 
70 

70<
X< 
75 

75<
X< 
80 

80<
X< 
85 

85<
X< 
90 

90<
X< 
95 

95<
X< 

100 

100
<X<
105 

105
<X 

2219 
A 1.09 3.64 5.18 8.11 10.88 

11.5
2 

11.1
2 

10.1
7 8.60 6.96 5.80 4.87 3.21 3.00 1.87 1.76 0.99 0.92 0.28 0.09 0.08 0.00 

2219 
B 1.17 3.23 4.74 7.94 10.92 

11.6
5 

11.2
8 

10.3
3 8.73 7.18 5.88 4.94 3.25 3.03 1.88 1.76 0.98 0.90 0.28 0.09 0.08 0.00 

2219 
C 1.19 3.12 4.63 7.93 10.98 

11.7
5 

11.3
8 

10.4
1 8.79 7.25 5.90 4.94 3.23 3.01 1.86 1.74 0.92 0.85 0.26 0.08 0.07 0.00 

Mea
n 1.15 3.33 4.85 8.00 10.93 

11.6
4 

11.2
6 

10.3
1 8.70 7.13 5.86 4.92 3.23 3.01 1.87 1.75 0.96 0.89 0.27 0.08 0.08 0.00 

StDe
v 0.05 0.28 0.29 0.10 0.05 0.11 0.13 0.12 0.10 0.15 0.05 0.04 0.02 0.02 0.01 0.01 0.04 0.03 0.01 0.01 0.01 0.00 

Pd (μm) 
0<X

<5 
5<X
<10 

10<
X< 
15 

15<
x< 
20 

20<
X< 
25 

25<
X< 
30 

30<
X< 
35 

35<
X< 
40 

40<
X< 
45 

45<
X< 
50 

50<
X< 
55 

55<
X< 
60 

60<
X< 
65 

65<
X< 
70 

70<
X< 
75 

75<
X< 
80 

80<
X< 
85 

85<
X< 
90 

90<
X< 
95 

95<
X< 

100 

100
<X<
105 

105
<X 

2219 A 

0.56 3.53 6.44 8.19 9.58 9.67 9.24 8.61 7.55 5.70 5.60 4.94 3.65 3.47 2.50 2.40 1.85 1.71 1.04 0.87 0.80 1.81 

2219 B 

0.79 3.82 6.57 8.25 9.62 9.69 9.25 8.60 7.53 5.65 5.57 4.90 3.61 3.43 2.46 2.36 1.81 1.67 1.00 0.83 0.77 1.49 

2219 C 

1.01 4.06 6.80 8.44 9.76 9.77 9.27 8.58 7.48 5.55 5.50 4.83 3.55 3.37 2.41 2.31 1.76 1.62 0.99 0.83 0.77 0.99 

Mean 

0.79 3.81 6.61 8.29 9.65 9.71 9.25 8.59 7.52 5.64 5.56 4.89 3.60 3.42 2.45 2.36 1.81 1.67 1.01 0.84 0.78 1.43 

StDev 

0.22 0.27 0.18 0.13 0.09 0.05 0.01 0.02 0.04 0.07 0.05 0.06 0.05 0.05 0.04 0.04 0.05 0.04 0.02 0.02 0.02 0.41 
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Table 62 - AlSi10Mg Powder size 

 

  

Pd (μm) 
0<X

<5 
5<X
<10 

10<
X< 
15 

15<
x< 
20 

20<
X< 
25 

25<
X< 
30 

30<
X< 
35 

35<
X< 
40 

40<
X< 
45 

45<
X< 
50 

50<
X< 
55 

55<
X< 
60 

60<
X< 
65 

65<
X< 
70 

70<
X< 
75 

75<
X< 
80 

80<
X< 
85 

85<
X< 
90 

90<
X< 
95 

95<
X< 

100 

100
<X<
105 

105
<X 

2219 A 

0.56 3.53 6.44 8.19 9.58 9.67 9.24 8.61 7.55 5.70 5.60 4.94 3.65 3.47 2.50 2.40 1.85 1.71 1.04 0.87 0.80 1.81 

2219 B 

0.79 3.82 6.57 8.25 9.62 9.69 9.25 8.60 7.53 5.65 5.57 4.90 3.61 3.43 2.46 2.36 1.81 1.67 1.00 0.83 0.77 1.49 

2219 C 

1.01 4.06 6.80 8.44 9.76 9.77 9.27 8.58 7.48 5.55 5.50 4.83 3.55 3.37 2.41 2.31 1.76 1.62 0.99 0.83 0.77 0.99 

Mean 

0.79 3.81 6.61 8.29 9.65 9.71 9.25 8.59 7.52 5.64 5.56 4.89 3.60 3.42 2.45 2.36 1.81 1.67 1.01 0.84 0.78 1.43 

StDev 

0.22 0.27 0.18 0.13 0.09 0.05 0.01 0.02 0.04 0.07 0.05 0.06 0.05 0.05 0.04 0.04 0.05 0.04 0.02 0.02 0.02 0.41 
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Appendix E: Al 7075 data 

Table 63 - Al 7075 cubic sample void area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Specimen 
ID 

Scanning Speed 
(mm/s) 

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Void 
area% 
error 
(+/-) 

1 1500 320 0.13 4.825 0.101 

2 1500 370 0.15 3.816 0.080 

3 900 370 0.11 2.261 0.050 

4 1100 270 0.11 3.272 0.064 

5 1300 320 0.13 3.048 0.065 

6 1300 270 0.13 4.356 0.091 

7 1300 370 0.13 3.198 0.065 

8 1100 320 0.13 3.508 0.071 

9 1500 270 0.11 5.141 0.106 

10 1300 320 0.11 3.713 0.084 

11 1300 270 0.11 4.765 0.106 

12 1100 320 0.11 3.103 0.065 

13 1500 320 0.15 3.631 0.070 

14 900 270 0.13 0.717 0.014 

15 1500 270 0.13 8.503 0.176 

16 1300 320 0.15 3.949 0.084 

17 1100 370 0.13 3.761 0.078 

18 900 320 0.13 2.429 0.054 

19 1300 270 0.15 4.349 0.092 

20 1500 320 0.11 6.467 0.139 

21 1100 370 0.11 2.180 0.042 

22 1500 270 0.15 7.377 0.147 

23 1300 370 0.15 0.877 0.017 

24 1500 370 0.11 2.824 0.058 

25 1500 370 0.13 3.501 0.076 

26 900 320 0.15 0.896 0.017 

27 900 270 0.15 3.084 0.061 

28 1100 370 0.15 2.298 0.050 

29 1300 370 0.11 3.562 0.080 

30 900 270 0.11 3.040 0.065 

31 900 370 0.13 2.264 0.050 

32 900 320 0.11 2.617 0.053 

33 1100 270 0.13 1.849 0.041 

34 1100 320 0.15 2.651 0.056 

35 1100 270 0.15 1.703 0.034 

36 900 370 0.15 2.236 0.048 
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Table 64 - Al 7075 energy density and void area values. 

Number 
Energy Density 
(J/mm^3) 

Energy error 
(+/-) (J/mm^3) Void area% 

Void area% 
Error (+/-) 

1 54.70 0.51 4.825 0.109 

2 54.81 0.44 3.816 0.074 

3 124.60 1.01 2.261 0.044 

4 74.38 0.83 3.272 0.062 

5 63.12 0.59 3.048 0.066 

6 53.25 0.59 4.356 0.094 

7 72.98 0.59 3.198 0.070 

8 74.59 0.70 3.508 0.077 

9 54.55 0.61 5.141 0.117 

10 74.59 0.70 3.713 0.084 

11 62.94 0.70 4.765 0.102 

12 88.15 0.83 3.103 0.059 

13 47.41 0.44 3.631 0.080 

14 76.92 0.85 0.717 0.014 

15 46.15 0.51 8.503 0.175 

16 54.70 0.51 3.949 0.080 

17 86.25 0.70 3.761 0.080 

18 91.17 0.85 2.429 0.053 

19 46.15 0.51 4.349 0.093 

20 64.65 0.61 6.467 0.135 

21 101.90 0.83 2.180 0.049 

22 40.00 0.44 7.377 0.140 

23 63.25 0.51 0.877 0.019 

24 74.75 0.61 2.824 0.059 

25 63.25 0.51 3.501 0.076 

26 79.01 0.74 0.896 0.019 

27 66.67 0.74 3.084 0.061 

28 74.75 0.61 2.298 0.050 

29 86.25 0.70 3.562 0.069 

30 90.91 1.01 3.040 0.069 

31 105.40 0.85 2.264 0.052 

32 107.70 1.01 2.617 0.057 

33 62.94 0.70 1.849 0.039 

34 64.65 0.61 2.651 0.051 

35 54.55 0.61 1.703 0.038 

36 91.36 0.74 2.236 0.049 
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Table 65 - Al 7075 circularity and roundness. 

Specimen ID Circularity StDev Roundness StDev 

1 0.655 0.302 0.480 0.231 

2 0.648 0.305 0.479 0.230 

3 0.639 0.314 0.468 0.240 

4 0.639 0.309 0.459 0.237 

5 0.636 0.299 0.466 0.224 

6 0.631 0.298 0.466 0.220 

7 0.652 0.300 0.479 0.229 

8 0.695 0.267 0.475 0.200 

9 0.628 0.298 0.460 0.221 

10 0.674 0.296 0.493 0.232 

11 0.660 0.297 0.488 0.224 

12 0.628 0.303 0.466 0.229 

13 0.620 0.295 0.450 0.215 

14 0.686 0.269 0.482 0.214 

15 0.649 0.296 0.498 0.226 

16 0.677 0.297 0.501 0.230 

17 0.633 0.304 0.466 0.226 

18 0.612 0.311 0.456 0.232 

19 0.663 0.305 0.479 0.234 

20 0.678 0.298 0.504 0.225 

21 0.708 0.271 0.510 0.221 

22 0.653 0.294 0.480 0.220 

23 0.711 0.261 0.503 0.209 

24 0.677 0.296 0.492 0.236 

25 0.672 0.289 0.481 0.218 

26 0.690 0.272 0.486 0.215 

27 0.677 0.301 0.470 0.226 

28 0.618 0.299 0.461 0.226 

29 0.684 0.291 0.507 0.228 

30 0.645 0.313 0.447 0.231 

31 0.718 0.284 0.533 0.229 

32 0.650 0.309 0.476 0.237 

33 0.610 0.289 0.456 0.210 

34 0.633 0.301 0.468 0.222 

35 0.740 0.248 0.503 0.204 

36 0.646 0.299 0.484 0.226 

Mean of column 0.659 0.294 0.480 0.224 

Standard deviation of 
column 0.031 0.015 0.019 0.009 

Column Relative 
Standard Deviation (%) 4.70% 5.10% 3.96% 4.02% 
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Appendix F: Al 2219 data 

 

Table 66 - Al 2219 cubic sample void area 

Specimen 
ID 

Scan 
Speed 
(mm/s) Power (W) 

Hatch 
Distance 
(mm) Void area% 

Void area% 
error (+/-)  

1 1500 320 0.13 1.808  0.040 

2 1500 370 0.15 1.459  0.028 

3 900 370 0.11 1.306  0.027 

4 1100 270 0.11 1.751  0.038 

5 1300 320 0.13 1.313  0.026 

6 1300 270 0.13 1.223  0.027 

7 1300 370 0.13 1.974  0.042 

8 1100 320 0.13 1.785  0.038 

9 1500 270 0.11 4.079  0.084 

10 1300 320 0.11 0.812  0.017 

11 1300 270 0.11 0.832  0.017 

12 1100 320 0.11 1.373 0.030 

13 1500 320 0.15 1.254  0.024 

14 900 270 0.13 0.923  0.018 

15 1500 270 0.13 4.234  0.090 

16 1300 320 0.15 1.754  0.036 

17 1100 370 0.13 1.696  0.036 

18 900 320 0.13 1.767  0.037 

19 1300 270 0.15 2.09  0.046 

20 1500 320 0.11 1.807  0.037 

21 1100 370 0.11 1.71  0.039 

22 1500 270 0.15 3.254  0.072 

23 1300 370 0.15 0.678  0.014 

24 1500 370 0.11 1.454  0.030 

25 1500 370 0.13 0.996  0.019 

26 900 320 0.15 1.909  0.042 

27 900 270 0.15 1.873  0.037 

28 1100 370 0.15 1.053 0.023 

29 1300 370 0.11 1.336  0.030 

30 900 270 0.11 1.51  0.033 

31 900 370 0.13 1.523 0.030 

32 900 320 0.11 1.873 0.040 

33 1100 270 0.13 1.066  0.023 

34 1100 320 0.15 1.484  0.031 

35 1100 270 0.15 1.951  0.042 

36 900 370 0.15 1.62  0.033 
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Table 67 – Al 2219 energy density and void area 

Specimen Void area% 
Void area% 
Error (+/-) 

 Energy Density 
(J/mm3)  

Energy error (+/-) 
(W/mm3)   

1 1.353 0.030         55.21  0.51 

2 0.412 0.008         55.26  0.70 

3 0.654 0.013      125.59  0.70 

4 0.904 0.020         75.21  0.59 

5 1.073 0.021         63.71  0.44 

6 0.401 0.009         53.85  0.44 

7 1.194 0.025         73.57  0.85 

8 1.436 0.030         75.29  1.01 

9 2.484 0.051         55.15  0.51 

10 0.279 0.006         75.29  0.61 

11 0.253 0.005         63.64  0.83 

12 0.883 0.019         88.98  0.61 

13 0.483 0.009         47.85  0.83 

14 0.569 0.011         77.78  0.70 

15 3.603 0.076         46.67  1.01 

16 1.380 0.028         55.21  0.70 

17 1.207 0.026         86.95  0.74 

18 1.416 0.030         92.02  0.51 

19 1.038 0.023         46.67  0.61 

20 1.363 0.028         65.25  0.59 

21 1.167 0.027      102.75  0.85 

22 2.242 0.050         40.44  0.83 

23 0.099 0.002         63.76  0.59 

24 0.851 0.018         75.35  0.70 

25 0.717 0.014         63.76  0.74 

26 1.500 0.033         79.75  0.51 

27 1.210 0.024         67.41  0.61 

28 0.886 0.019         75.35  0.51 

29 0.984 0.022         86.95  0.61 

30 0.980 0.022         91.92  0.85 

31 1.107 0.022      106.27  1.01 

32 1.432 0.031      108.75  0.70 

33 0.905 0.019         63.64  0.74 

34 1.069 0.022         65.25  0.44 

35 1.387 0.030         55.15  0.61 

36 0.993 0.020         92.10  0.51 
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Table 68 - Al 2219 circularity and roundness 

  

Specimen ID Circularity 
Standard 
Deviation Roundness 

Standard 
Deviation 

1 0.629 0.295 0.451 0.224 

2 0.646 0.289 0.454 0.223 

3 0.651 0.291 0.476 0.229 

4 0.613 0.280 0.426 0.208 

5 0.649 0.289 0.433 0.231 

6 0.663 0.267 0.467 0.202 

7 0.612 0.292 0.431 0.233 

8 0.631 0.308 0.449 0.245 

9 0.604 0.300 0.410 0.223 

10 0.631 0.284 0.433 0.220 

11 0.758 0.246 0.568 0.200 

12 0.666 0.297 0.456 0.243 

13 0.738 0.258 0.518 0.204 

14 0.628 0.273 0.441 0.212 

15 0.641 0.296 0.460 0.223 

16 0.640 0.300 0.436 0.232 

17 0.638 0.308 0.453 0.246 

18 0.586 0.311 0.393 0.232 

19 0.681 0.265 0.473 0.198 

20 0.653 0.298 0.453 0.235 

21 0.692 0.282 0.536 0.234 

22 0.639 0.280 0.461 0.201 

23 0.739 0.258 0.559 0.200 

24 0.616 0.302 0.423 0.234 

25 0.645 0.280 0.448 0.215 

26 0.622 0.292 0.445 0.228 

27 0.618 0.295 0.442 0.224 

28 0.659 0.276 0.468 0.216 

29 0.631 0.302 0.445 0.233 

30 0.633 0.298 0.420 0.235 

31 0.647 0.321 0.465 0.266 

32 0.587 0.300 0.407 0.217 

33 0.641 0.279 0.438 0.214 

34 0.636 0.297 0.454 0.231 

35 0.630 0.300 0.420 0.235 

36 0.640 0.297 0.444 0.235 

Mean of column 0.645 0.289 0.454 0.224 

Standard deviation of 
column 0.038 0.016 0.038 0.015 

Column Relative 
Standard Deviation (%) 5.82 5.62 8.39 6.78 
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Table 69 - Al 2219 microstructure post-heat treatment 

Specimen ID 
Void 
No. 

Void No. 
error 
(+/-) Area % 

Area % 
error 
(+/-) Circularity 

Circularity 
error (+/-) 

A1 28564  393 0.852 0.018 0.737 0.033 

A2 27742  300 0.834 0.019 0.791 0.039 

A3 28123  384 1.329 0.029 0.728 0.040 

A4 27316  390 1.978 0.038 0.642 0.029 

A5 27194  112 1.666 0.037 0.782 0.044 

A6 27329  319 1.439 0.032 0.725 0.038 

A7 25611  269 0.792 0.017 0.791 0.034 

A8 35732  481 0.893 0.020 0.771 0.050 

A9 25944  256 0.888 0.017 0.775 0.046 

B1 26905  163 0.823 0.017 0.719 0.044 

B2 21030  311 0.696 0.014 0.684 0.032 

B3 28570 319 0.837 0.016 0.714 0.034 

B4 39965  252 1.087 0.024 0.747 0.051 

B5 30235  159 0.795 0.016 0.707 0.034 

B6 41235 614 1.424 0.031 0.713 0.033 

B7 26413 372 0.749 0.014 0.765 0.050 

B8 25488 133 0.697 0.014 0.718 0.033 

B9 29778 244 0.829 0.016 0.702 0.045 

C1 23633 291 0.915 0.019 0.767 0.036 

C2 21678 70 0.730 0.014 0.719 0.045 

C3 38582 232 1.346 0.028 0.725 0.047 

C4 33396 328 1.272 0.029 0.712 0.031 

C5 35248 347 1.042 0.024 0.705 0.032 

C6 37098 513 1.274 0.028 0.708 0.030 

C7 23263 89 0.948 0.021 0.757 0.043 

C8 26877 357 0.897 0.020 0.665 0.033 

C9 41208 369 1.380 0.027 0.703 0.044 
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Table 70 - Al 2219 post-heat-treatment tensile properties  

Specimen 

Cross 
sectional 
area (mm2) 

Error 
(+/-) 

Modulus 
(0.02 - 
0.05% 
chord) 
(MPa) 

Error 
(+/-) 

Maximum 
tensile stress 
(MPa) 

Error 
(+/-) 

A1 20.05 0.01 36333 1038 66.0155 0.0329 

A2 20.21 0.01 30981 885 52.1912 0.0258 

A3 20.40 0.01 30842 881 49.0688 0.0241 

A4 20.22 0.01 22280 637 40.5766 0.0201 

A5 20.19 0.01 27956 799 37.7580 0.0187 

A6 20.34 0.01 26806 766 26.7427 0.0131 

A7 N/A N/A N/A N/A N/A N/A 

A8 20.46 0.01 20606 589 26.9687 0.0132 

A9 N/A N/A N/A N/A N/A N/A 

B1 20.04 0.01 26706 763 34.0287 0.0170 

B2 N/A N/A N/A N/A N/A N/A 

B3 20.14 0.01 21560 616 21.0635 0.0105 

B4 20.06 0.01 27682 791 72.8578 0.0363 

B5 20.17 0.01 35925 1027 63.1552 0.0313 

B6 20.39 0.01 33064 945 55.8176 0.0274 

B7 20.30 0.01 22855 653 19.9951 0.0098 

B8 20.43 0.01 29878 854 34.5479 0.0169 

B9 20.09 0.01 36588 1046 59.8064 0.0298 

C1 20.13 0.01 29877 854 38.1131 0.0189 

C2 20.46 0.01 19446 556 28.1886 0.0138 

C3 20.35 0.01 21708 620 17.3467 0.0085 

C4 20.09 0.01 37363 1068 73.0575 0.0364 

C5 20.00 0.01 34375 982 59.1471 0.0296 

C6 20.06 0.01 32797 937 53.1368 0.0265 

C7 N/A N/A N/A N/A N/A N/A 

C8 20.03 0.01 30614 875 35.4612 0.0177 

C9 20.24 0.01 35381 1011 65.6427 0.0324 

Mean 20.21 - 29201 - 44.8125 - 

StDev 0.15 - 5667 - 17.5483 - 
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Table 71 - Al 2219 microstructure post tensile testing. 

Specimen 
ID Void No. 

Void No. 
error (+/-) Area% 

Area % 
error (+/-) 

Circularit
y 

Circularity 
error (+/-) 

A1 12375 34 5.79 0.13 0.664 0.044 

A2 8627 50 1.57 0.03 0.624 0.034 

A3 19749 218 4.09 0.09 0.611 0.047 

A4 11276 141 3.28 0.07 0.595 0.028 

A5 15825 216 2.76 0.06 0.598 0.040 

A6 12568 65 1.89 0.04 0.596 0.043 

A7 N/A N/A N/A N/A N/A N/A 

A8 13696 158 2.82 0.06 0.627 0.034 

A9 N/A N/A N/A N/A N/A N/A 

B1 10762 150 1.79 0.04 0.626 0.044 

B2 N/A N/A N/A N/A N/A N/A 

B3 11428 42 1.82 0.04 0.621 0.044 

B4 15986 122 2.36 0.05 0.650 0.032 

B5 12094 111 1.73 0.04 0.615 0.039 

B6 16494 172 3.10 0.06 0.620 0.030 

B7 10565 34 1.63 0.03 0.665 0.036 

B8 10195 48 1.52 0.03 0.624 0.030 

B9 11911 89 1.80 0.04 0.610 0.032 

C1 9453 28 1.99 0.04 0.667 0.040 

C2 8671 72 1.59 0.03 0.625 0.026 

C3 14497 47 2.75 0.06 0.630 0.034 

C4 12813 74 2.65 0.06 0.619 0.030 

C5 12284 172 1.97 0.04 0.613 0.043 

C6 14386 210 2.47 0.05 0.616 0.039 

C7 N/A N/A N/A N/A N/A N/A 

C8 13021 160 2.36 0.05 0.579 0.038 

C9 16483 226 3.00 0.07 0.611 0.042 
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Appendix G: Al 2024 data 

 

Table 72 - Al 2024 cubic sample void area 

Specimen 
ID 

Scanning Speed 
(mm/s)  

Power 
(W) 

Hatch 
Distance 
(mm) 

Void 
area% 

Void 
area% 
error 
(+/-) 

1 1500 320 0.13 2.455 0.051 

2 1500 370 0.15 2.733 0.055 

3 900 370 0.11 1.873 0.042 

4 1100 270 0.11 2.147 0.047 

5 1300 320 0.13 2.292 0.050 

6 1300 270 0.13 3.080 0.069 

7 1300 370 0.13 2.030 0.045 

8 1100 320 0.13 2.003 0.039 

9 1500 270 0.11 2.983 0.066 

10 1300 320 0.11 2.058 0.045 

11 1300 270 0.11 2.059 0.045 

12 1100 320 0.11 1.556 0.033 

13 1500 320 0.15 2.800 0.063 

14 900 270 0.13 1.494 0.029 

15 1500 270 0.13 3.936 0.081 

16 1300 320 0.15 2.284 0.048 

17 1100 370 0.13 1.045 0.023 

18 900 320 0.13 1.896 0.040 

19 1300 270 0.15 3.082 0.065 

20 1500 320 0.11 1.992 0.039 

21 1100 370 0.11 1.124 0.024 

22 1500 270 0.15 1.853 0.037 

23 1300 370 0.15 1.430 0.032 

24 1500 370 0.11 1.409 0.030 

25 1500 370 0.13 1.216 0.025 

26 900 320 0.15 0.804 0.016 

27 900 270 0.15 1.454 0.029 

28 1100 370 0.15 0.739 0.016 

29 1300 370 0.11 1.281 0.025 

30 900 270 0.11 0.909 0.018 

31 900 370 0.13 0.925 0.020 

32 900 320 0.11 0.931 0.019 

33 1100 270 0.13 1.077 0.023 

34 1100 320 0.15 1.049 0.023 

35 1100 270 0.15 1.827 0.037 

36 900 370 0.15 0.914 0.020 
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Table 73 - Al 2024 energy density and void area 

Specimen  
Energy Density 
(J/mm^3) 

Energy error 
(+/-) Void area% 

Void area% 
Error (+/-) 

1 54.70 0.51 2.455 0.047 

2 54.81 0.44 2.733 0.063 

3 124.58 1.01 1.873 0.037 

4 74.38 0.83 2.147 0.050 

5 63.12 0.59 2.292 0.049 

6 53.25 0.59 3.080 0.065 

7 72.98 0.59 2.030 0.043 

8 74.59 0.70 2.003 0.042 

9 54.55 0.61 2.983 0.058 

10 74.59 0.70 2.058 0.040 

11 62.94 0.70 2.059 0.039 

12 88.15 0.83 1.556 0.032 

13 47.41 0.44 2.800 0.054 

14 76.92 0.85 1.494 0.035 

15 46.15 0.51 3.936 0.078 

16 54.70 0.51 2.284 0.048 

17 86.25 0.70 1.045 0.020 

18 91.17 0.85 1.896 0.039 

19 46.15 0.51 4.082 0.085 

20 64.65 0.61 1.992 0.038 

21 101.93 0.83 1.124 0.022 

22 40.00 0.44 1.853 0.043 

23 63.25 0.51 1.430 0.029 

24 74.75 0.61 1.409 0.029 

25 63.25 0.51 1.216 0.027 

26 79.01 0.74 0.804 0.017 

27 66.67 0.74 1.454 0.029 

28 74.75 0.61 0.739 0.015 

29 86.25 0.70 1.281 0.026 

30 90.91 1.01 0.909 0.021 

31 105.41 0.85 0.925 0.017 

32 107.74 1.01 0.931 0.019 

33 62.94 0.70 1.077 0.024 

34 64.65 0.61 1.049 0.022 

35 54.55 0.61 1.827 0.041 

36 91.36 0.74 0.914 0.019 
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Table 74 - Al 2024 circularity and roundness. 

Specimen Number Circularity StDev Roundness StDev 

1 0.580 0.318 0.424 0.237 

2 0.588 0.320 0.438 0.242 

3 0.655 0.322 0.495 0.269 

4 0.579 0.321 0.422 0.243 

5 0.601 0.322 0.446 0.255 

6 0.577 0.317 0.422 0.233 

7 0.586 0.314 0.437 0.245 

8 0.614 0.326 0.462 0.259 

9 0.570 0.309 0.420 0.221 

10 0.571 0.320 0.417 0.240 

11 0.560 0.318 0.408 0.232 

12 0.611 0.320 0.456 0.252 

13 0.598 0.306 0.432 0.228 

14 0.613 0.305 0.442 0.239 

15 0.585 0.303 0.432 0.220 

16 0.573 0.313 0.422 0.233 

17 0.679 0.273 0.431 0.206 

18 0.626 0.321 0.465 0.264 

19 0.601 0.299 0.443 0.212 

20 0.583 0.315 0.421 0.236 

21 0.670 0.284 0.466 0.234 

22 0.672 0.278 0.459 0.209 

23 0.614 0.296 0.423 0.221 

24 0.662 0.271 0.433 0.210 

25 0.582 0.296 0.383 0.199 

26 0.658 0.281 0.421 0.214 

27 0.634 0.300 0.440 0.221 

28 0.646 0.305 0.421 0.213 

29 0.623 0.305 0.424 0.218 

30 0.659 0.285 0.417 0.205 

31 0.637 0.284 0.411 0.204 

32 0.703 0.266 0.470 0.226 

33 0.591 0.285 0.380 0.192 

34 0.591 0.279 0.376 0.189 

35 0.660 0.289 0.465 0.224 

36 0.660 0.267 0.422 0.197 

Mean of column 0.617 0.301 0.432 0.226 

Standard deviation 
of column 0.038 0.018 0.025 0.020 

Column Relative 
Standard Deviation 
(%) 6.17 6.06 5.85 8.92 
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Table 75 - Al 2024 microstructure post-heat-treatment 

Specimen 
ID 

Void 
No. 

Void No. 
error (+/-) 

Void 
area % 

Void area % 
error (+/-) Circularity 

Circularit
y error 
(+/-) 

A1 10453 109 1.356 0.011 0.691 0.045 

A2 18753 229 0.756 0.003 0.677 0.065 

A3 16931 157 2.276 0.030 0.572 0.044 

A4 17501 221 2.209 0.031 0.603 0.047 

A5 16815 126 1.659 0.029 0.652 0.056 

A6 16058 174 1.833 0.004 0.554 0.036 

A7 15527 230 2.020 0.010 0.576 0.040 

A8 20549 164 1.821 0.013 0.570 0.038 

A9 19906 165 1.929 0.018 0.616 0.057 

B1 12582 192 1.706 0.016 0.627 0.057 

B2 11042 168 1.195 0.024 0.600 0.046 

B3 10980 148 1.485 0.032 0.651 0.055 

B4 10898 77 1.555 0.022 0.682 0.041 

B5 13136 98 1.648 0.022 0.667 0.063 

B6 9250 94 1.361 0.012 0.647 0.042 

B7 15696 250 2.221 0.041 0.698 0.037 

B8 50926 550 2.249 0.038 0.857 0.036 

B9 19741 277 2.386 0.015 0.787 0.074 

C1 41938 317 2.254 0.014 0.840 0.053 

C2 31640 380 2.045 0.039 0.800 0.044 

C3 17501 230 1.447 0.031 0.614 0.057 

C4 11700 89 1.336 0.015 0.592 0.032 

C5 15880 126 1.572 0.004 0.630 0.036 

C6 11398 109 1.506 0.015 0.637 0.028 

C7 10426 112 1.183 0.015 0.611 0.055 

C8 10158 78 1.387 0.004 0.631 0.027 

C9 6210 86 1.694 0.015 0.633 0.059 
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Table 76 - Al 2024 post heat-treatment tensile properties 

Specimen 
Cross sectional 
area (mm2) 

Error 
(+/-) 

Modulus 
(MPa) 

Error 
(+/-) 

Maximum tensile 
stress (MPa) 

Error 
(+/-) 

A1 20.27 0.01 20557 587 34.4646 0.0172 

A2 20.18 0.01 15549 444 19.3602 0.0097 

A3 20.36 0.01 17751 507 27.5046 0.0138 

A4 20.14 0.01 39494 1128 39.1340 0.0196 

A5 20.04 0.01 29897 854 34.1682 0.0171 

A6 20 0.01 18393 525 25.2683 0.0126 

A7 20.13 0.01 32072 916 45.0768 0.0225 

A8 20.13 0.01 20703 591 32.7269 0.0164 

A9 20.49 0.01 24656 704 21.2240 0.0106 

B1 20.29 0.01 14774 422 18.7155 0.0094 

B2 20.14 0.01 19286 551 25.3500 0.0127 

B3 20.14 0.01 19359 553 28.3910 0.0142 

B4 20.58 0.01 23671 676 35.3973 0.0177 

B5 20.35 0.01 18282 522 27.8238 0.0139 

B6 20.22 0.01 15640 447 22.3570 0.0112 

B7 20.17 0.01 25985 742 35.6257 0.0178 

B8 20.54 0.01 26172 747 28.8082 0.0144 

B9 N/A N/A N/A N/A N/A N/A 

C1 20 0.01 28800 822 36.1819 0.0181 

C2 20.27 0.01 27271 779 32.3073 0.0162 

C3 N/A N/A N/A N/A N/A N/A 

C4 20.04 N/A 21252 607 40.4078 0.0202 

C5 20.18 0.01 18707 534 27.5159 0.0138 

C6 20.18 0.01 16329 466 22.3097 0.0112 

C7 20.17 0.01 23562 673 34.2448 0.0171 

C8 N/A N/A N/A N/A N/A N/A 

C9 20.08 0.01 20125 575 30.4832 0.0152 

Mean 20.21 - 22429 - 30.2019 - 

StDev 0.16 - 6005 - 6.8704 - 
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Table 77 - Al 2024 microstructure post tensile testing. 

Specimen 
ID Void No. 

Void No. 
error (+/-) Area% 

Area % 
error (+/-) Circularity 

Circularity 
error (+/-) 

A1 14225 111 2.486 0.056 0.597 0.041 

A2 19670 233 2.530 0.055 0.695 0.048 

A3 17065 129 2.164 0.045 0.608 0.047 

A4 14775 202 1.856 0.040 0.599 0.035 

A5 19201 131 2.556 0.053 0.613 0.027 

A6 17810 256 2.545 0.054 0.618 0.030 

A7 72774 82 4.636 0.096 0.858 0.055 

A8 13810 19 1.775 0.039 0.577 0.030 

A9 60501 117 3.299 0.070 0.822 0.061 

B1 17974 93 2.844 0.058 0.627 0.045 

B2 11585 133 1.991 0.039 0.600 0.027 

B3 15686 46 2.475 0.052 0.651 0.047 

B4 15568 51 2.592 0.059 0.682 0.033 

B5 18765 21 2.747 0.061 0.667 0.040 

B6 13214 59 2.269 0.047 0.647 0.033 

B7 22423 13 3.702 0.084 0.698 0.053 

B8 72752 343 3.749 0.077 0.857 0.044 

B9 28202 242 3.976 0.080 0.787 0.045 

C1 59911 226 3.757 0.086 0.840 0.058 

C2 45200 324 3.409 0.077 0.800 0.044 

C3 25001 183 2.412 0.053 0.614 0.044 

C4 16713 18 2.226 0.045 0.592 0.040 

C5 22685 184 2.621 0.051 0.630 0.049 

C6 16283 183 2.510 0.052 0.637 0.032 

C7 14894 186 1.972 0.045 0.611 0.035 

C8 14511 195 2.311 0.047 0.631 0.040 

C9 8871 73 2.824 0.060 0.633 0.033 
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Appendix H: Al 2618 data 

Table 78 - Al 2618 cubic sample void area 

Specimen 
number 

Scan Speed 
(mm/s) 

Power 
(W) 

Hatch Distance 
(mm) 

Void 
area% 

Void 
area% 
error 
(+/-) 

1 1500 320 0.13 2.516 0.049 

2 1500 370 0.15 3.850 0.078 

3 900 370 0.11 2.282 0.047 

4 1100 270 0.11 2.130 0.044 

5 1300 320 0.13 3.202 0.065 

6 1300 270 0.13 4.330 0.088 

7 1300 370 0.13 2.560 0.054 

8 1100 320 0.13 3.139 0.062 

9 1500 270 0.11 6.057 0.136 

10 1300 320 0.11 3.757 0.076 

11 1300 270 0.11 2.558 0.055 

12 1100 320 0.11 3.439 0.071 

13 1500 320 0.15 7.058 0.149 

14 900 270 0.13 5.213 0.117 

15 1500 270 0.13 8.438 0.168 

16 1300 320 0.15 8.100 0.180 

17 1100 370 0.13 6.029 0.134 

18 900 320 0.13 3.853 0.080 

19 1300 270 0.15 10.17 0.224 

20 1500 320 0.11 5.718 0.126 

21 1100 370 0.11 0.734 0.014 

22 1500 270 0.15 6.765 0.138 

23 1300 370 0.15 6.798 0.139 

24 1500 370 0.11 2.961 0.059 

25 1500 370 0.13 3.342 0.073 

26 900 320 0.15 5.779 0.125 

27 900 270 0.15 7.493 0.168 

28 1100 370 0.15 3.486 0.074 

29 1300 370 0.11 5.456 0.122 

30 900 270 0.11 4.814 0.096 

31 900 370 0.13 1.539 0.033 

32 900 320 0.11 3.090 0.067 

33 1100 270 0.13 7.754 0.162 

34 1100 320 0.15 8.734 0.196 

35 1100 270 0.15 6.514 0.138 

36 900 370 0.15 4.048 0.084 
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Table 79 - Al 2618 energy density and void area 

Specimen ID 
Energy Density 
(J/mm^3) 

Energy error 
(+/-) Void area% 

Void error 
(+/-) 

1 54.70 0.51 2.516 0.049 

2 54.81 0.44 3.850 0.075 

3 124.58 1.01 2.282 0.050 

4 74.38 0.83 2.130 0.048 

5 63.12 0.59 3.202 0.073 

6 53.25 0.59 4.330 0.093 

7 72.98 0.59 2.560 0.053 

8 74.59 0.70 3.139 0.063 

9 54.55 0.61 6.057 0.136 

10 74.59 0.70 3.757 0.073 

11 62.94 0.70 2.558 0.060 

12 88.15 0.83 3.439 0.066 

13 47.41 0.44 7.058 0.143 

14 76.92 0.85 5.213 0.118 

15 46.15 0.51 8.438 0.181 

16 54.70 0.51 8.100 0.186 

17 86.25 0.70 6.029 0.138 

18 91.17 0.85 3.853 0.077 

19 46.15 0.51 10.178 0.213 

20 64.65 0.61 5.718 0.133 

21 101.93 0.83 0.734 0.017 

22 40.00 0.44 6.765 0.154 

23 63.25 0.51 6.798 0.136 

24 74.75 0.61 2.961 0.059 

25 63.25 0.51 3.342 0.066 

26 79.01 0.74 5.779 0.130 

27 66.67 0.74 7.493 0.150 

28 74.75 0.61 3.486 0.076 

29 86.25 0.70 5.456 0.113 

30 90.91 1.01 4.814 0.095 

31 105.41 0.85 1.539 0.030 

32 107.74 1.01 3.090 0.064 

33 62.94 0.70 7.754 0.151 

34 64.65 0.61 8.734 0.195 

35 54.55 0.61 6.514 0.149 

36 91.36 0.74 4.048 0.078 
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Table 80 - Al 2618 circularity and roundness 

Specimen Number Circularity Standard Deviation Roundness 
Standard 
Deviation 

1 0.589 0.318 0.429 0.240 

2 0.609 0.318 0.448 0.248 

3 0.684 0.316 0.511 0.274 

4 0.596 0.323 0.432 0.248 

5 0.618 0.321 0.455 0.258 

6 0.585 0.318 0.426 0.236 

7 0.630 0.329 0.478 0.268 

8 0.614 0.326 0.461 0.260 

9 0.570 0.309 0.421 0.221 

10 0.577 0.321 0.421 0.242 

11 0.562 0.320 0.409 0.234 

12 0.615 0.323 0.460 0.255 

13 0.599 0.307 0.434 0.229 

14 0.612 0.312 0.446 0.244 

15 0.587 0.305 0.434 0.221 

16 0.582 0.318 0.430 0.239 

17 0.615 0.304 0.429 0.225 

18 0.643 0.321 0.475 0.268 

19 0.596 0.305 0.446 0.215 

20 0.592 0.319 0.429 0.241 

21 0.654 0.303 0.471 0.248 

22 0.664 0.282 0.463 0.209 

23 0.601 0.311 0.434 0.234 

24 0.602 0.318 0.440 0.237 

25 0.596 0.304 0.404 0.210 

26 0.631 0.297 0.419 0.224 

27 0.689 0.300 0.490 0.229 

28 0.705 0.281 0.464 0.218 

29 0.623 0.305 0.426 0.219 

30 0.685 0.290 0.450 0.216 

31 0.629 0.306 0.433 0.219 

32 0.649 0.293 0.450 0.235 

33 0.575 0.290 0.380 0.196 

34 0.557 0.299 0.381 0.202 

35 0.641 0.299 0.461 0.228 

36 0.610 0.301 0.407 0.209 

Mean of column 0.616 0.309 0.440 0.233 

Standard deviation 
of column 0.037 0.012 0.028 0.019 

Column Relative 
Standard Deviation 
(%) 5.98 4.00 6.28 8.18 
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Table 81 - Al 2618 microstructure post-heat-treatment 

Specimen ID Void No. 

Void 
No. 
error 
(+/-) 

Void 
Area % 

Void 
Area % 
error 
(+/-) Circularity 

Circularity 
error (+/-) 

A1 11259 121 1.952 0.039 0.745 0.045 

A2 14503 200 1.139 0.024 0.662 0.039 

A3 11847 113 1.383 0.028 0.718 0.035 

A4 12130 51 1.835 0.039 0.714 0.047 

A5 9430 112 1.948 0.040 0.715 0.043 

A6 9667 137 1.473 0.030 0.765 0.036 

A7 14954 81 2.041 0.041 0.723 0.044 

A8 7728 58 1.904 0.037 0.664 0.033 

B1 13753 191 1.738 0.034 0.727 0.046 

B2 18638 175 1.268 0.025 0.744 0.041 

B3 13486 67 2.293 0.051 0.682 0.035 

B4 24323 136 1.549 0.034 0.797 0.042 

B5 10577 35 1.317 0.029 0.693 0.043 

B6 12413 185 1.320 0.029 0.710 0.044 

B7 14260 161 1.770 0.037 0.728 0.045 

B8 9474 69 2.207 0.044 0.699 0.048 
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Table 82 - Al 2618 post-heat-treatment tensile properties 

Specimen 

Cross 
sectional 
area (mm2) 

Error 
(+/-) 

Modulus 
(MPa) 

Error 
(+/-) 

Maximum 
tensile 
strength 
(MPa) 

Error 
(+/-) 

A1 20.46 0.01 34571 987 58.2842 0.0291 

A2 20.30 0.01 31545 901 42.0829 0.0210 

A3 20.00 0.01 34874 996 57.8090 0.0289 

A4 20.30 0.01 39615 1131 49.1716 0.0246 

A5 20.17 0.01 31526 900 49.8504 0.0249 

A6 20.34 0.01 34495 985 47.8503 0.0239 

A7 20.17 0.01 43090 1230 72.8851 0.0364 

A8 20.22 0.01 46169 1318 98.5492 0.0493 

B1 20.16 0.01 33735 963 53.8765 0.0269 

B2 20.17 0.01 39659 1132 62.9686 0.0315 

B3 20.34 0.01 39810 1137 69.3910 0.0347 

B4 20.34 0.01 38707 1105 65.8574 0.0329 

B5 20.30 0.01 34282 979 49.0092 0.0245 

B6 20.53 0.01 34546 986 40.5854 0.0203 

B7 20.35 0.01 43446 1240 88.5985 0.0443 

B8 20.36 0.01 44560 1272 94.1287 0.0471 

Mean 20.28 - 37789 - 62.5561 - 

StDev 0.13 - 4726 - 18.0617 - 
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Table 83 - Al 2618 microstructure post tensile testing 

Specimen 
ID 

Void 
count Error (+/-) 

Void 
area% Error (+/-) Circularity Error (+/-) 

A1 10238 3.060 3.060 0.061 0.645 0.036 

A2 14034 1.835 1.835 0.037 0.584 0.037 

A3 10633 2.258 2.258 0.048 0.629 0.028 

A4 10504 2.785 2.785 0.062 0.610 0.033 

A5 8525 3.180 3.180 0.066 0.637 0.033 

A6 8837 2.327 2.327 0.050 0.671 0.046 

A7 13398 3.059 3.059 0.063 0.604 0.031 

A8 7052 2.754 2.754 0.061 0.557 0.034 

B1 11880 2.560 2.560 0.052 0.639 0.029 

B2 17279 1.936 1.936 0.041 0.615 0.035 

B3 12022 3.515 3.515 0.074 0.511 0.025 

B4 23555 2.295 2.295 0.046 0.708 0.045 

B5 10339 2.193 2.193 0.047 0.550 0.030 

B6 10847 2.571 2.571 0.058 0.651 0.040 

B7 13677 2.653 2.653 0.060 0.647 0.032 

B8 9238 3.064 3.064 0.062 0.602 0.040 
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