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Evaluation of the metal additive manufacturing process through the study of
the recyclability of metal powders and in-situ monitoring

by Paul QUINN

Laser powder bed fusion (L-PBF) processes are becoming frequently applied
within a wide range of industries. Enabling the production of complex,
high-value components, within the medical device and aerospace industries
where regulations drive the requirement for stringent quality control. Powder
material used in the L-PBF process can be costly, and as it is rare for a full
batch of virgin powder to be used in one build, it is frequently recycled for
subsequent builds. Therefore, it is useful to characterise both the powder material
being recycled and the final printed component properties. Characterisation of
the recycled powder and the parts allows the feasibility of powder recycling
to be assessed. Methods required to extend the utility of a single batch of
powder through a process called powder rejuvenation are also investigated.
Thus, quantifying the effectiveness of allowing a previously recycled powder
to be utilised further in the L-PBF process. With an understanding of the effect
of recycling and rejuvenation processes on the powder and the manufactured
part properties an empirical model for the prediction of the part density and
surface roughness are developed. This allows the user to input the current
powder characteristics to predict the manufactured part qualities. Furthermore,
the ability to monitor components as they are being built layer-by-layer enables
their quality to be assessed. Using in-situ monitoring, the identification of defects
as well as measurement of the layers throughout a build allows for greater
quality control, as well as a reduction in the requirement for ex-situ measurement.
Results from this work provide L-PBF operators with understanding of the effect
that recycled and rejuvenating of powders have on the quality of the components
produced. Also providing a method to monitor the component layer-wise
throughout the process. This will facilitate a more controlled use of L-PBF within
the highly regulated industries.
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1 Introduction

The growing success of additive manufacturing (AM) technologies within
industry is due to the opportunity to produce complex components
near-net-shape within a single manufacturing process. The conventional
subtractive manufacturing methods are challenged and by the process of adding
material layer-by-layer, a three-dimensional (3D) model is produced. Subtractive
methods are still necessary for production, however, not to the extent that
was traditionally required. Additive manufacturing has great potential for the
manufacturing industry and extensive research has been put into the technology.
The sophistication of AM will develop, as the understanding of the relationships
between the material, process conditions and final component properties are
investigated.

1.1 Background and Motivation

This research aims to examine the issues emerging from the increasing adoption
of the additive manufacturing (AM) process within industry. AM, or more
commonly known as ’3D Printing’, has developed rapidly since its original
development in the 1980s. The process was initially developed through
the combination of polymer processing with laser technologies and computer
aided design (CAD). Initially the focus was to apply the technology for rapid
prototyping using polymer materials. As with all developing technologies the
range of applications, materials and processes has progressed.

In the short time since its initial development the process has matured in a
number of ways. Less-costly, desktop polymer machines are more accessible to
the general public, making additive technologies available to both industry and
hobbyists. A broader range of materials are available. One of the most significant
advancements in the technology was the development of the ability to additively
manufacture metallic parts.

As with the development of all new technologies many early challenges emerged,
while these are progressively being overcome some still exist. The metal
AM process is costly to establish. The feedstock powder material is costly
to produce meaning that high level of powder utilisation in the process is
extremely important. Another current drawback of the process is the occurrence
of in-process defects. These are often not identified until after the products have
been fabricated, and even then only after lengthy and costly non-destructive
testing (NDT) has been completed. The freedoms of the AM process also results
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in challenging products with features and specifications that can be difficult to
assess using traditional inspection methods.

The powder material (metal) for the process is produced through atomisation and
as a result is expensive, costing up to e500/kg for titanium alloys for example;
therefore, recycling the powder for subsequent builds is desirable (Cordova,
Campos, and Tinga, 2019). Powder recycling is defined as "the practice of
collecting the un-melted powder after a build and reusing it for subsequent
builds" (Jacob et al., 2017). The process of recycling leads to changes in the
powder characteristics as well as affecting the quality of the parts produced
(Sutton et al., 2016b; Jacob et al., 2017). The industries applying laser powder
bed fusion (L-PBF) are often required to adhere to stringent quality procedures
and standards. Hence, understanding how the feedstock metal powder evolves
through the recycling process is required to maintain full traceability within
the AM process, while increasing the usable life of a costly consumable (Singh,
Ramakrishna, and Singh, 2017; Vafadar et al., 2021).

The ability to monitor the quality of the parts as they are being produced is
also a requirement for many of these regulated industries. This area of research
has been identified as one in need of significant research attention (Mani et al.,
2016). Using in-situ monitoring allows for in-process defects to be identified
and quantified during the build process (Everton et al., 2016). Quantifying the
defect can allow for a decision to be made on the impact on the integrity of the
finished part. The application of in-situ monitoring can also be used to observe
the consistency of the powder deposition process in laser powder bed fusion
(L-PBF). Consistent and repeatable powder deposition is vital for the successful
outcome of the process (Zielinski et al., 2017).

A lack of quality assurance in additive manufacturing is currently a technological
barrier for manufacturers to adopt additive processes (Everton et al., 2016;
Vafadar et al., 2021). Monitoring the powder material through the multiple stages
of recycling and adopting an in-situ monitoring system within the L-PBF process
enables quality assurance for the raw material and the final parts.

1.1.1 South Eastern Applied Materials Research Centre

This research is being conducted in the South Eastern Applied Materials
(SEAM) Research Centre based in South East Technological University, Waterford
Campus. SEAM is an industry focused applied research and development centre,
partly funded under the Enterprise Ireland Technology Gateway Programme.
The centre provides innovative materials engineering solutions to a wide
range of research and industrial partners across Ireland. This ranges from
materials characterisation and failure analysis to non-destructive testing as
well as having capabilities for metal additive manufacturing and engineering
simulation utilising Finite Element Analysis (FEA) and Computational Fluid
Dynamics (CFD). SEAM aims to translate the potential of metal AM to Irish
companies, through research and development as well as utilising its dedicated
AM training centre 3DWIT. SEAM’s AM capabilities include an EOS M280 and
M100 L-PBF machines and a range of equipment required to compliment the AM
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process. A full suite of material and powder characterisation equipment is also
present within the research centre.

1.1.2 Irish Manufacturing Research

This research is being carried out in conjunction with (and funded by) Irish
Manufacturing Research (IMR) which has identified the AM process as a
potentially ’game changing’ process for the current manufacturing industry
within Ireland. IMR’s vision is to enable Irish manufacturing industries to be
world leaders in advanced manufacturing through research and development,
training and technology enablement. Their establishment of the Advanced
Manufacturing Ireland Centre in the National Science Park, Mullingar aims to
provide manufacturing companies in Ireland with the support they need to
prepare for the next generation of manufacturing processes. IMR’s metal AM
capabilities include a Renishaw 500M system and a SLM 280 system as well as
post-processing equipment such as CNC machining, surface finishing equipment
and mechanical testing facilities.

1.2 Project Goals and Objectives

1.2.1 Research Questions

The aim of this research can be summarised into the following research questions;

What are the key factors in powder recycling and rejuvenation processes that influence
powder characteristics and resulting part qualities, and how an understanding of these
factors can extend the usable lifespan of the costly powder material?

and

Can a defect detection system be retrofitted to a L-PBF machine to identify and monitor
emerging part defects resulting from the powder deposition process?

1.2.2 Research Aims

The primary aims of this research project are to evaluate the metal additive
manufacturing process of Laser Powder Bed Fusion (L-PBF) through the study
of powder recylability and in-situ monitoring. More specifically these aims are:

1. Evaluate the effect of powder recycling on the powder characteristics and
resulting part qualities.

2. Evaluate the effect of powder rejuvenation processes for recycled powder
material.

3. Develop and test an empirical model for the prediction of L-PBF part
properties using recycled powders.
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4. Develop and integrate a standalone monitoring system within the EOS
M280 machine to identify and monitor emerging part defects within the
L-PBF process.

1.2.3 Project Scope

The scope of this research is to evaluate the additive manufacturing process
through the study of the recyclability of a common stainless steel powder for
additive manufacturing in terms of its affect on the powder characteristics
and part qualities. Over the lifetime of the powder these characteristics will
be tracked and evaluated. The research will further assess the ability for
powder rejuvenation processes to manage and increase the utilisation of recycled
powders. The results from these studies will be utilised to build an empirical
model to be used by L-PBF users to predict output qualities from a given batch
of powder. The models will be built using multiple linear regression, to predict
the surface roughness and part density of the parts produced based on the input
powder characteristics. The metal AM process will be further evaluated through
the use of in-situ monitoring for layer-by-layer monitoring of the powder layering
process and parts produced.

1.3 Document Outline

The thesis is structured in the manner shown in Figure 1.1. Chapter 1 details
the research aims and goals as well as providing some brief background to the
projects and its stakeholders.

Chapter 2 provides the reader with a greater understanding of the metal AM
processes that fall within the process category of Powder Bed Fusion. Detailing
their operating principals, the raw materials required for this process category
and concluding with some current industrial applications. Chapter 3 presents a
detailed literature review summarising the current state-of-the-art in the research
area of recyclability of metal powders and in-situ monitoring. Chapter 4 reviews
the methods implemented throughout the duration of the project. These include
the methods for powder and part characterisation, defect detection system and
statistical methods. More specific experimental methodologies used in the
research are discussed in the relevant chapters.
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Chapter 5 presents an in-depth review of the powder recycling process,
which can allow for continued use of a single powder batch. This can also
introduce unwanted powder characteristics, thus impacting the manufactured
part properties. To develop an understanding of this impact it is essential to
characterise both the powder material as it is recycled and the final L-PBF part
properties. This allows for the feasibility of powder recycling to be assessed.
Powder characteristics, such as particle size and shape, density, flowability
and chemical composition, are tracked throughout a series of powder recycling
stages. Final part properties, such as hardness, density, surface roughness
and dimensional accuracy, were monitored throughout the same process. This
ensured that the effect of the powder recycling process on the characteristics and
final part properties is understood in detail.

This powder recycling process can continue until the powder characteristics reach
an unfavourable level or the remaining quantity of powder is insufficient for
future builds. Chapter 6 investigates a common method to increase the utilisation
of a single batch of powder material through the addition of virgin powder at
a predefined ratio in a process coined “powder rejuvenation”. This work also
investigates the further recycling process after powder rejuvenation has occurred,
for which the same quantity of virgin powder material is added to the remaining
recycled powder material. The effect of the process on the powder material, as
well as the resulting part properties is defined.

The understanding of the effect of recycling and rejuvenation processes on the
powder characteristics and the resulting manufactured part properties can be
used to assist technology adopters in the successful use of L-PBF. Empirical
models are used in a host of manufacturing processes and routines to allow for
outputs to be predicted based on a series of input factors. In Chapter 7 empirical
models for the prediction of the part density and surface roughness, based on
the observations and results from this work are developed. These models are
built using a multiple linear regression allowing for users to input the powder
characteristics, such as particle size, shape and average use time, to predict the
resulting part density and surface roughness. These models can act as another
tool in the AM process to ensure the expected resulting part properties meet the
required specifications based on the input powder characteristics.

Furthermore, the ability to monitor the components as they are being
built layer-by-layer during the process enables real-time quality assessment.
While modern L-PBF machines include advanced monitoring capabilities with
additional feedback control loops, older machines do not possess the computing
power possible to process such data in real-time. With a vast number of
older machines still used in a production capacity today, Chapter 8 presents a
standalone “plug-and-play” type in-situ monitoring system and defect detection
tool. This system operates independently of the L-PBF machine to ensure there
is no impact on the processing of the build instructions. The developed defect
detection process enables the operator to be alerted of defects in the process
and react accordingly. The standalone system allows for the identification of
defects related to the powder deposition process in an EOS M280. Hence,
allowing for greater quality control, reducing the requirement for ex-situ testing
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of manufactured parts. The system also catalogues the entire build process,
assisting regulated industries in the control and validation of L-PBF processes.

Chapter 9 summarises the key findings from the work completed and outlining
the conclusions and implications drawn from those findings. Results from this
work provide L-PBF technology users with a detailed understanding of the
effect that recycling and rejuvenating of powders have on the quality of the
manufactured parts. The developed empirical models also assist in moving the
L-PBF process towards a zero-defect manufacturing process. The developed
in-situ monitoring system provides older L-PBF equipment with a method
to monitor the component layer-wise without impacting the operation of the
process. The work presented in this thesis provides a depth of knowledge of
the L-PBF that will transform the industry by allowing for the prediction of
part as well as in-situ part validation, reducing the requirements for large scale
round-robin testing of AM parts. Further work to expand the completed research
is also presented.

1.4 Project Dissemination

Dissemination of the results presented in this thesis begin in 2018 at the 35th
International Manufacturing Conference with a conference presentation and
extended abstract presenting the results of an initial study on the effect of the
powder recycling process on the powder and part characteristics. This study
was continued to produce the results published in the Advances in Materials and
Processing Technologies journal paper in 2019. The standalone in-situ monitoring
system was designed to elicit data from the process to evaluate real-time
performance and was presented at Solid Freeform Fabrication conference in 2019.
The initial study of powder recycling was further extended in 2020 to investigate
the concept of powder rejuvenation. Attempting to bring the various strands
of the work together including recycling, rejuvenation, and in-situ monitoring
system development in 2022 an empirical model was developed and validated to
predict finished part properties based on the input powder characteristics. This
study was published in journal article in MDPI Metals in 2022. The conference
publications and journal articles have been subjected to the peer review process,
several of the conference publications have been award winning submissions,
including the initial powder recycling paper presented at IMC35, in 2018, the
thesis summary paper presented at the Sir Bernard Crossland symposium in 2019
and the empirical modelling paper presented at IMC37 in 2021.

1.4.1 Journal Articles

P. Quinn, S.M. Uí Mhurchadha, J. Lawlor, and R. Raghavendra (2022).
"Development and Validation of Empirical Models to Predict Metal
Additively Manufactured Part Density and Surface Roughness from
Powder Characteristics". In: MDPI Materials 15, pp. 4707-4722.
https://doi.org/10.3390/ma15134707.
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P. Quinn, S. O’Halloran, J. Lawlor, and R. Raghavendra (2019). "The effect
of metal EOS 316L stainless steel additive manufacturing powder recycling
on part characteristics and powder reusability". In: Advances in Materials
and Processing Technologies 5:2, pp.348-359, https://doi.org/10.1080/2374068X.
2019.1594602.

1.4.2 Conference Proceedings

P.Quinn, S.M. Uí Mhurchadha, J. Lawlor, and R.Raghavendra (2021).
“Development and validation of empirical models to predict metal additively
manufactured part density and surface roughness from powder characteristics”,
In: Proceedings of IMC37 – 37th International Manufacturing Conference. Athlone.
pp. 276-284.

Paul Quinn, Sinead O’Halloran, Jim Lawlor, and Ramesh Raghavendra (2020),
“Powder Rejuvenation Process Investigation for the Improved Utilization
of Powder in Additive Manufacturing” In: Proceedings of EuroPM2020.
Lisbon/Online.

P.Quinn, C. Ryan, S. O’Halloran, J. Lawlor, A. Parnell, and R. Raghavendra
(2019). Development of a standalone in-situ monitoring system for defect
detection in the direct metal laser sintering process, In: Proceedings of 30th Annual
Solid Freeform Fabrications conference (SFF). Austin. pp. 1390-1399.

P. Quinn, S. O’Halloran, J. Lawlor, R. Raghavendra (2018). "Characterization
of recycled powders and resulting properties derived from additive
manufacturing". In: Preliminary Proceedings: 35th International Manufacturing
Conference (IMC35). Dublin. pp. 8–11.

1.4.3 Conference Presentations

P.Quinn, S. Uí Mhurchadha, J. Lawlor, and R.Raghavendra , “Development and
validation of empirical models to predict metal additively manufactured part
density and surface roughness from powder characteristics”. at IMC37 – 37th
International Manufacturing Conference, Athlone, 2021

P. Quinn, S. O’Halloran, J. Lawlor, R. Raghavendra, “Powder Rejuvenation
Process Investigation for the Improved Utilization of Powder in Additive
Manufacturing” EuroPM2020, Lisbon/Online, 2020

P. Quinn, C. Ryan, S. O’Halloran, J. Lawlor, A. Parnell, R. Raghavendra,
“Development of a standalone in-situ monitoring system for defect detection
in the direct metal laser sintering process”, 30th Solid Freeform Fabrications
Symposium, Austin, 2019

P. Quinn, “Evaluation of the metal additive manufacturing process through the
study of the recyclability of metal powders and in-situ metrology”, 22nd Sir
Bernard Crossland Symposium, Belfast, 2019

P. Quinn, S. O’Halloran, J. Lawlor, R. Raghavendra, “The effect of metal
additive manufacturing powder recycling on part characteristics and powder
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reusability”, AMPT21 – 21st International Conference on Advances in Materials
and Processing Technologies, Dublin, 2018

P. Quinn, S. O’Halloran, J. Lawlor, R. Raghavendra, “Characterization of recycled
powders and resulting properties derived from additive manufacturing”, IMC35
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2 Metal Additive Manufacturing

Additive manufacturing is a constantly evolving range of technologies used in
the manufacture of often high value products. Metal additive manufacturing
is one of the many available collections of additive manufacturing processes
applied to produce such components. This chapter aims to introduce two metal
powder bed fusion (PBF) processes, with a particular focus on the Laser Powder
Bed Fusion (L-PBF) process, on which this research will be focused. It will
review some applications for metal AM and provide a detailed explanation of
its operating principals.

2.1 Additive Manufacturing

Additive manufacturing (AM) is the collection of processes and technologies
that take a geometrical model of an object and build it through the continuous
addition of material. AM is defined by ISO and ASTM as:

"the process of joining materials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive and formative manufacturing methodologies" (ISO and
ASTM International, 2021)

A key element from this definition is the fundamental distinction between
additive and subtractive manufacturing processes. AM builds a part layer
upon layer, in comparison to subtractive manufacturing processes which remove
material to produce a part. AM processes provide new ways to manufacture
highly complex geometries and structures (Tofail et al., 2018).

At present the process favours the production of high value complex components
in small lots. The benefits of AM are currently being experienced in a range of
industries from medical device and implants to automotive and aerospace.

Initially, the AM processes were used for the manufacture of prototypes allowing
for concept functionality to be examined early in the product design process.
This led the use of the term rapid prototyping. The first metal powder part was
additively manufactured in 1990 (Manriquez-Frayre and Bourell, 1990), and in
recent times the technology has emerged as a commercially viable manufacturing
process (Sames et al., 2016; Frazier, 2014). In 2017, the sales of AM systems
increased by 80% with the number of AM system providers set to continue
increasing (Wohlers, 2018). According to a recently published report, the AM
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Chapter 2. Metal Additive Manufacturing

industry experienced a growth rate of 18.3% in 2022, maintaining a double-digit
growth trend for 25 out of the past 34 years (Wohlers, 2023).

In addition, the ongoing development and increasing sophistication of AM
processes has led to their use in the production of end use components for a range
of different applications (Herzog et al., 2016). So while at present the process
favours the production of high value complex components in small lots (Frazier,
2014) in a range of industries from medical devices to automotive and aerospace
(Sutton et al., 2016a; Tan, Wong, and Dalgarno, 2017), the dramatic increase in
the use of AM processes means it is vital to understand the advantages and
limitations of each process in order to ensure their use is fully exploited.

AM processes are divided into seven separate categories which are distinguished
via a process and feedstock material criteria, see Figure 2.1 (ISO and ASTM
International, 2021). Processes within these seven categories can then be
subdivided using the same criteria where, for example, polymer processes are
distinguished from metal powder processes.

Additive Manufacturing

Material 
Extrusion

Vat 
Polymerisation Binder Jetting Powder Bed 

Fusion
Directed Energy 

Deposition
Sheet 

Lamination Material Jetting

FIGURE 2.1: AM process categories as defined by ISO and ASTM
(ISO and ASTM International, 2021).

This research focuses on the Powder Bed Fusion (PBF) process category, further
examining the process, its inputs and evaluating the process output. Metal
powder is used exclusively in this research and because of this, and to assist the
reader in the understanding of this work, the following section will describe in
detail the different metal PBF processes. No review of the other processes will be
provided in this thesis.

2.2 Powder Bed Fusion

Powder Bed Fusion (PBF) covers the range of processes in which a thermal energy
source is used to melt and solidify a bed of powder particles in a selective manner
layer-by-layer in order to manufacture a component. In this section the Laser
Powder Bed Fusion process and Electron Beam Melting process will be described.

2.2.1 Laser Powder Bed Fusion

The laser powder bed fusion (L-PBF) process consists of a bed of metallic powder
being melted and fused selectively using a laser, layer-by-layer, in order to
produce a final part. This process was commercialised by EOS GmBH in 1995
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Chapter 2. Metal Additive Manufacturing

when they launched the first commercial L-PBF machine. This went a step
further than their previously available selective laser sintering (SLS) machines
by fully melting the metal powders. EOS described the particular L-PBF process
developed for their equipment as Direct Metal Laser Sintering (DMLS) (Sames
et al., 2016). The DMLS and L-PBF processes are the same, but the DMLS process
is the licensed name for the specific application of L-PBF on EOS equipment. The
term L-PBF will be used exclusively to describe the process in this work, from
this point forward. The image below, Figure 2.2 illustrates this L-PBF process.

Laser 

Laser Beam 

Material 
Container

Metal 
Powder 

Re-coater Blade 

Part 

Build Platform

Overflow 
Region

Galvo-Mirror

FIGURE 2.2: L-PBF process diagram.

The process begins with the re-coater blade depositing a layer of powder,
typically in the range of 20 – 60 µm thickness. This thickness impacts the
quality of the parts produced, where thinner layers allows for greater definition
of features. Once the layer has been deposited the laser begins to expose and
melt the powder bed selectively. The regions in which the laser has to expose
are controlled by the layer information loaded into the machine. This layer
information controls the galvo-mirror which directs the laser beam across the
powder bed. Once the laser has finished melting the layer, the build platform
is then lowered by an increment, defined by the layer thickness.

A new powder layer is then added and the process is repeated layer upon layer
until the final part is completed. Any powder material which is not deposited on
the build platform falls into the overflow region where it can be recycled, along
with the un-melted powder from the build platform, for future builds (Jacob et al.,
2017). The entire melting process is carried out under an inert environment (Lott
et al., 2011), either Argon (Ar) or Nitrogen (N) depending on the powder material
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(Gu, 2015). The L-PBF process present within SEAM Research Centre is an EOS
M280.

The L-PBF process has a wide range of processing materials and the ability
to develop material-specific processing parameters, all while producing near
net-shape components. The disadvantages associated with the process include
a relatively slow processing time, a high initial capital cost and a rough surface
finish produced (Gokuldoss, Kolla, and Eckert, 2017) in comparison to traditional
subtractive manufacturing processes.

2.2.2 Electron Beam Melting

Electron Beam Melting (EBM), like L-PBF melts a bed of powder to form a single
homogeneous material. However, EBM uses a beam of electrons, as shown in
Figure 2.3, to melt the powder bed. Electrons are generated in the electron beam
column and projected, at high velocities, towards the powder bed. Multiple
lenses are used to ensure the beam of electrons is focused and directed to the
correct region of the powder bed, where the electrons cause full melting of the
exposed powder bed (Gokuldoss, Kolla, and Eckert, 2017).

The platform then moves down an increment, the depth of movement being
defined by the layer thickness and a new layer of powder is added. This process
takes place in a near vacuum atmosphere, thus allowing the projected electrons
to travel freely from the column to the powder bed. These vacuum conditions in
the build chamber also reduce the risk of oxidation on the metal parts during the
build process (Gokuldoss, Kolla, and Eckert, 2017).

Metal 
Powder

Build platform

Electron beam 
column

Electron beam

Deflection lens 

Focus lens

Metal 
Powder

FIGURE 2.3: Electron Beam Melting (EBM) process diagram.
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The advantages of the EBM process includes the ability to process brittle materials
due to the slower cooling rates as well as the reduction of oxidation due to
the aforementioned processing conditions. Disadvantages include the fact that
it is a much slower process in comparison to L-PBF, while the development of
material-specific processing parameters is also complicated (Gokuldoss, Kolla,
and Eckert, 2017). There can also be limitations in the ability to produce some
geometries/features in components (Popovich and Sufiiarov, 2016).

2.3 Metal Additive Manufacturing Applications

AM technologies have evolved from being rapid prototyping tools and can now
be integrated into full-scale manufacturing processes. For example, metal AM
has been successfully implemented within the dentistry, medical device and
aerospace industries. These successes are due to the benefits that are afforded
by metal AM, including (Manfredi et al., 2013; Tofail et al., 2018):

• Greater customisation of parts with no additional manufacturing cost.

• Reduction in material usage and waste.

• Functional design and overall reduction in product development resource
and time.

• Shift manufacturing processes towards on demand manufacturing.

One of the most successful applications of AM is in the production of dental
implants. L-PBF is often utilised in this application as it allows for high resolution
required for the production of small parts with fine details (Sun et al., 2015).
Specifically, L-PBF allows for the production of customised geometries with
complicated external surface geometries all within a single manufacturing step.

This ability to produce complex surface geometries creates an increased surface
area presented on the implant improving the interface with the bone (Traini et al.,
2008) and therefore leading to greater patient outcomes. In addition, porous
titanium dental implants, see Figure 2.4, produced using the L-PBF process
were shown to exhibit similar mechanical properties to titanium dental implants
manufactured traditionally (Traini et al., 2008).

FIGURE 2.4: Porous titanium dental implant produced using L-PBF
(Traini et al., 2008).

The medical device industry is another industry where AM technologies are
widely applied. The high customisation available in AM allows for bespoke

14



Chapter 2. Metal Additive Manufacturing

implants to be produced (Tofail et al., 2018), meeting the exact requirements of
individual patients. The AM process allows not only for high customisation but
the ability to produce complex surfaces. This intentional porosity and use of
lattice type structures within implants can aid bone growth around the implant.
Reducing the risks of complications with a patients’ acceptance of the implant
(Wong and Hernandez, 2012) leading to greater patient outcomes.

An example of this application of AM in the medical devices industry is with
Stryker and their Tritanium® spinal implant, seen in Figure 2.5. This implant
exploits the ability of AM to produce complex geometries with the inclusion
of an external porous structure, mimicking the internal texture and structure of
bone. This internal structure aids compatibility of the implant within the patient
(Stryker, 2016).

FIGURE 2.5: Stryker’s Tritanium® spinal implant (Stryker, 2016).

AM is also successfully applied within the aerospace industry where it facilitates
the production of complex components. These can allow for more efficient and
effective design. An example is the Leap jet engine, manufactured by General
Electric’s aviation division, which encompasses 19 additively manufactured jet
fuel nozzles, as seen in Figure 2.6.

FIGURE 2.6: GE’s Leap fuel nozzle which utilises the benefits
delivered by AM (Conner et al., 2014).

The advantage of the AM process means that this single item replaces the
previous fuel nozzle, originally a combination of 20 individual titanium pieces
assembled and welded together. AM allowed for the redesigned product to be
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manufactured within a single process. It also allowed for a total part reduction of
20 to 1, and achieved both a 25% reduction in weight and increased component
durability (Conner et al., 2014). The AM process has provided significant
improvement to the component in this application (Kellner, 2015).

While the advantages of AM are evident in the examples above, metal AM
remains mostly geared towards the production of small volumes of high value
components. This is partially due to the high cost of the raw powdered materials
compared to those for traditional subtractive methods (Moylan et al., 2013). A
general challenge for the technology is the certification and qualification of parts,
which is an area requiring significant research (Mani et al., 2016). In general, the
fixed costs for conventional manufacturing operations are higher than those of
AM. The general approval of AM suggests that manufacturers can be profitable
if they adopt the AM process (Frazier, 2014; Vafadar et al., 2021). A 30% cost
saving was calculated for the use of metal AM on an Inconel engine casing
(Kinsella, 2008). With many others stating the AM processes allows for a greater
material utilisation and therefore a reduction in the cost compared to traditional
manufacturing processes.

This chapter has presented and described the different metal AM processes which
fall under the PBF process category, as well as outlining some of the applications
for the L-PBF process within industry. The following chapter will outline the
current state of the art in regards to metal powder characterisation and in-process
monitoring, relevant to the research questions posed in Chapter 1 of this thesis.
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3 Literature Review

Additive manufacturing is constantly evolving and with that the research
activities flourish. This chapter will review the theory required to understand
the foundations of the different aspects of this research work. It provides the
reader with an introduction to the powder material used in the powder bed
fusion process, including its, manufacture, characteristics, and their effect on
the process. An introduction to the various types of powder recycling methods
will be provided, identifying the current state of the art. Following this, some
common methods currently applied for in-situ defect detection are presented as
well as the means to identify various common defects in the powder bed. This
chapter aims to provide foundational knowledge of the state of the art as well as
identify potential gaps in the knowledge in which this research aims to address.

3.1 Powder Production

To mass produce the powder feedstock required for the L-PBF process mechanical
powder production methods known as powder atomisation are often employed
rather than other chemical processes or plasma spherodization (Popovich and
Sufiiarov, 2016):

• Chemical Processes - A decomposition of metal under temperature and
pressure in order to form metallic powders, most suited to Nickel and Iron
powders.

• Plasma Spheroidization - A post-production treatment for non-spherical
powders to change the particles shape increasing its sphericity thus,
improving the powders flowability (Getto et al., 2023).

While those processes exist, the atomisation process provides the most suited
powder properties for AM (Popovich and Sufiiarov, 2016). For this reason gas
and water atomisation are the most common production methods and as such
are discussed in detail below.

3.1.1 Powder Atomisation

The atomisation process is the most common form of production for large
quantities of metal powders for the AM process (Popovich and Sufiiarov, 2016;
Hoeges, Zwiren, and Schade, 2017). While other atomisation methods exist, gas
and water atomisation are the preferred methods (Džugan et al., 2017). The
process of atomisation, as illustrated in Figure 3.1, is achieved by dispersing
a thin stream of molten metal, and introducing an inert gas or water at high
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pressure. This exposure to the gas or water causes the molten metal to rapidly
cool in the form of small droplets which fall and solidify through the atomisation
chamber before being collected along the walls or at the bottom of the chamber
as a powder material (Upadhyaya, 1996). The two processes produce powders
for L-PBF processes, however, they can result in different powder characteristics
(Scipioni Bertoli et al., 2017).

Metal Powder

Molten Metal

Water

(b)

Molten Metal

Gas

Molten Metal 

Metal Powder

(a)

Metal Powder

FIGURE 3.1: Atomisation process description (a) Gas Atomisation
and (b) Water Atomisation.

Gas Atomisation (GA), as shown in Figure 3.1(a), is a process consisting of two
main operations. Firstly the molten metal is forced through an orifice at a flowrate
in the range of 45-90 kg/min. A stream of high pressure inert gas either Argon
(Ar) or Nitrogen (N), in the range of 0.75-2.6 MPa, is introduced causing the
molten stream to disperse and form droplets (Džugan et al., 2017; Klar and
Samal, 2007). The droplets fall through the atomisation chamber and cool before
being collected in a powder form at the bottom of the chamber (Klar and Samal,
2007). The inert gas that is introduced into the molten material affects the final
characteristics of the output powder material and thus the resulting L-PBF parts
(Sutton et al., 2016b). Wang et al., 2023a found that when comparing Ar and N as
the atomisation gases there was a significant effect on the final properties of the
parts produced. Powder atomised with N were found to have a lower elongation
due to its effects at the micro-structural level of the powder particle in comparison
to GA powders (Wang et al., 2023a). Due to the low solidification rates in GA
the powders produced are highly spherical (Hoeges, Zwiren, and Schade, 2017;
Boes et al., 2020). In general the particles are spherical in shape with some
agglomeration due to smaller particles cooling and adhering to larger particles
within the atomisation chamber (Scipioni Bertoli et al., 2017). The composition
of the molten metal and atomisation gas used in this process influences the final
chemical composition of the powder material produced (Upadhyaya, 1996). To
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ensure certain compositions of powder are produced various alloying elements
are added to the molten metal before the atomisation process. The powders
utilised in this thesis have been produced by gas atomisation.

A common limitation of the gas atomisation process is internal porosity within
the particles. A resultant of the atomisation gas becoming trapped within the
powder particles. This internal porosity can transfer into the final as-built parts
during the L-PBF process (Sames et al., 2016). The particle sizes that are produced
from gas atomisation can be controlled by the pressure of the atomisation gas.
The gas is typically introduced at a pressure ranging from 0.75-2.6 MPa (Klar and
Samal, 2007). Increasing the pressure of the atomisation gas leads to a decrease
in the particle size produced. This relationship was investigated by Dungkratok
et al., 2005 showing that the higher the pressure of the atomisation gas, the finer
the powder particles produced. This ability to control the particle size allows
for a high yield of usable powder (Klar and Samal, 2007, p. 26). The scanning
electron microscopy (SEM) image in Figure 3.2 shows a typical GA 316L stainless
steel powder exhibiting highly spherical particles with a narrow distribution of
sizes.

FIGURE 3.2: x500 magnification SEM image of a gas atomised 316L
stainless steel powder.

Water Atomisation (WA), as shown in Figure 3.1 (b) is based on the same
atomisation principle as GA with the difference being that water is introduced
to the chamber at higher pressures than GA, ranging from 11-18MPa (Klar and
Samal, 2007). Particles cool up to 100 times faster than GA powder. This is due
to the higher solidification rate of water (Hoeges, Zwiren, and Schade, 2017).
The particles then fall to the bottom of the atomisation chamber along with the
atomisation water. WA requires an additional drying process to complete the
powder production (Hoeges, Zwiren, and Schade, 2017; Klar and Samal, 2007).

WA is most commonly used for non-reactive materials such as iron and steel
based powders (Dawes, Bowerman, and Trepleton, 2015; Popovich and Sufiiarov,
2016). Due to the increased cooling capacity of water the particles are often
irregular in shape (Popovich and Sufiiarov, 2016; Hoeges, Zwiren, and Schade,
2017). These irregularly shaped particles can lead to issues in the packing
and flow properties, which are highly influential in the AM process (Dawes,
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Bowerman, and Trepleton, 2015). One of the main advantages of WA is that it
is a less expensive process in comparison to GA (Pinkerton and Li, 2005; Im et al.,
2022).

Similarly to the GA process, the final particle sizes can be controlled. The pressure
of the atomising water is adjusted, between the range of 11-18 MPa, to manipulate
the final particle size distribution. With an increase in the atomising pressure the
finer the particles are produced as the cooling rate is increased. The morphology
of the particles can be controlled to a point, through adjustments in the process
such as, the re-design of the atomisation chamber and nozzle to allow for slower
cooling of the powder. Adjustments in the feedstock molten material can also
be used to control the cooling rate of the powder (Klar and Samal, 2007). The
SEM image, Figure 3.3, shows a typical WA 316L stainless steel powder, which
highlights the irregular particle morphology of WA powders.

FIGURE 3.3: x500 magnification SEM image of a water atomised
316L stainless steel powder.

Fedina et al., 2020 found that when comparing both GA and WA for low alloy
steels, both were capable of producing single tracks, however upon further
validation the WA powder samples required some consideration in ensuring a
consistent packing density is present in the layering process. This was attributed
to the irregular powder morphology (Fedina et al., 2020). L-PBF processes are
sensitive to defect incorporation from the powder material. Powder materials
that are produced with contamination and or internal porosity will result in parts
produced with the same defects internally (Xiong et al., 2022). The processes used
to produce the feedstock powders need to be able to provide consistent powders
suited to the L-PBF process. The powder atomisation process requires significant
research in order to become a precision manufacturing process (Anderson, White,
and Dehoff, 2018). This is required to ensure the powder produced meets the
specifications required for L-PBF. These research requirements arise due to the
lack of fundamental process knowledge of atomisation. The selection of the
atomisation method is dependent on the final application of the powder material.
For AM the powder needs to be close to spherical and with a specific particle size
distribution (Scipioni Bertoli et al., 2017). Gas atomisation offers powders most
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suited to the AM process, however, it is a more costly method in comparison to
water atomisation (Hoeges, Zwiren, and Schade, 2017).

The powder manufacturing process is vital to the production of powders with
the required chemical composition and characteristics for the L-PBF process.
Powder characteristics are highly dependant on the atomisation process and
the behaviour of the resulting parts are highly dependant on the input powder
characteristics, among other factors. The next section looks more closely at these
characteristics and the influence they play on the outcome of the L-PBF process.

3.2 Powder Characteristics

The powder production process and its influence on the powder characteristics,
was discussed in the previous section. Understanding the characteristics of the
powder material used in the L-PBF process allows for an insight into the resulting
as-built part properties (Sun et al., 2015). Until now the focus of the research to
date in AM powders has been on the process parameters with less attention on
the powder characteristics (Cordova, Campos, and Tinga, 2019). The powder
characteristics influence the layering process and packing ability of the L-PBF
processes thus affecting the final as-built part properties (Spierings et al., 2015;
Strondl et al., 2015). These powder characteristics discussed in this section are:

• Powder Chemical Composition: The chemical make up of the powder
material.

• Powder Morphology: The shape of the individual powder particles.

• Particle Size: The mean size and size distribution of the powder particles.

• Powder Density: The ability for the powder to produce a dense powder
layer.

• Powder Flowability: The ability for the powder to flow in order to produce
a consistent build layer.

The Ishikawa diagram, presented in Figure 3.4, illustrates the different powder
characteristics that are discussed in this section and the different terminology
used to describe them. The five characteristics listed lead to the required powder
properties for L-PBF.

21



Chapter 3. Literature Review

Chemical Composition Particle Size 
Distribution

Powder Flow

Powder 
Properties for AM

Powder DensityParticle Morphology

Alloying 
Elements

Atomisation 
Process

Bi-Modal 
Distribution

Uni-Modal
Distribution

Angle of 
Repose

Hall Flow

Hausner
Ratio

Apparent 
Density

Tapped
Density

Spherical

Irregular

FIGURE 3.4: Ishikawa diagram with influencing characteristics for
metal powders.

Understanding the different effects these characteristics can have on the
final L-PBF parts is a fundamental requirement for further development
and improvement of the L-PBF process. Increasing its applicability to new
applications as well as new materials (Moghimian et al., 2021). Lu et al.,
2022a identifies that one of the primary constraints preventing the widespread
adoption of L-PBF are the expensive raw materials and lack of consistency in
their properties.

3.2.1 Chemical Composition

As mentioned previously, the composition of the powder material is determined
in the atomisation process. The chemical composition of the molten material
used in atomisation is transferred into the final powder composition (Klar and
Samal, 2007). The atomisation medium, gas or water, will also influence the
final chemical composition of the powder (Wang et al., 2023a). The chemistry
of the powder particle is an essential characteristic for metal AM users as it
has a significant effect on the final as-built material properties. Various alloying
elements are added to the molten metal, in production, to improve the mechanical
properties of the resulting powders, enabling the materials application portfolio
to be broadened. Different grades of materials are often distinguished by the
quantities of the different alloying elements. For example, Table 3.1, shows the
composition of two commonly used stainless steel AM powders, 316L and GP1
(EOS GmbH, 2014).

The two materials shown in Table 3.1, are both stainless steel alloys. However,
they have different alloy compositions. This is to best suit their individual
applications. 316L stainless steel is a commonly used steel in the medical and
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TABLE 3.1: Chemical composition of 316L and GP1 steel powders
for L-PBF (EOS GmbH, 2014).

Element 316L (wt%) GP1 (wt%)

Iron, Fe Bal. Bal.
Chromium, Cr 19 17.5

Nickel, Ni 15 5
Molybdenum, Mo 3 0.5

Carbon, C 0.03 0.07
Manganese, Mn 2 1

Copper, Cu 0.5 5
Phosphorus, P 0.025 -

Sulphur, S 0.01 -
Silicon, Si 0.75 -

Nitrogen, N 0.1 -
Niobium, Nb - 0.45

automotive industries (Sutton et al., 2016b). GP1 is a stainless steel material used
for general engineering applications and areas where high sterility is required
(EOS GmbH, 2014). The different applications for these two stainless steels
determines the alloys required within their chemical composition. Corrosion
resistance is achieved in both alloys by the addition of Nickel (Ni) to the molten
metal in the alloying stage (Sutton et al., 2016b).

The powder chemical composition is directly translated into the final as-built
part composition (Engeli et al., 2016), effecting the performance of the material
under different applications. This effect of the powder composition was studied
by Engeli et al., 2016. They found that with different Inconel (IN) powder batches,
those which contained higher weight percentages of silicon (Si) had a higher
susceptibility to cracking in the final as-built parts. This is similar to traditional
welding processes where the presence of cracking within welds is often attributed
to the presence of silicon (Si) within either the base metal or the welding filler rod
(Yoo et al., 2014).

The improper or incorrect storage of metal powders often leads to the formation
of oxides and hydroxides on the powder particles. This is an area of concern
for the processability of the metallic powder in the AM process. The pickup of
oxygen in the powder material and the formation of humidity within the powder
batch can translate through into the as-built parts and have an effect on the
resulting micro-structure (Tan, Wong, and Dalgarno, 2017). In order to alleviate
this issue, silicon (Si) is often added in the atomisation of stainless steels. This
higher content of silicon (Si) causes the oxygen (O) content to decrease. This is an
important element addition in water atomised powders where the process water
is absorbed by the particles leading to high humidity in the powder batch often
causing rapid oxidation of the powder (Klar and Samal, 2007).
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3.2.2 Powder Morphology

Powder morphology refers to the individual shape of the particles. Powder
shape can account for the behavioural characteristics of a given powder material
(Benson and Snyders, 2015; Strondl et al., 2015). Ideally particles should be
circular in 2D cross section and spherical in geometry. This allows for the powder
to perform most efficiently in the L-PBF process, as the powder is able to flow
freely. To produce spherical particles strict control of the atomisation process is
required (Fedina et al., 2020). A powder batch often will contain a mixture of
spherical and non-spherical or ‘irregular’ particles. These irregular particles can
be formed due to the following:

• Powder atomisation process - the method of powder production as
discussed in Section 3.1.1 (Klar and Samal, 2007).

• Secondary processing on the powder - secondary processes conducted
after the production of the powder in order to achieve the characteristics
required, this may include milling or spheroidization (Popovich and
Sufiiarov, 2016).

• Powder reuse - the process of collecting the un-melted powder after the
process and reusing it for subsequent builds (Jacob et al., 2017).

The assessment of the powder particles morphology is most commonly
conducted through measurement of high magnification images of the powder
particle cross-sections or X-Ray Micro Computed Tomography and then applying
different shape descriptors or form factors to quantify the shape of the particles
(Cooke and Slotwinski, 2012; Sutton et al., 2016b; Xiong et al., 2022).

Controlling the morphology of the powder is best achieved in the production
stage. As previously mentioned the gas atomisation process typically produces
highly spherical particles in comparison to water atomised powders (Scipioni
Bertoli et al., 2017). The shape of powder particles is one of the main influences
on how the powder material is deposited and layered on the build platform (Sun
et al., 2015). Spherical powder material will flow easily and therefore evenly
deposit along the build platform thus increasing the homogeneity of each layer.
Irregular shaped particles will have a higher resistance to flow and therefore
result in an inhomogeneous deposition of powder across the build platform. This
is due to the increase in the particle-to-particle friction resisting the powder flow.
A uniform layer of powder is required to ensure uniform properties in the as-built
parts (Sutton et al., 2016b; Miao et al., 2022). Brika et al., 2019 found that a more
spherical powder exhibits far superior flow behaviour and more efficient packing
density in the L-PBF process.

3.2.3 Particle Size

The particle size of a powder batch can be described in many different ways, most
commonly:

• The particle size distribution which shows the dispersal of particle sizes
within a powder batch (Jillavenkatesa, Dapkunas, and Lum, 2001).
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• Mean particle size which highlights the average size of the particles
measured (Zegzulka et al., 2020).

• D10, D50 and D90 volume distribution values, the point on the distribution
curve which 10, 50 and 90 percent of the particles fall under (Vock et al.,
2019).

The particle size is determined by the technology used to produce the powder
material. The desired range of particles for the L-PBF process is within 10 – 80
µm in diameter with a Gaussian or Normal Distribution. This type of particle
distribution is shown in Figure 3.5 below as well as the mean particle size, D10,
D50 and D90 values for a typical gas atomised 316L stainless steel powder.
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FIGURE 3.5: Particle size distribution for 316L stainless steel
powder.

The distribution of particle sizes within a powder batch is a property which
impacts the performance of the powder within the AM process (Strondl et al.,
2015; Zielinski et al., 2017). The size distribution of particles used should be
strictly controlled. Careful consideration for the layer thickness being used
in the process is required. This allows for the required detail resolution and
surface finish to be achieved, limiting the formation of voids in the as-built parts
(Sun et al., 2015). Studies have been carried out which have investigated how
the change in particle distribution influences the as-built part density, surface
roughness and tensile strength. Spierings, Herres, and Levy, 2011 concluded
that a wide particle size distribution as described in Figure 3.6 produced higher
density components with a lower surface roughness. They also found that
with wider particle distributions resulted in higher elongations at fracture in the
tensile tests. The particle size distribution ultimately contributes to how well
the powder can flow in the L-PBF process (Liu et al., 2011). Balbaa et al., 2021
presented a study of the dimensional accuracy of the L-PBF parts manufactured
from both fine and coarse particle size distributions. This concluded that the
samples manufactured with the finer powders had a lower dimensional accuracy
due to the noticeable adherence of partially melted particles to the sample
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surfaces (Balbaa et al., 2021). Finer particles can often influence the flowability
of the powder, discussed in later sections, and cause difficulties in producing
uniform powder layer due to increased Van der Waals forces in the smaller
particles (Miao et al., 2022).
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FIGURE 3.6: Example of a wide and narrow particle size
distribution.

3.2.4 Powder Density

Powder density, in bulk form, is often described by two characteristics:

• Apparent Density - The powder density in its loose and uncompacted form
(Jacob, Brown, and Donmez, 2018).

• Tapped Density - The density of the powder after it has been agitated and
compacts (Spierings et al., 2015).

The apparent density of the powder affects the packing characteristics in the
deposition of the powder layer (Schade, Murphy, and Walton, 2014; Baitimerov
et al., 2018). One of the areas of concern for powder density is in the production
of dense and uniform powder layers consistently throughout the build process.
The factors that influence the powder density are the particle size distribution
and the particle morphology (Jacob et al., 2016). A wide powder distribution,
as demonstrated by the blue line in Figure 3.6, allows for a high layer density.
The particle size distribution should be made up of smaller and larger particles
to enable the highest layer density. The larger particles, enables the powder to
flow and smaller particles fill any voids in the deposited layer (Abd-Elghany
and Bourell, 2012). This produces a dense powder layer. Powders with a
wider particle size distribution provide a higher powder layer density which
translates into a higher part density being produced (Liu et al., 2011) as there
are significantly fewer voids distributed in the powder layer.

The powder apparent density is not only reliant on the distribution of particle
sizes but the morphology of the particles within the powder batch. The
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morphology of particles affects how well they can arrange themselves when
they are compacted. Particles with a highly spherical morphology will have
an increased apparent density translating to a higher tapped density. This is
evident through the analysis of apparent and tapped density of gas and water
atomised powders. This also affects the powder layer density in the L-PBF
process (Schade, Murphy, and Walton, 2014). The irregularly shaped water
atomised powders have a significantly lower apparent and tapped density, in
contrast to the generally more spherical gas atomised powders (Engeli et al.,
2016). This significant variation in the apparent and tapped density is described
by the major difference in the morphology of the two types of powders.

3.2.5 Powder Flowability

Flowability, the ability of a powder to distribute an even powder layer for
melting, can determine how well the powder will perform in the L-PBF process
(Clayton and Deffley, 2014). The flowability of a powder is influenced by the
particle size distribution and the particle morphology (Zhao et al., 2021). The
different powder layering methods such as scraper blade, roller and slot feed,
shown in Figure 3.7, rely on a powder with a high flowability to produce
consistent even powder layers during the build process (Schueren and Kruth,
1995).

(a) (b) (c)

FIGURE 3.7: (a) Scraper Blade, (b) Counter rolling cylinder and (c)
Slot feeder powder deposition methods (Schueren and Kruth, 1995).

The flowability of the powder feedstock material is expected to affect the
continuity and homogeneity of the powder bed thus affecting the final as-built
part properties (Sun et al., 2015; Tang et al., 2015).

Different methods exist for the characterisation of a powders flowability
depending on the types of results that are required. Dynamic tests are more
suitable for powders in AM as they provide representations of the powder in
motion, simulating more closely the layering process. Static methods provide an
indication to the flowability of the powder, however, may not directly represent
the dynamic behaviour of the powder in the layering process (Spierings et al.,
2015).

Some of the most common methods used to characterise powder flowability
are the Hall Flow Funnel, Carney Funnel and the Hausner Ratio (Clayton,

27



Chapter 3. Literature Review

Millington-Smith, and Armstrong, 2015). The hall flow meter is a standardised
test method covered under ISO 4490:2014 and ASTM B213 and the Carney
Funnell is covered under ASTM B417 (Yu and Hall, 1994; Spears and Gold,
2016). The Hauser Ratio is another relationship for describing the powders
flow by providing an insight in to the inter-particle friction in the powder
batch (Engeli et al., 2016). The Hausner Ratio is the ratio of the uncompacted
powder to the compacted powder. These static characterisation methods are
less suitable methods to assess the flowability of AM powders, (Spierings et al.,
2015) however, due to the ease of testing they are commonly used to describe the
flowability of powders for AM (Sun et al., 2015). In order for a good flowability
of the powder a particle distribution needs to be balanced between larger and
smaller particles. Fine powder particles are detrimental to powder flowability
(Kirchner et al., 2016). This is found to be as the larger volume of smaller particles
tend to ‘lock’ together and therefore resist the flow of the powder thus effecting
the layering process (Liu et al., 2011). Resulting in a negative impact on the part
density, surface roughness and dimensional accuracy (Brika et al., 2019).

The flowability of the powder material is highly dependent on the powder
particle size distribution as well as the morphology of the particles (Mussatto
et al., 2021). As discussed in previous sections the water atomisation (WA)
process produces powder particles that are non-spherical and irregular in shape.
This characteristic of the powder means that in flowability tests it is often out
performed by the gas atomised (GA) powders. The effect of this was studied
in detail and a comparison of the flowability between WA and GA powders
was completed (Fedina et al., 2020). The WA powder had a considerably lower
Hausner Ratio than the GA powder. This was also correlated to an increases
in part porosity, thus, highlighting how the flowability of the powder material
leads to an in-homogenous powder layer translating to internal porosity within
the as-built parts (Engeli et al., 2016; Abdelwahed et al., 2021). Haferkamp
et al., 2021 concluded that the more spherical the powder particles are the better
the flowability of the powder. This increased flowability due to being highly
spherical resulted in greater powder layer densities.

Powder characteristics play a crucial role in the L-PBF process. The morphology
of powder particles can affect the density and flowability of the powder, in
turn affecting the quality of the parts. Chemical composition and morphology
of the powder impacts the melting behaviour of the powder during the L-PBF
process. The choice of powder material and its properties must be carefully
considered to achieve high-quality and consistent parts in the L-PBF process. One
of the greatest advantages of the L-PBF process is the ability to utilise un-melted
powders in subsequent builds, this powder recycling process and its influence on
the powder characteristics is discussed below.

3.3 Powder Recycling

Powder recycling is the "practice of collecting the un-melted powder after the
process and reusing it for subsequent builds" (Jacob et al., 2017). It is a practice,
which until 2015 had not received much attention (Dawes, Bowerman, and
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Trepleton, 2015; Cordova, Campos, and Tinga, 2019). The recycling process
consists of collecting this un-melted powder after each build, sieving it, and
reusing the sieved powder material in the following builds. Figure 3.8 shows
a flowchart of this iterative process.

L-PBF Process Un-melted Powder Sieved

Removal of Built 
Parts

Sieved Powder Returned

FIGURE 3.8: Powder recycling process.

The above recycling process can continue until:

• The remaining quantity of powder is insufficient for future builds.

• The powder properties have deteriorated to a point which is no longer
acceptable.

The volume of the manufactured parts in comparison to the volume of powder
dispensed in the L-PBF, results in a large proportion of the deposited powder
available for use in subsequent builds (Lu et al., 2022a). Ardila et al., 2014 found
that implementing a powder recycling strategy can lead to a 95% utilisation
efficiency for the powder material in the L-PBF process. Powder utilisation refers
to the amount of powder material in the original batch that is used to produce
a component, the greater this value is the more material being used to produce
parts in the L-PBF process.

3.3.1 Recycling Process

The powder recycling process means that the powder material has been exposed
to the L-PBF processing environment repeatedly. Sartin et al., 2017 has found that
the recycling process affects the powder characteristics which in turn affects the
resulting as-built part properties (Lu et al., 2022a). It is therefore important to
understand these changes in the powder material (Spierings et al., 2015). When
powder material reaches the point where it can no longer be re-used in the L-PBF
process, due to either of the above reasons, it is common for new virgin powder
to be added, this is a practice called powder rejuvenation which is discussed in a
later section of this thesis.
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The main aim of powder recycling is to improve the overall efficiency of the
AM process, ensuring a high rate of utilisation for the originally costly feedstock
powder material (Singh, Ramakrishna, and Singh, 2017). The percentage of mass
of the powder material that is melted within the machine can be within the range
of 3 to 5% per build. This highlights the benefits of recycling powder material for
future additive manufacturing (Kellens et al., 2011; Sartin et al., 2017).

3.3.2 Effects of Powder Recycling

Once a L-PBF build is completed the properties of the powder remaining within
the build chamber are strongly affected by the interaction with the laser radiation
and process environment (Santecchia, Spigarelli, and Cabibbo, 2020). The effects
of the powder recycling process on the powder characteristics have been studied
by some researchers (Cordova, Campos, and Tinga, 2019; Seyda, Kaufmann, and
Emmelmann, 2012; O’Leary et al., 2015). They have looked at the changes in
powder characteristics as well as tracking the effect of increased powder use on
the as-built part properties. As the recycling process has been found to change
the characteristics of the raw material, understanding these changes is vital for
industries looking to produce critical components through the L-PBF process.

It has been found that the powder recycling process has an effect on the particle
size distribution of the recycled powder. Studies have shown that increased
powder recycling leads to the quantity of smaller particles present in the batch
decreasing (Seyda, Kaufmann, and Emmelmann, 2012; O’Leary et al., 2015; Tang
et al., 2015; Sartin et al., 2017; Cordova, Campos, and Tinga, 2019; Smolina et al.,
2022; Cordova et al., 2023). The change in particle size is observed through a shift
in the particle size distribution towards to right indicating an increased quantity
of powder in the larger particle size ranges. The percentile values (D10, D50
and D90) also support this finding. This increase in turn affects the layering
process as the powder’s flowability characteristics are changed from those of the
virgin powder material. The decrease in smaller particles improves the powders
flowability (Sartin et al., 2017). The smaller particles originally in the batch can
lock together and restrict the flow of the powder (Liu et al., 2011). He et al.,
2022 found a 22% increase in the mean particle size of the powder resulting in a
decrease in the porosity of the L-PBF parts manufactured.

This increased flowability causes an improved layering process as the powder is
able to flow more freely along the build plate, but the new distribution of powder
particles, now including more larger particles, consequently leads to a decrease
in the layer density (Haferkamp et al., 2021). This then affects the density of the
as-built parts. Popov et al., 2018 have found that the particle size distribution
in the L-PBF process is directly related to the as-built part density. The wider
the particle size distribution (shown previously in Figure 3.6) the higher the part
density. This is because the distribution of smaller and larger particles allows
for the smaller particles to fill in the spaces and gaps in the powder later formed
by the larger particles (Spierings, Herres, and Levy, 2011). This phenomena as
described in Figure 3.9 demonstrates how the particle size distribution affects
the powder bed density. The recycling process drives this change in powder
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distribution affecting the part density. The powder bed density can be used
as an indicator of the density of produced parts from different particle size
distributions.

Wide Particle Size Distribution Narrow Particle Size Distribution

FIGURE 3.9: Narrow and wide particles size distribution effect on
bed density.

Powder recycling also effects the morphology of the powder material. This
change in morphology when tracked throughout the recycling process shows
changes in the shape and form of the powder, thus influencing the powders
flow behaviour (Sutton et al., 2016a; Ahmed et al., 2020). The change in the
morphology emerges from many different internal processes during the melting
of the powder bed. One of these processes is the formation of agglomerates or
satellites (Chuang et al., 2021; Beal et al., 2023). Lu et al., 2022b noticed a presence
of broken and irregular particles found in the recycled powders which were not
in the original virgin powder material. These agglomerates are formed due to
smaller particles being fused to larger particles as shown in Figure 3.10 during
the L-PBF process (Cordova, Campos, and Tinga, 2019). These agglomerates
are still small enough to fit through the sieve (63 µm) for use in the next build.
The morphological change in the powder affects the flow behaviour as there
is an increase in the particle-to-particle friction (Cordova et al., 2020). This is
because of the increased surface area as a result of the irregular particle shape.
Figure 3.10 shows some of the non-spherical, agglomerated particles typically
associated with recycled powders. Bajt Leban, Hren, and Kosec, 2023 found
that the increase in irregularly shaped particles increased as the powder was
recycled and re-used. Identifying the impact the L-PBF has on the generation
of the morphological changes in the powder. The extent of the non-sphericity
and agglomeration increases with the number of recycling processes carried
out (Popovich and Sufiiarov, 2016). This was also found to be true for the
electron beam melting (EBM) process where powder particles became visibly less
spherical with a rougher exterior surface (Tang et al., 2015).
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FIGURE 3.10: Non-spherical and agglomerated particles found in
recycled powder material.

The change in the physical characteristics in the powder material will affect
the powders flowability. This will affect the layering process leading to
inconsistencies in the as-built part properties. Consistent and repetitive powder
deposition for each layer is vital to controlling the properties of the resulting
parts (Foster et al., 2015). As the powder is recycled it has been observed that
the powder particle size distribution shifts to the right. The greater quantity of
larger particles present leads to increased flowability of the powder. However,
this increase in particle size is not the only change, as the morphology has also
deteriorated resulting in less spherical particles. This morphological change will
impede the flow of the powder. The improvement in flowability due to the
increased particle size outweighs the expected decline in flowability due to the
deterioration in morphology (Seyda, Kaufmann, and Emmelmann, 2012; Tang
et al., 2015; Sartin et al., 2017). It appears that the dominant characteristic in
relation to the flowability of the powder is the particle size distribution. The
particle size distribution shifted to the right contains a larger percentage of large
particles which improves the powder’s flow (Liu et al., 2011), due to a reduction
of intra-particle friction between smaller particles. Strondl et al., 2015 found
an increased flowability for a recycled powder, in comparison to that of the
virgin powder material. A similar result was found in the direct metal laser
deposition (DMLD) process where, as the powder material was recycled there
was an increase in the flowability despite the evident deterioration of the particles
morphology (Carroll et al., 2006).

A characteristic which is expected to be affected by the powder recycling process
is the powder composition. During the L-PBF process the powder is exposed
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to varying environmental conditions. The prolonged and repetitive exposure of
powder materials to non-inert environments can trigger oxidation on the surface
of the particles (Tan, Wong, and Dalgarno, 2017). This has an impact on the
final as-built part properties that are observed. Cordova et al., 2023 determined
that the bulk chemical composition of the powder through the recycling process,
consisting of 10 builds, remained within their accepted range however the oxygen
content did increase. Beal et al., 2023 concluded that after a series of recycling
stages of the powder the oxygen content increased. Strondl et al., 2015 found
that as the oxygen content within the powder material increased over time the
ductility and toughness of the manufactured samples decreased. This contrasted
to the findings of Ardila et al., 2014. They found no increase in the oxygen content
of the powder after recycling. The difference in the studies could be due to a
slightly different recycling methods being applied. Tang et al., 2015 found in the
EBM process, the increased powder recycling led to an increase in the uptake
of oxygen in the powder which can then translated into the as-built parts. A
suggested method to reduce this oxidation in the powder material is to integrate
de-oxidising materials such as phosphorous, carbon or graphite into the recycling
process to control the levels of oxygen in the powder material (Tan, Wong, and
Dalgarno, 2017).

The powder recycling process is a vital stage in advancing the L-PBF process
and increasing its viability. Understanding the impact this process has on the
powder and therefore the resulting parts produced will facilitate a greater utility
of L-PBF. The current state of the art identifies the impacts powder characteristics
on the L-PBF process, however, work is required to deepen this understanding.
Development of a greater insight into the relationships between characteristics
and the L-PBF process in required to establish some guidelines on the powder
recycling process.

3.4 Powder Rejuvenation Process

At some stage with powder recycling the quantity of powder within a single
batch will be at a level where it is too low to manufacture with or alternatively
the powder characteristics have significantly deteriorated. Powder rejuvenation,
a practice of mixing virgin powder material with recycled powder material to
increase the utilisation of the recycled powder batch (Cordova, Campos, and
Tinga, 2019), has received little attention to date. Opposed to powder recycling
a rejuvenated powder batch will consist of a mix of both virgin, unused, powder
and recycled powder, as demonstrated by the flowchart in Figure 3.11.
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FIGURE 3.11: Powder rejuvenation process.

Powder rejuvenation can be conducted during the recycling process in two
distinct ways:

• A continuous addition of material throughout the life of the powder to
ensure the powder quantity and quality remains at an adequate level for
further utilisation.

• A “top-up” process, where, a recycled powder batch is mixed with a virgin
powder in a pre-determined ratio (Lutter-Günther et al., 2018).

This “top-up” process can be applied in a similar manner as presented by Harkin
et al., 2020, where a proportion of the original batch is withheld from the build
process and used to top up the powder as and when required. This is the
preferred method, as conducting the top up process with dissimilar batches can
create issues with traceability of the powder feedstock material (Lutter-Günther
et al., 2018).

Strondl et al., 2015 presented a method of mixing recycled powder material with
virgin powder material through the small additions of virgin powder, after each
recycle of the powder. This method ensures the quantity of powder remains
consistent, but the ratio of recycled powder to virgin powder is constantly
changing. Strondl et al., 2015 found that there was an increase in the flowability
of the recycled powder in comparison to the virgin powder. This study clearly
shows the addition of small amounts of virgin powder allows for characteristics
such as the particle size to remain within their specifications while improving
the flowability of the powder (Strondl et al., 2015). This procedure was also
applied by Cordova, Campos, and Tinga, 2019 with a batch of Inconel 718.
Yánez et al., 2022 conducted a similar study where a continuous addition strategy
was applied to the recycled powder. The method they applied consisted of the
recycled powder being consistently supplemented with virgin powder after each
L-PBF build. This ensured that a consistent quantity of powder was available
for the L-PBF process. They repeated this process for a total of 12 builds. The
published results were limited, stating that there was an increase in the oxygen
content of the recycled powder samples. Further testing of the sample produced
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from the L-PBF process with this powder conveyed that there was a significant
increase in the surface roughness of the samples. This increase is likely due to a
morphological change of the recycled powder used.

Harkin et al., 2020 presents an alternative method to the above where initially
a percentage of the powder batch is withheld from being used in the L-PBF
process. This proportion is then used to "top-up" the powder quantity as and
when required in the powder recycling process. Harkin et al., 2020 continued
this study of a Titanium powder for a total of nine L-PBF build processes. The
oxygen content of the powder increased by 0.031% over the nine cycles with
the levels exceeding the acceptable level after 7 cycles. These results are similar
to those found in powder recycling studies previously shown. The authors
found no changes in the size and shape characteristics of the powder particles.
The flowability of the powder showed an increase as the recycling increased
and the powder remained within the free flowing state a desirable property
for L-PBF powders. This study shows that regardless of the recycling process
and rejuvenation method applied for some materials the absorption of oxygen
due to exposure to the L-PBF process is considered the critical factor. Other
methods applied may not result in the same powder degradation and its typically
driven by the material being used and its ability to withstand oxygen absorption.
Further studies from the authors focused more on the mechanical properties
resulting from these observed oxygen changes. It was shown that the mechanical
properties did change as a result of this increased oxygen content, however
they also cite that it may be influenced by the nitrogen within the build process
(Harkin et al., 2022). Wang et al., 2023b presents a similar method or powder
rejuvenation where a percentage of the original powder batch is maintained for
the process. In this study a total of 14 build cycles were completed and after
every five cycles this virgin powder was mixed in to the recycled powder. The
resulting experiments determined that the process led to an increase in the mean
particle size as well as the flowability improving, in agreement with other studies
presented. The oxygen content gradually increased however, there was no phase
change observed in the microstructure of the samples. A similar result was found
by Lanzutti et al., 2023.

The above studies from (Clayton, Millington-Smith, and Armstrong, 2015;
Strondl et al., 2015; Harkin et al., 2020) show the effect of the addition of virgin
powder material to the recycled powder. The flowability results for both studies
were acquired through the use of powder rheology. This is a dynamic test method
of determining the flow characteristics of powders. This may provide a indication
into why the findings are contradictory to those previously found by Seyda,
Kaufmann, and Emmelmann, 2012; Tang et al., 2015; Sartin et al., 2017; Liu
et al., 2011 who employed the standard static method of flow characterisation.
The rheology method used by Strondl et al., 2015; Clayton, Millington-Smith,
and Armstrong, 2015 gives a reading of the powders basic flow energy (BFE)
which is a dynamic measure of the powders resistance to flow. The higher the
BFE the more resistance to flow within the powder (Clayton, Millington-Smith,
and Armstrong, 2015). These contradictory findings may be due to the effect
of the additions of virgin powder to the recycled material or the different
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characterisation method employed.

Powder rejuvenation allows for a further utilisation of the powder material
used within the L-PBF process. The process leads to in general an increase in
particle size and a narrowing of the particle size distribution. The morphology
of the powder material deteriorates as the quantity of agglomerates increases
and the flowability of the powder material has been found to improve. The
chemical composition of the powder changes affected by the process of oxidation
throughout the rejuvenation processes.

3.5 Defect Detection

Defects are undesirable occurrences in all manufacturing processes whether
they be additive or subtractive. The additive manufacturing process has many
different types of defects which often occur due to the following reasons:

• inconsistencies in the processing parameters

• changes in the operating environment

• inconsistencies in raw materials

• sub optimal build preparation

The defects which occur as a result of the above reasons include the following:

• Insufficient fusion - lack of inter-layer bonding between the successive
layers in the process (Abdelrahman et al., 2017).

• Balling - molten metal solidifies into balls instead of solid layers thus
affecting the layer bonding (Li et al., 2012).

• Internal porosity - formation of voids or pores within a part (Grasso and
Colosimo, 2017).

The aforementioned defects can occur at various stages throughout the L-PBF
process such as during laser exposure or in the powder deposition process. The
aim of the powder deposition process is to ensures that there is a suitable layer of
powder deposited for the laser exposure process.

Defect detection in the AM process has received significant research focus
(Kanko, Sibley, and Fraser, 2016; Grasso et al., 2016; Everton et al., 2016; Sturm
et al., 2016; Abdelrahman et al., 2017; Colosimo and Grasso, 2020; McCann
et al., 2021) due to the realisation of the potential for the AM technology
within industrial environments. The ability to produce high value complex
components that were previously unattainable due to limitations in materials
and manufacturing has led to increased attention. A move towards "defect
free" manufacturing can increase the applicability of the L-PBF process (Dejene
and Lemu, 2023; Colosimo and Grasso, 2020). Presented below is a series of
classifications for the defects typically observed in the powder deposition process
in powder bed fusion additive manufacturing and details of the previous research
efforts in monitoring the AM process.
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3.5.1 Definition of Defects

Defects in the process of powder deposition is of greatest concern to this research
and as such the main defects experienced in that area are listed and detailed here.
The powder deposition process is critical to the outcome of the process due to the
high dependency of many mechanical properties on the even distribution of a
powder layer (Miao et al., 2022). Defects often emerge during two distinct L-PBF
operations:

1. Re-coating of the powder bed.

2. Laser interaction.

The occurrence of defects in the build process can be limited through ensuring
homogeneity of the deposited powder bed. A homogeneous layer of powder on
the build plate will ensure that the melting process will be evenly distributed
and consistent for each layer (Lu et al., 2022a). Deposition of powder across the
build plate is one of the most vital stages of any powder bed fusion AM process
(Zielinski et al., 2017). An evenly deposited layer of powder on the build platform
is essential for ensuring that a build is successful, reducing porosity in the final
parts (Averardi et al., 2020). The powder, once it is within the process chamber,
is only ever in direct contact with the re-coater blade and the build plate. This,
powder contact only occurs during the re-coating stage of the process. A good
quality deposition process means that there is a consistently even layer height
across the entire build plate throughout the process. A powder layer which
is deemed to be good quality is one which is free from gaps in the powder
deposition. These gaps in the powder bed are often caused in the deposition
stage by a damaged re-coater blade or if large particles become stuck in the
re-coater. The quality of the layer of powder on the build plate fundamentally
influences the extent of fusion between adjacent particles during laser melting.
If the layer of powder is too thin on the build plate the laser power may begin
to travel through previously melted particles and cause re-melting of previous
layers. If the layer is too thick then the laser may not have enough power to fully
melt through the entire layer height, therefore creating a lack of fusion between
adjacent layers. Imperfections in the powder bed can often occur in one layer
and then later correct themselves with future depositions of powder. Ensuring
the first layers of powder are evenly distributed across the build plate provides a
strong foundation for the building process providing adhesion between the first
layers and the build surface (Tan, Wong, and Dalgarno, 2017).

3.5.1.1 Re-coater Hopping

This is a defect in the distribution of a powder layer, caused by the re-coater blade
striking a part in the powder bed causing the re-coater to vibrate. This vibration
therefore leads to ripples across the powder bed, perpendicular to the direction of
the re-coater, creating small ridges of powder deposited across the build platform
(Scime and Beuth, 2018), as demonstrated in Figure 3.12. The ridges can result
in inconsistent deposition of the new powder layer and lead to defects in the
resulting laser exposure process.
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FIGURE 3.12: Re-coater hopping in the powder bed.

3.5.1.2 Re-coater Streaking

A defect caused in the deposition of the new powder layer, often when the
re-coater blade drags a piece of debris across the build platform, or if the re-coater
blade is damaged. Both result in a disruption to the deposition of the powder
bed in the form of lines or ridges (Craeghs et al., 2011) created parallel to the
re-coater blades direction of travel (Scime and Beuth, 2018; Foster et al., 2015),
shown in Figure 3.13. The can result in inconsistent powder melting during the
laser exposure phase.
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FIGURE 3.13: Re-coater Streaking in the powder bed.

3.5.1.3 Super Elevation

This is a defect which is mostly caused by sub-optimal build preparation. In some
parts, where there are thin overhanging regions the part may curl or warp as a
result of the residual stresses developed during the build process (Jacobsmühlen
et al., 2013). This creates a region of the part that will protrude above the powder
layer. This warped material is often hit by the re-coater in the powder layering
process and can cause some of the previously discussed defects like re-coater
streaking or hopping. This defect can be avoided through process parameter
optimisation, build orientation or support material (Grasso and Colosimo, 2017).
Detection of elevated edges in a timely manner can also prevent damage to the
re-coater blade, leading to re-coater streaking and the effects that may result from
that

Build Plate

Re-Coater Direction

Re-Coater Arm
Super Elevation in 
printed part, 
resulting in contact 
with the re-coater 
arm.

FIGURE 3.14: Super elevation demonstrated in a cross section of the
powder bed.
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3.5.1.4 Incomplete Spreading

This defect occurs when there is insufficient powder deposited, shown by the
regions in white in Figure 3.15. This leads to a proportion of the build plate,
typically towards the end of the re-coater travel, that does not receive enough
powder material (Scime and Beuth, 2018). The defect is a result of incorrect
re-coater parameters being selected but can also occur when there are other
defects present within the build platform that may disturb the distribution of
powder (Scime et al., 2020).
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FIGURE 3.15: Incomplete spreading demonstration in the powder
bed.

3.5.2 Platform Monitoring

Ensuring the advancement of the L-PBF process in the industrial sector is a top
priority, and one way to achieve this is by prioritizing the development and
deployment of in-situ monitoring systems capable of effectively monitoring the
build platform (Colosimo and Grasso, 2020). The build plate is where the laser
interaction occurs with the powder material. The quality of the deposited powder
material will determine the quality of each of the layers melted. Monitoring of
the build plate and the powder bed can take a static or dynamic approach (Neef
et al., 2014; Foster et al., 2015; Land et al., 2015; Abdelrahman et al., 2017). A static
monitoring approach captures data at various stages through the L-PBF process
to be analysed, conversely a dynamic approach captures continuous data from
the process for analysis. The multiple influences on the L-PBF process and effect
local deviations in the powder layer distribution can have in the quality of the
manufactured samples highlight the importance for monitoring systems to be in
place (Fischer et al., 2021).

The first powder layer is deposited by the operator manually and as such this
leads to a range of different first layer thickness’s. This is due to inconsistencies
in set-up procedures between different operators. This defect was noted by Neef
et al., 2014 who applied the use of Low Coherence interferometry (LCI) to monitor
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the homogeneity and layer height of the first powder layer. LCI is a non-contact
optical sensing tool. The sensor sends out a light signal to a surface which is
reflected back and detected by the interferometer. The method measures the
distance to the build platform without a layer of powder and then also after the
first powder layer has been deposited this is then used to establish the thickness
of the deposited layer. The tool can be used by the operator to decide whether
or not to change the layer height or to begin the build process. The researchers
suggest this method could be used to ensure the level of the build plate within
the chamber. The application of the LCI set-up allows for measurements to be
taken across the build platform. Allowing for features of interest to be monitored
i.e. the level of the build plate or homogeneity of the layer thickness. The speed
at which this method can provide the information required is dependant on the
area being scanned, the larger the area the longer this method will take. The
method allows for the consistent deposition of the first layer of powder as well as
allowing the level of the build plate to be confirmed. Both of which will enable
a consistent powder bed deposition and improve the quality of the components
produced, removing the element of inconsistency with operator set-up.

Monitoring the powder bed through the build process was achieved by
Abdelrahman et al., 2017 with a set-up in which a standard digital single-lens
reflex (DSLR) camera was used to take an image after each layer of powder
had been deposited. This method produces a range of images that represent
each of the powder deposition stages throughout the build process. Through
post-processing of the acquired images any defects observed in the powder
deposition process can be identified and then later translated into the affected
part. This method allows for a map to be created of the locations of the
imperfections, as seen in the images. Due to the often occurrence of flaws in a
single layer and then for them to correct themselves in subsequent layers, caution
is required in this method. To address this issue in the image post-processing a
flaw must be present in greater than two successive layers for it to be considered
an issue to the integrity of the build. The number of layers a defect needs to be
present in a build before it becomes detrimental to the final part properties will be
highly dependant on parts manufactured and the industry for which those parts
are being made. For some industries a zero-defect manufacturing ethos may be
employed and as such any identified defects would result in a failed part.

Land et al., 2015 present a similar method of imaging each layer of the build
to Abdelrahman et al., 2017, however they collected images by imaging from
multiple angles over the build plate. This allows for the development of the
features on a part through each layer of the build to be continuously observed.
This differs from the previous method as the part is being observed in comparison
to the powder deposition. The method described utilises three cameras mounted
above the build plate allowing for the required images to be taken. Imaging the
build plate from multiple angles allows for more information to be retrieved,
details that may not appear in one angle could present themselves in another due
to the inconsistency of the lighting within the build chamber. The strength that
this method allows is the full part and the development of the different features
are being observed instead of the powder bed being observed. However, due
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to this set-up there is a large quantity of images and data collected meaning
processing time can be quite high. This can be an issue in terms of the quantity
and speed of data that is transferred especially for high resolution images of the
process. At present this is the extent of their work with their future aims to use
this information to provide a system of real time in process closed loop control.
Pagani et al., 2020 presented a method of in the same manner as both Foster et al.,
2015; Abdelrahman et al., 2017. Their images are fed into an algorithm which
identifies the edges of the components printed and compares the results with the
input data for comparison and validation.

The deposition of powder is often affected by the previously melted layers.
Some components will become distorted through the build process due to the
multiple cycles of rapid heating and cooling, creating residual stress, inherent
with L-PBF processes (Park, Tran, and Nguyen, 2017). This thermal distortion
will cause the component to break away from support material to super elevate,
as described earlier, causing contact with the re-coater. This can cause a build to
be aborted if the protrusion is significant enough to stop the re-coater arm or if
the contact with the re-coater causes the powder to be “flicked” away, leading to
a non-homogeneous powder bed. This is observed by Foster et al., 2015 where
the lack of powder due to this “flicking” is likely to produce further defects
in the build due to the non-homogeneous layer of powder material. Imaging
the build area allowed for the development of this issue to be observed. This
causes a hollow in the powder bed behind the protruding part. A standard DSLR
camera was installed into the build chamber of an EOS M280, with the support of
multiple light modules to aid with lighting of the imaged area. The method was
tested through imaging a build that would generate defects, due to the inefficient
positioning on the build platform. This would allow for the defect detection
capability of the system to be assessed. The lighting is a key element to this set-up
with the multiple flash modules allowing for different defects to be observed in
each image. The post-processing of the acquired images allow them to be stacked
to form a 3D model. This can then be used to correlate to the defects detected by
X-ray CT of the solid components. This system allows for documentation of the
entire build process through imaging each build layer. A defect within a part can
be traced back to the layer in which it began to occur, allowing decisions on the
integrity of the built parts to be made.

These discussed methods provide an insight into the quality of each powder layer
at the beginning and during the process. The aim of this is to ensure the quality
of the powder deposition process has minimal negative impact on the quality of
the output component. A homogeneous powder bed will ensure that the laser
melting process is consistent throughout the build platform (Cordova, Campos,
and Tinga, 2019). If there was a powder deposition issue in one area of the build
platform then that location can be translated into a part and the extent of the issue
can be assessed further in ex-situ examination processes. A common issue that
is presented in the above methods is the data acquisition in terms of speed and
quantity of data that is acquired for a build.
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3.6 Summary

The following points are a brief summary of the main findings from the literature
review:

• L-PBF is an additive manufacturing process which is gaining popularity for
the production of high value complex components for the medical devices,
aerospace and automotive industries. These industries can utilise the L-PBF
process to increase the complexity and functionality of the components.

• Metal powders are the feedstock material for the L-PBF additive
manufacturing method. These powders are produced through an
atomisation process, which heavily influences the powder characteristics.
The characteristics of the powder material along with the L-PBF process
parameters control the final as-built part properties. Understanding the
relationships between the powder characteristics, the recycling process and
rejuvenation process can enable a greater utilisation of the powder.

• Powder recycling is a process to gain a greater utilisation from L-PBF
powders, however this process impacts the characteristics of the powder
particles and the outcome of the L-PBF process.

• Powder rejuvenation enables a further utilisation of recycled powder,
attempting to restore some of the original bulk powder properties to make
it suitable for the L-PBF process.

• The detection of defects throughout the additive manufacturing process is
an area where a lot of research to date has been focused in particular on the
monitoring of the build platform and powder deposition process. In-situ
monitoring of the additive manufacturing process has been highlighted as
an area for research to allow the technology to develop further.
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4 Materials and Methods

The aim of this chapter is to introduce and describe the materials and methods
that were applied during the studies presented in this thesis. The 316L powder
for the project is presented and its key properties identified. This is followed by
a description of each of the methods applied throughout the studies conducted
in this body of research, these include the powder characterisation methods, part
characterisation methods, defect detection system and finally statistical methods
used to quantify the data collected. The methods outlined will be referred to
throughout the remaining chapters of this thesis.

4.1 Materials

The powder material central to this project is Stainless Steel 316L. This powder is
supplied by EOS GmBh. This material has a range of applications across multiple
industrial sectors including medical device, aerospace and automotive.

4.1.1 Stainless Steel 316L

316L stainless steel is a gas atomised, corrosion resistant iron-based alloy powder
supplied by EOS GmBH. The chemical composition of this powder is quantified
in Table 4.1 and corresponds to ASTM F138, a standard for the composition
of steel surgical implants (EOS GmbH, 2014). This alignment with the ASTM
standard, allied to the materials corrosion resistance, is why this material is used
in the medical device and surgical implants industry (Sun et al., 2016). 316L has
a Face Centre Cubic (FCC) structure consisting of a single Austenite γ phase (Yan
et al., 2019).
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TABLE 4.1: Chemical composition of Stainless Steel 316L (EOS
GmbH, 2014).

Element Content (%wt)

Iron, Fe Bal.
Chromium, Cr 17.00 - 19.00

Nickel, Ni 13.00- 15.00
Molybdenum, Mo 2.25 - 3.00

Carbon, C 0.03
Manganese, Mn 2.00

Copper, Cu 0.5
Phosphorous, P 0.025

Sulphur, S 0.010
Silicon, Si 0.75

Nitrogen, N 0.1

4.2 Laser Powder Bed Fusion

As introduced in Section 2.2.1 of this thesis the L-PBF process is a process
of melting a metallic powder selectively using a laser to produce a metallic
components. The EOS M280 process used in this research consists of a 200W
Ytterbium (Yb) fibre laser and a build envelope of 250 x 250 x 325 mm.

The L-PBF process is depicted in Figure 4.1. The process begins with a re-coater
blade depositing a new layer of powder across the build platform. This layer of
powder can be anywhere from 20 - 60 µm in thickness depending on the material
being processed and quality required. In general smaller layer thickness’s result
in finer details. With the deposited layer of powder material across the build
platform the laser then exposes the regions of the build plate according to the
layer information or slice data. The laser melts the powder particles to form
solid metal. Once the laser has finished exposing the layer a new powder layer is
deposited and the process is repeated. This laser processing is conducted under
an inert atmosphere using either Nitrogen or Argon.
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FIGURE 4.1: L-PBF process description.

Before processing any build files the selected CAD file needs to be converted
to a slice file, a layer-by-layer file of the parts, which the laser can follow. The
slice file contains all of the information about the part including the processing
parameters, support structures and its location within the build envelope. This
file was imported to PSW a machine specific software allowing for the final build
parameters to be defined. For this project the default material specific parameters,
as specified by EOS, were applied. The laser parameters determine how much
energy is applied to the powder layer to melt the adjacent powder particles to
form the solid metal. The parameters of interest are the Layer thickness, Laser
Power, Scan Speed and Hatch Distance. The default scan and laser parameters
for 316L are shown below in Table 4.2.

TABLE 4.2: Default Scan and Laser Parameters for SS316L.

Parameter Value Units

Laser Power, P 195 W
Scan Speed, Ss 1100 mm/s
Layer Thickness, LH 20 µ m
Hatch Distance, Hd 0.09 mm

The resulting energy density (ED) for the default build parameters has been
calculated to be 98.48 J/mm3. This was calculated using Equation 4.1 as shown
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below (Thijs et al., 2010).

ED =
P

SsHdLH
(4.1)

4.3 Powder Characterisation

Powder characterisation is the determination of the fundamental characteristics
of the powder particles and the subsequent powder batch. These characteristics
have a significant impact on how the powder will perform within the L-PBF
process. Powder characterisation methods that are applied to AM powders are
typically adopted from traditional powder characterisation processes (O’Leary
et al., 2015). The powder characterisation methods that are explained in this
section are those, employed in Chapter 5 and Chapter 6 of this thesis.

4.3.1 Powder Sampling

There are three commonly applied powder sampling methods:

• Stream Sampling

• Chute Sampling

• Scoop Sampling

Due to the fact the powder being evaluated here is stored in a container, machine
hopper or overflow, the first two methods are less suitable, with scoop sampling
the most effective method. This method allows for a sample of bulk powder
material which is stored within a container to be assessed.

The method consisted of a scoop being plunged into the powder and removing a
sample. Prior to sampling, the powder within the powder dispenser was mixed
using a scoop to achieve a good mix in the batch and to ensure powder has not
settled. One of the common errors associated with this method is that sampling
in one scoop may lead to a non-representative sample of the entire powder
batch (Allen, 1997). This error was ameliorated by taking multiple smaller
scoop samples throughout the powder container. Jillavenkatesa, Dapkunas, and
Lum, 2001 found that the standard deviation when sampling by Scoop was
5.15% when compared to other powder sampling methods. In order to ensure a
representative sample of powder is taken the minimum sample mass is calculated
using Equation 4.2 (Allen, 1997).

Ms =
1
2
(

ρ

σSE
2 )(

1
w1

− 2)d3x103 (4.2)

Where (Allen, 1997):

• ρ is the apparent density of the powder material in g/cm3.

• σSE is the variance of the sampling error.
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• w1 is the percentage fractional mass of the coarsest size class being sampled.

• d is the mean of the extreme diameter within the maximum size class in cm.

Powder was sampled twice per build. The first sample was taken before the
building process and the second sample after a build was complete. Samples
of approximately 150g in weight are required to conduct the chosen range of
tests and analysis described in the following sections. A sampling scoop of
approximately 15g was used to sample ten locations in the powder dispenser
of the EOS M280, as shown in Figure 4.1. The ten sampling locations were
distributed across the entire volume of the dispenser. Once sampled the powder
remained within an airtight container, to limit the absorption of any moisture and
oxidation, until testing was conducted.

4.3.2 Chemical Composition

Powder bulk chemical composition refers to the chemical make-up of the
powder. As presented in the literature review, Section 3.2.1 and 3.3.2, the
composition of the powder is heavily influenced by the atomisation process used
but subsequently can also be affected by the recycling of the powder.

4.3.2.1 Energy Dispersive X-Ray

The composition of the powder was analysed through the use of a Scanning
Electron Microscope (SEM) with an Energy Dispersive X-Ray Analyser (EDX)
attachment (Pinkerton and Li, 2005; Sutton et al., 2016b; Cordova, Campos, and
Tinga, 2019) on a Hitachi TM3030 Plus table top SEM.

For EDX analysis the surface of the powder particles is excited by a beam of
electrons, the ejected x-rays are then detected, and their peak values are assigned
to a known value for each chemical element, as seen in Figure 4.2. This method
is semi-quantitative due to the assignment of peak values with a known value
for a given element, and as such is generally used as an estimation tool for the
composition of the powder (Slotwinski et al., 2014).
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FIGURE 4.2: Scanning Electron Microscopy operating principals.

Powder was deposited in a thin layer on top of a carbon conductive tab before
being mounted onto Ø15 mm aluminium specimen mounts for the SEM. For
each sample of powder three EDX maps of the surface were conducted at a
magnification of x250, allowing for a larger area of the deposited powder to
be assessed. The resulting chemical composition were then determined and
averaged over the three tests.

4.3.2.2 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive characterisation method that can be
used to determine and analyse the crystalline phase structure of materials. The
crystalline phase structure of materials corresponds to the specific chemical and
atomic arrangement within the material. XRD analysis of a material allows for
the determination of the:

• Nature of the crystalline phases present in the powder.

• Quantity of each phase present in a material.

• Presence of amorphous material.

In XRD a beam of X-rays are fired on to the surface of a sample, as described
in Figure 4.3. A detector is rotated around the sample to detect the diffracted
X-rays from the sample. These scattered X-rays produce a diffraction pattern,
which contains the relevant information of the atomic arrangement within the
crystalline structure. Each diffraction pattern is a product of the unique crystal
structure of a material.
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FIGURE 4.3: Description of the XRD analysis method and test setup.

Diffraction peaks, as shown in Figure 4.4 are used to describe planes of atoms.
The miller indices (hkl) were used to describe these planes of atoms. These planes
of atoms assist in the analysis of the atomic structure and microstructure of the
sample. The position of the diffraction peaks are determined by the distance
between the parallel planes of atoms. Bragg’s law is used to calculate the angle
between parallel planes of atoms. This is then used to produce a diffraction
peak required to determine the spacing of the internal material lattice spacing
of the crystal structure. The law states that scattered X-rays from a crystal
lattice corresponds to the angle of incidence (Cantor, 2020). The law provides
a simple model to understand what conditions are required for the diffraction of
the X-rays.
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FIGURE 4.4: Example of the detected XRD peaks with the associated
miller indices, shown in red.

XRD was conducted on the powder samples to assess the effect of the
rejuvenation and recycling processes on the microstructure of the powder,
specifically, the primary phases. The phases present within the 316L powder were
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assessed at different stages in the powder recycling and subsequent rejuvenation
process. The phase analysis was conducted using XRD using a Bruker D8
Advance X-ray diffractometer with a Cu-Kα radiation (λ = 0.154 nm) operating
at 40 kV and 40 mA.

The metal powder samples were poured into a cavity mount which ensured
that the exposed powder surface was spread flat. A step size of 0.01° and a
dwell time of 0.2 seconds per step was selected. The XRD data was assessed
using International Centre for Diffraction Data (ICDD), Crystallography Open
Database (COD) and Bruker Eva® software. The primary phases from each of
the powder samples were compared.

4.3.3 Powder Morphology

The morphology or shape of powder particles was analysed both qualitatively
and quantitatively by Scanning Electron Microscopy (SEM). Sample preparation
and test methods were developed to allow for the morphology of the powder
particles to be assessed. A thin layer of powder was deposited onto of a carbon
conductive tab and mounted upon a Ø15 mm aluminium specimen mount for
the SEM. SEM images at x100, x250, x500 and x1000 magnification were then
captured. The increasing magnification allowed for the morphology of the
individual particles to be observed. Qualitative analysis was initially conducted
through visual observation of the captured SEM images, this provided a visual
reference to the morphology of the powder particles.

Quantitative analysis was conducted using the images acquired from the SEM at
x250 and x500 magnification. The images were imported and further analysed
within ImageJ. ImageJ is an open source image processing software (Abràmoff,
Magalhães, and Ram, 2004). Image analysis is required to determine the area, A,
and perimeter, P, of individual captured particles. The image analysis procedure,
as outlined in Figure 4.5, required the images to be converted to binary allowing
for individual particles to be selected and their area and perimeter to be extracted.
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FIGURE 4.5: Quantitative powder morphology procedures.

This provides the data for the circularity of the particles to be calculated using
Equation 4.3 (Cox, 1927; Sun et al., 2015). A perfectly circular particle will have a
circularity value of one where as non-circular particles will have a value less than
one.

Circualrity = 4π(
A

Pp
2 ) (4.3)

Where (Cox, 1927):

• A is the projected area of the particle in µm2.

• PP is the perimeter of the measured particle in µm.

Other shape descriptors, such as the particle convexity, aspect ratio and solidity
can also be used to represent the powder morphology. These descriptors are, like
the circularity descriptor used, based on a 2D representation of the particle and
typically quantified by an image analysis process similar to the one deployed in
this thesis. For this work the circularity descriptor was used.

4.3.4 Particle Size

Powder particle size was investigated through the use of Laser Diffraction. This
was conducted using a Microtrac S3500 Dry Dispersion Laser Diffractometer.
This method utilises a laser beam to illuminate a sample of powder which is
dispersed in front of a series of detectors. The detectors measured the intensity
of the scattered light caused by interference with the dispersed particles. The
interference pattern measured by the detectors was then used to calculate the
individual particle sizes (Slotwinski et al., 2014), as shown schematically in Figure
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4.6. The test methodology for laser diffraction method is defined in the ASTM
B822 and ISO 13320 standards.
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Disperser Particles
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Light

Optics

FIGURE 4.6: Laser diffraction operation.

Prior to analysis the powder was mixed with a small sampling spoon in order
to prevent the effects of settling which may have occurred in storage. A
volume-based particle size distribution of the sample was then obtained. Each
powder sample was tested three times with the mass of the sample ranging from
three to five grams. The individual results from each test are obtained and an
average for the batch was produced.

The values of interest extracted from the laser diffraction test for this study are as
follows:

1. Mean particle size - average particle size in the tested batch.

2. Volume particle size distribution - The distribution of particle sizes in the
batch.

3. Span of the particle size distribution - the width of the distribution of the
particle sizes.

These values allowed for comparison with other powder samples from different
manufacturers as well as the relevant literature. Some qualitative analysis of
the powder particle size can also be conducted when assessing the morphology
of the powder particles. However, the laser diffraction method then ensures a
quantitative value can be associated with each powder sample.

4.3.5 Powder Density

Powder density refers to the mass of powder per unit volume. As defined by the
Equation 4.4.

Density =
Mass

Volume
(4.4)
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The powder density was determined by three different methods allowing for the
Apparent Density, Tapped Density and Skeletal Density to be quantified. Each
of these measurements were used to provide a greater understanding of how the
powder may perform in the L-PBF process. These methods are explained in the
subsequent sections and can be seen in Figure 4.7 below.
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FIGURE 4.7: Powder density determination methods for (a)
Apparent Density, (b) Tapped Density and (c) Skeletal Density.

4.3.5.1 Apparent Density

The apparent or bulk density of a powder is defined as being the mass per unit
volume of the powder after free-falling. It is the density of an un-compacted
sample of powder (Schueren and Kruth, 1995; Popovich and Sufiiarov, 2016). The
determination of apparent density of powder material is covered by standards
ASTM B212 and ISO 3923-1 (Kirchner et al., 2016; Slotwinski and Moylan, 2014).

The methodology to determine the apparent density is as follows; an empty
density cup of a known fixed volume was weighed. A powder sample was then
loaded into a Hall Funnel above the empty density cup. The powder was allowed
to fall freely into the cup until it overflows the density cup. The excess powder
was then scraped from the top of the cup. This ensured that only the mass of
powder within the density cup was being measured. The mass of the filled cup
was then measured to the nearest 0.01g and the initial mass of the empty cup
subtracted to determine the mass of the powder. This process is shown above in
Figure 4.7(a). The apparent density was then calculated using a modified version
of Equation 4.4, as shown below in Equation 4.5.

Density =
MassFullCup − MassEmptyCup

Volume
(4.5)
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4.3.5.2 Tapped Density

The tapped density is defined as the mass per unit of volume of a powder after
the powder it has been vertically agitated until no more visible settling occurs.
That is the mass per unit volume after the powder has been fully compacted
through an agitation process. The tapped density of powder material is covered
by standards ASTM B527 and ISO 3953 (Engeli et al., 2016).

The methodology for the tapped density as shown in Figure 4.7 (b) is as follows.
A sample of 50g of powder was introduced into a graduated volumetric cylinder
of 25ml. The volume the powder occupies in the cylinder was noted. It is
important that in this process the powder was poured freely into the graduated
cylinder so as to avoid any possible compaction prior to the agitation stage. The
cylinder was then placed into the tapping apparatus and operated until no more
visible settling has occurred. Volume readings were recorded every 100 taps.
The volume of the powder after the tapping was then recorded. The tapped
density was calculated using Equation 4.4. The test was repeated three times
using fresh, untapped powder for each test, an average tapped density value was
then obtained.

4.3.5.3 Skeletal Density

Skeletal density is assumed to be the density of a fully dense part with no
discernible porosity (Slotwinski et al., 2014). An AccuPyc II 1340 Helium
Pycnometer is used to determine the skeletal density of the powder sample. A
schematic of this apparatus is presented in Figure 4.7 (c).

A sample of known mass was placed into one of two chambers of known fixed
volume. These chambers are maintained at a constant temperature throughout
the tests. Helium gas was then added to the sample chamber. Helium is chosen
as it is light enough to access the open pores within the powder sample. The
pressure of the helium in the cell was then recorded. Once equilibrium in the
sample chamber has been reached the helium is released and flows into the
second empty chamber and equilibrium is reached. The ideal gas law was then
applied between the two chambers with the recorded equilibrium pressures and
temperatures allowing the volume of the powder to be quantified. The density
measurement was repeated ten times or until the difference after five consecutive
readings is less than 0.005 g/cm3. With the volume and mass known, Equation
4.4 was applied to calculate the skeletal density of the powder (Slotwinski et al.,
2014).

4.3.6 Powder Flowability

Powder flowability is one of the key characteristics for AM powder materials. The
flowability of a powder will determine its performance within the AM process
(Clayton and Deffley, 2014). A good flowability allows for a consistent layering
process and therefore a good overall process performance. Poor flowability will
lead to inconsistency in the powder layering process. The Hausner Ratio was
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used in this research to provide an indication of the flowability of the powder
tested.

The Hausner Ratio is the ratio of the tapped density to the apparent density,
discussed in previous sections. This gives an indication to the flowability of the
powder material. Due the ease in which it can be determined it is one of the most
common ways to determine the flowability of a powder (Sutton et al., 2016b). It
provides an indication into the inter particle friction in the powder sample.

HausnerRatio =
TappedDensity

ApparentDensity
(4.6)

A low value for the Hausner Ratio is an indication of good flowability in the
powder sample as there is low particle to particle friction. This means that the
powder can be compacted more as the tapped density will be significantly lower
than the apparent density. A value lower than 1.25 is determined to have good
flowability (Kirchner et al., 2016). With an ideal Hausner Ratio of 1.00 to 1.11
being classed as excellent flowability (Sutton et al., 2016b) as shown in Table 4.3.

TABLE 4.3: Powder flow descriptions in terms of the Hausner Ratio
(Sutton et al., 2016b).

Hausner Ratio Flow Description

1.00 - 1.11 Excellent
1.12 - 1.18 Good
1.19 - 1.25 Fair
1.26 - 1.34 Passable
1.35 - 1.45 Poor
1.46 - 1.59 Very Poor

>1.60 Non-flowable

4.4 Part Analysis

The following methods were used to characterise the as-built parts produced
by the L-PBF process. The analysis of the parts allows for the effect of the
powder characteristics on the as-built parts to be quantified. Thus, enabling the
relationships between the input powder and output part quality to be inferred.

4.4.1 Sample Design

In order to assess the impact of the powder recycling and rejuvenation process
on the as-built part qualities, a series of parts were designed for test methods,
described in the following section, to be conducted. The parts designed can be
seen in Figure 4.8 below.
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5mm

Density Cube Geometry Block

10mm

FIGURE 4.8: Designed and printed test parts.

Each of the designed parts shown above allow different qualities to be assessed.
The first of the parts designed were density cubes which are 5 x 5 x 5 mm3

in dimension. These cubes were mounted and sectioned in order to reveal
the cross-section allowing the porosity content to be analysed. Three cubes
were required in order to assess the cross-sections corresponding to the different
orientations to the re-coater system within the machine.

The final part is a geometry block. This allowed for multiple characteristics to
be assessed. Firstly the surface roughness of the faces was determined though
focus variation. The incorporation of different hole diameters and orientations
allowed for the dimensional accuracy of the parts and features to be quantified.
The flat surfaces allowed for the hardness to be assessed in both the horizontal
and vertical planes. As the parts were tested for hardness some design testing
rules regarding the distance from previous test locations must be observed and
were incorporated into the design of the part.

As discussed earlier a slice file needs to be generated for the build to be
completed. For this the parts were exported from the CAD software and
imported into Materialise Magics. In Magics the parts were orientated to their
positions within the build envelope and support structures applied as required.
Once the parts were correctly orientated and supported in Magics a slice file was
exported as a .sli file, which can be read by PSW on the EOS M280. Figure 4.9
below shows the orientation of the parts and assignment of support material.
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5mm

FIGURE 4.9: Test parts with assigned support geometry (blue) and
orientation.

4.4.2 Surface Roughness

Surface roughness provides an understanding into the condition of the surfaces
produced by the L-PBF process. Focus variation, as shown in Figure 4.10 was
utilised to measure the surface roughness of the as-built parts. A Bruker Alicona
Infini Focus SL was used to measure the arithmetic mean (Ra) and ten-point
measure (Rz) values of the tested surfaces. This method is a non-contact surface
measurement.

Focus variation operates by capturing a series of images of the surfaces at
different focus heights. These images are then compiled utilising the areas of the
captured images in focus to complete a representation of the surface condition.
The images are captured using a x5 magnification providing a vertical resolution
of 460 nm and a total measurement area of 13 mm2. The surface roughness of the
parts were measured without any prior surface treatment to represent the surface
finish as produced directly by the L-PBF process. Each measurement consisted
of five regions across the sample surface and then averaged to ensure a greater
representation of the surface.
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Stack of Images
Vertical Scan

Surface Profile

Light Source

Array Detector
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FIGURE 4.10: Focus variation surface roughness measurement
method.

Ra is one of the most commonly used roughness parameters (Townsend et al.,
2016). Ra is developed by measuring the area of the peaks and valleys in the
surface over a given length and then the average is used to produce the Ra
value, see Equation 4.7. One of the main limitations of the Ra value is that it
does not differentiate between the peaks and valleys of the measured surface.
Therefore, Ra can be insensitive to extreme values in measured peaks or valleys
as the average over a measurement length is used (Bhushan, 2000).

Ra =
ΣA
L

(4.7)

Rz is another commonly used roughness parameter which looks at the average
distance between the highest peak and lowest valley in the sampling length
(Whitehouse, 2002, p 54). This is shown in Figure 4.11. This method calculates the
surface roughness by taking the five highest peaks and five lowest valleys within
the sampling length and finds the average distance between them, shown by
Equation 4.8. It is known as the maximum height of the assessed area. In contrast
to Ra, Rz can be insensitive to smaller features present within the measured
surface.

Rz =
ΣRp + ΣRv

5
(4.8)
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FIGURE 4.11: Surface roughness Ra and Rz profiles.

Three measurements across the surface on each of the tested parts were recorded
and an average obtained. This enabled a greater representation of the overall
surface of the part despite the total measurement area of 13 mm2 achieved by the
applied magnification.

4.4.3 Hardness

Hardness testing provided the hardness of the as-built parts, this is a mechanical
property often stated on material data sheets. The material data sheets provide
an expected hardness value for each material.

4.4.3.1 Sample Preparation

Prior to hardness testing the surface was ground down to prevent the surface
roughness interfering with the indentation process and resulting measurement.
A manual grinding procedure was required to produce a smooth surface for the
indenter to test as outlined in the ISO standard for Rockwell Hardness Testing
(ISO, 2016). The grinding process allows for the higher points in the rough surface
to be removed producing a more uniform surface finish for testing.

This was achieved by holding the sample on to a sheet of 1200 grit silicon carbide
paper mounted in a grinding machine rotating at 300 RPM. Allowing for a more
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uniform surface for the indentation and resulting measurement. The original
surface finish and the test surface finish are shown in the microscope images in
Figure 4.12 below.

Before Grinding procedure After Grinding procedure

FIGURE 4.12: x500 optical microscope images of the test surface
before and after conducting the grinding procedure.

4.4.3.2 Hardness Measurement

Part hardness was measured on a Zwick Roell Indentec Hardness Tester. The
hardness test measures the bulk hardness of the material. Described by Figure
4.13, the hardness test was conducted by applying a pre-load, F0, to the surface
of the part. The depth of this indentation was then taken as the reference point
for the depth measurement. The test load, F1, was then applied and removed.

Ball Indenter

Minor Load
Major Load

FIGURE 4.13: Rockwell hardness testing schematic (Herrmann,
2011).

The resulting depth of indention was then recorded. A hardness is then
calculated using Equation 4.9 below.

HRB = N − h
s

(4.9)

Where:

• N is the numerical value for the applied hardness scale.
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• S is the scale division, this represents the resolution of the measurement
scale.

• h is the measured depth of indention.

The HRB Rockwell hardness scale was chosen as it is suited to steel and stainless
steel materials. The resulting part hardness was recorded on the Rockwell
Hardness B scale with the following testing procedures, Table 4.4, applied
(Herrmann, 2011).

TABLE 4.4: Rockwell B hardness scale (Herrmann, 2011).

Harness Scale B (HRB)

Indenter Type Ball Indenter Diameter 1.5875mm
Pre-Load, F0 98.07 N
Test Force, F1 980.7 N
Numerical Value, N 130
Scaling Constant, S 0.002mm

The hardness measurements were taken five times for each part on both test
surfaces and the hardness values are then averaged. The locations of the
indentations for each measurements must be spaced at a minimum of 2 mm from
any each previous indentation as well as 2 mm from any edges as recommended
by ISO 6508 (ISO, 2016). This is to ensure that the measurement was not
influenced by the previous indentation or variations in the hardness near an edge.

4.4.4 Part Density

Density analysis of the as-built parts is conducted through micro-sectioning the
specimens and then imaging the different cross sections to analyse the quantity
of pores present. The micro-sectioning method allowed for an assessment of
the quantity of internal pores present in the part (Spierings, Schneider, and
Eggenberger, 2011).

4.4.4.1 Sample Preparation

Sample preparation included mounting the samples in three separate orientations
to allow for cross sections of different planes to be measured. The samples were
mounted in Buehler Epoxicure 2™ resin. Samples were then left overnight at
room temperature to cure and harden. Once cured, the samples were ground
and polished, using the Buehler AutoMet 250 Pro System. Grinding allows for
the required cross section to be revealed and the following polishing steps are
used to remove any scratches in the cross section. The grinding routine, shown
in Figure 4.14, is used to reveal the cross section. Grinding of the samples is
conducted using silicon carbide paper with water. Parts were ground in three
separate stages with finer grit paper being applied at each successive step. The
initial two grinding stages allow for the bulk material to be revealed and the final
stage removes any surface scratches and prepares the micro-section for polishing.
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Stage 1
800 Grit

Stage 2
1200 Grit

Stage 3
2500 Grit

FIGURE 4.14: Sample grinding stages.

Once grinding was completed the polishing of the samples, shown in Figure
4.15 was conducted to produce a micro-section free of scratches. Polishing is
completed using a diamond suspension fluid fed onto a polishing cloth in steps
of decreasing abrasiveness.

Stage 1
9µ Pad

Stage 2
3µ Pad

Stage 3
1µ Pad

FIGURE 4.15: Sample polishing stages.

4.4.4.2 Image Analysis

Images of the micro-section were taken at a magnification of x200, using a
Keyence VH-Z 100R digital microscope. Ten images of each cross section were
required to allow for the greatest representation of the overall cross section of the
sample.

Images were then imported into ImageJ, an image processing software for
analysis (Abràmoff, Magalhães, and Ram, 2004). Within the software the steps
outlined in Figure 4.16 were completed. Theses steps are described as:

1. The micrograph was imported into ImageJ for analysis.

2. The scale of the image was set using the scale bar on the acquired
micro-graph.

3. The images were then converted to binary to produce a clear definition
between the pores and bulk material.

4. The measure particles tool was then deployed to output the percentage of
black space (pores) to white space (bulk material) in the micrograph.
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FIGURE 4.16: ImageJ porosity analysis process.

An average percentage porosity was then calculated from the ten analysed
images. This average porosity was subtracted from the stated as-built density
of 100% (EOS GmbH, 2014) to provide the resulting part density. Samples were
then re-ground and polished to assess the presence of pores in a secondary cross
section. two cross sections separated by approximately 2mm were analysed. This
provides a greater representation of the overall porosity within the part. The cross
section with the lowest measured density was used to represent that sample.

4.4.5 Dimensional Accuracy

The dimensions of the printed parts were assessed to see if there is any
significant deviation from the originally designed part dimensions. Parts were
measured using a CNC coordinate measuring machine, an OGP Smartscope
500. This is a computer numerical control driven machine allowing for accurate
measurements, to four decimals places, to be recorded (Mani et al., 2016). The
different measurement orientations are shown in Figure 4.17.
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X Y

Z

FIGURE 4.17: Example of dimensional accuracy measurement
orientations.

The dimensions of the parts along the X and Y plane were measured with this
process prior to removal from the build plate so as to avoid the part removal
process affecting the resulting part dimensions. The vertical height or Z plane
dimension was measured using a calibrated set of Mitutoyo digital vernier
callipers. The measurement process was carried out five times for each part and
averaged. The maximum deviation from the designed dimension is the metric of
interest in this case. This was compared to the stated dimensional accuracy for
the material, outlined in the material data sheet (EOS GmbH, 2014).

4.4.6 Phase Analysis Characterisation

The samples manufactured for the density measurement process were used to
assess the potential impact of the powder recycling and subsequent rejuvenation
process on the phase composition of the L-PBF parts.

The polished micro sections of the density cubes, produced using the method
shown in Figure 4.14 and Figure 4.15, were etched using Fry’s reagent (150ml
water, 50ml HCL, 25ml HNO3, 1g CuCl2) by swabbing the polished surface in
the etchant for a total of three minutes. The samples surface was then cleaned
using de-ionised water. The microstructure melt pool and grain boundaries were
captured using optical microscopy on the Keyence digital microscope VH-Z 100R
digital microscope at a magnification of x500. Further SEM imaging was also
completed to observe the phase structure and orientation present within the
microstructure.
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4.5 Build Hours Calculation

In order to monitor the use of a particular powder batch the build hours were
recorded. The Average Use Time, AUT, as proposed by Denti et al., 2019 was
used to represent the increased exposure of the powder material to the L-PBF
process. For a standard powder recycling procedure where the same batch of
powder is being recycled without the addition of any new powder the hours can
be counted sequentially, as shown by the equation below.

AUT(i) = AUT(i-1) + ti (4.10)

where AUT(i) is the average use time of the i-th build, AUT(i-1) is the average use
time accumulated at the (i-1)-th build and ti is the build time of the i-th build.

With powder recycling as previously discussed in the literature review there will
be a stage where a powder rejuvenation process will need to be conducted. This
process adds complications to the above equation as there is now two batches of
powder with varying AUT being mixed. To account for this Denti et al., 2019,
proposed the following equation when one of the powder batches being mixed is
virgin, unused, powder.

AUT(i) =
q1[AUT(i-1) + ti]

q0
(4.11)

where AUT(i), AUT(i-1) and ti are as previously described. q1 is the quantity of
powder remaining the i-th build and q0 is the quantity of virgin powder being
added to the recycled powder as a part of the powder rejuvenation procedure.
The AUT was used throughout this thesis to represent the increased exposure
of the powder to the L-PBF process. In the case of the Powder Recycling study
presented in Chapter 5 Equation 4.10 is used and the Powder Rejuvenation study
in Chapter 6 Equation 4.11 is used.

4.6 Monitoring System

It was determined that the monitoring system installed into the chamber of the
EOS M280 should be a standalone system. This means that the operation of
the monitoring system was to be separate, or standalone, to the operation of
the EOS M280. This is required due to the relatively low computing power
currently available on the EOS M280. The addition of such monitoring system
may interfere with the general computing processes required to complete a build.
This is a resultant of the age of the M280 system. As such the system installed is
operated completely separately to the M280’s computer and can be removed or
installed from the machine without impacting the operation of the machine. In
addition to the system being standalone there are other constraints regarding the
operational environment of the M280 chamber that need to be considered, these
are discussed in detail in the following sections. The general operation for the
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installed monitoring system is presented in Figure 4.18, the components of which
and their selection is discussed further in this section.

Camera Camera Controller PC

Laser Trigger 
Sensors

Image offset 
Correction 

Image Analysis & Image 
Storage

FIGURE 4.18: General operation and components of the installed
monitoring system.

At a very high level the system operates by a camera capturing an image which
was triggered by one of the laser trigger sensors mounted inside the build
chamber. The captured image was then passed to the controller unit which
applies a correction, due to the requirement for off axis mounting. This corrected
image is then sent to a computer where the images are stored and analysed. The
following sections detail the individual aspects of the system shown in Figure
4.18.

4.6.1 Build Chamber Environmental Constraints

The selected monitoring system must be capable of operating within the build
chamber of an EOS M280 DMLS machine. During a build the camera in the
monitoring system was subjected to an inert atmosphere (Argon or Nitrogen),
elevated temperatures and low humidity. The inert atmosphere is required by the
laser melting process to shield the melt pool during the build process (discussed
previously in Chapter 2). During a build the build platform is also raised to a
temperature between 40 and 100◦C depending on the material being processed
and as such the relative humidity in the chamber reduces as the build progresses.
Figure 4.19 shows a plot of the environmental conditions of the M280 build
chamber during a 316L stainless steel build, when the build plate is maintained
at 80 ◦C for the duration of the build.
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FIGURE 4.19: EOS M280 Build chamber temperature and relative
humidity over the course of a 17 hour build.

4.6.2 Camera and Controller

With the constraints for the monitoring system in mind the aspects of the
monitoring system were selected to suit. A Keyence complementary metal oxide
semiconductor (CMOS) monochrome 21MP camera with a 16 mm lens attached
was selected. This camera and lens combination results in an image pixel size of
3.5 x 3.5 microns. Two laser trigger sensors (Keyence LR ZH500CP) are installed
within the chamber to trigger when the system captures an image. The location
of the re-coating arm was utilised to trigger when the system should capture an
image. The camera and sensors are required to be mounted within the build
chamber of the EOS M280 and as such the camera and triggers are IP64 and IP68
rated respectively. As the controller system sits outside of the build chamber no
IP rating is required for it. Finally a camera controller module, the CVX500 from
Keyence, was used to control the trigger sensors and camera system.

Due to the off centre axis mounting of the camera in order to avoid its interference
with the laser window, a correction must be applied to the images captured to
remove the inherit distortion in the image demonstrated in Figure 4.20.
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FIGURE 4.20: Example of distortion correction due to the off axis
placement of the camera system.

This correction enables any potential distortion in the captured images due the off
axis mounting position, to be eliminated in the saved images. A chequerboard
pattern was used to complete this process, and ensure the off-axis captured
images has the distortion removed.

4.6.3 System Installation

The previously described camera, trigger sensors and controller unit were
installed into the EOS M280 in order to complete the system. The trigger sensors
were located behind the panel at the rear of the build chamber. Once the re-coater
arm was at either of its furthest most left or right position the camera was
triggered to capture an image.

The operational work flow is discussed further in Chapter 8. The controller
unit was mounted in the rear of the machine where it could be accessed in
order to connect storage drives and an external monitor. The controller was also
connected to an external computer. Images were saved to the computer and the
developed code analyses the saved images as well as displaying the output of the
analysis in real-time.
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Machine Roof

Machine Wall

Modified Port Cover

Camera and Lens 
Assembly

Bracket and Spacer Assembly

FIGURE 4.21: CAD design of the camera system mounting bracket
and location within chamber.

The camera is mounted via one of the chamber access ports in the roof of the build
chamber as shown in Figure 4.21. These ports are typically used for testing and
servicing. A modified port cover was used to allow for the pass through of the
necessary cables to the camera assembly. A bracket and spacer allows the camera
to be connected to such port and located in the centre of the build chamber was
designed and additively manufactured in 316L stainless steel on an EOS M280.
The bracket is shown in Figure 4.22 below.

Camera Mounting Bracket

Access Port Spacer

FIGURE 4.22: Designed and manufactured camera mounting
bracket and access port spacer.
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This bracket allows the camera to be mounted via the front access port and remain
in the centre of the build chamber in order to capture the images of the build plate.
Figure 4.23 shows the installed standalone monitoring system in the EOS M280.

FIGURE 4.23: Installed Camera system and location of components
within the build chamber.

4.7 Statistical Methods

In order to analyse the data collected a series of statistical methods was applied.
The standard error of the means was used to calculate the standard error of
the measurements recorded and multiple linear regression was used in the
development of the empirical model. These methods and the theory supporting
them are presented below.

4.7.1 Standard Error of the Mean

The error associated to a data set which fits a normal curve can be described
by the use of the standard error of the mean (Lee, In, and Lee, 2015). In order
to increase the accuracy of the measurements made by the methods previously
discussed, each test method was conducted multiple times, as shown in Table
4.5.
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TABLE 4.5: Test method number of repetitions.

Test Method Number of Repetitions, n Section

EDX 3 4.3.2.1
XRD 3 4.3.2.2
Powder Morphology 3 4.3.3
Particle Size 3 4.3.4
Apparent Density 3 4.3.5.1
Tapped Density 3 4.3.5.2
Skeletal Density 5 4.3.5.3
Powder Flowability 3 4.3.6
Surface Roughness 5 4.4.2
Part Hardness 5 4.4.3
Part Density 5 4.4.4
Dimensional Accuracy 5 4.4.5

A mean value and standard deviation for each of the measurements was
obtained. The error associated with this mean value can be described as the
Standard Error of the Mean (SE). This given by Equation 4.12 shown below.

SE =
σ√
n

(4.12)

Where:

• SE is the standard error of the sample mean.

• σ is the standard deviation of the measured values.

• n is the sample size.

The standard error of the mean shows that the error for a sample means is less
variable then individual means. The larger the sample size, n, the smaller the
variability in the results (Reilly, 2006). The standard error of the mean provides
an estimate as to how well your sample data represents the sample population.

4.7.2 Normality Testing

The test for normality is a check on how well a data set fits a normal distribution.
This is an important statistical check because methods such as regression analysis,
t-tests and analysis of variance rely on the data being normally distributed.
The assumption of normality is rarely violated on large sample sizes (n > 30).
For samples sizes in the hundreds the distribution of the data can be ignored.
Normality can be tested using visual analysis and comparing the distribution to
a normal distribution.

Normality tests are supplementary to the visual methods above. A common
normality test is the Kolmogorov-Smirov (K-S) test. The test compares the scores
in the sample to a normally distributed set of scores with the same sample mean
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and standard deviation. The K-S normality test is an empirical distribution
function (EDF). The test compares the theoretical cumulative distribution
function of the test distribution to the EDF of the data set. Smaller samples sizes
often pass the normality tests. A limitation of the K-S method is that it an be
highly sensitive to extreme values (Ghasemi and Zahediasl, 2012).

Normality tests were conducted on all results in order to ensure that the correct
regression model is being applied in the statistical analysis of the results.

4.7.2.1 Multiple Linear Regression

Multiple linear regression is one of the most common forms of regression
analysis. It is used to describe the relationship between one dependent variable
and two or more independent variables. A multiple linear regression (MLR)
analysis has the task of fitting a single linear line between a multi-dimensional
cloud of data points as described in Figure 4.24. The independent variables are
also known as predictors as they are used within the MLR model to predict the
dependent variable.

Dependant Variable

Independent Variable 1 Independent Variable 2

FIGURE 4.24: Example of a multi-dimensional data cloud.

A MLR model can be given in the following equation format:

Yi = α + β1X1 + β2X2 + ... + βnXn (4.13)

Where:

• Yi is the predicted response.

• α is the intercept value.

• β is the slope coefficient.

• Xi is the predictor value.

In the development of a MLR model there are four main assumptions upon which
the model is based. These assumptions are as follows:
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1. There must be a linear relationship between the dependent variable and
independent variables i.e. a change in the dependent variable can be
explained by a change in the independent variable.

2. The residuals created from the developed model are normally distributed,
centred around a mean of zero and lie within a single standard deviation of
the mean.

3. The independent variables are not highly correlated with each other i.e
there is no multicollinearity in the data.

4. The observations are selected independently and randomly from the entire
population.

Prior to the development of the empirical model, the range of variables to
describe the dependent variables are analysed in an exploration matrix plot.
This plot was used to determine the strength of the relationship between the
independent and dependent variables. The Pearson’s correlation coefficient was
used to quantify the strength of these relationships. The coefficient indicates the
strength of relationship between the plotted values. A high Pearson Correlation
coefficient, i.e., closer to 1, indicates a strong linear relationship between the
independent and dependent variables explored. Those with a strong linear
relationship shown in the matrix plots are likely to contribute significantly to
MLR model; however, their significance to the developed model is tested further
in the next stages of the model development.

Those variables with a high Person coefficient were then used in the development
of the MLR model. The MLR tool within Minitab Statistical Software generates
the MLR model using 70% of the input data with the remaining 30% being
withheld for validation of the empirical model. The 30% of data that was
withheld was used to confirm the fit of the developed model with measured data.

The first stage of testing the developed MLR models is to ensure that the inclusion
of the previously selected independent variables contribute significantly to the
developed model. This significance was given by the test statistic, the p-value.
If the p-value is smaller than 0.05, it indicates the inclusion of the variable is
statistically significant to the model. All variables require a p-value of less than
0.05 to be included in the final developed model.

With the included variables deemed significant to the model, the coefficient of
determination or R-Squared value was used to determine how much of a change
in the dependent variable can be explained by the developed model. A higher
R-Squared value indicates that more of the change in the dependent variable
is explained by the model. A R-Squared value of 1 indicates a perfect linear
relationship between the model and dependent variable. With the inclusion of
the independent variables and the model tested the final tests to confirm the
assumptions of a MLR model are tested.

The variance inflation factor (VIF) was also used to confirm how significant the
developed MLR model is. The VIF is a measure of the multicollinearity of the
variables within the model, i.e. how independent they are from one another.
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This would be shown by the return of the value greater than 4, indicating that
the variables are dependent on one another. The VIF value should be as low as
possible to ensure that there the selected variables are not collinear in the model.

Testing the validity of the developed model was required to ensure that the
selected model can represent the relationship with a high degree of accuracy and
repeatability. To do this, the predicted values of the model are compared to the
original measured values. The difference between these values is known as a
residual. The testing of the model revolves heavily around these residuals and
how they react with the independent variables used. These tests require four
interactions to be analysed, as follows:

• A plot of the residuals against the predicted values is normally distributed.

• The residuals are normally distributed.

• A plot of the residuals and the input variables (powder characteristics in
this study) displays no significant trends.

• A plot of the residuals and the possible input characteristics omitted from
the model displays no significant trend.

Once all the above conditions have been confirmed, the assumptions for the
validity of an MLR model have been met, and the accuracy of the developed
model can be established based on the largest residual generated.

4.8 Conclusions

This chapter has presented the materials and methods that are required to
complete the studies presented in this thesis. The chapter begins by outlining
the material used in this project a 316L Stainless Steel powder. The L-PBF
process is then explained in detail including the process of assigning print
parameters, later in the chapter the process of preparing the file for L-PBF is
presented. The methods required to characterise the powders and the resulting
parts, manufactured by the L-PBF process, are explained in detail. The setup and
installation of the monitoring system for the detection of defects in the L-PBF
process is introduced providing an understanding of some of the constraints
assessed in its development and installation. Finally the chapter concludes with
an explanation as to some of the statistical methods that are required to analyse
the results from the powder and part characterisation processes presented.
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5 Powder Recycling

Powder recycling allows for the costly powder material to be utilised beyond a
single build. This is a process widely adopted without a great understanding of
the effects on both the powder and parts produced. A study has been designed
to measure this potential impact. The aim of this chapter is to assess the effect
of powder recycling on the powder characteristics and the qualities of the parts
produced. The methods applied and results from the study will be presented
before being discussed in detail in the later sections of the chapter. The results
highlight the effect of the powder recycling on powder characteristics and the
resulting affect on the quality of the parts produced.

5.1 Materials and Methods

The material for this study was a Stainless Steel 316L powder as outlined in
Section 4.1.1. This powder is a commonly applied stainless steel powder for the
medical device, aerospace and auto-mobile industries (EOS GmbH, 2014).

The methodology for this project is split into two sections; powder
characterisation methods and part qualities methods. Table 5.1 and Table
5.2 below identify the methods applied for powder characterisation and part
qualities respectively. The statistical methodology discussed in Section 4.7, were
applied to the presented results.

TABLE 5.1: Powder Characterisation Methods

Characteristic Method
Powder Chemical Composition Scanning Electron Microscopy (SEM)

and Energy Dispersive X-Ray (EDX)
Powder Phase Analysis X-Ray Diffraction Analysis
Particle Size Laser Diffraction
Particle Morphology SEM Imaging and Morphology Analysis
Powder Density Pycnometry
Powder Flowability Hausner Ratio
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TABLE 5.2: Part Quality Assessment Methods

Part Quality Method

Dimensional Accuracy CNC Coordinate Measuring Machine
Hardness Rockwell Hardness
Surface Roughness Focus Variation
Part Density Micro-sectioning and Image Analysis
Part Microstructure Etching and SEM imaging

5.2 Powder Recycling

The powder recycling process, as previously defined in Chapter 3.3, is the
"practice of collecting un-melted powder after the L-PBF process and reusing it
for subsequent builds" (Jacob et al., 2017). It increases the usable life of a powder
batch for the L-PBF process. The process for powder recycling is outlined in
Figure 5.1, consisting of a series of stages where the powder surrounding the part
is sieved then added back into the material container ready for the next build
process.
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FIGURE 5.1: Schematic of the powder recycling process.
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5.3 Powder Sampling

As described in section 4.3.1 the scoop sampling method was employed to
sample the powder material. In order to ensure the powder sample size was
representative of the batch of powder the minimum sampling mass to represent
the batch of powder was calculated using Equation 4.2 (Allen, 1997). Prior to
the calculation of the minimum sample size some of the powder parameters are
required for the calculation. These parameters and associated values were as
follows(EOS GmbH, 2014)

• Powder Bulk Density, ρ, 4.8 g/cm3.

• Fractional mass of coarsest size class, w1, 0.52%.

• Extreme diameter within the maximum size class, d, 233.129 x 10−9 cm3.

The above listed values are dependant on the powder assessed. The variance
in the sampling error, σ was chosen to be 5%. The minimum sample mass was
calculated as shown below.

Ms =
1
2
(

ρ

σ2 )(
1

w1
− 2)d3x103 (4.2)

Ms =
1
2
(

4.8
0.052 )(

1
0.52

− 2)0.000000233x103 (4.2)

The minimum sample mass calculated was 37.3g. The required sample mass,
150g, for the series of characterisation tests greatly exceeds that of the minimum
sample mass calculated. Powder samples were collected at different stages in the
process as outlined in Figure 5.1.

5.4 Results and Discussion

The aforementioned experiments were conducted over a period of 6 months
which resulted in a total of 12 separate L-PBF builds, of varying lengths,
accumulating a total of 120 build hours on the powder material as calculated
using Equation 4.10. After each build a sample of powder was extracted from the
EOS M280 and stored in sealed container prior to characterisation. The sealed
container ensured that the exposure to oxygen and moisture was minimised.
Testing was then conducted in the order presented by the results sections below.

The results presented below show the effect of powder recycling (i.e. Average
Use Time (AUT)) on the powder characteristics and the part qualities. Each data
point on the following graphs represents a powder sample, taken at the end of
a L-PBF build. The error bars presented in all graphs are representative of the
standard error of the mean, calculated using Equation 4.12.
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5.4.1 Powder Characteristics

The characterisation of the powder material allows for the characteristics of the
feedstock material to be quantified. Any changes in these characteristics are then
compared to the original characteristics of the virgin powder material.

5.4.1.1 Powder Chemical Composition

The chemical composition was determined using Scanning Electron Microscopy
(SEM) with Energy Dispersive X-Ray (EDX) analysis. The bulk powder chemical
composition primarily consists of Iron (Fe), Chromium (Cr), Nickel (Ni) and
Molybdenum (Mo) with smaller quantities of other elements present (EOS
GmbH, 2014). Throughout the powder recycling process, the EDX map results
showed no significant change in the powder chemical composition. The graphs,
Figure 5.2, below show the composition of the main elements, as listed above,
throughout the recycling process.
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FIGURE 5.2: Effect of powder recycling on the chemical composition
of (a) Iron, (b) Chromium, (c) Nickel and (d) Molybdenum.

5.4.1.2 Powder Phase Characterisation

The characteristics of the powder particles influences the microstrucure of the
as-built L-PBF parts (Averyanova, Bertrand, and Verquin, 2010). As such, XRD
analysis was conducted to assess if the powder recycling process impacts the
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phase characteristics of the powder particles. The XRD results presented in
Figure 5.3 show the primary phases of the 316L powder used in this thesis,
captured at four Average Use Times (AUT). The virgin powder sample shown
in Figure 5.3 by the black line provides a baseline for an unprocessed sample of
316L stainless steel powder. The position and width of the peaks in the graph
indicate single phase Face Centre Cubic (FCC) structure is present, similar to that
found in the literature (Gorji, O’Connor, and Brabazon, 2019). Austenite is a γ
phase, which contains a unit cell of 3.595 Å (Angstrom). The detected phases
were located at 43.57◦, 50.75◦ and 74.61◦. There was no change observed with the
location and width of these peaks in the other powder samples tested.
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FIGURE 5.3: Effect of powder recycling on the microstructual phases
of the powder.

5.4.1.3 Powder Mean Particle Size

Powder particle size affects how the powder material is layered and subsequently
melted. A distribution of larger and smaller particles is required to maintain
consistent layering and melting during the build process. The powder particle
mean size and distribution was determined by laser diffraction. The effect of
powder recycling, on the mean powder particle size is shown in Figure 5.4. An
increase in the mean particle size was observed as the AUT increases.
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FIGURE 5.4: Effect of powder recycling on mean particle size.

5.4.1.4 Powder Morphology

Powder morphology was evaluated primarily through a consideration of particle
circularity using Equation 4.3 as described in Chapter 4. The morphology
of individual particles affects powder flowability, where the less circular the
particle, the more difficult it will be to flow, thus, affecting the consistency and
repeatability of the layering process. Circularity was assessed through image
analysis of the SEM images captured. The effect of powder recycling, on powder
morphology, i.e. circularity, is presented in Figure 5.5. A decrease in the powder
circularity was observed as the powder is recycled and the accumulated build
time increases.
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FIGURE 5.5: Effect of powder recycling on powder morphology
(circularity).

5.4.1.5 Powder Density

The apparent and tapped density of the powder affects how the powder bed is
produced. Figure 5.6 shows both the apparent and tapped density of the powder
increases with the AUT, powder recycling. The increase in powder density is
attributed to the increasing particle size and change in reduction in the number
of small particles present in powder batches. This was shown by the increase in
mean particle size in Figure 5.4. The apparent density is the density of the powder
uncompacted and the tapped density is the density of the compacted powder,
both of which provide an indication of how the powder bed is produced.
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FIGURE 5.6: Effect of powder recycling on (a) powder apparent
density and (b) Tapped Density.

5.4.1.6 Skeletal Powder Density

The skeletal powder density is determined through helium pycnometry. The
skeletal density of the powder is assumed to be the density of a fully dense part
with no discernible porosity. Figure 5.7 shows the skeletal density of the powder
remained within 0.03 g/cc of the virgin powder. This shows that there was no
discernible change in the skeletal density as a result of the increasing AUT.
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FIGURE 5.7: Effect of powder recycling on the skeletal density of the
powder.

5.4.1.7 Powder Flowability

Figure 5.8 shows the effect of the AUT on the Hausner ratio of the recycled
powder. It is expected that there would be a change in the flow behaviour of
the powder due to a change in the powder particles circularity (see Figure 5.5)
and an increase in the mean particle size (see Figure 5.4). Figure 5.8 shows a
decrease in the Hausner Ratio measured, therefore, the powders ability to flow
is increasing as the AUT increases. The increased flowability of the powder
can negatively impact the quality of the manufactured parts. Highly-flowable
powders with very minor resistance to flow (HR = 1) can result in poor powder
layers being deposited. Resulting in a decrease in the density of the manufactured
parts (Zielinski et al., 2017). Some ability of the powder to resist flow is an
important feature in the consistent deposition, and generation of a dense powder
layer within the L-PBF process. This will ensure consistent and repeatable laser
melting.
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FIGURE 5.8: Effect of powder recycling on powder flowability.

5.4.2 Part Quality Assessment

The assessment of the part qualities in this study enables the changes observed
in the feedstock powder to be related to the final as-built part qualities. Changes
in the part qualities will be related and correlated with the changes observed in
the powder material in a later section of this chapter.

5.4.2.1 Dimensional Accuracy

Dimensional accuracy of the parts produced (Figure 4.9) was assessed and the
maximum difference, in mm, from the designed dimension was recorded. This
was assessed through the use of CNC optical measurement. The effect of
the accumulated build time on the dimensional accuracy, i.e. the maximum
difference from the designed dimensions, is shown in Figure 5.9. The result
shows that as the AUT increases, due to powder recycling, the maximum
difference from the designed dimension also increased.
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FIGURE 5.9: Effect of powder recycling on maximum difference in
part dimensions

5.4.2.2 Part Hardness

The part hardness for 316L built components is specified in the powder data sheet
as 89 HRB (EOS GmbH, 2014). The measured part hardness remained within
± 5% of this specified hardness from the data sheet regardless of the recycling
stage. These results, Figure 5.10 show that there was no significant change in the
hardness of the parts manufactured with recycled powders.
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FIGURE 5.10: Effect of powder recycling on the part hardness

5.4.2.3 Surface Roughness

Surface roughness for as-built parts using 316L powder is expected to be 13 ± 5
µm, as stated in the powders data sheet (EOS GmbH, 2014). Surface roughness
was assessed using focus variation. The effect of accumulated build time due
to powder recycling on the surface roughness of the as-built overhang part is
presented in Figure 5.11. The surface roughness, Ra, increased with the increase
in the number of powder recycling stages.
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FIGURE 5.11: Effect of powder recycling on part surface roughness

5.4.2.4 Part Density

Part density for as built 316L parts is 100%, as stated in the powder manufacturer
data sheet (EOS GmbH, 2014). The part density was assessed through
micro-sectioning and image analysis of the quantity and size of pores presented
in the micro-section. The effect of accumulated build time (powder recycling) on
as-built part density is presented in Figure 5.12. The results show as the AUT
increases, the as-built part density decreased.
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FIGURE 5.12: Effect of powder recycling on as-built part density

5.4.2.5 Phase Analysis Composition

The effect of increasing AUT on the resulting microstructure of the manufactured
parts is illustrated by the optical micrographs in Figure 5.13. These optical
microscope images show the melt pools formed by the L-PBF process, with clear
pool boundaries visible between the layers as well as to adjacent melt pools.
Figure 5.13 displays the expected microstructures for L-PBF 316L parts.
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(a)

(c) (d)

(b)

FIGURE 5.13: OM Images (magnification x200) of the etched
microstructure to demonstrate the melt pools boundaries formed at
different AUTs (a) AUT = 5 hours, (b) AUT = 13.25 hours, (c) AUT =

73.25 hours and (d) AUT = 111.5 hours

To accompany the optical microscope (OM) images further SEM imaging was
completed. Figure 5.14, highlights the single-phase microstructure present within
a single melt pool. Columnar grains with a transition to cellular grains are
present within the melt pools. These cellular grains are present closer to the melt
pool boundaries in the heat affected zone (HAZ). The samples all contain coarse
columnar grains, which are regarded as consisting of single-phase sub-grains.
The OM and SEM images confirm that the increasing AUT of the powder material
did not have a significant effect on the microstructure of the manufactured
samples, also demonstrated by the XRD analysis presented in Figure 5.3.
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(a)

(c) (d)

(b)

FIGURE 5.14: SEM Images (magnification x1000) of the etched
microstructure at different AUT’s (a) AUT = 5 hours, (b) AUT = 13.25

hours, (c) AUT = 73.25 hours and (d) AUT = 111.5 hours.

5.4.3 Influence of Powder Characteristics on Part Qualities

Relating the changes in the powder characteristics to the resulting part qualities
allows for a greater understanding of how the characteristics of the powder
affects the built parts. The analysis presented here investigates the effect of the
increasing particle size on the part density as well as showing the effect of the
decreasing circularity of particles on the as-built surface roughness. Figure 5.15
and Figure 5.16 shows that the change in the part qualities, specifically, part
density and surface roughness can be attributed to the corresponding changes
in the mean particle size and morphology of the powder. Often, part density and
surface roughness are critical part qualities required by designers, particularly
in industries such as medical device and aerospace. Therefore, the influence of
raw material properties on the resultant part characteristics is important for the
manufacturing of high-quality parts.

Figure 5.15, relates the observed increase in mean particle size, as presented in
Figure 5.4, to the decrease in part density, also presented in Figure 5.12. Figure
5.15 shows that as the mean particle size increased the part density decreased.
This is attributed to the change in the powder layering process due to differences
in the mean particle sizes. A linear regression line was fitted to the graph (shown
in red). There is a strong correlation between the increasing mean particle size
and the decreasing part density resulting in an R2 value of 0.955.
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FIGURE 5.15: Correlation of the Mean Particle Size (µm) and Part
Density (%) with linear regression fitted (red)

Surface roughness is often a critical feature of a manufactured part due to
the relationship between surface roughness and component performance. The
difficulty in post-processing some complex features, possible with metal AM,
requires the desired surface finish to be produced in process (Shamvedi et al.,
2017). Figure 5.16, relates the deterioration in the powder morphology, Figure
5.5 and the increase in the surface roughness, Figure 5.11. Figure 5.16 shows
that the decreasing circularity of the particles leads to an increase in the surface
roughness of the as-built overhanging surface. A linear regression line was fitted
to the graph (shown in red). There is a strong correlation between the increasing
mean particle size and the decreasing part density resulting in an R2 value of
0.828.
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FIGURE 5.16: Correlation of the Powder Morphology (circularity)
and the Surface Roughness(Ra) with linear regression fitted (red)

5.5 Discussion

The recycling process led to changes in the powder characteristics. The chemical
composition of the powder in bulk form showed no significant change in the
wt% of all elements, with all values remaining within the specifications for the
powder. This allows for the material to be used for the duration of the recycling
process. Any significant deviation in the chemical composition of the powder,
due to the recycling process would effect the as-built components. This would
open the question if the powder recycling process is worth while.

The mean particle size increased with the increased powder recycling. Smaller
powder particles tend to be melted first in the laser interaction, this leaves the
larger particles for use in future builds. This causes the larger particles to be
recycled for future builds. The re-coater blade used for the layering process will
also ensure that the larger particles (those greater than the layer thickness) are
dragged across the build plate into the overflow region.

The powder morphology in terms of the circularity of the particles decreased with
increased recycling. Particles are less circular compared to the virgin powder
due to the inclusion of particles which contain agglomerates as a result of partial
melting of adjacent particles in the L-PBF process. An example of some of the
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agglomerated particles observed in the recycled powder can be seen in Figure
5.17, these particles shown are clearly not circular in shape.

FIGURE 5.17: Examples of agglomerated particles

The dimensional accuracy of the designed parts showed an increasing deviation
from the designed dimensions. This is shown in Figure 5.9 where the increased
recycling of the powder material leads to an increase in the maximum deviation
from the designed dimension. This increase is greater than the specification for
the dimensional accuracy of the material, which is given as ± 20-50 µm (EOS
GmbH, 2014). The measured dimensions of the parts produced a maximum
deviation of 90 µm from the designed dimensions.

Assessment of the part hardness concludes that there was no significant effect of
powder recycling on the resulting hardness of the as-built parts. The hardness
remained within ± 5% of the stated hardness value of 89 HRB from the material
data sheet (EOS GmbH, 2014).

The surface roughness of the parts increased with increased powder recycling, as
shown in Figure 5.11. The as-built surface roughness of the overhang structure
increased beyond the specification of 13 ± 5 µm (EOS GmbH, 2014), after 57 hours
of accumulated build time. This is caused by a combination of the increased mean
particle size and a decrease in the circularity of the powder particles, as is shown
in Figure 5.16. This is further discussed in the following paragraphs.

The part density decreased with the increased powder recycling, as seen in Figure
5.12. The expected density of the material is 100% (EOS GmbH, 2014). It is
observed that as the powder recycling increases the density of the parts decreases.
This is seen through an increase in the quantity and size of pores imaged in the
micro-sections. This density decrease is certainly detrimental for many industries
where parts of high density are required.

The increasing mean particle size on the part density produced a strong
relationship, as shown in Figure 5.15. The reduction of smaller particles leads
to an increase in the voids and pores produced in the layering process. This
results in the decrease in density. Figure 5.18 (a) illustrates that with the greater
presence of small particles in the virgin powder the deposition of powder results
in layer with fewer voids present. Figure 5.18 (b) illustrates that the recycled
powder material, when deposited on the layer results in voids due the larger
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mean particle size. This introduction of voids in the layering process is translated
into pores and voids in the as-built part.

(a) Virgin Powder (b) Recycled Powder

FIGURE 5.18: Powder layering process for (a) virgin powder and (b)
recycled powder

The decreasing circularity influenced the surface roughness of the overhang
parts. As the surface roughness of the parts is dominated by the presence of
partially melted particles on the surface of the parts, the shape of the particles
will affect the resulting surface roughness. The larger mean particle size also
influences this feature. Figure 5.19 depicts the effects on the changes in the
powder particle size and morphology (SEM powder images) on the surface
roughness of the parts produced at various stages (0, 57.25 and 111.5 accumulated
build hours) of the powder recycling. The decreasing powder circularity and
increasing mean particle size is related to the increasing surface roughness.

(a) Virgin Powder (b) After 57.25 hours of use (c) After 111.5 hours of use

Mean Particle Size = 37.47 µm 
Circularity = 0.76
Ra Value = 13.23 µm

Mean Particle Size = 38.67 µm 
Circularity = 0.58
Ra Value = 18.46 µm

Mean Particle Size = 40.45 µm 
Circularity = 0.52
Ra Value =  19.57 µm

FIGURE 5.19: Effect of Powder Characteristics on the Surface
Roughness (Ra) at different stages of powder recycling (0, 57.25 and

111.5 accumulated build hours)

96



Chapter 5. Powder Recycling

5.6 Conclusion

The results from this research show that the continued recycling of powder
material has an effect on the powder characteristics and the resulting part
qualities. The mean particle size of the powder increases with the number
of powder reuses, indicating that smaller particles are being melted by the
process leaving larger particles for subsequent builds. The particles also become
less circular, suggesting a change in morphology due to the partial melting of
smaller powder particles to larger particles causing agglomerates to form. The
results show that there was no significant change found in the powder chemical
composition throughout the recycling process.

The analysis of part qualities showed that the maximum difference of part
dimensions from the specifications increases with the increased powder use. The
surface roughness of the parts increased with the number of powder reuses,
indicating that the presence of larger particles in the powder affects the surface
roughness. The hardness of the parts remains consistent with the expected value.
Part density decreases with the number of powder reuses, indicating that an
increase in mean particle size produces increased porosity in the built parts.

These results allow for a greater understanding of the effect that powder recycling
has on the powder and the parts built. This will enable a more controlled use of
recycled powder materials as well as allowing for higher utilisation of powder
batches.
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6 Powder Rejuvenation

Powder recycling enables the powder material in L-PBF to be used further,
powder rejuvenation is a process that can further the life cycle of the powder
material. The previous chapter provides an understanding of effect the recycling
process has on the powder and parts in the L-PBF process. The aim of this
chapter is to continue that study through a powder rejuvenation process. The
rejuvenation process requires the mixing of new virgin powder with a batch of
powder which has been through multiple recycling stages.

Consisting of two sections, this chapter, presents an initial study and an extended
study. The first investigates the effect of different powder mixing ratios on the
bulk powder properties, while the second studies the impact of mixing virgin and
recycled powder at a 50:50 ratio on the powder characteristics and the resulting
part properties. Powder rejuvenation is completed typically because either the
quantity of powder in the recycled batch is lower than the amount required to
continue processing or the bulk powder properties have deteriorated beyond a
specific point. The results from the tests are presented before being discussed in
detail in the discussion section of this chapter.

6.1 Materials and Methods

The core material for this study was EOS Stainless Steel 316L as outlined in
Section 4.1.1. This powder is a commonly applied stainless steel powder for the
medical device, aerospace and auto-mobile industries (EOS GmbH, 2014). The
virgin powder material will be new as-received powder of 20kg quantity and the
recycled powder will have been cycled through the L-PBF process for a total AUT
of 112 hours in a quantity of 19kg.

The characteristics of the rejuvenated powder as it is repeatedly processed in
the L-PBF process were determined as outlined in Table 6.1. These methods are
described in detail in Chapter 4 of this thesis.
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TABLE 6.1: Powder Characterisation Methods

Characteristic Method
Powder Chemical Composition Scanning electron Microscopy (SEM)

and Energy Dispersive X-Ray (EDX)
Particle Size Laser Diffraction
Particle Morphology SEM Imaging and Image Analysis
Powder Skeletal Density Helium Pycnometry
Powder Bulk Density Hall Funnel
Powder Flowability Hausner Ratio

A baseline virgin powder sample was taken as a reference point for the studies
presented. Further powder samples were assessed after each build, as discussed
in Section 5.3. The sample was taken after sieving the un-melted powder using
a 63 µm sieve, as shown in Figure 6.1. The sieving process was conducted to
remove any potential contaminants. It is a standard practice for a range of L-PBF
machines to complete this sieving process post-build. This ensures that any
oversized particles or contaminants are removed from the powder batch prior to
the next build. The powder sample was then tested using the methods outlined
above in Table 6.1.

The test samples that were used to determine the initial effect of powder recycling
in Chapter 5, were also used in this study. Resulting part qualities were assessed
using the methods outlined in Table 6.2. The samples were manufactured on an
EOS M280 system with default processing parameters for 316L stainless steel, as
specified in the previous chapter, Section 4.2. All test specimens were assessed
in their as-built state, without post-processing, such as heat treatment or surface
finishing.

TABLE 6.2: Part Quality Assessment Methods

Part Quality Method

Dimensional Accuracy CNC Coordinate Measuring Machine
Hardness Rockwell Hardness (Scale B)
Surface Roughness Focus Variation Surface Measurement
Part Density Micro-sectioning and Image Analysis

6.1.1 Powder Rejuvenation

Powder rejuvenation is a process that can be applied to further extend the usable
life of a recycled batch of powder in the L-PBF process. As previously discussed
powder recycling allows for increased utilisation of feedstock material in the
L-PBF process. The recycling process can be repeated until one of two limitations
is reached;
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1. the powder quantity becomes too low to continue building.

2. the characteristics of the powder material are causing the resulting
part qualities to be out of specification. Depending on the final part
requirements these powder characteristics may be chemical composition,
particle morphology or powder flowability. A discussed in previous
sections these characteristics influence the resulting part qualities such as
part density, mechanical properties and surface roughness.

If either of these limitations occur, a powder rejuvenation process may be
deployed to maximise utilisation of the costly powder material. The powder
rejuvenation process consists of mixing recycled powder material with virgin
powder to increase the quantity of the powder available and improve the bulk
characteristics of the powder material. Figure 6.1 depicts the powder-recycling
loop and how this proposed powder rejuvenation process fits into the recycling
methodology. As shown in Figure 6.1, the powder rejuvenation process begins
after a powder sample fails the powder monitoring tests. If the characteristics
of the powder sample and the manufactured parts meet the pre-defined
specifications, i.e., a “pass”, the powder recycling loop continues. Alternatively,
if either the powder or manufactured parts do not meet these predefined
specifications, virgin powder is added to the recycled powder and mixed. The
powder recycling loop outlined in Figure 6.1 is initiated again.
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FIGURE 6.1: Schematic of the powder recycling process with the
powder rejuvenation loop added.
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A total of 17 build cycles were completed in this study with both the powder
and manufactured parts being sampled and analysed after each build using
the methods presented in this section. These aforementioned pre-defined
specifications are determined by the required specification of the part being
manufactured and the final application of the part. Ultimately, the user
determines the specification they require. The specifications may be a particular
mean particle size range, powder morphology, flowability or a combination of
these powder characteristics.

To determine the effect of the powder rejuvenation process on the powder
material an initial study was performed to assess the effect of different ratios
of virgin and recycled powder material on the bulk powder characteristics. The
powder was mixed at different ratios, as shown in Table 6.3. Some of these ratios
have been proposed in previous research as methods to offset the changes in
powder characteristics due to the powder recycling process (Clayton and Deffley,
2014; Strondl et al., 2015). Effects are shown of these mixing ratios on the bulk
powder characteristics in the following results sections.

TABLE 6.3: Powder Mixing Ratios

Sample ID Virgin Ratio Recycled Ratio Source
A 100% 0%
B 0% 100%
C 75% 25% (Clayton and Deffley, 2014)
D 66% 33%
E 50% 50% (Clayton and Deffley, 2014)
F 33% 66%
G 25% 75% (Clayton and Deffley, 2014)
H 5% 95% (Strondl et al., 2015)

6.2 Results and Discussion

The aforementioned experiments were conducted over a period of 6 months
which resulted in a total of 17 separate L-PBF builds accumulating a total of
180 build hours on the powder material. After each build a sample of powder
was extracted from the EOS M280 and stored in sealed container prior to
characterisation. The sealed container ensured that the exposure to oxygen and
moisture was minimised. Testing was then conducted in the order presented by
the results sections below.

The results presented below show the effect of powder recycling (i.e. Average
Use Time (AUT)) on the powder characteristics and the part qualities. Each data
point on the following graphs represents a powder sample, taken at the end of
a L-PBF build. The error bars presented in all graphs are representative of the
standard error of the mean, calculated using Equation 4.12.
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6.2.1 Effect of powder mixing ratio on the bulk powder
characteristics

The powder material was initially mixed into small quantities in order to
determine the effect of this mixing process on the bulk characteristics of the
powder. The ratios used are outlined in Table 6.3 above. The characteristics of
the virgin and recycled powder, sample ID A and B respectively, are outlined
below in Table 6.4.The characteristics, of Sample B, show the effect of powder
recycling as previously studied in Chapter 5. The resulting characteristics of the
mixed powder batches are presented in the following sections.

TABLE 6.4: Initial powder characteristics for virgin and recycled
powder.

Sample ID A B
AUT 0 Hours 112 Hours

Mean Particle Size 36.45 µm 38.813 µm
Particle Circularity 0.741 0.578
Apparent Density 4.393 g/cc 4.533 g/cc
Tapped Density 4.730 g/cc 4.986 g/cc
Hausner Ratio 1.118 1.177

6.2.1.1 Powder Chemical Composition

The chemical composition of the mixes of powder material was found to conform
to the chemical composition of the 316L stainless steel powder as specified by
the manufacturer (EOS GmbH, 2014). Figure 6.2 presents the results from the
EDX maps conducted on each sample. This presents the weight percentage of
the most prominent chemical elements of each of the mixed powder batches.
The results show that regardless of the quantity of virgin to recycled powder
mixed the composition remains within specification for the 316L powder. This
highlights that there were no contaminants within the powder, which if present
can affect the composition of the manufactured parts.
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Sample C
Sample D
Sample E
Sample F
Sample G
Sample H

FIGURE 6.2: Powder chemical compositions after mixing.

6.2.1.2 Powder Particle Size

Larger particles in the batch affect the way the powder behaves within the L-PBF
process, impacting the flowability and packing density of the powder. Therefore,
it is preferential to have powder particles that are closer to the mean particle size
of the virgin powder received from the powder supplier. Figure 6.3 shows the
mean particle size of the powder material for each of the powder mixes described
in Table 6.3. The samples show that those with a higher proportion of recycled
powder have a larger mean particle size. For example, Sample C, the 75:25 ratio
mix, has the lowest mean particle size. This is closest to that of the mean particle
size of the virgin powder, 36.45 µm, outlined in Table 6.4.
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FIGURE 6.3: Mean Particle Size after powder mixing.

6.2.1.3 Powder Morphology

The morphology of the powder material, as described by the particle circularity,
of each of the powder mixes is shown in Figure 6.4. An increase in the quantity of
recycled powder in the powder mixes is seen here to result in the presence of less
circular particles in the powder batch. Therefore, the particles are more irregular
in shape which can affect the flow behaviour of the powder, thus affecting the
powder packing density in the L-PBF process.
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FIGURE 6.4: Powder Morphology, circularity, for the powder mixes.

6.2.1.4 Powder Density

Figure 6.5 shows the apparent and tapped density of each of the powder
mixes studied. The apparent and tapped density both affect the flow and the
compressibility of the powder. These two factors directly impact the quality of the
powder bed during the powder deposition process in L-PBF; this, in turn, effects
the properties of the parts that are manufactured. These measures of density
are indicators to how well the powder can pack, an important characteristic in
ensuring an evenly packed powder bed. The powder flowability is also affected
by these characteristics as shown in the following section.
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FIGURE 6.5: Apparent and Tapped Density for the powder mixes.

6.2.1.5 Powder Flowability

The powder flowability is a vital characteristic in terms of understanding how
the powder will behave in the re-coating process; the Hausner ratio is used to
quantify this characteristic. The effect of the powder mixing process on the
flowability of the batch is shown in Figure 6.6. The flowability of the powder
material is affected by the size and shape of the powder particles. The smaller
and less circular powder particles will not flow as well as larger, more circular
particles. This is due to the larger inter-particle forces that are caused by the
increased surface area of the smaller and less circular particles. These increased
inter-particle forces, due to Van der Waals forces (Spierings et al., 2015) causes
a resistance to flow within the powder batch, which results in a lack of powder
deposition in the recoating process. This highlights the importance of high degree
of powder flowability in the L-PBF process. It is important to note here that good
flowability can also negatively impact the powder deposition process in L-PBF,
this is discussed further in later sections.
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FIGURE 6.6: Effect of the powder mixes on the flowability of the
powder as indicated by the Hausner Ratio.

6.2.2 Effect of powder recycling on the rejuvenated powder
characteristics

With the understanding in how the resulting powder characteristics are affected
by the ratio of virgin to recycled powder used presented in the previous sections,
it is important to study how this rejuvenated powder performs in the L-PBF
process. The following sections present the results of the powder recycling
process on a batch of rejuvenated powder which consists of 50% virgin powder
and 50% recycled powder, Sample E (50:50).

A total of 17 build cycles, resulting in an average use time (AUT) of greater than
300 hours on the rejuvenated powder batch was completed. The results show
a change in the powder characteristics and the resulting part properties with an
increase in use, indicated by the AUT. Each data point presented in the following
graphs represents a powder sample or manufactured part that was tested.

6.2.2.1 Powder Chemical Composition

As previously stated the chemical composition is a very important characteristic
to quantify for each powder sample. As a result of this the chemical composition
was the first characteristics to be quantified after each samples was collected. This
was to ensure that during the recycling process no inclusions or contaminants
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had been introduced into the powder batch. The primary elements of the
powder composition, Iron (Fe), Chromium (Cr), Nickel (Ni) and Molybdenum
(Mo) are shown in Figure 6.7. The weight percentage of these elements within
the powder batch remain consistent with the expected composition as per EOS
GmbH, 2014 throughout the 17 builds studied. These results confirmed that the
recycling process of the rejuvenated powder, in this study did not introduce any
contaminants into the powder batch. These may negatively affect the properties
of the manufactured samples (Averyanova, Bertrand, and Verquin, 2010).
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FIGURE 6.7: The effect of the AUT (powder rejuvenation) on the
powder chemical composition (a) Iron, (b) Chromium, (c) Nickel

and (d) Molybdenum.

6.2.2.2 Powder Phase Characterisation

The microstructure of the powder particles influences the microstrucure of the
as-build L-PBF parts (Averyanova, Bertrand, and Verquin, 2010). The effect of
the AUT on the phases present within the powder samples is shown in the XRD
analysis results in Figure 6.8. These samples had a corresponding AUT of 128.7,
180.5, 232.3 and 304 hours respectively. XRD results for a virgin powder sample
is also included as a baseline of the expected phases. The XRD results shows an
overlap between the virgin powder and rejuvenated powder samples, with the
peaks associated with an austenitic stainless-steel present. The peaks indicate a
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single-phase Face Centre Cubic (FCC) structure present for all samples. Austenite
is a γ phase, which contains a unit cell length of 3.595 Å (Armstrong). The phases
detected were located at 43.57◦, 50.75◦ and 74.61◦ and there was no change in the
location or width of these peaks presented in the graph. This confirms that as the
rejuvenated powder batch is recycled, there was no effect on the phases present
within the powder material. This indicates that the microstructure present
within the manufactured samples will remain consistent. The XRD analysis
confirms that the recycling and rejuvenation processes applied in this work did
not negatively impact the phase and crystallinity of the powder material as AUT
increases.
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FIGURE 6.8: Effect of powder rejuvenation and subsequent
recycling (average use time) on the microstructual phases of the

powder.

The results presented in Figure 6.8 are consistent with the results shown in
previously in Figure 5.3. This results highlights that both the recycling process,
presented in Chapter 5, and rejuvenation process, presented here, do not have an
negative effect on the phase composition of the powder.

6.2.2.3 Powder Particle Size

The effect of the powder recycling process, as denoted by an increase in the AUT
of the powder, on the mean powder particle size is presented in Figure 6.9. As
the rejuvenated powder use increases, there is a clear increase in the mean particle
size of the powder batch, this is consistent with the previous study presented in
Chapter 5. This change is due to the ease at which the smaller powder particles
are melted during the selective laser melting process. These smaller particles
tend to be drawn into the laser melting zone more readily, while larger particles
remain in the powder batch for future builds, resulting in an increase in the mean
particle size. This reduction in the quantity of smaller particles should result
in an increase in the flowability of the powder as the Van der Waals forces are
decreased.
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FIGURE 6.9: The effect of the AUT (powder rejuvenation) on the
mean powder particle size.

6.2.2.4 Powder Morphology

The effect of increasing the AUT for the rejuvenated powder on the morphology
of the powder particles is shown in Figure 6.10. The results show a deterioration
in the powder particle morphology with respect to the AUT as shown by a
decrease in the circularity of powder particles. This is as a result of the increase
in the number of agglomerated particles present within the batch due to the
increased powder use. Examples of these agglomerated particles can be seen
in Figure 6.11. As the rejuvenated powder was used repeatedly the larger and
smaller particles agglomerate forming these highly irregular shaped particles.
These particles have a low circularity value which results in the decreasing
circularity shown in Figure 6.10.

111



Chapter 6. Powder Rejuvenation

120 140 160 180 200 220 240 260 280 300

AUT (Hours)

0.56

0.57

0.58

0.59

0.6

0.61

0.62

0.63

0.64

0.65

P
ar

ti
cl

e 
M

o
rp

h
o

lo
g

y,
 C

ir
cu

la
ri

ty

FIGURE 6.10: The effect of the AUT on the circularity of the powder
particles.
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FIGURE 6.11: Examples of agglomerated and irregular shaped
powder particles found in the rejuvenated powder at different

stages of the study.
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6.2.2.5 Powder Density

As with the powder recycling study the apparent and tapped density of the
powder affects how the powder bed is produced. Figure 6.12 shows both the
apparent and tapped density of the powder increased as the build time, powder
recycling, increases. The increase in density is explained by the continued
reduction in the number of smaller particles present in powder batches as shown
in Figure 6.9. The apparent density is the density of the powder un-compacted
and the tapped density is the density of the of the compacted powder, both of
which provide an indication of how the powder bed is produced and how the
powder will behave in a flowing state.
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FIGURE 6.12: The effect of the AUT on both the (a) apparent density
and (b) tapped density of the powder.

6.2.2.6 Powder Skeletal Density

This increase in agglomerated particles leads to an increase in intra-particle
porosity, i.e. porosity which is internal to the powder particles. This can
contribute to a decrease in the final part density produced. Figure 6.13 shows
the skeletal density of the powder material; the skeletal density of the powder
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remained consistent across the duration of the rejuvenation study. This result
shows that the intra-particle porosity does not increase as the powder is reused,
despite the clear increase in the quantity of irregularly shaped and fractured
particles, as demonstrated in Figure 6.11. The consistent skeletal density across
the powder samples shows that despite the particles displaying a more irregular
shape there is still no porosity within the individual particles.
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FIGURE 6.13: The effect of the AUT on the skeletal density of the
powder.

6.2.2.7 Powder Flowability

Figure 6.14 shows the effect of the AUT on the Hausner ratio of the rejuvenated
powder. The Hausner Ratio is used to indicate the flowability of the powder.
This characteristic is affected by the particle size and shape. Therefore, it was
expected that there would be a change in the flow behaviour of the powder due to
a reduction in the powder particles circularity (see Figure 6.10) and an increase in
the mean particle size (see Figure 6.9). As expected Figure 6.14 shows a decrease
in the Hausner Ratio measured, therefore, the powders ability to flow increases as
the AUT increases. The increased flowability of the powder can result in negative
effects on the quality of the manufactured parts. Highly-flowable powders with
very minor resistance to flow (HR = 1) can result in poor powder layers being
deposited and, therefore, lead to a decrease in the density of the manufactured
parts (Zielinski et al., 2017). Some ability of the powder to resist flow is an
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important feature in the consistent deposition, and generation of a dense powder
layer within the L-PBF process. This will ensure consistent and repeatable laser
melting.
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FIGURE 6.14: The effect of the AUT on the flowability, as indicated
by the Hausner Ratio of the powder.

6.2.3 Effect of the use of rejuvenated powder on the part
properties

The properties of the parts produced by the L-PBF process are greatly influenced
by the characteristics of the feedstock powder material for each build. With an
understanding of how the powder characteristics change after multiple uses,
shown in the previous section, it is important to assess the potential effects on
the parts produced.

6.2.3.1 Dimensional Accuracy

The effect of the increasing average use time (AUT) on the dimensional accuracy
is shown in Figure 6.15. The results showed an increasing deviation from the
designed dimension over the increasing AUT of the rejuvenated powder batch.
This indicates that the recycled process of this powder batch had a negative effect
on the dimensional accuracy of the manufactured parts. The measured change in
the dimensions can be attributed to the increase in the mean particle size. Similar
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results were also found by Cooke and Slotwinski, 2012. This increase in the
deviation of the dimensions of the manufactured parts results in the requirement
for increased post-processing such as machining, to achieve the dimensional
accuracy that may be required in the final part.
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FIGURE 6.15: Effect of AUT of the rejuvenated powder batch on the
resulting dimensional accuracy of the as-built parts.

6.2.3.2 Surface Roughness

Figure 6.16 shows the measured surface roughness of the samples manufactured
as the powder batch was used, increasing AUT. This shows the increase in the
Ra value of the measured surfaces which in turn depicts a deterioration of the
surface finish of the samples, in the as manufactured state, as the rejuvenated
powder batch is used repeatedly. This increase in the surface roughness of L-PBF
manufactured parts is attributed to the increase in the mean particle size of the
powder batch. This relationship is explored in detail in a later section of this
chapter.
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FIGURE 6.16: Effect of AUT of the rejuvenated powder batch on the
resulting surface roughness of the as-built parts.

6.2.3.3 Hardness

The stated hardness of the 316L material is 89 HRB, as per the material data sheet
(EOS GmbH, 2014). Figure 6.17 shows the hardness of the samples manufactured.
The results show that the average hardness of the samples remained constant
at 89 HRB ±2 HRB as the rejuvenated powder use increases. This highlights
that, despite the changes in the powder characteristics shown in the previous
section, there was no observed effect on the part hardness. A negative change
in the measured part hardness would suggest that this powder rejuvenation and
subsequent recycling process has an effect on the mechanical properties of the
as-built parts.
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FIGURE 6.17: Effect of AUT of the rejuvenated powder batch on the
resulting part hardness of the as-built parts.

6.2.3.4 Part Density

The effect of AUT of the rejuvenated powder on the manufactured part density
is shown Figure 6.18. The part density decreased as the AUT of the rejuvenated
powder batch increases. This decrease in the density is caused by the increase
in the quantity and size of the pores observed in the micro-sections of the
manufactured samples. This decrease in density, shown in Figure 6.18, can also
be related to the changes observed in the mean particle size of the powder due
to the rejuvenation and recycling process. Larger particle sizes result in less
dense manufactured parts (Spierings, Herres, and Levy, 2011), with the presence
of smaller particles benefiting the resulting part density (Sukal, Palousek, and
Koutny, 2018). This relationship is explored in detail in a later section of this
chapter.
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FIGURE 6.18: Effect of AUT of the rejuvenated powder batch on the
resulting part density of the as-built parts.

6.2.3.5 Part Phase Characteristics

Figure 6.19 presents the optical microscopy (OM) images of the phase
characteristics of the manufactured parts as a result of the increasing AUT. These
OM images show the expected microstructures for L-PBF 316L in four as-built
parts in the Z direction. The melt pools formed in the laser processing of the
powder material, with clear melt pool boundaries visible between layers as well
as adjacent laser melt tracks can be seen in the OM images presented.
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(a)

(c) (d)
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FIGURE 6.19: OM Images (magnification x500) of the etched
microstructure to demonstrate the melt pools boundaries formed at
different AUTs (a) AUT = 128.7 hours, (b) AUT = 180.5 hours, (c)

AUT = 232.3 hours and (d) AUT = 304 hours

Further SEM imaging of the etched microstructures, shown in Figure 6.20,
highlight the single-phase microstructure present within the melt pool of the
samples. There is a presence of columnar grains within the melt pool with a
transition to cellular grains, shown closer to the melt pool boundaries in the heat
affected zone (HAZ). The samples all contain coarse columnar grains, which are
regarded as consisting of single-phase sub-grains. These columnar grains have
some crystallographic orientation within the melt pools as highlighted in Figure
6.21. Similar findings of these grain orientations were found for all analysed
samples.
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(a)

(c) (d)

(b)

FIGURE 6.20: Figure 27: SEM Images (magnification x1000) of the
etched microstructure at different AUT’s (a) AUT = 128.7 hours, (b)
AUT = 180.5 hours, (c) AUT = 232.3 hours and (d) AUT = 304 hours.

FIGURE 6.21: SEM Image (x4000) of the grain structure and
orientation of the coarse grains present within the microstructure.

The microstructural analysis conducted confirms that the increasing AUT of the
powder material does not have a significant effect on the microstructure of the
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manufactured samples. As shown by the XRD analysis in Figure 6.8, despite
the increasing AUT of the powder, the material maintains a single austenite
phase throughout the rejuvenation process and this remains constant in the
manufactured samples.

6.2.4 Influence of powder characteristics on the part properties

It is well understood that the characteristics of the raw powder material influence
the resulting manufactured part properties (Sutton et al., 2016a; Sartin et al.,
2017). As shown in the results section above and the previous chapter the changes
in the powder characteristics due to the average use time or the accumulated
build time effect the as built part properties. In order to understand the effects
of each of the powder characteristics on the part properties, Surface Roughness
and Part Density, a main effects plot was generated to study which of the
powder characteristics contribute the most to the changes observed in these part
properties, shown in Figure 6.16 and Figure 6.18. Main effects plots for all of
the powder characteristics against the Surface Roughness and part Density were
generated in order to screen the powder characteristics influencing the two part
properties. Table 6.5 shows the factors, powder characteristics, and responses,
part properties, used to generate the main effects shown in Figure 6.22.

TABLE 6.5: Main Effect Plots : Factors and Responses

Factors Responses
Mean Particle Size Surface Roughness
Powder Morphology Part Density
Powder Skeletal Density
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FIGURE 6.22: Main Effects plot between the powder characteristics
and part qualities as outlined in Table 6.5

As we can see from the above the mean particle size and morphology are the
dominant powder characteristics in contributing to the change in the surface
roughness and part density. As the mean particle size is the more accessible
characteristics of these two powder characteristics, in terms of the ease of
quantifying it, the relationships produced as a result of the interaction between
the mean particle size and part qualities are explored in the following sections.

6.2.4.1 Surface Roughness

The increase in surface roughness as depicted by Figure 6.16 can be correlated
with the increase in the mean particle size as the rejuvenated powder is used
repeatedly. This relationship is presented in Figure 6.23. There is a strong
correlation, R2 = 0.976, between the change in the mean particle size of the
powder and the resulting part surface roughness. The surface roughness of L-PBF
manufactured parts is influenced by large powder particles present in the powder
batch. These larger particles are melted to the surface of the parts resulting in this
increased surface roughness.

123



Chapter 6. Powder Rejuvenation

37 38 39 40 41 42 43 44

Mean Particle Size (microns)

15

15.5

16

16.5

17

17.5

18

18.5

19

19.5

20

S
u

rf
ac

e 
R

o
u

g
h

n
es

s 
R

a

Data
Fit
Confidence bounds

FIGURE 6.23: Relationship between the mean particle size of the
powder and the surface roughness of the part.

6.2.4.2 Part Density

The decrease in density, shown in Figure 6.18, can be related to the changes
observed in the powder characteristics due to the rejuvenation and recycling
process. There is a strong linear relationship, R2 = 0.963, between the increase
in the mean particle size and the decrease in the part density measured. This
relationship is shown in Figure 6.24 below. This increase in the particle size
affects the density of the powder bed that is deposited in the L-PBF process
and thus effecting the resulting part density. A larger mean particle size results
in a reduction in the quantity of smaller particles present in the powder batch.
These smaller particles, while having a negative effect on the flowability of
the powder, improve the packing of the powder material. Smaller particles
orientate themselves within the spaces and gaps between the larger size particles
producing a highly packed powder bed resulting in more dense manufactured
parts. The reduction of part density observed in Figure 6.18 can be attributed to
the increase in the mean particle size of the powder batch, shown in Figure 6.9.
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FIGURE 6.24: Relationship between the mean powder particle size
and the manufactured part density.

6.3 Conclusions

The data presented in this chapter illustrates the impact of a “top-up” powder
rejuvenation process applied to 316L stainless steel material in laser powder
bed fusion. An initial study to determine the effect of mixing recycled and
virgin powder material at different ratios led to a 50:50 powder mixing ratio.
This regime was implemented for a total of 17 builds accounting for over 300
build hours. The effects of average use time, AUT on the powder characteristics
and on the additively manufactured part characteristics were investigated. Key
conclusions from this chapter are as follows:

• The mixing ratio of recycled powder material to virgin powder material
determines the resulting powder batch properties, which are a function
of the characteristics of both the recycled and virgin powder batches. It
was found that as the proportion of virgin powder increased, the mean
particle size decreased, the morphology of the powder batch became more
circular and the flowability decreased. It was found that an ideal mixing
proportion increased the quantity of material available for manufacturing
while also restoring the powder characterises similar to the initial virgin
powder properties.
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• As the rejuvenated powder was used, the powder characteristics
deteriorated in terms of size and shape of the particles. Mean particle
size increased and the particles became less circular caused by an increased
quantity of agglomerates and fractured particles within the powder batch.
These were a result of the increased AUT. This resulted in improved powder
flowability with increased powder use in the AM process.

• The changes observed in the powder characteristics, due to powder reuse,
negatively influenced the manufactured part properties. This was observed
as a decrease in the dimensional accuracy of the manufactured parts, with
increased surface roughness and internal porosity. It was found that the
dominant powder characteristic contributing to these measured changes in
the surface roughness and the part density was the mean particle size.

• There was no significant change detected in the microstructure of the
powder material as the powder was re-used. This, in turn, did not affect
the microstructure of the as-built parts. As expected, γ FCC austenitic
phases were found in both the powder material and manufactured samples
at different stages of the recycling and rejuvenation process.

• The powder rejuvenation process is a viable solution to increase utilisation
of a powder material for laser powder bed fusion. While there are observed
changes in both the powder material as well as the manufactured part
properties, with knowledge of these changes a successful rejuvenation
process can be applied to increase raw material utilisation and reduce the
wastage of the un-melted powder material.
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7 Empirical Relation Development

Powder recycling and further rejuvenation has been shown in the previous
chapters to extend the usable life of a powder material within the L-PBF process.
These processes however, do impact the output part properties as shown. The
aim of this chapter is to build a series of empirical models that can be used
to predict the resulting part density and surface roughness from the input
powder properties. This chapter begins with an outline of context in which the
development of predictive models can be justified. It then applies the multiple
linear regression method outlined in Chapter 4, using average use time, mean
particle size, circularity and skeletal density. It then describes the development
of part density and surface roughness models and closes with an evaluation of the
developed models. The models enable the L-PBF user to input known powder
characteristics and to calculate an expected part density and surface roughness.

7.1 Background

Like many manufacturing processes, the L-PBF process is highly dependent on
a range of different input factors. This combination of varying input factors
and the characteristics of the L-PBF process itself affects the resulting output
properties. The input factors for the L-PBF process include but are not limited
to the following:

• Input powder properties such as composition, particle size, and powder
density.

• Laser processing parameters such as laser power, scan speed and spot size.

• Processing conditions such as inert processing gas, chamber temperature
and oxygen content

• CAD geometries such as overhang features, lattice structures and thin walls.

Varying any of the above factors can impact the resulting output from the L-PBF
process. These may include but are not limited to the following (Bian, Thompson,
and Shamsaei, 2015) :

• Mechanical properties

• Chemical composition

• Micro-structural properties

• Surface properties

127



Chapter 7. Empirical Relation Development

This research is an evaluation of the impact of recycled and rejuvenated metal
powders on the resulting part properties. Figure 7.1 conveys a simplified
Input-Process-Output diagram for the L-PBF process identifying some of the
potential input metal powder characteristics. The diagram combined with the
results presented in the previous chapters illustrates the relationships between
the various elements in the L-PBF process, and specifies some of the key input
and output properties. The knowledge of these interactions can be utilised to
develop prediction tools for the outcome of the L-PBF process.

Metal Powder L-PBF Metal AM Parts

Input Process Output Chemical Composition

Mechanical Properties 

Microstructure Properties

Surface Properties

Dimensional/Geometrical 

Density 

Chemical Composition

Average Use Time

Particle Size 

Particle Morphology 

Flow properties

Density  

FIGURE 7.1: Input-Process-Output diagram for the L-PBF process.

In this chapter, the development of two empirical relationships, is described
based on the data collected from in the powder recycling and rejuvenation
studies. These models take the characteristics of the input powder material and
enable the prediction of the resulting part density and surface roughness. These
models can be used as an indication into the expected part density and surface
roughness for a given powder batch.

7.2 Model Selection

The developed models are multiple linear regression models generated using
Minitab Statistical Software. This method is described in detail in Chapter 4.
The first step of the development of the empirical models was to assess the range
of variables that may influence the Part Density and Surface Roughness. This
was completed through the use of an exploration matrix plot. The dependant
properties were chosen as they were shown in Chapter 5 and Chapter 6 to have
had the strongest relationship with the evolving powder characteristics. The
exploration plot was used to determine the strengths of the relationships between
the part density and surface roughness and the powder characteristics. The
powder characteristics that were used in this study are as follows:

• Average Use Time (AUT) - A description of the amount of time the powder
has been used within the AM process. (See description of AUT in Chapter
4)

• Mean Particle Size (MPS) - The mean particle size present within the
powder batch.
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• Particle Circularity - The average circularity of the particles within the
powder batch.

• Skeletal Density - The density of a sample of powder consolidated to
represent the final part density, skeletal density can identify porosity within
powder particles which can translate to porosity in the as-built part.

Other powder characteristics that are presented in this thesis were omitted from
the model development process as they are characteristics that are derived from
the above powder characteristics. The strength of the relationship between the
dependent variable, part density and the independent variable was determined
by a series of scatter plots. These are seen in Figure 7.2 below the absolute
Pearsons correlation coefficient is also displayed on each of the graphs. This value
will indicate the strength of the relationship between the plotted variables. The
higher the Pearson correlation coefficient value, i.e. closer to 1, the stronger the
relationship is between the plotted variables.

Part Density 
(%)

Surface 
Roughness, Ra

(µm)

AUT 
(Hours)

Mean Particle   
Size (µm)

Circularity Skeletal 
Density (g/cc)

r = 0.975 r = 0.915 r = 0.5830 r = 0.045 

r = 0.756 r = 0.700 r = 0.8417 r = 0.530 

0 100 200 300 38 40 42 44 0.5 0.6 0.7 7.8 7.9 8.0

FIGURE 7.2: Matrix plot of powder characteristics and part
properties.

From the above matrix plot of the most influential powder characteristics for
each of the dependent variables of Part Density and Surface Roughness can be
identified and used to predict the as-built part properties. A summary of the
most influential powder characteristics for the built part properties are detailed
in Table 7.1 below.
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TABLE 7.1: Summary of Interactions

Part Property Powder Characteristics Correlation Coefficient
Part Density Average Use Time 0.975

Mean Particle Size 0.915
Surface Roughness Average Use Time 0.756

Mean Particle Size 0.700
Circularity 0.841

The aim of the matrix plot in Figure 7.2 was to eliminate those powder properties
that do not highly correlate with the as-built part properties. With that objective
in mind the impact of each of those identified powder characteristics in the
empirical model are investigated in the following sections. With the information
from the correlation coefficients as well as the matrix plot the multiple linear
regression models for part density and surface roughness can be developed and
verified.

7.2.1 Part Density Model

This section presents, evaluates and confirms the accuracy of an empirical model
that can be used to provide an indication as to the expected part density from
a given batch of powder. The model is based on the results that are presented
in Table 7.1. The AUT of the powder batch and the mean particle size (MPS) of
the powder correlated strongly with the Part Density. The model was generated
using Minitab multiple linear regression (MLR) model function to provide the
following equation.

PartDensity = β0 − β1AUT − β2MPS (7.1)

Where the y- intercept term β0 = 100.466, and the slope coefficients for
the variables AUT, β1, and Mean Particle Size, β2, are 0.000526 and 0.01276
respectively. The resulting model is as follows:

PartDensity = 100.466 − 0.000526AUT − 0.01276MPS (7.2)

In order to assess if the inferences that were drawn from Figure 7.2 and Table 7.1
are correct the variables need to be assessed in terms of the significance to the
model. These statistics are shown in Table 7.2. The coefficient of determination
(R-Squared) is a metric that is also used to explain the variation of in the
independent variables (Powder Characteristics). The higher the R-squared value
for the model the more of the change in part density can be explained by the
model. The p-value was the test statistic, used to assess if the inclusion of the
powder characteristics in the model are statistically significant. In order for the
inclusion to be considered statistically significant the p-value for the powder
characteristics is required to be less than 0.05. The final metric that was used to
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confirm the significance of the developed model is to assess the Variance Inflation
Factor (VIF). This is a measure of the multicollinearity of the variables in the
model (See Chapter 4 for more detail). A high, greater than four, VIF value would
indicate that the variables are highly collinear, meaning that the model inputs are
interacting with one another.

TABLE 7.2: Part Density Model Summary Statistics

Source R-Squared P-Value VIF
Model 98.79% 0.00 -
AUT 0.00 2.6
Mean Particle Size 0.00 2.6

From the statistics that are displayed in Table 7.2 the significance of the model can
be determined. The R-Squared for the model is high, highlighting that the model
is significant and that the observed variation in the part density can be explained
by the model developed. The p-values also show that the inclusion of the AUT
and Mean Particle size in the model is statistically significant as the p-value is
below 0.05. Finally the VIF is used to ensure that the powder characteristics do
not exhibit multicollinearity. This would be shown in a VIF value of greater than
4.

The assumptions for a MLR model must be met by each model. These
assumptions are described in detail in Chapter 4, and can be summarised as
follows:

• Plot of the residual values vs. the fitted values for the model is normally
distributed around a mean of 0.

• The residuals are normally distributed.

• Plots of the residuals against the inputs display no significant trend.

• Plots of the residuals and the powder characteristics omitted in the
exploratory stage.

These plots are displayed in Figure 7.3 below which enable the model to be
verified using the above assumptions. The data presented in the graphs in Figure
7.3 can be used to assess the assumptions for a MLR model. Figure 7.3 (a) shows
the residual errors from the model plotted against the models fitted values. The
assumption with this test is that plot displays no significant trend and that the
data has a mean of approximately 0 (actual mean = 0.0006). The plot confirms
that this is the case for the model developed.

Figure 7.3 (b) is a histogram plot of the models residuals. This plot confirms
the assumption that a histogram of the residuals will be normally distributed, as
shown by the approximate bell shape to the plot shown.

The next assumption that was tested is that the residuals from the model do not
display any specific trend with the input variables to the model. It is clear from

131



Chapter 7. Empirical Relation Development

Figure 7.3 (c) and (d) that there is no significant or clear trend when the residuals
are plotted against the input variables.

The final assumption that needs to be tested for the MLR model is the assumption
that there are no clear trends with the residuals and the variables that were
omitted in the initial exploration stage. These plots are shown in Figure 7.3
(e) and (f) and it is clear that there is no trend displayed in the data. With the
graphs displayed in Figure 7.3 confirm that the developed MLR model meets the
assumptions required for a MLR model.

132



Chapter 7. Empirical Relation Development

Em
pi

ric
al

 M
od

el
 R

es
id

ua
ls

Empirical Model Fitted Values 
Part Density (%)

(a)

Average Use Time AUT (hours)
(c)

Em
pi

ric
al

 M
od

el
 R

es
id

ua
ls

Mean Particle Size (µm)
(d)

Em
pi

ric
al

 M
od

el
 R

es
id

ua
ls

Powder Circularity
(e)

Em
pi

ric
al

 M
od

el
 R

es
id

ua
ls

Skeletal Density (g/cc)
(f)

Em
pi

ric
al

 M
od

el
 R

es
id

ua
ls

Empirical Model Residuals
(b)

FIGURE 7.3: Part Density Multiple Linear Regression Assumption
Tests.

With the assumptions of MLR models met by the developed model, Equation 7.2,
the predicted values can be plotted against the observed part density. Figure
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7.4 presents the fitted values which are calculated from Equation 7.2 and the
observed data from the powder recycling and rejuvenation study.
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FIGURE 7.4: Part Density Model Fitted values and Observed Values.

It is evident from Figure 7.4 above that the fitted values that are calculated by
the developed model shown in Equation 7.2 is capable of predicting the resulting
part density by utilising the powder characteristics identified in Table 7.2. The
developed model predicts the part density of the as built parts within an accuracy
of ± 0.015 % of the observed part density.

7.2.2 Surface Roughness Model

This section presents an empirical model that can be used to provide an
indications as to the expected surface roughness from a given batch of powder.
The model is based on the results that are presented in Table 7.1 which show
that both the AUT of the powder batch, the mean particle size (MPS) of the
powder and the particle circularity correlated highly with the measured surface
roughness.

Sur f aceRoughness = β0 − β1AUT − β2Circularity + β3MPS (7.3)

Where the y- intercept term β0 = −7.02, and the slope coefficients for the
variables AUT, β1, Mean Particle Size, β2, and Particle Circularity, β3, are 0.01274,
12.31 and 0.8537 respectively. The resulting model is as follows:
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Sur f aceRoughness = −7.02 − 0.01274AUT − 12.31Circularity + 0.8537MPS
(7.4)

The inferences that are drawn from Figure 7.2 and Table 7.1 provide the
characteristics that are included in Equation 7.4. The models statistical summary
is displayed in 7.3, which is used to assess if the inclusion of the selected powder
characteristics contribution to the developed model is statistically significant. As
previously outlined for a powder characteristic to be statistically significant in the
model the p-value is required to be less than 0.05, the coefficient of determination
(R-Squared) should be high and there should be minimal multicollinearity in the
variables in the model as shown by a low Variance Inflation Factor (VIF). The
model statistics are shown in 7.3 below.

TABLE 7.3: Surface Roughness Model Summary Statistics

Source R-Squared P-Value VIF
Model 93.64% 0.00 0
AUT 0.00 2.61
Circularity 0.00 1.58
Mean Particle Size 0.00 3.08

The statistics presented in Table 7.3 can confirm the significance in the developed
model, this is shown with the high R-Squared value of 93.64%. This means that
93.64% of the variation in the measured surface roughness can be explained by
the developed model. The variables used within the model then need to be tested.
The p-value and VIF value are used to assess this. For the powder characteristics
used in this model, the AUT, Circularity and Mean Particle Size, the p-value was
below 0.05 indicate that their inclusion in the developed model is statistically
significant. The final test was to confirm that there is no multicollinearity between
the variables. All VIF values for the powder characteristics included in the model
are less than 4, confirming the initial assumption that there is no multicollinearity
between the model’s variables.

The next stage was to assess if the assumptions made in developing a MLR model
are being met. These assumptions test are displayed in Figure 7.5 below allowing
the model to be verified against the assumptions for MLR.
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FIGURE 7.5: Surface Roughness Multiple Linear Regression
Assumption Tests.

The data presented in Figure 7.5 in summary confirm that the developed model
displayed in Equation 7.4. Figure 7.5 (a) displays that there was no trend between
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the residual errors from the model and the fitted values, the mean of the residuals
is approximately 0 (actual mean = 0.03128). Figure 7.5 (b) shows that residuals
generated by the model are normally distributed confirmed by the approximate
bell shaped curve generated in the histogram. Figure 7.5 (c), (d) and (e) show that
there was no obvious trend between the models residuals and the input variables
for the model.

Finally, Figure 7.5 (f) also show that there was no clear trend generated when the
residuals from the model are plotted against the powder characteristic omitted
from the model in the initial matrix plot and correlation study shown in Figure
7.2. With the assumptions of a MLR model met by the developed model the fitted
surface roughness values from the model can be plotted against the observed
surface roughness. The fitted values and observed surface roughness values are
plotted in Figure 7.6.
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FIGURE 7.6: Surface Roughness model Fitted Values and Observed
Values.

From Figure 7.6 above it is evident that the fitted values that are calculated by
the developed model shown in Equation 7.4 is capable of predicting the resulting
surface roughness by utilising the powder characteristics identified in Table 7.2.
The developed model predicts the part density of the as-built parts within an
accuracy of 0.5 µm Ra of the observed surface roughness.
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7.3 Discussion

The models presented in this chapter allow for the Part Density and Surface
Roughness of metal AM parts to be predicted based on the characteristics of
recycled powder. To summarise, the models that have been developed are as
follows:

PartDensity = 100.466 − 0.000526AUT − 0.01276MPS (7.2)

Sur f aceRoughness = −7.02 − 0.01274AUT − 12.31Circularity + 0.8537MPS
(7.4)

This chapter proposes two empirical multiple linear regression models for
the prediction of the part density and surface roughness of manufactured
components from the L-PBF process. The models predict the expected outcome
for a 316L powder on an EOS M280 machine as the powder ages throughout
the powder recycling process. The models utilise input powder characteristics
including AUT, circularity and mean particle size, which can be determined prior
to printing, to predict the manufactured part properties. A summary of the main
findings are as follows:

• The initial exploration plot, Figure 7.2, with accompanying Pearson
correlation coefficients confirmed that the mean particle size and AUT
produced the strongest correlation with the observed part density. The
resulting model was developed with these two input variables which met
all of the requirements for an MLR model. The model shown in Equation 7.2
is capable of predicting 98.79% of the changes observed in the part density,
and to within 0.02% of the observed density values.

• For the surface roughness model, Figure 7.2 illustrated that the powder
AUT, mean particle size and circularity had the strongest linear
relationships with the observed surface roughness of the L-PBF parts. The
developed surface roughness model met all the requirements for an MLR
model, resulting in a model that can predict 93.64% of the changes observed
in the surface roughness, and to within 0.5 µm of the observed surface
roughness.

These developed empirical models will enable L-PBF operators to characterise
the powder material prior to a build and use these quantified characteristics to
estimate the expected manufactured part properties, namely part density and
surface roughness. Further work will investigate developing similar models
to enable the prediction of other output properties, such as mechanical and
dimensional properties. This can enable a shift towards zero-defect L-PBF
manufacturing.
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8 In-situ Process Monitoring

Having previously evaluated the powder recycling and rejuvenation processes,
and empirically modelled the relationships between the powder characteristics
and the resultant part properties, the next step is to apply these relationships
to the L-PBF process. This was achieved by the development of an in-situ
monitoring system that can identify defects in the powder layering process.
This chapter presents the development, installation and testing of a standalone
in-situ monitoring system with accompanied image analysis capabilities. The
system allows for the real time standalone monitoring of the L-PBF process. The
monitoring system will identify a range of defects and alert the machine operator
as and when they occur. Allowing, the operator to make a judgement as to
the corrective action required to minimise the effect of defects in a L-PBF build.
The defects of interest all occur within the powder layering process. A series of
studies are presented which show the operation of the monitoring system and its
capability in identifying the desired defects.

8.1 Summary of Defects of Interest

As described earlier in Section 3.5 there are four defects of interest for this defect
detection system. These all occur with the powder deposition phase of the L-PBF
process and can be summarised as the following:

• Re-coater Hopping: A powder distribution defect as a result of vibration in
the re-coater arm leading to ripples in the powder bed.

• Re-coater Streaking: A defect resulting typically from damage to the
re-coater blade causing ridges in the powder distribution.

• Super Elevation: A defect resulting from a part protruding above the active
build height.

• Incomplete Spreading: A defect resulting in insufficient powder being
deposited across the build platform.

8.2 System Aims

With the constraints discussed previously in Section 4.6 in mind the aims of the
in-situ defect detection system can be summarised to the following:

1. Suitable to operate in the build chamber environment of the EOS M280 with
an elevated temperature, low humidity and inert atmosphere.
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2. To operate in a standalone manner from the normal operation of the EOS
M280.

3. Be capable of identifying the defects of interest, particularly those
mentioned in Section 8.1.

4. Operate in parallel with the build process, to allow an operator to be
notified of the occurrence of any defect.

8.3 Operational Workflow

The installed camera system captures two images per layer of a build. Figure 8.1
(a) shows the first captured image which is of the newly deposited powder layer.
Figure 8.1 (b) shows the second image captured per layer which is an image of
the build platform after laser exposure.

(a) After Powder Deposition (b) After Laser Exposure

FIGURE 8.1: Images captured by the installed monitoring system (a)
after powder deposition and (b) after laser exposure.

As previously discussed the location of the installed trigger sensors utilise the
position of the re-coater arm to capture these images. The captured images are
then saved to an external hard drive which is connected to the camera controller
unit. The controller unit labels these images by date, time and image number.
This can allow for post build validation of the images. The stored images are then
passed to the developed line segment detection tool, discussed in the following
section, which runs in R Statistical Software (R Development Team, 2019). This
tool then conducts the line segment detection and plots the results. An additional
anomaly detection tool is used to observe the detected line segments and alert the
operator when an anomalous number of line segments is detected. These tools
are explained in detail in the following section.

The captured images are passed through a developed image analysis code. This
code has the capability of reading in the captured images from the camera and
performing the required analysis. The main tools and description of how the code
operates is discussed further in this section of the chapter. In order to achieve the
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desired output from the monitoring system the developed code will be capable
of the following:

1. Read images from camera controller.

2. Perform required image manipulation to prepare images for line segment
detection.

3. Complete image analysis - Line segment detection (LSD).

4. Store and track results from the line segment detection to identify when
defects have occurred.

8.3.1 Code Description

The high level description of the operation of the image analysis code is displayed
in the flowchart in Figure 8.2. The descriptions shows the flow and operation of
the developed code.

Determine Build Parameters
Number of Layers, n
Image Start Number 

Analysis Setup

Establish Working Directory

Establish Image Directory

Read Images

Define Output Results file name

Convert to format accepted by LSD tool

Detect LSD in images
Store LSD count  
Plot LSD counts 
Save output LSD files

while image number < n 

If image number = n, End Program 

Program Start

FIGURE 8.2: Pseudo code description of the defect detection code
operation and flow.

A simplified version of the pseudo code description of the image analysis code
is shown in Figure 8.3, this provides a high level description of the code and its
functions. In order for the code to carry out the required image analysis a series
of image analysis packages within R Statistical Software (R Development Team,
2019) are used. These libraries are discussed in the following paragraphs with the
aim to provide an in-depth understanding of the inner workings of the developed
code.
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FIGURE 8.3: Flow chart of image defect detection code operating
process.

pixmap

As discussed early in this chapter the output image file format of the installed
system is a bitmap, .bmp, format. The pixmap library allows R statistical
software to import and read bitmapped images. The pixmap functions allow
for the developed code to read and import the capture images from their storage
directory to the analysis code. Thus, allowing for the image analysis tools to be
applied.

Magick

Magick is an open source library with the standard R statistical software package.
This library allows for common image manipulation tasks to be completed on a
batch or series of images. The library supports a series of image file formats and
manipulation tasks, such as image cropping, scaling as well as allowing filters to
be applied to images. This will prepare the images for the line segment detection
process which is discussed next.

image.LineSegmentDetector

The image.LineSegmentDetector library is a machine learning technique that
utilises the method of Line Segment Detection (LSD) (Gioi et al., 2012). LSD is a
method which detects locally straight contours in images. These line segments
are areas within an image where the grey level between adjacent pixels is
changing fast from light to dark or vice versa. This change in grey value is used
to detect the edges or contours of different regions in an image. An example of
the detected line segments is shown in Figure 8.4. The red lines displayed are the
segments detected, these segments sit along the outer edges of the parts being
built where there is a high contrast between the melted layer and surrounding
powder bed. This change in contrast identifies the edges of the parts built.
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FIGURE 8.4: Line segment detection tool, shown in red, applied to a
captured image.

The LSD library is used within the code to detect the number of line segments
present within a captured image. As previously described the camera system
captures two images per build layer, the first captures the powder deposition
and the second captures the result of the laser exposure. Isolating the images that
are captured of the new powder layer and applying the LSD tool. Any changes
in the number of detected line segments may be the result of an defect present in
newly deposited powder layer.

ggplot

To allow for the plotting of the counted line segments the ggplot library is used
within the R Statistical software. The library allows for the control and plotting
of gathered data, in this case the number of line segments detected. The library
allows for a live plot of the detected segments during a build to be output. This
plot of the detected line segments can be monitored allowing an operator to
identify any sudden changes and make the required adjustments to the build
to prevent a defect developing.

8.4 Examples of Defect Detections

A number of test builds were completed in order to demonstrate the installed
system and developed code capability to detect the occurrence of the defects
described previously in Chapter 3.5.
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8.4.1 Short Feeding

As previously mentioned incomplete spreading or short feeding is a common
defect that can occur in a L-PBF build. Short feeding is a lack of powder
deposition on the parts being produced resulting in the multiple laser exposures
to a part. In this study, multiple builds consisting of two sets of four 10mm2 cubes
were manufactured. The parts were positioned on the build plate in the locations
as shown in Figure 8.5. The images of the two sets (Set 1 and Set 2 in Figure 8.5)
of cubes were then cropped as shown in Figure 8.5, before being analysed using
the line segment detection and anomaly detection scripts.

Acquired Image with cropping 
regions marked in red

Set 2 Set 1

Set 2

Set 1

FIGURE 8.5: Cropping Regions for Set 1 and Set 2 of parts.

Set 1 is the control set of samples which are built without any deliberate defects.
Set 2 is deliberately subjected to some short-feeding of powder during the build
between the build height of 4.5 mm and 6.5 mm. The short feeding was induced
by reducing the volume of powder that is fed to the re-coater blade before a new
layer of powder is deposited. This resulted in a region on the cubes in Set 2 with
a shortage of powder deposited. This lack of deposited powder results in the
re-melting of previous layers causing voids and delamination in the part. The
damage to the final part due to the short-feeding is presented in Figure 8.6. This
type of damage can have a detrimental effect on a part, if not detected within two
or three layers of the start of the short-feeding.
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FIGURE 8.6: Set 2 parts - with damage due to short-feeding
highlighted.

The short-feeding was applied by reducing the amount of powder that is
deposited on the build plate. This is controlled by the re-coating percentage,
which can be explained as a percentage of the volume of the build area. Typical
re-coating parameters, 1.2 times the layer thickness multiplied by the area of
build platform, was used for the study. This ensures that the entire build plate
is covered by the new powder layer. The short-feeding of powder was created
through the reduction of the re-coating parameters to 80%, for layers between the
heights of 5 mm and 6 mm. This created an area on Set 2 of the cubes which
received a reduced amount of powder during the re-coating stage.

For example, images that capture unusual lines or patches of powder can be
seen on the build plate. Figure 8.7 (a) shows a typical image where a consistent
layer of powder was deposited correctly on Set 2 parts prior to the introduction
of short-feeding. Figure 8.7 (b) shows an example of where short-feeding has
occurred on these parts. This can be seen as an area on the part where there is no
deposited powder, which exposes the previously melted layer. Typically, two to
three problem layers can cause a defect in the built part.
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FIGURE 8.7: In-situ camera images showing (a) an example of
correct powder distribution on the cubes in Set 2 after re-coating
and (b) an example of short-feeding resulting in insufficient powder

being deposited on the cubes in Set 2.

The line segment detection tool has been used to identify this issue of short
feeding, shown in Figure 8.8. When the short feeding of powder begins, the
area with a lack of powder will show an increase in the number of line segments
detected. This is indicated by a spike in the plot of the number of line segments
per image, as shown in Figure 8.8. The anomaly detection tool is then used to
track any deviation in the quantity of line segments detected and then inform the
machine operator of the increase in the line segments detected.

FIGURE 8.8: Line segment detection tool output with corresponding
Set 2 build images.
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In Figure 8.8 it is clear from the number of line segments detected where a defect
has begun to develop. The spike in the graph occurs 5.4 mm (Image ID 2041)
into the build process. The deliberate short feeding of powder has reduced
the quantity of powder deposited on the build plate, leaving an area on the
parts without new powder. This exposes the previously melted layer which
is then re-melted by the laser. This issue of short feeding can be rectified by
operator intervention, if noticed in time. The operator can, once the defect has
been identified, increase the quantity of powder fed to the re-coater blade. This
intervention was applied in the study after 6.0 mm (Image ID 2101) of the build
by increasing the amount of powder fed to the re-coater blade. This is shown in
Figure 8.8 by a decrease in the line segments detected as the powder deposition
recovers (Image ID 2130).

8.4.2 Re-coater Streaking

As previously discussed the re-coater streaking defect is a result of a damaged
re-coater blade. The defect results in an uneven distribution of the new powder
layer. Causing regions of ridges in the powder bed, the regions of damage to the
re-coater blade is where these ridges occur. A example of the result of this defect
to the powder bed is shown in Figure 8.9.

Build 
Direction

Approximate 
start location 

of defect

Result of 
streaking 

defect

FIGURE 8.9: Image of damaged part due to the onset of re-coater
streaking.

This uneven distribution of powder leads to areas on the build plate with
varying powder layer thickness, which effects the quality of the manufactured
part. Figure 8.9 shows the effect of the re-coater streaking defect on the parts
manufactured. It is clear from the image the defect is present on the top surface
of the part. Figure 8.10 shows the captured images in the early layers of the
development of the defect. The highlighted regions show the effect of the
re-coater streaking leading to the damage shown in Figure 8.9.
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Build Height = 10.40 mm Build Height = 16.58 mm Build Height = 18.45mm Build Height = 20.24 mm Build Height = 22.38 mm

FIGURE 8.10: Development of the defect in images due to re-coater
streaking.

Non-destructive testing (NDT), such as x-ray micro-computed tomography
(XMT) can be used here identify the internal damage to the sample as a result
of the observed defect. The XMT analysis can also be used to verify the location
of the defect and determine its starting height. This can be cross referenced with
the output LSD plot from the defect detection code.

7.78mm from 
the top of the 

part.

FIGURE 8.11: X-ray µCT Image of the re-coater streaking defect,
indicated the internal porosity resultant from this defect.

The corresponding LSD plot is shown in Figure 8.12. This shows that a peak in the
number of line segments presented in the images captured during the build was
detected around image number 1240. This would correspond to approximately
24.8 mm into the build, based on 2 images per layer at a 40 µm layer height. The
XMT analysis also shows the impact of this defect on the integrity of the internal
material of the part. This is shown in Figure 8.11 where internal porosity and
voids can be seen as a result of the re-coater streaking defect occurring.
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FIGURE 8.12: LSD Plot of build where the Re-coater Streaking defect
has been detected.

The results presented here demonstrate the capacity of the developed and
installed defect detection system to identify the defect of re-coater streaking and
the effects that defect has on the as-built part. The CT analysis was also capable of
identifying the internal defects present within the part as a result of the re-coater
streaking. These internal defect affect the mechanical properties of the as-built
part. The ability to detect this defect in the early layers of its occurrence will
allow the operator to take the necessary action in the build settings to minimise
the impact the defect will have.

8.4.3 Elevated Edges

Elevated edges are a defect in which the rapid heating and cooling rate in the
L-PBF process causes the unconstrained edges of components to warp or deflect.
This results in theses edges being visible after the new powder layer is added.
This can result in areas of the part being exposed to the laser without a powder
layer present. This can result in over melting and in some extreme cases lead
to damage to the re-coater blade which can contribute to the aforementioned
re-coater streaking. The ability to detect when this defect occurs can assist in
the management of this defect through parameter optimisation particularity for
the laser scanning settings. An example of how this defect may look in the L-PBF
process is shown in Figure 8.13. This figure shows the newly deposited powder
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layer, as the images progress, the elevated edges of the component can clearly be
identified.

Build Height = 12.24 mm Build Height = 16.58 mm Build Height = 19.56 mm Build Height = 23.24 mm Build Height = 26.38 mm

FIGURE 8.13: Captured Images of the elevated edges defect
developing.

The LSD tool can be used to identify this defect in the same manner as it was
deployed to detect the lack of powder deposition defect. The LSD tool identifies a
change in the intensity value of the adjacent pixels due to the exposed metal edges
protruding through the powder layer. A LSD plot of the development of this
defect is shown in Figure 8.14. Accompanying images identify the development
of the defect with their associated image number for reference. As these edges are
now elevated, powder is not deposited resulting in the exposure of the previously
melted layer.
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FIGURE 8.14: LSD Plot of build where the elevated edges defect has
been detected.

Once again the results presented demonstrate the capability of the installed
imaging system and accompanying defect detection code in detecting the
occurrence of elevated edges. The ability to detect elevated edges can enable
to operator to make the necessary adjustments in the scanning parameters to

150



Chapter 8. In-situ Process Monitoring

minimise their effect on the remainder of the build. Figure 8.15 shows an example
of the outcome of a build in which elevated edges resulted in the overall failure
of the build.

FIGURE 8.15: Damage to cross section of a Turbine component as a
result of elevated edges. Elevated edge is highlighted in the red.

8.5 Conclusions

This chapter describes the development and application of a standalone in-situ
monitoring and image analysis system applied to a L-PBF system. The system
has been installed within an EOS M280 L-PBF machine and has proven to
be successful in the identification of the four defects described in Section 8.1.
The system identifies defects within the powder deposition stage of the L-PBF
process. Many of the flaws and defects presented within the L-PBF process can
be directly related to the interactions between the re-coater blade and the powder
bed (Scime and Beuth, 2018), hence, the importance for monitoring this stage of
the process.

The use of in-situ monitoring can assist L-PBF to reduce the manufacturing
costs associated with the occurrence of defects in the L-PBF. The identification
of defects as early as possible in the L-PBF process can allow for effective repair
strategies to be applied. This may reduce the impact of the identified defect.
The presented system and methodology can be used as a tool in the shift of
the L-PBF process towards a zero-defect manufacturing process (Colosimo and
Grasso, 2020).
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9 Conclusion

Metal additive manufacturing opens new possibilities for a range of industrial
sectors, especially those operating within the low volume, high value
manufacturing space. Before these benefits can be applied, however, a deeper
understanding of the L-PBF process as a whole is required. While there are
many areas of research within the L-PBF process, this thesis focuses on the
process of recycling powder material as well as the development of a standalone
monitoring process to identify defects within the L-PBF process. This chapter will
summarise the work completed, the implications it may have in the research area
and providing some areas for future work.

9.1 Summary of Findings

In Chapter 1 some background to the research area was established. The funding
agency IMR and research centre SEAM were introduced as well as their link and
interest in the proposed research. This enabled the research questions and aims
to be detailed. The subsequent chapters lend themselves to working towards
achieving these research aims through a series of studies. A list of the relevant
publications and dissemination opportunities as a result of this work are also
presented.

In Chapter 2, the metal AM processes were introduced alongside some current
examples of the technology at work. These applications are from within the
high value, low volume industries such as; medical device, aerospace and
dental. These industries require, due to regulations, stringent control over their
manufacturing process in order to ensure defects are minimised. This involves
having a greater understanding and knowledge of the entire process and the
materials used. As with traditional manufacturing processes the process, its
inputs and outputs are monitored. This is to ensure they remain within the
acceptable standards for that product or industry. In order for metal AM to reach
the same level of maturity these relationships need to be fully investigated.

In Chapter 3 the current state of the art is presented, focusing on the additive
manufacturing powders, their characteristics and the implications these have
on the output of the L-PBF process. It was found that the feedstock material
characteristics greatly impact the output from the L-PBF process. Research to
date has been focused on the characteristics of virgin powder material with little
research investigating the effects of reusing powder material. Powder recycling
can be used to to increase yield of the costly powder. The research completed
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around the powder recycling process has shown the impact of the powder
material on the parts produced by the L-PBF process.

The ability to monitor the AM process and identify the occurrence and severity of
defects can lead to increased adoption of the AM process. Four common defects
occurring in the powder deposition phase, are defined and presented. Methods to
monitor these forms of defects often take a static monitoring approach, observing
snapshots of the process. Many of the presented monitoring solutions require
the system to be integrated into the operation of the L-PBF machine limiting its
applicability to older equipment. A standalone monitoring approach that can
be integrated into the process with minimal interference to the operation of the
L-PBF process is desirable.

In Chapter 4, the material for this project, a 316L stainless steel powder,
was introduced as well as the methodologies that are applied throughout
the subsequent chapters. This included the series of powder characterisation
techniques used as well as the methods used to determine the quality of the
parts manufactured. The relevant statistical methods required to present and
investigate this data was also discussed in detail. Methods for the standalone
in-situ monitoring of the L-PBF process was also presented detailing the
considerations for the developed system as well as the required equipment.
The installation of the system is presented with the locations of the required
equipment within the L-PBF machine highlighted. The aim of this chapter was to
detail the tools required to complete the studies presented in Chapter 5, Chapter
6, Chapter 7 and Chapter 8.

In Chapter 5 the design and implementation of an investigation into the powder
recycling process was presented in order to provide a deeper understanding
of its impact on the powder itself and the parts that are produced. A single
powder batch was repeatedly used through a total of 12 build cycles culminating
in a total of 112.5 build hours. The build hours were determined using a
method presented by Denti et al., 2019, namely Average Use Time (AUT). Both
the powder characteristics and the resulting part properties were tracked and
evaluated throughout the 12 build cycles, and the following results were found:

• For the duration of the powder recycling study there was no observed
change in the powder chemical composition.

• The mean particle size increased as the powder recycling process continued.
This was due to the ease at which the smaller particles are being used within
the process. Due to their smaller size they are able to fill voids and gaps in
previously melted layers as well as being pulled into the melt pool during
the melting process.

• The shape of the particles deteriorated over the powder recycling process.
As the powder recycling process continued particles exhibit a more
fractured morphology. This was monitored through the use of a shape
descriptor know as Circularity. As powder recycling increased this
circularity value decreased.
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• The flowability of the powder batch improved despite the decrease in
circularity of the powder particles. This can be attributed to the reduction
in the quantity of smaller particles present in the powder batch, smaller
particles can resist the flow of the material.

As a result of these changes in the powder characteristics the resulting part
properties are affected.

• The analysis of the part dimensions showed that the maximum difference in
the part dimensions from the specifications increased as the powder is used.
This change in the part property is highly related to the increased particle
size resulting in larger particles adhering to the surface of L-PBF parts.

• The hardness of the manufactured samples remained within a standard
deviation of the expected 89 HRB for 316L Stainless Steel. This provides
a good indication for other mechanical properties, such as tensile strength
or fatigue, remaining within their expected values despite the changing raw
material.

• Part density is a property that is closely observed by L-PBF users. Most
industrial users require a high part density in order to meet specification. A
reduction in the part density as the AUT on the recycled powder increased
was observed. One of the influential factors here is the reduction in smaller
particles which can be used to fill voids in the powder layer increasing the
density of the deposited powder.

• The surface roughness increased significantly as the powder properties
change in the recycling process. This can be attributed to a combination
of the increasing proportion of larger particles present in the powder batch
as well as the deterioration of the particle morphology.

• There was no significant change detected in the phase characteristics of the
powder material as the powder was re-used. This, in turn, did not affect the
micro-structure of the as-built parts. As expected, FCC austenitic phases
were found in both the powder material and manufactured samples.

The powder was recycled until the quantity remaining was insufficient for further
samples to be manufactured and characterised.

The work completed in Chapter 6 builds on the powder recycling aspect with
a process described as powder rejuvenation. This process enables a batch of
powder for the L-PBF process to be utilised further through either:

• topping up the powder to maintain a constant quantity, or,

• through the addition of virgin powder once the quantity of powder has
reached an unusable level

An initial study with the aim of identifying which ratio of recycled powder to
virgin powder found that a mix of 50% virgin powder and 50% recycled powder
restored the properties of the powder batch to an acceptable standard. The
study concluded that the mixing ratio was highly influential on the bulk powder
characteristics of the batch. It was found that as the ratio of virgin powder
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increased, the mean particles size decreased, the morphology of the powder batch
became more circular and the flowability decreased.

Once the most acceptable powder ratio was determined in the initial study the
rejuvenated powder batch was then used within the L-PBF process in a similar
manner to the work presented in Chapter 5. The powder characteristics and part
qualities were characterised through a series of 17 builds culminating in a total
AUT of 300 hours. Similar to the findings in the recycling study, it was found
that the powder characteristics changed as the rejuvenated powder was recycled.
These changes can be summarised as:

• As the rejuvenated powder was used in the L-PBF process, the powder
properties deteriorated in terms of size and shape. The mean particle
size increased and particles became less circular. This was caused by
increased agglomerates and fractured particles within the powder batch.
This resulted in improved powder flowability.

These changes in the powder properties heavily influenced the part qualities with
the following qualities that were measured showing deterioration:

• The changes in powder characteristics due to powder reuse negatively
influenced the manufactured part properties. This was observed as a
decrease in the dimensional accuracy of the manufactured parts, with
increased surface roughness and porosity. It was found that the dominant
powder characteristic contributing to the change in the surface roughness
and the part density was the mean particle size.

• There was no significant change detected in the micro-structure of the
powder material as the powder was re-used. This, in turn, did not affect the
micro-structure of the as-built parts. As expected, FCC austenitic phases
were found in both the powder material and manufactured samples at
different stages of the recycling and rejuvenation process.

The work completed in Chapter 5 and Chapter 6 provided an insight into how
the L-PBF process affects the powder characteristics as well as the manufactured
part properties after being exposed to the a powder recycling and rejuvenation
process. Both of which enable the usability of the costly powder material to be
extended. The results also provide an understanding for the relationship between
the powder characteristics, as it is being recycled, and the resulting manufactured
part qualities. These findings were leveraged in Chapter 7 to develop a series
of empirical relations between the changing powder characteristics and the part
properties. Two empirical models were developed for the part density and
surface roughness using the multiple linear regression (MLR) method. The part
density and surface roughness were selected due to their high correlation with
the changing powder properties initially explored in the discussion section of
Chapter 5 and 6.

Multiple linear regression models were developed for the prediction of part
density and surface roughness from a combination of the powder characteristics.
The results of the process of developing the models can be summarised in the
following:
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• Scatter plots revealed that the changes in the part density observed in the
previous studies correlated highly with the changing particle size as well as
the increasing powder use time.

• The part density model met the requirements for an MLR model and had
the capability to predict 98.79 % of the changes observed in the part density.

• The increased surface roughness was also shown to be highly correlated
with increased powder use time, changing particle size and morphology.

• The surface roughness model met the requirements for an MLR model and
had the capability to predict 93.64 % of the changes observed in the surface
roughness.

These developed empirical models will enable L-PBF operators to characterise
the powder material prior to a build and use these quantified characteristics to
estimate expected manufactured part properties. The three studies presented in
this thesis (Chapter 5, 6 and 7) highlight the effect of the powder material in the
L-PBF process. The powder recycling and rejuvenation processes in tandem with
the developed models will provide the opportunity to reduce the waste generated
by the L-PBF process and increase the utility of the powder material.

Chapter 8 presented a standalone monitoring system for retrofitting into an EOS
M280 L-PBF machine. The developed system identifies defects through capturing
an image before and after each powder layer has been deposited. This image is
then subjected to a developed image analysis tool to identity anomalies within
the powder bed. Detected defects are used to notify a machine operator, the
operator then can use the information to determine the best course of action for
rectifying the defect. This standalone defect detection system allows for legacy
L-PBF systems to have monitoring capabilities retrofitted without affecting the
operation of the machine. Monitoring systems are used in every manufacturing
process to reduce the number of defects and monitor the overall process output to
increase yield, this same principle is applied here to a L-PBF machine increasing
its applicability in today’s data driven world. The developed system is capable of
identifying a number of different defects that can occur in the powder deposition
phase of the L-PBF process.

The following section of this chapter will look further into the implications of the
work presented in this thesis.

9.2 Implications of the Work

The work completed in this thesis provides a deeper understanding of the L-PBF
process with the ultimate aim of the knowledge generated being used to de-risk
and strengthen the adoption of L-PBF processes within industrial sectors.

The work presented in Chapter 5 and Chapter 6 provided a deeper understanding
of the process of metal powder recycling and rejuvenation for 316L powder.
It was understood, from the literature, that this process impacts the powder
properties and resulting part qualities. The studies, presented in this thesis
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further this understanding. The impact of powder characteristics on the finished
part properties is highlighted. The powder characteristics exhibited significant
changes as the powder is used and repeatedly exposed to the L-PBF process.
These observed changes in the powder directly translated into the part properties
produced.

Chapter 7 quantifies this dependency through the development of empirical
models. The models developed can then be applied to increase the utilisation
of the powder material by allowing L-PBF operators to input the characteristics
of a powder batch namely; AUT, mean particle size and circularity, and receive
a prediction of the expected part density and surface roughness. If the expected
output is not within the required output parameters the operator can then ensure
that either a different batch of powder is used or any necessary post processing
required is available. The models provide the L-PBF community an ability to
further extend the life of a costly powder batch.

Chapter 8 presented a standalone in-situ monitoring system for the L-PBF
process. While in-situ monitoring is now a standard feature on many new L-PBF
machines, the EOS M280 does not have this capability. As such this monitoring
process was developed coupled with the empirical models developed in Chapter
7 is another tool for L-PBF operators. The monitoring process enables an on-going
assessment of the powder layer deposition process throughout a L-PBF build.
Defects are identified and are used to alert the machine operator. The standalone
aspect of the developed system ensures that the limited processing power of the
on-board computer is not being strained during the monitoring process. The
system has been developed in a way as to allow it to be retrofitted to any L-PBF
and operate in the same manner as presented here. With the high number of
in-process defects occurring in the powder deposition phase of the L-PBF process,
the ability to identify these defects, alert an operator and therefore enable the
process to be adjusted accordingly to suit, is highly valuable.

The work presented in this thesis is targeted towards ensuring that the L-PBF
process can move towards a zero-defect manufacturing process, thus increasing
its utility and acceptance across other manufacturing industries worldwide. To
achieve this the work has provided the ability to:

• Link the relationship between powder recycling and rejuvenation processes
to the resulting powder characteristics.

• Understand how the characteristics of these powder materials impact the
resulting L-PBF manufactured parts.

• Nominally predict the performance of a powder batch through the use of
the empirical models developed in Chapter 7.

• Observe and react to defects in the powder deposition phase of the L-PBF
process as a result of powder characteristics.

These will ensure that the manufacturing process can be used as a zero
defect process, by providing an understanding of the implications of the input
characteristics as well as ensuring that any potential defects are capture in time.
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9.3 Future Work

There are a few points that can be considered as by a means to continue the work
presented in this thesis:

• While the work presented in Chapters 5 and 6, was conducted on a 316L
powder the same methodology applied can be used to study other metal
powder used in the L-PBF process such as Titanium, Nickel and Aluminium
alloys. This would create a greater understanding as to how these materials
would react to the powder recycling process.

• The powder recycling and rejuvenation study could be further strengthened
by the inclusion of more mechanical properties of the components produced
in the L-PBF process. Further samples should be manufactured to assess the
tensile and compressive properties as well as the fatigue properties of the
parts manufactured using recycled powder material.

• The accuracy of the empirical models developed in Chapter 7 can
be improved through further validation. This would require powder
characteristics to be input in to the developed models prior to conducting
a L-PBF build. The output properties of the parts produced can then
be quantified and compared to the properties predicted by the models.
The results from this testing can be used to increase the accuracy of the
developed models.

• Extending the capabilities of the defect detection system to quantify the
severity of the identified defect in process. As mentioned in Chapter 3
defects in the L-PBF process may be evident in a singe layer and then rectify
themselves for the remainder of the build. The ability to assess and quantify
the impact the occurrence of this defect would assist L-PBF operators in
their decision making. This would require the severity of different forms of
identified defects to be quantified, post process through mechanical testing
or similar. From there the defect detection algorithm can be improved
to further incorporate these findings and notify L-PBF operators of the
potential outcomes from the observed defect.

9.4 Closing Remarks

This thesis has presented a series of works to increase the applicability and
utility of the metal AM process. The costly metal powders required for the
L-PBF process have been investigated in terms of their ability to be recycled,
and rejuvenated, through the process. The focus of which being how the
characteristics of the powder was affected by the process and the effect on the
resulting manufactured part properties. The ability to complete this process can
lead to reduction in the overall cost of adopting the L-PBF process. Further to that
the understanding developed through these studies has led to the development
of empirical models to predict the resulting properties from the L-PBF process
from a given batch of powder material. As with all manufacturing process the
L-PBF process can produce defects, the process of detecting these defects as they
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occur leads to a reduction in waste from the process. The developed monitoring
system enables defects in the powder deposition phase of the L-PBF process to be
identified, enabling the L-PBF operator to respond accordingly.

In bringing together these issues it is intended the work will help to promote
a more complete and sophisticated understanding of the metal AM process,
generate insight into the ongoing development of the metal AM technology, and
pave the way towards a more competitive and responsive metal AM market.
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Line Segment Detection Code 

rm(list=ls()) # remove everything from memory 

# Set working directory on the machine reading the images from the camera laptop 

setwd("D:/01102020/USB/SD2/cv-x/image/SD1_001") 

setwd("~/Documents/SEAM/") 

########### LOAD LIBRARIES AND FUNCTIONS ################### 

source("seamfunctionspq.R") 

imagedir="CAM1/" 

# These are inputs to the real-time plotting 

num_layers_in_build = 2550 

# number of odd layers (powder bed rather than post laser firing) 

n = num_layers_in_build / 2 

# set up a dataframe to store the results in 

df_odd = data.frame(layer_number = 1:n, lsd_count = runif(n)) 

window = 10 

# number of first image of this build 

start_here = 1 

# number of last image of this build 

end_here = 5000 

# turn cropping on =1 or off =0 

cropyn = 0 

# define a file to write output to 

res_date=format(Sys.time(), "%d-%b-%Y-%H.%M") 

res_file=paste(res_date,"_results.csv",sep="") 

for (i in start_here:end_here){ 

  f <- tempfile(fileext = ".pgm") 

  # Search for the image coming off the camera 

  read = try(Sys.glob((paste(imagedir, "*0000", i, "_*", sep="")))) 

  # If the image hasn't been created yet, pause for a few seconds and try again. 

  while(is.na(read[1]) == 1){ 

    print(paste("Attempting to load image",i)) 

    read = try(Sys.glob((paste(imagedir, "*0000", i, "_*", sep="")))) 



    # Pause for 5 seconds before reattempt to load image file. 

    Sys.sleep(5)} # Can change this delay to see less frequent output. 

  x <- image_read(read) 

  # convert to format required by line segment detection software 

  x <- image_convert(x, format = "pgm", depth = 8) 

  rm(read) 

  image_write(x, path = f, format = "pgm") 

  image <- read.pnm(file = f, cellres = 1) 

  if(cropyn == 1){ 

      image_to_crop = image_read(f) 

      image_crop(image_to_crop,"400x400+200+200") 

      image_cropped = image_crop(image_to_crop,"400x400+200+200")  

      # write out to pgm format for use with image_line_segment_detector 

      image_write(image_cropped, path = f, format = "pgm") 

      # read back in pgm format 

      image <- read.pnm(file = f, cellres = 1) 

      # detect line segments 

      linesegments <- image_line_segment_detector(image@grey * 255) 

    }else{ 

      linesegments <- image_line_segment_detector(image@grey * 255)} 

    res_layer = linesegments$n 

    # output lsd count to screen 

    print(paste("The line segment count for image", i , "is", res_layer)) 

    # output lsd count to a file 

    write.table(t(c(i,linesegments$n)),res_file,sep=" 
",append=TRUE,row.names=FALSE,col.names=FALSE) 

    # output result to a simple real time plot 

    df_odd$lsd_count[i]= res_layer 

    plot(df_odd$layer_number,df_odd$lsd_count,type='l',xlim=c(1,i),xlab='Image ID',ylab='Number of 
detected line segments') 

    Sys.sleep(9) } 

# Code to automatically save a nice plot at the end of the build with a timestamp. 

p=ggplot(data = res_dframe_prepost, aes(x = layer_number, y =lsd_count))+ 



    geom_line() + 

    xlab('Image ID') + 

    ylab('Number of detected line segments') + 

    ggtitle('Bad Turbine Build (every second layer, odd)') + 

    ggtitle(paste('LSD counts')) + 

    expand_limits(y=c(0,73)) 

   p + theme_bw() 

  st=format(Sys.time(), "%Y-%m-%d_%H%M") 

 ggsave(paste("rplot_",st, ".pdf", sep = "")) 

Line Segment Detection Functions  

library(magick) 

library(image.LineSegmentDetector) 

library(pixmap) 

library(ggplot2) 

########### FUNCTION TO LSD A BATCH OF IMAGES ######################## 

lsd_images<-function(start_here,end_here,dir){ 

  res=rep(numeric(),end_here) 

  res_date=format(Sys.time(), "%d-%b-%Y-%H.%M") 

  res_file=paste(res_date,"_results.csv",sep="") 

  for (i in start_here:end_here){ 

    f <- tempfile(fileext = ".pgm") 

    read=Sys.glob((paste(dir,"*0000",i,"_*",sep=""))) 

    x <- image_read(read) 

    x <- image_convert(x, format = "pgm", depth = 8) 

    image_write(x, path = f, format = "pgm") 

    image <- read.pnm(file = f, cellres = 1) 

    linesegments <- image_line_segment_detector(image@grey * 255) 

    res[i-(start_here-1)] <- linesegments$n 

  write.table(t(c(i,linesegments$n)),res_file,sep=",append=TRUE,row.names=FALSE,col.names=FALSE) 

  } 

  return(res) 

} 
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