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Summary 

Due to the many advantages associated with metal additive manufacturing (AM) 

processes, research into these technologies has grown significantly over recent years. 

However, repeatability and reproducibility are critical issues in AM when compared to 

traditional manufacturing processes. 

The overall aim of this project was to comprehensively investigate the sources of this 

repeatability issue and to develop a means of improving the process repeatability. This 

was achieved by a thorough  literature review with an in-depth focus on the 

configuration present in the ProX DMP 200.  

The causes and impact of repeatability were reviewed at three stages of the AM 

process: pre-process, para-process and post-process. It was found that the most 

impactful effect for repeatability is non-uniform energy density in the build area. This 

was predominantly due to errors associated with the F-Theta lens, plume absorption 

and the effect of angle of incidence on the powder bed.  

A new energy density equation was developed to account for the spatially varying 

energy density in selective laser melting. This equation was used as a basis for 

location-dependent control of process parameters. These adapted parameters were 

tested using samples made of cobalt chrome alloy and 316L stainless steel. 

The adapted parameters reduced the range of variation in local mechanical property 

values by up to 40%, representing a statistically significant reduction in the systematic 

variation between the centre and edge of the machine’s working envelope. 
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Nomenclature 

.STL File format for CAD software created by 3D Systems 

3D Three Dimensional 

3DP Inkjet 3D Printer 

AM Additive Manufacturing 

CAD Computer-Aided Design 

CoCr Cobalt Chrome 

CI Confidence Interval 

DLP Direct light Processing 

EBM Electron Beam Melting 

ED Energy Density 

EDM Electrical Discharge Machining 

FDM Fused Deposition Modelling 

FEF Freeze-form Extrusion Fabrication 

LMD Laser Metal Deposition 

LOM Laminated Object Manufacturing 

MJM Multi-Jet Modelling 

MPa Megapascal 

PBF Powder Bed Fusion 

RFP Rapid Freezing Prototyping 

SKU Stock Keeping Unit 

SLA Stereolithography 

SLM Selective Laser Melting 

SLS Selective Laser Sintering 

Ti64 Titanium 6% Aluminium 4% Vanadium alloy 

UTS Ultimate Tensile Strength 
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Chapter 1: Introduction 

1.1 Introduction to Repeatability 

An important factor taken for granted in the modern manufacturing world is the 

impact of standardised parts. Prior to the early 19th century, parts or components 

were generally bespoke to application and not mass-produced [1]. Standardised parts 

allowed for interchangeability and the mechanisation for mass manufacture of 

subassembly parts such as bolts. Standardisation requires that the parts be within a 

defined specification and tolerance; with tolerance being a measure of precision, and 

repeatability being another measure of precision. Tolerances determine the 

acceptable limits of variation in a measurement, whereas repeatability determines the 

variation itself.  

Repeatability is defined in ASTM E117 as “precision under the conditions where 

independent test results are obtained with the same method on identical test items in 

the same laboratory by the same operator using the same equipment within short 

intervals of time”. Reproducibility is similar, however, requires that the test can be 

carried out in different laboratories, with different operators, and using different 

equipment [2].  

There is a consensus among experts and stakeholders in the aerospace, healthcare, 

and automotive fields that the repeatability of metallic AM parts, are not sufficient to 

meet their stringent consistency requirements [3]. The most important of these 

industry requirements is Overall Equipment Effectiveness (OEE), which needs to be 

greater than 70% and to also have scrap rates of less than 1000 parts per million. 

These requirements are compared to existing world-class automotive production 

which has an OEE of 85%. However, current AM production is significantly below this 

target with an OEE measured at approximately 30% [4].  

OEE is calculated as availability multiplied by quality, multiplied by performance [5]. In 

the AM context, the culmination of these variables results in a sub-par OEE, for several 

reasons: 
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− The availability is hampered by the intensive set up required for each print and 

the often-needed interventions during a print, such as filter changes. 

− The quality is limited by the imperfections inherent in the process and the 

significant repeatability concerns. 

− The performance of the machine is harder to quantify due to its 

machine-specific nature, however, the general cycle for producing AM parts 

does contain a multitude of steps and delays which can reduce performance. 

− As each of the components of OEE are combined multiplicatively, the 

weaknesses are magnified to give an OEE that is far from what would be 

expected in traditional manufacturing contexts.   

Weller et al. [6] further demonstrated the impact of lack of AM reproducibility,  in a 

comprehensive economic review on how AM is used in industry, and limitations on its 

use. The greatest barrier to a manufacturer’s investment in AM systems was the 

limited reproducibility of parts resulting in a greater number of part rejects, which is a 

critical factor when calculating the quality term for OEE. The gains of AM cost 

reductions are lost economically if more rework is required in the production cycle. As 

additive parts are usually unable to be reworked or conditioned to conform to 

standards, they must be completely scrapped in the event that they are out of 

specification.  

It is clear that a repeatability barrier exists in achieving high OEE in AM, and thus has 

the effect of hampering the adoption of AM as a mainstream manufacturing 

alternative. Hence, a major drive to improve the repeatability of additively 

manufactured parts is much needed. 

1.2 Introduction to Additive Manufacturing 

Additive manufacturing was invented as a functional rapid prototyping system. The 

concept for 3D printing was first described by David E. H. Jones in his article series 

published by new scientist in 1974 [7]. The first functional AM materials were 

developed by Hideo Kodama et al [8] in 1981. The first metal additive manufacturing 

technology was selective laser melting, which was developed in 1995 at the 

Fraunhofer Institute in Aachen and patented by Meiners et al in Germany [9]. 
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The technologies used in AM has developed significantly over the years. Both 

historically and currently, the AM process can be described by a simplified number of 

steps: 

− The part to be manufactured is designed in a CAD software package. 

− The final CAD design is imported into a preparation software to orientate and 

add supports to the part to enable printing without excess overhangs or 

unsupported surfaces. 

− The part and supports designs are imported into a slicing software that extracts 

the two-dimensional cross-section of the design layer-by-layer. Each layer, 

when added back together, forms the three dimensional part to be created. 

These software operations can all be in the same software package but more 

commonly they are different programs that can read a common file type such 

as .stl. 

− The sliced layers are created sequentially from the base by a variety of 

techniques leaving the final part.  
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Figure 1: Additive manufacturing process [10] 

While initially conceptualised as a rapid prototyping mechanism, currently, AM is a 

growing field in both applied research and industrial application. The recent Wohlers 

report on the AM industry showed an 80% growth in metal additive manufacture, 

while the AM industry as a whole grew by 21% [11]. The field of AM comprises a wide 

number of technologies as seen in Table 1 adapted from Prakash et al. [12] 
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Technology Material 

Preparation 

Layer creation 

Technique 

Phase Change Typical 

Materials 

SLA Liquid Resin in a 

vat 

Laser Scanning Photopolymerization UV curable 

resin 

DLP Liquid Resin in a 

vat 

Masked Flash 

Lamp 

Photopolymerization UV curable 

resin 

MJM Liquid polymer in 

jet 

Ink-Jet printing Photopolymerization UV curable 

plastic 

RFP Liquid droplet in a 

nozzle 

Droplet 

deposition 

Solidification by 

freezing 

Water 

FDM Filament in nozzle Continuous 

extrusion 

Solidification by 

cooling 

Thermoplastics 

Robot 

Casting 

Paste in nozzle Continuous 

extrusion 

N/A Ceramic paste 

FEF Paste in nozzle Continuous 

extrusion 

Solidification by 

freezing 

Ceramic paste 

SLS Powder in bed Laser Scanning Partial Melting Thermoplastics, 

Metal 

SLM Powder in bed Laser Scanning Full Melting Metal 

EBM Powder in bed Electro beam 

scanning 

Full Melting Metal 

LMD Powder in nozzle Powder and Laser 

injection 

Full Melting Metal 

3DP Powder in bed Droplet 

deposition 

N/A Polymer, 

Metal, other 

powders 

LOM Laser cutting Binding of sheets 

with adhesives 

N/A Paper, Plastic 

Metal  

Table 1: AM techniques 

A common factor in all these technologies is a phase change of material followed by 

the binding of materials together. This allows for free-flowing materials such as liquids 

or powders to be used as the initial feedstock in the process. The non-bonded material 

can then easily be separated from the solid material to leave the complete solid parts. 



 

6 
 

For each of these various AM techniques, there is a large number of commercially 

available AM machines. Table 2 contains a brief breakdown of some key metal additive 

printing machines currently available in the markett, including specifications of the 

resolution, minimum feature size and the total build volume that can be availed to 

produce parts.  

Technology Machine Resolution Minimum 

wall 

feature 

Build 

volume 

Material 

SLM Realiser 

SLM50 

100 µm  0.2mm 300 x 300 

x 300 mm 

Metal 

SLM ProXDMP320 30 µm 100 µm 275 x 275 

x 420 mm 

Metal 

SLM SLM280 75 µm 150 µm 280 x 280 

x 365 mm 

Metal 

SLM RenAM 500S 20 µm 100 µm 250 x 250 

x 350 mm 

Metal 

SLM EOS M400 100 µm 100 µm 400 x 400 

x 400 mm 

Metal 

LMD rpm-

innovations 

0.125 mm 1.5 mm 1500 x 

1500 x 

2100 mm 

Metal 

EBM Arcam 

Q10plus 

140 μm 200 µm 200 x 200 

x 180 mm 

Metal 

Table 2: AM machines and capabilities 

The notable commonality of all machines outlined above, is a constrained build 

volume which limits fabrication to small functional parts. When focussing on the metal 

AM, the most common technology form is powder bed fusion, which can be separated 

into selective laser sintering (SLS), selective laser melting (SLM) and electron beam 

melting (EBM). The advances in laser technology and the improved part quality 

available from an almost identical process has led to a reduction of the usage of SLS as 

a manufacturing system.  This has driven the research previously carried out into SLS 
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being refocused to SLM research. The increase in the volume of publications for 

research into the field has been accelerating over the past few years. This is illustrated 

in Figure 2, which shows the number of papers published with the keywords SLM or 

EBM found on the search engine on Scopus.  

 

Figure 2: Number of publications with keywords SLM or EBM (Scopus, 2019) 

The AM production of parts by powder bed fusion follows a repeating cycle for the 

creation of the sliced layers. The cycle is in the form of alternating between powder 

bed layering and laser beam scanning. 

Firstly, the build platform is dropped by the slicing distance to provide space for the 

layer to be formed while maintaining a constant distance between the build surface 

and the energy source. The powder is fed into the build area from the feedstock and a 

powder layer created by evenly spreading this powder across the build area. The 

spreading can be accomplished by a range of methods including scrappers or rollers 

passing over the area. This even layer of powder is then defined as the powder bed.  

The scanning step occurs when the energy source passes over the cross-section 

defined by the slicing software in a pattern to completely scan the area. The energy is 

directed by the use of scanning galvo-mirrors in SLM and through magnetic coils in 

EBM. The energy interacts with the powder causing it to be heated rapidly and melted 

to form a liquid, known as the melt pool, which solidifies and cools down to form fused 
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metal. The now solidified material matches the cross-section of the part at that layer. 

The cycle is repeated and by the joining of the layers, the part is created.  

 

Figure 3: Idealised PBF process [10] 

An idealised PBF machine is shown in Figure 3. The process is fully contained in a 

chamber to isolate the powder from the atmosphere and provide energy containment. 

An additional common feature of PBF machines is a third piston for the collection of 

excess powder in the process for future recycling and reuse.  

1.3 Advantages of Additive Manufacturing 

AM has several advantages over traditional manufacturing methods. These advantages 

drive the uptake in the technology as a manufacturing system over the traditional 

machining or metal forming manufacturing systems. 

AM can produce complex parts [13] that were previously not feasible to produce [14, 

15] from a technological standpoint, such as controlled and graded lattice structures. 

These structures were historically not able to be produced for many reasons such as 

critical internal features that cannot be accessed with a tool, or fine lattice structures 

that cannot be cast due to the small feature size preventing the liquid metal from 

flowing sufficiently into the mould.  
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The ability of AM processes to create complex internal geometries and variant internal 

structures can be seen in the paper by Cathchpole-Smith et al. [16]  as shown in Figure 

4. A sample was manufactured using the University of Nottingham logo to 

demonstrate how varying the lattice volume fraction results in a distinct thermal 

profile. Heat sinks or thermal insulation layers can be developed that are optimised for 

thermal conductivity whilst retaining the advantages in weight reduction that lattice 

structures provide to an overall design. 

 

Figure 4: University of Nottingham logo in TPMS lattice 

AM is also capable of creating complex geometries that were previously attained by 

having a series of connected parts. This allows for a reduction in the number of joints 

necessary in an assembly. This can be particularly important in cases that operate in 

high temperatures or pressures where joints can be a source of leakage or potential 

failure. An exemplar of this is in the General Electric LEAP engine where the number of 

parts present in the nozzle assembly was reduced from 25 individual pieces brazed 

together to 5 parts [17].  
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Figure 5: GE Leap engine nozzle 

The ability of AM methods to facilitate the creation of these complex parts is one of 

the most commonly considered advantages, as it is easier to appreciate a new 

capability compared to an incremental improvement; but it is not the only advantage.  

The economic drivers for the growth of AM usage in the industry are strong, 

particularly considering the impact that complexity or customisation has on traditional 

manufacturing. Figure 6 taken from Pinkerton [18] illustrates the relationship between 

additive and traditional methods. The figure shows that for complex, low-volume 

parts, AM has a strong cost advantage over traditional methods.  

 

Figure 6: Breakeven Point analysis of additive manufacturing 

The cost of a part produced by AM does not have the same complexity concerns as 

traditional methods. In traditional manufacturing processes such as casting and 

forging, each SKU requires dedicated infrastructure such as moulds and dies. The fixed 

cost of creating a mould or specific tooling can be substantial in order to meet the 
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tight tolerances or for complex moulding. This creates an exponential increase in cost 

as the complexity of the part to be produced increases. However, the cost of this cast 

or tooling is spread over the entirety of the production volume. This doesn’t occur in 

AM, eliminating a certain level of economies due to scale in the process. This has the 

effect of the unit cost of an AM part being completely decoupled from complexity and 

number of parts. This creates a market niche for AM in low-volume and high 

complexity parts, where it presents an option for a cheaper per unit cost compared to 

traditional manufacturing process.  

The advent of net-shape AM, in which the part is produced to its final shape without 

significant further machining has also given an important advantage to AM over 

traditional methods in relation to the amount of wasted material used in the process. 

By definition, subtractive methods require more material than the final part contains. 

The removed material from an initial workpiece is hard to recover in a traditional case 

as it is frequently mixed with lubricant or other cooling fluids during the 

manufacturing process. The valuable material needs to be fully separated and 

removed from the waste stream which can be a costly or energy-intensive process. 

The difficulty in recovering the removed material and the lack of financial payback 

leads to it being disposed of as waste. This waste is not present in additive methods as 

any non-bound material remains in its initial useable form ready for use in future 

processes. The ability to not require excess material leads to material cost savings. The 

savings in the material costs found by using AM technologies over traditional 

manufacturing can be substantial when considering the high-end materials used in AM 

such as Ti64 and CoCr which cost €400/kg and €200/kg respectively in 2019.  

AM machines also provide substantial flexibility for production, the entire process is 

carried out by computer-controlled lasers without physical tooling or moulds. This 

allows rapid changes between SKUs to adjust production to consumer needs without 

tool change downtime, which is traditionally associated with changing the 

manufacturing profile. The ability to use the same feedstock for all parts also allows a 

reduction in the storage of materials of varying thicknesses and dimensions to fit 

various part designs. The ability to rapidly transition between designs allows for a 
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more readily replenished supply of parts and reduce the level of stock required to be 

held on hand for consistent supply within the overall supply chain.  

The AM process can be used to produce parts from materials that are difficult to work 

or machine using traditional methods such as Cobalt Chrome, Inconel and Titanium 

alloys. These materials have exceptional wear, abrasion and corrosion resistance [19]. 

These desirable properties, however, lead to excessive tool wear and time usage 

under traditional milling or alternative machining methods. The AM process mitigates 

the mechanical properties of bulk solid material by working with the material in a 

liquid state. By eliminating or reducing the tool usage on the material, the cost of 

replacing the tools as they wear down is also reduced.  

An indirect advantage provided by AM is its unique suitability to facilitate forms of 

genitive design and topology optimisation. Both of which produce parts to meet 

desired conditions or constraints with the minimum amount of material. A frequent 

effect of minimising the material is a complex strut or lattice structure. A prime 

example of this is from Orme et al. [20] The paper describes work done for Surrey 

Satellite Technology LTD (SSTL) Technology Demonstrator Space Mission that is 

currently functioning in orbit (case studies 1 and 2), and a system of five components 

for the SpaceIL’s lunar launch vehicle. Figure 7 shows the results of this optimisation 

which allowed significant reductions in the mass of the parts. The bracket was reduced 

from 425g to 89g for the un-optimised heritage part, a structural insert had a 40% 

reduction in weight and the landing legs a reduction from 4.0Kg to 3.0Kg. 

 

Figure 7: Topology optimised parts 

The paper had the following conclusion; “The authors are hard-pressed to envision the 

design of the bracket pictured without the tools implemented in this work, and 

furthermore, even if the design were conceived, it would be extremely difficult (if even 
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possible) and costly to manufacture with traditional subtractive methods”. This 

demonstrates the ability of additive manufacturing to facilitate topology optimisation 

which is a major advantage over traditional manufacturing methods. 

1.4 Disadvantages of Additive Manufacturing 

AM manufacturing has not been fully adopted to replace traditional metal forming 

methods or subtractive methods of manufacturing. While AM has significant 

advantages, it also has limitations and drawbacks that can prevent the move from 

traditional manufacturing to AM.  

The material deposition rates of AM are significantly lower than the equivalent 

material removal rates found in traditional manufacturing methods. The record for the 

fastest milling rate currently stands at 16,400 cm3/min in aluminium [21], the fastest 

deposition rate for metal AM currently stands at 200 cm3/min [22]. Even though the 

subtractive method may need to remove more material to get a final part, the near 

two order magnitude speed difference enables faster part production. This results in a 

significantly longer cycle time for AM parts compared to traditional methods. This 

limitation impedes AM applications competing at this mass manufacturing level.  

The process of AM can be inherently hazardous. The materials used to feed the 

process, be it monomer or metallic powder, can be irritants or carcinogenic, 

necessitating sufficient physical separation and PPE for the operator. The metallic 

powders provide both an inhalation risk for the user as they are small and light enough 

to be suspended in the air. As with any fine powder, an additional risk is created in 

that the powder in AM has the ability to create an explosive atmosphere. This 

necessitates an inert atmosphere or vacuum to be applied to the process at all points. 

The SLM process can also generate pyrophoric black soot as a by-product of the fusion 

process. This by-product will ignite when in contact with air increasing the risks caused 

by the fine powder and also needs to be eliminated from the process and safely 

disposed of. 

AM usually necessitates a high initial investment. The machines require high-intensity 

lasers and the connected cooling apparatus along with a sealed operational area that 

is not needed in the traditional methods such as casting or forging. These stringent 
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requirements increase the initial cost. While in operation the machines also have high 

energy requirements to power the laser system and frequently need a constant supply 

of inert gas or high vacuum to operate safely leading to not insignificant running costs. 

These high initial costs can be compounded by the difficulty in changing material being 

used in a specific machine. To prevent the risk of forming alloys or amalgamations, all 

of one material has to be fully removed and common components cleaned between 

materials. This process is time consuming a limits the flexibility of the AM process. In 

serial production this disadvantage is mitigated by having an AM machine per material 

which is costly. Whereas for research or small scale manufacturing the prohibitive cost 

of additional equipment necessitates machine downtime, reducing its OEE and 

incurring time costs. 

As seen in Table 2, there exist considerable size constraints in the application of AM to 

an industrial setting based on the available production machines. The constraint is in 

the form of a small build volume. Parts obviously must fit wholly in the build volume 

which limits applications, but also this constrained build volume cannot be fully 

utilised as the parts being build have orientation constraints that lead to loss of build 

plate utilisation. These size constraints limit the number of parts that can be produced 

on a single build plate, giving rise to even longer per part production cycle times. The 

build volume challenge also limits the advantage of reducing the number of parts, 

joined parts are larger and get constrained by the build volume. Any part that cannot 

be wholly fitted inside the build volume must be made in an assembly form, while the 

traditional means of manufacturing more readily can scale to larger machines to 

produce parts of any useful size. 

As shall be addressed later in this thesis, several imperfections can be present in an 

additively manufactured (AM) part such as a rough surface finish or porosity, both 

internal and in the form of surface defects. The process can be prone to failure due to 

thermal warping or uplift in manufacturing. These issues can cause the complete part 

to fail and due to the batch production nature of AM, a single part failure can lead to 

an entire build failure. This effect can lead to a lower part yield compared to a 

traditional manufacturing system. The additional limitation present is the inability to 

rework AM parts or to easily convert these failed parts back to the finely graded 
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powder that is required by the process. This leads to out of spec parts being 

completely discarded as waste.  

AM’s unique capabilities have led to its adoption in various industries and fields. 

Although the adoption of the technology for mainstream production has been stymied 

by the disadvantages already discussed, many companies have found that the 

advantages outweigh the restrictions, a selection of which are shown in Table 3 

Company Application Reference 

Carboni e 

Metalli 

Motorcycle 

parts 

https://www.carboniemetalli.com/the-lunar-project 

DePuy 

Synthes 

Medical 

Implants 

https://3dprintingindustry.com/news/depuy-synthes-

expands-3d-printed-titanium-implant-portfolio-

162269/ 

Stryker Medical 

Implants 

https://www.stryker.com/builttofuse/media/assets/TR

ITA-BR-

2%20Tritanium%20Manufacturing%20Overview%20FI

NAL.pdf 

GE Aerospace https://www.ge.com/additive/stories/qa-ge-additive-

pittsburgh-achieves-as9100d-iso-90012015-

certification 

Safran 

Electrical 

& Power 

Aerospace https://www.betaty.pe/case-studies/safran-electrical-

power/  

Betatype Automotive 

parts 

https://www.betaty.pe/case-studies/automotive-

headlights/ 

Table 3: Examples of Commercial Additive Manufacturing Usage 

This adoption by both large and small companies shows that the advantages of AM 

have been judged to outweigh its corresponding disadvantages. By mitigating the 

disadvantages, the adoption of AM will continue to increase.  

https://www.carboniemetalli.com/the-lunar-project
https://3dprintingindustry.com/news/depuy-synthes-expands-3d-printed-titanium-implant-portfolio-162269/
https://3dprintingindustry.com/news/depuy-synthes-expands-3d-printed-titanium-implant-portfolio-162269/
https://3dprintingindustry.com/news/depuy-synthes-expands-3d-printed-titanium-implant-portfolio-162269/
https://www.stryker.com/builttofuse/media/assets/TRITA-BR-2%20Tritanium%20Manufacturing%20Overview%20FINAL.pdf
https://www.stryker.com/builttofuse/media/assets/TRITA-BR-2%20Tritanium%20Manufacturing%20Overview%20FINAL.pdf
https://www.stryker.com/builttofuse/media/assets/TRITA-BR-2%20Tritanium%20Manufacturing%20Overview%20FINAL.pdf
https://www.stryker.com/builttofuse/media/assets/TRITA-BR-2%20Tritanium%20Manufacturing%20Overview%20FINAL.pdf
https://www.ge.com/additive/stories/qa-ge-additive-pittsburgh-achieves-as9100d-iso-90012015-certification
https://www.ge.com/additive/stories/qa-ge-additive-pittsburgh-achieves-as9100d-iso-90012015-certification
https://www.ge.com/additive/stories/qa-ge-additive-pittsburgh-achieves-as9100d-iso-90012015-certification
https://www.betaty.pe/case-studies/safran-electrical-power/
https://www.betaty.pe/case-studies/safran-electrical-power/
https://www.betaty.pe/case-studies/automotive-headlights/
https://www.betaty.pe/case-studies/automotive-headlights/
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1.5 Research objective 

Repeatability is a major issue in the uptake and usage of additive manufacturing, 

however, despite a significant volume of research focusing on the capabilities of AM, 

there is a lack of research focused on its repeatability and reproducibility. The overall 

research objective is to improve the repeatability of the SLM process 

To achieve this objective, there is a series of research questions that need to be 

answered. 

1. Is there a repeatability issue in AM, and how does this compare with 

traditional manufacturing methods? 

Repeatability and reproducibility have been identified in this thesis as a 

concern for the adoption of additive manufacturing to mainstream 

manufacturing. However, the actual level of repeatability has not been clearly 

defined, merely stating that the current level is insufficient. The first objective 

is to define the level of variation currently present in the process as compared 

to traditional manufacturing methods.  

2. What are the potential sources of variation causing the repeatability issue? 

The next question is to identify the sources of variation in the process, that are 

the root cause of the repeatability concern. The sources of variation need to be 

quantified to allow for prioritisation and mitigation of the largest sources of 

error.   

3. Can the errors or sources of variation be mitigated? 

A means of addressing the sources of variation and mitigate their effect on the 

overall performance of the additive manufacturing process will be developed. 

This will be in the form of modified process parameters to account for the 

variations. 

4. Can improved repeatability be achieved in the process? 

The modified process parameters will be used in the realistic setting of part 

manufacturing. The manufactured parts will be tested against the unmodified 

process produced parts. 
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1.6 Thesis Outline 

Chapter two of the thesis will be a literature review. The literature is assessed to 

determine the levels of repeatability present in the published works, reproducibility 

will also be accessed by comparing studies with similar parameter sets. The AM 

process is separated into pre-process, para-process and post-process stages and a 

critical review of the causes of variation at these stages is conducted. This chapter will 

address research questions one and two 

Chapter three will cover the development of a modified energy density equation. This 

chapter will contain an in-depth analysis of how targeted major sources of error vary 

across the build plate. The new equation will account for these variations contributing 

to allow for the variation to be mitigated. This will address research question two and 

provide the basis to answer research question three. 

Chapter four outlines the experimental methodology that will be used for creating 

experimental parts to be evaluated for the repeatability experiments in both 

geometric and mechanical properties. The chapter includes details on the control 

system present in the machine to be used for all the manufacturing processes. This 

chapter will also clearly lay out the statistical tests, against which the data produced 

will be assessed. 

Chapter five will address the geometric properties of AM parts. These properties will 

be analysed first as geometric effects could impact the mechanical properties. This 

chapter will address research question one and aspects of research questions three 

and four. 

Chapter six will assess the mechanical properties of AM parts. The chapter will include 

an in-depth analysis of parts in the multiple materials produced using the suppliers’ 

recommended settings and parts produced using new settings informed by the 

modified energy density equation. This chapter will focus on answering research 

questions three and four. 

Chapter seven shall be the conclusions of the thesis and include commentary on future 

work that could be carried out to advance this line of research further. 
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Chapter 2: Literature Review 

In this chapter, the literature is reviewed for evidence that can support the existence 

of a repeatability issue in the SLM process. The chapter will review the various 

processes and effects within AM that could be influencing the repeatability currently 

present, demonstrating that the issue is extant and not merely a perceived failing in 

AM.  

This literature review chapter is based on a review paper that was published in the 

journal of materials and design under the title “A review of critical repeatability and 

reproducibility issues in powder bed fusion” (DOI: 10.1016/j.matdes.2019.108346).  

2.1 Evidence of a Repeatability issue in the process 

To date, a significant volume of research has focused on the capabilities of AM, but 

there is a lack of research focused on its repeatability and reproducibility. The limited 

number of studies focused on repeatability in metal AM to date are more concerned 

with geometric accuracy and defect generation rather than the repeatability of the 

part properties. For example, Franchitti et al. [23] examined the effect of different 

parameters (orientation, build location, build height)  on the dimensional accuracy of 

Ti6Al4V rectangular parts fabricated using EBM. Dimensional accuracy was determined 

by measuring the sample thickness. The authors reported that the most significant 

factors affecting accuracy was the sample orientation and build location. Grasso and 

Colosimo [24] published a review of the current state-of-the-art in-situ monitoring 

methods available to reduce process defects in powder bed fusion processes such as 

EBM and SLM.  

Despite the lack of literature available specifically focused on repeatability in AM, the 

research that does exist is very informative for this thesis. Commonly, the results of 

experimentation are presented including their standard deviations, demonstrating the 

statistical significance of these results to draw strong conclusions. The standard 

deviation can be taken as an indicator of repeatability in a single data point. 

Reproducibility information can also be derived from comparing studies using identical 

machines between different research groups or in the form of inter-laboratory tests 

[25].  
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The most important and commonly investigated mechanical properties are the 

ultimate tensile strength (UTS) and elongation of the produced samples [26]. The 

materials with the most focus in powder bed fusion research are cobalt-chrome (CoCr) 

and titanium alloy (Ti64), with the published data from a large selection of this 

research shown in Error! Reference source not found.A & B.  

  

  

Figure 8: UTS and Elongation of CoCr (A) [27–36] and Ti64 (B) [37–40] 

It can clearly be seen that there is a large variation of both the mean UTS and 

elongation at break for each data set. This level of variation is to be expected as each 

data set represents different operating parameters. However, the error bars shown in 

the figures represent the standard deviation on each data set, which can be used as a 

measure of the process repeatability. For example, Takaichi et al. [27] fabricated Co-

29Cr samples for mechanical testing using SLM over a range of different energy 

densities (300 to 800 𝐽/𝑚𝑚3). The authors recorded standard deviations of up to 75 
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MPa for UTS and up to 2.9% for elongation which is significantly larger than that which 

is found in wrought parts made of the same material (shown in a different colour in 

the figures).  The increase in standard deviations and the wide range in the values 

recorded for the AM produced parts when compared to the traditionally produced 

equivalents, demonstrates that a repeatability issue is present.  

The literature also can be examined for reproducibility information by comparing 

studies. The energy density or specific energy input is commonly used as a defining 

variable in laser-based AM [41–43]. Figure 9 summarises the UTS results from different 

studies carried out at the same energy density in cobalt chrome and demonstrates 

they have divergent mean values and standard deviations. To compare the values, a 

two-tailed t-test is undertaken using the values from the papers surveyed by Lu et al., 

Liverani et al. and Qian et al. [30, 31, 33]. The two-tailed P-value from the tests equals 

0.0014 for the 100 𝐽/𝑚𝑚3 case and the two-tailed P-value is less than 0.0001 for the 

115 𝐽/𝑚𝑚3 case. By conventional criteria, a P-value of less than 0.05 is considered 

statistically significant [44]. The P-values from these tests are an order of magnitude 

less than this critical P-value and shows that there is a significant difference between 

the means of mechanical properties for a common energy input. This result can be 

used to show a lack of reproducibility present in the AM process.  

 

Figure 9: Reproducibility comparison at two energy densities [30, 31, 33] 
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In order to compare the level of repeatability across a range of materials and 

manufacturing processes, both additive and traditional in nature, this thesis uses the 

coefficient of variation as a comparison metric. The coefficient of variation is the ratio 

of the standard deviation to the mean for a population or sample [2].  

𝐶𝑉 =
𝜎

𝜇
 

In the case of UTS, AM produced materials have a slightly higher coefficient of 

variation than the traditionally produced counterparts shown in Figure 10A. When 

considering elongation, the variation in the AM materials is an order of magnitude 

larger than that of traditionally manufactured materials, as seen in Figure 10B.  
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Figure 10: Coefficient of Variation of UTS (A) and Elongation (B) for AM materials [2–14,16–21] and traditionally 
produced materials [51–53] 

The survey of the available literature showed that the coefficient of variation was 

found to be higher in AM (UTS of 0.05, Elongation of 0.13) compared to traditional 

manufacturing methods (UTS of 0.016, Elongation of 0.016). This trend is consistent 

across different materials, machines and/or process parameters, thus clearly 

demonstrating that repeatability is a systematic issue across powder bed fusion-based 

AM.  
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During studies into the PBF, over 157 process parameters are present that can impact 

part quality [54, 55]. These process parameters can frequently be grouped into single 

factors. For example, the scan strategy contains information on scan length, hatch 

spacing, scan speed, the order of scanning and hatch rotation [56]. These factors can 

be further characterised as pre-process, para-process and post-process factors as 

shown in Figure 11. 

 

Figure 11: Fishbone diagram of the AM process 

The pre-process includes all factors which contribute to the final properties before the 

AM process occurs. The para-process encapsulates the actual AM critical process of 

laser to material interaction. The post-process is any additional activity that is 

undertaken once the part has left the AM process. All the factors have an impact on 

final part properties but not necessarily to the same magnitude. The goal of the 

literature survey is to identify the effects which have the greatest impact and the 

greatest ability to be tuned for improved repeatability 

2.2 Pre-Process Effects 

The initial stage of the pre-processing of a part is the generation of a .STL file. These 

files are currently the standard input for all 3D printer slicer software and consist of a 

triangle-based mesh capturing the 3D geometry of a given design. The fidelity of this 

mesh to the designed CAD can have a significant impact on the AM part repeatability 

and accuracy. The discreet nature of the mesh causes issues in approximating curved 

surfaces such as cylindrical struts which adds in a geometric error [57]. This is further 

limited by the memory constraints of the computer system used to generate the mesh 
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[58]. Fine details such as curves require more numerous and smaller triangular unit 

cells. The memory constraints make this an unavoidable error between the design and 

the produced parts.  

 

Figure 12: 10mm sphere meshed for .stl with features of A) 1mm B) 0.5mm C) 0.1mm 

This exponential increase in memory usage can be easily illustrated when examining a 

nominal sphere of 10mm diameter meshed with increasing levels of precision as seen 

in Figure 12, where a 10mm sphere has been meshed at 1mm, 0.5mm and 0.1mm 

precision levels. The memory required to store these meshes as .stl files is shown in 

Table 4. This effect is magnified when more complicated or intersecting geometries 

are used, which already require significant memory. This memory restriction can lead 

to reduced part accuracy.  

 A) B) C) 

Mesh Unit 1 mm 0.5 mm 0.1 mm 

Memory usage 75 KB 277 KB 6453 KB 

Table 4: Memory Usage 

The second issue inherent to all AM technologies is geometric accuracy defects, such 

as the staircase effect as seen in Figure 13 [59]. This effect leaves a saw tooth effect, 

resulting from both hatch spacing and layer thickness. This saw tooth effect causes 

significantly increased roughness on angled surfaces. This results in a different 

characteristic to those surfaces that are perpendicular or parallel to the build 

direction. 
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Figure 13: Staircase Effect 

Another important component of the pre-process is the generation of support 

structures for the part. These structures connect the build plate to the part and 

provide structural support during the printing process, anchoring the part in place to 

prevent deflection from the stresses generated by the large thermal gradients. This is 

particularly important for arched or overhanging structures which require cantilevers 

that may be significantly weaker than the final structure and unable to support their 

weight until completion [60].  

The optimisation of support placement begins with the orientation of the part [61]. 

This optimisation must balance the various factors of the process such as the volume 

of support to be added, the total height of part and the generation of entrapping 

surfaces. Balancing the level of importance given to each of these factors gives rise to 

a series of potentially “optimal” solutions to the part orientation. These optimum 

solutions are only geometry dependant, with a lack of inherent understanding of the 

properties of the part being created.  

There currently exists no means to optimise orientation for the most repeatable 

results. The selection of which optimal solution to use and the weighting to assign to 

each of the individual factors is a user-defined or specified process. This can lead to a 

reproducibility issues as different users can define different optimums leading to 

varying orientations and corresponding variation of mechanical properties.  

These varying orientations are only a single step in the selection of support. The types 

of support available are also myriad, for any given surface options of support type 

include; Block, Line, Point, Web, Contour, as well as combinations and hybridisations 
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of all these types [62]. Beyond the type of support, each has further parameter 

selection such as the thickness of the lines or dimensions of the cones. This gives a 

near-infinite range of possible support structures for any given surface, many of which 

are equally suitable for adequately supporting the surface. The infinite support options 

that a user can choose from facilitates circumstances where parts can be produced 

with differing properties, leading to reproducibility concerns.  

Material absorption is a critical factor in AM. Reflectivity and its corresponding inverse 

quantity of absorption are important when considering the laser interaction with the 

material powder. . The absorption spectrum of the material defines how much of the 

laser energy is absorbed and converted to heat which is required for melt pool 

formation. The absorption spectrum for a series of common AM materials is shown in 

Figure 14.  

 

Figure 14: Absorption for common AM materials against wavelength (adapted from [63]) 

The wavelength of a laser is non-variable due to the fundamental relationship it has to 

the gain medium present in the laser pump. The photons generated by the laser are 

produced with a wavelength matching the energy difference in the electron ground 
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and excited state [64]. This fundamental factor of the process prevents variable 

wavelength from being a potential source of error in a machine. 

The reflectivity of a material can also have a temperature dependence, as seen in 

Figure 15. This is due to the fundamental mechanism of laser absorption in metals 

being predominantly absorbed by free electrons in an “electron gas” [64]. For most 

metals as temperature increases, these free electrons are more likely to interact with 

the metal structure rather than re-radiate the incident laser. This creates a fall in 

reflectivity, which correspondingly increases the absorption of the metal. This change 

in absorption with temperature needs to be considered in the AM process as the 

metal goes through a wide temperature range in the process from room temperature 

to its melt or vaporisation temperature.  

 

Figure 15: Reflectivity against temperature for common materials taken from [65] 

The absorption of the powder bed is largely determined by the normal flat-surfaced 

absorptivity according to Boley et al. [66]. Their predictive model gives a reasonable 

approximation of the absorptivity of the powder from flat surface absorptivity.  

However, Boley et al. did calculate and measure a variation in absorptivity based on 

the particle size distribution of the powder between a uniform hexagonally packed 
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powder, a bimodal distribution and a Gaussian distribution of powder particle size. The 

calculations were done for a wide variety of materials, the most important of which for 

AM purposes are stainless steel and titanium and are tabulated in Table 5.  

Material λ (μm) A (Flat) A (Hexagonal) A (Gaussian) A (Bimodal) 

SS 1 0.34 0.60 0.58 0.63 

Ti 1 0.39 0.64 0.62 0.66 

Ti 0.45 0.45 0.69 0.67 0.71 

Table 5: Material Absorptivities 

There is a clear change in absorptivity in these materials as the powder distribution 

varies. This is a potential source of repeatability loses due to variations in powder 

supplier or the progression of the powder recycling modifying the distribution from 

one typing to another.  

The next principle pre-process parameter that affects repeatability, is the morphology 

of the powder being used. Powder morphology covers the particle size distribution 

and the shape characteristics of the individual particles, such as sphericity and 

uniformity. The powder morphology is a critical factor in determining the optical 

penetration depth [67, 68], thermal conductivity and packing density of the powder 

bed.   

Optical penetration depth indicates the depth that the energy will penetrate the 

powder, which is intrinsically linked to the formation of the melt pool [69]. Optical 

penetration depth is defined as the depth at which the intensity of the radiation inside 

the material falls to 1/e of the original value, which is approximately 36.7% of the 

initial value. A graphical representation of the optical penetration depth in powder is 

shown in Figure 16, adapted from Zeng et al. [70]. The graph shows a 1 mm square 

section of the powder bed. The intensity of the laser is reduced by reflections and 

absorption of the powder particles. At 0.6 mm from the surface level on the graph, 

only one of the trace beams continues propagating through the material resulting in a 

drop below the 1/e energy level. A variation in penetration depth can cause a 

corresponding variation in the melt pool depth. If the melt pool depth becomes 

greater than the layer height, this can add melting-solidification cycles to underlying 
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formed layers. The melt pool depth being less than the layer height will lead to poor 

interlayer bonding and delamination between the layers. This variation leads to quality 

issues such as porosity defects and thus affects the mechanical properties. This was 

shown in the study by Gong et al. [71] which characterised the melt pool in Ti64 as a 

means for process parameter selection.  

 

Figure 16: Optical penetration depth adapted from Zeng et al. [70] 

The thermal conductivity of the powder bed determines the size and cross-section of 

the melt pool generated. The size and shape of the melt pool have been shown to 

affect the mechanical properties of a completed part due to the formation of pores 

and rough surfaces. This has been demonstrated by several authors in both 

simulations of the melt pool and experimental measurements [72–74]. Varying 

powder morphology can affect the conductivity by changing the level of connection 

between particles and changing the gaps between the particles. The thermal 

conductivity may also be changed due to the varying composition of the powder, 

particularly in the case of titanium-based matrix composites [75]. The melting point of 

the ceramics is significantly higher than those of the metal component of the matrix 
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[76], potentially leading to a variation in melt pool dependant on ceramic 

concentration both in a build and between builds as the material is processed. 

The packing density of the powder bed can directly affect the optical penetration [77] 

and thermal conductivity [78], as already discussed. Separate from these effects, low 

packing density can cause voids in the powder bed. This can lead to an unstable melt 

flow as the voids respond differently to the laser heating than the powder particles. 

This unstable melt flow has been shown to be a factor in the formation of defects [74]. 

The study by Abd-Elghany and Bourell [79] characterised the packing density of 304L 

stainless steel powder at various layer thicknesses and the effect this had on the 

material properties, the results of which are shown in Figure 17. The conclusion from 

the study states that there is a strong positive correlation between a more densely 

packed powder bed and the creation of a higher part ultimate tensile strength. 

 

Figure 17: Packed Density against Ultimate Strength adapted from [79] 

The packing density of a powder is also related to its flowability [80], which is a 

complex phenomenon. The factors that are important in its characterisation are the 

shape of the particles and the powder size distribution. A powder comprised of 

spherical particles has a higher flowability than one composed of particles with an 

angular shape, due to the reduced particle interlocking and the free rotation of the 

powder [81, 82].  
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The size distribution is an important factor in determining the size of voids. Small 

satellite particles connected to large particles can impact the packing density by 

reducing flowability due to increased mechanical interlocking [83]. Conversely, 

satellite particles are also being able to fill the voids present between packed large 

particles. Figure 18 has combined data for different powder size distributions in cobalt 

chrome taken from a series of studies [27, 30, 31, 33, 35]. The figure shows a 

significant difference in UTS with powder variation between the 22 µm case and the 

larger particle sizes. The more interesting for repeatability purposes is the difference 

in uncertainty moving from a standard deviation of 24 MPa to 44 MPa to 59 MPa as 

the powder size increased. The larger particles appear to result in stronger parts, 

however the repeatability of these parts is reduced. This cross publication conclusion 

reinforces the findings of Simchi [84] who investigated a wide range of iron powder 

sizes and found that fine powder agglomerates can have increased reflectivity, 

reducing absorbed energy. 

 

Figure 18: Powder size and UTS data taken from studies [27, 30, 31, 33, 35] 

The particle size distribution of the powder used in AM follows a statistical distribution 

both within a single container [85] and across batches of produced powder [86]. This 

can be seen in Figure 19, taken from the study of Inconel (IN738LC) powder batches by 

Engeli et al. [87]. It is common practice for multiple batches of powder to be used in a 
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single build, and the inherent variability in the powder supplied leads to variations in 

powder conditions.  

This is both an in-build and build-to-build concern for repeatability. The in-build 

repeatability is of concern due to the layering mechanism creating a stratified set of 

properties, due to the progression through batches of powder [49]. Coupling these 

stratified properties with a variation in powder properties due to powder feedstock 

gives rise to a potentially greater variation in physical properties. Kulkarni et al. [88] 

found that “a very small change in the particle size distribution, span, or the wall 

friction properties can influence the flowability”, which has already been noted to 

impact packing density. The sensitive nature of flowability can impact part properties 

which contribute to a build-to-build variation. 

 

Figure 19: Powder size distribution of multiple batches of powder, taken from [87] 

Herbert [89] proposed a mechanism for describing the spreading of powder in a layer. 

This theoretical mechanism stated that the size distribution can vary with location 

within a powder layer, as size segregation can occur during spreading. This theory was 

reinforced by the work of Slotwinski et al. [90] who conducted a study on the powder 

properties in an individual layer of a print in additive manufacturing. Their findings 

showed that larger particles are preferentially transported across the build plate, 

leading to a graded distribution of particle sizes across the build plate. It is therefore 

possible that this variable powder size within a layer, could lead to changed properties 

across a build.  
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Research into the effects of using different powder sources and grades provides direct 

empirical evidence of the powder variation affecting the final properties [48]. An 

example is shown in Figure 20, adapted from Gu et al. [91]. The study investigated 

both the shape and size distribution of the Ti6Al4V powder. The process parameters 

were held consistent across the powders: Trial A processed all the powders following 

the settings recommended by Raymor, one of the suppliers, whereas Trial B processed 

all powders using optimal parameters based on modelling of melt pool overlap. The 

different powders showed significant changes in the standard deviation values of the 

yield strength and UTS between the different suppliers in both trial cases. This 

reinforces the repeatability concern as any change in powder supplier or grade of 

powder can have a dramatic difference in the material properties produced by the 

process.  

 

Figure 20: Ti64 powder variation effect on properties, adapted  from [91] 

A variation of powder morphology can also be created as a function of the process. 

The nature of the SLM process gives rise to ejected material which can settle on the 

powder bed ahead of the laser scan. This material ejection is in the form of small 

particle size material, which is seen as sparks or splatter [73]. The addition of small 

particles to the powder bed from this splatter can skew the particle size distribution 

from normal and can give an uneven surface between layers leading to porosity 

development [74]. 
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The powder is commonly recycled from build to build as most of the powder forming 

the bed is not fused. Even under maximum build plate usage conditions, less than 20% 

of the volume is melted [92]. The process requires material to be supplied to create 

the powder bed beyond what is melted to form the parts. The unused powder is 

recycled and reintroduced into the process. However, its properties may have 

deviated from the virgin material due to this recycling [86]; most commonly in size 

distribution but also in becoming less spherical  [38, 90, 93]. A clear example of this is 

shown in the study by Tang et al. [38], in which a series of tests on reused Ti64 powder 

processed by EBM were conducted, the results can be seen in Figure 21.   

 

Figure 21: Ultimate Tensile  Strength against the level of recycling (adapted from [38]) 

The measured changes seen by Tang et al. [38], could be deemed beneficial to a 

produced set of parts and beneficial to the process in general due to improved 

mechanical properties. The study also showed a reduced variation within an individual 

build. The authors of the study concluded, “Reused powder showed no measurable 

undesired influence”. However, any influence desirable or not, changes repeatability, 

specifically in a build-to-build case. The parts produced by the same machine using the 

same parameters have a significant variation in mechanical properties which 

correlates to the number of times the powder has been recycled, which by definition 

reduces the repeatability of the process. 
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The pre-process powder properties can be affected by a number of factors including 

supplier, the specific batch from a supplier and the re-usage cycle of the powder. The 

powder properties have been shown to directly impact the mechanical properties of 

produced parts and also indirectly impact the part quality due to defect generation. 

Methods to improve the repeatability due to the powder effects include controlling 

the feedstock and monitoring the produced powder bed for inhomogeneity. For 

example, accurately characterising the powder in order to use the correct processing 

parameters for the specific feedstock rather than for a generic feedstock. Decost et al. 

[94] developed a system to classify both representative and atypical powders. This was 

achieved by using computer vision and machine learning. A significant advantage of 

their approach is that it is autonomous, objective and repeatable. The ability to classify 

the full powder morphology being used could significantly improve reproducibility as 

the variation in feedstock would be reduced.  Alternative means to control the powder 

morphology such as ball milling prior to production has also been investigated by Attar 

et al. [95]. This research indicates possible improvements to the repeatability of the 

process, but was limited in its scope and did not provide a strong conclusion compared 

to no ball milling. This area of research is generally underdeveloped and further 

focused study is required. 

Examining the produced powder bed for variations is an alternative means by which 

repeatability could be improved. Methods of this in-situ analysis have been developed 

and proposed by Foster et al [96] and Zhang et al. [97]. Both studies suggest the use of 

camera systems to image the powder bed before and after scanning a layer. This will 

allow the potential development of closed-loop process control. The ability to 

recognise variations in the powder bed enables remedial action to be taken, such as 

recoating or dynamically modifying the processing parameters to fit the powder bed 

generated, and not an idealised general powder bed. This could improve the 

repeatability of parts in a single build by accounting for any powder variations.  

2.3 Para-Process Effects 

The crux of the process considered in the overall powder bed fusion process is  the 

laser interaction with the powder bed. The interaction of the laser and the powder is a 
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complex phenomenon due to multiple phase changes that the powder undergoes and 

variable absorbance based on the temperature of the material. These interactions 

happen on short timescales due to the focused nature of a laser spot on microscopic 

spatial scales with rapidly moving scan rates. Operating at these small interaction 

windows means even minor perturbations can have a significant effect on the process.   

The energy density or specific energy input is used as a primary comparison variable in 

laser-based AM [41–43] to encapsulate all the laser characteristics in a single variable. 

The energy density is used to generate relationships with relative density [29, 98, 99] 

which is further connected to strength and elongation [100]. Energy Density is 

commonly formulated as  

𝜓 =
𝑃

𝑣 ∗ ℎ ∗ 𝑑
 (1) 

where ψ is the energy density (J/mm3), P is laser Power (W), v is the scan speed 

(mm/s), h is the scan spacing (mm) and d is the depth of powder (mm) [101]. An 

alternative means of calculating energy density has also been used in some studies to 

explicitly include the time interaction of the laser.  

𝜓 = 𝑃𝑑 ∗ 𝑡𝑖  (2) 

𝑃𝑑 =
4𝑃

𝜋𝐷𝑏
2 (3) 

𝑡𝑖 =
𝐷𝑏

𝑣
 (4) 

𝜓 =
4𝑃

𝜋𝐷𝑏𝑣
 

(5) 

 

The additional terms are the power density Pd, the beam diameter Db, and the 

interaction time ti  [102]. The two energy density calculations differ in their 

formulation, with equation (1) having a relation to the setpoints for the depth of 

powder and hatch spacing. Whereas equation (5) relies on the measured value in the 

beam diameter and postulates that the depth of powder and the hatch spacing are a 

derivative of this energy density rather than a determined set point. The existence of 

two different formulations for energy density can lead to variation in the literature, as 
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depending on the formula used, the properties for a given energy density can vary 

widely. 

As a corollary, the same mechanical properties can also be attributed to varying 

energy densities. This occurs due to the reporting of just the energy density instead of 

the actual process parameters used in studies. This leads to reduced reproducibility in 

the field as a whole, as insufficient information is transmitted to allow for a rigorous 

reproduction of results.  

Neither equation is inherently superior to the other, which has led to both being 

prevalent in the literature. The desire to keep energy density consistent while 

changing process parameters dictates which equation to use in each instance. In cases 

of modifying power or scan speed, both are applicable. However, the lack of all 

pertinent variables of hatch spacing and depth of powder prevents them from being 

used for ED control in all possible variations that may be desired.  

 

Figure 22: Graphical view of energy density variables 

The scan spacing and beam diameter, while not directly synonymous, are related 

variables. To accurately control the level of re-melting, the scan spacing and thus 

beam diameter must be considered to define the overlap of the scan passes. 

Re-melting can have a significant effect on the final microstructure [103] and by 

extension, mechanical properties in both a positive and negative way. For example, 

studies by Van Den Avyle et al. [104] and Yahata et al. [105] demonstrated that 

re-melting was found to reduce defects in Inconel and deoxidify titanium respectively, 



 

39 
 

thus improving their properties. However, if excess re-melting occurs, the 

microstructure can become undesirable as shown by Charles [106] wherein a banded 

microstructure was discovered to form in Ti64 due to the reheating cycle, not the 

original quench. This banded microstructure has been shown by Wang et al. [107] to 

introduce anisotropy to the mechanical properties. This anisotropy directly affects the 

mechanical properties of the samples relative to other samples without this banded 

microstructure. Anisotropy in the mechanical properties can cause reduced 

repeatability, as any change in the orientation of individual parts modifies the 

properties.  

Zhu et al. [99] and Han et al. [108] investigated the relationship between energy 

density and part density. Their results showed a non-linear but consistent relationship 

across both studies shown in Figure 23. The studies show a range of energy densities 

that give a good relative density of the produced part. Both studies showed evidence 

of density improving with increased energy input or energy density until hitting a 

maximum at 60 J/mm3 for Zhu et al. in CoCr, and 138 J/mm3 for Han et al. in Ti64. 

However, a sharp drop in relative density occured when the energy input dropped 

below this level,.This is likely due to a transition from a laser melting regime to a laser 

sintering regime caused by incomplete melting of powder particles, resulting in a poor 

bond with entrained porosity developed. The exact threshold for this drop is material 

and process specific. Deviating from this optimum plateau over a section of the 

manufacturing envelope could lead to a reduction in part quality and build process 

repeatability. A similar density drop occurs when the energy density goes beyond the 

optimum plateau as the powder is vaporised rather than melted creating a void which 

develops into porosity.  
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Figure 23: Energy density to relative density curve adapted from (A) Zhu et al.[99] and (B) Han et al [108] 

The connection of mechanical properties such as elongation and tensile strength to 

relative density is well documented. In the study by Verlee et al [100], a range of 

densities from 81% to 98% were investigated. The study showed a direct relationship 

between higher relative density resulting in higher UTS and Elongation. This 

connection between mechanical properties and relative density and thus energy 

density, allows us to state a plateau of mechanical properties must also exist with a 

sharp drop in performance when deviating from the plateau. The potential for the 

energy density to vary across the build envelope makes this fact a critical concern for 

repeatability within an individual build. 

The beams used in modern lasers use diffraction-limited optics to provide a tight focus 

[109]. The laser source used in AM is not a perfect system, with inherent power 

fluctuations particularly at higher power levels used in the manufacturing process 

[110], as shown in Figure 24. The fluctuation of power can lead to repeatability issues 

as inconsistent melt pool effects such as excess vaporisation could occur from the 

transient higher energy levels. 
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Figure 24: Relative intensity of laser pulses [110] 

The fluctuations of energy reaching the build plate are further increased by 

transmission variations due to plume development and accumulation of process 

by-products in the process chamber [111]. The fluctuations can impact part quality, 

raising a repeatability concern as the energy reaching the build plate may not remain 

constant during the entire process.   

The by-products produced from the process are usually found in the plume and 

specifically in the condensate cloud produced by the vaporisation of the powder 

material. This cloud is comprised of nanoparticles from material that has cooled and 

condensed out of the vapour state. The particles remain in suspension due to their 

light nature and take time to settle on the surfaces of the process chamber. This 

condensate is produced consistently in the process and allows a film of settled 

condensate to build up. This film is on all surfaces and in some cases without sufficient 

filtration, can build up on the transparent window through which the laser beam is 

directed. This can lead to the laser beam becoming obscured by what is in effect an 

additional thickness of the powder material prior to reaching the build platform. This 

film could also act to increase the level of thermal aberration experienced at this 

window, turning it into an additional lens resulting in a further variation in the laser 
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focussing on the build platform. As this film develops over time, its effect will be 

spatially gradient over the build which could lead to a repeatability concern, 

particularly in the case of layers of nested parts.  

The fluctuations in power can also lead to a change in the spot size or track width of 

the beam. This can be seen clearly in Figure 25, adapted from Kusuma et al. [112] 

which shows the percentage standard deviations of measured track widths at different 

laser powers. Both the standard deviation of the track width measurements and the 

spread of the data are observed to increase with laser power. This shows that in a 

single machine with higher laser powers, the output is less consistent than at a lower 

power operation setting. 

 

Figure 25: Percentage standard deviations of track widths at different powers, adapted from Kusmana et al. [112] 

The spot size of a laser can be calculated in a number of different ways including 

full-width half-maximum (FWHM), D4σ method and 1/e2 method. The derivation of 

these methods is based on the intensity profile of the beam and are inherently 

independent of power variation. These calculations for spot size do not intrinsically 

have a power relationship, however, while useful the scientific spot size of the beam 

does not provide the most useful measurement of the beam diameter. In AM, the 

effective laser spot size is a more useful measurement, where the effective spot size is 

defined as the area receiving the minimum irradiance required to melt the powder. 
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Thus if the power is increased with all other parameters kept constant, an identical 

Gaussian profile upshifted on the irradiance axis is generated as seen in Figure 26. This 

leads to a greater section of the beam contributing to the melting process, increasing 

this effective spot size [113].  

The effect of laser spot size on the resultant microstructure of an AM part was studied 

by McLouth et al. [114], whose study was carried out on Inconel 718 parts produced 

by SLM. The spot size of the laser was modified by changing the manufacturing focal 

offset without modifying any other processing parameters. They concluded that an 

offset focus or larger spot size gave rise to “coarser microstructure and stronger 

crystallographic and morphological textures in both the as-built and fully heat-treated 

conditions”. These microstructure changes would introduce changes in the mechanical 

properties and could potentially add a repeatability concern due to the stochastic 

nature of power fluctuations in the laser system.  

 

Figure 26: Laser spot size with respect to power 

The increase in the spot size of the laser has two critical effects. It leads to a reduction 

in energy density as the power is spread over a wider area and the overlap between 

adjacent laser passes is increased. The increase in overlap causes the greatest 

potential effect. The overlap change causes the area of remelting to be increased 
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changing the distribution between remelted and non-remelted resultant 

microstructures. There is also a change in total power to which the powder is exposed. 

This is graphically represented in Figure 27, as the overlap increases the normalised 

power over the area between passes rises.  

 

Figure 27: Overlap of Adjacent Laser Passes 

The beams used in modern lasers use diffraction-limited optics to provide a tight focus 

[109]. However, this tight focus only exists in a narrow region of the beam. The beam 

width varies along the beam propagation path following the equations (6) and (7), 

wherein z is the distance from the focus, 𝑤0 is the waist radius (the narrowest part of 

the beam), 𝜆 is the laser wavelength and n is the index of refraction. 

𝑤(𝑧) = 𝑤0√1 + (
𝑧

𝑧𝑅
)

2

 

(6) 

 

𝑧𝑅 =
𝜋𝑤0

2𝑛

𝜆
 

(7) 

 

The focus plane of the laser propagation system should be positioned to lie along the 

plane of the active layer in the build. However, the beam may become out of focus at 

certain points in the build due to immovable or transient optical effects such as 

thermal warping of the lens. The focus plane could also deviate from the active layer in 

the build due to inaccuracies in the positioning of the build piston or the levelling of 

the build plate. Following equation (6) this will lead to an out of focus beam, resulting 
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in a greater beam diameter. This out of focus nature can also lead to the 

cross-sectional shape of the beam becoming more elliptical as it moves out of focus 

[115]. The beam diameter can also be increased when the beam becomes elliptical as 

its angle of incidence on the plate is changed [116], as will be discussed in detail in 

section 3.1.3 Angled Incidence.  It has been shown that the shape of the beam, 

specifically studied by Roehling et al. [117], can have a direct impact on the 

mechanical properties of a produced part. The experimental results found by Roehling 

et al. were supported by a series of simulations of the process using the ALE3D 

software package. The results show clear evidence of a scan directional dependence 

created by an elliptical spot not present in a circular spot. This dependence leads to 

narrower melt tracks and higher peak temperatures in the melt pool as seen in Figure 

28. These narrower tracks could change the conditions present in adjacent scans and 

the higher temperatures can introduce melt pool variability and excess particle 

ejection or vaporisation. The effects of this concept are described in the work by Qiu 

et al. [74], wherein the role of melt flow is extensively addressed in both modelling 

and experimentally concerning Ti64. They found that unstable melt flow gives rise to 

porosity defects and increased surface roughness.   

 

Figure 28: Beam shape effect on the melt pool [117] 

The effect of the change in melt pool formation is shown  in the cross-sectional view in 

Figure 29. The longitudinal elliptical beams lead to greater ejected material and the 

development of internal porosity. The scan vector used in AM is commonly rotated 

between layers [118, 119]. This leads to a variation between longitudinal and 

transverse elliptical passes through a part, which can lead to variable porosity and 

mechanical properties in each layer. In extreme cases, the differences between each 

layer could also lead to the development of delamination in the build. 
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Figure 29: Melt track formation [117] 

As both the size and shape of the laser spot is location dependant, the energy density 

must also be location dependant due to the energy being spread over a varying spot 

area. This will lead to both the physical and geometric properties of the part becoming 

build plate location dependent. This dependency gives rise to a significant 

repeatability challenge as each part will have a different location on the build. 

The laser parameters used for producing parts are usually found empirically, and thus 

can be unreliable when applied in locations and systems other than their formulation 

system. The empirical values are found for a specific system and cannot be taken to be 

ideal for all possible systems used in AM. The level of power required for the process is 

commonly considered in ranges. The process is an optimisation problem with a vast 

number of potential control points. The optimisation is also based on a specifically 

targeted characteristic. For example, designing for a particular microstructure or 
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density can require very different parameters sets for the same material [29, 120]. This 

has been shown clearly in the study by Gu et al. [121], where the influence of energy 

density on porosity and microstructure was evaluated in 17-4PH stainless steel.  They 

showed that different parameter sets such as changes in scan speed, gave rise to 

varying physical properties. However, the properties do not reach maximums at the 

same location, as seen in Figure 30. The selection of process parameters to get the 

desired property can be a repeatability issue without the understanding of 

interconnectedness present in the properties. For example, one cannot assume that a 

part would exhibit the same microstructure when the parameters are modified to 

produce a denser part. It is also noticeable that the standard deviations present at 

each setting vary across the parameter sets. Selecting the process parameters with the 

best resulting part properties can give rise to repeatability issues as the spread in the 

part properties is not constant while changing process parameters.  

 

Figure 30: Density and Grain size against scan speed, adapted from [121] 
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The effect that scanning strategy has on the resulting part has also been studied by 

Demir and Previtali [122]. The study showed the impact that the scanning strategy can 

have on the part quality. Variations in scan strategy were shown to impact the 

magnitude of the residual stresses, surface roughness and geometric accuracy of the 

produced parts. It was noted in the study that the remelting scan strategies also 

increased the dimensional errors of the parts produced [122], this will result in a 

reduction in the geometric repeatability. The scan strategy can also affect 

repeatability, as shown in Figure 31. The strategies investigated were based on 

secondary passes over the workpiece. The second pass options were as follows: no 

second pass, full-strength second pass, reduced strength second pass, focally offset 

pass. It was found that not only is the density changing as the scan pattern changes, 

but also the magnitude of the errors changes, with the final polishing strategy having 

the spread of results halved compared to the no second pass condition [122].  The 

effect of correcting the scan strategy for a single variable can cause unintended quality 

reductions elsewhere. This illustrates one of the key challenges of AM repeatability, in 

that the optimum settings for one property are not optimum for all properties. 



 

49 
 

 

Figure 31: Effect of scan strategy on density, adapted from  [122] 

The effect of scan strategy was further investigated by Ali et al. [118], who found that 

the standard scan strategy used in the production of Ti6Al4V parts produced the 

lowest residual stresses as shown in Figure 32. The spread of the residual stresses, 

however, was greater for the standard strategy than the 2x2 case. In selecting the 

lowest residual stress for the standard, a less repeatable strategy resulted.  
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Figure 32: Principal stresses for different scan strategies [118] 

The common theme across the studies into the laser characteristics used in AM, is that 

selecting parameters that give the best physical properties are not necessarily the 

optimum parameters for repeatability. The systemic selection for material properties 

over repeatability could be a major contributing factor in the lack of repeatability in 

AM in general. The lack of explicit information about how certain physical properties 

were optimised and how the process parameters were selected by these optimisations 

give rise to a number of claimed optimum process parameters for the same physical 

property. This lack of information can lead to the selection of suboptimal parameter 

sets when repeatability is the desired outcome.  

Some research has focused on investigating the in-situ monitoring of the powder bed 

fusion process. For example,  the National Institute of Standards and Technology 

(NIST) is developing a focused testbed for enhanced process control [123]. This 

testbed allows in-situ continuous feedback control to be developed to improve 

repeatability. The research by Aminzadeh [124] demonstrated the ability to detect 

defects as they are forming using a visual camera for quality inspection focusing on 

porosity occurrence. Work by Demir et al. [125] monitored the process using co-axial 

measurements with the processing laser. The monitoring consisted of using a visible 

light camera to monitor the stability of the melt pool and a near-infrared camera to 
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monitor thermal effects. The ability to detect defects forming during the process 

would allow the targeted use of corrective scan strategies such as the polishing-type 

remelting pass used by Demir et al. [122] to reduce or remove these defects, thus 

improving both part quality and repeatability. 

2.4 Post-Process effects 

After AM parts are created, it is frequently required that they are further processed to 

modify their properties. This is done in a traditional manufacturing context as well. 

However, uncertainty is created around the properties of AM parts as the level of 

post-processing can give rise to different properties. The post-processing of AM parts 

could hide issues inherent in the process as they are removed post-processing, 

masking the underlying inconsistencies. The most common post-processing carried out 

is machining to give a better surface finish and to remove supports. Other 

post-processing includes heat treating to provide stress relief or anneal the parts and 

hot isostatic pressing to reduce the porosity in the parts. 

The surface of an AM part is frequently rough. The surface roughness values for as-

built additively manufactured parts [126] is an order of magnitude greater than the 

surface roughness found in parts made by casting [127] or wrought [128] materials. 

This roughness is due to the layered nature of the parts’ construction creating a stair-

stepping effect that is heavily dependent on part orientation [129] as noted in section 

2.2 Pre-Process Effects. The use of supports on overhanging surfaces also gives rise to 

localised roughness peaks where the support remains [130]. AM parts are commonly 

machined to reduce the surface roughness found from these effects, as the rough 

surface impacts the fatigue of additive parts. Without machining, they exhibit a 

decreased fatigue life [131].  

The process of powder bed fusion gives rise to residual stresses in the part. The stress 

is created by the large thermal gradients created in the laser scan, as the laser passes 

over an area the powder rapidly heats to melting and then back to solidification [132]. 

The large gradients lead to localised expansion and contraction within the constrained 

metal creating stress within the metal part.  The residual stresses cause deformation 
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and cracks during post-process machining and heat treatment, as the stress is no 

longer constrained [133].  

Stress relief reduces the residual stresses left in the part from manufacturing and can 

have a significant impact on the mechanical properties, surface quality and 

microstructure of a produced part. This can also lead to a change in the repeatability 

of the measurements. This can be observed in tighter standard deviations from more 

consistent part post-processing or a greater spread due to additional processes with 

their own inherent errors creating a larger deviation. Figure 33 shows the effect of 

post-processing and build orientation of titanium parts produced using SLM from a 

study conducted by Wauthle et al. [134]. It can be seen that post-processing improved 

the consistency of the maximum strength values but increased the spread in the 

elongation comparisons. The trend in standard deviation is clear with a reduced 

deviation found in the UTS case as the level of post-processing increased with heat 

treating and then further hot isostatic pressing (HIP) treatment. However, this trend is 

not consistent. For example, in considering elongation, it is evident that the heat-

treated parts have a tighter distribution but the HIP samples have a wider spread 

compared to even the as-built samples. The post-processing gave rise to improved 

mechanical properties but at the cost of more variation between samples in some 

cases. 

 

Figure 33: Effect of post-process and orientation on UTS and elongation of Ti64 SLM parts, adapted from Wauthle et 
al. [134] 

An example of how post-processing can affect the variability in mechanical properties 

can be seen in Figure 34 which shows the UTS and elongation for SLM Ti64 parts that 

have undergone different heat treatment cycles. Data is adapted from the study by 
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Vrancken et al. [135]. It can be seen that after heat treating, in general, the elongation 

improves and the UTS decreases as to be expected from a stress relieved material. The 

more important factor from a repeatability point of view is the spread of results.  

 

Figure 34: Effect of different heat treatments of SLM Ti64 parts, adapted from Vrancken et al.  [135] 

The standard deviations are extracted out to allow closer examination in Figure 35. In 

all UTS cases, the standard deviation of the results is larger when samples underwent 

heat treatment compared to as-built samples. A similar trend can be seen for 

elongation in most cases. The act of post-processing the parts, while improving the 

physical properties for certain applications, has a detrimental impact upon 

repeatability.  
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Figure 35: Standard deviations of different heat treatments of SLM Ti64 parts, adapted from Vrancken et al.  [135] 

The post-processing of a part is undertaken to change the mechanical properties 

significantly. The selection of the correct post-processing to apply to as-built 

microstructure is not a simple task in AM, as the starting microstructure can vary 

significantly in the as-built part based on process parameters [136]. When 

homogenous and consistent wrought material undergoes post-processing, the 

standard deviations of its mechanical properties remain consistent across the 

treatment. This can be seen in studies of varying heat treatments of wrought material 

such as those carried out by Leyens et al. [137] shown in Figure 36. It can be seen that 

all the treatments, while giving different property values had similar relative errors 

noted by the uniform error bars across the treatments. This is contrary to what was 

found in the AM cases, giving a clear contrast when applying post-processing the AM 

samples.  
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Figure 36: The effect on mechanical properties of Ti64 under different annealing times and different solution heat 
treatment temperatures of (a) 990 °C and (b) 1060 °C, taken from [137] 

Vrancken et al. [135] summarise one of the issues found in post-processing AM parts 

as: “Application of standard heat treatments shows that these treatments do not lead 

to the usual or expected results, SLM produced parts need to be treated differently to 

bulk alloys”. Specific desired properties need varying and targeted treatments, the 

incorrect application of post-processing leads to the creation of undesired 

microstructures. The unexpected and unusual results give rise to inconsistency which 

hampers repeatability. The improper application of bulk-determined heat treating can 

lead to an increased spread of results. This is further expanded due to the different 

effects the post-processing has on a given microstructure which may be batch-specific, 

leading to a build-to-build variation.  

The means to improve the repeatability and reproducibility at the post-processing 

level are multifaceted, focussing on two key steps: the elimination of the need for the 

post-processing; and improvements of the consistency of the parts before 

post-processing.  

The elimination of post-processing could be found by improving the surface roughness 

using techniques such as optimised support to reduce the support requirements with 

associated roughness [138, 139] and reducing the layer thicknesses to reduce the 
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staircase effect found due to the layering system. This, however, will not eliminate the 

need for heat treatment as it is common to both traditional and non-traditional 

manufacturing techniques. 

The improvement of post-processing input will be accomplished by improvements 

found in pre- and para-process techniques. The inconsistencies and variations that 

have been accruing in the process to this point are exaggerated by the 

post-processing. This in effect means that a more consistent input will be able to 

produce a more reliable output from the post-processing.  From this evidence, it can 

be hypothesised that the crux of solving the post-processing repeatability concerns lies 

not in the process but in the pre and para-process repeatability. 
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Chapter 3: Development of Modified energy density 

equation 

Having analysed the various factors that can impact the AM repeatability process, this 

chapter considers the factors that most impact quality of AM processing. It is intended 

that by considering these factors, a method to maximise AM processed part 

repeatability can created. 

This chapter will detail the development of a modified energy density equation based 

on the commonly accepted formulation. The modified equation will account for the 

spatial variation that some of the sources of error induce in the process. The equation 

will be evaluated compared to the currently accepted energy density equation, to 

determine the level of energy change that could be expected within a build. 

3.1 Sources of error targeted 

The selected material can greatly impact the availability of variation in pre-process 

factors such as powder morphology. The material also dictates the type and 

availability of post-processing that can be carried out on the completed AM part. 

Furthermore, as discussed in 2.4 Post-Process effects, the variation of part properties 

coming into post-processing can affect its effectiveness. The post-processing would 

occur at a point potentially after repeatability has degraded from the desired level. 

Once the para-process was selected as the area of focus, several specific sub-areas 

were further analysed in-depth for their potential sources of error that could have 

detrimental effects as discussed in section 2.3 Para-Process Effects. The sub-areas 

were specifically accessed for any spatially related variation which would reduce 

repeatability between parts in a single build. The accessed areas with spatial variation 

were the F-theta distortion, plume absorption, angled incidence on the plate and 

powder reflection efficiency. This shall each be now be analysed in depth. 

3.1.1 F-Theta Lens 

The build plate and subsequent powder bed can be considered as nominally flat and 

level. This necessitates that the lenses used for focussing the processing laser beam for 
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the manufacturing by SLM also need to have a flat scan field. Traditional spherical 

optics are incapable of producing this flat scan field, as a traditional flat field scanning 

lens has a relationship of F-tan(Theta) which introduces a non-linear deflection of the 

image based on the angle of the light passing through the lens. The F-Theta design 

linearises the spherical non-linearity within the operating angles of the lens before 

hitting the lens diffraction limit. A comparison of the lens systems is shown in Figure 

37. 

 

Figure 37: Optical lens comparison is taken from THORLABS 

All optical lenses can be subject to imperfections and aberrations even within tight 

manufacturing tolerances. These can be either chromatic or monochromatic in nature. 

As the AM process uses inherently monochromatic laser light, only the 

monochromatic effects need to be considered, the predominant aberrations present 

in a lens include spherical aberration, coma and astigmatism [140].  

Spherical aberration is when the light rays from the lens do not all meet up exactly in 

the same focus. This can take the form of positive aberration, in which the rays passing 

through the periphery of the lens are bent too much, leading to a spread of the focus 

in the direction of the lens and the inverse for negative aberration. This could lead to a 

wider focus spot of the laser, because instead of an incident point it is created by a 

combination of non-converging light rays.   

Astigmatism occurs when the light propagates with a substantial angle against the 

optical axis. This causes the distance from the lens to the focal point to be somewhat 

different between principal axes. In the focal plane corresponding to each of those 

directions, a point is thus imaged to an elliptical region.  
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These variations are inherent to the lens and are usually corrected in lens design 

through the use of aspherical lenses. However, variations can still be present due to 

imperfections in the lens manufacturing process. Furthermore, as the lens is being 

used to focus a high powered laser, some degree of thermal aberration is induced 

[141]. This total distortion modifies the magnification of any image passing through 

the lens, in this application the laser spot size. This can take the form of either an 

increased magnification with distance from the optical centre (pincushion distortion), 

or a decrease (pincushion distortion) [141]. A graphical representation is shown in 

Figure 38. 

 

Figure 38: Barrel and Pincushion distortion 

The level of distortion due to the various imperfections and aberrations is both 

calculable and measurable. The information about the distortion is provided by the 

manufacturer of the F-Theta lens in the form of a distortion map such as seen in Figure 

39.  
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Figure 39: Image variation over the scan field of the F-Theta lens 

The effect of this distortion is a varying spot size or beam diameter term in the energy 

density equation as the beam moves around the build volume. The magnitude can be 

seen to have a dependence on the initial beam diameter prior to reaching the lens. 

However, in all cases, the level of change can be on the order of several percent of the 

total energy easily transitioning from the optimum area of processing.  

The F-Theta distortion of the focusing lens used in this study is specified by the 

manufacturer of the lens. It is given in the form of a distortion map as shown in Figure 

40. The build plate locations are overlaid on this distortion map and the level of 

distortion can be read indirectly by using image processing of the distortion map. This 

exact distortion coefficient (δ) can be extracted using a MATLAB imaging process to 

examine the part location on the map and correspond it with the given scale. The 

value for the distortion coefficient can then be used to model the spot diameter at 

that location.  
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Figure 40: F-Theta distortion map with overlaid build plate and part locations 

3.1.2 Plume absorption 

An effect commonly neglected in determining the energy density is the disparity 

between the energy supplied and that which reaches the build plate. The laser beam 

has a non-zero propagation path length to reach the build. Along this propagation 

path, the beam energy is being dissipated, reducing the beam power. The dissipation 

through the chamber can be considered negligible except in the plume region directly 

above the build plate. In this region, the area is filled with particles ejected from the 

build surface and due to the vaporisation of powder. These particles give rise to both 

Mie and Rayleigh scattering due to the particle size continuum ranging from vapour 

condensate to ejected powder particles [142, 143]. The particles can also absorb some 

of the energy and cause occluding of the build plate [144]. The plume contains a 

gradient of these particles and the density of the plume reduces away from the 

incidence point as can be seen when observing in the AM process, an example of 

which is taken from Ye et al. and shown in Figure 41.  
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Figure 41: SLM plume and splatter [145] 

The plume radiates from the laser incidence point on the powder in an expanding 

pattern of reducing concentration [146], leading to a variation in the attenuation 

conditions in the plume. Shcheglov et al. [146] studied the plume attenuation during 

laser welding using a 5kW laser. It was found that while the laser used in the SLM 

process is significantly weaker, the broad shape of the plume is comparable between 

the two processes. A key finding for the study was a map of the extinction coefficient 

varying in height and distance from the centre of the laser interaction as seen in Figure 

42.  
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Figure 42: Modelled distribution of extinction coefficient from Shcheglov et al [146] 

The extinction coefficient was calculated using the Rayleigh approximation depending 

on the theory of giving efficiencies for absorption and scattering. 

𝑄𝑎𝑏𝑠 = 𝑁
4𝜋𝑎

𝜆
𝐼𝑚 (

𝑚2 − 1

𝑚2 + 2
) 

(8) 

𝑄𝑠𝑐𝑎 = 𝑁
8𝜋4𝑎4

3𝜆4
|
𝑚2 − 1

𝑚2 + 2
|

2

 
(9) 

 

Where N is the number of particles, a is the particle diameter, λ is the radiation 

wavelength and m is the complex refractive index of a particle. The total attenuation 

of a beam can be calculated following the equation below from Greses et al. [147] 

𝐸𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 = 𝑃(1 − 𝑒−(𝛼𝑠𝑐𝑎+𝛼𝑎𝑏𝑠)𝑧) (10) 

 

Where E is the energy loss factor, P is the power, 𝛼𝑠𝑐𝑎 is the scattering 

coefficient, 𝛼𝑎𝑏𝑠 is the absorption coefficient and z is the path length. The coefficients 

of scattering and absorption are related to the efficiencies by multiplying them by the 
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respective cross-section of the particles. As the continuum of particles generated from 

the laser to powder interaction remains bounded in size by condensate and ejected 

powder particles. Any increases in the laser power lead to greater vaporisation which 

increases the recoil pressure and correspondingly increases the amount of ejected 

material, as described by Khairallah et al. [73]. Thus, the variation between the 

modelled extinction coefficient from Shcheglov and any laser has a pseudo-direct 

relationship to the laser power.  

As the angle of incidence changes, this lengthens the track of the laser through the 

plume, provided the plume is not completely bypassed.  The height of the plume can 

be varied by many factors including laser power and strategy. A study into a range of 

these strategies gave an average plume height of 5mm in an SLM process [148], giving 

the location of the upper boundary to the plume where the attenuation will be 

negligible. For an intensity comparable to the SLM process, Hansen et al. [149] 

calculated an absorption coefficient of 2.7m-1 and a scattering coefficient of 0.761 m-1  

giving an overall extinction coefficient of α =3.46 m-1. This gives a range for the central 

value of the plume attenuation. Now with scaling for both location and magnitude of 

the plume absorption a new map for specifically SLM can be created.  

The height of the plume can be variable depending on several factors including laser 

power and scan strategy. A study into a range of these strategies gave an average 

plume height of 5mm in an SLM process [148]. This value can be used to compute the 

path length of the laser through this attenuating region to include as the z value in 

equation (10) for each location. This allows the plume absorption (E) to be calculated 

directly. 

3.1.3 Angled Incidence 

The laser beam impinges on the build plate at a variable angle based on the travel path 

from source to location. The centre of the build plate is directly under the centre of 

the final focussing lens giving a 90-degree angle of incidence. The remainder of the 

building envelope has an angle of incidence less than this 90-degree case. This angled 

incidence creates an elliptical projected area on the build volume from the circular 

beam. The spot size is elongated parallel to the displacement from the centre, creating 
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the ellipse major axis. The minor axis remains equal to the diameter of the circle at the 

centre. This can be seen in Figure 43 where identical cylindrical beams create different 

size spots on a level surface.  

 

Figure 43: Angled incidence 

The equation governing this change in area is as follows for a circular beam; 

𝐴𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
𝜋

4
𝐷𝑚𝑖𝑛𝑜𝑟𝐷𝑚𝑎𝑗𝑜𝑟  (11) 

 

𝐷𝑚𝑎𝑗𝑜𝑟 = √(𝐷𝑐𝑒𝑛𝑡𝑟𝑒)2 + (𝐷𝑐𝑒𝑛𝑡𝑟𝑒 ∗ tan (90 − 𝜃))2 (12) 

 

𝐷𝑚𝑖𝑛𝑜𝑟 = 𝐷𝑐𝑒𝑛𝑡𝑟𝑒 (13) 

 

𝐴𝑒𝑙𝑙𝑖𝑝𝑠𝑒 is the area of the ellipse, 𝐷𝑚𝑎𝑗𝑜𝑟 is the diameter along the major ellipse axis, 

𝐷𝑚𝑖𝑛𝑜𝑟 is the diameter along the minor ellipse axis, 𝐷𝑐𝑒𝑛𝑡𝑟𝑒 is the diameter of the 

circular beam and 𝜃 is the angle of incidence of the beam on the build plate. 
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Non-circular initial beams become more complicated to calculate as we can no longer 

construct the ellipse such that the major axis lies is along the line between the centre 

point and the target point. This will give rise to a variation in both the major and minor 

axis lengths. The variation can be decomposed into the movement along that axis from 

the centre, creating a Cartesian axis system along the ellipse. The spot size will then 

follow the equations 14 and 15, below: 

𝐷𝑚𝑎𝑗𝑜𝑟,𝑡𝑎𝑟𝑔𝑒𝑡

= √(𝐷𝑚𝑎𝑗𝑜𝑟,𝑐𝑒𝑛𝑡𝑟𝑒)2 + (𝐷𝑚𝑎𝑗𝑜𝑟,𝑐𝑒𝑛𝑡𝑟𝑒 ∗ tan (90 − 𝑡𝑎𝑛−1 (
𝑑

𝑎
)))

2

 

(14) 

 

𝐷𝑚𝑖𝑛𝑜𝑟,𝑡𝑎𝑟𝑔𝑒𝑡

= √(𝐷𝑚𝑖𝑛𝑜𝑟,𝑐𝑒𝑛𝑡𝑟𝑒)2 + (𝐷𝑚𝑖𝑛𝑜𝑟,𝑐𝑒𝑛𝑡𝑟𝑒 ∗ tan (90 − 𝑡𝑎𝑛−1 (
𝑑

𝑏
)))

2

 

(15) 

 

𝑑 is the propagation distance, 𝑎 is the deflection in direction of the major axis and 𝑏 is 

the deflection in direction of the minor axis. It is possible to translate the machine 

Cartesian coordinates to the ellipse Cartesian coordinates by transforming to polar 

coordinates and adding a correction factor aligning the two Cartesian systems. This 

allows the angled incidence on the build plate to be accessed for any commonly found 

beam shape, while also allowing for the beam shape being modified due to other 

effects such as defocus. 

The spot size at any point can be calculated using equations (11), (14) and (15). To 

calculate the spot at all locations, the major and minor axis at the centre need to be 

accurately measured. This was measured using an Ophir Photonics SP928 beam 

profiling camera at the centre of the build plate with results shown in Figure 44. The 

measurements were taken to give the eccentricity of the beam and its orientation 

relative to the build plate. 
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Figure 44: Beam profiler measurements at Centre 

 

Additional measurements were taken with the beam profiler at other locations on the 

build area. These measurements show that the laser spot follows the theory 

developed for this angled incidence case. Key values are shown in Table 6. The 

measurements show that the area that the laser is acting upon increases with distance 

from the centre, and a corresponding decrease in peak energy was also measured. 

This peak energy is measured in the form of photon counts per pixel. This is a form of 

energy density, which supports the theory that has been developed that the energy 

density is not constant across the build.  

The measured spot sizes are graphically shown in Figure 45, showing that initial centre 

beam is elliptical in nature. This initial elliptical beam creates a greater increase in 

major axis length than would be expected of a circular beam. The change also shows 

that the translation directly to the edge of the build plate also primarily acts upon the 

profile in that direction, as expected.  

 Peak (counts) D4σ X (µm) D4σ Y (µm) Area (µm2) 

Centre 3793 50.05 39.17 6168 

Edge 3325 57.85 40.29 7322 

Corner 3148 59.67 42.90 8042 

Table 6: Beam Measurement Values 
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Figure 45: Beam Spot Profile 

The measurements had to be taken at 10% of total laser power due to the fragile 

nature of the beam profilometer, and this was then converted to an equivalent spot 

size for the full power laser. This was done by multiplying the Gaussian power 

distribution uniformly across the beam, to reach the same total power available during 

processing. The equivalent spot size was in line with the previous measurements of 

the ProX DMP 200 carried out by Francis [150]. The spot size for the beam in the 

manufacturing configuration was assessed to be 120 µm. A comparison of the two 

spots is shown in Figure 46. 
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Figure 46: Spot size comparison 

The measurements taken from the beam profiler show that the laser spot follows the 

theory developed for the angled incidence case. The measured values show the initial 

centre beam is elliptical in nature and its major axis does not lie along the machine 

coordinates directly. The rotation of the spot size relative to the machine coordinates 

is minor, but needs to be considered for the accurate calculation of the spot size at all 

locations of the build plate. This spot size will be used to calculate the diameter of an 

equivalent circular beam (𝐷𝑏,𝑚) at each location to mitigate the effect that alternating 

scan directions may otherwise have on the equation.  

3.1.4 Powder Reflection Efficiency 

The change in the angle of the beam impinging on the powder bed can impact the 

proportion of the beam energy that is directly reflected and absorbed by the powder 

bed.  

This phenomenon occurs due to the change in the incidence of the beam on the 

individual powder particle. As the angle of incidence becomes lower, a smaller 

proportion of the beam can penetrate the depth of the powder bed. However, this 

generalisation does not always hold true in a local case. This can be due to the exact 

orientation of the powder meaning a lower beam angled beam can be reflected into 
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the bed and be absorbed. The stochastic nature of the powder bed means that the 

reflection off the bed must also have a stochastic nature.  

Reflection is the change in direction of a wavefront at an interface between two 

different media; in this case, the atmosphere and the metal powder particle. 

Reflection can be either specular or diffuse and are governed by the law of reflection 

and Lambert’s cosine law respectively [151].  

Law of Reflection 𝜃𝑖 = 𝜃𝑟  (16) 

 

Lambert’s Cosine Law 
𝐼0 =

𝐼 cos(𝜃) 𝑑Ω 𝑑𝐴

𝑑Ω0 cos(𝜃) 𝑑𝐴0
 

( 17) 

Where 𝜃 is the angle measured from the normal (perpendicular to the surface), 𝜃𝑖  

means the incidence angle, 𝜃𝑟 is the reflected angle, I is the radiance along the normal. 

𝑑Ω is the solid angle subtended by the aperture from the viewpoint of the emitting 

element and 𝑑𝐴 is the area of the observing aperture, where the subscript 0 denotes 

the observer being at normal.  

Both of these laws have a dependence on the angle of incidence of the beam onto the 

surface. While it can be stated, that in the global sense, the powder bed exhibits the 

properties of a diffuse reflector. When closely examining the powder reflection on a 

specific particle and ray level, the reflection is most accurately described by the law of 

reflection. This is due to the global powder bed having a rough surface, caused by the 

particles layered on it. Whereas when observing a specific powder particle, the surface 

is smooth particularly in the virgin spherical powder as can be seen in the SEM image 

taken from Fischer et al. [67] 
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Figure 47: SEM image of virgin feedstock powder taken from Fischer et al. [67] 

Irrespective of which reflection regime is observed for the powder bed, the reflectance 

will be angle dependant. The powder bed is not an impermeable reflective surface and 

will also have some proportion of energy transmittance into the powder bed bulk. The 

simplest consideration of transmittance is the proportion of the energy that is not 

reflected must be absorbed. As a relationship between reflectance and angle of 

incidence has been established, it must follow that a relationship exists connected the 

transmittance to the angle of incidence. The angled incidence has already been shown 

as being a source of variation in the process due to a changing area illuminated on the 

powder bed. This new transmittance relationship further increases the effect of angled 

incidence changing the apparent energy density across the build plate.  

To determine the effect that the angle of beam propagation has on the absorption of 

the beam in the powder bed, a simulation of the reflection of a representative beam 

was created. Then the amount of energy reflected away from the powder bed at that 

angle was determined.  
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The reflection of the total beam can be modelled by separating the beam into 

individual segments. The segments can be computed individually to be able to get the 

full-beam reflection. The powder cross-section can be approximated as a circle.  The 

normal that the beam is reflecting about is directly along the vector from the powder 

centre to the point of interaction between the powder and laser. The angle of 

incidence is measured by the angle between the laser propagation vector and the 

normal.  

 

Figure 48: Beam segment reflecting off a powder particle 

At each point of interaction, a proportion of the energy from the beam is absorbed. In 

cases where the beam is reflected away from the build plate, this would have the 

same absorptivity as a flat plate. In the powder case, however, a certain proportion of 

the reflections lead to further interactions with other powder particles. This leads to a 

greater proportion of energy being absorbed than would be expected from a flat plate 

of the same material.  The level of these additional powder interactions is dependent 

on each reflection and as such also dependent on the initial incident vector of the 

laser. 

There are myriad effects that could further change the absorption of the powder bed 

with angle. The AM process is inherently dynamic in nature, however a static approach 

will be used for this analysis. This is to minimise complexity that is beyond the scope of 

the overall thesis, and this is an obvious area for further research in the future. The 

static approach taken neglects the thermal effects, such as the temperature change of 

the particles, has on absorption.  The deformation and displacement of the powder 

particles under the laser will also be omitted to maintain a static analysis.  
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The boundary conditions at the particle will be the flat plate absorption of the material 

for the wavelength of the AM system. This in effect will mean that at each laser 

interaction with the powder the reflected beam shall be weaker than the incident 

beam. The beam segments will be continue propagating until they have had 10 

powder interactions, at which point the beam will be considered completely absorbed. 

The metric by which different angles will be considered is the proportion of energy 

that is reflected away from the powder bed relative to the worst performing angle.  

This effect will be determined by the condition of the powder bed. Three cases have 

been analysed: uniform powder size in a close packing configuration; uniform size in a 

random packing configuration; and normally distributed random size in a random 

packing configuration. Each powder case is considered at the full angle from 65 

degrees to 115 degrees, a range of ±25 degrees from normal incidence. This range was 

selected as it covers all angles expected in the manufacturing process, beyond the 

performance constraints of the F-Theta lens technology. 

 

Figure 49: Uniform close-packed powder reflection fitted plot 

The close-packed simulation gave a curved fit, and it is evident that there is a clear 

drop in reflected energy at the 90 degree or normal incidence. This simulation also had 

the greatest level of reflected energy, with the close-packed nature preventing pores 

or openings from being present. This, in turn, prevents keyhole absorption of the 

beam from penetrating deeper into the powder bed for further reflections and 
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absorption. This led to this uniform packing system having 17% higher energy loss than 

the other simulations. 

 

Figure 50: Uniform powder random packing fitted plot 

The random packing of uniform particle sizes created a noisier plot. The drop in 

reflected energy is still evident in the normal incidence case. The level of reflected 

energy is also reduced in this case. This is due to the greater proportion of gaps in the 

powder bed, thus allowing the laser to penetrate deeper into the powder bed and 

greater absorbtion.  

The normally distributed powder particles with random packing is the closest to the 

reality present in the powder bed. The powder bed was generated by constraining the 

system with a specified box acting as the powder constraint and then creating a series 

of pseudo-random particles matching the distribution of the real powder to fill the 

area. This area represents a cross-section of the powder bed with the top of the 

bounding box shown in Figure 51 being the powder bed surface. The constraint box 

was created to be deeper than a single layer to allow the freedom for all sized particles 

to be included. In cases constrained at an actual layer height of 30 µm, it was found 

that a heavily skewed distribution weighted to the small particles was generated. This 

was due to random placing of the powder meaning a small particle centrally placed 

eliminated the possibility of large particles fitting in the area. In the real physical 

development of the powder bed, large particles moved by the spreading mechanism 

would displace the small particles. However, in the random creation of virtual particles 
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to fill the space, the new random particle was reduced in size to fit in the available 

gap. This changing size allowed for a packing density of particles in the simulation to 

more closely match the real packing density of the powder bed wherein smaller 

particles would filter into the gaps left by the larger particles. The generated powder 

cross-section was then treated to remove only a single 30-micron slice for the powder 

bed. This method of generating the powder bed for reflection also mimics the layering 

mechanism frequently present in AM systems such as in the ProX DMP 200 that is 

used for the generation of the physical test pieces. The final histogram distribution of 

the powder particle size distribution across all the simulated random powder beds is 

shown in Figure 52.

 

Figure 51: Randomly generated powder bed 

 

 

Figure 52: Simulated powder particle size distribution 
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The simulations were continued with new randomly distributed powder beds until the 

difference between energy absorbed at the normal and each angle converged. This 

gave rise to a symmetrical distribution meaning that only the magnitude of the angular 

difference, not its direction from normal, was critical. The plot of these differences is 

shown in Figure 53. 

 

Figure 53: Normally distributed powder random packing fitted plot 

This results in a difference in the energy that reaches the build area being absorbed 

between the centre and edge of the build area of 2.5%. This further magnifies the 

losses in energy already experienced by the beam propagating to the edge of the 

build.  

  

Figure 54: reflecting rays at 20 degrees from normal incidence 

Figure 54 shows a pair of sample reflections off a single simulated powder bed at 20 

degrees from normal. There is a marked difference in the total reflected energy 
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between the two beams with the 70-degree case reflecting 4% more energy than the 

110-degree case. This is mostly due to the effect of the internal reflections within the 

powder bed. In the 110-degree case, a more significant proportion of the beam can 

pass beyond the topmost surface of the powder bed and reflect on the 2nd layer of 

particles. This leads to those reflected rays needing to pass beyond the 1st layer of 

particles again to escape. This result demonstrates the keyhole absorption effect on a 

localised scale without the development of macro-pores that are traditionally the 

cause of keyhole absorption.  

  

Figure 55: Reflecting rays at 10 degrees from normal incidence 

Figure 55 shows the same powder bed but with laser incidence at 10 degrees from 

normal on both sides. A notable change from the 20-degree case is that in this 

arrangement, a greater total reflected energy is found on the opposite side of the 

normal. This is a clear example of the localised uncertainty with powder reflection. The 

theory would state that the effect should be symmetrical; only be affected by the 

angle of incidence; and that there would be no side that reflects more or less than any 

other rotation. This understanding, however, breaks down on a local specific slice. 

However, on a single scan pass, the laser does not operate on a single prismatic 

section of the powder bed. Each individual pass would cover an arbitrarily large 

number of individual powder cross-sections over its full track. This is what necessitates 

a convergence of a large number of random bed sections for the data on a 

representative bed to be generated.  
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Figure 56: Reflecting rays at normal incidence 

At normal incidence, the total reflected energy is lower than found at an angle as seen 

in Figure 56. This is due to the ease of the laser rays penetrating beyond the first layer 

of powder, noting that any gap between two powder particles can be entered. This 

was not the case in the angled rays, as the gap could be shadowed by the adjacent 

particles, thus preventing the ray capture. 

3.2 Modified ED equation 

The previous equation determining the Energy Density (ED) does not encapsulate the 

variation found in the actual process. A new modified ED equation based on equation 

(5) is proposed which takes account of sources of variation outlined previously as 

shown below. 

𝜓 =
4(𝑃 − 𝐸)𝜌

𝜋𝛿𝐷𝑏,𝑚𝑣
 

(18) 

 

The sources of variation included are the distortion coefficient (δ), attenuation of the 

beam (E), powder bed reflectivity (ρ) and 𝐷𝑏,𝑚  is the diameter of an equivalent 

circular beam at that location. This enables the ED to be calculated at any location and 
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removes the scan direction dependence previously present in the 𝑡𝑖 term of equation 

(5) which occurs in non-circular beams. 

This equation, while improved over the non-modified version, still has a number of 

simplifications present. The first simplification taken is to assume that the build 

surface is perfectly uniform. As discussed previously, a real powder bed surface can 

have significant variation due to the inherent property of it comprising of packed 

powder particles. The nature of a packed powder gives a non-zero surface roughness, 

pits or voids in the surface and heterogeneous properties. These heterogeneous 

properties can also vary between powder deposited on virgin powder and that 

deposited on previously melted layers. These variations are complex, stochastic in 

nature and can dependant on the process history.  

To account for the powder variations in the build plate, an active control mechanism is 

required. This necessitates the accurate characterisation of the powder bed during a 

layer and compensating dynamically. The active requirement would add an extra level 

of complexity to the model and require a calculation to be run during each layer. By 

simplifying the powder surface to a perfectly uniform representative bed, we neglect 

the local effects created by the rough powder bed at that location. These effects 

include the formation of an angular keyhole feature or other energy trapping effects. 

Most importantly, the simplification allows for the neglecting of process history in the 

build to give a more universal solution for all builds, not just the specific test case.  

The second simplification is that the control of the system prior to entering the build 

volume is constant. This is to include the laser being steady-state with no variation in 

power, the scanning galvomirrors operating at the programmed speed independent of 

build location, and no other sources of variation across the build volume other than 

those specified in the equation. This is a major simplification of the process that we 

know to have other sources of variation as discussed in chapter 2.2 Pre-Process 

Effects. These factors include issues such as the accuracy of focusing of the beam, 

build-up of particles on the lens and inherent power fluctuations in the laser system. 

These variations, however, should be homogeneous across the build area and result in 

an effectively uniform migration of the expected energy density. This migration could 
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move parts or all the process away from the optimised plateau of operation discussed 

previously.  

The third assumption that must be made is that the macro geometry of the part is not 

important, and that each laser powder interaction is an independent event 

uninfluenced by previous or future scans. This simplification is required for the global 

application of the new system. If macro-geometry is to be considered then all possible 

geometric features would need to be considered for their effects which would be 

unwieldy at best and impossible at worse. The need for each interaction to be 

independent is a more practical consideration. The communication between powder 

particles by thermal transmission or remelting is beyond the scope of a generalised 

equation, be it the currently adopted ED equations or the new proposed equation. 

The next stage in improving the process would be to evaluate this equation over the 

full build area. This is done by discretising the build area to allow for the calculation of 

the ED at each point. The build plate was separated into a grid with a mesh size of 

1mm. This discretisation was chosen as it provides higher resolution ED maps than are 

required for the majority of parts. In addition, it is at the limit of the resolution 

available for the quantification of the F-Theta distortion from the manufacturers' 

specification. The new modified ED equation is to be calculated at each point on the 

mesh following the inputs of the sources of variation present in the process.  

3.3 Evaluation of the ED equation over the build volume 

The first step of the simulation evaluation is to run without any of the sources of 

variation included in the modified equation. At each subsequent step of the 

evaluation, an additional source of variation is changed from a constant to a variable 

based on distance. This allows for comparisons between the sources of variation to be 

made and ensure that each is independent of each other in the final result. Evaluating 

the modified equation where each of the sources of variation is constant gives rise to a 

flat energy density mesh as seen in Figure 57. The normalised ED mesh is completely 

flat with a value of 1 for all positions on the build platform. This is due to the base ED 

without any sources of variation not containing any information or dependency on 

distance from the centre of the build plate. In effect, this is the energy density map 
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that would be expected from both the commonly used energy density equations 

(equations (1) and (2)). The complete lack of variation is contrary to what has 

previously been discussed but gives a baseline to make all future comparisons against. 

 

Figure 57: No sources of variation included 

Next, the angled incidence values were set to be variable, with the evaluation of this 

input set creating the mesh seen in Figure 58. This evaluation of the equation now 

shows a varying ED depending on the location on the build plate. The relationship 

gives a smooth and domed ED mesh. The angular change of incidence and its direct 

trigonometric relationship to energy density leads to an accelerating decrease in ED at 

the edge and corners of the build area. Without any other sources of variation, the 

angled incidence produces a 2.5% difference in ED between the centre and corner of 

the build area. This change is minor due to the relatively long propagation distance 

compared to deflection from the centre. The maximum deflection angle from normal 

incidence is only 18°.  
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Figure 58: Angled incidence on build plate included 

The mesh shown in Figure 59 has both the angled incidence and F-Theta distortion 

included. This mesh is no longer smooth, predominately due to the pixelated nature of 

the distortion plot provided by the F-Theta specification which was seen in Figure 39. 

The F-Theta distortion also acts by increasing the laser spot size, which directly 

compounds upon the dilation of the spot caused by the angled incidence. In this 

evaluation of the equation, the build plate is positioned in the centre of the F-Theta 

distortion plot in a predominantly stable area. In cases with a larger build plate or 

greater angle required to reach the corners, the distortion would provide a 

significantly greater reduction in ED at the corners. In the current machine 

configuration operating under the manufacturers’ specifications, the predicted ED 

difference between the centre and edge is 5.2%. There is a non-negligible difference 

however between the x-direction and y-direction from the centre. At the current level, 

the difference is 0.4% at the edge of the build area, which at this stage is a tenth of the 

total difference from the centre.  
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Figure 59: Angled incidence and F-Theta distortion included 

The addition of plume absorption in Figure 60 dramatically changes the location of the 

ED mesh, and for the first time the ED at the centre is no longer normalised to 1. This 

is due to plume absorption being present at all locations in varying amounts. The angle 

the laser passes through the plume is not sufficient to bypass the plume at the edge of 

the build plate, which would lead to a rapid increase in ED, leaving again a difference 

of ED of 0.045 which translates into a 5.4% difference between centre and corner.   
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Figure 60: Angled incidence, F-Theta distortion and Plume absorption included 

The further reduction in the energy being absorbed by the powder bed caused by the 

greater reflection efficiency at the greater incidence angles gives us the mesh shown in 

Figure 61. This final addition amplifies the magnitude of the ED drops from the centre 

to the corner to an absolute difference of 5.7% on the normalised scale. The more 

accurate comparison is a difference in actual energy reaching the powder bed of 6.8% 

between the centre and edge locations. This is a very significant drop and could easily 

lead to the energy density migrating below the optimal energy density for the 

production of good quality parts.  
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Figure 61: Angled incidence, F-Theta distortion, Plume absorption and powder reflection included 

The four different cases and the baseline simulated are shown in Figure 62, and some 

key values from the simulations are shown in Table 7. These clearly show the large 

contrast between the newly proposed ED equation and the previously widely adopted 

ED equation. The large discrepancy between the two ED equations is easily enough to 

transition from the plateau of optimum processing to a suboptimal condition.  
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Figure 62: All meshes simultaneously 

 

The spot size variation is also of direct interest due to its impact on the quantity of 

each scan that overlaps with previous scans. It also could be of interest when creating 

parts that are close in size to the spot size as the variation between the spot size at the 

centre and the spot size at the edges could directly impact the geometric repeatability. 

This is illustrated in Figure 63 where it can be seen that the spot is 11 µm larger at the 

furthest from the centre of the build area, representing an increase of 9%. 

 Case (1) Case (2) Case (3) Case (4) Case (5) 

Centre  1.0000 1.0000 1.0000 0.8411 0.8411 

Edge  1.0000 0.9869 0.9663 0.8200 0.8079 

Corner  1.0000 0.9748 0.9462 0.8038 0.7843 

Table 7: Normalised ED for locations and cases 
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Figure 63: Laser spot size against distance from the centre 

The simulation was repeated 6 times as a sensitivity analysis. This was done to 

determine if the order the variations are applied to the evaluating script affected the 

output. Theoretically, this would not be the case. The check eliminated the possibility 

of potential errors in the theory or coding that would introduce a dependency that 

was not obvious. The output of the evaluating script was found to be consistent with 

less than 0.01% variation, independent of the ordering that the sources of variation 

were applied.  

The evaluating script was also run with variations of the fineness of the mesh from 

0.1mm increments to 10mm increments, these are shown in Figure 64. 
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Figure 64: Mesh Fineness study 

The larger-scale simulations resulted in an angular approximation of the domed 

characteristic feature apparent in the other simulation results. This angular 

approximation is wholly below the meshes of the finer resolution simulations leading 

to under evaluation of the theoretical ED at those interpolated points. In addition,  

interpolating loses a certain amount of the known variation found in the process 

caused non-linearly between these points. The finer mesh was found to not result in 

any improvement in the resolution of the ED map. Rather, it was found that at this 

level the dome became more sensitive to input step changes on the small scale. This is 

due to the discrete nature of the F-Theta distortion map limiting any simulation to its 

input resolution.  

The overall results of the simulations, however, did not change with this difference in 

meshing. A consistent drop in energy density at the edges and corners compared to 

the central region was found in all mesh sizing. 

The new ED equation is now validated against the theory and a useful understanding 

of the variation within the build envelope of a specific machine has been analysed. 

This evaluation is in effect a model of the ED present in the actual process.  
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Chapter 4: Experimental Methodology 

The experimental method for the overall experiments is laid out in this chapter. This 

will include the specification of the sample geometries and the number of samples 

produced. The control system present in the tested machine configuration is laid out 

and the control parameter for any systematic changes is determined. A brief outline of 

the statistical methodology that will be used is also included in this chapter. 

4.1 Geometric Samples 

Many benchmarks have been proposed for quantifying the geometric accuracy of an 

AM system. These benchmarks are unsuitable for use in this case due to their size 

constraints, all the benchmarks found in the literature review were found to be for 

whole build plate comparisons. While the benchmarks found are comprehensive and 

cover a large range of geometric features to allow a thorough comparison of machines 

to be made, they are not sufficiently small to provide the localised information 

required for in build repeatability investigation. To provide this local information, a 

newly designed structure was created which met these size and location 

requirements, this structure is shown in Figure 65 and its engineering drawing is 

included in 9.2 Engineering Drawings. 
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Figure 65: Geometric Benchmark Design 

The sample has a total bounding volume of 6mm x 4mm x 4 mm. The key geometric 

features are 2 mm high pins that increase in diameter by 0.2mm increments from 

0.2mm to 1mm. The holes are through-holes of corresponding sizes. Additional index 

indents are included along the perimeter of the sample to allow for tracking of 

features that are incomplete or failed. The small size of the sample allows for it to be 

produced in the same locations used for the mechanical properties, again giving full 

plate coverage and sufficient spacing to prevent interaction between individual 

samples.  
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Figure 66: Geometric sample image 

The samples were kept on the build plate without further processing to prevent any 

deformation of the geometric samples due to the removal process. The samples were 

imaged with a 12 Megapixel digital camera. The images included a graduated scale as 

seen in Figure 66. This scale allowed direct measurement by calibrating the pixel 

measurements with the included scale.  
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4.2 Mechanical Samples 

 

Figure 67: Mechanical samples layout 

The samples created for mechanical properties testing match the standard outlined in 

ASTM E8 - Standard Test Methods for Tension Testing of Metallic Materials [152]. An 

experimental artefact was designed comprising 121 samples arranged in an 11x11 

grid, giving full plate coverage with sufficient spacing to prevent any interaction 

between parts as shown in Figure 67. The specimens were given a 5mm spacing 

between each in both x and y directions. After printing, the samples were clearly 

labelled and then isolated from the build plate by wire EDM and left in the as-built 

condition without any heat treatment. For this first build, all samples were fabricated 

using the manufacturer’s specified parameter set. This consisted of a scan speed of 

2500mm/s, laser power of 218 W, a layer thickness of 30 µm and hatch spacing of 40 

µm. The samples were tested using an Instron 8801 following the ASTM E8 standards. 



 

93 
 

4.3 ProX System 

4.3.1 Process Parameters 

 

Figure 68: Part properties 

The part properties for a print are readily available to review in the preparation 

software as can be seen in Figure 68, this includes the part location relative to the 

origin at the centre of the plate. The display settings are how the part is displayed by 

the preparation software (DMP ProX Manufacturing). These measures give the 

location of the part centre in the machine coordinates. The machine coordinates have 

an origin point at the centroid of the build plate with the z-component zeroed on the 

surface of the build plate. Total volume is the volume of melted powder that will be 

required to form the part. Total area refers to the parts surface area. Total triangle 

count is the number of triangles used by the .stl mesh to describe the part features. All 

totals include any additional support material that has been added to the part, such as 

a grid to raise the part off the build plate or to support overhangs to prevent sagging 

or poor surface quality.   
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Figure 69: Laser settings 

The laser settings are broken into scan style (or strategy) and laser parameters seen in 

Figure 69. The scan strategies include options of hexagons, contour, mesh and 

reinforced mesh. The hexagons strategy separate the scans passes which form a 

monolithic part into hexagons of a defined dimension. This is to limit the length of 

each individual scan. Adjacent hexagons overlap to prevent disconnects from being 

created internally to the part. Contour scan strategy creates scan paths parallel and 

inside the outer contour of the part. Mesh combines the contour of the outer surface 

with an internal mesh structure similar to the support while reinforced mesh has a 

similar strategy but with additional thicker internal supports to the part. All the parts 

created throughout this thesis followed the same hexagon scan strategy. 

The laser parameters set points are also shown in Figure 69, importantly for scan 

speed (mark speed) and the laser power as a percentage of total available power (in 

the ProX case of 300W). Other parameters such as the laser defocus from the powder 
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bed and the spacing between adjacent laser passes are also controlled in this panel. 

The laser parameters also include delays and compensations to ensure the start and 

end of the laser passes are provide the same effect on the bed over the full scan. 

These are required for the control transients present when starting and ending the 

control system. 

 

Figure 70: Layering settings 

The layering settings determine the layering sequence between each layer of the build 

and are shown in Figure 70. Thickness determines the change in height between the 

layers. Compaction rate allows for the powder to be compacted by a roller to create a 

powder bed, it is in percentage additional volume added prior to compaction. Feeding 

piston raising is the level the feed piston is raised by to supply powder for the layer. 

The feed is usually 2.5 to 3 times the powder required for the pre-compaction layer. 

The excess is to prevent short feeding and to account for powder spread that does not 

lie on the build area. The initial descent is the amount the build piston moves down 

prior to raising to the correct layer level. The iterations are the number of times the 

roller/scrapper carriage cycles are done for each layer. The oxygen setpoint 

determines the O2 level that the build chamber is purged to below during operation to 

prevent the powder or part oxidising due to the high temperatures.  

The powders used in all experiments were supplied by 3D technology and were 

directly from 3D Systems the vendor for the ProX DMP 200 machine used. The powder 

is produced by an atomisation process which gives a consistent size distribution and 

shape. The has particle size distribution of the powders are given as percentile and are 

tabulated in Table 8. 



 

96 
 

 Percentile Particle size 

D10 5-10µm 

D50 20-25µm 

D90 35-40µm 

Table 8: Particle size used 

4.3.2 Choice of the Control variable 

The potential sources of variation in AM have been laid out in   



 

97 
 

Chapter 2: Literature Review. The sources of variation are in the form of pre-process, 

para-process and post-process effects. The focus of this thesis is to produce a means 

to correct the lack of repeatability in the AM process. The area of the process that we 

can exert direct control over is the para-process and that is where our focus on control 

shall be concentrated. 

As it was shown in 2.3 Para-Process Effects, an important factor in determining the 

mechanical properties of the part is the Energy Density (ED). The ED has now been 

demonstrated to vary across the build plate by the evaluation of the equation. The aim 

now is to create a modified set of process parameters using this equation to effectively 

flatten the ED against distance from the centre curve found to exist in the process.  

Examining the two formulations for energy density, namely equation (1) and the new 

formulation of equation (18), both reproduced below it gives a number of potential 

factors that can be modified to change the energy density.  

𝜓 =
𝑃

𝑣 ∗ ℎ ∗ 𝑑
 (1) 

𝜓 =
4(𝑃 − 𝐸)

𝜋𝛿𝐷𝑏,𝑚𝑣
 (18) 

Firstly, some factors cannot be directly modified or controlled. The distortion 

coefficient is dependent on the F-Theta lens used in the system; it is only modifiable 

by completely swapping out the lens with a new one. The addition of an improved lens 

could improve the ED spread, however, this is not possible with the currently available 

F-Theta lens technology.  

The diameter of an equivalent circular beam at that location is dependent on the 

location on the build plate by definition. This diameter is dependent on the laser spot 

at the centre and propagation path. This obviously cannot be changed without a 

complete change of the upstream laser supply and focusing apparatus.  

These terms are both the sources of error in the ED but also have fixed values, any 

means to change them would require a complete redesign and refit of the machine or 

changing the machine used. This need to swap machine, which will also likely have 

similar errors and the inherent nature of both these sources of error invokes the 
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Taguchi principle of “if you cannot remove the cause of the effect, then reduce the 

effect of the cause” [153]. By correcting the other parameters locally, the effect of the 

cause on the final properties may be mitigated.  

Secondly, the issue present in the repeatability is contained on a single build. The 

depth of powder for each location in the build cannot be varied across a single layer, if 

a sufficiently controlled system was in place several layering operations could be 

carried out to create an effective powder depth change between each part. This 

method, however, would require the control to be sufficiently fine such that the 

difference between parts would be an integer number of layers in difference. This is 

not the case currently due to the nature of Powder Bed Fusion, the powder particles 

have a defined non-negligible size, and this creates a lower threshold for the layering 

system. Any layers that would be attempted to spread across the build that are 

smaller than the size of the smallest particle would have no powder deposition in the 

layer, this effect does not diminish until the layer size is sufficiently close to the size of 

the largest particles, which is where the machine currently operates. Alternative 

means of depositing the powder that does not require a spreader could allow for 

depth of powder variations, this too would lead to fundamental problems in a 

continued deviation from the level of the powder bed across the build. The difference 

in powder level between the central and edge sections of the build would increase 

with each layer until a point in which the angle of restitution of the powder was 

exceeded and no layer could be formed. The control for this variable is inherently 

constrained by the fundamental physics of the powder and powder layering process. 

Thus eliminating powder depth as a potential means for controlling the energy density 

across the build platform.  

Hatch spacing was also eliminated as a potential control variable due to the effect it 

would have on remelting overlap, the modified values calculated would change the 

remelting regime sufficiently to give rise to porosity in the parts [154]. Modifying the 

hatch spacing would also open the possibility of reducing the geometric accuracy of 

the parts. The trade-off for potentially improving the mechanical properties 

consistency by modifying the hatch spacing, by certainly reducing the geometric 

accuracy is untenable for overall repeatability. This makes hatch spacing, while a 
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possible control variable, has significant drawbacks making it less suitable as a variable 

to modify for improved consistency in a universal context.   

Increasing the laser power would lead to a greater section of the beam contributing to 

the melting process, increasing the effective spot size [113], this would lead to an 

expanded melt pool. This as with hatch spacing would potentially introduce a 

geometric consistency concern. An expanded melt pool would also allow for a greater 

opportunity for satellite particles to join the melt pool. This increase in power would 

also potentially change the absorption characteristics of the plume adding a number of 

potentially nonlinear effects on the actual energy density from this modified power. 

The power is also functionally constrained due to the already high power output 

required for nominal energy density. The need to increase power at the edges to 

counteract the drop in power experienced would be problematic and in some cases 

would need to be increased beyond the capability of the installed laser power. 

The final process parameter to consider is the scan speed. It is present in both 

formulations of the energy density, is easily controlled and modified. The level of 

discrete control is also high, the machine typically operates at a scan speed setpoint of 

2500mm/s but can go to 5000mm/s, the control is on the level of adjustments in 

increments of 1mm/s. 

Thus, both by the process of elimination and by its increased level of controllability the 

obvious choice of the control parameter is scan speed. The central section of the build 

plate produced the parts with the lowest standard deviations amongst groupings. It 

shall then be used as the optimum energy density. The other sections of the build will 

have reduced scan speeds to raise their energy density to match this optimum. 

4.4 Statistical methodology 

The measurements will be considered for trends in the individual samples. These 

trends can be in drops in performance related to distance from the centre, or any 

other apparent phenomena. The existence of trends other than distance from the 

centre will not necessarily discount the validity of the modified energy density 

equation but may be considered for future improvements.  
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Besides the trend from individual samples, which would account for the in-build 

repeatability, the global values will also be considered. The first key factor that will be 

determined for comparison to other builds or technologies will be the confidence 

interval for the mean value at both 95% and 90% significance values. This gives a firmly 

understood and quantifiable factor for the level of inaccuracy present in the process 

[44].  

�̅� ∓
𝑧∗𝜎

√𝑛
 

Where �̅� is the mean of the sample, 𝑧∗is the critical value for the confidence level, 𝜎 is 

the standard deviation and 𝑛 is the total number of samples. The confidence interval 

can also be considered for individual samples at a specific distance allowing us to 

define an area where the properties are not statistically different from the central 

values. 

Repeatability is inherently a measurement of variance. As this research focuses on 

attempting to improve repeatability, an important metric is to determine if the 

difference in variance is statistically significant. The most appropriate test for this is 

the F-test [155]. The F hypothesis test is defined as follows:  

𝐻0: 𝜎1
2 = 𝜎1

2 

𝐻𝑎: 𝜎1
2 ≠ 𝜎1

2 

𝐹 = 𝑠1
2/𝑠2

2 

Where 𝑠1
2 and 𝑠2

2 are the sample variances. The more this F ratio deviates from 1 the 

stronger the evidence for unequal population variances. The null hypothesis of equal 

variances is rejected once the F value is outside of the critical values of the F 

distribution.  

The min-max range will also be considered, this value, while sensitive to outliers, gives 

a holistic understanding of the level of variation over the entire build plate.  
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Figure 71: Labelling convention 

The samples will follow a consistent labelling convention as laid out in Figure 71, this 

convention is that the sample on the top left when looking at the build plate from 

above is number one and then the labels iterate from left to right and then down. This 

exact tracking gives all the location information and can be used to access other trends 

across the various builds.  

4.5 Microstructure 

Representative samples from the central region, the edge of the build and the corner 

of the build were selected. These are then used to examine the microstructure present 

in the parts. The samples were first CT scanned, the results of which are examined in 

6.6 Computer Tomography Results, these samples were sliced in an EDM machine to 

get a clean consistent cut. The slices were taken in gauge in both the transverse 

(green) and the longitudinal (blue) as in Figure 72. 

 

Figure 72: Microstructure sample locations 

The segments were hot mounted in conductive resin and then ground and polished to 

reach a mirror finish with no scratches. The grinding and polishing steps were through 

sandpaper of grades P600, P800, P1200, P2500 and P4000 for both materials. The 

CoCr samples were finally polished using a 1µm diamond suspension, this was 
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sufficient to reach the desired finish. The 316L samples required further polishing with 

0.2µm fumed silica suspension to reach the desired finish. 

The samples were then electrolytically etched in a 10% nital solution at 10V for 5 

minutes to reveal the microstructure. 

4.6 CT Scanning 

The samples were scanned in a Nikon xth22st at 128 kV and 250 µA giving an energy 

input of 32W. The sample was placed into a plastic cylindrical holder positioned 

adjacent to the x-ray source, this positioning gave a detection resolution of 16.75µm 

and thus a voxel resolution of 16.75µm3. This means that when detecting defects or 

porosity, any cracks or pores smaller than this value will not be seen. 

The individual slice files were reconstructed to give a 3D visualisation of the samples in 

Volume graphics VGStudio MAX 3.0. This visualisation required a beam hardening 

correction due to the low energy x-rays being absorbed at the part surface making it 

appear denser and correspondingly the internal core was made to appear less dense.  

After this standard correction process, a 3D image is generated as in Figure 73. 

 

Figure 73: Tensile sample 3D visualisation 

The region of interest was selected to avoid the fracture point, the surface of the 

samples where surface roughness and the beam hardening correction could lead to 

over-representing the porosity present. The grip sections were also to be avoided as 

they would have had compressive forces during tensile testing, these forces would 

close pores causing them to be no longer representative of the whole sample. This 

gave a cylindrical region in the core of the remaining gauge section of the sample.  



 

103 
 

The threshold for determining the porosity is found by examining individual slices of 

the reconstructing manually to find a pore. This pore is then used as the basis to 

search for all other pores automatically. The pore will have a lower voxel value than 

any other areas. This is due to fewer x-rays being absorbed by the entrained void than 

solid material. This value and range are checked against all the voxels present in the 

reconstruction.  

This, of course, will be very sensitive to noise in the measurement or dead pixels on 

the detector screen. There are a number of other artefacts such as ring artefacts in the 

scan that will also be discovered. The software package eliminates the detected pores 

of size less than 8 voxels and has a probability minimum incorporated, these combined 

can reduce the number of false porosity detected by the dead pixels and scan 

artefacts. This makes the allows porosity to be measured accurately at the near-100% 

relative density that is present in the produced parts 
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Chapter 5: Geometric Properties 

This chapter will assess the geometric repeatability found in the process. The literature 

does not suggest that a significant error is present, however, increased spot size is 

predicted by the modified energy density equation. This chapter will directly measure 

the geometric repeatability and any cause of repeatability concern for the geometric 

properties. 

The hole features were analysed by importing all the images of the benchmark as seen 

in Figure 74 into MATLAB and checking for the reflected light intensity to drop 

indicating a hole being present. The areas that were detected to be a hole were then 

isolated giving a plot such as seen in Figure 75. The white areas are the areas that 

meet the detection threshold for a hole and the blue crosses indicate the centre of 

detected holes. As can be seen in the figure additional localised dark spots can occur 

due to the rough surface creating shadows. These dark spots, however, are smaller 

than the actual hole features and tend to be highly eccentric in nature and can be 

filtered out.  

 

Figure 74: Hole Feature image 
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Figure 75: Hole feature thresholded 

The measurements of the hole features can then be plotted against their position for 

analysis. The raw data for the nominally 1mm hole is shown in Figure 76 and the 

distance averaged values are shown in Figure 77. 

 

Figure 76: Hole feature raw data 
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Figure 77: Hole feature distance averaged dimensions 

Both these figures show the hole feature dimensions displaying the characteristic 

domed shape with the holes being larger in the central region and contracting in the 

edges of the build plate. The raw data is also the clearest example of the domed shape 

in raw data form, this discredits the hypothesis that the domed shape is an artefact of 

the averaging required to work with the noisy data present.  

Nominal Value (mm) 1 0.8 0.6 0.4 0.2 

Measured Average (mm) 0.983 0.785 0.583 0.390 0.210 

Measured Standard Deviation (mm) 0.024 0.027 0.020 0.019 0.027 

Measured Maximum (mm) 1.003 0.808 0.600 0.406 0.233 

Measured Minimum (mm) 0.955 0.754 0.562 0.373 0.191 

Measured Range (mm)  0.048 0.053 0.038 0.032 0.042 

Table 9: hole feature geometric breakdown 

The key results from the hole features are tabulated in Table 9. The measured range 

and standard deviation of each of the cases were very similar. This importantly 
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demonstrates that the variation is independent of feature size, allowing the statement 

to be made that the variation is inherent to the process and not inherent to the part or 

feature. An unfortunate effect of this feature size independence is the elimination of 

the use of the coefficient of variation as a useful metric for comparing results. As 

depending on the nominal value considered for the hole features, a range of 

coefficient of variations from 0.024 at 1mm nominal to 0.128 at 0.2mm nominal. 

 

Figure 78: Fitted plots for pin features of nominal sizes  A) 1mm B) 0.8mm C) 0.6mm D) 0.4mm E) 0.2mm 

The fitted curve plots for all sizes can be seen in Figure 78. The fitted plots for the hole 

features show a similar change in feature size from the central region to the edge of 

the build plate. The curve also becomes less pronounced in the smaller features. 

Irrespective of the feature size examined, the holes were 30 microns smaller when 

comparing between the centre and the far from the centre. This is compounded when 

examining the tabulated fit data in Table 10. The independence of the difference with 

respect to feature size would indicate that the source of the error is common in all 

geometries, examining the pin features will confirm if this is true. The commonality 

would suggest that the error would be due to the fundamental interactions at the 

edge of the part, such as the expanded spot size predicted from the targeted sources 

of error.  
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Nominal 

Value (mm) 

1 0.8 0.6 0.4 0.2 

Fitted 

Maximum 

(mm) 

0.999 0.799 0.598 0.403 0.229 

Fitted 

Minimum 

(mm) 

0.963 0.762 0.568 0.378 0.197 

Difference 

(mm) 

0.036 0.037 0.030 0.026 0.031 

Table 10: Fitted Data for hole features 

It was not possible to batch measure the pin case as was done for the hole features 

due to the similar reflectivity between the top of the pin and the remainder of the 

geometric benchmark.  

 

Figure 79: Geometric sample measurement 
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The pin features on the geometric samples were imaged under Leica S6E 

stereomicroscope at a 40x magnification and the circle of best fit was taken to 

determine the diameter of the nominally circular samples, as can be seen in Figure 79. 

This figure also shows the roughness present in the edges of the part due to partially 

bound powder particles on the surface. The 1mm pin is used as an exemplar of this 

form of geometric repeatability but the trends are consistent across the pins. 

 

Figure 80: Base Case Raw Geometric Measurements 

The data, while noisy in this unprocessed form, has some evidence of an inverted 

domed characteristic structure in the plotted properties. The raw results provide a 

very noisy plot shown in Figure 80, however global information such as the overall 

confidence interval and standard deviation of the total build can be calculated from 

this unprocessed data.  
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Figure 81: Base Case Distance Averaged Geometric Measurements 

The samples were grouped based on distance from the centre of the build plate. The 

smoothed data very clearly shows the inverted dome that is predicted from the theory 

as seen in Figure 81, with the pins at the edge being larger than the pins present in the 

centre of the build area. There is a 30micron increase in pin size between the centre 

and the edge of the build area. This shows that the features encroach beyond the 

designed geometric boundaries.  
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Figure 82: Base Case Geometric Measurements against distance from the Centre 

The final averaged data shows a very clear increase in part size at the edges of the 

build plate, where the distance from the centre is greater. This increase in part 

dimension is in line with the theory developed on the increase of spot size in the 

evaluation of the modified equation, however, the magnitude of the variation is twice 

that calculated. This could be due to the geometric error causing the part to become 

larger on both sides of the part, whereas the prediction is only on one side of the part.  
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Figure 83: Base Case Geometric Measurements 

The average value for the full data set was 0.933 mm with a standard deviation of 

0.017 mm giving a coefficient of variation that was calculated to be 0.018. This is 

comparable to the coefficient of variation found for traditional manufacturing 

techniques.  

A key issue in geometric repeatability of both sets of features is the joining of satellite 

particles to features an example for pins is shown in Figure 84 and a similar example 

for holes is shown in Figure 85. The addition of these satellite particles changes the 

effective diameter of the part by offsetting the circle of best fit for the part in pins and 

occluding a part of the hole in those features.  

 

Figure 84: Satellite particle on pin feature 
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Figure 85: Satellite particle in hole feature 

These satellite powder particles are formed by powder particles that were not 

sufficiently far into the laser track to be completely melted for the formation of the 

melt pool. In the bulk sections of a part, these partially bound particles would be 

remelted by adjacent laser passes removing them, however, on the part surface, there 

are no additional passes to melt these powder particles leaving them partially bound 

to the surface. This introduces a plausible explanation for the consistent variation from 

both the pin and hole features across the build.  

The discrete nature of the laser scanning, specifically the discreet levels of hatch 

spacing and a scan being either occurring or not also introduces a minor variation in 

the inexactness of the scan vectors including compensations for the part. An example 

scan vector for a small pin feature is shown in Figure 86.  

 

Figure 86: Scan vector of small feature 

The scan vector discreteness gives a minimum limit of control for the parts of a hatch 

spacing which in the cases studied was a constant 30 µm. In the measured cases here 

the range in the parts from maximum to minimum was measured as being on the 
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order of a single hatch spacing, and without fundamental reconfiguration of the 

machine and AM process this is at the physical limit of what is achievable in the 

current technology. The disagreement between the simulated and measured values 

can be seen from the geometric properties, this is shown in Figure 87.  

 

Figure 87: Geometric Difference from Maximum against the distance from the centre 

The two data sets both trends to be larger at the edges than in the central region with 

an accelerating difference moving from the centre, however, the magnitude of the 

difference is under accounted for in the simulation. The difference from the minimum 

size in the simulation is twice the change in spot size for that point. This is due to a 

part requiring multiple adjacent scans and in effect will have the error appear on both 

edges of the part.  

The existence of satellite particles contributes to the under-representation of the 

discrepancy between the centre and far from centre cases in the simulation. The larger 

circumference of the far from centre parts due is due to increases in the laser spot 

size. This increase in the circumference leaves a greater area for the satellite particles 

to potentially get attached to the part. These satellite particles when included in 

measuring the overall pin size, effectively increase the difference from the minimum at 

the centre. This causes a weak feedback-loop to increase in the geometric features 

differences, relative to the centre, beyond what a pure increase in beam diameter 

would be able to achieve. 
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The geometric properties have been shown to be comparable to those found for 

traditional methods. The root cause of the remaining geometric variation is due to an 

inherent property of powder bed fusion. This satellite particle issue and the discrete 

nature of the hatch raster to fill the geometric cross-section make further 

improvement in the geometric repeatability difficult to attain. This coupled with the 

acceptable level of repeatability already in the process shows that the geometric 

properties are not of major concern with the overall process repeatability. 

The geometric accuracy for the machine is advertised as being ± 0.1-0.2% with ± 50 μm 

minimum, this concurs with the level found in the verification of geometric properties. 

The obvious means of correcting for the sizing error present in the parts is by using a 

scaling factor to correct the part dimensions by the error factor. However, due to the 

discrete nature of both the powder particles and the hatch spacing, under the current 

manufacturing parameters, it becomes exceptionally difficult to directly modify the 

scan pattern to remove this error. Any changes would potentially compromise the 

remelting overlap of the remaining parts. This limits the ability to improve the 

geometric repeatability of the AM parts as it is already at a good level of repeatability 

compared to the traditional manufacturing methods and it is currently already limited 

by fundamental aspects of the laser powder bed fusion process. There is potential to 

improve the geometric repeatability by the application of post-processing or having a 

fundamental shift in the powder composition used. 

The limitation on improving the geometric repeatability during the process brings a 

tighter focus on the lack of repeatability in the AM parts mechanical properties. The 

repeatability of the mechanical properties is below that of the repeatability found in 

AM geometric properties. The more significant factor is that the mechanical properties 

are less repeatable than the equivalents produced by traditional methods.  The need 

to address the lack of repeatability in the mechanical properties is thus the most 

pressing concern in the overall repeatability of AM produced parts.  
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Chapter 6: Mechanical Properties 

This chapter will investigate the mechanical property repeatability in the AM process. 

The literature review demonstrated that the mechanical properties were less 

repeatable than would be found in traditional methods. This chapter will assess the 

mechanical properties in both CoCr and 316L. Representative samples will also 

undergo further study by SEM and CT scanning to provide a deeper understanding as 

to the root cause of the repeatability concern. This will also provide an explanation for 

an improvement that the modified equation would provide. 

6.1 Tensile Testing Results of CoCr Builds 

6.1.1 CoCr base parameter set 

The new understanding of the sources of variation demonstrated that both the energy 

density and the beam spot size varied across the build plate. The first step in 

improving the AM process is confirming that the predicted variation is truly present in 

the process and is not an artefact of the evaluation process or merely based on the 

assumptions used to generate the new ED equation.  

 

Figure 88: Base Case Raw Elongation 
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Figure 89: Base Case Raw UTS 

The raw results are shown in Figure 88 and Figure 89, demonstrating the variability 

evident in the mechanical properties of a single build. The data, while noisy in this 

unprocessed form, has some evidence of a domed characteristic structure in the 

plotted mechanical properties, with a rise at the centre of the build and a drop at the 

edges. This would support the theory developed in the simulation. However, there 

exist clear potential outliers in the data both in unusually high (Sample 114) and low 

(Sample 33) mechanical properties. These samples were treated identically to all other 

samples but disrupt any trends present. These outliers show that there is uncertainty 

present in the process that can only be quantified with the large sample sizes that a 

full build provides.     
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Figure 90: Base Case Averaged Elongation 

 

Figure 91: Base Case Averaged UTS 

The results were grouped into sets of 4 adjacent samples to reduce the level of noise 

in the data, while maintaining the location groupings so that samples on the top left of 

the build were only with other top left samples. This gave rise to the result meshes 
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that are shown in Figure 90 and Figure 91. This more clearly shows the domed shape 

that was expected, with some influence remaining from the random noise and 

outliers. This treatment of the results also suggests a variance in mechanical 

properties from the left to right of the build plate. This variance is not accounted for in 

the modified equation and suggests further sources of error present such as the effect 

that the spreading mechanism has on the powder bed creating heterogeneous powder 

properties. This would not be present in any equation based on their inherent 

simplifications.  

 

Figure 92: Base Case Distance Averaged Elongation 
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Figure 93: Base Case Distance Averaged UTS 

The samples were grouped based on distance from the centre of the build plate, as 

can be seen in Figure 92 and Figure 93. This in effect introduced an eightfold symmetry 

around the centre. This grouping reduced the information available about specific 

points but had the benefit of diluting the noise in the data by using averaging. A side 

effect of this grouping was the elimination of the left-to-right or front-to-back 

variations that may be present. These left-right and top-bottom variations would need 

to be examined independently, but are beyond the scope of the current investigation. 

This interpretation of the results illustrates the dome shape that was found in the 

simulation of the energy density.  

The predicted energy density and the final mechanical properties are shown in Figure 

94. The domes do not line up precisely due to the non-linearity between energy 

density and final properties, but holistically show a striking resemblance between the 

two. This provides strong evidence that the new energy density equation does 

represent the process in the base case. 
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Figure 94: Comparison between mechanical properties and energy density predictions 

The mesh plots can give a solid understanding of the data, but do not fully 

demonstrate the exact differences in the data over the full range. To simplify the data, 

each point is represented as an individual location with distance to the central point as 

its x-value and its mechanical property as the y-value. The corresponding plots for the 

4 cases of data processing (raw, grouped averaging, eightfold symmetry and grouped 

eightfold symmetry) are shown in Figure 95. 

 

Figure 95: Types of data processing for distance from the centre analysis 

The figures show that as the data is processed, the individual points become closer to 

the fitted trend of the data. The curve also appears more pronounced as the overall 

range of data is reduced. The data is now more focused on correcting the 

location-based variation, not the individual sample variation. This becomes more 
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useful for repeatability improvement purposes. The more powerful correction for 

improving the overall build repeatability is in bringing the mean values of all locations 

closer, rather than having the individual location spreads being smaller. This is clearly 

demonstrated when examining the coefficient of determination for the fit, also known 

as the R2 value. This is tabulated in Table 11, demonstrating how the fitted curves for 

the treated data more closely approximate the raw data.  

Data 
Treatment 

Raw Grouped Symmetry Grouped 
Symmetry  

R2 0.1073 0.2106 0.5026 0.8713 
Table 11: Coefficient of determination of data treatments 

This improvement in the coefficient of determination is dramatic. This change is 

mostly due to the data treatment diminishing the effect of outliers and the noise, 

which are generated by the fundamental inconsistency of properties found from AM 

parts.  

This treatment improves the trend line fit to the data; however, would not be useful if 

the trend line no longer had a relation to the underlying data. In effect, if the data 

processing causes the trend to exist, it would undermine the ability to make any useful 

predictions for the overall data. This was investigated and it was found that the trend 

lines generated by all stages of data processing were identical, as shown in Figure 96. 

This result allows the data to be processed from the full 121 samples to representative 

values at the 15 unique sample distances from the centre of the build plate to the 

edge. This allows for greater ease in parsing the data clearer presentation while still 

having fidelity to the full data set. 
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Figure 96: Data processing trends 

 

 

Figure 97: Base Case condensed data 

Figure 97 shows the full plate data condensed into the average result, showing 90% 

confidence interval, 95% confidence interval, and standard deviations with the 

minimum and maximum values showing the full build range. From this data, it was 

calculated that the coefficient of variation for the mechanical properties was 0.026 for 

the UTS and 0.119 for elongation. These coefficient of variation values are directly 
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comparable to those found in the literature as seen in section 2.1 Evidence of a 

Repeatability issue in the process . In this chapter, the literature is reviewed for 

evidence that can support the existence of a repeatability issue in the SLM process. 

The chapter will review the various processes and effects within AM that could be 

influencing the repeatability currently present, demonstrating that the issue is extant 

and not merely a perceived failing in AM.  

This literature review chapter is based on a review paper that was published in the 

journal of materials and design under the title “A review of critical repeatability and 

reproducibility issues in powder bed fusion” (DOI: 10.1016/j.matdes.2019.108346).  

2.1 Evidence of a Repeatability issue in the processThis gives further credence to the 

existence of a repeatability issue in AM and independently verifies that this 

repeatability concern is present in this manufacturing system.  

 

Figure 98: Normalised Mechanical Properties against distance from Centre 

 The results for both UTS and Elongation were normalised and combined to create 

Figure 98. This figure compares the normalised mechanical properties to the distance 
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from the centre of the build plate. It can be seen that as the location of the part moves 

further from the centre, its properties degrade. This degradation in performance is a 

major contributing factor to the lack of repeatability in AM. There exists a drive to use 

the full area of the build plate when producing parts, leading to parts wholly being 

present in the degraded performance area of the build. In the case of monolithic parts 

that cover a large section of the build, this variation in properties could introduce an 

unpredicted local weakness, reducing the part’s overall performance.  

The broad trends from the verification of both the geometric and now the mechanical 

repeatability of part properties agree with the evaluation of the modified ED equation. 

The dome shape generated in the simulation was found to occur in all accessed cases 

Furthermore, the mechanical properties align with the prediction, despite the coupled 

non-linearity between ED and mechanical properties. 

There existed additional trends in the data that were not predicted by the modified 

equation, the most prominent of these trends was a variation in the mechanical 

properties from the left to right of the build plate. This is likely due to effects related 

to either the deposition, transportation or compaction of the powder from the 

layering mechanism. This trend adds uncertainty to the results, however, it cannot be 

removed due to the configuration of the machine.  

 

Figure 99: CoCr Base Case Elongation 
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The elongation plot shows a clear decrease in the mean value as the samples are taken 

further from the centre of the build plate. This is supported by the confidence intervals 

becoming completely divergent beyond the 68mm distance grouping. At this point, 

there exists no overlap at either the 90% or 95% confidence intervals. This means that 

it is statistically unlikely that the samples could have the same mean by pure random 

variation in the sampling.  

 

Figure 100: CoCr Base Case UTS 

The UTS results from the first build demonstrate the same reduction in performance at 

the edge of the build plate when compared to the centre, however in this case it is a 

weaker correlation. This is due to the confidence intervals still overlapping at the 95% 

significance level. There is a number of possible reasons for this, the foremost for the 

remaining overlap is that the central sampling group was not the best performing 

sample group in the UTS data sets. The grouping had a lower mean than the next six 

groupings. If the initial central region is ignored, then the second to fourth groupings 

are significantly different from the centre sample grouping. The central grouping does 

have a confidence interval overlap with the apparently better performing samples. 

This means that the difference between them may still be within the random variation 
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present in the system, limiting the strength of conclusions that can be made in this 

case.  

 

Figure 101: CoCr Base Case Normalised fitted plots 

Comparing the two mechanical properties that were examined, it is evident that in this 

CoCr material, the elongation has a more significant reduction in performance when 

normalised by the maximum value. The mean elongation for the fitted curve, based on 

this round of testing, showed a greater than 10% reduction in performance at the 

corner of the build plate relative to the centre. The UTS only reduced by 2.4%, 

demonstrating that it is less influenced by the change in location.  

 

Figure 102: CoCr Base normalised fitted plot with central CI Intercept 
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Figure 102 shows the effect of combining the normalised mechanical properties, to 

form an overall indicator of the mechanical properties over distance from the centre. 

The fit crosses the threshold of the confidence interval set about the central location 

at 52mm from the centre. This shows that samples further than 52mm away from the 

centre are likely to have significantly different mean properties. This radius of leads to 

a significant area of the build plate falling outside this performance envelope. 

Examining the overall build plate, this 52mm criteria would leave 56.6% of the plate 

providing poor overall repeatability.  

 

Figure 103: CoCr base case overall build properties 

 Mean STDev Min Max 90% CI 95% CI 

Elongation (%) 18.91 2.38 5.12 24.04 ±0.71 ±0.86 

UTS (MPa) 1093 28.6 910.9 1184 ±8.6 ±10.3 

Table 12: CoCr Base Overall Build Properties 

When evaluating the full build plate, not just the locations, the extent of the 

repeatability issue can be clearly seen. The full build data is synopsised in Figure 103 

and Table 12. 

A notable factor present in the data is the large range in the mechanical values, 

demonstrating significant variation is present beyond what the large standard 

deviations would suggest. The coefficient of variations for this base case is 0.026 for 

UTS and 0.126 for elongation. 
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6.1.2 CoCr corrected parameter set build 

The first trial of correcting for the locally variant energy density by using the new 

energy density equation was also completed in CoCr using the same machine, grade of 

powder and set up as the original validation. 

 

Figure 104: Modified build families 

A new set of locally designated process parameters with modified scan speed 

setpoints distribution from 2400mm/s at the edges to 2500mm/s in the central region 

was created, hereafter referred to as the corrected case. The process parameter 

families were named sequentially starting on the top left with “a” and continuing with 

each new set gaining the next letter finishing at “u” in the central position. The 

samples are colour coded in Figure 104, to show the different parameter families. 
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Figure 105: CoCr corrected case elongation 

The elongation data from this corrected build is shown in Figure 105. The confidence 

intervals of the groupings have significant overlap in most cases. This includes the 

corner grouping and the central grouping not being different in a statistically 

significant manner. However, there are groupings in the transition between the centre 

and corner that are statistically different and improved over either the centre or 

corner cases. This is not predicted by the modified energy density and could be an 

indication of further sources of variation that are not accounted for currently. 
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Figure 106: CoCr corrected case UTS 

The UTS data however now demonstrates a statistically significant difference in far 

from centre samples. There is a noticeable reduction in the range of confidence 

intervals present in this build when compared to the base build. The contracted 

confidence intervals lead to a greater sensitivity to differences as we can be more 

confident that the difference is real and not an artefact of the sampling method or 

uncertainty in the means of the samples taken.  
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Figure 107: CoCr corrected case normalised fitted plots 

Comparing the two mechanical properties once again normalised by the maximum 

value. The mean elongation for the fitted curve based on this round of testing showed 

a less than 8% reduction in performance at the corner of the build plate relative to the 

centre for elongation. The UTS also experienced a reduction of 1.8% again 

demonstrating that it is less influenced by the change in location.  

 

Figure 108: CoCr corrected case normalised fitted plot with central CI intercept 
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When examining the combined normalised mechanical properties for this build in 

Figure 108, it is evident that the plotted fit has a weaker correlation than was present 

in the base build. The fit crosses the threshold of the confidence interval set about the 

central location of 58mm from the centre. The confidence interval that is being 

crossed is already smaller (±0.010) than the base build (±0.019). This in effect shows 

that the corrected build still has some variation affected by location, however it is 

much reduced. The larger area of within the confidence interval also leads to a 

decrease in the poor repeatability area to 46.1% of the total build envelope.  

 

 

Figure 109: CoCr corrected case overall build properties 

 

 Mean STDev Min Max 90% CI 95% CI 

Elongation (%) 18.21 1.43 13.31 21.81 ±0.43 ±0.52 

UTS (MPa) 1045 16.9 999 1073 ±5.1 ±6.1 

Table 13: CoCr corrected case overall build properties 

The full build data is synopsised in Figure 109 and Table 13 

The synopsised tensile test results for both the base and corrected cases are shown in 

Figure 110 and further tabulated in Table 14.   
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Figure 110: CoCr combined results 

 

 Mean STDev Max Min 

Base UTS (MPa) 1093 28.6 1184 910 

Base Elongation (%) 18.9  2.4 24.0 5.1 

Corrected UTS (MPa) 1045 16.9 1073 999 

Corrected Elongation (%) 18.2 1.4 21.8 13.3 

Table 14: CoCr combined results 

The results show a clear improvement in repeatability for the corrected case 

compared to the base case. For the corrected sample set, the standard deviation of 

the mechanical properties was reduced by approximately 40% for both UTS and 

elongation giving more consistent parts. This is further reinforced when examining the 

range of these mechanical properties, not just the standard deviation. There exists a 

significant reduction of the range for the corrected case which demonstrates increased 

repeatability across the build volume. The range in UTS reduces from 274MPa to 

84MPa, while the range of elongation reduces from 18.9% to 8.5%.  
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Figure 111: CoCr comparison normalised fitted plots 

Examining the normalised mechanical properties of the two builds together is shown 

in Figure 111. The base case is shown in blue, and the corrected case is shown in red. 

As we are looking at normalised properties, the plot being closer to 1 would show 

improved repeatability. It can be seen that in both UTS and elongation cases that the 

performance loss from the centre to corner is reduced in the corrected build. This 

improved performance is present over the entire range of samples.   
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Figure 112: CoCr combined normalised mechanical properties relative to the distance from the centre 

Figure 112 shows the combined normalised properties. It can be seen that the 

mechanical properties decrease far from the centre of the build plate in both cases. 

The fitted trends show that, while this effect is still evident in the corrected case, the 

magnitude of the decrease is reduced.  The onset of the reduction is also extended; 

the base case crosses the confidence interval of its central value at 52 mm, whereas 

the corrected case leaves its already tighter confidence interval at 58 mm. This 

represents a 24% increase in the area of the build plate providing more consistent 

mechanical properties.  

The difference in performance for the two builds was confirmed by carrying out an 

F-Test on the data and, independently, both UTS and elongation showed statistically 

significant improvements. The tests are tabulated below in Tables 5 & 6. 
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  Base Case Corrected Case 

Mean 18.91777 18.21436 

Variance 5.66 2.041916 

Observations 121 121 

df 120 120 

F 2.771907 
 

P(F<=f) one-tail 2.4E-08 
 

F Critical one-tail 1.351886   

Table 15: F-Test for Elongation CoCr 

 

  Base Case Corrected Case 

Mean 1093.674 1045.023 

Variance 815.724 286.6356 

Observations 121 121 

df 120 120 

F 2.845857 
 

P(F<=f) one-tail 1.11E-08 
 

F Critical one-tail 1.351886   

Table 16: F-Test for UTS CoCr 

The coefficient of variation for the corrected cases are 0.016 for UTS and 0.076 for 

elongation, compared to the base case are 0.026 for UTS and 0.126 for elongation. 

This, while not reaching the level of repeatability in traditional wrought samples, is a 

clear improvement in both mechanical properties cases.  

6.2 Tensile Testing Results of 316L Builds 

To further validate the conclusions and applicability of the new energy density 

equation, and to guide process parameter selection, a second study was undertaken 

that followed the same methodology as the CoCr. This repeated experiment shows 

that the results are repeatable and not an artefact of individual builds, while also 

demonstrating the universal nature of the improvement to the SLM process as a 

whole.  
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To contrast to the hard and brittle nature of CoCr, a softer and more ductile material 

was used for this experiment. 316L was selected as it is available from the same 

material supplier and has defined parameters readily available. The key expected 

mechanical properties of the two materials are shown in Table 17. 

 Density (g/cm3) Tensile Strength (MPa) Elongation at Break (%) 

CoCr 8.5-8.8 1200±100 11±3 

316L 7.91-7.95 550±50 40±20 

Table 17: Mechanical Properties comparison [156] 

6.2.1 316L base parameter set build 

The first build in 316L was to repeat the verification build carried out in CoCr earlier. 

The samples were produced in the same ProX DMP 200 machine using 316L powder 

(3D Systems LaserForm 316L (B)). The purpose of this build was to investigate any 

material-specific effects that may have been present in the process. The powder 

morphology between the two is directly comparable with the same D10, D50 and D90 

measurements. This allows for the only pertinent change between the two cases to be 

the material itself.  

The first clear indication of differences between the two materials was evident before 

any tensile testing was carried out. The base build had several individual samples fail 

during the printing process, which was primarily in the form of delamination and 

dislocation between the layers in the upper gauge to the grip section.  

The failures are likely due to lack of fusion defects such as porosity. This concept will 

be thoroughly invested in sections 6.5 Microstructure Results and 6.6 Computer 

Tomography Results. These defects occur when a poor interlayer bond is created. 

Mukherjee et al. created a calculated lack of fusion index that showed 316L to be 

particularly vulnerable to this failure when compared to other common AM alloys 

[157]. Furthermore, this effect is more pronounced at lower energy inputs. This can be 

seen in Figure 113, where layer fusion (LF) is the depth of melt pool penetration 

divided by the layer height. This connection to energy input would lead to a higher 

likelihood of this defect occurring at the edges of the plate where lower energy density 

is predicted.  
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Figure 113: LF against linear heat input, taken from Mukherjee et al.[157] 

The location of the dislocation at the gauge to grip transition rendered samples with 

dislocation unsuitable for comparison with the non-dislocated samples. They were 

tested as far as possible and found to have on average a 20% lower UTS, 50% lower 

elongation and standard deviations an order of magnitude larger than the normal 

samples.  
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Figure 114: Failed tensile specimens 316L base case 

In total, the base build had 15 samples fully discounted from the comparisons. The 

samples eliminated were spread across the build plate so no one area of the build 

plate had a complete loss of data, as shown in Figure 114. There was a greater number 

of samples eliminated away from the centre of the build, however with a greater 

number of samples present in these areas, no strong conclusions can be drawn from 

their distribution.   

It can be inferred that the samples on the right side are more likely to fail, however, 

there are failures across the full width of the plate which reduce the likelihood of this 

being the only reason. This could be due to the layering mechanism where the roller 

returns over the plate but this effect cannot be separated from the process.  

The samples that were adjacent to eliminated samples showed no issues. The spacing 

between samples was sufficient to prevent any defected samples that intruded into 

the gaps between samples from interacting with the normally produced samples.  
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Figure 115: 316L base case elongation 

The elongation data at break for the base 316L provided unexpected results. There 

exists no statistical difference between the centre and the far from centre samples. 

The confidence intervals for the furthest cases are wholly contained within the 

confidence interval of the central data grouping. Every data grouping has at least a 

partial overlap with both the centre and far from centre groupings showing no 

statistical variation across the build plate in the elongation data. 
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Figure 116: 316L base case UTS 

The UTS data is in sharp contrast to the elongation data. There is a very clear 

progression in the UTS reducing as the samples move further from the centre. While 

each grouping maintains a confidence interval overlap with its adjacent groupings, the 

clear steps between the centre and edge show strong statistical difference. This 

difference is stronger than any previously found in either CoCr case. Statistically, the 

central grouping is significantly stronger than the 46mm grouping which is in turn 

significantly stronger than the furthest from the centre case. 

 

Figure 117: 316L base case normalised fitted plots 
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The fitted plots for the two mechanical properties show a performance decrease in 

both of 2.5% from the centre to the corner of the build plate. This decrease is much 

less than was expected and was present in the CoCr samples. This verified the need for 

a new validation build for direct comparisons in 316L.   

 

Figure 118: 316L base case normalised fitted plot with central CI intercept 

When examining the combined normalised mechanical properties for this build, the 

combined properties are reduced primarily by the strong decrease in the UTS. The 

fitted plot remained within the confidence interval of the central grouping 
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dramatically longer than was found in either of the CoCr builds. The fit only exits at the 

69mm point. 

 

Figure 119: 316L base case overall build properties 

 Mean STDev Min Max 90% CI 95% CI 

UTS (MPa) 624 9.8 644 574 ±2.94 ±3.5 

Elongation (%) 49.7 2.39 57.4 36.9 ±0.72 ±0.86 

Table 18: 316L base case overall build properties 

The whole build information is synopsised in Figure 119 and Table 18. From this 

synopsis, it can be seen that even in this base case the mechanical properties for 316L 

are more consistent than was found in the CoCr cases. This consistency in properties 

was at the expense of print consistency, as there were part failures in the 316L with no 

part failures in the CoCr builds. It is possible that what would have been the 

worst-performing samples in 316L did not reach the testing stage and this would 

artificially inflate the repeatability of 316L by only measuring the “good samples”. This 

also gives another metric that can be examined for improved repeatability in 316L that 

was not available in CoCr for overall print success. The coefficient of variations for this 

base case is 0.016 for UTS and 0.048 for elongation.  

6.2.2 316L corrected parameter set build 

The second build in 316L was the build with modified scan speed to attempt to correct 

the energy density discrepancy anticipated from the base settings similar to the 
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second CoCr build. The experiment used the same machine, grade of powder and set 

up as the base parameter set validation. The builds were run sequentially to reduce 

the effect that any other uncontrolled factors may have had on the results. 

As was the case in the base parameter set, some samples needed to be excluded from 

the tensile testing due to localised print failures. There was however a marked 

difference in the magnitude of failures present.  

 

Figure 120: Failed tensile specimens 316L corrected case 

Of the 121 samples that were designed to print, only 3 failed under this corrected 

case, as shown in Figure 120. The file was identical to the base case with only the 

speed parameter changed. There was no modification to the .stl files or support 

method. No location failed in both cases meaning that the issue is not symptomatic of 

a machine or slicing issue. The reduction in failures gives credence to the hypothesis 

that a reduction in fusion defects was caused by lower energy inputs at the edge in the 

base case. The reduction in failures also demonstrates a direct improvement in overall 

process repeatability. 
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Figure 121: 316L corrected case elongation 

The elongation data from the corrected case shows an unexpected result. There is a 

slight but statistically significant improvement in elongation from the centre to the far 

from the centre region. While the individual grouping confidence interval has reduced, 

that does not explain the new gap. One possible answer is that the apparent 

consistency of the base case was an artefact of the discounted samples hiding the 

drop in performance, however, it would not be reasonable to use this explanation to 

disregard the base repeatability or this apparent improvement. The effect of adding 

the discounted samples would cause the base case to have a significant reduction in 

apparent repeatability. However, as there were fewer samples discounted in this case 

and none are in central or the furthest from centre groupings, it would not remove 

this data trend. This data set shows that there is likely to be other effects governing 

the elongation mechanical properties beyond the scope of what has been investigated 

in this study. 



 

147 
 

 

Figure 122: 316L corrected case UTS 

The UTS data from the corrected case shows no significant difference between the 

central and edge regions. Almost all of the data groupings except for the 28mm 

distance have CI overlap with every other grouping. This is in sharp contrast to the UTS 

of the base case where a clear downward progression of performance was observed. 

This shows that in this case, the correction was able to nearly completely eliminate the 

drop in performance observed in the base case. 

 

Figure 123: 316L corrected case normalised fitted plots 
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The normalised fitted plots for the corrected case show a performance increase of 

1.9% in the elongation case. When all the data is fitted for the UTS case, there is a 

drop of 0.2% from the centre to the edge in the line of best fit. This is well within the 

0.8% confidence interval for the data. This change can thus be discounted as a fitting 

artefact rather than an actual drop in performance. 

 

 

Figure 124: 316L corrected case normalised fitted plot with central CI 

The combined normalised mechanical properties when plotted give Figure 124. The 

fitted plot trends upwards mostly due to the elongation improvement present in the 

corrected case but this is mediated by the very consistent UTS data. A key finding from 

this plot is that, over the full range of the build plate, the fitted plot does not exit the 

CI of the first fitted point. As the sample groupings covered the full range of the build 

plate, this shows that there is no expected statistically significant change in mechanical 
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properties over the full build plate. This is strong evidence that improved repeatability 

was achieved using this correction process.  

 

Figure 125: 316L corrected case overall build properties 

 

 Mean STDev Min Max 90% CI 95% CI 

UTS (MPa) 628 8.9 650 611 ±2.6 ±3.2 

Elongation (%) 48.3 1.96 51.9 41.0 ±0.59 ±0.71 

Table 19: 316L corrected case overall build properties 
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The full build data is synopsised in Figure 125 and Table 19. 

 

Figure 126: 316L combined results 

 

 Mean STDev Max Min 

Base UTS (MPa) 625 9.8 644 574 

Base Elongation (%) 49.7 2.39 57.4 36.9 

Corrected UTS (MPa) 628 8.9 650 611 

Corrected Elongation (%) 48.3 1.96 51.9 41.0 

Table 20: 316L combined results 

The overall combined results show that in the 316L case there was an improvement in 

the standard deviation for both mechanical properties investigated by the tensile 

tests. The improvement was 10% in UTS and 20% in the elongation. This is a lesser 

improvement than what was found in the CoCr but it is still significant. The 316L 

samples in the base case were already more consistent than the CoCr base case and 

thus had less range for improvements to be made. There was a reduction in the range 

of results in the base to corrected cases from 70 MPa to 39 MPa in the UTS and 20.5% 

to 10.9% in elongation. The contracted ranges and reduced standard deviations show 

a significant repeatability improvement by using the corrected parameter set over the 

base set. 
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Figure 127: 316L comparison normalised fitted plots 

Examining the normalised mechanical properties from both builds shows interesting 

comparisons. The elongation case has disagreement in the trends, with the base case 

having a slight reduction in properties away from the centre and the corrected case 

being the inverse. Following the traditional statistical goodness of fit term of R2, raises 

concerns about the data. In the elongation case R2 values of 0.0819 for the base case 

and 0.26 for the corrected case. The same R2 issue occurs when looking at the 

corrected case for UTS (R2 of 0.0642). This is due to the R2 being a determination of its 

errors compared to a constant-only model, which merely predicts that everything will 

equal the mean [158]. To effectively understand the data and more importantly if 

there is a variation across the build plate, an F-test was conducted between the fit and 

a pure constant model, the results of which are shown in Table 21. 

Trial R2 F-test verses constant (p-value) Determination 

Base Elongation 0.0819 0.599 Constant 

Base UTS 0.889 1.89e-06 Variable 

Corrected Elongation 0.26 0.165 Constant 

Corrected UTS 0.0642 0.672 Constant 

Table 21: F-test of fit against a constant model in 316L 
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The F-tests show that the elongation in both cases and the UTS in the corrected case 

do not fall beyond the p-value to reject the hypothesis that they are constant across 

the build plate. This is likely to lead to the improvement in the elongation to be 

rendered not statistically significant, which shall be confirmed by further F-test 

between the cases. The base case UTS meets the criteria determining that it is variable 

across the build plate. The corrected case UTS, however, has no statistical difference 

from a constant mechanical properties model across the build plate.  

  Base Case Corrected Case 

Mean 49.73208333 48.27240466 

Variance 6.188469574 3.907443854 

Observations 105 118 

df 104 117 

F 1.58376417 
 

P(F<=f) one-tail 0.007952286 
 

F Critical one-tail 1.367749318   

Table 22: F-Test for Elongation 316L 

 

  Base Case Corrected Case 

Mean 625.1692495 628.8111544 

Variance 75.85827465 80.78121361 

Observations 105 118 

df 104 117 

F 0.939058368 
 

P(F<=f) one-tail 0.372518208 
 

F Critical one-tail 0.728663121   

Table 23: F-Test for UTS 316L 

The F-Tests for the 316L samples confirm that the improvement in repeatability for 

elongation was statistically significant. However, the UTS repeatability improvement 

does not meet the threshold for statistical significance on a global level. This was an 

unexpected result due to the improvement found in the consistency of the mean 

across the build plate for UTS already discussed. This rejection for the UTS case shows 

that while the mean was more consistent, the data was still had a similar level of 

variation about the mean values. 
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Figure 128: 316L combined normalised mechanical properties relative to the distance from the centre 

Taking the combined mechanical properties with the confidence intervals for the 

central region, as was done in CoCr, we can see that the corrected case does not exit 

the CI of the centre over the entire build plate, whereas the base case does. This 

coupled with the F-tests is clear evidence that the corrected case substantially 

improved the overall consistency across the build plate. This is a clear improvement to 

the overall build repeatability. 

The uncertainty still present for global samples is an area that needs to be further 

understood. This uncertainty shows that while the new ED equation was able to 

improve consistency and repeatability in many cases, it will not be a complete answer 

to the repeatability challenges present in AM.  

The coefficients of variation for this corrected case are 0.014 for UTS and 0.041 for 

elongation.  

6.3 Wrought Tensile samples 

To allow for a direct comparison between AM produced parts and traditionally 

produced parts, a series of 10 tensile samples were created for CoCr and 316L. These 

samples were manufactured by machining wrought stock material to the standard 

dimensions. These samples were then tested using the same testing system and 

testing configuration as the AM produced parts.  
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It was discovered during the CoCr pull test that the clamping jaws of the Instron 8801 

were worn and allowed the samples to slip. This caused the elongation data of the 

CoCr to be widely variable and inaccurate. This also led to two of the samples failing in 

the grips instead of the gauge and need to be discounted (highlighted below). The 

clamping jaws were replaced before the resumption of testing with the 316L samples.  

CoCr 316L 

UTS (MPa) Elongation (%) UTS (MPa) Elongation (%) 

1436 25.1 807 58.5 

1424 26.0 822 58.5 

1436 29.1 811 58.7 

1454 33.4 808 58.4 

1447 28.9 810 58.0 

1467 34.8 810 58.9 

1440 29.2 825 59.2 

1395 24.9 827 58.6 

1260 9.6 807 58.9 

772 6.3 835 59.6 

Table 24: Wrought tensile sample data 

The CoCr data from the remaining 8 samples gave a coefficient of variation of 0.014 for 

the UTS values which is in line with what was expected from the literature values. The 

coefficient of variation of the elongation was 0.11, which was significantly above the 

expected variation from literature. However, even assuming that the variation was not 

due to the grip issues, the value is still lower than the coefficient calculated for the AM 

parts. 

The 316L data had a coefficient of variation of 0.012 for UTS and 0.007 for elongation. 

This elongation variation is slightly lower than the expected level based on the 

literature, but it does illustrate the consistency that is possible from the traditionally 

wrought materials. The combination of the results, from the AM samples and the 

wrought samples, clearly verify that the repeatability concern does exist in the AM 

process. The wrought samples also give a direct comparison point for any 

improvements that are made. 
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6.4 Tensile Testing Results Overall 

The overall build properties show that on a full build scale there were significant 

repeatability improvements in both materials. This was shown by a contraction in the 

ranges for the mechanical properties and also in reductions of the standard deviations 

over the entire set of testable samples.  

The improvements over the entire build are reinforced by examining closely the 

targeted deviation that was to be removed, which was a variation between the centre 

and edge regions of the build plate. 

A corollary to a repeatable build plate is that it would give rise to the non-reject 

p-value when examining using the F-test against constant, as was done in the 316L 

tensile studies. All of the major overall data groupings were tested and the results 

tabulated in Table 25. 

Material Trial Property R2 F-test against 

constant (p-value) 

Determination 

CoCr Base Elongation 0.863 2.41e-06 Variable 

CoCr Base UTS 0.783 4.86e-05 Variable 

CoCr Base Combined 0.886 2.18e-06 Variable 

CoCr Corrected Elongation 0.616 0.00199 Variable 

CoCr Corrected UTS 0.704 0.000365 Variable 

CoCr Corrected Combined 0.628 0.00266 Variable 

316L Base Elongation 0.0819 0.599 Constant 

316L Base UTS 0.889 1.89e-06 Variable 

316L Base Combined 0.52 0.0122 Variable 

316L Corrected Elongation 0.26 0.165 Constant 

316L Corrected UTS 0.0642 0.672 Constant 

316L Corrected Combined 0.217 0.231 Constant 

Table 25: F-test against constant for all data groupings 

In all data groupings, the p-value increased from the base case to the corrected case, 

showing that overall the results move closer to a consistent value with the corrected 
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process parameters. In the 316L cases, this improvement was sufficient to transition 

from location variable properties to being location independent (Constant).  

Case UTS Elongation 

Wrought CoCr 0.014 0.11* 

Base CoCr 0.026 0.126 

Corrected CoCr 0.016 0.076 

Wrought 316L 0.011 0.007 

Base 316L 0.016 0.048 

Corrected 316L 0.014 0.041 

Table 26: Coefficients of variation for all data sets 

The coefficients of variation for all of the data sets are tabulated in Table 26. The first 

notable factor is the clear discrepancy between the UTS and elongation in all AM 

cases. This shows that for all AM cases the elongation is much more variable than the 

UTS and that this inconsistency is a significant factor in the loss of overall repeatability.  

The most important factor for this study is that in all the cases the corrected case is 

improved when compared to the base case. This clearly shows that the parameter set 

developed with local ED control, is superior to the global ED control for repeatability. 

This allows a direct improvement over the previously universally implemented uniform 

parameter sets used in AM.  

The improvement in the consistency of the tensile testing data from the corrected 

samples does not completely eliminate the repeatability concern. Two factors can be 

considered when investigating the remaining repeatability issues. The presence of 

alternative variations that are not accounted for in the energy density equations and 

the imprecise nature of the control used.  

Firstly, we can consider the x-direction factor that is present in the data for both the 

modified and unmodified builds. This variation is minor relative to the overall variation 

present with distance from the centre, but it appears to be similar in both builds. This 

would match with the previous theory of a powder variation in the direction of 

powder spreading. This effect is more pronounced in the modified build. This would be 
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accounted for by the reduction in the other sources of variation. This allows this 

variation to be magnified relative to the variable distance from the centre point.  

The modified ED equation and its evaluation, also likely under-represents the total 

number of effects that are diminishing the laser energy. This can be seen in the 

empirical evidence from the laser beam measurements taken in Section 3.1.3 Angled 

Incidence. Those measurements showed a drop in the energy of 17% and an increase 

in beam area of 24%. In the simulation the corresponding changes were 7.2% and 

8.4%. The underrepresentation is due to the limited scope of the simulation where 

only 4 principal sources of energy variation were considered across the build plate. 

The addition of further sources of variation could bridge the gap between reality and 

simulation while the existence of stochastic variations will prevent exact convergence. 

The control implemented was in modifying the scan speed, however, the modification 

in the scan speed setpoint does not necessarily correspond exactly to the actual scan 

speed used. This introduces a variation that cannot be eliminated completely, 

particularly in the cases of minute changes that are needed when transitioning 

between similar scan speeds. The lagging of change inherent to any control system can 

lead to a non-zero error between the scan speed set for the scan and the actual scan 

speed seen by the material.  

The coarse nature of the modifications to the setpoints is also present. The samples 

are 7mm in diameter and in the modified build each sample was given its own set of 

speed parameters. This however, still left some level of granularity with the 

parameters designed for the central coordinates of the sample, resulting in a 

maximum offset of 3.5mm for the optimum energy density. As the calculated energy 

density changes more rapidly while further from the centre, this effect also becomes 

magnified further from the centre, in the simulation; at the edge of the build plate, 

this means a 1% change in ED across a single part whereas in the central region the 

change is only 0.02%. This internal gradient of ED could be a factor in still producing 

the domed mechanical properties mesh and contribute to the lack of repeatability 

over the build plate. 
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6.5 Microstructure Results 

The etched microstructure images are presented following the naming convention of 

the first letter is for series (B for Base case and C for Corrected case), the second letter 

is for build location (C for Centre, E for Edge and O for cOrner), the third letter is for 

orientation (L for Longitudinal and T for Transverse) and then the material type.  

 

Figure 129: CoCr microstructure longitudinal orientation 

 

Figure 130: CoCr microstructure transverse orientation 

The revealed CoCr microstructure closely matches the expected structure as seen in 

the paper by Hitzler et al. [159], with no large grains or dendritic structures present. 

The dominant feature to be observed is the overlapping pattern of individual weld 
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beads from adjacent passes which are most obvious in the longitudinal samples. As the 

samples were not post-processed, they appear to remain as γ-Co metastable phase as 

the rapid cooling prevents the transfer to the stable ε-Co phase [160].  Having 

compared the images for orientation or grain sizes, there was no significant difference 

found between the samples both along cases and between cases.  

 

Figure 131: CoCr BCL under SEM 

 

Figure 132: CoCr BOL under SEM 
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Figure 133: CoCr BEL under SEM 

The samples were further examined under a scanning electron microscope (SEM) to 

investigate any sub-grain features within the laser passes that may not be evident in 

the optical microscope. The sub-grain images are shown in Figure 131, Figure 132 and 

Figure 133. The most obvious feature in these sub-scan magnifications is the presence 

of slender epitaxial columnar cells growing from the interfaces between laser scans. 

These columns were expected as they closely match the findings by Chen et al. [161]. 

There is no deviation from the expected microstructure evident in any of the samples, 

in that all of the cells at the interfaces were consistently in the ~0.25 μm range cell 

widths.  
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Figure 134: CoCr Porosity from the SEM 

The CoCr SEM images have also located some porosity within the sample. The porosity 

was found to be present at the interface between two scan passes as seen in Figure 

134. This would indicate the porosity was caused by an insufficiently large melt pool to 

overlap with the adjacent solidified melt pool. This would lead to a pore being formed 

between the melt pools. Alternatively, a void in the powder bed was formed and the 

material was not able to flow into that void while in the melted state leading to this 

pore forming.  Both these explanations would lend credence to the lack of fusion being 

a major factor in the creation of porosity.  
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Figure 135: 316L microstructure longitudinal direction 

 

 

Figure 136: 316L microstructure transverse direction 

In the 316L samples, those from the longitudinal direction are close to the expected 

structure based on the study by Gorsse et al. [162] and by Zhong et al. [50], while 

those from the transverse direction are more reasonably considered as the 

overlapping pattern of individual weld beads from adjacent passes as was seen in the 

CoCr cases. The overall structure appears to be fully austenitic in nature which 

matches the expected microstructure following the chemical composition ranges 
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supplied from the manufacturer as shown in the red box in the phase diagram 

displayed in Figure 137.  

 

Figure 137: 316L microstructure phase diagram 

There is no significant difference found in the longitudinal samples across the cases or 

locations. In the transverse samples, while there is no significant difference evident 

between cases, there does appear to be a change in location on the build plate. There 

appears to be a substantial change in the optical microscopy for the 316L samples in 

the corner of the build plate. This warranted further investigation and the samples 

were examined using SEM techniques.  
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Figure 138: CCT under SEM 
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Figure 139: COT under SEM 

The SEM images for 316L CCT and COT are shown in Figure 139. The SEM reveals the 

microstructure to be further comprised of dendritic and cellular structures similar to 

those found by Chen et al. [163]. The dendrites grow from the interface between scans 

with the cellular structure covering the rest of the area. The proportion of these two 

structures remains consistent between the two samples.  

Overall, the microstructure analysis shows that the microstructure is non-variant 

across the sample sets. This would make microstructure difference an unlikely 

explanation for the evident change in mechanical properties found from the tensile 

testing. 

 

Figure 140: Porosity under SEM 

The SEM images were also able to detect some of the porosity in these 316L samples, 

as seen in Figure 140. The porosity was identified most clearly in the longitudinal 

samples. From the samples, it is clear that porosity is developed at the interface 

between layers and the scan passes similarly to the porosity found in the CoCr 

samples. The porosity seem in this image is more likely due to incomplete melting. The 
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lower layer surface can be clearly seen in the pore. This would strongly suggest that 

the layer above did not provide sufficient energy for the melt pool to penetrate the 

previous layer. This would explain the location-based variation. In the base case, the 

energy density is lower at the edges than the centre and has a correspondingly smaller 

melt pool. This smaller melt pool would lead to a reduction in the overlap of the 

adjacent melt pools and a shallower melt pool. Both of these factors allow for more 

porosity to develop in the layer and scan overlap area. The drop in energy from the 

centre to far from the centre, while minor, is sufficient to allow porosity to be 

developed more frequently. This would be a primary driver of the reduction of 

mechanical properties found in far from centre samples. The porosity will be further 

investigated using computer tomography to determine if it demonstrates any trends 

across the builds and locations in a predictable manner. This will allow the full sample 

to be examined not merely as a single slice of the cross-section. 

6.6 Computer Tomography Results 

The final porosity from the CT scanning is reported as shown in Figure 141 along with a 

table of all of the detected pores and their locations in the sample. The region of 

interest volume and the porosity volume are reported allowing direct comparisons to 

be made between samples. 

 

Figure 141: Highlighted entrained porosity 
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Figure 142: CoCr sample porosity results 

The CT results for the Cobalt Chrome samples shows that the parts were near fully 

dense at the centre and the edge of the build plate but had a significant drop off at the 

corners of the build plate, as seen in Figure 142. The central and edge regions showed 

very similar relative densities, which may in part be due to the high specific density of 

cobalt chrome masking the present porosity at this level. The method for detecting the 

porosity relies on the x-ray being able to penetrate the material at different rates 

depending on whether in material or porosity. The CoCr samples due to their dense 

nature and the limit to energy available in the CT scanner, can have near-complete x-

ray opaqueness at the thickest point in the sample. When revolved, this means that 

the very centre of the sample has only the most powerful x-rays passing through and 

the porosity does not strongly impact those rays’ ability to pass, when compared to 

the weaker beams capable of passing at the edges. The difference between the base 

and corrected cases in those two regions are also within the error inherent with the 

thresholding for what counts as a point of porosity or not in the system.  

The corner cases, however, do show a marked difference between the base and 

corrected case. The base case shows a 0.53% drop in relative density, while the 

corrected case does still demonstrate a drop in relative density at 0.37%. This drop is 
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likely a contributing factor to location dependant variation still found for the CoCr 

corrected case in the tensile testing. The correction may not have been aggressive 

enough to remove all of the defects. This would explain the improvement but not the 

removal of the location based variation in the CoCr.  

 

Figure 143: 316L sample porosity results 

The results of the CT scanning a representative 316L samples for each region is shown 

in Figure 143. The samples again were determined to be near fully dense. These 

results show that a density decrease was present from the centre to corner in both 

cases. In the base case, the decrease in density was more pronounced and also more 

rapid than was found in the corrected case. This once again demonstrated an 

improvement present in the corrected build over the base parameter set.  

The combined results for the CT scanning show a density drop as the samples are far 

from the centre in both cases. This is indicative of a greater number of defects being 

present in those areas of the build. The corrected case in both materials had a reduced 

drop in the relative density at the corner than the base settings case. This result gives 

a plausible reason for the overall improvement in the mechanical properties found for 

the corrected cases.  
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

The overall objective of this was to improve the repeatability in metal additive 

manufacturing. This objective was divided into 4 research questions: 

1. Is there a repeatability issue in AM, and how does this compare with 

traditional manufacturing methods? 

2. What are the potential sources of variation causing the repeatability issue? 

3. Can the errors or sources of variation be mitigated? 

4. Can improved repeatability be achieved in the process? 

  

The conclusions of the project are outlined below: 

1. Is there a repeatability issue in AM, and how does this compare with 

traditional manufacturing methods? 

The repeatability issue in SLM and AM, in general, was found to be pervasive 

both in the literature and in the initial builds. The literature survey showed that 

the coefficient of variation was found to be higher in AM (UTS of 0.05, 

Elongation of 0.13) than found in traditional manufacturing methods (UTS of 

0.016, Elongation of 0.016). The initial build in CoCr had a coefficient of 

variation was 0.026 for the UTS and 0.119 for elongation and the initial 316L 

build had a coefficient of variation was 0.016 for the UTS and 0.049 for 

elongation, all of which are in the range of the literature values confirming 

directly the level of the repeatability issue apparent in AM 

 

2. What are the potential sources of variation causing the repeatability issue? 

The potential causes of low repeatability and reproducibility were analysed in 

terms of the pre-process, para-process and post-processing stages. In 

particular, powder morphology (pre), laser interaction with material (para), and 

heat treatment, hot isostatic pressing and machining (post) are all potential 

sources of repeatability issues. Of these potential sources of error, it was 

determined that the laser interaction with the material is critically important. 

The laser interaction variation over the build plate was determined to be 
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predominantly due to angled incidence, F-Theta absorption and plume 

absorption. These were measured and quantified for the level of impact on the 

ED.  

3. Can the errors or sources of variation be mitigated? 

A new modified energy density equation was proposed. The equation was 

evaluated over a full build plate. The evaluation was capable of a reasonable 

agreement to the reality of the process including the sources of variation 

present in the overall process. There were discrepancies between the 

predicted values and reality, however, this was predominantly due to 

simplifications present by focussing only on the most significant of the major 

contributing errors. The equation was able to be used to create a set of 

corrected process parameters to produce more repeatable parts. These 

parameters focussed on providing a modified scan speed parameter for any 

location on the build plate, to provide a more uniform energy density. 

4. Can improved repeatability be achieved in the process? 

The CoCr parts created using the parameter set generated by the repeatability 

tool, had a coefficient of variation for UTS of 0.016 and Elongation of 0.076. 

This  improvement was verified to be possible also in 316L with the new 

parameter set creating parts with a coefficient of variation for UTS of 0.014 and 

Elongation of 0.041. This is a clear and importantly statistically significant 

improvement in mechanical properties for both material cases, when 

compared to the initial parts created by the unadjusted parameter sets. 

AM, with powder bed fusion process as an exemplar, has a number of inherent flaws. 

In the research carried out to-date, insufficient focus has been made to systematically 

address these flaws resulting in poor repeatability in the parts produced. The needs of 

industry dictate that these flaws need to be more fully addressed and understood at a 

fundamental level. The fundamental understanding of why the repeatability issue is 

present has not been thoroughly developed by the research community as a whole. 

This is in contrast to the high level of research into the exploration of the possible 

capabilities of AM.  
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This body of research has created a modified energy density equation to inform locally 

variable process parameters within a build. These localised parameters were able to 

achieve up to a 40% reduction in the variation of mechanical properties found over the 

area of the build. This reduction does not completely remove the variation but does 

bring it more in line with traditional methods. The reduction in variation also clearly 

achieves the overall objective of improving the repeatability of SLM process 

The comparison between the corrected parameter samples and those from the 

non-variant parameters also gave a credible explanation for the repeatability losses in 

metal AM. In both the CT scanning and SEM imaging, more porosity was found in the 

far from centre regions of the build plate. This porosity is a type of lack of fusion 

defect. The increased energy provided from the corrected parameters, to counteract 

the energy losses predicted by the modified energy density equation, helped to 

eliminate these defects leading to the overall repeatability improvements.  

7.2 Future Work 

This research was focussed on the para-process issues. An obvious area of further 

work to be carried out is to look at the pre-process and para process sources of 

variation in fine detail for a means to correct them and further improve the 

repeatability. The most important of these is to attempt to address the uncertainty 

present in the pre-process. As was discussed extensively, the repeatability errors tend 

to compound and increase so any interventions are best to occur in the earliest 

possible stage of the AM process.  

Another possible avenue of future study is to develop the modified ED equation to 

include information that currently isn’t available such as the powder bed conditions 

across the build. The current locally variable power input and process parameters are 

designed to create a uniform energy density on a generic powder bed. By being able to 

read the specific powder bed a further fine-tuning of the energy density could be 

undertaken to improve the build energy density consistency.  

A key area for improvement requires restructuring of the manufacturing system, 

specifically the file format currently the ProX system. Currently, process parameters 

can only be adjusted on a macro-part level. The tensile and geometric specimens 
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created for this research were only on a small area per part allowing relatively fine 

control; however the needs of the industry to utilise AM to create larger parts will 

reduce the ability to control the energy density locally under the current system. The 

current system does facilitate the automatic subdivision of scan hatches to smaller 

hexagons to reduce vector scan lengths, introducing a means to define these hexagon 

subdivisions with local control guided by the proposed modified equation could allow 

the application of this correction to macro parts and should be investigated. 

A key further step in this research is to demonstrate the localised control on a 

different AM system. The current body of evidence was created on multiple materials 

showing that the improvements were material agnostic, however, the materials were 

both utilising the DMP ProX 200 machine. This allowed the same inputs for the 

variations to be used in both cases simplifying the study and preventing the 

uncertainties in determining those model inputs from potentially impacting the 

properties. Such an impact could be misconstrued as a material-specific problem. Now 

that the improvements been proven to be material independent, the next step 

towards proving the universal applications of this research to improving the field as a 

whole, is to apply the improvements to a differing manufacturing system.   
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Chapter 9: Appendices 

9.1 Experimental Data 

9.1.1 Base Build (CoCr, Manufacturers Specifications) 

 

  

Sample 1 2 3 4 5 6 7 8 9 10 11

Strain (%) 17.33 19.12 18.58 20.38 17.58 17.82 20.17 18.43 20.07 19.91 20.03

UTS (Mpa) 1077 1100 1100 1106 1098 1089 1104 1075 1118 1090 1096

Sample 12 13 14 15 16 17 18 19 20 21 22

Strain (%) 16.27 15.97 19.02 21.86 18.13 21.38 19.48 18.50 16.81 22.17 15.95

UTS (Mpa) 1093 1047 1107 1082 1111 1128 1108 1125 1112 1117 1115

Sample 23 24 25 26 27 28 29 30 31 32 33

Strain (%) 15.92 17.33 20.55 20.87 20.50 21.82 21.05 17.52 17.54 19.91 5.12

UTS (Mpa) 1085 1072 1115 1114 1088 1128 1101 1117 1099 1110 911

Sample 34 35 36 37 38 39 40 41 42 43 44

Strain (%) 16.12 17.70 18.04 22.35 17.89 21.56 19.21 19.02 16.50 23.54 17.11

UTS (Mpa) 1066 1075 1094 1117 1126 1136 1083 1130 1072 1085 1079

Sample 45 46 47 48 49 50 51 52 53 54 55

Strain (%) 18.99 17.81 20.39 21.48 16.15 23.56 21.07 21.08 15.05 20.28 18.67

UTS (Mpa) 1084 1047 1066 1118 1088 1125 1102 1099 1078 1109 1099

Sample 56 57 58 59 60 61 62 63 64 65 66

Strain (%) 17.23 14.01 15.23 19.93 20.70 19.30 18.95 18.37 21.55 20.56 20.09

UTS (Mpa) 1100 1076 1094 1111 1096 1092 1071 1087 1122 1124 1126

Sample 67 68 69 70 71 72 73 74 75 76 77

Strain (%) 15.52 18.98 18.85 21.74 17.92 20.00 18.84 19.49 18.29 21.46 20.51

UTS (Mpa) 1065 1080 1085 1101 1097 1104 1090 1111 1093 1130 1140

Sample 78 79 80 81 82 83 84 85 86 87 88

Strain (%) 17.23 20.80 20.85 21.89 17.62 21.39 19.75 15.58 18.46 19.36 16.63

UTS (Mpa) 1067 1042 1107 1103 1118 1105 1094 1074 1089 1083 1091

Sample 89 90 91 92 93 94 95 96 97 98 99

Strain (%) 16.53 17.61 19.01 20.18 20.89 21.10 20.75 18.27 17.28 22.05 17.70

UTS (Mpa) 1067 1058 1082 1098 1106 1118 1096 1070 1078 1122 1072

Sample 100 101 102 103 104 105 106 107 108 109 110

Strain (%) 17.23 16.79 19.26 20.03 18.94 21.70 18.94 22.05 18.24 20.46 17.37

UTS (Mpa) 1062 1070 1120 1184 1044 1110 1065 1078 1100 1096 1105

Sample 111 112 113 114 115 116 117 118 119 120 121

Strain (%) 16.33 16.49 17.31 24.04 16.55 19.79 20.09 18.01 17.04 20.01 17.26

UTS (Mpa) 1061 1030 1080 1126 1114 1109 1088 1081 1097 1090 1073
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9.1.2 Corrected Build (CoCr, Variable Speed) 

 

 

Sample 1 2 3 4 5 6 7 8 9 10 11

Strain (%) 17.56 17.19 18.88 18.63 18.88 18.50 18.38 19.50 18.94 17.81 18.19

UTS (Mpa) 1031 1043 1055 1050 1058 1050 1048 1062 1061 1054 1065

Sample 12 13 14 15 16 17 18 19 20 21 22

Strain (%) 18.06 19.00 18.81 17.88 18.63 18.25 20.44 21.81 20.50 20.50 19.06

UTS (Mpa) 1028 1042 1046 1040 1048 1055 1061 1074 1073 1068 1064

Sample 23 24 25 26 27 28 29 30 31 32 33

Strain (%) 16.31 18.13 18.38 20.19 19.56 20.19 16.75 18.44 18.13 18.88 19.19

UTS (Mpa) 1009 1053 1044 1060 1058 1069 1035 1051 1058 1066 1058

Sample 34 35 36 37 38 39 40 41 42 43 44

Strain (%) 17.00 17.38 17.63 18.19 18.38 17.31 18.81 19.88 19.50 18.94 16.38

UTS (Mpa) 1020 1036 1057 1062 1061 1056 1052 1066 1063 1060 1042

Sample 45 46 47 48 49 50 51 52 53 54 55

Strain (%) 17.81 15.44 18.25 19.00 18.13 18.63 18.13 18.88 19.44 18.75 17.38

UTS (Mpa) 1031 1021 1042 1053 1044 1060 1038 1052 1048 1053 1038

Sample 56 57 58 59 60 61 62 63 64 65 66

Strain (%) 17.81 18.63 19.56 18.88 18.13 17.44 18.25 19.63 20.56 17.88 16.31

UTS (Mpa) 1034 1058 1068 1061 1058 1051 1053 1067 1072 1060 1029

Sample 67 68 69 70 71 72 73 74 75 76 77

Strain (%) 19.50 18.31 16.88 16.31 20.56 17.75 19.88 19.19 18.50 19.44 17.13

UTS (Mpa) 1026 1041 1036 1035 1053 1044 1050 1051 1043 1059 1039

Sample 78 79 80 81 82 83 84 85 86 87 88

Strain (%) 17.31 17.81 19.00 19.88 19.63 19.06 18.13 19.38 19.06 19.00 16.31

UTS (Mpa) 1016 1038 1046 1057 1050 1058 1038 1059 1059 1052 1035

Sample 89 90 91 92 93 94 95 96 97 98 99

Strain (%) 15.13 19.44 17.00 18.94 20.69 20.19 15.25 20.38 19.00 17.94 16.75

UTS (Mpa) 1001 1043 1036 1049 1054 1050 1020 1054 1046 1045 1059

Sample 100 101 102 103 104 105 106 107 108 109 110

Strain (%) 18.94 18.00 16.44 17.31 17.75 18.00 18.69 17.75 19.38 18.13 17.81

UTS (Mpa) 1033 1038 1041 1041 1032 1050 1050 1047 1057 1046 1042

Sample 111 112 113 114 115 116 117 118 119 120 121

Strain (%) 17.44 16.00 15.88 16.75 15.69 13.31 16.44 17.81 16.81 15.31 13.88

UTS (Mpa) 1015 1011 1007 1024 1003 999 1019 1020 1015 1001 1009
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9.1.3 Base Build (316L, Manufacturers Specifications) 

 

Sample 1 2 3 4 5 6 7 8 9 10 11

Strain (%) 0.00 48.75 49.53 46.84 8.14 57.46 48.35 34.93 48.03 3.10 2.03

UTS (Mpa) 0 624 632 632 448 642 639 637 640 256 46

Sample 12 13 14 15 16 17 18 19 20 21 22

Strain (%) 48.18 44.65 53.56 46.08 49.33 25.14 48.65 50.91 52.09 50.41 26.95

UTS (Mpa) 631 624 628 631 632 618 636 628 638 631 624

Sample 23 24 25 26 27 28 29 30 31 32 33

Strain (%) 54.45 49.94 50.97 47.88 39.32 50.11 50.32 43.98 45.55 46.18 49.55

UTS (Mpa) 624 624 624 629 630 642 632 640 574 631 627

Sample 34 35 36 37 38 39 40 41 42 43 44

Strain (%) 51.08 48.31 48.45 49.05 50.33 36.91 50.86 14.88 50.71 50.40 50.49

UTS (Mpa) 622 620 628 631 629 640 640 591 629 628 625

Sample 45 46 47 48 49 50 51 52 53 54 55

Strain (%) 48.15 47.49 53.32 51.95 51.41 52.99 55.41 30.77 50.66 49.77 49.70

UTS (Mpa) 617 612 621 624 626 637 621 622 624 620 619

Sample 56 57 58 59 60 61 62 63 64 65 66

Strain (%) 53.33 50.23 50.79 49.38 49.47 45.89 52.43 48.10 50.73 51.12 49.93

UTS (Mpa) 627 628 633 636 636 640 638 643 637 634 636

Sample 67 68 69 70 71 72 73 74 75 76 77

Strain (%) 50.90 50.26 49.41 49.46 50.87 49.22 50.58 50.13 51.93 50.34 48.69

UTS (Mpa) 617 618 624 626 624 632 629 628 625 624 620

Sample 78 79 80 81 82 83 84 85 86 87 88

Strain (%) 52.17 48.66 52.27 47.13 51.74 51.15 10.31 48.50 50.34 47.08 49.60

UTS (Mpa) 616 620 620 622 625 636 427 630 628 620 617

Sample 89 90 91 92 93 94 95 96 97 98 99

Strain (%) 47.40 50.08 49.61 48.23 49.70 48.68 53.13 50.37 49.94 49.39 48.12

UTS (Mpa) 614 614 618 622 618 626 628 644 620 616 618

Sample 100 101 102 103 104 105 106 107 108 109 110

Strain (%) 50.28 49.57 49.01 49.66 52.35 49.66 52.46 50.71 50.72 48.80 50.15

UTS (Mpa) 614 613 616 620 612 624 620 620 620 615 612

Sample 111 112 113 114 115 116 117 118 119 120 121

Strain (%) 50.78 51.23 41.27 49.53 52.55 45.32 49.60 49.29 50.13 5.44 0.00

UTS (Mpa) 611 608 611 618 608 623 616 613 610 488 0
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9.1.4 Corrected Build (316L, Variable Speed) 

 

  

Sample 1 2 3 4 5 6 7 8 9 10 11

Strain (%) 49.39 45.74 47.17 44.37 48.38 50.28 47.77 49.82 48.04 49.40 50.12

UTS (Mpa) 640 634 642 641 647 647 648 651 649 642 648

Sample 12 13 14 15 16 17 18 19 20 21 22

Strain (%) 50.76 48.40 49.40 48.80 44.85 49.13 48.59 45.38 48.69 47.40 48.25

UTS (Mpa) 629 632 636 634 636 646 641 644 645 637 639

Sample 23 24 25 26 27 28 29 30 31 32 33

Strain (%) 50.89 50.37 47.13 48.53 45.14 48.60 46.62 49.26 42.31 47.26 50.62

UTS (Mpa) 628 628 630 628 637 641 632 639 637 636 625

Sample 34 35 36 37 38 39 40 41 42 43 44

Strain (%) 51.93 45.95 49.68 48.03 13.42 48.37 49.32 49.85 47.95 48.50 49.27

UTS (Mpa) 626 624 633 629 542 639 630 634 635 631 632

Sample 45 46 47 48 49 50 51 52 53 54 55

Strain (%) 50.57 46.39 47.67 46.18 48.01 49.34 50.19 48.78 48.70 48.41 48.54

UTS (Mpa) 622 616 621 622 619 631 619 629 628 627 632

Sample 56 57 58 59 60 61 62 63 64 65 66

Strain (%) 49.51 49.57 49.20 42.15 45.56 44.79 49.36 47.76 49.83 49.42 50.83

UTS (Mpa) 631 628 635 637 633 636 635 639 640 639 624

Sample 67 68 69 70 71 72 73 74 75 76 77

Strain (%) 50.80 45.58 47.34 48.74 46.70 47.94 45.99 49.09 16.27 49.84 50.95

UTS (Mpa) 623 624 628 626 624 627 624 624 608 627 626

Sample 78 79 80 81 82 83 84 85 86 87 88

Strain (%) 49.93 47.65 47.78 46.97 48.83 48.88 49.94 49.38 49.39 4.92 47.47

UTS (Mpa) 620 621 622 624 624 633 622 628 629 212 625

Sample 89 90 91 92 93 94 95 96 97 98 99

Strain (%) 48.54 46.75 46.96 41.18 46.22 49.41 48.42 49.40 47.81 48.81 50.55

UTS (Mpa) 620 618 622 624 622 625 624 627 621 621 636

Sample 100 101 102 103 104 105 106 107 108 109 110

Strain (%) 51.23 49.31 47.24 49.35 51.39 48.51 49.14 49.15 47.07 46.65 46.63

UTS (Mpa) 620 619 622 623 616 625 618 621 624 620 618

Sample 111 112 113 114 115 116 117 118 119 120 121

Strain (%) 50.00 49.92 49.02 48.73 49.47 46.90 49.66 47.94 41.09 48.83 49.26

UTS (Mpa) 617 615 618 622 612 621 619 620 613 612 620
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9.1.5 Hole feature measurements 

 

Sample 1 2 3 4 5 6 7 8 9 10 11

Nominal 1 mm (mm) 0.845 0.943 0.970 0.952 0.964 0.955 0.958 0.941 0.951 0.945 0.898

Nominal 0.8 mm (mm) 0.707 0.745 0.779 0.761 0.777 0.770 0.772 0.749 0.750 0.750 0.709

Nominal 0.6 mm (mm) 0.494 0.539 0.566 0.554 0.555 0.577 0.576 0.563 0.562 0.560 0.516

Nominal 0.4 mm (mm) 0.318 0.350 0.389 0.363 0.350 0.379 0.383 0.365 0.379 0.369 0.343

Nominal 0.2 mm (mm) 0.084 0.183 0.203 0.183 0.200 0.173 0.219 0.142 0.193 0.179 0.148

Sample 12 13 14 15 16 17 18 19 20 21 22

Nominal 1 mm (mm) 0.927 0.984 0.980 0.995 0.984 1.010 1.013 1.001 1.007 0.988 0.951

Nominal 0.8 mm (mm) 0.623 0.783 0.788 0.797 0.804 0.796 0.806 0.815 0.802 0.796 0.763

Nominal 0.6 mm (mm) 0.554 0.582 0.583 0.581 0.598 0.593 0.605 0.609 0.607 0.598 0.566

Nominal 0.4 mm (mm) 0.353 0.396 0.398 0.389 0.396 0.396 0.393 0.421 0.411 0.411 0.369

Nominal 0.2 mm (mm) 0.164 0.219 0.238 0.194 0.221 0.229 0.226 0.228 0.250 0.235 0.173

Sample 23 24 25 26 27 28 29 30 31 32 33

Nominal 1 mm (mm) 0.949 0.988 1.001 0.991 0.999 1.008 1.005 0.992 0.987 0.988 0.952

Nominal 0.8 mm (mm) 0.669 0.802 0.806 0.790 0.790 0.818 0.794 0.792 0.798 0.792 0.760

Nominal 0.6 mm (mm) 0.561 0.580 0.593 0.599 0.584 0.591 0.597 0.580 0.593 0.586 0.562

Nominal 0.4 mm (mm) 0.363 0.407 0.391 0.381 0.405 0.422 0.407 0.408 0.410 0.377 0.360

Nominal 0.2 mm (mm) 0.189 0.201 0.213 0.226 0.201 0.232 0.231 0.226 0.228 0.207 0.185

Sample 34 35 36 37 38 39 40 41 42 43 44

Nominal 1 mm (mm) 0.962 0.996 0.985 1.005 1.001 1.016 0.991 0.995 0.988 0.995 0.973

Nominal 0.8 mm (mm) 0.764 0.793 0.796 0.804 0.801 0.808 0.801 0.813 0.795 0.790 0.786

Nominal 0.6 mm (mm) 0.573 0.581 0.584 0.603 0.583 0.599 0.594 0.598 0.597 0.589 0.588

Nominal 0.4 mm (mm) 0.366 0.401 0.392 0.384 0.414 0.407 0.423 0.399 0.405 0.399 0.403

Nominal 0.2 mm (mm) 0.190 0.213 0.200 0.224 0.216 0.228 0.248 0.229 0.216 0.212 0.219

Sample 45 46 47 48 49 50 51 52 53 54 55

Nominal 1 mm (mm) 0.947 0.982 0.976 0.996 1.002 1.017 0.994 0.987 0.999 0.986 0.991

Nominal 0.8 mm (mm) 0.758 0.787 0.797 0.804 0.795 0.808 0.813 0.796 0.788 0.783 0.792

Nominal 0.6 mm (mm) 0.545 0.581 0.592 0.616 0.587 0.596 0.606 0.617 0.592 0.591 0.582

Nominal 0.4 mm (mm) 0.363 0.408 0.398 0.401 0.411 0.395 0.392 0.404 0.402 0.389 0.394

Nominal 0.2 mm (mm) 0.163 0.203 0.218 0.211 0.242 0.236 0.240 0.213 0.222 0.224 0.225

Sample 56 57 58 59 60 61 62 63 64 65 66

Nominal 1 mm (mm) 0.965 1.001 0.998 1.009 1.009 1.005 1.009 1.010 1.004 0.995 1.001

Nominal 0.8 mm (mm) 0.766 0.801 0.807 0.801 0.816 0.826 0.804 0.801 0.806 0.806 0.799

Nominal 0.6 mm (mm) 0.568 0.597 0.586 0.610 0.610 0.608 0.606 0.599 0.604 0.616 0.589

Nominal 0.4 mm (mm) 0.361 0.401 0.408 0.400 0.415 0.412 0.398 0.417 0.391 0.400 0.390

Nominal 0.2 mm (mm) 0.178 0.226 0.234 0.235 0.223 0.250 0.239 0.242 0.226 0.225 0.189

Sample 67 68 69 70 71 72 73 74 75 76 77

Nominal 1 mm (mm) 0.966 0.973 0.987 0.982 0.986 0.987 0.996 0.986 0.990 1.003 0.992

Nominal 0.8 mm (mm) 0.772 0.778 0.779 0.778 0.779 0.794 0.790 0.794 0.789 0.800 0.792

Nominal 0.6 mm (mm) 0.551 0.587 0.579 0.591 0.583 0.591 0.585 0.596 0.584 0.606 0.610

Nominal 0.4 mm (mm) 0.365 0.374 0.388 0.391 0.388 0.418 0.400 0.398 0.373 0.407 0.406

Nominal 0.2 mm (mm) 0.209 0.197 0.218 0.184 0.168 0.228 0.231 0.228 0.244 0.222 0.227

Sample 78 79 80 81 82 83 84 85 86 87 88

Nominal 1 mm (mm) 0.951 0.993 0.989 0.979 0.999 0.999 0.999 0.992 0.989 0.989 0.991

Nominal 0.8 mm (mm) 0.758 0.802 0.790 0.776 0.778 0.795 0.808 0.790 0.784 0.784 0.786

Nominal 0.6 mm (mm) 0.560 0.587 0.590 0.570 0.589 0.601 0.592 0.603 0.582 0.585 0.587

Nominal 0.4 mm (mm) 0.359 0.401 0.384 0.386 0.395 0.393 0.392 0.401 0.393 0.403 0.391

Nominal 0.2 mm (mm) 0.157 0.216 0.204 0.199 0.223 0.216 0.216 0.212 0.218 0.221 0.231
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9.1.6 Pin Features (Nominal 1mm) 

  

Sample 89 90 91 92 93 94 95 96 97 98 99

Nominal 1 mm (mm) 0.955 0.986 0.988 0.984 1.012 0.989 0.964 0.963 0.998 0.995 0.985

Nominal 0.8 mm (mm) 0.760 0.783 0.784 0.801 0.807 0.804 0.780 0.769 0.796 0.806 0.790

Nominal 0.6 mm (mm) 0.557 0.592 0.581 0.588 0.601 0.588 0.560 0.579 0.600 0.585 0.581

Nominal 0.4 mm (mm) 0.356 0.366 0.389 0.404 0.401 0.384 0.391 0.378 0.403 0.392 0.406

Nominal 0.2 mm (mm) 0.165 0.210 0.247 0.196 0.226 0.210 0.202 0.218 0.218 0.230 0.239

Sample 100 101 102 103 104 105 106 107 108 109 110

Nominal 1 mm (mm) 0.967 0.971 0.978 0.974 0.975 0.998 0.998 1.000 1.007 0.992 0.994

Nominal 0.8 mm (mm) 0.756 0.772 0.767 0.767 0.772 0.790 0.790 0.816 0.830 0.784 0.794

Nominal 0.6 mm (mm) 0.564 0.559 0.577 0.563 0.578 0.575 0.588 0.607 0.598 0.595 0.581

Nominal 0.4 mm (mm) 0.364 0.400 0.390 0.371 0.394 0.399 0.412 0.424 0.366 0.399 0.376

Nominal 0.2 mm (mm) 0.175 0.232 0.209 0.194 0.176 0.218 0.204 0.237 0.109 0.238 0.223

Sample 111 112 113 114 115 116 117 118 119 120 121

Nominal 1 mm (mm) 0.977 0.998 0.981 0.955 0.987 0.978 0.973 0.967 0.972 0.971 0.930

Nominal 0.8 mm (mm) 0.784 0.790 0.793 0.786 0.786 0.802 0.781 0.781 0.771 0.771 0.746

Nominal 0.6 mm (mm) 0.579 0.591 0.582 0.561 0.590 0.582 0.569 0.587 0.590 0.575 0.536

Nominal 0.4 mm (mm) 0.376 0.412 0.386 0.359 0.416 0.406 0.386 0.395 0.396 0.385 0.354

Nominal 0.2 mm (mm) 0.204 0.229 0.190 0.188 0.228 0.227 0.214 0.204 0.236 0.213 0.160

Sample 1 2 3 4 5 6 7 8 9 10 11

Diameter (µm) 988 961 933 942 912 922 926 934 928 945 964

Sample 12 13 14 15 16 17 18 19 20 21 22

Diameter (µm) 970 944 947 944 915 940 924 925 930 973 943

Sample 23 24 25 26 27 28 29 30 31 32 33

Diameter (µm) 946 946 947 939 932 947 943 913 923 928 936

Sample 34 35 36 37 38 39 40 41 42 43 44

Diameter (µm) 946 944 928 951 938 892 936 908 907 940 929

Sample 45 46 47 48 49 50 51 52 53 54 55

Diameter (µm) 934 959 931 940 934 930 906 903 927 931 917

Sample 56 57 58 59 60 61 62 63 64 65 66

Diameter (µm) 917 948 933 944 945 911 930 894 927 908 917

Sample 67 68 69 70 71 72 73 74 75 76 77

Diameter (µm) 932 941 937 913 937 920 916 901 915 904 936

Sample 78 79 80 81 82 83 84 85 86 87 88

Diameter (µm) 964 951 943 947 923 932 918 916 924 954 962

Sample 89 90 91 92 93 94 95 96 97 98 99

Diameter (µm) 959 948 934 927 923 926 944 913 916 932 935

Sample 100 101 102 103 104 105 106 107 108 109 110

Diameter (µm) 943 938 927 930 936 937 914 910 924 912 943

Sample 111 112 113 114 115 116 117 118 119 120 121

Diameter (µm) 952 937 948 956 930 932 949 924 933 938 947
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9.2 Engineering Drawings 
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9.3 MATLab Code 

9.3.1 Ray Tracing on a powder bed 
%% create the bed 
clear all; 
for w =1:25 
    close all; 
    clear C R 
    w 
    xlimit = 400; 
    depth = 100; 
    % if creating new powder bed 
    ab=[xlimit depth]; % rectangle dimensions 
    R_min=12.5;      % minimum circle radius 7.5 
    R_max=12.5;     % maximum circle radius 17.5 
    cnst=true; 
    [C,R]=random_circle_packing_rectangle(ab,R_min,R_max,cnst,false); 

     
    %% 
    PropSpeed = 0.3; 
    Absorbance = 0.7; 
    ylim([0 depth*2]); 
    for m =65:115 
        EscapeEnergy =0; 
        m 
        clear ray 
        for k =1:100 
            ray(k,1,:)= [130+k-(round(tand(m-90))) depth*2 

PropSpeed*cosd(m) -PropSpeed*sind(m) 1]; 
            exists = true; 
            i=1; 
            while exists == true 

                 
                if ray(k,i,1) > xlimit || ray(k,i,1) < 0 %check to see 

if reflected out of box 
                    exists = false; 
                    EscapeEnergy = EscapeEnergy + ray(k,i,5); 
                end 
                if ray(k,i,2) > depth*2 || ray(k,i,2) < 0 %check to 

see if reflected into plate or to chamber 
                    exists = false; 
                    EscapeEnergy = EscapeEnergy + ray(k,i,5); 
                end 
                if ray(k,i,5) < 0.3 % check if fully absorbed 
                    exists = false; 
                end 

                 
                if exists == true 
                    reflection = false; 
                    for j=1:length(C) 
                        if R(j) > sqrt((power((C(j,1)-

ray(k,i,1)),2))+(power((C(j,2)-ray(k,i,2)),2)))%Check if point it 

inside a circle 
                            reflection = true; 
                            reflectionpoint =j; 
                        end 
                    end 

                     



 

199 
 

                    if reflection == true %if reflected change 

propagation path 
                        %Circle Normal Angle 
                        X_change =ray(k,i,1)-C(reflectionpoint,1); 
                        Y_change =ray(k,i,2)-C(reflectionpoint,2); 
                        if X_change >= 0 && Y_change >= 0 %quadrant 1 
                            NormalAngle = 

atan(abs(Y_change)/abs(X_change)); 
                        end 
                        if X_change < 0 && Y_change >= 0 %quadrant 2 
                            NormalAngle = pi()-

atan(abs(Y_change)/abs(X_change)); 
                        end 
                        if X_change < 0 && Y_change < 0 %quadrant 3 
                            NormalAngle = 

pi()+atan(abs(Y_change)/abs(X_change)); 
                        end 
                        if X_change >= 0 && Y_change < 0 %quadrant 4 
                            NormalAngle = 2*pi()-

atan(abs(Y_change)/abs(X_change)); 
                        end 

                         
                        XR_change =-ray(k,i,3); 
                        YR_change =-ray(k,i,4); 
                        %Angle that propagation makes 
                        if XR_change >= 0 && YR_change >= 0 %quadrant 

1 
                            PropAngle = 

atan(abs(YR_change)/abs(XR_change)); 
                        end 
                        if XR_change < 0 && YR_change >= 0 %quadrant 2 
                            PropAngle = pi()-

atan(abs(YR_change)/abs(XR_change)); 
                        end 
                        if XR_change < 0 && YR_change < 0 %quadrant 3 
                            PropAngle = 

pi()+atan(abs(YR_change)/abs(XR_change)); 
                        end 
                        if XR_change >= 0 && YR_change < 0 %quadrant 4 
                            PropAngle = 2*pi()-

atan(abs(YR_change)/abs(XR_change)); 
                        end 

                         
                        IncidenceAngle=NormalAngle-PropAngle; 
                        NewPropAngle = PropAngle +(2*IncidenceAngle); 

                         
                        ray(k,i,3)=PropSpeed*cos(NewPropAngle); 
                        ray(k,i,4)=PropSpeed*sin(NewPropAngle); 
                        ray(k,i,5)=ray(k,i,5)*Absorbance; 
                    end 
                    i=i+1; 
                    ray(k,i,1)=ray(k,i-1,1)+ray(k,i-1,3); 
                    ray(k,i,2)=ray(k,i-1,2)+ray(k,i-1,4); 
                    ray(k,i,3)=ray(k,i-1,3); 
                    ray(k,i,4)=ray(k,i-1,4); 
                    ray(k,i,5)=ray(k,i-1,5); 
                end 
            end 

             
        end 



 

200 
 

        storem(m)=EscapeEnergy; 
    end 
    storewc(1:length(C),1:2,w)=C; 
    storewr(1:length(R),w)=R; 
    storewm(:,w)=storem; 
end 
figure();idx = storewr > 0;hist(2*storewr(idx)); 

 

9.3.2 New ED equation calculator 
h = 300; %mm distance from build plate to laser source 
p = 218/91.5305; %131,174,218 power in watts 
v = 2500; %1500, 2000, 2500 start speed 
t = 0.03; % layer thickness 
ssc = 0.001213; % spot size at source 0.1213,0.1323,0.1401  
asc = 3.14*power(ssc,2); %spot at centre of circle 

  
for i =-70:1:70 %no Changes 
    for j = -70:1:70 
        ft(i+71,j+71)=FTmap(i,j); 
        if isnan(ft(i+71,j+71)) 
            ft(i+71,j+71) = 1; 
        end         
    end 
end 

  
d =zeros(141); 
l =zeros(141); 
ang =zeros(141); 
ssl =zeros(141); 
asl =zeros(141); 
psl =zeros(141); 
ti =zeros(141); 
ed =zeros(141); 

  

  
%% 
for i =-70:1:70 %all sources included 
    for j = -70:1:70 
        d(i+71,j+71) = sqrt((power(i,2)+power(j,2))); 
        l(i+71,j+71) = sqrt((power(d(i+71,j+71),2)+power(h,2))); 
        ang(i+71,j+71) = atan(h/d(i+71,j+71)); 
        ssl4(i+71,j+71) = sqrt((power(ssc,2)+power(ssc*tan((pi()/2)-

ang(i+71,j+71)),2))); 
        asl(i+71,j+71) = (pi()*ssc*ssl4(i+71,j+71))*ft(i+71,j+71); 
        att(i+71,j+71) = exp(-3.46*0.05*(1*(sin(ang(i+71,j+71))))); 
        rfl(i+71,j+71) = (-

0.00004*rad2deg(ang(i+71,j+71))*rad2deg(ang(i+71,j+71)))+(0.0078*rad2d

eg(ang(i+71,j+71)))+(0.622); 
        psl(i+71,j+71) = 

(4*p.*att(i+71,j+71).*rfl(i+71,j+71))/asl(i+71,j+71); 
        ti(i+71,j+71) = ((ssl4(i+71,j+71)+ssc)/2)/v; 
        ed4(i+71,j+71) = psl(i+71,j+71)*ti(i+71,j+71); 
    end 
end 
%% 
figure; mesh(ed4); 
xticks(1:20:141);xticklabels(-70:20:70);xlim([1 141]);xlabel('Distance 

(mm)'); 
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yticks(1:20:141);yticklabels(-70:20:70);ylim([1 141]);ylabel('Distance 

(mm)'); 
zlabel('ED (W/mm^2)') 

 
goalED = ed4(71,71); 
basev = 2500; 

  
correctedv = zeros(141); 

  
for i =-70:1:70 %attenuation included 
    for j = -70:1:70 
        correctedv(i+71,j+71) = (ed4(i+71,j+71)./goalED)*basev; 
        d(i+71,j+71) = sqrt((power(i,2)+power(j,2))); 
        l(i+71,j+71) = sqrt((power(d(i+71,j+71),2)+power(h,2))); 
        ang(i+71,j+71) = atan(h/d(i+71,j+71)); 
        ssl4(i+71,j+71) = sqrt((power(ssc,2)+power(ssc*tan((pi()/2)-

ang(i+71,j+71)),2))); 
        asl(i+71,j+71) = (pi()*ssc*ssl4(i+71,j+71))*ft(i+71,j+71); 
        att(i+71,j+71) = exp(-3.46*0.05*(1*(sin(ang(i+71,j+71))))); 
        rfl(i+71,j+71) = (-

0.00004*rad2deg(ang(i+71,j+71))*rad2deg(ang(i+71,j+71)))+(0.0078*rad2d

eg(ang(i+71,j+71)))+(0.622); 
        psl(i+71,j+71) = 

(4*p.*att(i+71,j+71).*rfl(i+71,j+71))/asl(i+71,j+71); 
        ti(i+71,j+71) = 

((ssl4(i+71,j+71)+ssc)/2)/correctedv(i+71,j+71); 
        correctedED(i+71,j+71) = psl(i+71,j+71)*ti(i+71,j+71); 
    end 
end 

  
figure;hold on;  
mesh(ed4);mesh(correctedED);colorbar; 
xticks(1:10:141);xticklabels(-70:10:70);xlim([1 141]);xlabel('Distance 

(mm)'); 
yticks(1:10:141);yticklabels(-70:10:70);ylim([1 141]);ylabel('Distance 

(mm)'); 
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9.4 Published Work 

Several papers were published during the course of this PhD either directly related to 

the core work on metal additive manufacturing or related to studies as part of the 

aerialist project. 

The most important published paper is the review which makes up the core of chapter 

2.  A Review of Critical Repeatability and Reproducibility Issues in Powder Bed Fusion: 

Published in the Journal of Materials & design DOI: 10.1016/j.matdes.2019.108346 

A number of papers from the AERIALIST project have significant contributions on 

repeatability of additive manufacturing in the context of acoustic metamaterials. 

Primarily: The influence of additive manufacturing processes on the performance of a 

periodic acoustic metamaterial: Published in the International Journal of Polymer 

Science. DOI: 10.1155/2019/7029143 and Design of a Kelvin cell acoustic 

metamaterial: Published in Journal of Sound and Vibration DOI: 

10.1016/j.jsv.2019.115167 

As a branching topic of research beyond metal additive manufacturing, a study of the 

material properties of SLA was also published. Investigations of the mechanical 

properties on different print orientations in SLA 3D printed resin: Proceedings of the 

Institution of Mechanical Engineers Part C Journal of Mechanical Engineering Science 

DOI: 10.1177/0954406220904106.This paper shows that the findings of inconsistent 

properties are systemic across additive manufacturing in general and not merely in 

SLM 

Outside of journal publications components of this body of work was also presented at 

a number of conferences.  

The use of a benchmark periodic metamaterial to inform numerical modelling and 

additive manufacturing approaches: Presented at the ISMA conference 

Repeatability in additive manufacturing for metamaterials: Presented at both the CEAS 

conference and International Graduate Summer School (IGSS) in Aeronautics and 

Astronautics held at Beihang University, Bejing. 

Repeatability in Additive Manufacturing: Developing tools for process improvement. 

Presented at the IMC36 conference, where it won the prize of best presentation.  

 
















































































































