EXPLORING THE INFLUENCE OF POWDER
PROPERTIES AND HANDLING ON THE
SELECTIVE LASER MELTING PROCESS

Laura Cordova Gonzalez

EXPLORING THE INFLUENCE OF POWDER
PROPERTIES AND HANDLING ON THE
SELECTIVE LASER MELTING PROCESS

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
Prof. dr. T.T.M. Palstra,
on account of the decision of the the Doctorate Board,
to be publicly defended
on Thursday, 30th of January 2020 at 14.45 hrs.

by

Laura Cordova Gonzalez
born on the 22nd of January 1989
in Havana, Cuba.

This dissertation has been approved by:
Promotor:
Prof. dr. ir. T. Tinga
Co-promotor:
Dr. ir. T.C. Bor

Ph.D. thesis, University of Twente, Enschede, The Netherlands
Department of Mechanics of Solids, Surfaces & Systems (MS3)
This research is part of the project “Sustainability Impact of New Technology on After sales
Service supply chains (SINTAS)” with project number 438-13-207, which has been financed
by the Dutch Research Council (NWO).

Cover design:
Printed by:
ISBN:
DOI:

Tuky Rivas (https://www.behance.net/tuky)
Gildeprint, Enschede, The Netherlands
978-90-365-4945-5
10.3990/1.9789036549455

© L. Cordova Gonzalez, 2020, Enschede, The Netherlands
All rights reserved. No parts of this thesis may be reproduced, stored in a retrieval
system or transmitted in any form or by any means without permission of the author.

GRADUATION COMMITTEE:
Chairman and Secretary:

Prof. dr. G.P.M.R. Dewulf
University of Twente, The Netherlands

Promotor:

Prof. dr. ir. T. Tinga
University of Twente, The Netherlands

Co-promotor:

Dr. ir. T.C. Bor
University of Twente, The Netherlands

Members:

Prof. dr. S. Luding
University of Twente, The Netherlands
Prof. dr. I. Gibson
University of Twente, The Netherlands
Prof. dr. ir. G.R.B.E. Römer
University of Twente, The Netherlands
Prof. dr. ir. K. Vanmeensel
Katholieke Universiteit Leuven, Belgium
Prof. dr. J.M. Torralba
Universidad Carlos III de Madrid, Spain

vii

Summary

Metal additive manufacturing (AM) processes are promising techniques that offer several
benefits such as weight reduction, complex shapes and reduction of inventories. Besides
the weight reduction achieved by selectively melting the part geometry in the selective laser
melting (SLM) process, it is also possible to reuse the raw material that does not form
the final part. In this case, at the end of the process, the powder deposited in layers on
the build platform is collected in a ‘buffer’ container and ‘handled’ to be used again. The
‘handling’ consists of sieving the powder, mixing it with virgin fresh material – the so-called
‘rejuvenating’ treatment – and then loading again into the machine for another build job or
a continuation of a lengthy one. During the time the powder is out of the machine, either
for being stored or handled, it can be in contact with contaminants such as moisture, while
the effect of moisture on SLM metal powders is not yet well understood.
In this thesis, special attention is paid to the influence of the general handling procedures
on the atomized powder and final SLM part properties. General understanding of the
handling steps is provided and a procedure to compensate its effects are proposed in this
manuscript. In addition, to mitigate the effect of humidity on the repeatability of SLM
process, pre-drying treatments are proposed and investigated.
Since reusing the metal powders in SLM is key to ensure a degree of sustainability and costefficiency in the process, this has promoted some investigations on typically printed materials
such as Ti6Al4V and Inconel 718. However, other alloy systems such as aluminium alloys
are not yet well understood in terms of reusability. In addition, literature and preliminary
studies of the powders have shown the high affinity of these alloys to contaminants. For
this reason, also Scalmalloy and AlSi10Mg are important focus materials in this study.
The first part of this thesis focuses on understanding the influence of reuse, humidity
and pre-drying treatments on the metal powders’ properties and flowability/spreadability
behaviour, which is important for thin layer application. A powder characterization methodology is designed to characterize four materials typically used in SLM: Inconel 718, Ti6Al4V,
AlSi10Mg and Scalmalloy. In the second part the materials and mechanical properties

of AlSi10Mg and Scalmalloy are studied. Their processability and feasibility to be used
in aerospace applications are assessed, also by measuring their anisotropic behaviour. In
addition, a detailed assessment of Scalmalloy build properties from virgin and reused powder
is discussed.
There are a number of interesting findings from this experimental study. AlSi10Mg showed
sensitivity to reuse and the highest affinity to humidity of all studied materials. The other
three materials appear to tolerate more variability in the storing conditions. The mechanical
tests performed to the aluminium alloys revealed that Scalmalloy is a more suitable candidate
for aerospace applications: with similar density as AlSi10Mg, the mechanical properties are
outstanding and the processability is much better. Finally, reusing the Scalmalloy powder
appears to be safe once the handling is correctly carried out by applying strict process
control during the sieving process, rejuvenation and climate protection.
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Chapter

1
Introduction

1.1

Background

Additive Manufacturing (AM) processes enable the production of complex light-weight
structural and functional parts for applications in the aerospace, biomedical, energy and
automotive industries (Gibson et al., 2010). One of the main advantages of these processes is
the freedom to create designs that are topologically optimized, for example to save material
by reducing weight. In addition, the additive-nature of these processes enables the reduction
of waste often associated with subtractive technologies such as drilling and milling.
Most of the metal AM processes use atomized powder as feedstock material. The
powder-based AM processes can be divided in two main groups: Direct Energy Deposition
(DED), where blown powder is melted over a substrate, and Powder Bed Fusion (PBF), in
which the powder is applied layer-by-layer on the powder bed. The powder is consolidated
by using a high energy source, most commonly a laser or an electron beam. In selective
laser melting (SLM) – a PBF technique – the powder is deposited on the build platform
by a roller or a wiper blade, depending on the machine model, as each manufacturer uses
a different re-coater design. In the present work the model SLM Solutions 280 is used;
the layer deposition step is carried out here with a wiper blade. Once the powder layer
is deposited, the powder is selectively melted by the laser following a pattern of welds to
form the final shape, according to the computer-aided design (CAD).
The configuration of an SLM powder system is shown schematically in Figure 1.1a. Here,
all the parts and mechanisms comprising the SLM machine are shown, such as the laser
beam, powder bed, build platform, re-coater, build chamber, powder reservoir and overflow
containers. Throughout this thesis most of these parts and mechanisms of the SLM machine
will be mentioned again to explain their role in the studied challenges. Both the powder
layer deposition and the laser scanning to melt the powder are important steps in the SLM
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Figure 1.1: a) Configuration of SLM powder bed system, including the layer spreading
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mechanism, b) the laser melting details.

process. However, in recent years much effort has been put into determining the optimal
process parameter combination for a number of materials and part geometries (Cherry et al.,
2015), (Kurzynowski et al., 2012). These process parameters used to produce metal parts are,
among others, the laser power, scanning speed, hatch space and layer thickness, which are
focused primarily on the melting process. Similarly to welding, the powder melting process
presents a high complexity due to all the variables that can influence it. In Figure 1.1b
an overview of the mechanisms associated with laser melting and the formation of the
melt pool are shown. Apart from the above-mentioned process parameters, other machine
settings such as gas flow properties such as gas composition, flow direction, temperature and
speed also play an important role in the melting process and the subsequent solidification.
For example, Anwar and Pham (2018) studied the influence of gas flow properties on the
spatter distribution on the powder bed.
The powder plays an important role not only in the machine settings but also in achieving
optimal product quality in the SLM process. The repeatability of the process and the
reliability of the printed parts depend on, among other things, the consistency of the metal
powder properties such as morphology (shape and size) and chemical composition. Ideally,
in an industrial set-up, the powder batches always have the same properties to ensure
part property repeatability in terms of dimensional tolerances, thermal distribution and
mechanical properties. However, variations in the powder properties along the powder bed
and from batch to batch can lead to low/lower process repeatability, even when using the
same process parameters. In the SLM process the particles are deposited in very thin layers,
usually between 20 µm to 50 µm. In such thin layers, any variation in the morphology and/or
the particle size distribution (PSD) may lead to changes in the spreadability of the powder
particles on the build platform. In addition, a bad powder spreadability is known to increase
the porosity and the surface roughness of the printed part as discussed by Nan et al. (2018).

1.1. Background
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The SLM process also enables the reuse of powder, which leads to a relatively low amount
of waste per part in comparison to subtractive techniques. However, powder reuse must
be carefully considered in each case to make sure that it does not influence the reliability
and repeatability of the builds. The question of whether it is advisable to reuse the powder
repeatedly during a pre-determined number of cycles is still open. This holds especially
for critical structural parts for applications such as the aerospace industry, where the
certification processes require high reliability in parts quality.
Powders must be sieved before reuse to remove agglomerates from sintering and spattering
of particles. The sieving process is carried out by employing dedicated equipment requiring
the transport of the powder from the SLM machine to the sieving device and vice versa.
Therefore, the powder can get in contact with atmospheric conditions during storage and
handling. Since particularly for the SLM process the powder contains relatively small
particles (i.e. below 15 µm), this means that the particles have a high specific surface which
could result in significant amounts of absorbed gases that have a sufficient affinity for the
powder surface, such as oxygen, nitrogen and water vapour. Additionally, some alloys,
such as specific aluminium alloys, are especially reactive to humid environments. For SLM
powders in general, and more especially for these, a comprehensive study of the influence
of storage and handling on the powder properties and printed parts is mandatory.
This thesis is the result of research work carried out as an independent work package in
the project Sustainability Impact of New Technologies on After Sales Service Supply Chains
(SINTAS). This project, funded by The Dutch Research Council (NWO), consists of a
consortium of academic, governmental and industrial partners exploring the impact of AM
on the design and control of after-sales service supply chains. This thesis aims to provide
a technical view on the challenges faced by companies and institutions when applying the
SLM process to improve the dynamics of spare parts inventories and trying to maintain
the sustainability advantages associated with the SLM process.
Using AM to avoid large inventories and long lead times of spare parts requires storage
of the raw materials – metal powders – for part production for longer times and placing
the AM machines as close as possible to where the parts are operating. This can have a big
influence on warehouse design due to the affinity of powder particles to contamination such
as humidity, which is much less critical for conventionally manufactured parts. Derived from
this challenge, a few questions arise, such as (i) how can humidity influence the powders
processability, (ii) is it possible to reduce the effect of humidity by pre-drying the powders
and (iii) are the powder properties and spreadability improved by the drying treatments?
Metal AM processes are characterized by their sustainability associated to the additive
nature of the process and the possibility of reusing the powders. However, reusing the
metal powders has raised many questions from the metal AM community, such as (i) which
materials can be reused, (ii) what is the impact on the SLM process of reusing powder
particles and (iii) for how long can the powder particles be reused? These concerns arise
mainly from researchers, original equipment manufacturers and end users.
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1.2
1.2.1

Chapter 1. Introduction

State of the art and problem statement
SLM metal powder particles metrology

Regarding the characterization of powder particles, a considerable amount of information
can be found in traditional powder metallurgy (PM) literature. However, since PM processes
and AM processes have a different nature (e.g. thin layer application and high energy
fusion/melting in the case of AM processes), the challenges are also different. Depositing a
thin powder layer over the build plate by a wiper blade requires powder particles with high
spreadability. Additionally, for uniform and successful melting by the laser source, a good
packing density of the powder is also required. Having clear the expected powder properties
for a successful SLM process, powder characterization techniques are required that enable
the measurement of the powder spreadability and packing density for thin layer application.
During the last decade an increasing effort has been made to understand the impact of the
properties of powder particles on the SLM process. However, there is still no clear consensus
on what techniques to use to properly characterize the metal powders. Standardization
bodies such as ASTM and ISO are still working on developing new standards and procedures
to apply to SLM metal powders. The reason is the lack of characterization techniques
adapted to the powder deposition mechanism. In fact, the available PM characterization
techniques are focused on the requirements of the consolidation processes, such as pressing
and sintering (PS), where packing density is important in order to achieve maximum green
density, usually correlated to the PSD and particle morphology (Xu et al., 2018) and
(Vlachos and Chang, 2011). In addition, for metal injection moulding (MIM) the rheology
of powder-binder mixtures is also important. Therefore, rheology machines are often used
to characterize the feedstock (Sotomayor et al., 2010). Although there is some degree of
overlap while characterizing metal powders for PM and AM, subtle differences still exist
between the powder requirements of both processes. For example, the SLM process relies
on high spreadability of the powder employed. Traditional powder characterization methods
are not yet able to fully mimic and quantify the properties in thin layer application so
as to be able to understand powder deposition in powder bed systems. Hence, dedicated
approaches need to be developed to quantitatively characterize these properties.
In the last decade, metal AM research has focused mostly on optimizing the SLM
process parameters. Initially, investigating powder properties was not the focus of the SLM
process development until it was realized that the process variability was related not only to
controlling the process parameters but also to understanding the influence of powder particles.
This led to more process control and higher repeatability of (material) properties in the parts
built by SLM. However, the lack of characterization techniques dedicated to AM in addition
to challenges of powder deposition motivated new research in properly characterizing metal
powders used in powder-bed systems. For example, Sutton et al. [9] proposed a number of
characterization techniques and reviewed some of the effects of powder properties in the SLM
part properties. As a key conclusion, the authors state that the main focus of future research
should not be solely on optimizing process parameters but also on obtaining a more complete
understanding of the relation between process variables and powder properties. Succeeding
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in fully controlling all variables in AM processes is the only way to reduce variability between
builds and increase process control. This could eventually enable AM processes to produce
reliable, high-quality parts, as with traditional manufacturing technologies, and to benefit
from the particular benefits of many of the disruptive AM technologies.
Previous studies employing metrology methods to fully characterize AM powders have revealed the importance of powder size and morphology in facilitating good packing behaviour
leading to fully dense parts (Slotwinski et al., 2014). Additionally, the available flowability
measurement techniques have been reviewed by Spierings et al. (2016) to determine their
feasibility to fully characterize the metal powder deposition in powder bed processes. The
authors of this study conclude that by using the Revolution Powder Analyzer and correlating
the results with an optical evaluation, it is possible to ‘intuitively’ assess the ‘suitability’ of
a powder for PBF. However, the underlying quantification is arbitrary, i.e. based merely on
experience. The proposed analysis method, as well as the use of rheometers (Freeman, 2007),
can support the characterization of the general flow behaviour of the powder. However,
they cannot quantify the spreadability required for thin layer applications. In fact, using the
traditional flowability measurements such as Carney and Hall flowmeters, powders might be
eliminated that could potentially be processable by SLM due to their inability to flow freely
through a funnel (Hoeges et al., 2017). In general, there is agreement regarding the importance of measuring spreadability and apparent density to avoid deficiencies during powder
spreading that could result in increased porosity and surface roughness (Engeli et al., 2016).

1.2.2

Powder handling: the role of reuse, humidity and pretreatments

Powder reuse
Due to the high energy applied to the powder during SLM, in the same way as during welding,
small droplets (sparks) of molten material may be emitted from the melt pools and deposited
on remote areas or pristine powder creating agglomerates. Powder particles close to the melt
pool may become affected by the melt pool heat and sintered together, also creating agglomerates. Sieving is carried out after each build cycle, i.e. when an SLM part is completely
manufactured, to remove agglomerates or coarser particles formed by spattering and sintering.
This is usually done in a separate device where the powder is in contact with the atmosphere,
which could represent another risk of powder contamination. During sieving, only powder
particles that are larger than the sieve mesh opening are removed, therefore some agglomerates that are smaller than this opening can remain in the reused powder. After a high number
of (reuse) build cycles, a high number of powder particles have been affected by the heat and
the quality of the powder may decrease in terms of morphology and chemical composition.
Often, the powder is rejuvenated when fresh virgin powder is mixed with the reused powder
to recover some of the initial properties and allow further build jobs to be carried out.
Reusing metal powder is key in the SLM process from both a sustainability and a cost
perspective. However, it is not yet clear how reuse of powder, as well as sieving and
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rejuvenation of reused powder, affects the powder properties. This holds for the current
range of alloys typically employed, as well as for new alloys.
The most common effects observed up to now by a number of research articles are
changes in the PSD and morphology, variations in chemical composition and the occurrence
of contamination. The quality of the SLM built products is also dependent on the process
parameters, which include the details of the powder spreading process, the flow field and
purity of the protective gas, the heat input and the hatching patterns. Some of these
parameters are inherent to the design of a specific OEM product, which may explain
variations between identical parts made with different SLM brands.
One of the most researched alloy compositions in the metal AM world is Ti6Al4V, due
to the combination of high strength, ductility, low density and biocompatibility. After reuse,
Ti6Al4V shows an increase of the oxygen level, coarsening of particles and a shift in PSD,
which leads to a better flowability (Quintana et al., 2018) and (Strondl et al., 2015). These
changes in the powder do not necessarily lead to inferior mechanical properties; in fact, a
slight strengthening effect of oxygen has been observed by Tang et al. (2015) and Seyda et al.
(2012). Changes in the PSD after reuse are also observed by Ardila et al. (2014) in materials
like Inconel 718, and by Asgari et al. (2017) and Del Re et al. (2018) in AlSi10Mg . However,
AlSi10Mg showed a reduction in the static and dynamic behaviour after reusing the powder
for eight cycles. Even if no detrimental effect on the quality of the builds is observed during
reuse, the variability of the (material) properties potentially makes the SLM less controllable
and hinders the process repeatability. Hence, a deep understanding of how reusing metal
powder impacts commonly used materials and printed parts in SLM is highly important.
Humidity and pre-treatments
The handling of metal powder for the SLM process starts by opening the (usually) highdensity polyethylene (HDPE) bottles which often come sealed, filled with inert gas and
containing silica bags to protect the powder against moisture. The powder particles may
be characterized and loaded in the SLM machine for production or stored again without
the protection against moisture contamination. Powders stored in high humidity conditions
may adsorb moisture and start oxidation long before even being used. This is of great
concern from the point of view of both the powder supplier’s and end users.
It is a fact that metal powder particles are susceptible to moisture (Cordova et al.,
2017). They must be properly stored and handled before being applied in the SLM process.
Moisture adsorption on the metal powder surface can contribute to poorly flowing powders
due to polarity effects (Murphy and Schade, 2019). However, it is not yet completely
understood how moisture affects the SLM materials and how to measure moisture in
metal powders effectively. Little or no research has been done regarding the influence of
moisture on the powder properties, such as spreadability/flowability and packing density.
Nevertheless, disposing of contaminated batches of costly gas atomized material should
be avoided from both sustainability and cost perspectives.
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For metal powders with high affinity for moisture, it is sometimes advisable to pre-treat the
powders by drying at low temperatures or under vacuum/inert gas before the SLM process,
so as to improve flowability and avoid defects such as humidity induced porosity (Galy et al.,
2018). One type of porosity very common in aluminium alloys is the metallurgical or hydrogen
porosity. The metallurgical pores are recognized by their small size and spherical shape. They
are formed due to gas entrapment (i.e. oxygen and hydrogen from moisture) in overheated
melt pools at low scanning speeds (Aboulkhair et al., 2014). As hydrogen solubility increases
in the liquid at the melting temperature, Weingarten et al. (2015) applied drying treatments
in air to AlSi10Mg specimens to reduce the moisture level. The drying treatments at
temperatures of 90◦C and 200◦C resulted in a reduction in the metallurgical porosity of
respectively 30% and 50%. In addition, Li et al. (2016) achieved enhanced densification (from
97% to over 99% of relative density) in Al12Si specimens after drying at 100◦C for 60 min.
Previous studies on powder drying have focused merely on the reduction of metallurgical
porosity and not on understanding how the powder properties are affected by moisture
and drying steps. These studies also did not study the relation of moisture and drying with
the chemical composition of the powder (surface) and the powder flowability/spreadability.
Up to now air drying has been considered exclusively where vacuum drying or drying in
an inert gas environment seem very appropriate as well. Since drying metal powder for
AM and the influence of humidity in the spreadability have been only partially researched
up to now, further research on these topics is needed to enhance the process repeatability
and printed parts reliability.

1.2.3

Problem statement

As previously discussed, storage and handling metal powder particles can have a large impact
on the SLM process. However, this has not been yet fully understood. Regarding this,
Figure 1.2 shows the life cycle of an atomized powder batch used for building SLM research
specimens. Prior to the SLM process, the powder is produced, shipped/stored and handled.
During those three steps the risk of contamination is high, which would have negative consequences on the printed specimen/part. Moreover, the SLM process itself also carries risks of
contamination; the machine should be well sealed and working under protective gas, usually
argon, to avoid the final part being oxidized during the melting and solidification process.
To these days only few attempts have been made regarding investigating the powder bed
behaviour and the measurement of spreadability. These two properties (spreadability and
packing density) play an important role in powder bed deposition, therefore assessing them
qualitatively and quantitatively would improve process control and repeatability. Additionally, this would also assist in improving powder handling practices and possibly reducing
their effects on part quality. This work aims to thoroughly explore the contamination
resulting of powder storage and handling, which are the steps between powder production
and the SLM/AM process, as shown in Figure 1.2, which can have a great influence on
the powder spreadability and printed part quality.

8

Chapter 1. Introduction

Powder production

Storage/
Handling

Additive
Manufacturing

Post-processing

Material
characterization

Figure 1.2: The life-cycle timeline of metal powder used for SLM research.
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Research framework
Research objective
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The main objective of this thesis is to understand the impact of the powder storage
conditions and handling steps on both the printing process and the properties of the printed
parts, as well as to optimize them. In this thesis, reuse of metal powder in the SLM process
is studied from two different angles: first by investigating the effect of reuse on various
powder properties and second on the material/mechanical properties of the printed parts.
In addition, the impact of extreme storage conditions (humidity) and measures to minimize
powder contamination (by drying) are researched.

1.3.2

Research questions

The research objective of this thesis has been formulated as a main research question which
will be answered in the next chapters and discussed in depth in Chapter 6:
How does the handling of metal powders impact positively or negatively the powder
properties, the processability in SLM and the printed part quality?
Throughout this thesis the question of how handling metal powders for SLM can positively
or negatively impact their processability will be addressed in most of the chapters. The
research is carried out in two parts: the emphasis in the first part is on the characterization
of the metal powders and in the second part the impact of the powder handling on the
printed parts is investigated. The following more specific research questions were derived
from the main research question.
Part I: How to effectively characterize metal powders for the SLM process?
• Q1.1: How to measure the impact of reuse on the particle properties?
• Q1.2: How to assess the impact of humidity on powder spreadability
• Q1.3: How does drying the powder reduce moisture affect the powder properties?

1
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Part II: What effect does handling have on the printed SLM parts?
• Q2.1: Is it feasible to pre-treat aluminium powders to obtain optimal mechanical
properties?
• Q2.2: What impact does reusing metal powder have on a high strength aluminium
alloy parts produced by SLM?

1.3.3

Research approach

A more detailed representation of the topics treated in both parts of the research is given in
Figure 1.3. Part I aims to answer the first research question on the effective characterization
of metal powders for the SLM process. First, a detailed literature study of the available
powder characterization techniques and the requirements of powder properties in the SLM
process was carried out. Second, in-depth discussions in the seminar ("Understanding
Powders for Additive Manufacturing". 2016) with experts in the field of powder characterization, such as Malvern Panalytical, Freeman Technology, MTC-Manufacturing Technology
Center and LPW, led to a better understanding of the main challenges in the field of
powder characterization. Third, a number of end users and SLM machine manufacturers
were interviewed to gain more knowledge on the typical powder-related challenges during
manufacturing of parts employing SLM. For example, Sirris, an innovation research centre
in Liège with a dedicated AM laboratory, and the Fraunhofer IFAM Institute in Bremen,
a research centre with decades of experience in powder technology and AM manufacturing
techniques, offered a wider vision on the existing challenges of powder handling in SLM
processing. Additive Industries, an OEM company in Eindhoven and part of the project
consortium, also offered a different point of view on how the handling steps could be
integrated in a modular system. Finally, in close collaboration and as a consortium partner
of the SINTAS project, the Netherlands Aerospace Centre (NLR) offered support and
knowledge on SLM process requirements and powder characterization.
The knowledge and understanding obtained from these discussions and collaborations led
to the design of a characterization methodology for SLM powders contributing to the first
part of the research. The developed powder characterization methodology was carried out at
GTP – the group of powder technology – in University Carlos III in Madrid. The application
of the decision chart as part of the characterization methodology enabled the study of the
powder properties of virgin and reused powder set out in Chapter 2. Additionally, part
of the experimental work of Chapter 3 was also carried out at the GTP laboratory. Due
to the challenges faced when using traditional techniques to measure powder flowability
in moisturized powder, two new applicator tools were tested at NLR. The results of using
the applicator tools to measure powder spreadability and packing density were successfully
compared with traditional flowability measurements.
Part II of this thesis is focused mainly on the effects of powder handling on the printing
of aluminium alloys by SLM and the subsequent (material) properties of the manufactured
samples. The research presented in Chapters 4 and 5 was carried out in close collaboration
with NLR, where the specimens were printed. The first part of the methodology for both
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methodology
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to determine
performance
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Figure 1.3: Schematic representation of the thesis structure, divided into Part I: characterization
of metal powders for SLM and Part II: characterization of SLM parts.

chapters was related to changing the powder properties either by drying them, as treated in
Chapter 4, or by reusing them, as shown in Chapter 5. The presentation and the analysis of
the results of both chapters follow a similar approach in terms of materials characterization
including porosity, microstructure and mechanical properties analysis.

1.4

Thesis outline

The first two chapters focus on characterization of metal powders for SLM (Part I) and
the following two chapters on characterization of SLM parts (Part II). An overview of the
thesis structure, containing chapters based on a number of scientific papers (published or
in preparation) is given in Figure 1.4. Next, a brief description of each chapter is given.
l.cordovagonzalez@
Chapter 2 addresses the impact of reuse on powder particle properties. The aim of
this chapter is first to study the powder properties that are relevant to SLM and second
to propose a characterization methodology to study the virgin and reused powders of four
different materials: Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy. Properties such as
particle morphology, PSD and composition are correlated to a series of flowability tests
which are decisive in estimating powder spreadability over the build platform.
Chapter 3 provides a thorough analysis of the four powder materials studied in the
previous chapter with a different focus. Here, the powders are pre-treated with two different
drying treatments in order to remove contaminants such as moisture which can result from
poor storage conditions. As the powder spreadability and changes in powder composition
have a great influence on the SLM process, spreadability tests and standard flowability tests
are performed and analysed as a complementary assessment of the powder characterization
methodology presented in Chapter 2.
Chapter 4 presents a comparison between two SLM aluminium alloys, AlSi10Mg and
Scalmalloy, using a newly proposed characterization methodology for SLM parts. As

1.5. Contributions
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demonstrated in Chapters 2 and 3, aluminium alloys appear sensitive to variations in the
powder properties during the SLM process. Therefore, the result of laser melting the powder
particles after a drying treatment in aluminium alloys is presented as well as an assessment
of the anisotropic behaviour. A comparison of the processability and suitability of these
alloys for light weight applications in the aerospace industry is performed as well, by means
of metallographic and mechanical tests.
Chapter 5 follows up on the understanding gained in Chapter 2 on the influence of reusing
metal powders and the results of Chapter 4 on the mechanical properties of the Scalmalloy material. In Chapter 4, Scalmalloy powder demonstrated a superior performance and processability over AlSi10Mg. In Chapter 5 the feasibility of reusing Scalmalloy powder is explored. This
chapter presents the material properties of specimens built with virgin and reused powder.
Chapter 6 contains a general discussion on the results obtained in Chapters 2 – 5 and links
the different chapters. Additionally, this chapter provides an overview of how handling activities impact broader topics such as sustainability, maintenance and process industrialization.
Chapter 7 contains the conclusions and recommendations, both practical and scientific,
of this work.

1.5

Contributions

This thesis has contributed to a better understanding of the impact of powder handling
activities on the SLM process. Below, the more specific contributions are listed, while more
detail of the work is provided in Chapters 2 – 5 and in the discussion and conclusions in
Chapters 6 and 7:
• This work has contributed to the general state-of-the-art of powder characterization in
providing an overview of the current techniques applied to AM powders and of their
relevance to SLM process. Additionally, a decision chart is proposed, to assist end users
in characterizing powder particles. This decision chart was created for application during
powder reuse, but it could be used in any situation where the powder needs to be
characterized before use in the SLM process.
• A few materials typically used in aerospace applications were studied in Part I to compare
their behaviour during handling. Thus, the aerospace industry, as well as other industries
using the same materials, can benefit from the better understanding of the differences
in performance of the studied powder materials.
• This thesis has taken metal powder characterization for AM powders a step forward
by proposing and testing new tools to measure powder spreadability in metal powders.
End users and researchers can benefit from the results obtained by using rather fast and
simple methods, such as the recently developed NLR applicator tools, to determine the
feasibility of using the metal powders in the SLM process.
• The feasibility of drying aluminium metal powders before the SLM process, and obtaining
competitive materials properties as a result of that, shows that for batches contaminated
with moisture it is possible to dry the powder and still process it successfully.

Part II

Part I
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References
Chapters based on scientific articles

Aim of the chapter

Chapter 2
Revealing the effects of powder reuse
for selective laser melting by powder
characterization

 Introduces
the
powder
characterization methodology
 Compares the state of four materials
typically used in SLM before and
after reuse

Chapter 3
Measuring the spreadability of preheated
and moisturized powders for selective
laser melting

 Presents new tools for measuring
powder spreadability
 Studies the influence of pre-treating
and moisturizing the SLM powders

Chapter 4
Microstructure and mechanical properties
of vacuum pre-dried and selective laser
melting processed aluminium alloys

 Offers an assessment of the
properties of two aluminium alloys
typical used in SLM
 Shows the result of pre-treating the
powders in SLM parts

Chapter 5
Effects of powder reuse on the
microstructure and mechanical behaviour
of selective laser melted Scalmalloy

 Explores the possibility of reusing
the powder of a high strength
aluminium alloy: Scalmalloy

Figure 1.4: Overview of the chapters based on scientific articles divided in Part I: characterization
of metal powders for SLM and Part II: characterization of SLM parts.

• Finally, the results of testing specimens built by SLM with reused l.cordovagonzalez@utwente.nl
powder shows high
potential of reusing a high-strength, low-density alloy with good processability, which
is potentially very interesting for aerospace applications.
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Chapter

2

Revealing the Effects of Powder
Reuse for Selective Laser Melting
by Powder Characterization1
2.1

Introduction

Selective Laser Melting (SLM) is an Additive Manufacturing (AM) technique which belongs
to the Powder Bed Fusion (PBF) group and enables the production of complex and
functional metallic parts (Herzog et al., 2016) and (Harun et al., 2018). This AM process
uses a highly focused laser beam to selectively melt the metal powder deposited in very
thin layers (e.g. 50 µm) over the build platform. Similar to other Powder Metallurgy (PM)
processes, the powder plays an important role in obtaining competitive mechanical properties
(Torralba et al., 2003). Intensive research has been done to understand the relationship
between the quality of produced parts and multiple process parameters including: laser
power, layer thickness and building direction (Frazier, 2014),(Shi et al., 2016), (Aboulkhair
et al., 2016) and (Li et al., 2016). Less attention has been paid to other important factors
such as powder characteristics, material contamination and powder reuse. One of the most
important benefits of the SLM process is that it allows reuse of non-consumed powder
material leading to a more cost-effective and sustainable process.
During the SLM process, the powder that is not melted for incorporation in a component
is collected in a container below the build chamber. However, the unused powder particles
can become welded due to the heat exposure forming agglomerations. The resulting increase
in PSD could impact the flow behavior (Spierings et al., 2016), (Hausnerova et al., 2017)
1 This chapter is reproduced from ‘Cordova, L., Campos, M., Tinga, T. (2019). Revealing the Effects
of Powder Reuse for Selective Laser Melting by Powder Characterization. JOM, 1062-1072.’
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and (Louvis et al., 2011), but there is also a risk of contamination due to gas pick up (like
nitrogen and oxygen or moisture) especially for aluminum alloys.
Some properties of used powder (and produced parts) of Ti6Al4V and Inconel 718
have been investigated in separate studies. Ti6Al4V powder is characterized after being
used 21 times in Electron Beam Melting (EBM) (Tang et al., 2015). Powder composition,
morphology, Particle Size Distribution (PSD) and rheological properties are studied. Despite
of an increase in the oxygen content with 0.11 wt.%, a narrower PSD and less spherical
particles; the impact of reuse on powder flowability and mechanical properties is shown
to be positive. Another study on Ti6Al4V in a SLM industrial setting reported an increase
of oxygen from 0.09 wt.% to 0.13 wt.% and spherical powder particles throughout 31 builds.
This resulted in a slight increase of the tensile strength, explained by the strengthening effect
of oxides (Quintana et al., 2018). Similar effects are reported for the reuse of Inconel: a
narrower PSD that has shifted to higher values due to the presence of particle agglomerates.
There were no negative effects in oxygen content, but EDS was used, which typically does
not detect trace elements like oxygen (Ardila et al., 2014). In addition, Charpy impact
tests did not show any changes after powder reuse.
Metal powders used for AM are typically characterized with the same tools and techniques
as adopted for traditional PM processes (Sutton et al., 2017). Most of them aim to link
morphological and chemical changes with flowability behavior (Vlachos and Chang, 2011).
However, each AM technology has unique attributes which need to be taken into account when
developing new characterization techniques. For example, the powder spreading mechanism
differs between brands of SLM machines. In general, powders are assumed to be nominally
spherical, with a PSD that facilitates the packing and minimizes the porosity of final parts.
In this thesis the applicability of straightforward, conventional powder measurement
methods to characterize powder bed systems in AM is discussed. The size distribution,
morphology, density, chemical composition and rheological behavior of the powders is measured. The final aim is to determine the change of powder characteristics during SLM, thus
understanding the impact of reusing/recycling the powder. To face up with some outstanding
issues in large scale production, samples of used powder were taken from regular production
lines of four main material families typically used in the AM sector: Inconel 718, TiAl4V alloy,
AlSi10Mg alloy and Scalmalloy. The aim of including these four materials is to compare the
aluminum alloys, which have not yet been investigated, to the previously studied behavior
of Inconel 718 and Ti6Al4V (Strondl et al., 2015). Moreover, the particle microstructure
and quantitative morphological analysis are new techniques incorporated in this study.
Understanding the impact of powder reuse for a range of alloys commonly used for
AM, while focusing on the metal powders, will accelerate standardization and certification
processes of the technology. It will also provide more insight in the generic mechanisms
of powder aging.

2.2. Materials and experimental procedure

2.2
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Materials and experimental procedure

Four of the most commonly used gas atomized metal powders for commercial SLM processes
were selected to test the differences between virgin and used material: Inconel 718 (Ni, Cr,
Fe), Ti6Al4V (Ti, Al, V), AlSi10Mg (Al, Si, Mg) and Scalmalloy (Al, Mg, Sc).
The classifications ‘virgin’ and ‘used’ will be adopted to refer to the state of the metal
powders (ISO / ASTM52900, 2015). The virgin state refers to the powder as received from
the supplier, while used means that the same batch of powder has been used in the process
for more than one build cycle. Note that the history of each of the four powder batches
is different, as that depends on the production sequence in the machine. The printer – a
large scale SLM Solutions 280 – is filled with virgin powder before the first build cycle.
Every time the amount of powder in the machine reaches a lower limit, the powder to be
used is sieved under controlled atmosphere and is then reloaded in the machine. This is
at least done after every build cycle, but sometimes this also happens during a build cycle.
The quality of the powder material is not expected to suffer a rapid degradation since the
atmosphere in the build chamber is Ar of 5.0 quality.
Table 2.1 lists the total amount of powder loaded in the machine before starting to
produce the parts. This powder is selectively melted into parts. Table 2.1 shows the
accumulated weight of the printed parts in the considered period, as well as the number
of build cycles. It is assumed that each build cycle is equivalent to one reuse cycle of the
powder, as building a part typically requires all the powder in the machine to be used
once, if not several times. Note that this implies that building an Inconel 718 part of 1-2
kg requires about 80 kg of powder, of which 78-79 kg can be used afterwards. Further,
for Inconel 718 powder had to be added to the machine in two steps as a ‘rejuvenation’
procedure. This happens when there is a shortage in the amount of material. Virgin powder
is then added to the used powder and is mixed before continuing with the next build cycle.
In this work only the Inconel 718 powder was rejuvenated due to the high amount of build
cycles. This leads to a continuously changing volumetric ratio of virgin to used powder.
This study therefore assesses for one of the materials, i.e. Inconel 718, whether the currently
applied ‘rejuvenation’ procedure is sufficient to maintain the required powder properties.
Table 2.1: Material reuse
Material

Initial amount (kg)

“Printed” amount (kg)

Build cycles ∼ reuse times

Rejuvenation

Inconel 718
Ti6Al4V
AlSi10Mg
Scalmalloy

80
80
20
20

80
7
5
1.5

38
11
6
3

Yes (80 kg)
No
No
No

Figure 2.1 shows the proposed structured approach to characterize the AM metal powders
and assess the material impact of global reuse during the SLM process. This method uses
some of the ASTM standards recommended by the standard guide ASTM F3049 for AM
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powder characterization (ASTM F3049, 2014). The simplicity of the approach (and the
incorporated measurements) makes it more suitable to be used by industrial AM set-ups
than other more advanced methods for powder characterization (Slotwinski et al., 2014).
Particles properties
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Composition

Size
Distribution

Shape
Mean

Roundness
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Roughness
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Surface

Microstructure
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Porosity
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Figure 2.1: Proposed characterization methodology for Additive Manufacturing powders.

Cross-sections and deposited powders are analyzed with a scanning electron microscope
(SEM, model Jeol JSM-7200 F) and afterwards, image analysis techniques (VHX software)
are used to evaluate approximately one thousand particles on each powder sample, using
Equations 2.1 and 2.2. The resulting particle shape (fshape, i.e. aspect ratio) and circularity (fcircular ) values provide an idea of the (non-)spherical shape of the particles. The
closer fshape and fcircular values are to 1, the more rounded the particle’s shape is. The
combination of these two parameters provides a measure for the average particle shape
without the need of a visual inspection.
Dmin
, {fshape ∈Q | 0<fshape <1}
(2.1)
Dmax
4πA
fcircular = 2 , {fcircular ∈Q | 0<fcircular <1}
(2.2)
P
where Dmin is the minimum particle diameter, Dmax the maximum particle diameter, A
the cross sectional area and P the perimeter of any particle.
fshape =

The PSD was obtained with the Mastersizer 2000 (according to ASTM B822 (2002)).
To improve the sample dispersion and avoid agglomeration of powders, samples were placed
in ultrasonic vibration for approximately 10 minutes before the measurements. Moreover,
deflocculants as Fluicer PD 96/F and Dolapix CE64 were added to the suspension for
Ti6Al4V and Inconel 718 powders, respectively.

2.3. Results and discussion
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The oxygen content was determined with inert gas fusion using a LECO TC-500 analyzer
following ASTM E1409 (2013) for this procedure. Additionally, the chemical composition
was obtained in a semi-quantitative way using the SEM with EDS detector. Variations
in composition of used powders are expected on the surface due to remelting during the
production process, and due to contaminants such as oxygen and moisture that can get
trapped in welding pools.
A digital microscope (Keyence VHX–5000) was used to study the microstructure of
powders after conventional metallographic preparation. The light alloys were etched with
Keller’s reagent for 20s to reveal the microstructure and Inconel 718 was etched with Kalling
reagent for 5s.
The flowability of metal powders mainly depends on PSD, density and morphology. The
density of the metal particles was measured with a Helium Gas Pycnometer (ASTM B923,
2002). The flow rate (φHall , ASTM B213 (2003)) was determined using the Hall flowmeter.
The reason for applying this method is its availability in bigger industrial facilities that
do not have rheology laboratories. The Hall flowmeter provides a fast assessment of the
variations in terms of flow behavior.
Finally, the tap density (ASTM B527, 2015) was determined to estimate the packing
density and flowability of the powder deposited on the build platform. A cylinder of 25 cm3
filled with powder was placed on the tapping apparatus, using a frequency of 260 taps/min.
Before and after the test (2500 taps), both the mass and volume are measured to obtain
the tap and bulk density. The Hausner ratio and Carr index are then defined as the ratio
and relative difference between the tap density and apparent density, respectively. The
packing fraction is also obtained and calculated as the tap density (ρtap) divided by the
true (theoretical) density (ρtrue).

2.3
2.3.1

Results and discussion
Morphology

The micrographs in Figure 2.2 show the particle shapes of both states (virgin and used)
for the studied alloys. Ti6Al4V and Inconel 718 particles are rounded and regular while
AlSi10Mg and Scalmalloy present a more irregular shape and surface in the virgin state.
The used powders in general exhibit a deformation towards a teardrop shape, show an
increase in number of satellites and a rougher surface due to remelting when exposed to
the laser source. Other works also reported the presence of some non spherical particles and
agglomerates after intensive reuse (>30 times) (Quintana et al., 2018) and (Sun et al., 2015).
The third column of Figure 2.2 shows the cumulative distribution function of the PSD,
which in most cases is close to a Gaussian distribution. The average particle size, i.e.
the value of the size at 50% of the volume – D50, is very similar in all materials, with a
value of approximately 35 µm. The exception is AlSi10Mg, which shows a higher value of
38.5 µm. The distribution curves for Inconel 718 and Ti6Al4V are similar to previous studies
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(Spierings et al., 2016) and (Hausnerova et al., 2017), but they are clearly steeper than those
of the two Al alloys, which means that the latter have a wider PSD, and thus more variation
in particle size. Furthermore, the used powders exhibit a smaller amount of fines, which
typically improves flowability. The decrease in amount of fines is caused by the sieving
process that separates the sintered particle agglomerations. It is expected that especially
the smaller particles will melt and sinter to form satellites. For this SLM set-up a 100 µm
sieving mesh is used. This is typical for powder of (original) PSD between 20 µm and
63 µm. Further, the Mastersizer calculates the size distribution assuming perfectly spherical
particles. Therefore the results of less circular particles are only an approximation of the real
value. The error will depend on the percentage of irregular particles in the studied powder.
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Figure 2.2: SEM micrographs showing the particle shapes of a) Inconel 718, b) Ti6Al4V, c)
AlSi10Mg and d) Scalmalloy. Virgin (1), Used (2, number of times used indicated, roughness
and satellites pointed with arrows and teardrop shape highlighted with dash-dot line) and PSD
(3, D50 increase pointed with arrows).

Figure 2.3a-d shows the micrographs used for the analysis of the particle shape. In addition
to the visual examination, particle shape and circularity have also been quantified using fshape
and fcircular parameters. The results are shown in Figure 2.3e, presenting a graph with
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fshape versus fcircular , using the average values of the sets of particles shown in Figure 2.3a-d.
The material close to the upper right corner of the graph (both parameters close to 1) has the
roundest and most regular shape. The most homogeneous particles thus belong to Ti6Al4V
and the least homogeneous to AlSi10Mg. The calculated values confirm the visual inspection
results of the particles in Figure 2.2. For Inconel 718 a remarkable difference between virgin
and used powder is observed. This is due to the high amount of reuse (38), which clearly overrules the ‘rejuventation’ procedure. The results further show that each powder / material behaves differently upon reuse. This demonstrates the need for a set of measurements and methods that can quickly characterize these effects for a specific powder. Finally, it should be noted
that some internal porosity (pointed with arrows in Figure 2.3) can be found in the Inconel
and Scalmalloy particles. The resulting lower density will affect the flowability of the powders.
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Figure 2.3: Virgin powder cross-section (internal porosity pointed with arrows) of (a) Inconel
718, (b) Ti6Al4V, (c) AlSi10Mg, (d) Scalmalloy. (e) Particle shape versus circularity parameters
in virgin (-v) and used (-u) powder.

2.3.2

Composition

To validate the hypothesis that the chemical composition changes due to the melting process
and possible contamination of the build chamber, chemical content and microstructure of
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the powders are analyzed. The results in this section show whether there are changes in
oxygen content after reuse. Two techniques are applied: Inert Gas Fusion (with LECO)
and EDX to determine the bulk and surface composition, respectively.
Oxygen content
Figure 2.4 shows the average of three LECO measurements of oxygen content for each
material and state. The mass of each sample was kept constant at approximately 0.19 g. The
chart displays the amount of oxygen present in virgin and used samples of the four studied
alloys. The low oxygen content measured in the powders shows that the level of purity must
be kept high for a metal AM process. The highest percentage of oxygen is found in Ti6AL4V
due to the layer of TiO2 usually formed on the surface. Inconel 718 is the second highest
followed by the two aluminum alloys. The measurements for used Ti6Al4V and Inconel 718
have a larger standard deviation. Therefore the decrease in oxygen content observed in the
average value is within the scatter band of the measurements, and therefore not significant.
Thus, from a chemical point of view, the difference between virgin and used material is not
appreciable, except in AlSi10Mg which almost doubles the initial value. Aluminum has a
high affinity with oxygen to form Al2O3 oxide, in fact Ellingham diagram shows one of the
lowest free Gibbs energy for this reaction (Gaustad et al., 2012). On the contrary Scalmalloy,
Ti6Al4V and Inconel 718 show a slight decrease of the oxygen content for the used samples.
The Scalmalloy used powder was quite similar to powder in the new state, having only
been used three times when the samples were collected. Otherwise this material would have
probably demonstrated similar behavior as AlSi10Mg. In case of Ti6Al4V and Inconel 718,
both Ti and Ni need a higher free Gibbs energy to form TiO2 and NiO oxides, respectively.
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Figure 2.4: Oxygen content obtained for virgin and used feedstock with Inert Gas Fusion (left);
LECO and EDX oxygen ratio: used / virgin (right)

The variation of oxygen content and other chemical elements between virgin and used
samples were also estimated with the EDX detector, which mainly samples the surface of the
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particles. For each material state, a minimum of 5 particles were analyzed, each with more
than 20 measurements. The selected areas were satellites, rougher points and plain surfaces
to properly determine the variations. A ratio that estimates the change in composition was
calculated by dividing the average of the virgin by the average of the used state (see Figure 2.4
values). The absolute values are not displayed in the case of the EDX measurements because
this approach is only semi-quantitative in tracing light elements such as oxygen. Nevertheless,
certain trends are similar in LECO and EDX measurements. For example, Ti6Al4V shows
that variation between virgin and used is not appreciable in this alloy because it already
contains a thick oxide layer. Contradictory, Tang et al. (2015) found an increase of the
oxygen content from 0.08 to 0.19 wt.% after 21 reuse cycles. However, process contamination
largely depends on build chamber atmosphere. In this study the gas purity used was Argon
5.0 which protects the powder and final parts against oxidation. The aluminum alloys also
show a change from virgin to used similar to that obtained with LECO. Inconel contains a
thin oxide layer on the surface but the difference between virgin and used powder was high
with a ratio of 2.0, which is opposite to the bulk results obtained with LECO (Figure 2.4).
The hypothesis of potential contamination due to reuse in the SLM process is only valid
for AlSi10Mg, the other three alloys do not show an increase in oxygen content due to the
gas protection in the build chamber. It is worth to notice that AlSi10Mg has special affinity
for oxygen pick-up; therefore this material has to be handled carefully in order to avoid
this type of contamination.
Microstructure
A change in the microstructure of the particles is expected, especially on the surface level
due to the remelting during the process. Figure 2.5, showing (the cross section of) used
particles confirms this hypothesis for the four alloys.
The left column shows the virgin particles, which do not have the additional surface
layer, and the right column shows the used particles with a slight remelting in the case
of Inconel 718, Ti6Al4V and AlSi10Mg. In addition, the chemical composition was studied
for both the used and virgin powder but there were no significant differences, except a
moderate increase of oxygen content, as was already discussed in oxygen content section.
The virgin state particles show a relatively homogeneous microstructure as produced by
atomization. The used particles show a modified finer microstructure in some areas and
in the thin surface layer as the result of a fast cooling process. Scalmalloy used material
exhibits agglomeration of particles formed during the process. When the laser melts the
metal powder it creates “a spark” of melted powders that will fly in the chamber and be
deposited on areas of pristine material. Ti6Al4V is barely influenced by the reuse process,
as evidenced by almost no differences between the virgin and used states.
The observed microstructural changes are associated to remelting and variations in the
powder composition. Light elements can vaporize of the surface and similarly trace elements
such and oxygen and nitrogen create additional layers. This phenomenon is only observed
when the build chamber has not sufficient inert gas purity. Again, the changes vary across
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the materials, so detailed characterization of a specific powder is crucial in estimating the
effects of reuse on the process and products.
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Figure 2.5: High magnification micrographs of particle cross sections showing the (changes in)
microstructure of: (a) Inconel 718, (b) Ti6Al4V, (c) AlSi10Mg and (d) Scalmalloy. Virgin state
(1) and used state (2, number of times used indicated, remelting and agglomeration zones pointed
with arrows.

2.3.3

Physical behavior

The final aspect to be examined is the physical behavior of the powders, which indicates
how the powders will perform in the AM process. For the physical behavior, both the tap
density and flowability are assessed for the four materials. Additionally, the flowability will
be compared for virgin and used materials, since the observed changes in PSD could affect
the powder flow behavior. The PSD study showed that less fines are present in the used
powders. Therefore it is expected that the flow behavior is improved, i.e. the used powders
should flow faster than the virgin powders.
The flow rate for the four materials was determined with the standard Hall flowmeter
method (ASTM B213). Figure 2.6 shows the time in seconds that 50 g of powder takes
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to flow. The fastest powder to flow is Inconel 718 followed by Ti6Al4V, both influenced
by their density (relatively high) and morphology (regular spheres with few satellites).
Scalmalloy and AlSi10Mg are light-weight alloys, which therefore flow less easily, which
are additionally hindered by their morphological inhomogeneity. The finer the particle, the
larger the relative surface is, and therefore the more difficult to flow due to surface friction
phenomena. Since this method depends on gravity force, the density of each alloy will also
have a great influence on the result.
The graph shows that reusing the material, in general, decreases the time to flow, which
means that it enhances the flowability, especially in the case of Ti6Al4V and AlSi10Mg,
previously observed in SLM used powder (Strondl et al., 2015). As mentioned before, the PSD
tends to increase, reducing the amount of fines, when reusing the powders in an SLM system.
This effect is pronounced in Inconel 718 and AlSi10Mg where the first half of the PSD curve
tends to shift right. This means that most of the small size particles, usually problematic for
the flowability, disappear. For Ti6Al4V, the magnitude of the increase is not clear since the
standard deviation in virgin state is quite large, furthermore the PSD remains unchanged.
As the Scalmalloy material has been used only three times, it makes sense that there is not a
visible change in this experiment. On the contrary, the shape study showed that satellites and
teardrop shape particles already have been formed due to the reuse and this generally affects
the flowability negatively. The conclusion is that, taking into account both phenomena, the
PSD plays a more dominant role in the flowability behavior than irregularly shaped particles.
The true density values are indicated in the table of Figure 2.6 for all materials, as
obtained with the helium pycnometer. The values contain an error of ±0.01 caused by the
calibration and due to (limited) sample size. Inconel 718 shows a density which is almost
four times larger than Scalmalloy and AlSi10Mg. For this reason, the aluminum alloys will
take more time to flow than the nickel-chromium and titanium base alloys.
The tap density plotted in Figure 2.6a for virgin and used powders does not show great
differences between those two states. Furthermore, the packing fraction, defined as the
ratio between the tap density (ρtap) and true density (ρtrue), of all the materials in virgin
and used state is 0.6. This means that the packing density over the build platform will
not be influenced by the degree of reuse Table 2.1 or the type of material.
The Hausner ratio and Carr compressibility index are measures of the extent to which a
powder can be compressed. For more poorly flowing materials, interparticulate interactions
are typically larger, and a greater difference between the bulk and tapped densities will be
observed (European pharmacopoeia 7.0 2010). Powder with Carr index (%) and Hausner
ratio lower than 10% and 1.11, respectively, have an excellent flowability. In this study all
powders fall in this category except used Scalmalloy. Its slightly higher values (13.5% and
1.15) are still associated to good flow behavior. This increase in the compressibility index
suggest a degradation in the powder flowability. Since the PSD of Scalmalloy does not
show a remarkable change in PSD (Figure 2.2), this is the result of the observed irregularly
shaped particles and presence of satellites (Figures 2.3 and 2.5).

Chapter 2. Effects of Powder Reuse for SLM
100
90

ΦHall (s)

80

7

Inconel 718
Ti6Al4V
AlSi10Mg 6
Scalmalloy

Inconel 718
Ti6Al4V
AlSi10Mg
Scalmalloy

5

70
60

4

50

3

40
30

2

20
10

ρtap (g/cm3)

28

virgin

used

1

Materials

ρtrue (g/cm3)

HR (v/u)

CI (v/u)

Inconel 718 (38x)
Ti6Al4V (11x)
AlSi10Mg (6x)
Scalmalloy (3x)

8.3
4.4
2.7
2.7

1.08 / 1.07
1.06 / 1.07
1.09 / 1.11
1.10 / 1.15

7.9% / 6.3%
5.9% / 6.7%
8.4% / 9.9%
8.9% / 13.5%

Figure 2.6: (Top) Flow-rate (φHall ) and tap density (ρtap ) for metal powders; (Bottom) true
density (ρtrue ), Hausner ratio (HR) and Carr index (CI) for virgin (v) and used (u).

2.3.4

Practical implications

In this study a set of key powder properties was analyzed for both virgin (pristine) and
used powder from an industrial-scale SLM machine as advised in the ASTM standards for
AM powder manipulation, see ASTM F2924 (2014), ASTM F3001 (2014), ASTM F3055
(2014) and ASTM F3056 (2014). Based on the proposed measurements and analyses, a
decision can be taken on the feasibility of reusing the powder in a specific application /
with a specific material. The decision graph shown in Figure 2.7 provides a structured way
of combining the proposed analyses. In addition to defining the optimal order of the various
analyses, it provides decision support at each step. Depending on the values obtained for
a certain parameter, the reuse of powder is defined either to be feasible or non-advisable.
Only if a feasible value is obtained, the next analysis will be considered, and only after
successfully completing five steps, reuse of powder is considered to be advisable.
The first step is to check the PSD of the powders and determine if it is in the correct
range to be used for SLM (15 µm to 63 µm). Typically, reuse is associated with an increase
of the PSD that could impact the flow behavior. Controlling the powder morphology is
important to ensure a smooth flow and high packing density on the build platform. This
means that in the next step of the procedure the fc and fs parameters are checked. These
values should be as close as possible to 1, but at least be 0.7. For Ti6Al4V even higher
values should be obtained (between 0.8 - 0.9).
After that the chemical composition must be checked, especially between long periods
of reuse, to determine if contamination has taken place due to powder handling. This is
specifically important for Ti6AL4V that exhibits a high content of oxygen on the outer layer
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Figure 2.7: Reusability decision diagram based on powder properties.
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of the virgin powder. Therefore the chemical composition for this material has a higher
criticality than for Inconel 718 and aluminum alloys. For example: an oxygen content of
less than 0.2 wt.% for Ti6l4V is considered to be acceptable to be used in implants for
surgery according to ISO 5832-3:2016 (2016). For the other alloy systems a lower threshold
is required depending on the final application.
As mentioned before, changes in PSD and morphology can highly affect the flowability
and packing density. However, the relations between these parameters are not unambiguous:
a shift to a higher PSD typically improves the flowability due to the smaller amount of fines,
but the presence of satellites in used powders at the same time decreases the flowability.
This means that only directly analyzing the actual physical behavior of the particles can
ensure a smooth process with low porosity. Therefore, in the forth step of the decision
diagram, the flowability (Hall parameter) of the powder is measured and analyzed. In the
reuse cases in this work no decrease in flowability was observed. Nonetheless, if a significant
decrease in flowability (approx. >25%) is measured, the powder must be taken for further
investigation and (continued) reuse must be avoided.
Finally, to secure optimal melting of the particles, the layer deposition should be homogeneous. The final density and porosity of a manufactured part is known to be affected by process parameters such as laser power, scanning rate and hatch space, but more importantly it is
highly dependent on the packing density of the powder bed. For that reason, the final analysis
in the decision diagram is the analysis of the tap density. It is important that the packing ratio
(η) is at least 0.6 (ρtap/ρtrue) to ensure a homogeneous powder bed and minimal porosity.
This decision chart is expected to assist end users that are primarily focused on the
production process (parameters) of SLM parts rather than on the powder requirements
to determine where to set the limit to powder reuse.

2.4

Conclusions

A simplified method is proposed which aims to assess the morphological, composition and
rheological changes that occur when powders are used in the SLM process. Any changes
in the selected powder properties can directly affect the AM process itself and enables to
explain all observed differences between the four alloys. The general conclusion regarding
the reuse of powder in a SLM process is that, due to their low density, lightweight alloys are
most influenced by reuse, as this causes a substantial change in PSD, which for these alloys
considerably affects the flowability. More specific conclusions on the effect of powder reuse are:
1. The PSD tends to increase with reuse, but a well-controlled sieve process minimizes
this issue. Therefore, it is important to adjust the sieving mesh not only to the size
distribution but also to material type. In the present study, AlSi10Mg (6x) and Inconel
(38x) show the highest increase of the mean particle size, especially due to the high
number of reuse cycles for these alloys; on the contrary Ti6Al4V, despite being used 11
times, does not display any change.
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2. The morphology of Inconel 718 and AlSi10Mg shows changes after reuse such as particle
elongation and satellites.
3. Oxygen content only varies for AlSi10Mg, which is due to contamination pick up, elements
vaporization and microstructure variations observed in etched surfaces of the particles.
Inconel and Ti6Al4V show variations that remain within the measurement error. In this
case the pure atmosphere of Argon 5.0 quality protects the powder from contamination.
Scalmalloy powder, after being used only three times does not show any variation.
4. The flowability is influenced by reuse. The general trend was an increase in flowability,
with a considerably improved performance for AlSi10Mg. This alloy shows more sensitivity
of flowability to the reuse process than the other 3 alloys. On the other hand, the
packing ratio (η) remains constant for all materials, which means the deposition over the
build platform remains homogeneous.
5. One of the key points of this study was to compare different materials typically used for
metal AM. In all experiments within the proposed methodology, AlSi10Mg showed the
highest variability between virgin and used, followed by Inconel 718. On the contrary,
Ti6Al4V showed the lowest influence of reuse. In case of Scalmalloy, the changes are not
visible.
Finally, the insights obtained from this study on four commonly used AM powders have
been integrated into the decision diagram in Figure 2.7. This diagram can guide end-users
in deciding whether (continued) reuse of powder is advisable.
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Chapter

3

Measuring the spreadability of
pre-treated and moisturized
powders for laser powder bed
fusion1
3.1

Introduction

Metal Additive Manufacturing (AM) techniques, such as Laser Powder Bed Fusion (L-PBF)2,
Electron Beam Melting (EBM) and Directed Energy Deposition (DED), use metal powder
as feedstock to produce complex parts (Harun et al., 2018) and (Gibson et al., 2010).
L-PBF and EBM are part of a cluster defined by ISO 17296-2 (2015) as Powder Bed Fusion
systems. Such systems are characterized by the deposition of a thin layer of powder by
a wiper blade over the build platform and the melting of the powder following a pattern
by a high-power source (e.g. laser or electron beam).
Control and characterization of the material is a key step in ensuring optimal and
repeatable properties of the final parts when using metal powder technologies (Karlsson
et al., 2013) and (Stanford and DellaCorte, 2006). The L-PBF process and the resultant
parts produced are strongly dependent on the powder morphology and composition (Strondl
1 This chapter is based on ‘Cordova, L., Bor, T., de Smit, M., Campos, M., Tinga, T. Measuring the
spreadability of pre-treated and moisturized powders for laser powder bed fusion. Submitted to Additive
Manufacturing.’
2 In this chapter the selective laser melting (SLM) process will be referred as laser powder bed fusion
(L-PBF).
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et al., 2015) and the presence of contamination (e.g. moisture) (Cordova et al., 2017). These
parameters have a direct effect on the powder spreadability on the powder bed.
This paper will focus on studying the flowability and spreadability of metal powders that
have been moisturized and pre-treated to reduce moisture. Therefore, in the next subsections
the existing literature on powder flowability and its measurement will be discussed, as well
as some proposed methods of pre-treating the powders.

3.1.1

Powder flowability

The powder plays a critical role in an L-PBF process, being a crucial factor for achieving
optimal mechanical properties and surface quality. Firstly, the condition of the powders
affects the process since the flowability over the build platform critically determines the
continuity and uniformity of each layer. Homogeneous layers usually result in higher density
in the final parts (Olakanmi, 2013). Secondly, the repeatability of the process depends
mainly on properly controlled process parameters including the initial state of the powder
material. Even if the optimal performance is not achieved, a predictable process generally
means more reliable parts (Ferrar et al., 2012).
The powder flowability is influenced by numerous forces opposing flow. Pleass and Jothi
(2018) discussed the main mechanisms affecting powder flow behaviour: (i) friction between
particles, (ii) mechanical interlocking, (iii) interparticle forces such as Van der Waals and
(iv) liquid bridging. Particle morphology is the main reason that the first two mechanisms
– friction between particles and mechanical interlocking – take place.
The flowability of a thin layer of powder over the building plate is determined mainly
by the powder morphology, particle size distribution (PSD) and the surface topology of the
powder particles. The L-PBF process requires both a high flowability and a high apparent
density of the deposited layer. The PSD is a trade-off between two competing mechanisms.
On the one hand, a compact layer requires particles which are small enough to fill the
gaps between the bigger particles (Figure 3.1b). On the other hand, a high number of fine
particles in the powder usually decreases the flowability. Therefore, the question remains
whether a rather narrow PSD of spherical particles (Figure 3.1a) is preferable to a broader
PSD with a high number of fine particles.

a)

b)

Powder bed

Powder bed

Figure 3.1: (a) Best scenario for optimal powder flowability, (b) best scenario for optimal powder
apparent density.
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Currently, only flowability tools designed for traditional powder metallurgy technologies
such as Metal Injection Moulding (MIM) are available. The thin layer application of powder,
which is typical for the L-PBF process, is not yet tested by any standard tool. In fact,
both the Carney and the Hall methods, which are two of the most widely used methods
to measure the apparent density of powders, are not suitable for investigating the influence
of humidity in metal powders. In addition, very fine, irregular or moisturized powders
tend not to flow through the orifice of Carney and Hall flowmeters due to the significant
particle-to-wall friction (Vlachos and Chang, 2011). Apart from the gravitational flowmeters
there are a few other testing methods based on shear testers and rheometers that also
provide information about the dynamic behaviour of powder under certain conditions (Xu
et al., 2018) and (Freeman, 2007). Although powder rheometers and shear testers are bulk
testing methods and their analysis is not based on thin layer application, as is the proposed
method, they are useful to study the powder flow behaviour and packing information (e.g.,
particle cohesion force) that are fundamental to the powder spreadability in L-PBF.
It can thus be concluded that, although current methods are still important as complementary testing methods for measuring bulk powder properties, the proposed method, which
is thin layer application based, provides additional information on the powder behaviour,
such as layer spreadability and apparent density. As equipment that allows to study the
layering process is developed, correlation to powder rheological or revolution powder analysis
might be possible in the future.

3.1.2

Moisture influence and pre-treatment of metal powders

Even though the L-PBF building chamber is sealed and the process is carried out in a shielded
and usually inert environment, there remains a risk of powder contamination in the many
steps present between the powder production and the L-PBF process. Powders need to be
stored after production, to be transported to a user and to be stored again often for some time.
Subsequently, the L-PBF device is loaded with the powder before a print job and in many
cases a significant part of the powders may be reused, requiring sieving and/or other forms of
handling. In all these steps, the powder particles may be exposed temporarily to a non-inert
environment, potentially giving rise to forms of contamination (Nguyen et al., 2017). For
example, adsorption of oxygen, nitrogen and/or water molecules on the surface of the powder
particles may have a large effect on the way the powder behaves during subsequent printing
steps. Changes in the physical and/or chemical conditions of the powder can have major
consequences for the quality, repeatability and reproducibility of the printing process on the
one hand and the microstructure and properties of the printed product on the other hand.
Moisture that is adsorbed on the particle surface can lead to the formation of a thicker
external oxide layer. Adsorption occurs whenever a solid surface is exposed to a gas
or liquid, which give rise to either physisorption (physical adsorption) or chemisorption
(Rouquerol et al., 2014). Physisorption interactions are the same as those responsible for the
condensation of vapours, whereas chemisorption interactions are essentially those responsible
for the formation of chemical compounds. The driving force for these interactions is a
reduction of the surface energy.
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For some powder materials the growth of the oxide film on the particle surface happens
at ambient temperatures under the influence of oxygen and moisture (H2O). Specifically,
aluminium powders build up a natural oxide film very quickly as soon as the metal comes
in contact with air. The oxide film is composed of two superimposed layers with a total
thickness between 4 nm and 10 nm. The final thickness is reached only after several weeks
– even months – and it depends on the physicochemical conditions (Cabrini et al., 2016).
This means that a humid environment can lead to a thicker oxide film.
In the literature, usually only oxygen and nitrogen contents are measured in metal powders
(Kazantseva et al., 2017), (Sun et al., 2016) and (Engeli et al., 2016). Therefore, this study
proposes using a moisture analyser, similar to the thermo-gravimetrical analysis, as a method
for estimating the water content on the particle surfaces as a result of physisorption. Moisture
entrapped in the metal powders during the L-PBF process yields a decrease in powder
flowability during spreading and often also a lower apparent density in the powder bed.
Besides poor flow behaviour, moisture can also affect the final properties of the builds.
If moisture is present in the metal powder, it may create hydrogen porosity during the
melting process (Galy et al., 2018). Hydrogen pores are generated as a result of the
formation of gas bubbles in the melt pool; they are typically spherical and small (Aboulkhair
et al., 2014). Weingarten et al. (2015) and Li et al. (2016) proposed (air) pre-drying
treatments for the powder, before and during the process, to reduce the level of hydrogen
and to eliminate hydrogen pores. By using pre-drying treatments, both studies achieved
a significant reduction of the hydrogen pores and therefore a higher relative density.
To summarize, the drying treatments found in the literature vary from source to source
and are not unified. Most studies dry the powder at temperatures in the range of 80◦C to
190◦C prior to flowability characterization, but this treatment is seldom applied to powders
loaded into the L-PBF machine (Sun et al., 2018). The main concern is contamination
due to the drying treatments as most of them are carried out in air. Moreover, the effects
are typically investigated by measuring only oxygen and nitrogen content, not by directly
measuring the moisture content.

3.1.3

Objectives

The present paper will address the identified topics often missing in scientific literature
regarding the effects of moisture and pre-treating the powders on the spreadability of the
L-PBF process: (i) direct measurements of moisture content in powders have not yet been
used to characterize these effects, (ii) although powder pre-treatment methods have been
investigated, a unified and well-motivated approach is not yet available, (iii) no suitable
methods are available to quantify the powder flowability/spreadability in a way that is
representative for the L-PBF process.
The first topic will be covered by studying the influence of moisture on the chemical
composition and on the flow behaviour of metal powders used for the L-PBF process.
Following the second topic motivation, an effective way of drying the powders to remove
moisture and to achieve the maximum apparent density will be proposed. The third topic
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of measuring flowability will be covered by proposing and demonstrating two new tools,
based on a unidirectional movement of the powder over a rough surface, to measure the
spreadability and relative density. The new tools will also enable accurate quantification of
the effects of moisture content on flowability, unlike commonly applied standard methods.
The paper is structured as follows. In Section 3.2 the main features and composition
of the powder materials are briefly explained. The powders are conditioned into four states:
as-received, air-dried, vacuum-dried and moisturized. The testing procedure is also presented
in this section, as well as the proposed tools for flowability measurements. Section 3.3
presents the experimental results, which are discussed in Section 3.4, addressing the humidity
problem for metal powders and the influence of humidity on flowability. Section 3.5 provides
the conclusions of the paper.

3.2
3.2.1

Materials and methods
Materials

In this paper four typical L-PBF alloys from different suppliers were used: Inconel 718
(Oerlikon), Ti6Al4Mg (LPW Technology), Scalmalloy (Airbus APWorks) and AlSi10Mg
(LPW Technology). Table 3.1 shows the density and the composition of the four alloys
studied in this paper.
Table 3.1: Density ρ (g/cm3 ) and chemical composition (wt%) given by the powder suppliers.
Material

ρ

Al

Cr

Fe

Mg

Mn

Mo

Nb+Ta

Ni

Sc

Si

Ti

V

Zr

Inconel 718
Ti-6Al-4V
AlSi10Mg
Scalmalloy

8.2
4.4
2.7
2.7

0.42
6.3
Bal.
Bal.

18.93
-

∼18
0.14
0.11
0.13

<0.01
0.38
4.39

<0.01
0.49

3.08
-

5.14
-

Bal.
<0.01
-

0.66

0.05
10.10
<0.01

0.94
Bal.
<0.01
0.021

4.05
0.013

0.31

3.2.2

Experimental procedure

In this section, three main blocks of work are described: (1) applicator tools design, (2)
material conditioning and (3) experimental testing. The applicator tools were designed
to determine the layer apparent density of metal powders used for the L-PBF process. The
four metal powders, Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy, were tested using
the applicator tools and various standard methods. The materials were conditioned at
different humidity states to assess the impact of moisturizing, drying in a vacuum and air.
To complete this study, the morphological and chemical composition of the powders were
compared for four different humidity states.
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Applicator tools
Studying the stability of the flow and apparent density of the powder bed, composed
of layers between 30 µm and 50 µm, is critical to ensure a smooth powder deposition.
The apparent density of the applied powder layers to be melted should be constant and
repeatable for reproducible interaction with the laser. In turn, this should result in a
constant and repeatable microstructure.
As was discussed in Section 3.1.1, the current methods that are used to estimate the
flowability of metal powders for L-PBF do not easily correlate to the layering process in
the L-PBF process. Instead they measure the free flowing apparent density or angle of
repose / avalanche that do not represent the typical spreading of a powder by a wiper on
a rough surface. Most L-PBF machines are equipped with a wiper blade as recoater and
use a powder reservoir where the powder is either deposited in front of the wiper blade
or lifted up from a container to the same height of the layer to be applied.
This paper aims to investigate the influence of moisture on the powder flowability, by
using two new tools designed and manufactured at the Netherlands Aerospace Centre
(NLR) that mimic the thin layer powder application in the L-PBF process. Generally, it
is preferred to characterize powders with a method in which the powder handling is as close
to the manufacturing process as possible. In this study, the SLM Solutions 280HL model
was used as inspiration for designing the tools. This model is equipped with a wiper blade
for the layering process. The tools were used to measure the apparent density and enable
visual inspection of the flow behaviour of the powders. Different materials were tested with
the tools and their response to the flow behaviour at various humidity states. The tools are
based on a unidirectional movement of the powder over a rough surface. They also support
the study of the influence of particle size and shape and the impact of agglomerates and/or
satellites on the flow behaviour when applying thin powder layers.
The applicator tools (open tool and funnel tool, see Figures 3.2a and 3.2b respectively)
accurately estimate the apparent density of a thin layer of powder. The names open and funnel tool refer to their geometrical features. In the open tool the powder is deposited directly
on the strip, while in the funnel tool the powder flows through a short funnel before being
deposited on the strip (see Figures 3.2c and 3.2d). The aperture that allows to create the
thin layer of powder was fixed to 100 µm for both applicators (see Figure 3.2e), this is based
on the assumption of 50% relative density to obtain a 50 µm layer thickness after melting.
The powder flowability in thin layer application is judged based on both the apparent density
and the layer quality. An irregular layer with stripes or uncovered areas indicates poor flow
behaviour. Wear of the strip must be prevented as the obtained powder layer density is influenced by the surface roughness of the application surface. Therefore, regular blasting of the
strip with corundum is necessary to maintain the desired roughness between 2 µm and 3 µm.
The relative density (Rρ, in %), calculated using Equation 3.1, is defined as a percentage
of the powder true density (ρtrue), determined by the value of the apparent density (ρapp).
ρapp =

Mpowder
ρapp
, Rρ =
V
ρtrue

(3.1)
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a)

c)

b)

“open” tool
Movement
direction

powder layer
metal strip

d)
Movement
direction

“funnel” tool

e)
100µm

powder layer
metal strip

Figure 3.2: Applicator tools designed by NLR: Top view (a) and side view (c) of the open tool. Top
view (b) and side view (d) of the funnel tool. (e) Powder flowing through the 100 µm aperture of open
and/or funnel tool. The direction of movement of the tools is indicated with an arrow in (a) – (d).

with ρtrue as the powder true density of the homogeneous, porosity-free material, which
was provided by the suppliers (see Table 3.1), Mpowder as the necessary mass of powder
to obtain the desirable layer length, and V the powder layer volume as determined from
the layer length (L), width (W ) and thickness (t).
The experiments were performed at least five times per humidity state to achieve statistical significance. For every experiment a new volume of powder was taken from the
container storing the powder in the respective humidity state. The experiments were
carried out in a laboratory environment without additional (inert) gas protection. However,
as-received powder, air-dried and vacuum-dried powders were stored in a desiccator before
the measurements, so as to avoid contamination. Taking the measurements under ambient
conditions (T=22◦C, RH=60%) is not expected to lead to large variations in the results,
as the time between taking the powders from the storage containers and performing the
test is minimized (typically 1-2 minutes).
The apparent powder layer density, ρapp (g/cm3) and relative density, Rρ (%), obtained
from Equation 3.1 were calculated using the mass and the layer volume (derived from the
track length). It is preferred to apply a long track (in the range of 900 mm) on the strip for
reasons of accuracy and repeatability. Before the measurements, the ruler and the applicator
were cleaned with isopropanol. The applicator was then placed on the test strip with the
wiper block to the left, facing in the direction opposite to the moving direction (indicated
with an arrow in Figures 3.2a and 3.2b), and the funnel/open side to the right. The required
volume of powder (approximately 1.8 cm3) was calculated based on an expected apparent
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density for the specific material and was then verified (and modified if necessary) in two trial
experiments before the actual measurement. The powder was then weighed in a non-static
cup using a Mettler Toledo scale (model AT261 DeltaRange) and transferred to the applicator.
The applicator was then moved by an operator at a constant speed of ± 200 mm/s along
a straight line (5 seconds over a length of 1000 mm, the time was measured each time with
a chronometer). Although the manual movement of the tool could lead to variations in
speed, it was observed that once an operator gained some experience with the tool, it was
possible to keep the speed in different experiments rather constant (as measured by the
time to cover the 1000 mm track). As all experiments have been performed by the same
operator, this minimizes the speed variation. All powder was deposited over a roughened
stainless steel strip along a ruler, forming a thin powder layer with a thickness of 100 µm
and a layer width of 20 mm (both dimensions are inherent to the tool design). At the end
of the track (final 30 – 50 mm), where only a small amount of powder was present in the
tool, the complete width could no longer be covered (see Figures 3.2a and 3.2b). The track
length was then measured using the ruler (see the dotted line in Figures 3.2a and 3.2b),
but a geometrical correction was made to account for the incomplete width of the layer
in the final 3 – 5 cm. The area of a rectangle equivalent to the triangle formed in the final
30 – 50 mm was estimated to calculate the tract length. Finally, the track length together
with the fixed width and layer thickness enabled the volume of the deposited powder layer
and – using the mass of the powder – the apparent density to be calculated.

Material conditioning
Figure 3.3 shows the four different states in which the four metal powders were used for
the experimental analyses. These include (i) morphological analysis, (ii) moisture and
chemical composition analysis, and (iii) physical behaviour analysis. These analyses are
described in the next three subsections. By default, all powders received from the suppliers
(specified in Section 3.2.1) are in the as-received state. These powders were used to conduct
the reference/baseline measurements. Next, three groups of samples of the as-received
powders were separated to perform the drying and moisturizing treatments. The first group
of samples (no. 2 in Figure 3.3) were dried under vacuum conditions (<10−2 mbar) in
a Binder VDL53 furnace at 85◦C for 12 h. The second group of samples (no. 3) were
dried in air using the moisture analyser of model MS-70 from A&D Company Limited at
150◦C for 20 min. The drying temperatures were optimized for each drying method in
order to ensure the total absence of moisture in the powder. Finally, the third group of
samples (no. 4) were placed for 72 hours in a climate chamber of model VC0018 Vötsch
at 50◦C and 80% humidity. This conditioning approach resulted in four different states
of the four different materials (a total of sixteen sets of samples). Before executing the
flowability measurements, a shaker/mixer of model Turbula was used for 10 minutes to
break apart the agglomerations produced by the drying and moisturizing treatments.
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Vacuum-dried

3

As-received

Air-dried

4

Moisturized

Figure 3.3: Different states studied of the metal powders (1) As-received state: from the
suppliers, (2) vacuum-dried state: at 85◦ C for 12 hours, (3) air-dried state: at 150◦ C for 20
minutes, and (4) moisturized state: at 50◦ C and 80% humidity for 72h.

Morphological analysis
The particle shape was analysed using a Scanning Electron Microscope (SEM) of model
Jeol SEM JSM-7200F. An inspection using the SEM enabled a comparison of the powder
morphologies of the various materials and of each of the materials in the different states
(described in Figure 3.3).
The particle size distribution (PSD) of the powders was obtained using a Mastersizer 2000
(according to ASTM B 822 02). The PSD measurements were carried out in a water-based
dispersion. The samples were subjected to ultrasonic vibration in an Elmasonic S15H device
for about 5-10 minutes before the measurements to improve the sample dispersion and avoid
agglomeration of powders. Commercial deflocculants such as Fluicer PD 96/F and Dolapix
CE64 were added to the suspension in order to improve the dispersion of Ti6Al4V and
Inconel 718 respectively. The Mastersizer software calculates the PSD assuming perfectly
spherical particles. Therefore, the results of less circular particles are only an approximation
of the real value (Eshel et al., 2004). The error will depend on the percentage of irregular
particles in the studied powder.
Moisture and chemical composition analysis
Contamination of powders is in most cases analysed only by measuring oxygen or nitrogen
pick-up, as was discussed in Section 3.1.2. In this work, the actual moisture pick-up
(physisorption) is investigated as well. The moisture content of the powders was estimated
following the mass loss on drying principle using a moisture analyser, model MS-70 from
A&D Company Limited. The sample was placed on a heating plate for 20 minutes increasing
the temperature at a heating rate of 10◦C /min until the target temperature of 150◦C was
reached. The samples from the four states shown in Figure 3.3 (as-received, vacuum-dried,
air-dried, moisturized) were dried in the moisture analyser and the mass was tracked
throughout the measurement. Consequently, from the measured mass loss, the moisture
content M(%) in the initial powder sample was estimated as follows:
Vwater =

mw −md
Vwater
, M=
∗100
ρwater
Vsample

(3.2)
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where mw represents the initial sample mass or ‘wet mass’ and md the ‘dried mass’. Vwater
is the water volume in the initial powder sample, Vsample and ρwater , the water density.
For the measurements, samples were taken at approximately equal volumes (3 cm3) in
order to be able to accurately compare the water loss. To obtain the exact volume in each
measurement, Vsample was calculated by dividing the mass difference by the theoretical
density of the material. The water density at 100◦C (ρwater = 0.96g/cm3) was used to
calculate Vwater , the water volume in each sample. The moisture content was calculated
by taking into account volume values, therefore the result of moisture content in materials
with different density can be compared.
The oxygen and nitrogen contents were determined through the inert gas fusion method by
a LECO TC-500 analyser, following the ASTM E1409-13 standard. This method quantified
the oxygen and nitrogen contents for the four powders in the four humidity states described in
Figure 3.3. In this analysis the sample melts under a helium atmosphere in a graphite crucible.
All the oxygen trapped in the samples reacts with the carbon of the crucible to generate CO
and CO2, which are detected by an infrared cell. The nitrogen, as N2, enters the measuring
cell and the thermistor bridge output is integrated and processed to display percent nitrogen.
X-Ray Photo Spectroscopy (XPS) was performed using the Quantera SXM scanning
XPS microprobe from Physical Electronics to analyse the surface chemistry of the AlSi10Mg
particles and quantify the oxygen content in the as-received and moisturized states. This
technique uses X-rays in an ultra-high vacuum environment to determine the chemical
compounds of the first nanometres of a sample’s surface. The elements are detected by
comparing the measured energy of emitted electrons to their calculated binding energy.
Physical behaviour analysis
In addition to the apparent/relative density measurements using the proposed applicator
tools Section 3.2.2, the true density of the metal powder particles was also measured. This
is done by using a Helium Gas Pycnometer (ASTM B923) of model Micrometrics Accupyc
1330. Since the helium gas can penetrate between the particles, this method is suitable
for determining the skeletal density of metal powders. Calculations are based on the ideal
gas law at the prevailing temperatures and pressures.
To characterize the powder flowability and apparent density, three different methods were
used. The first and second methods used to test the powder flowability are based on the two
applicator tools described in Section 3.2.2. The third method was the standard Hall method
(ASTM B213) where the flow rate φHall and relative density Rρ (ASTM B212) were determined for all four powders in the four humidity states. The Hall flowmeter was used to measure the flow rates of free-flowing powders through an aperture of 2.54 mm on the bottom of a
vessel. The time that 50 g of powder took to flow through the vessel’s aperture was measured
to obtain the flow rate. To calculate the apparent/relative density, it was necessary to pour
the powder into a cylindrical brass cup of capacity 25 cm3. Then the powder was weighed
to calculate the density using the cylindrical cup capacity, Vcup and powder mass, mpowder .
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Results
Morphology

The metal powders from all four states (see Figure 3.3) were inspected using SEM. The
morphology of the as-received powders is shown in Figure 3.4. No differences between the
as-received, moisturized and dried powders were observed with the SEM analysis. Inconel
718 and Ti6Al4V particles (see Figures 3.4a-d) have a homogenous and spherical shape with
few satellites. Conversely, AlSi10Mg shows an irregular shape that has plenty of satellites
(see Figures 3.4e-f). The Scalmalloy powder presents a more spherical shape with fewer
satellites (see Figures 3.4g-h) than AlSi10Mg.
The fshape index was calculated in a previous study by Cordova et al. (2019) for the
same four as-received powders, as the multiplicative inverse of the aspect ratio (AR−1).
This index quantifies the shape of the particle, where a value equal to 1 represents the
perfect spherical shape. The results of Table 3.2 shows that the lowest value is scored by
AlSi10Mg. This material is also perceived as the least homogeneous in Figure 3.4.
Table 3.2: Morphological fshape index measured for the L-PBF as-received powders.

Material

fshape

Inconel 718
Ti6Al4V
AlSi10Mg
Scalmalloy

0.84
0.90
0.73
0.79

The volume and cumulative frequency PSD are plotted in Figure 3.5. The mean value
of the diameter (d50) of the four materials is also shown in Figure 3.5. Inconel 718 and
Ti6AL4V show similar PSD and d50 values. The Al alloys show a broader PSD than
Inconel 718 and Ti6Al4V. The aluminium alloys differ only slightly in both the d50 values
and the complete PSD curves. Since the morphologies of AlSi10Mg and Scalmalloy are
not spherical, the PSD values obtained using the laser-based method are an approximation
of the real values (see Section 3.2.2).
Figure 3.6 shows Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy powders in their
containers after being exposed to moisture (50°C and 80% humidity) in the climate chamber
for 72 hours (see Figure 3.3). Inconel 718, Ti6Al4V and Scalmalloy did not show a strong
affinity for moisture but they did form agglomerates (arrows in Figures 3.6a-d) that were
easily separated upon application of the shaker/mixer (see Section 3.2.2). There seems a link
between the materials’ morphology and their affinity for moisture since these three materials
have the most spherical shape, as observed in Figure 3.4. On the contrary, from observing
Figure 3.6 it seems that humidity has a stronger influence on AlSi10Mg, which has a more
irregular surface. The moisturized AlSi10Mg powder is rather compacted showing a light
grey powder on the upper layer, while the material on the bottom has a darker grey colour
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Figure 3.4: a), b) Inconel 718, c), d) Ti6Al4V, e), f) AlSi10Mg and g), h) Scalmalloy as-received
powders inspected by SEM.

(see circle in Figure 3.6c). The differences in appearance were reason to further investigate
the powders after being exposed to different states (see Figure 3.3) by SEM. No significant
changes from the as-received state shown in Figure 3.4 were found in the morphology or
particle surface upon treatment. Moisture appears to affect the metal powders physically
rather than chemically, at least in the studied conditions.
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Figure 3.5: Particle size distributions (PSD) of as-received metal powders measured using a
laser-based method.
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Figure 3.6: Visual inspection of (a) Inconel 718, (b) Ti6Al4V, (c) AlSi10Mg and (d) Scalmalloy
after 72 h exposure to moisture at elevated temperatures (50°C at 80% humidity). The images
were taken prior to application of the shaker/mixer. Note the arrows indicating the agglomerates
and a circle marking the wet area.

3.3.2

Moisture content and chemical composition analysis

In this section the results of various techniques, namely moisture analysis, inert gas fusion
and XPS, are presented to study respectively the moisture content and chemical composition
of the powders after vacuum/air drying and moisturizing. The results are compared with
the as-received state as baseline/reference. The aim is to assess possible changes in moisture
and oxygen content when changing the humidity level of the various metal powders.
The moisture content, as the volumetric loss of moisture in the initial powder sample,
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is shown in Table 3.3 for the four states described in Figure 3.3. There seems to be little
influence on the moisture content for Inconel 718, Ti6Al4V and Scalmalloy as all moisture
values remain relatively low even in the moisturized state. On closer inspection, the results
for Inconel 718 and Ti6Al4V are even somewhat unexpected, as the moisture content in
the air-dried state is higher than in the moisturized state. This is most probably due to the
limited accuracy of the measurements, also regarding the typical magnitudes of the error. In
fact, such low amounts of moisture appear to be difficult to detect with this method. However,
AlSi10Mg seems very sensitive to moisture pick-up after being exposed to humid conditions:
the average moisture content rises to about 0.437%, which is significantly higher than in the
other conditions. The values for the oxygen and nitrogen contents measured by the inert
Table 3.3: Moisture content for as-received powder, vacuum dried powder, air dried powder
and moisturized powder. Standard deviation obtained from 3 measurements per data point.

Material

As-received

Vacuum

Air

Moisturized

Inconel 718
Ti6Al4V
AlSi10Mg
Scalmalloy

0.024 ± 0.020
0
0.057 ± 0.020
0.082 ± 0.024

0
0.012 ± 0.020
0.063 ± 0.040
0

0.116 ± 0.022
0.120 ± 0.002
0.068 ± 0.059
0

0.011 ± 0.020
0.035 ± 0.001
0.437 ± 0.140
0.069 ± 0.022

gas fusion principle are shown in Figure 3.7. The chemical content was obtained for all four
alloys in the as-received and moisturized states. The oxygen content remains constant for
Inconel 718, Ti6Al4V and Scalmalloy. However, for AlSi10Mg the oxygen content increases
drastically in the moisturized state. Aluminium has a high affinity with oxygen to form
Al2O3 oxide: the Ellingham diagram shows one of the lowest Gibbs free energy values for this
reaction (Gaustad et al., 2012). The Scalmalloy powder shows a different affinity for moisture
and oxygen than the AlSi10Mg powder despite the fact that both are aluminium-based. The
morphology of Scalmalloy is more homogeneous. Hence, the surface physically adsorbs less
water. In addition, Scalmalloy is known for its corrosion resistance due to the high amounts
of magnesium and zirconium (Schmidtke et al., 2011) (see also Table 3.3), resulting in a
more stable oxide layer. Therefore, significant changes in the oxide layer are not expected.
The nitrogen contents of Inconel 718 and AlSi10Mg remain stable after moisturizing
the powder, while they appear to decrease for Ti6Al4V and Scalmalloy. Note, however,
that there is a large standard deviation in the measurements of the as-received states
which may indicate some variation from particle to particle. The XPS data displayed in
Figure 3.8, measured for AlSi10Mg powder, show the elements oxygen, aluminium, silicon
and magnesium. The high amount of oxygen in the first few nanometres on the surface of
the powder particles indicates the presence of an oxide layer. The measured concentrations
of the alloying elements – Al, Si, Mg – in both states show very little variation. That
means that the measured composition is rather independent of the sampling. The atomic
percentage of oxygen increases slightly in the moisturized state, which suggests that there
is additional oxidation on the first few nanometres of depth of the surface.
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Figure 3.7: Inert gas fusion composition in as-received and moisturized states. Error bars
obtained from three measurements per data point.
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Figure 3.8: Weight percentage (wt%) of chemical elements determined with XPS from as-received
and moisturized AlSi10Mg powder. Error bars obtained from four measurements per data point.

3.3.3

Physical behaviour

In this last results subsection, the physical behaviour of the powders is studied. The flowability
and apparent/relative density are quantitative measures which indicate how the powders will
perform in the L-PBF process. The true density values listed in Table 3.4 were obtained using
the helium pycnometer; the reported variations are typical for the use of a pycnometer. The
density of Inconel 718 is almost four times higher than that of Scalmalloy and AlSi10Mg. The
measured values are similar to the true density values provided by the suppliers (see Table 3.1).
The flowability or time in seconds that 50g of powder takes to flow is assessed by the Hall
flowmeter and shown in Figure 3.9. With this method only three of the four states were
measured, since the powders did not freely flow in the moisturized state. The fastest powder
to flow is Inconel 718 followed by Ti6Al4V, which is caused mainly by their relatively high
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Table 3.4: True density values measured with the pycnometer for the L-PBF metal powders.
Standard deviation obtained from four measurements per material.

Material

Density (g/cm3)

Inconel 718
Ti6Al4V
AlSi10Mg
Scalmalloy

8.26 ± 0.03
4.38 ± 0.01
2.65 ± 0.01
2.68 ± 0.01

densities (see Table 3.4) and regular morphologies. Scalmalloy and AlSi10Mg are lightweight
alloys, which therefore often flow more slowly. Drying the powders in a vacuum slightly
increases the flowability for all four materials. When drying Ti6Al4V and Scalmalloy in air the
flowability is slightly improved relative to the as-received state, while for AlSi10Mg this effect
is barely perceived. On the contrary, drying Inconel 718 in air apparently negatively affects
the time to flow. The relative densities of the four materials in the four states using the open
Inconel 718
100

Ti6Al4V

AlSi10Mg

80

φHall (s)

Scalmalloy
NF

NF

60
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20
0

NF: not flowing

As-received Vacuum

Air

Moisturized

Figure 3.9: Time to flow φHall using the Hall flowmeter method for the four metal powders.
NF: non-flowing. Error bars obtained from five measurements per data point.

tool, funnel tool and Hall flowmeter are shown in Figure 3.10. With the open tool and funnel
tool the relative density could be determined in all four states, although some inhomogeneities
and lines due to the agglomerates were observed. Whereas with the Hall flowmeter the relative
density could not be determined in the moisturized state (see also Figure 3.9). It is worth
noting that with the Hall flowmeter there are no significant differences in relative densities
between the as-received and air/vacuum-dried states, with a rather low standard deviation.
Figure 3.10 shows that the four materials behave quite similarly with each of the two applicators, although the standard deviation in the measurements is rather high in some states.
Nonetheless, some trends were observed due to the different nature of the powder deposition
in each applicator (i.e. the use of gravity). For the funnel tool the relative density values for
Inconel 718 and Ti6Al4V are generally higher than for the open tool. This is caused by the
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Figure 3.10: Relative density of materials tested by the open and funnel tools and the Hall
flowmeter method. NF: non-flowing. Error bars obtained from five measurements per data point.

weight of the powder that is compacting the particles more in the funnel tool. On the other
hand, the aluminium alloys do not show a clear difference in relative density values between
the two tools. This is due partly to relatively large variations across different measurements
(large standard deviation) but can also be explained by the fact that the flow behaviour of the
aluminium alloy powder is more strongly influenced by particle-to-wall interaction due to their
lower densities and higher surface roughness. The apparent density and by extension the relative density as determined with the applicator tools is thus a measure for both the flowability
of the powder and the amount of compaction by the weight of the powder inside the tool. For
each of the four alloys some specific results will be discussed now, both regarding the relative
density changes across the four states and on the performance of the two applicator tools.
There are no significant differences between the humidity states for all the powders, except
for the AlSi10Mg air-dried state using the open and funnel tools and for Ti6Al4V air-dried
state using the open tool. For AlSi10Mg the air drying treatment shows a clear benefit (i.e. increased relative density), while the moisturizing treatment yields a considerably lower density.
When drying the Ti6Al4V powder in air, the relative density increases due to the removal of
humidity that creates water bridges between the particles. On the contrary, when moisturizing the powder, the relative density value decreases. Both air-drying and moisturizing states
report a high standard deviation for Ti6Al4V powder. The powders were tested on different
days, where slight differences in relative humidity in the (temperature-controlled) laboratory
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environment may influence the test results. The differences of the spreadability between air
and vacuum drying measurements for AlSi10Mg, where also the standard deviation is high
in both the open and the funnel tool, could be associated with the development of oxides.
Vacuum drying yields relatively small standard deviations for all powders, which suggests
that the vacuum-dried powder behaves in a more homogeneous manner and has more
constant properties. The relative density values tend to decrease in the moisturized states
in comparison to the as-received state, although the measurements are characterized by
a large amount of variation, in particular for Ti6Al4V and Scalmalloy.
In comparison with the spreadability tests (open and funnel tool) the Hall flowmeter
results, as mentioned, show a lower standard deviation. Besides the error that comes with
this measurement (spreading a thin layer of powder), the type of material and humidity
condition could influence the repeatability of the test.

3.4

Discussion

As mentioned in Section 3.1.1, the powder flowability is influenced by four main mechanisms
affecting flow behaviour: (i) friction between particles, (ii) mechanical interlocking, (iii)
interparticle forces such as Van der Waals and (iv) liquid bridging. The morphology of the
studied materials plays an important role in the present work, with AlSi10Mg having the
most irregular morphology and Ti6Al4V the most spherical morphology (see Figure 3.4).
For spherical particles the friction and interlocking between particles is minimal. The impact
of powder morphology, as characterized in Section 3.3.1, on powder flowability will be
discussed in Section 3.4.1. The third mechanism is related to the Van der Waals interparticle
forces. They are relatively weak and only act within short distances because they arise
from polarization of atoms or molecules which attract each other due to electro-static forces
(Feng and Hays, 2003). Finally, the fourth mechanism of liquid bridging is studied by
moisturizing and drying the powders to determine the powder flow behaviour. The capillary
force is caused by condensation of the ambient humidity forming a meniscus or a liquid
capillary neck between a particle and a surface, which will be discussed in more detail in
Section 3.4.2. Finally, in Section 3.4.3, the results of the application of the funnel and open
tools will be discussed and compared with existing literature.

3.4.1

Effect of morphology on powder flowability

The morphology and the PSD have a great influence on the powder flowability (Clark et al.,
2018). The general principle is that the more regular the shape of the particles, the better
they flow. This is confirmed by the results in Figure 3.9, where AlSi10Mg, with a density
very close to that of Scalmalloy, shows a much worse flow behaviour. This can be attributed
mainly to the coarser morphology of AlSi10Mg particles. In fact, AlSi10Mg has the most
irregular morphology of the four studied materials as shown in Table 3.2 by a fshape index
value of 0.73, which is much lower than the fshape values for the other three materials.

3.4. Discussion

53

However, for powders used in L-PBF systems, yet another aspect of flowability is very
important: the spreadability. It has been noted that, with continued powder reuse in
L-PBF systems, the PSD tends to broaden towards the larger side due to sintering and
agglomeration of particles exposed to high temperatures (Cordova et al., 2019). To maintain
the shape and width of the PSD within certain values a sieving process is done before every
cycle using reused powder. Usually, for unused powder with a PSD between 20 µm and
63 µm a sieving mesh size of 100 µm is used, which imposes a limit to the larger side of the
PSD. Often, most of the particles are not spherical and, in some cases, elongated particles
with a relatively narrow cross-section may still pass the sieving mesh. Upon reuse of powder
containing these larger particles, due to agglomerate formation and segregation of larger
particles during recoating, problems in the uniform spreading of powder may occur as shown
in Figure 3.11b and observed in practice in Figure 3.11c while testing AlSi10Mg. In this case
the powder spreadability is decreased, and the layers can show lines or areas with smaller
amounts of particles or even without particles due to particle-build or particle-platform
interaction. Such lines and/or areas significantly decrease the local powder density, possibly
leading to manufacturing defects. Three phenomena were observed, as indicated by the
arrows in Figure 3.11c and the detailed images in Figures 3.11d-f. The first phenomenon
is caused by an accidental start-stop in movement. It leads to deep lines and areas without
particles. The second phenomenon is related to larger particles or agglomeration of particles
blocking the tool and creating long lines along the powder layer. The latter phenomenon
is caused by powder placed under the tool and making the layer wider. The proposed
applicator tools, with an aperture of 100 µm, are more sensitive to the particle morphology
and the PSD in comparison to the gravitational flowability measurements (see Figure 3.9)
using the Hall flowmeter method with an aperture of 2.5 mm. In this case, as in the real
L-PBF process, large or irregularly shaped particles are an issue for the spreading behaviour.
This is observed in the experiments with the flow behaviour of AlSi10Mg using the applicator
tools. While the other three materials obtained a considerably higher relative density in
comparison with the value obtained by the Hall-flowmeter method, AlSi10Mg seems to score
the lowest relative density using the applicator tools, especially when using the funnel model.
Since the material is irregular and presents a wider PSD, few particles are usually trapped
in the 100 µm aperture, creating lines on the deposited layer during the experiments (see
Figure 3.11c). Therefore, the powder bed is not as smooth as it should be in the L-PBF
process. A material with the same morphology and PSD as AlSi10Mg used in the L-PBF
machine has a high chance of a bad flow behaviour, which consequently can also lead to
porosity, dimensional inconsistencies, poorly fused particles, etc. The proposed applicator
tools can therefore help to accurately assess the flow behaviour of a powder, including the
important aspect of spreadability, before loading the powder into the L-PBF machine.

3.4.2

Moisture pick-up, formation of liquid bridges and the role
of oxides

As was mentioned in the introduction, metal powder adsorbs H2O molecules through
physisorption and chemisorption. The physisorption is driven by capillary forces between
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Figure 3.11: (a) Spherical particles flow using the applicator tools, (b) irregular shaped particles
flow using the applicator tools, (c) powder layer of AlSi10Mg applied using the applicator tools:
the deposition is not homogeneous, presenting lines caused by large particles or agglomerates. The
arrows in (c) indicate: [I] start-stop in movement (see detail in d), [II] lines created by particles
larger than the layer thickness (see detail in e), [III] powder under the side of the tool (see detail
in f), the layer width exceeds 20 mm.

particles, which depend on the capillary bridge surface. So again morphology plays an
important role in the development of adhesion forces between particles (Dörmann and Schmid,
2014). Pakarinen et al. (2005) introduced a method for calculating numerically the shape of
the capillary bridge and the corresponding force for various particle sizes. The result was that,
surprisingly, for particles in the micrometre size (>1 µm) the capillary force is independent
of the relative humidity. Therefore, once there is moisture entrapped in the powder, this
force will remain constant, supporting powder agglomerations, see also Figure 3.6.
In some cases, the adsorbed water/moisture also leads to a chemical response. For example,
AlSi10Mg picks up moisture easily that physically gets adsorbed onto the particle surface, as
shown schematically in Figure 3.12. In this case, chemical reactions occur oxidizing the surface
layer extending the thickness of the existing oxide layers to a small extent. The morphology
of the powder did not show changes after moisturizing that could be detected with SEM
inspection. Inconel 718 and Ti6Al5V behaved very similarly in terms of moisture adsorptivity
(physisorption), i.e. they showed very low moisture pick-up in all states (see Table 3.3). These
two materials have spherically shaped powder particles with a homogeneous morphology.
Therefore, the surface does not easily adsorb water but the powder still forms agglomerations
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Figure 3.12: (a) Natural oxide layer on the surface of metal powders. (b) Water bridges between
particles (physisorption). (c) Thickening of the oxide layer as a result of contact with moisture
(chemisorption).

after moisturizing (see Figure 3.6), in line with the above-mentioned results of Pakarinen.
For the two aluminium alloys, some differences in the drying and moisturizing effects were
observed. After drying under vacuum and in air, the moisture was reduced in Scalmalloy
powder to a value close to zero and when moisturizing again the initial moisture level,
measured in the as-received state, was regained. On the contrary, for AlSi10Mg the measured
moisture levels remained the same in all states, except in the moisturized state where the
moisture content reached six times the initial value. Due to the irregular morphology in
AlSi10Mg, more moisture, than by the other powder materials, is easily physisorbed and
very difficult to remove with drying treatments. All AlSi10Mg moisture content values
presented a large standard deviation due to the variability of the measurements, as the
local morphology differences are quite large from particle to particle.
The conclusion of the chemical composition study is that for AlSi10Mg, the satellites
and surface roughness allow a higher amount of water adsorbed on the surface through
physisorption, which in turn, due to the susceptibility of this alloy to humidity, leads to
chemisorption. It could be argued that the observed high level of water absorption in
AlSi10Mg, as compared to the three other powder alloys, is due to the less spherical shape of
the particles in the AlSi10Mg powder used here. However, Bauer et al. (2016) investigated
AlSi10Mg powder atomized by the Electrode Induction Melting Gas Atomization (EIGA)
process, which resulted in a very spherical morphology. A moisturizing treatment at 23.7◦C
and 84.2% rH for 72h was applied to the EIGA atomized powder, which is similar to the
conditions applied in the present study (see Figure 3.3). The results obtained by Bauer
show that even for these very spherical particles an increasing humidity level leads to a
significant decrease in the flowability of the powder (which in this work was concluded from
an increase in the avalanche angle and avalanche time in a Revolution Powder Analyzer
test). The reduced flowability is also in this work attributed to a higher agglomeration
rate due to higher moisture content and hydrogen bonds.
The oxides present in AlSi10Mg are MgO, Al2O3 and and SiO2, ordered from the
most to the least thermodynamically stable following the Ellingham diagram. The XPS
measurement registered an increase in O and Al on the oxide film, from 57 at.% to 62 at%
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O and from 17 at.% to 19 at.% Al. The chemistry of the film does not exactly correspond to
the ideal composition of Al2O3 i.e. 60 at.% O and 40 at.% Al due to the presence of SiO2
and MgO. Vargel (2004) reported that aluminium alloys with a high magnesium content
exhibit an excellent resistance to atmospheric corrosion. The higher amount of magnesium
(see Table 3.1) in Scalmalloy than AlSi10Mg in addition to the regular morphology of this
powder makes it a more corrosion-resistant material.
Inconel 718 and Ti6Al4V do not show such a sensitivity to water (physisorption), mainly
because the morphology of these materials is more spherical than that of AlSi10Mg. However,
the elements present in these two powders have a strong tendency to oxidize, leading to the
possible formation of NiO, TiO2, FeO, Cr2O3 and Al2O3 in Inconel 718 and TiO2, Al2O3
and V2O5 in Ti6Al4V (Zhang et al., 2013). At the oxygen partial pressure corresponding
to air these oxides are stable through the entire range of temperatures plotted. Therefore,
it is the tendency of metal of lower oxidation state to oxidize when stored in air, although
the kinetics of such a process may be slow (Bergerud et al., 2016).
The moisture analyser results show low amounts of moisture for Inconel 718, Ti6Al4V
and Scalmalloy, while AlSi10Mg exhibits a significant percentage of moisture. The low
amounts of moisture in the three former materials lead to serious inaccuracies in the results.
Therefore, it is concluded that the method is not suitable to accurately quantify low moisture
contents. However, the measurement results shown in Figure 3.7 show the same tendency
as the moisture analyser results, which confirm that AlSi10Mg powder has a higher affinity
for moisture than the other powders.
In addition, as discussed before, the spreadability in AlSi10Mg significantly increased after
the air drying treatment. This phenomenon might be related to oxidation of the powder
surface. Aluminium powders are very reactive: in non-protective atmosphere they can easily
create a thick oxide layer, although this effect is stronger at higher temperatures (Rufino
et al., 2007). This behaviour is absent for Inconel 718, which has a very high thermal
stability and therefore does not show significant differences between the drying treatments.
The flowability results measured by the Hall flowmeter agree with the results of the
Pakarinen method as the flow behaviour of powders is virtually the same in all states,
except in the moisturized state where the flow behaviour is no longer quantifiable.

3.4.3

The powder applicator tool as a valid test method for LPBF powders

The Hall flowmeter method is not a suitable method for characterizing moisturized powder,
as observed in Figs. 3.9 and 3.10. Therefore, prior to the tests, most researchers dry the
powders to increase the powder flowability and being able to quantify the powder flow
properties. The applicator tools presented in this study do not only better mimic the thin
layer application than any other standard tool (see Section 3.4.1), but also allow any type
of powder to be characterized, even in a moisturized state.
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Until now, there is no reliable method to assess experimentally the thin layer application of
powder over the build platform. Recently, new flowability models of powder deposition over
the build platform applied to L-PBF powder materials have been developed. The models simulate the thin layer application of powder following the same principle as the applicator tools,
specifically the same geometry of the open tool. Markl and Körner (2018) using the Discrete
Element Method (DEM) obtained the relative density of a 100 µm powder layer assuming
spherical particles with a linearly interpolated size distribution and neglecting impurities.
Their model yielded very small deviations, up to 0.7% of relative densities larger than 58%.
Considering that the material properties of a Ti6Al4V powder with a mean diameter of
58 µm were used for the simulations, the results are similar to the value of the relative density
obtained with the open tool Rrho−open=56%. Other authors also used the DEM to simulate
powder flowability based on particle-to-particle interactions and particle-to-wall interactions
applied to the L-PBF process obtaining similar results (Meier et al., 2019), (Nan and Ghadiri,
2019), (Nan et al., 2018), (Lee et al., 2018). Since the modelling and experimental results are
aligned, the open tool is therefore considered a reliable tool to partially mimic the L-PBF
spreading process, also because this is the most common recoater set-up in SLM machines.
The results of the applicator tools are characterized by a standard deviation that is often
larger than observed with the Hall flowmeter. The nature of the Hall flowmeter method
allows powder properties other than the applicator tools to be quantified. The reason
for this is both the design of the tools and the role of gravity. With the applicator tools,
gravity plays only a minor role, but the particles do experience particle-particle, particle-tool
and particle-substrate friction. In combination with the narrow aperture of the tool, the
spreading behaviour will be determined by many variables, such as cohesion, rolling and
sliding friction, that strongly depend on particle morphology and PSD. This explains the
apparent density differences observed between the Hall flowmeter and applicator tool. When
moving the tool manually along the strip to apply the powder, the resulting small variations
in speed could potentially lead to slightly varying results. However, the inherent variations
from powder to powder might also cause this variation. Nevertheless, the speed has to be
kept constant and any start-stops in movement should be avoided. It is also advised that the
experiments be carried out under an inert atmosphere as in the L-PBF process, so as to avoid
potential variation caused by the ambient relative humidity. This means that the application
of the tools can even be further improved to minimize deviations in results and increase
the overall reliability. Research is ongoing to automate the measurement approach by using
a motor for controlled tool movement and a camera to capture the layer measurements,
which would help to improve the accuracy and consistency of the measurement.
However, despite the immaturity and the associated limitations of the proposed applicator
tool, it is still believed that the results and insights obtained by applying this tool are very
valuable in advancing the field of powder bed AM.

3.5

Conclusions

The most important conclusions drawn from this study are:
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(i) The new applicator tools proposed in this work enable a fast and simple assessment
of thin layer deposition and quantification of the L-PBF powders relative density. The
results obtained with the tools have been compared and validated with process modelling
results from literature.
(ii) The aging mechanism due to moisture contamination affects the chemical composition of
AlSi10Mg severely (and negatively). The other studied materials do not show great affinity
for moisture and oxygen in the tested conditions: 72 hours exposure at 50◦C and 80%
humidity. The exposure to moisture also reduces the flowability and relative density of the
deposited layers over the build platform in Inconel718, Ti6Al4V, AlSi10Mg and Scalmalloy.
Five more specific conclusions regarding the tests are described below:
1. Visual inspection and moisture content measurements show that AlSi10Mg is the most
sensitive powder to moisture uptake due to its irregular morphology and roughness. The
other three materials only form agglomerates (physisorption) that are easily broken apart
with a shaker. Furthermore, the moisture and oxygen content of Inconel 718, Ti6Al4V
and Scalmalloy remains at the same level even after moisturizing. Scalmalloy, whose
composition is similar to AlSi10Mg but with a higher magnesium content, presents a
better corrosion behaviour and a less irregular morphology. Inconel 718 and Ti6Al4V
have both a smoother surface and a spherical shape. The results obtained with the
moisture analyser lack somehow of accuracy to quantify the amount of moisture in metal
powder at low levels of moisture. However, through a visual inspection and chemical
analysis it is possible to study the powder affinity for moisture.
2. Density plays a major role on the flow behaviour. AlSi10Mg and Scalmalloy behave
very similarly in the applicator tools due to their density similarity, with Scalmalloy
performing slightly better in all states. The flowability behaviour of Inconel 718 and
Ti6Al4V is stable due to their high density. In addition, the more spherical morphology
of these materials plays a positive role in obtaining better flowability results.
3. To conclude the tools assessment, flowability of moisturized powder can be tested,
which is not the case when using the Hall flowmeter. Although there are no significant
differences in flowability within the humidity states using the applicator tools, the open
tool demonstrates less variation between the moisture states. It is recommended to use
the open tool because it better mimics the powder layer deposition, gives results similar
to the L-PBF process simulation and reports smaller deviations in the results than the
funnel tool.
4. Vacuum drying proved to be the most effective drying procedure when testing with
the Hall flowmeter method. However, the difference between the drying treatments in
improving the relative density is not significant using the applicator tools. In addition, the
potential contamination linked to the air drying treatment still remains an open question.
Therefore, vacuum drying is more protective to avoid oxidation and nitrogen pick-up.
Since with drying the moisture (H2O) content is usually decreased, the standard deviation
of the relative density decreases too when eliminating this variable. Furthermore, this
helps to decrease the probability of hydrogen porosity formation in the builds after the
L-PBF process.
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Chapter

4

Microstructure and mechanical
properties of vacuum pre-dried
and selective laser melting
processed aluminium alloys1
4.1

Introduction

The selective laser melting (SLM) process belongs to the metal additive manufacturing (AM)
group of processes used for fabricating aerospace components, for which weight reduction, high
dimensional accuracy and complexity are factors that are related to the performance (Frazier,
2014). Since the SLM process has been developed, aluminium alloys have been challenging materials to process due to the high conductivity and high reflectivity (Buchbinder et al., 2011).
AlSi10Mg is a widely used casting alloy with an excellent weldability, due to its near eutectic
composition of Al and Si, and high corrosion resistance (Read et al., 2015). The addition
of low amounts of Mg (0.3-0.5 wt.%) induces an age hardening effect by the formation of
Mg2Si precipitates (Thijs et al., 2013) and (Kempen et al., 2012). Its attractive mechanical
properties and low weight make this alloy suitable for a large number of applications,
especially in the automotive and aerospace industry where usually the alloy Al7075 is used.
Al-Mg-Sc alloy, commercially known as Scalmalloy, is a scandium-modified aluminium alloy
developed by Airbus Group Innovations (Spierings et al., 2016) for aerospace applications
with enhanced mechanical performance. The addition of Sc to aluminium alloys also improves
1 This chapter is based on ‘Cordova, L., Bor, T., Macia, E., Campos, M., Tinga, T. Microstructure and mechanical properties of vacuum pre-dried and selective laser melting processed aluminum alloys. In preparation.’
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the processability of the material. The precipitation of Al3Sc prevents recrystallization,
is very effective for grain refinement and acts as an age hardener, leading to high strength
(Zhou et al., 2016). Scandium is also reported to increase the weldability of aluminium alloys,
especially for alloys susceptible to hot cracking and extended heat affected zone formation.
One of the main challenges when manufacturing aluminium alloys by SLM is that
typically a high level of porosity is obtained, which usually compromises the mechanical
properties (Aboulkhair et al., 2016a). Thermal stresses are also commonly observed where
parts can suffer distortions and hot cracking; a solution for this is to pre-heat the powder
bed (Cordova et al., 2017). While processing aluminium alloys, the melt pool solidification
can lead to the formation of oxides at the surface of the layer. This usually leads to the
presence of defects like pores and to the deposition of unmolten powder (Galy et al., 2018).
Porosity in the SLM parts is formed by lack of fusion or overheating (i.e. keyhole pores
or metallurgical pores) (Aboulkhair et al., 2014). Independent of the process parameters,
porosity can form as a result of gas entrapment, usually hydrogen due to humidity in the
powders or argon that is being used as protective gas during the SLM process. Large and
irregular pores are known to be detrimental to the mechanical properties because they can
act as crack initiators. Weingarten et al. (2015) and Li et al. (2016) demonstrated that
pre-drying treatments significantly reduce the hydrogen porosity. Understanding how each
type of porosity is formed during and after the laser melting process allows the optimization
of the process, which potentially reduces the porosity.
Torralba et al. (2014) discussed the influence of porosity and microstructure on the
mechanical properties of sintered steels by using miniaturized tensile test specimens which
enabled the acquisition of further details on the fracture mechanisms. Their study concluded
that cracks nucleate in the surrounding of the pores, where the sharpest pores have the
largest effect as crack initiators. The crack then propagates through the grain boundaries
and interfaces between different phases.
In the present work, the mechanical properties after a pre-drying treatment of Scalmalloy
will be studied and compared with those of the traditional AlSi10Mg alloy. This will be
done by using miniaturized specimens, which firstly allows to determine the local mechanical
properties in small features of complex parts, and secondly enables in-situ testing. The
latter offers the possibility to closely study the effect of porosity and inclusions on the
fracture behaviour of the two aluminium alloys. The contribution of this paper is thus
twofold: (i) revealing the mechanical properties of the pre-dried Scalmalloy and AlSi10Mg
materials, and (ii) demonstrating the benefits of miniaturized tensile specimens and in-situ
testing for characterization of AM parts.
This paper is organized as follows: Section 4.2 describes the materials and methods
used to study the mechanical properties of AlSi10Mg and Scalmalloy; Section 4.3 presents
the results of microstructure analysis, porosity analysis, tensile and hardness tests, and
fractography; Section 4.4 presents a thorough discussion of the impact of the findings and
finally Section 4.5 summarizes the key findings of the present paper.

4.2. Materials and methods
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This section will discuss the powders used in this work and the SLM process used to
manufacture the specimens. Also, the experimental methods that allowed to characterize
the powders and specimens are discussed.

4.2.1

Materials

The composition of the Al-Si-Mg and Al-Mg-Sc (Scalmalloy) powders used to manufacture
test specimens by the SLM process are listed in Table 4.1. The studied aluminium alloys
have a theoretical density of approximately 2.7 g/cm3.
Table 4.1: Chemical composition (wt.%) of the studied aluminium alloys.

Material

Al

Si

Mg

Sc

Zr

Fe

Mn

Ni

Ti

V

AlSi10Mg
Scalmalloy

Bal.
Bal.

10.10
<0.01

0.38
4.39

0.66

0.31

0.11
0.13

<0.01
0.49

<0.01
-

<0.01
0.021

0.013

4.2.2

Specimens fabricated by the SLM process

AlSi10Mg and Scalmalloy miniaturized tensile test specimens were manufactured in horizontal (H) and vertical (V) directions using an SLM Solutions 280 machine. Figures 4.1a
and 4.1b show the test specimens geometry, the as-built specimens and the support structures linking the specimens to the build plate. Preceding the building job, an overnight
(12-hour) vacuum drying process was executed to decrease the moisture level of the metal
powders and thereby improve the powder spreadability and reduce the hydrogen porosity.
The printing parameters used to build the specimens were optimized to obtain maximum
specimen density. The energy densities (J/mm3) applied to each material are shown in
Table 4.2. The build platform preheating temperature, set at 150◦C, and hatch scanning
pattern, geometry and supports size were kept the same for both materials. The specimens
were built with a layer thickness of approximately 50 µm. After removal of the specimens
from the build plate, the AlSi10Mg specimens were heat treated at 300◦C for 2 hours.
The Scalmalloy specimens were subjected to a stress relief of 1.5 hours at 180◦C and a
precipitation hardening treatment of 4 hours at 325◦C. The latter is required since the
strength of Scalmalloy is derived mostly from precipitation hardening. The heat treatments
are expected to have a great influence on the mechanical properties of both materials. In
fact, Li et al. (2016) reported a dramatic decrease of 35% of the tensile strength of AlSi10Mg
with a large increase in ductility of 60% with solution heat treatment (at 450◦C for 2 hours).
On the other hand, after a similar heat treatment of as-printed Scalmalloy parts, Spierings
et al. (2017a) and Schmidtke et al. (2011) reported an increase in the tensile strength.
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Table 4.2: Energy density (J/mm3 ) applied during the SLM process to AlSi10Mg and Scalmalloy
powders.

a)

Materials

E (J/mm3)

AlSi10Mg
Scalmalloy

43.8
78.0

b)

Vertical

Horizontal

Specimens
Supports

10 mm

Figure 4.1: (a) Geometry of the miniaturized tensile test specimens with dimensions in mm
(b) SLM manufactured specimens built in horizontal and vertical building directions on the build
plate with support structures attached.

4.2.3

Powder and specimen characterization

First, the aluminium powders were analysed with a scanning electron microscope (SEM,
model Jeol JSM-7200 F) and the particle size distribution (PSD) was obtained by laser
diffraction (Mastersizer 2000), according to ASTM B 822-02. Second, an optical microscope
(Keyence VHX-5000) and a scanning electron microscope (SEM, model FEI Teneo) were used
to study the microstructure and porosity of the printed specimens after conventional metallographic preparation. The aluminium alloys were etched with Keller’s reagent for 20 seconds
to reveal the microstructure. The crystal orientation and grain size distribution were obtained
by electron backscatter diffraction (EBSD) and software analysis AZtecHKL from Oxford Instruments. The AlSi10Mg and Scalmalloy powders and specimens built in horizontal (H) and
vertical direction (V) were analyzed by X-ray diffraction (XRD, model X’Pert from Philips)
to identify the phases present. The results were processed using the X’Pert HighScore
software. The porosity distribution and shape parameters of the pores were obtained from
the specimens’ cross-sections using image analysis techniques (VHX analyzer and ImageJ
software programs) and applying Equations 4.1 and 4.2. The resulting pore shape (fshape,
i.e. aspect ratio) and circularity (fcircular ) values give insight in the type of porosity present
in the specimens. The closer fshape and fcircular values are to 1, the more spherical the
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pore is. The combination of these two parameters provides a measure for the pore geometry.
Dmin
, {fshape ∈Q | 0<fshape <1}
Dmax
4πA
fcircular = 2 , {fcircular ∈Q | 0<fcircular <1}
P
fshape =

(4.1)
(4.2)

where Dmin is the minimum pore diameter, Dmax the maximum pore diameter, A the
cross-sectional area and P the perimeter of the pore. The diameters are obtained as Ferret
diameters with the image analysis techniques mentioned above.
Finally, the mechanical properties were studied by carrying out tensile and hardness testing
in order to compare the performance of AlSi10Mg and Scalmalloy in the horizontal (H) and
vertical (V) building directions. Figure 4.1 shows the miniaturized dog-bone shaped geometry
of the specimens. The thickness of the specimens was 1 mm. This specimen size allows the observation of the fracture behaviour inside the SEM, but also yields lower production costs and
shorter printing times. Because of the high roughness of SLM specimens, the specimens were
polished with silicon carbide (SiC) paper, diamond solution and colloidal silica suspension to
obtain a smoother surface. The tensile tests were carried out by a Kammrath & Weiss GmbH
micro-machine using a load of 1 kN. The clamping system was adjusted to a speed of 2 µms−1.
The micro-machine was used to study one specimen of each condition inside the SEM. This insitu test enables the crack initiation and propagation to be monitored during tensile loading.
After the tensile tests, the fracture surfaces of the specimens were studied in the SEM, facilitating the understanding of the fracture behaviour of the materials. For SEM examination,
the specimens were glued to a holder in the vertical direction, exposing the fracture surface.
The LECO AMH 43 automatic micro indentation testing system was used to compare
the hardness of AlSi10Mg and Scalmalloy. Five indentations at each condition were done
on the clamping area of the specimens after the tensile test, following the ASTM Standard
Test Method for Vickers Hardness of Metallic Materials (E 92 – 82). The specimens were
embedded in epoxy resin and polished to a ‘mirror-like’ surface before the indentations were
applied. Since the aluminium alloys studied are highly ductile, the indenter was loaded
to only 3N (HV0.3). A patented, visual PANOPTIC method automatically traced the
sample edge of a live image, enabling the positioning of indents and patterns directly onto
the overview image of a part.

4.3

Results

In this section the results of the experiments will be presented and discussed. Firstly,
the results of the powder characterization are presented. Then the microstructure, phase
analysis and porosity of the printed parts are studied. Finally, the results of the mechanical
testing and fracture analysis will be presented.
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Powder morphology and size distribution

The particle size distribution (PSD) and morphology of the powder have a significant impact
on SLM processing (Strondl et al., 2015). The morphology of the aluminium powder is visible
in the micrographs in Figures 4.2a and 4.2b and the PSD is shown in Figure 4.2c. The materials show some differences in morphology: AlSi10Mg has a coarser surface and a higher number
of satellites than Scalmalloy, as was discussed in a previous study by Cordova et al. (2019).
The PSD curves of the two aluminium alloys in Figure 4.2c have the same trends although
Scalmalloy shows a slightly finer particle size than AlSi10Mg. In fact, the d50 (mean diameter)
values for AlSi10Mg and Scalmalloy are very similar: 38 µm and 34 µm respectively.
Scalmalloy

Volume (%)

12

μ

μ

100
80

9

60

6

40

3

20

0

0

20

40

60

80

Cumulative frecuency (%)

AlSi10Mg

15

0
100

Size (m)

Figure 4.2: SEM micrograph of a) AlSi10Mg and b) Scalmalloy powders. c) Particle size
distribution (PSD) of AlSi10Mg and Scalmalloy powders. The PSD plots contain curves
representing the occurrence (left) and cumulative frequency (right) of the different particle sizes.

4.3.2

Microstructure

There are clear morphological differences between the two studied alloys, as can be seen
from the optical micrographs in Figure 4.3, where the optical characterization of the etched
aluminium alloys in cross-sections perpendicular and parallel to the building direction are
shown. The fine grain size distribution obtained by the rapid cooling of the SLM process
and the porosity formed due to gas entrapment, rapid solidification and/or lack of fusion, in
addition to the presence of precipitates, are decisive for the mechanical properties. Figure 4.3
also shows the scan track and melt pool distribution of AlSi10Mg and Scalmalloy. One
of the most remarkable differences between the alloys is the pore size and distribution.
AlSi10Mg exhibits the largest pores, which are mostly spherical and located at the bottom
of the melt pools (Figure 4.3b). More detailed microstructural features are revealed by the
SEM micrographs in the proximities of the melt pools in Figure 4.4. In both materials, there
are three different zones discernible across the melt pools, which could be identified based
on the morphology and size of the cellular-dendrites. However, these zones have different
characteristics for both materials. The microstructure of AlSi10Mg is composed of a fine
melt pool zone, a coarse melt pool zone and a heat affected zone (HAZ). The fine melt
pool zone accounts for the majority of the melt pool. Here the cellular dendrites converge
towards the centre of the laser track. The coarse melt pool zone delimits the border of
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AlSi10Mg

a)
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b)

Scanning tracks

Melt pools
BD

BD
200 μm

Scalmalloy

c)

200 μm

d)

Scanning tracks

Melt pools

BD

BD
200 μm

200 μm

Figure 4.3: Cross-sections of printed samples of AlSi10Mg and Scalmalloy perpendicular to
building direction (a, c) and parallel to the building direction (b, d). Scanning tracks are shown
in a) and c); melt pools are indicated in b) and d). Both materials were etched with a Keller
solution for 15-20 seconds and the images were taken using an optical microscope.

the melt pool, as indicated in Figure 4.4a. The HAZ belongs to a previously solidified layer
that is affected by the heat applied to melt the powder of the new layer. In all three zones
the Si phase displays a fibrous network as previously observed by Liu et al. (2019).
In Scalmalloy, the melt pool area is also formed by elongated or coarse grains (Figure 4.4c)
growing towards the centre of the laser tracks. On the border of the melt pools, fine
equiaxed grains with bright precipitates are observed. The width of this zone of fine grains
is about 5 µm. The HAZ contains larger equiaxed grains with nanometre-sized precipitates
of Al3 (Sc,Zr), as shown in Figure 4.4d. The grain size distribution in the two alloys was
measured by EBSD. The differences between AlSi10Mg and Scalmalloy in both horizontal
and vertical building directions can be observed in Figures 4.5a-d. Scalmalloy exhibits finer
and narrower grains than AlSi10Mg, especially between the melt pool and the HAZ. The
average size of the equiaxed grains distributed all along the melt pool boundaries is < 5 µm.
This is caused by the near-eutectic Sc content, which assists nucleation of strengthening
phases and inhibits recrystallization, producing grain refinement (Dorin et al., 2018). The
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Figure 4.4: SEM micrographs parallel to the building direction of a) AlSi10Mg and c) Scalmalloy.
b) Detail of the Si network in the coarse melt pool for AlSi10Mg and d) of the HAZ in Scalmalloy
where the Al3(Sc,Zr) is indicated by arrows. In this case only AlSi10Mg was etched with a Keller
solution for 20 seconds to reveal the Si phase.

grain size histograms obtained by EBSD are plotted in Figure 4.6. The average grain
size of Scalmalloy is 2.3 µm, which is almost four times smaller than that of AlSi10Mg.
The fine microstructure of Scalmalloy is obtained with the combination of Sc and a rapid
solidification from the SLM. In comparison with AlSi10Mg, which was also laser processed
using optimized parameters and heat treatment to improve the mechanical properties, the
microstructure of this alloy is 3.5 times coarser than that of Scalmalloy.

4.3.3

Phase analysis

The XRD spectra of the raw powder and the printed parts of AlSi10Mg and Scalmalloy alloy
powders reveal a number of reflections typical of the face-centred cubic aluminium phase. In
the case of AlSi10Mg too, reflections related to the eutectic Si phase are visible in Figure 4.7a.
The intensities of the latter peaks were relatively low considering the weight percentage
(9.0-11.0%). Interestingly, the AlSi10Mg shows a relative intensity of the Al (200) Bragg peak
in the printed specimens that is much stronger than the same peak in the raw powder. This
indicates a texture with {200} planes parallel to the sample surface, which may be related to

4.3. Results

AlSi10Mg

a)

73

Horizontal

b)

BD

BD
50 μm

50 μm

d)

c)

Scalmalloy

Vertical

BD

BD
25 μm

25 μm

Figure 4.5: Grains overview obtained by electron backscatter diffraction (EBSD) for AlSi10Mg
in (a) horizontal, (b) vertical direction and Scalmalloy in (c) horizontal and (d) vertical direction.
Notice that the magnification for Scalmalloy is twice that for AlSi10Mg.

preferential solidification in the h100i direction perpendicular to the sample surface. Such a
texturing phenomenon in laser melted grains is attributed to the thermal dissipation gradient
and has been reported before by various studies in AlSi10Mg (Lam et al., 2015), (Zhang et al.,
2018) and (Liu et al., 2018). On the other hand, there were no significant differences in the
phases and in the texture of the samples of Scalmalloy, i.e. raw powder, and horizontal and
vertical building directions (Figure 4.7b). The detected diffraction peaks indicate a higher
intensity of the {111} than the {200} peaks, which is different from the AlSi10Mg even though
both alloys have aluminium as primary element. The diffractogram is that of an isotropic
material comparable to standard aluminium alloys. Similar results were obtained by Li et al.
(2019) where the SLM samples also presented a (111) orientation after processing. This shows,
by comparing the ratios of the intensity of the strongest peaks, {111}{200}, in the powder
versus the SLM builds, that in the case of Scalmalloy the texture development is rather weak.
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Figure 4.7: Phase identification by X-ray diffraction (XRD) of the metal powders, specimens
built in horizontal (H) direction and specimens built in vertical (V) direction for both a) AlSi10Mg
and b) Scalmalloy materials.

4.3.4

Porosity

Fracture mechanics and crack propagation are strongly dependent on the size, shape and
distribution of pores. When the SLM processed materials are under stress, the surface
roughness and pores present can accelerate the crack initiation and propagation. The optical
micrographs in Figure 4.8 show the superficial pores on a polished surface, near the crack
and in the clamped areas of both horizontal and vertical building directions. Since the
images were taken after the tensile test, the pores close to the crack appear elongated, due
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to the plastic deformation in this zone.
The small spherical pores observed on the specimens can be attributed to overheating
and gas entrapped during the melting. This type of pore is usually called a metallurgical
or hydrogen pore (Weingarten et al., 2015). The gas forming the pores may originate
from the powder bed or from powder reactions. Both alloys contain Mg which can also
be evaporated by the heat applied with the laser source. Energy density optimization is
therefore necessary to avoid a lack of fusion (too low heat input) and overheating of the
molten material (too high heat input), resulting in lack-of-fusion pores or metallurgical
pores respectively (Kempen et al., 2015).
Visually, AlSi10Mg specimens exhibit more and larger pores than Scalmalloy. The crack
views (Figures 4.8a-b, 4.8e-f) show how the crack changes direction towards pores, as
pointed out in the figures by blue arrows. The mean and the maximum pore size, indicated
in the histograms of Figure 4.9, are obtained from the micrographs of the polished clamped
areas in Figure 4.8. Only micrographs of this area are considered able to prevent the
size and shape parameters from being affected by distorted porosity due to the plastic
deformation produced in the gauge section of the tensile test.
The pore size distribution plot (Figure 4.9) shows some clear differences between the
studied materials. AlSi10Mg exhibits a higher mean pore size than Scalmalloy, with values
of 55.6 µm and 33.9 µm respectively. While this was already observed in the micrographs
in Figures 4.3, 4.4 and 4.8, the cumulative distribution also reveals that the pore size
values vary much more in AlSi10Mg than in Scalmalloy. In the latter, >80% of the pores
are sized below 40 µm, while in AlSi10Mg the pore size is distributed over a much wider
range of 20 µm to 100 µm. The larger pores encountered in AlSi10Mg might have a strong
influence on the mechanical properties. However, in addition to the pore size, the shape
of the pores is also a key parameter to investigate. Irregular pores with sharp ends will
be more likely than rounded pores to act as crack initiators. Aboulkhair et al. (2016b)
compare the mechanical properties of as-build, heat treated SLM AlSi10Mg samples with a
die cast alloy. The ultimate tensile strength (UTS) decreases after the heat treatment from
333 MPa to 292 MPa while the elongation increases from 1.4% to 3.9% in the heat-treated
specimens. These values are comparable to the die cast material, which exhibits a UTS of
320 MPa and elongation of 3%. It appears that the mechanical properties of the SLM and
conventionally manufactured specimens have similar properties, despite the porosity level.
Table 4.3 shows the values of the fshape index, which is the inverse aspect ratio value
that quantifies the pore shape. A value close to 1 represents a spherical pore. The fshape
values for both materials are very similar and between 0.77 and 0.83, implying a high level
of sphericity of the pores. Scalmalloy specimens built in the horizontal direction exhibit
a relatively high value, which in combination with the low pore size of this material will
be favourable for the mechanical properties. The maximum pore size, which is shown in
the final column of Table 4.3, might influence the mechanical properties. In this case, these
large pores are caused by overheating, as can be concluded from the spherical shape of the
pores. It is expected that a lower energy density would reduce this number considerably.
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Figure 4.8: Porosity in the crack area: (a) horizontal and (b) vertical building direction of
AlSi10Mg, and (e) horizontal and (f) vertical building direction of Scalmalloy. Porosity in the
clamped area: (c) horizontal and (d) vertical building direction of AlSi10Mg, and (g) horizontal
and (h) vertical building direction. Porosity in the crack area of Scalmalloy. The blue arrows
indicate voids located at the crack path.

4.3.5

Mechanical properties

The miniaturized AM tensile specimens have been used to perform a series of tensile tests to
determine the mechanical properties of both alloys. These tests demonstrate extraordinary
mechanical properties for Scalmalloy, particularly in the horizontal building direction,
outperforming AlSi10Mg by doubling the UTS values. As an illustration, one engineering
stress-strain curve for each material direction is shown in Figure 4.10. As demonstrated in
previous sections, Scalmalloy presents a finer microstructure, a high number of precipitates
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Figure 4.9: Porosity distribution measured in specimens of both building directions for AlSi10Mg
and Scalmalloy.
Table 4.3: Morphology fshape index and maximum size of pores measured from the surface
of the specimens both in horizontal and vertical building directions. The values and standard
deviations are calculated from samples of about 200 pores.

Materials
AlSi10Mg
Scalmalloy

Build direction

fshape (AR−1)

Max Pore (µm)

horizontal
vertical
horizontal
vertical

0.77±0.16
0.81±0.16
0.83±0.16
0.78±0.16

121.5
196.5
145.7
101.9

and smaller pores than AlSi10Mg. The building direction does not seem to have a strong
impact on the UTS results, as also observed by Kempen et al. (2012). However, the elongation
at break (Def.) appears higher for the horizontal building direction (see Figure 4.10) in both
materials, although the large variation prevents to conclude that significant differences exist.
In this study Scalmalloy also shows a near-isotropic mechanical behaviour during static
loading, as previously reported by Best et al. (2019). Agreeing with the tensile test results,
the Vickers hardness values for Scalmalloy are almost twice that for AlSi10Mg, with values
of 142 and 75 HV30 respectively. One of the main advantages of the tensile tests using
miniaturized specimens is the possibility of carrying out in-situ tests to study the role of pores
in the fracture behaviour. Representative series of images for AlSi10Mg at different amounts
of deformation are shown in Figure 4.11. The surface porosity, which plays an important
role for the fracture mechanics, was monitored during the test. Here the material deforms
while cracks initiate and propagate perpendicularly to the building direction and necking
is observed just before the fracture. Interestingly, the locations with the largest pores visible
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Figure 4.10: (a) Stress-strain engineering curves for one specimen of each type: AlSi10Mg and
Scalmalloy in horizontal (H) and vertical (V) building directions. (b) UTS and elongation to
break values, including the standard deviation of each datapoint.

at the surface are not the locations where fracture occurs. It seems that the internal pores,
which cannot be observed by SEM, caused the specimen to fracture at a different location.
It is also nice to see the small surface crack occurring at ε=8.8%, which is clearly visible
at ε=10% and after fracture but is not responsible for the fracture itself. This also indicates
that the toughness of the material is sufficient to withstand a certain degree of porosity. The
toughness value (KIC ) is not so high with values of 20-30MPa.m1/2, but it clearly suffices.
The detailed view of the fracture surface (see Figure 4.11, bottom) reveals one of the internal
pores (indicated by an arrow) that may have acted as the driving force for the fracture. The
Scalmalloy specimens show similar behaviour to that of the AlSi10Mg shown in Figure 4.11.

4.3.6

Fracture behaviour

Fractography of the tensile test specimens shows the presence of surface and/or sub-surface
pores that likely contributed to the failure. In Figure 4.12 the internal pores that were
present on the crack propagation path and fracture surface are shown. The study of these
macro-fracture surfaces reveals large, spherical pores. Note that the pore shape might be
distorted towards an ellipsoid shape by the plasticity of the tensile test. As was also observed
in Figure 4.8 where the external pores were analyzed, AlSi10Mg again shows the largest pores
and the largest number of pores. The pore size, shape and distribution play an important
role in the fracture mechanics of printed materials. Therefore, it is important to understand
the porosity development during the SLM process. Since the type of porosity observed is
associated with high energy and gas entrapment, the formation of pores is associated with gas
solubility and melt pool viscosity. This can be attributed to trapping of argon from the build
chamber due to the active flow of molten metal or to dissolved hydrogen degassed from the
powders at the time of melting as discussed by Galy et al. (2018). In this case two aluminium
alloys processed with optimized process parameters revealed a considerable porosity difference.
It seems that porosity is more prone to form in AlSi10Mg than in Scalmalloy, or at least
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Figure 4.11: In-situ test of AlSi10Mg in horizontal building direction (top). The necking formed
(at elongation of 8.8% and 10%) before fracture is indicated. Dotted arrows show the displacement
of a superficial defect during the test. Detail picture of the crack (bottom). The single arrow
indicates an internal pore on the fracture surface.

the energy density must be decreased for the first material, as overheating causes most
of the porosity. This will be further analysed in the discussion section.
After a closer look at the fracture surfaces of the tensile tests, a ductile fracture micro
mechanism is observed (see Figure 4.13). The fracture surfaces of both materials are covered
by dimples, although this is more predominant in AlSi10Mg. This material presents two different sizes of dimples, as indicated by the dashed rectangles, in agreement with the different
microstructural zones (see Figures 4.4 and 4.5), i.e. the fine and the course grained regions
of the melt pools. Microvoid coalescence (MVC) is the mechanism of ductile transgranular
fracture that is observed here (Van Hooreweder et al., 2012). Often, both ductile and brittle
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Figure 4.12: Internal porosity on the fracture surfaces of the tensile specimens: (a) AlSi10Mg
in horizontal building direction, (b) AlSi10Mg in vertical building direction, (c) Scalmalloy in
horizontal building direction and (d) Scalmalloy in vertical building direction.

fracture occur together on a single fracture surface. In fact, Scalmalloy exhibits quasi-cleavage
areas indicated by dotted arrows (see Figures 4.13c-d). These cleavage facets form steps along
the crystallographic planes of the material. They are more common in the vertical building
direction, as the melt pools form perpendicular to the applied load, so the crack can also propagate through the melt pool boundaries. As observed in Figures 4.13a-b, a few micropores
are found in the fracture surface, which probably also contributed to the crack propagation.

4.4
4.4.1

Discussion
Porosity formation in the SLM process

When the metal powder is melted by the laser the melt pool is formed. If the energy used
to melt the material is too high, a lot of porosity can be formed by keyhole instabilities
and gas entrapment. Molecules of gas present in the material as contamination, such as
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Figure 4.13: Fracture surfaces of: (a) AlSi10Mg horizontal, (b) AlSi10Mg vertical, (c) Scalmalloy
horizontal, (d) Scalmalloy vertical. Dimple zones I and II of various sizes in AlSi10Mg are indicated
with dotted rectangles. The continuous arrows indicate the voids, the dotted arrows indicate
the cleavage areas observed in Scalmalloy.

hydrogen, oxygen and even argon (the inert gas protecting the building chamber against
oxidation), can form bubbles inside the molten metal. Marangoni convection induces a
movement in the melt pool in a direction that depends on the viscosity of the molten metal,
as was described by Khorasani et al. (2018). This effect can be observed in Figure 4.14a. It
can generate movement of the bubbles inside the melt pool that try to reach the surface, as
also described by Hojjatzadeh et al. (2019). However, once solidification occurs the bubbles
remain entrapped in the material, becoming spherical pores, as was observed in Figure 4.8.
The pre-drying overnight vacuum treatment was not able to prevent the formation of the
spherical pores as expected, especially in the case of AlSi10Mg.
The SLM processed materials present a distribution of melt pools growing along the
building direction towards the direction of heat extraction, forming a semi-spherical shape
with growing elongated grains towards the bottom and sides, in the direction of the solidified
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material, as shown in Figure 4.14b. At the bottom of the melt pools the grains tend
to nucleate faster when the molten metal is deposited on the solidified previous layers /
substrate and cooled down by conduction, thus creating a number of equiaxed small grains
and making the boundaries between the melt pools visible. Additionally, a HAZ is created,
as previously observed in Figures 4.4 and 4.5.
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Solidified
metal
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Gas
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Scanning direction
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Solidified
metal

Powder
HAZ

Previous layer

Previous layer
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Figure 4.14: (a) Detail of the melt pool solidification and pore formation with Marangoni
convection indicating possible directions of turbulences. (b) Grain formation from solidification
and heat dissipation.

4.4.2

Mechanical properties of SLM aluminium alloys and impact of miniaturized tests

In the present work miniaturized tensile specimens were used to determine the mechanical
properties, as these have some clear advantages in characterizing AM parts and allow the
fracture behaviour inspection under the SEM. However, the results obtained may not be
directly comparable with results in literature obtained with standard macro test specimens.
Previously reported UTS values for AlSi10Mg specimens are 289 MPa and 358 MPa
for the vertical and horizontal direction respectively, and the associated elongation to failure
is <3.9% (Mower and Long, 2016). The UTS values found here (see Figure 4.10) are
clearly much lower, although the elongation to failure is much higher. The static properties
reported on Scalmalloy in the literature are similar to the values obtained in this study,
although the UTS after heat treatment reported by Spierings et al. (2017b) is slightly
higher. It seems that the elastic to plastic transition is better defined (i.e. more localized)
in Scalmalloy than in AlSi10Mg, as can be observed in Figure 4.10.
The comparison of the miniaturized tensile specimens results with values (from macro
tests) found in literature indeed showed some differences. However, these differences may
well be attributed to variations in heat treatment, porosity level or grain size instead of
specimen geometry. In this study the AlSi10Mg specimens were subjected to stress relief
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and the Scalmalloy specimens to stress relief and precipitation hardening treatment. In fact,
AlSi10Mg specimens heat treated for 2 hours at 450◦C are reported to have UTS values
below 300 MPa and high elongations to failure (>15%) (Li et al., 2016). Moreover, the
as-received values of UTS usually decrease for AlSi10Mg when applying a heat treatment,
which is attributed to microstructural coarsening according to Aboulkhair et al. (2016b).
Hardness values found in literature exhibit a higher value than those obtained from the
tests, which means that the studied material also presents a coarser microstructure, less
precipitates or/and higher porosity, leading to worse mechanical properties.
To conclude, the deviation between the AlSi10Mg mechanical properties found in this work
and those found in literature can have many causes and therefore does not automatically
disqualify the use of miniaturized tensile specimens testing. Moreover, even though direct
comparison with macro tensile specimens results is not always possible, using miniaturized
tensile specimens allows a comparison to be made between different alloys within the same
study. In addition, only by using miniaturized tensile specimens is it possible to study the
static behaviour of the material in situ. In future work a comparison of the static properties
in standard and miniaturized tensile specimens will be made. A final advantage of the
micro-tensile specimens is that they can more easily be used to test the local properties
of specific regions in often complex shaped AM products.

4.4.3

Anisotropy in aluminium specimens processed by SLM

In the present work, the results show no significant differences in the mechanical properties
of specimens printed in horizontal and vertical orientations, as observed in Figure 4.10. In
fact, due to the high porosity the materials show some scatter that yields an overlap in the
values of the vertical and horizontal direction. Nevertheless, the differences in elongation
seem to be larger than the UTS differences, which confirms the previous observations by
Tang and Pistorius (2017), which found differences between the two orientations regarding
the initial plastic flow and final elongation to failure. It is concluded from literature and
experimental study that the layering process of SLM is not expected to contribute to
differences in the yield strength, tensile strength and elastic modulus.

4.4.4

Crack propagation and the fracture behaviour in SLM materials

When loading the specimens built in horizontal and vertical directions, the static force is
applied parallel and perpendicular to the building direction, and therefore to the direction
of growth, as shown in Figures 4.15a and 4.15b, respectively. Although anisotropy was
not found in the studied literature on these materials, the results of the present work
suggest a tendency to longer elongation of specimens build in the horizontal direction (see
Figure 4.10). For the horizontal building direction, see Figure 4.15b, the force is applied
perpendicularly to the building direction. In that case it is more difficult for the crack
to propagate along the melt pools boundaries than in the vertical building direction (see
Figure 4.10), as indicated by the dotted line.
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Nonetheless, from the analysis of the fracture surfaces it was found that the crack can
also propagate both along differently sized grains (see Figure 4.13), by leaving dimples of
various sizes, and along large pores (see Figure 4.12), which deform to an ellipsoid shape
due to plastic deformation. The tensile test curves show a considerable amount of plastic
deformation. This suggests that the material is capable of plastic deformation despite the
presence of the pores. Apparently, the pores do not cause a crack to grow, even though the
stress is at the level of the yield point. Due to the size of the tensile specimens only a few
melt pools are supporting the load (circa ten melt pools in a width of 1mm), and any large
pore can be decisive to provoke failure. Finally, Figure 4.16 shows the crack opening in a
a)

Vertical building direction

b)

Horizontal building direction

F

F

F

F

Figure 4.15: Crack propagating through the melt pool boundaries when applying a tensile load
(F): (a) Vertical building direction and parallel to the applied load (F). (b) Horizontal building
direction and perpendicular to the applied load (F).

direction perpendicular to the melt pool growing direction. The crack growth path appears
to change drastically, leaving sharp surfaces promoted by internal pores and microstructure
as indicated by the arrows. To summarize, in metal SLM materials cracks propagate along
the intersections of grains and melt pools boundaries as well as in the presence of pores,
especially the irregularly shaped ones, as shown in Figure 4.15.

4.5

Conclusions

In this work near net shape miniaturized tensile specimens of AlSi10Mg and Scalmalloy
were produced to study the processability of these alloys by SLM, after a drying treatment,
and to study their mechanical properties. The specimens were printed with two different
orientations (horizontal and vertical) with optimized process parameters and were subjected
to an optimized heat treatment that is also used for industrial applications. The conclusions
that can be drawn from this work are:
1. The addition of Sc in the AM-specific material Scalmalloy results in a strengthened
microstructure caused by precipitation hardening, and an average grain size of 2.3 µm.
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Figure 4.16: In-situ test of AlSi10Mg in vertical building direction. The crack is observed at
an elongation value of 9.5% and fracture. Arrows indicate internal pores on the fracture surface.

The traditional AlSi10Mg material has an average grain size of 8.0 µm and exhibits
coarser and longer grains along the melt pools.
2. Scalmalloy showed superior mechanical properties that doubled AlSi10Mg values, with
UTS> 450 MPa versus ∼200 MPa, and also a factor two difference in hardness. The
elongation to failure was similar for both materials, circa 12-16%. No anisotropy was
found in the mechanical properties, which shows that the printing orientation does not
affect the UTS and YS, although the elongation was slightly affected.
3. To understand the disparity in tensile test performance between the two alloys, the
fracture mechanics was studied. Both AlSi10Mg and Scalmalloy alloys are present in
general ductile fracture surfaces, although the latter shows cleavage facets due to the
high localized strength caused by the small grain size. Moreover, internal pores were
found to be key in the formation and propagation of cracks.
4. The porosity in the AlSi10Mg is very high and large pores were found that are detrimental
to the mechanical properties. The high energy density and supports size used in both
materials are responsible for overheating the molten material, which usually promotes
pore coalescence and growth. Even though the energy density used for Scalmalloy is
higher and heat treatment is longer, the average pore sizes were 55.6 µm and 33.9 µm
for AlSi10Mg and Scalmalloy respectively.
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5. The drying pre-treatment in a vacuum did not eliminate porosity for AlSi10Mg, as
was initially expected, but resulted in low porosity for Scalmalloy and yielded a good
processability of both alloys by SLM.
6. The miniaturized tensile specimens enabled the mechanical properties of small features
in complex parts to be studied and are thus very suitable to characterize AM parts. The
comparison of the obtained results with results from macro specimens was not conclusive.
Any large pore is detrimental to the mechanical properties in such small cross-section.
In addition, the micro specimens allowed SEM in-situ tensile tests to be performed,
providing a characterization of the fracture behaviour.
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Chapter

5

Effects of powder reuse on the
microstructure and mechanical
behaviour of selective laser
melted Scalmalloy1
5.1

Introduction

Additive manufacturing (AM) processes enable the production of parts with complex features
and advanced functionalities that are not easily manufactured otherwise. The selective
laser melting (SLM) process employs a high-power laser source to melt metal powder
locally and to build up a 3D structure in a layer-by-layer approach. The SLM process is a
highly complex manufacturing process where the material properties depend strongly on the
process history. There is a strong relation between the process parameters and the resulting
properties of the manufactured part. Laser power, laser speed, powder size and distribution,
layer thickness, scanning pattern, stacking pattern of multiple parts, temperature of the
build plate, and cooling strategies all have an effect on the thermal history that is key
to the development of the microstructure and the mechanical properties. Other aspects
such as the development and spatial distribution of porosity, the build direction and the
external appearance of the product (surface roughness) also play an important role in the
performance of the printed part. The interaction of all influencing factors makes the SLM
process a complex process that is sensitive to small input changes. These may lead to
1 This chapter is based on ‘Cordova, L., Bor, T., de Smit, M., Carmignato, S., Campos, M., Tinga, T
Effects of powder reuse on the microstructure and mechanical behavior of selective laser melted Scalmalloy.
In preparation.’
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alterations in the thermal history and hence to the final part properties. It explains to
a large extent why it has often been difficult to maintain a reproducible process leading
to unintentional material property and product performance variations.
After completion of a part by the SLM process, the part is removed from the build plate.
The remaining unused powder on the build plate can in principle be reused for a further
build cycle. Reusing the powder is key to rendering the SLM process economically feasible
and sustainable (Ardila et al., 2014) as the powder production process is energy and time
consuming. Atomization processes are often employed to manufacture the powder particles
and the typical layer-by-layer approach to building up a part by SLM requires particles in a
narrow size range of 15 µm to 80 µm. Particles with dimensions smaller than the lower limit
typically show poor flow behaviour when spread over a previously deposited layer. Particles
with dimensions above the intended layer thickness of typically 30 µm to 50 µm are clearly
unwanted as they interfere with the powder spreading process. The required limits to the
powder size and, in general, to the powder size distribution set constraints on the reuse
of powder to safeguard a smooth and reproducible spreading of successive powder layers.
A small portion of the powder may be affected by the heat of the melting process. This may
occur when the powder particles were located close enough to a melt pool, yet far enough away
not to be included in the part. The amount of powder that is affected depends mainly on the
duration of the build cycle, the number of parts and their geometry/size. Often some degree
of agglomeration and/or sintering is observed, leading to a few larger particles that sometimes
feature satellites and a higher surface roughness. Additionally, spattering of molten material
from the melt pool is common and usually leads to the formation of agglomerates that can be
found on the powder bed at some distance from the melt pool. Sieving of the powder intended
for reuse is commonly carried out to remove these larger particles and agglomerates formed by
sintering and spattering. In this way the maximum size of the powder particles is safeguarded
by the sieving mesh dimensions. However, the exposure to heat may also cause other
changes to the powder particles and the smaller agglomerates that are within the required
dimensional range. Changes in the powder particle shape have been reported to affect the
powder spreading process (Nan et al., 2018), whereas changes in the (surface) chemical
composition may modify, for example, the wetting behaviour of the particles. This means
that simply sieving out the larger agglomerates and/or sintered powder particles may not
be sufficient to maintain a reproducible particle size distribution with predictable behaviour.
The variation of the material properties of SLM builds due to reuse of powder has been
studied before for some metal powders often used for SLM, including titanium, nickel and,
to a limited extent, aluminium alloys. The most researched material on reuse behaviour
is Ti6Al4V. Some authors have found an increase in the oxygen content after a number of
build cycles upon reuse. For example, Quintana et al. (2018) detected a rise in the oxygen
level from 0.09 wt.% to 0.13 wt.% after 31 SLM build cycles. In this case, an increase in the
particle size and a moderate increase of the ultimate tensile strength (UTS) were measured
as well. The latter was explained by the strengthening effect of oxygen. The plastic
elongation at fracture did not show a clear dependency on the oxygen content. Seyda et al.
(2012) also reported a coarsening effect of the Ti6Al4V powder particles and they observed a
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decrease in the porosity level during 12 successive build cycles of SLM. However, the surface
roughness of the specimens produced from the reused powder was greater than that of the
specimens manufactured from virgin powder. The hardness and UTS of the specimens from
the reused powder was also greater than that of the specimens from the virgin powder.
The available literature on reuse of aluminium powders processed by SLM is very limited
and concentrates exclusively on AlSi10Mg, a typical high strength casting alloy. In a recent
study, Asgari et al. (2017) investigated the microstructure and mechanical properties of
AlSi10Mg specimens fabricated by SLM using virgin and reused powders. The results
showed comparable mechanical properties, concluding that reuse is possible for AlSi10Mg
powder. Previous studies with a higher number of reuse cycles have also demonstrated the
possibility of reusing AlSi10Mg without detrimental consequences to the powder and build
properties. Maamoun et al. (2018) studied the effect of reusing AlSi10Mg in 18 build cycles.
The reused powder of this study, which was sieved in between build cycles using a 70 µm
sized mesh, did not show apparent differences in the properties in comparison with the
virgin powder, which was also sieved using the same mesh size. The morphology of reused
particles was, however, slightly more elongated. A statistical study by Del Re et al. (2018)
of reusing AlSi10Mg throughout eight build cycles and sieved using a 60 µm sized mesh
revealed a systematic decrease of 10 MPa in the yield strength (YS) and UTS and a decrease
from 160 to 145 MPa in the high cycle fatigue after eight cycles of reuse. However, reuse
did not change the elongation at break and the surface quality of the produced specimens.
Aluminium compositions other than AlSi10Mg have not yet been researched deeply on
the aspect of reuse. In previous work of the authors Cordova et al. (2019), four powders
typically used in SLM (Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy) were studied,
showing some degree of variation in particle size and morphology after reuse. Powder
coarsening due to agglomeration and/or sintering led to an increase in the average particle
size and the number of satellites. At the same time, the number of fines (small particles)
decreased during continuous reuse, leading to a narrower particle size distribution. The
results also revealed that the most sensitive materials for reuse are the aluminium alloys.
The present work aims to extend the knowledge on the effects of powder reuse for
Scalmalloy, an Al-Mg alloy with Sc and Zr. Scalmalloy is a high strength aluminium alloy
developed by APWorks for aerospace applications (Spierings et al., 2016). There are only
a few studies that focus on the characterization of this material. Spierings et al. (2017b)
studied the mechanical properties achieved with Scalmalloy after a variety of heat treatments.
The maximum hardness and tensile strength of the SLM printed specimens were obtained
after a 4 to 5-hour heat treatment at 325◦C to 350◦C. The tensile strength reached values
higher than 500 MPa together with a ductile fracture behaviour. These results are similar to
values previously reported by Schmidtke et al. (2011) under similar processing conditions. In
addition, the latter study revealed little or no differences (<5%) in the static tensile properties
when testing specimens built in horizontal and vertical direction in the heat-treated condition.
In the present work, specimens of Scalmalloy employing virgin and reused powder were
fabricated by SLM with optimized process parameters and standard thermal treatments.
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The aim of this work is to understand how reuse may impact the static mechanical properties of fabricated flat Scalmalloy specimens. A complete characterization of the builds
is carried out by means of porosity and microstructural analysis, hardness measurements
and tensile tests. The virgin and reused powders employed to build the specimens were also
characterized by morphological analyses and by determination of the chemical composition
and particle size distribution. The next section provides information about the experimental
procedure followed in the study. In Section 5.3 the results are presented and analysed,
followed by a more thorough discussion of these results in Section 5.4. Finally, Section 5.5
summarizes the key findings of the chapter.

5.2

Experimental procedure

5.2.1

Materials and SLM process

The Scalmalloy powder with the composition as listed in Table 5.1 and supplied by APWorks
was used in an SLM Solutions 280HL machine at NLR (Netherlands Aerospace Center)
to produce 3D printed beams of size 150mm × 5mm × 2.5mm as shown in Figure 5.1. The
powder received from the supplier is labelled as ‘virgin’ and the powder that was used at
least once before is labelled as ‘reused’. In this case, the powder used to build the ‘reused’
specimens had already been used for four cycles. As NLR aims to produce parts with a
constant quality, 40% of virgin powder was added to the batch before printing the specimens
(rejuvenation). These specimens were thus printed with a mixture of sieved reused powder
and virgin powder. The sample for characterization of the reused powder was collected
after printing the specimens with reused powder (so after five build cycles). The sieved-out
agglomerates are labelled as ‘sieve waste powder’. These agglomerates thus contain powder
particles from five consecutive build jobs. Throughout this chapter, the specimens produced
from virgin powder are denoted ‘virgin’ specimens, and those from reused powder are
denoted ‘reused’ specimens. Previously optimized process parameters were used to produce
Table 5.1: Chemical composition (wt%) provided by the powder supplier.

Material
Scalmalloy

Al
Bal.

Fe
0.13

Mg
4.39

Mn
0.49

Sc
0.66

Si
<0.01

Ti
0.021

V
0.013

Zr
0.31

the samples with a (laser) volumetric energy density of EV=78 J/mm3. During the SLM
process, powder layers of 50 µm were deposited to create the 3D structure of solidified
material, following a laser scanning pattern with a scan vector rotation of 67◦, as studied
by Geiger et al. (2016). The rest of the parameters were adjusted to obtain the maximum
tensile strength and minimum porosity level (Cordova et al., 2018).
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a)

b)

Micro-specimens
Macro-specimens

c)
Gas flow

Material
testing

Macro-specimens

Build plate

Figure 5.1: (a) Specimens built by SLM on the build platform, (b) polished beams, with the
locations of the various test specimens indicated with dashed lines, (c) the machined and painted
tensile specimens.
l.cordovagonzalez@utwente.nl

5.2.2

04/01/2020

Post processing

The produced beams were subjected to a stress relief heat treatment of 1.5h at 180◦C and
a subsequent precipitation hardening treatment of 4h at 325◦C. In this way the Al3(Sc,
Zr) precipitates are formed that give the material its high strength (Best et al., 2019).
The surface roughness of the beams was determined using a Keyence Confocal Microscope
with a 10× lens. The surface roughness was measured at 16 different locations to determine
the average value and relative variation of the surface roughness. The average surface
roughness (Ra) of the as-built specimens is shown in Table 5.2 for specimens built with virgin
and reused powders. The relatively high surface roughness values are usually detrimental
to the mechanical properties of the produced material due to local stress concentrations
facilitating crack growth and fracture. Hence, the surfaces of both sides of the plate were
machined down to a final specimen thickness of 1mm, which strongly reduced the average
surface roughness, as also shown in Table 5.2. Figures 5.1a and 5.1b show the 3D profile of the
Table 5.2: Average surface roughness, Ra of virgin, reused and machined Scalmalloy specimens.

Specimen

Ra (µm)

Virgin
Reused
Machined

28.6±3.8
30.7±3.3
3.57±0.15

surface roughness (also obtained with the Confocal Microscope) of the specimens produced
with virgin and reused powder. There are no significant differences in the plate surfaces, as
also shown by the average roughness values Ra in Table 5.2. On the other hand, the machined
specimens (see Figure 5.2c) show a much smoother surface as more than 0.5mm of material

1
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was removed on each side of the beams. The mechanical testing and further characterization
of the printed parts of this work were carried out on the machined specimens alone.
A number of printed and machined beams were laser cut to obtain macro tensile test
specimens following the geometry of the subsized specimen (see Figure 5.1b) in the ASTM
Standard Test Methods for Tension Testing of Metallic Materials (E8/E8M – 15a). Other
printed and machined beams were cut by electrical discharge machining (EDM) to obtain the
micro-sized specimens, see also Figure 5.1b. EDM was selected to avoid a large heat affected
zone on the edges of the micro-sized specimens, which might be critical for specimens with
such a small size. Finally, the macro-sized specimens were sprayed with black and white
paint to create a speckle pattern (see Figure 5.1c) with optimally traceable reference points
for Digital Image Correlation (DIC) (Lecompte et al., 2006).

a)

b)
virgin

reused

c)
machined

Figure 5.2: 3D surface profile of specimens: (a) as-built from virgin powder, (b) as-built from
reused powder and (c) after machining.

5.2.3

Characterization

Various techniques and methods were applied to characterize the powder particles, the
manufactured specimens, the amount and type of porosity present in the specimens, the
mechanical properties and the surfaces of the fractured tensile test specimens.
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First, the virgin and reused powders were characterized using different techniques. The
powder morphology was analyzed by scanning electron microscopy (SEM, model FEI Nova
NanoSEM 450) and the chemical composition was obtained by using an EDX detector
(model EDAX trident system) integrated in the SEM. The particle size distribution (PSD)
of the powders was analyzed by static image analysis (software Scandium) from the SEM
images of the particles. The equivalent mean diameter of the particles was estimated and
used to calculate the D10, D50 and D90 values, which are the intercepts for respectively 10%,
50% and 90% of the cumulative particle size. The microstructures of the sieve waste powder
and the printed specimens were evaluated using a SEM (model FEI Teneo) integrated with a
concentric back scatter (CBS) detector. A digital microscope (Keyence VHX-5000) was used
to study the melt pool regions and the porosity of the specimens printed from both virgin
and reused powders. Conventional metallographic preparation procedures were followed.
All specimens were etched with Keller’s reagent for 20 seconds to reveal the microstructure.
Second, the crystal orientation and grain size distribution in the specimens were obtained
by employing EBSD and the analysis software AZtecHKL from Oxford Instruments. The
specimens were also analysed by X-ray diffraction (XRD, model X’Pert from Philips) using
Bragg Brentano optics with Cu-Kα radiation to identify the phases present in the alloy.
The results obtained within the 2θ angle range from 30◦ to 90◦ were processed using the
X’Pert HighScore program. The microstructural analysis, XRD measurements, porosity
measurements and hardness tests were done utilizing the ‘material testing’ part of the
printed beams, as indicated in Figure 5.1b.
Third, micro-computed tomography (µCT) was used in this work to analyze porosity in
a non-destructive way, obtaining high-resolution and accurate three-dimensional reconstructions of the samples (Hermanek and Carmignato, 2017). A volume of 5mm × 5mm × 1mm of
the printed specimens was analyzed using a metrological µCT system (Nikon X-Tek MCT225,
Nikon Metrology/X-Tek Systems Ltd., UK), equipped with a 225 kV micro-focus X-ray source,
a 2000 × 2000 flat panel detector (16 bit) and located in a temperature-controlled cabinet.
The selected scanning parameters are listed in Table 5.3. Dimensional evaluations and analyses of internal defects were conducted using the analysis and visualization software VGStudio
MAX 3.2 (Volume Graphics GmbH, Germany) and implementing a dedicated procedure for
traceable porosity measurements (Hermanek et al., 2019). Fourth, the mechanical properties
Table 5.3: Scanning parameters used for µCT analysis.

Parameter

Value

Voltage [kV]
Current [µA]
Exposure time [ms]
Nr. of projections
Voxel size [µm]

155
47
1420
2000
3

were studied using micro-hardness tests and tensile testing of micro- and macro-sized
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specimens (see also Figures 5.1b and 5.1c). A LECO AMH 43 automatic micro indentation
testing system was used to compare the Vickers hardness (HV) values of specimens built with
virgin and reused powder. Five indentations along the width of the specimens were analysed,
following the ASTM Standard Test Method for Vickers Hardness of Metallic Materials (E 92
– 82). The specimens were embedded in epoxy resin and polished to a ‘mirror-like’ surface
before the indentations were applied using a load of 3N. Before the mechanical tests were
performed, the micro-sized specimens were additionally polished with a silicon carbide (SiC)
paper of 4000 grit size to further reduce the surface roughness after the machining step. The
tensile tests were carried out on a Kammrath & Weiss GmbH micro-machine using a load of
1 kN. The speed of the clamping system was set to 2 µm/s. The macro-sized specimens were
tested with a Zwick/Roell tensile test machine equipped with a 5 kN load cell. A camera
captured live images of the test specimens for the strain analysis. This was done using
the evaluation software for 3D testing called GOM correlate, a DIC software program for
materials research and component testing, by using a virtual extensometer length of 20 mm.
Finally, after the tensile tests, the fracture surfaces of the macro-sized specimens were
studied with an SEM (model Jeol JSM-7200 F), facilitating the understanding of the fracture
behaviour of the materials. The specimens were glued to a holder for SEM examination
in the vertical direction, exposing the fracture surface.

5.3
5.3.1

Results
Powder characterization

In this section, both virgin powder and reused powder employed to build the specimens by
SLM are analysed with the aim to compare the morphology, the chemical composition and
the PSD. The sieve waste powder remaining after sieving the reused powder, as collected
from the overflow container and build plate after the SLM process, is analysed as well. The
next four subsections present the results for the morphology, the composition, the PSD
and the sieve waste powder microstructure respectively.
Powder morphology
The morphologies of the virgin powder, the reused powder and the sieve waste powder
are shown in Figure 5.3. The images show a relatively irregular powder morphology where
the larger powder particles often have many small satellites attached. Visually, there are
no clear differences between the virgin and reused powder. The sieve waste powder also
contains larger agglomerates (see Figures 5.3c and 5.3d) produced from sintering of small
spherical particles and from spattering during five consecutive build cycles. It is important
to remove these relatively large and irregularly formed agglomerates to prevent problematic
spreading behaviour during subsequent build jobs with reused powder. This also holds to
some degree for the small satellites visible on and attached to the virgin and reused powder
particles in Figures 5.3a and 5.3b. This may result in a lower surface quality of the final
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SLM part. The observed sieved-out agglomerates in Figure 5.3c are usually larger than
100 µm, which is the mesh size of the sieve used to condition the reused powder.
A further analysis of the sieve waste shows that not only are agglomerated particles
larger than the mesh size present, but also non-agglomerated particles with dimensions
down to the smallest available, see Figures 5.3c and 5.3d. Apparently, the sieving process
is not very effective as loose fine particles are included in the sieve waste. In addition, a
number of Inconel 718 particles were found (based on EDX scan) in the sieve waste powder
sample as shown in Figure 5.3d. This is an indication of cross-contamination. Since such
contamination was not found in the reused powder and virgin powder samples, this most
probably happened during the handling steps (sieving and storage).

a)

virgin

b)

50 μm

c)

waste

100 μm

reused

50 μm

d)

waste

50 μm
1

Figure 5.3: SEM images of the (a) virgin powder, (b) reused powder and (c), (d) powder
collected from the sieve waste. The dashed regions in (c) and (d) show examples of agglomerated
particles. The arrow in (d) indicates the Inconel718 particle.

Powder composition
An EDX semi-quantitative analysis has been carried out to estimate the composition
of the virgin powder, reused powder and the sieve waste powder. The values in weight
percentage and standard deviation for each of the main elements are shown in Table 5.4.

98

Chapter 5. Effects of powder reuse on SLM processed Scalmalloy

There are no significant differences in chemical composition between the virgin, reused
and sieve waste powder. Some sieve waste particles contaminated with a high oxygen
concentration were found in the reused powder and the sieve waste powder. However, this
EDX measurement is not suitable for determining the exact amount of trace elements such
as oxygen. Additionally, some particles of Inconel 718 were found in the sieve waste, as
shown in Figure 5.3d. Cross-contamination is usually a problem with powder reuse when
sharing the mesh and sieve container with other powder alloys.
Table 5.4: Chemical composition (wt%) of virgin, reused and sieve waste powder estimated
by EDX.

Element

Virgin

Reused

Waste

Al
Mg
Sc
Mn

93.3±2.1
5.2±0.2
0.8±0.2
0.7±0.3

93.6±2.1
5.0±0.2
0.8±0.2
0.7±0.2

93.4±2.0
4.9±0.2
0.9±0.2
0.6±0.2

Particle size distribution (PSD)
The PSDs were obtained from analysing particles in SEM pictures of the virgin, reused and
sieve waste powder and determining equivalent diameters for each particle (see Section 2.3).
The results are shown in Table 5.5. The parameters extracted from the PSD curves, such as
D10, D50 and D90 (i.e. the maximum size of the lower 10%, 50% (= average size) and 90%
of the particles respectively) show a slight change towards larger particle size for the reused
powder than for the virgin powder. This suggests that the relative contribution of smaller
particles in the PSD of the reused powder has fallen below that of the virgin powder.
Another interesting observation is the set of parameters extracted for the sieve waste
powder. The values of D10, D50 and D90 are all smaller than the mesh size opening of
100 µm, clearly indicating that also (large amounts of) powder with dimensions smaller
than the mesh sieve opening is part of the sieve waste. This is surprising, as the mesh size
opening is in principle large enough for the powder to pass. These results are in line with
the SEM picture shown in Figure 5.3, where a large number of relatively small particles,
i.e. smaller than the mesh opening of 100 µm, were observed.
Microstructure of a particle agglomerate from the sieve waste powder
A closer look to the cross-section of an agglomerate particle from the sieve waste powder
is shown in Figure 5.4. Such an agglomerate is most probably the result of spattering that
occurred during the laser scanning and melting of the metal powder. Figure 5.4b shows
the interface between the original particle and the molten material, where the boundary
of the original particle is indicated by arrows. As a result of an incomplete bonding and
due to the high-speed solidification, fine pores appear at the interface.
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Table 5.5: Particle size values (µm) for three diameter distribution subsets as obtained by image
analysis.

Diameter

Virgin

Reused

Waste

D10
D50
D90

4.15
21.50
45.40

5.65
26.55
50.70

14.50
30.45
54.10

b)

a)

10 μm

5 μm

Figure 5.4: SEM images at (a) low and (b) high magnifications of the cross-section of particles
collected from the sieve waste powder after five reuse cycles. The arrows indicate the intersection
of two particles bonded together.

5.3.2

Specimen characterization
l.cordovagonzalez@utwente.nl
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The specimens built by SLM, heat treated and machined as described in Section 5.2 were
characterized to study the impact of powder reuse on the material properties. The results of
the specimen characterization are presented and discussed in this section. The microstructure,
porosity and phases are analysed and linked to the mechanical properties obtained from
the tensile and hardness tests. Also, the fracture surfaces of the specimens are compared.
Microstructure
The optical microscopy images of the cross-sections of the melt pools present in the virgin
and the reused specimens are shown in Figure 5.5. This clearly reveals a pattern of stacked
weld pools, caused by the printing pattern that was followed during the SLM process. The
darker areas that form the melt pool (MP) boundaries consist of fine grains that surround
the elongated grains which typically grow in the direction of heat dissipation. This holds
for the specimens made from both the virgin and the reused powders. The melt pools of
the reused specimen seem larger and more repeatable (periodic) than those of the virgin
specimen. Additionally, the virgin specimen shows a larger area of fine grains in which the
melt pool boundaries are less clearly visible. This may be related to sample preparation.

1
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a)

virgin
melt pools

b)

reused
melt pools

pores

pores

pores

pores
BD

200 μm

200 μm

BD

Figure 5.5: Optical image of the microstructure of Scalmalloy specimens from (a) virgin and
(b) reused powder. BD indicates the building direction.
l.cordovagonzalez@utwente.nl
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The boundaries of the melt pools observed in Figure 5.5 are composed of fine grains,
which were formed as the result of rapid solidification. They are shown in more detail for a
virgin and a reused specimen in Figures 5.6b and 5.6c respectively. The difference between
these boundary regions and the coarser MP regions is characterized by the larger and more
elongated grains as well as the bright white coloured particles at/between the grain boundaries
of the fine grains. These particles have the characteristics of the Al3(Sc, Zr) precipitates
previously reported by Spierings et al. (2017a). In addition, nanometre-scale pores (indicated
by white arrows) are also observed between the grains, which probably resulted from extracted
precipitates during the metallurgical preparation of the specimens. The porosity observed
in Figure 5.6c consists of relatively large spherical pores with a diameter up to ≈100 µm,
as previously observed in Figure 5.5b. They probably formed due to gas bubble entrapment
in the melt pool just before (rapid) solidification (Weingarten et al., 2015).

The EBSD maps in Figures 5.7a and 5.7b show the grain orientations and distribution.
Both the zones with relatively fine grains and those with larger grains are clearly visible, in
line with the results of the optical analysis of Figures 5.5a and 5.5b. No clearly discernible
texture is apparent from both the virgin and reused specimens, as the grain orientations
(as indicated by the different colours) seem to be distributed randomly. The grain size
distributions obtained from the EBSD maps show no significant differences either, as is
shown in Figure 5.8. In fact, the average grain sizes for virgin and reused specimens are very
similar, 2.3 µm and 2.4 µm respectively. Therefore, it is concluded that potential differences
in the mechanical properties cannot be due to variations in grain size, and thus should
be attributed to differences in the number and distribution of precipitates and/or pores.

1
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a)
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b)

virgin
Coarse MP
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d)

reused
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BD
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Figure 5.6: SEM images of the microstructure of specimens built with virgin powder at (a) low and
(b) high magnifications. Specimens built with reused powder at (c) low and (d) high magnifications.
Black arrows indicate pores developed in the specimens built with reused powder. White arrows
indicate cavities left by precipitates extracted during the metallurgical preparation of the specimens.

Phase analysis
The XRD spectra of reused powder, as well as those of the virgin and reused SLM specimens,
reveal diffraction peaks2 corresponding to the same phases: α-Al and AL3(Sc,Zr) within the
2θ range of 30◦-90◦. The ratios of intensities among the various {hkl} peaks observed in this
work are not much different from those of an isotropic sample (Gražulis et al., 2009), again
indicating the absence of strong textural components. In other studies the relative intensity
of the Al {200} Bragg peak is often significantly enhanced pointing at a texture with a
<100> direction perpendicular to the sample surface (Li et al., 2017) and (Zhang et al.,
2018). An unexpected observation is the shift of the XRD pattern of the reused specimen
with respect to the patterns of the virgin specimen and reused powder sample. This becomes
clear from Figures 5.9b and 5.9c, which show the details of the {111} and {200} reflections
2 Note that each {hkl} diffraction peak in the diffractogram is composed of a K /K
α1
α2 doublet, where
the Kα2 peak is shifted to higher diffraction angles and typically has an intensity that is about half of
that of the Kα1 peak (Bader et al., 2003)

1
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a)

virgin

BD

25 μm

b)

BD

reused

25 μm

Figure 5.7: EBSD maps of the grain orientation of (a) virgin and (b) reused Scalmalloy specimens.

respectively. There may be various sample-related reasons for the shift of a diffraction peak,
including the presence of residual stresses, changes in the chemical composition and changes
in microstructural constitution (presence/absence of precipitates) (Li et al., 2019). It is not
immediately clear what the origin of the peak shift is in this case. The microstructures of the
virgin and reused SLM samples are similar and both samples have undergone the same postprocessing heat treatment. However, the reused powder had a different thermal history from
the virgin powder, which may have affected the lattice parameters of the printed samples.
Porosity studied by optical microscopy and 3D µCT
In this section the porosity is studied by two different techniques: optical microscopy and 3D
µCT scanning. These techniques are complementary for porosity analysis. The values of the
porosity level, pore sphericity, average and maximum pore size were determined by 3D µCT
scanning, see Table 5.6. The porosity levels in the studied specimens are rather low. However,
the reused specimens show a value that is 0.10% higher than in the virgin specimens. The
other parameters set out in Table 5.6, such as the sphericity and pore size, do not show
significant differences between virgin and reused specimens. The maximum pore size of
the reused specimen is slightly larger than that of the virgin specimen for these samples.
The optical micrographs of Figures 5.10a and 5.10b show the pores on a polished
cross-section of specimens built from virgin and reused powder respectively. The pores
are distributed homogeneously over the area in both cases and have a mostly spherical
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Figure 5.8: Histogram of the grain size distribution: the bars (and left axis) represent the grain
counts, the line (and right axis) shows the number based cumulative distribution.
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Figure 5.9: (a) XRD diffractograms of a reused specimen, a virgin specimen and reused powder.
Details of the peaks: (b) {111} and (c) {200}.

shape, as was observed before in Section 3.2.1. It seems that the reused specimens show
a higher number of evenly distributed micro-pores than the virgin specimens. In fact, this
is confirmed by Figures 5.10c and 5.10d where a 3D µCT scanned volume (5mm × 5mm ×
1mm) of the virgin and reused specimens is shown. The volume of each pore is represented
by the coloured scale on the left of each image. This reveals that the largest pores in
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Table 5.6: Table 5.6 Porosity, sphericity, average and maximum pore size of virgin and reused
specimens.
Conditions

Porosity (%)

Average sphericity

Average pore size (µm)

Maximum pore size (µm)

Virgin
Reused

0.05
0.15

0.56±0.05
0.61±0.04

17.8±7.7
16.7±6.5

108.1
126

the reused specimens have a larger volume than those in the virgin specimens, as can be
derived from the maximum value of the volume bar scales in Figures 5.10c and 5.10d. More

a)

virgin b)

reused

pores

pores
200 μm

c)
Volume
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Volume [mm3]

[mm3]
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Figure 5.10: Optical micrographs of the porosity at a cross-section of: (a) virgin and (b) reused
specimens. 3D µCT scanning map of (c) virgin and (d) reused Scalmalloy specimens for a 5mm
× 5mm × 1mm volume.

details on the volume of each pore and the diameter distribution are shown in Figure 5.11a,
which was obtained from the µCT scanning analyses. Even though the pore distributions
do not appear to differ much between the virgin and reused specimens, the latter shows
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significantly more small pores (with a diameter up to 60 µm) than the virgin specimen, as is
shown in Figure 5.11b. In Figure 5.11a also some data points of pores with relatively large
diameters and small volumes can be found, which correspond to rather elongated pores with
a low sphericity index. The pores were divided into four groups according to their volume:
100
virgin
reused
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Figure 5.11: (a) Relation between pore diameter and volume (b) Detail of the pore distributions
l.cordovagonzalez@utwente.nl
up to 60 µm. Bars (and left vertical axis) for the pore counts, line
(and right axis) for04/01/2020
the
cumulative distribution.

group (I) - pores smaller than 1×10−5mm3, group (II) - pores between 1×10−5mm3 and
5×10−5mm3, group (III) - pores between 5×10−5mm3 and 1×10−4mm3 and group (IV)
- pores larger than 1×10−4mm3. For each group the total volume of the pores and the
number of pores in that group was calculated, as shown in Figure 5.12. This plot reveals
large differences in porosity distribution between the virgin and reused specimens, especially
for groups I and II. In the case of groups III and IV (the largest pores), the number of pores
and volume are similar. Note that the number of large pores (group IV) in reused specimens
is lower than in the virgin specimen, but the total volume of the group is nevertheless
higher. This means that the pores in the reused specimens are larger.
Mechanical properties
Typical engineering stress-strain curves of the virgin and reused specimens from tensile tests
on both the macro-sized and micro-sized specimens are shown in Figures 5.13a and 5.13b
respectively. The macro-sized test results show the typical serrated yielding behaviour (i.e.
discontinuous yielding as represented by a ‘jerky’ curve) of Al-Mg alloys related to the
Portevin-Le Chatellier effect, as previously observed by Spierings et al. (2017b). For the
micro-size test results the serrated behaviour is not so clearly discernible in Figure 5.13b,
but detailed analysis confirmed the presence of serrated behaviour during the tensile testing
of the micro-sized test specimens. In this study a maximum local strain of ∼24% was
measured by DIC in the macro-sized specimens, although the (global) elongation at break
is considerably lower (∼12%), as observed in Figure 5.13a. Given the large elongations
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Figure 5.12: Total pore volume for four size-groups of pores, for the virgin and reused specimens
(left vertical axis). Each bar has a label indicating the number of pores belonging to that group.

obtained in tensile tests using both the macro-sized and micro-sized specimens, it is concluded that Scalmalloy under static loads shows a highly ductile behaviour for both virgin
and reused specimens. An overview of the mechanical properties of the SLM macro-sized

b) 600

Virgin
Reused

500

500

400

400

stress (MPa)

stress (MPa)

a) 600

300

300

200

200

100

100

0
0.00

0.02

0.04

0.06

0.08

strain (mm/mm)

0.10

0.12

0.14

Virgin
Reused

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
strain (mm/mm)

Figure 5.13: Mechanical properties of virgin and reused specimens. Typical engineering
stress-strain curves of (a) macro-sized specimens and (b) micro-sized specimens. The dimensions
of the tensile specimens are given in millimetres.

and micro-sized specimens produced with virgin and reused powder is shown in Table 5.7,
together with data from literature for similar processing and post-processing conditions.
The hardness values obtained are in between the values found in the literature for the same
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material built with virgin powder and given the similar heat treatments. The hardness of
the specimens built with reused powder tends to have lower values than for the specimens
built with virgin powder. This slight drop is also observed for the UTS, YS and elongation
at fracture in both the macro-sized and micro-sized specimens. However, most of the
differences between virgin and reused specimens are not statistically significant.
In the absence of accurate strain measurements (e.g. with DIC) for the micro-sized specimens and knowing that the elongation values directly measured on the clamp displacements
are not accurate enough, no valid comparison can be made with the macro-sized specimens.
The results of the micro-sized specimens differ somewhat from those of the macro-sized
specimens due to the deviating shape and dimensions of micro-sized specimens. Apparently,
this leads to YS and UTS values that are approximately 10% lower than for the macro-sized
specimens. Nevertheless, the results of the micro-sized specimens are useful for assessing the
local variation in material properties on a smaller scale, both with respect to the assessed
volume and the sample direction. Here, the size of the melt pools constitutes the typical
length scale of the microstructure of the SLM materials with values ranging from 100 µm to
200 µm. Therefore, parts with different geometries may exhibit slightly different mechanical
properties. In this case, the cross-section of the macro-sized specimens 6 mm2 is six times
larger than that for the micro-sized specimens 1 mm2, thus a significantly lower number
of melt pools is supporting the tensile force applied to the cross-section.
After comparing the static tensile properties, it can be concluded that in general the
results obtained with the printed virgin and reused macro-sized specimens are comparable
to existing literature of this alloy. Moreover, the micro-tensile specimens are suitable for
assessing local variations in material properties (e.g. in complex-shaped parts), but direct
comparison of the obtained values is not possible.
Table 5.7: Mechanical properties for SLM-Scalmalloy from literature and current research.
Machine

Condition

HV

UTS (MPa)

YS (MPa)

 (%)

Source

SLM Solutions 280HL
SLM Solutions 280HL
SLM Solutions 280HL
SLM Solutions 280HL
EOS M 270
ConceptLaser M2

325◦C/4h (virgin)
325◦C/4h (reused)
325◦C/4h (virgin)
325◦C/4h (reused)
325◦C/4h
325-350◦C/4h

161±2
157±3
(Idem to macro)
(Idem to macro)
177
137*

565±14
537±6
512±2
491±3
530
530±12

447±6
443±6
462±2
444±5
520
453±20

13±1
11±1
18±1**
19±1**
14
9.5

Current work (macro)
Current work (macro)
Current work (micro)
Current work (micro)
Schmidtke et al. (2011)
Spierings et al. (2017b)

Fractography
The presence of pores in combination with the ductility of the material determines the fracture
behaviour and fracture surfaces. Figure 5.14 shows images at low and high magnification
of the fracture surfaces from the virgin and reused ASTM macro-sized specimens after the
tensile tests. The micro-pores previously observed by µCT are also present in the fracture
surfaces, as shown in Figures 5.14a and 5.14c. The number of these pores is higher in the
reused specimens. Both materials show fracture surfaces covered by dimples of a size smaller
than 2 µm (Figures 5.14b and 5.14d), indicating a high degree of local plastic deformation
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and ductility. Small particles can be observed in the middle of the dimples of Figures 5.14b
and 5.14d, as shown by the detailed micrographs and indicated by dashed arrows. These
are most probably the strengthening Al3(Sc,Zr) precipitates, usually sized 50 nm to 100 nm
(Spierings et al., 2018), originating from the precipitation hardening heat treatment that
was given to both the virgin and reused specimens. These precipitates have a relatively
high strength, which prevents them from plastically deforming. During the final stages of
the tensile test, when the hydrostatic component of the local stress field becomes larger in
the necking region, the precipitates get detached from the surrounding matrix. The matrix
strongly deforms, forming the dimples, but the small microcracks around the particles
grow out, leading to fracture of the sample (Van Hooreweder et al., 2012). Finally, similar
fracture behaviour and fracture surfaces were observed within the micro-sized specimens.

a)

virgin

c)

reused

200 μm

b)

virgin

1 μm

2 μm

200 μm

d)

reused
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Figure 5.14: SEM images of the fracture surfaces of macro-sized Scalmalloy specimens: (a)
and (b) virgin low and high magnification; (c) and (d) reused low and high magnification.
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Discussion

In the previous sections a detailed comparison and characterization of virgin and reused
powder and samples manufactured from these powders by SLM has been performed. The
powder morphology and chemical compositions are virtually the same for virgin and reused
powder. The analysis of the particle size distributions revealed that the contribution of
particles with a relatively small size is smaller for reused powders. Apparently, some of the
finer powder particles are systematically removed during subsequent build cycles. Possible
reasons include the very complex handling of the polydisperse powder that may induce
unwanted separation effects, leading to less homogeneous powder mixtures (Shaheen et al.,
2019). The smaller particles are also more easily incorporated in agglomerates that develop
in the heat affected zones next to the melting zones (Wang et al., 2017), (Liu et al., 2015)
and (Anwar and Pham, 2018), see for example the agglomerates indicated by the dashed
line in Figures 5.5c and 5.5d and the SEM image shown in Figure 5.4. Some of the smaller
particles were extracted by the sieving process: they appear in the powder sieve waste,
even though these particles have dimensions much smaller than the sieve mesh size (see
Figure 5.3c). The rejuvenation step, where virgin powder was added to the sieved reused
powder of the last build cycle, restored the PSD of this powder to some extent.
The characterization of the samples manufactured by SLM with the virgin and reused
powder revealed no big differences in the microstructures and phases present. The shape
and size of the melt pools (see Figures 5.5 and 5.6), the grain size and size distributions (see
Figure 5.7) are all very similar and this also holds for the crystallographic phases that appear
after manufacturing and dedicated precipitation heat treatments (see Figure 5.9). This is, of
course, no surprise given the fact that only the PSDs show minor differences at the lower side
and the chemical composition of reused powder has not changed after various build cycles.
The porosity levels of the manufactured samples as determined by 3D µCT are relatively
low, with values of 0.15% or lower, but it is interesting to see that the value for the specimens
made with the virgin powder is significantly different from that of the reused powder:
0.05% versus 0.15%. Further analysis of the number of pores, their shape and their volume
showed that the average pore size and the pore sphericity are similar, but the number of
pores with a diameter between 10 µm and 30 µm is substantially higher for the samples
manufactured with reused powder (see Table 5.6 and Figures 5.11 and 5.12). The total
number of pores observed in a volume of 25 mm3 is of the order of 25,000 and 10,000 for
the analysed reused and virgin samples respectively, which corresponds to average numbers
of pores of 1,000 and 400 per mm3. The pores are relatively small and, despite their high
number, they should not have a significant effect on the mechanical behaviour, given the
fracture toughness of this type of alloy. This is also reflected in the mechanical and fracture
properties of the tested macro sized and micro sized tensile test samples, as they do not
show large differences between the samples manufactured from virgin and reused powder.
The hardness and tensile test results are in very good agreement with those in previous
studies on similar processing conditions for this material. In addition, the material proved
to have a highly ductile fracture behaviour, independent of the powder employed, instead
of a catastrophic brittle fracture more typically observed in porous structures.
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It is well known that even under optimal process conditions the formation of pores during
the SLM process cannot always be prevented (Aboulkhair et al., 2014). The presence of the
larger number of voids in the samples manufactured from reused powder may be ascribed
to the reduced number of small particles. The small powder particles are often added to
fill up the space between the large particles and increase the packing density (Dietrich
et al., 2016). A better packing density during the spreading process also decreases the
amount of open space between the stacked powder particles. During the melting stage the
powder particles have to melt and coagulate to form a pore-free melt pool that subsequently
solidifies. However, the typical high-speed conditions of laser heating and subsequent cooling
may cause the formation of pores (Panwisawas et al., 2017) and it seems reasonable to
assume that the chances of pore formation are higher when the stacking density is reduced
(Spierings et al., 2011). The presence of a larger amount of inter-particle space for the
reused powder is also illustrated in Figure 5.15. In the presence of humidity, pore formation
Laser
beam

Laser
beam

Virgin
powder

Reused
powder

Powder bed

Powder bed
Reuse

500 μm
100µm

Sieve mesh

100µm

Sieve waste

PSD

Figure 5.15: Reusing cycle of SLM metal powders: virgin powder is melted to create a printed
part, the remaining powder is sieved and loaded again into the SLM machine. This causes
narrowing of the PSD and therefore lower packing density.

is enhanced through the decomposition of water molecules. Hence, an additional build
cycle was performed with reused powder (five build cycles) that was vacuum dried before
the build job started (cycle 6). Also these manufactured specimens were analysed for the
presence of pores. The number of pores was not significantly different from that of the
reused samples that were processed without the additional vacuum drying step. In other

5.5. Conclusions

111

words, the results of the reused samples presented in this work have not been affected by
the (possible) presence of moisture present in the powder batch and/or build chamber.
Further analysis of the results of the tensile tests on the macro-sized specimens has shown
that the onset of necking occurs at slightly higher values of the engineering strain for virgin
specimens than for reused specimens: 12.5% to 11.5% respectively. As the strain hardening
behaviour of the tensile test specimens is quite similar, independent of the type of powder, the
larger engineering strain at the onset of necking explains the slightly higher value of the tensile
strength of the virgin powder based tensile test specimens, see also Table 5.7. Disregarding
the presence of the Portevin-le Chatellier effect, it is tempting to relate this effect to the
higher density of micro-sized pores present in the reused samples, which possibly promotes an
earlier necking effect. In fact, after the onset of necking, a series of events typically occurs that
lead to fracture of a tensile test specimen. This process starts with initiation of micro voids
on inclusions/precipitates, followed by void growth, void coalescence and fracture (Hertzberg,
1996). However, a large number of micro voids (10 µm to 30 µm) are already present in the
current SLM specimens (see Figure 5.11b) and these could locally accelerate the initiation
stage of void formation around the strengthening precipitates (visible in Figures 5.14b
and 5.14d). Possibly, this may even initiate the start of the necking stage. The presence of a
large number of these micro voids in the fracture surfaces may support this hypothesis, see
Figures 5.14a and 5.14c. It may also explain why the reused samples are more sensitive to this
effect than the virgin samples, as the number of micro voids is larger for the reused samples.
The relatively small differences between the microstructure and mechanical/fracture
properties of virgin and reused Scalmalloy powder indicates that there are no insurmountable
obstacles for the reuse of Scalmalloy (under the conditions tested in this work). Sieving
of the powder after a build is important to prevent incorporation of agglomerates/spatter
from previous production steps, which could impair powder spreading in subsequent builds.
Rejuvenation has been included in the powder handling between successive build jobs to
prevent excessively large changes in the particle size distributions from one build job to
another. This seems to have worked properly as well. So, no special precautions other than
normal powder handling strategies, including proper rejuvenation, are required for reuse
of Scalmalloy powder for SLM based AM.
Future work may concentrate on understanding and improving the sieving process:
apparently, not only the relatively large powder particles with a size larger than the mesh
opening diameter were sieved out, which could be considered logical, but powder particles
with smaller dimensions were collected in the sieve waste as well. This should be avoided.

5.5

Conclusions

In this study, the properties of parts built by SLM with virgin and reused Scalmalloy powder
were investigated. The particles of virgin powder, reused powder after four build cycles
and sieve waste powder were examined. The morphology, PSD, chemical composition and
microstructure were compared. In addition, the microstructure, porosity and mechanical

112

References

properties of SLM parts built out of virgin and reused powder were determined. Both
powders and SLM parts exhibited similar properties when comparing the virgin and reused
parts produced. Based on the experimental results presented and discussed in this chapter,
the following conclusions are drawn:
1. The chemical composition of the virgin powder, reused powder and sieve waste powder
is very similar. Only a small contamination with oxygen was found in a few particles of
the sieve waste powder.
2. The mean particle size of the reused powder is slightly larger than that of the virgin
powder. The sieve waste contains considerable amounts of large particles (as it should),
but also smaller size fractions that are smaller than the sieve mesh size.
3. The microstructure of the specimens built with virgin powder is very similar to the
specimens built with reused powder.
4. Although the porosity level was low for the specimens built with virgin and reused
powder, the latter showed a large number of small micro-sized pores.
5. Both parts made from virgin and reused powder show comparable strength and ductile
fracture behaviour.
6. The observed changes in the particle size distributions due to reuse and sieving could be
related to the number of small micro-sized pores (10 µm to 30 µm) in the specimens
built with reused powder. This did not lead to significant differences in the mechanical
properties.
Finally, it is concluded that Scalmalloy powder is suitable for reuse, if proper powder sieving and powder rejuvenation steps are included to preserve the required powder properties
without detrimental effects on the repeatability and microstructural/mechanical properties
of the manufactured SLM parts.
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Chapter

6
Discussion and outlook

6.1

Introduction

This chapter presents a general discussion on the powder handling challenges in SLM,
thus extending and generalizing the topics that were covered by the previous chapters.
Combining the findings from literature and experimental results, the aim is to answer the
main Research Question of this work: ‘How does the handling of metal powders impact
positively or negatively the powder properties, the processability in SLM and the printed
part quality?’ To do so, Section 6.2 introduces what effects handling has on the SLM
powders, the SLM process and finally manufactured parts. A more specific discussion on
the powder characterization, powder reuse and powder storage is presented in Sections 6.3,
6.4 and 6.5 respectively. Finally, an outlook of how handling impacts sustainability and
SLM industrialization is provided in Section 6.6.

6.2

Powder handling challenges in SLM

Powder handling is inevitable in most powder bed fusion machines equipped with a laser
source or with an electron beam source to melt the powders. Due to the handling, powder
properties can vary significantly, possibly compromising the final part’s repeatability and
reliability. Therefore, powder traceability is key in order to maintain a high degree of SLM
process robustness, to increase productivity and to safeguard sustainability. The work done
in this thesis, and presented at several conferences, has created a high awareness in the AM
community for the challenges and uncertainties associated with powder handling. Apart
from the scientific contribution of this thesis, the main purpose from the practical point
of view is therefore to support SLM operators/end users in identifying the risks of powder
handling and tackling them.
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The main challenges associated with powder handling studied in this work are metal
powder characterization for SLM, powder reuse and powder storage/pre-treatments. As
was already mentioned in the introduction to this thesis (see Fig. 1.3), these three topics
have been addressed with a focus on the powder in the first part of this thesis, and with
an SLM part-related focus in Part II.

6.3

Powder characterization tailored to SLM process
requirements: spreadability

SLM machine operators face several challenges regarding powder handling. After receiving
the metal powder from the supplier it is necessary to characterize it and approve the powder
suitability for the SLM process. The powder properties may vary in line with the life cycle
of the powder, so it is also recommended to characterize them in relation to reuse cycles
and extended storage periods. In this thesis the most critical powder properties have been
identified and matched to the process requirements. The end result is a decision chart (see
Chapter 2) to assist operators/end users in determining the feasibility of using a batch of
virgin (pristine) or reused powder in order to check and validate the required materials
properties (Cordova et al., 2019b).
The need to characterize the powder flowability in a manner as close as possible to the
deposition step was recognized before by previous studies (Spierings et al., 2016) and (Vock
et al., 2019). Nonetheless, the free-flowing methods proposed by the standard ASTM F3049 –
14 (ASTM F3049, 2014) are not suitable for determining the powder deposition by thin-layer
application. Therefore, in Chapter 3 two newly proposed applicator tools were tested for
spreadability measurements of metal SLM powders, yielding a significant step forward
towards ex-situ measuring of powder spreadability and packing density on a single layer.
However, to obtain realistic results it is important that the applicator tool design resembles
the wiper blade used by the SLM process. For example, the SLM Solutions 280 HL model
wiper blade uses a rubber end that is difficult to calibrate in a tool for ex-situ characterization.
Recent work by Haeri (2017) has demonstrated that by simulating the powder spreading
behaviour it is possible to optimize the blade geometry for ex-situ characterization.
Numerical simulations of powder flow in thin-layer deposition support the theoretical understanding of powder spreadability in powder bed fusion techniques. For example, using realistic
physical and mechanical properties of particles Nan and Ghadiri (2019) studied the correlation
between process parameters. Additionally, Shaheen et al. (2019) made a qualitative study of
the flow behaviour and layer quality. Figure 6.1 shows one of the presented cases with a certain
combination of particle roughness and shape. In Figure 6.1a the wiper blade is visible before it
spreads a certain amount of powder particles, composed of differently sized particles, over the
powder bed. The distribution of powder particles after the spreading is shown in Figure 6.1b.
A significant degree of particle segregation is visible, especially between 5 mm < x < 6 mm.
Such a high degree of segregation of larger particles can be detrimental to the part
properties repeatability. Particle segregation may also have an effect on powder reusability.
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The observed segregation promotes the collection of larger particles that are collected in
the overflow container at the end of the wiper movement, see Figure 1.1. At the same
time the smaller particles remain on the powder bed and have a larger probability of being
incorporated in the melted part. As mentioned before, powder coarsening may be positive
for powder flowability where coarser particles have a better flow behaviour. However, the
coarser powder collected for reuse would miss most finer particles that are positive for higher
densification as studied by Spierings et al. (2011) and observed in Chapter 5. As a conclusion,
numerical simulations enable the identification and study of the effect of particle properties
on the powder spreadability and may serve beneficial for future design improvements of
SLM machines and parts. In addition to the ex-situ powder measurements presented in
a)

b)

Figure 6.1: Simulation of powder spreadability on the powder bed (Shaheen et al., 2019).

Chapter 3, the development of other experimental characterization techniques facilitates
in-situ measurement of the powder spreadability and layer quality. The work of Tan Phuc
and Seita (2019) enables defect detection on the powder deposited layer by implementing
a cost-effective powder bed scanner. Another study, by Abdelrahman et al. (2017), used
optical imaging for powder flaw detection. These methods contribute to in-situ process
monitoring, focusing on detecting irregularities and flaws of the powder deposited layer.
Note that the aim of these devices is different from that of the applicator tools presented
in Chapter 3, which allow the characterization of a small portion of the powder e- situ.
Characterizing the powder before starting the build job is important in assessing its quality
and spreadability and in avoiding contaminated or unsuitable powder in the SLM machine.
Now Research Question Part I, formulated as ‘How to effectively characterize metal
powders for the SLM process?’, can be answered.
Metal powders used for the SLM process should have a good spreadability behaviour and
packing density. Traditionally employed techniques do not directly and appropriately test
these quantities in either a qualitative or quantitative way with powder layer applications in
mind. Therefore new techniques such as the applicator tools presented in Chapter 3 are valid
methods for powder characterization in SLM. Numerical simulations make it possible both to
improve the experimental methods and to understand particle behaviour. Finally, in-situ monitoring techniques of powder deposition assist in detecting layer imperfections and could be
applied to prevent the development of manufacturing problems related to these imperfections.
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Reusing powder and its effect on SLM parts

Powder reuse is a desired routine during an SLM process for reasons of sustainability and
build costs, but it can add a certain complexity to the powder traceability as powders from
various build jobs are mixed. In fact, in certain industry domains, such as the aerospace
industry, the strict quality requirements in the context of certification exclude any possibility
of powder reuse for critical parts at this moment of time despite the high costs of the metal
powder. Uriondo et al. (2015) and Portolés et al. (2016) discussed the technical challenges
that AM processes face to be certified in comparison with other conventional manufacturing
processes. These challenges include the hybrid nature of the resulting part, the complexity
of the deposition system and the effect of the reused powder. Hence, parts are produced
with virgin powder only due to the uncertainty involved in reuse. Not reusing metal powder
increases waste, which means a considerably higher carbon emission and therefore reduction
in process sustainability. In a recent study of the role of feedstock powder and its utilization
factor for laser metal deposition, Ma et al. (2017) proposed a modified life-cycle assessment
(LCA) of metal AM products. Their study concluded naturally that both reuse and recycling
of metal powder would significantly improve sustainability of metal AM processes.
From the literature study presented in the introduction chapter of the thesis, a gap
was identified about how reuse impacts different powder materials. This was explored in
Chapter 2, where the results of testing four alloys typically used in the SLM process, i.e.
Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy, were presented. During reuse, spattering
and sintering are the main mechanisms producing particle coarsening, as shown in Figure 1.1.
Wang et al. (2017) showed that spattering depends on the energy density applied to the
powder bed, where a higher energy input leads to an increase of the spattering behaviour.
Most of the fine particles that form agglomerates by either spattering/sintering (welded
together) or cohesion (can be easily broken apart during sieving) are removed during sieving,
see also Chapter 2, 3 and 5. Tang et al. (2015) reported an improvement of the powder
flowability due to the absence of fine particles. This was also observed in Chapter 2 on the
flowability of AlSi10Mg. Later, in Chapter 5 it was observed that sieving can separate out
a certain proportion of the finer particles that would normally pass through the sieve mesh.
Therefore, the PSD of metal powders may get significantly narrower in each reuse cycle,
leading to variations in spreadability and possibly also in part properties and repeatability.
Variations in the chemical composition can take place as well through reuse, besides
morphological changes. Quintana et al. (2018) showed an increase of the oxygen content
in powder agglomerates for Ti6Al4V when increasing the number of reuse cycles. In
this thesis, aluminium alloys have shown in general the highest affinity for oxygen of all
studied materials. AlSi10Mg powder has shown a slight increase in the oxygen content
(see Chapter 2) and some particles contaminated with oxygen were found in the sieve waste
powder of Scalmalloy (see Chapter 5). However, the chemical composition of the latter
alloy remained constant overall after reuse, indicating that chemical composition changes
are strongly alloy-composition-dependent.
Handling and reusing powder carry the risk of contamination through oxidation and/or
by cross-contamination with different alloys. The latter may occur in factories/laboratories
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were materials of different chemical compositions accidentally are mixed which presents
a serious risk to the SLM production. Santecchia et al. (2019a) discussed the effects of
cross-contamination and introduced a method to verify and quantify the contamination.
In the present work, as mentioned in Chapter 5, a few particles of Inconel 718 were found
in the sieve waste of Scalmalloy powder. In this case the effect of contamination is lower
since the sieve waste powder will not be used again. In general, those particles in the
powder bed would have created a solid inclusion as Inconel 718 has a higher melting point
than Scalmalloy, making the final part susceptible to failure at this location. In the case of
cross-contamination of the virgin or reused powder, the batch would be spoiled and would
unfortunately have to be discarded. New separation techniques (i.e. using magnetic fields)
for cross-contamination in SLM powders are currently in development by Santecchia et al.
(2019b), which would significantly minimize powder waste due to cross-contamination.
Regarding the study of the effect of powder reuse in powder particles, Research Question Q1.1,‘How to measure the impact of reuse on the particle properties?’, can be now
answered.
The study of reuse effects in powder properties should follow the general powder characterization methodology presented in Chapter 2. An assessment of the morphology (size
and shape) and chemical composition should be made before the use of the selected powder
and after a number of reuses to provide an estimate of the degree of (material) property
degradation. Separation techniques like sieving can be applied to remove the particle
agglomerates in between reuse. Flowability testing techniques should be applied, preferably
those that are dedicated to thin powder layer application, to monitor the development of
powder spreadability/flowability before successive reuses.
SLM part properties are influenced by powder properties such as spreadability, packing
density and chemical composition. Any variation of the metal powder as a result of reuse may
also influence the surface roughness and porosity, and consequently the mechanical properties.
Seyda et al. (2012) studied the material properties of Ti6Al4V specimens produced with virgin
and reused powder by SLM. Their work shows an increase of the density and surface roughness
in the specimens after 12 reuse cycles. In some applications high surface roughness and
porosity may be positive, for example in biomedical applications, where tissue must adhere to
the surface and the Young’s modulus of the metal employed is usually decreased to values as
low as that of real bone by creating porous structures (Harun et al., 2018). On the other hand,
high surface roughness and porosity in aerospace applications may be negative when applying
cyclic load (fatigue), since any defect can act as stress concentrator (Aboulkhair et al., 2016).
In this thesis (see Chapter 5), an increase in the micro-sized porosity of reused (Scalmalloy)
specimens was observed with no negative influence in the static mechanical properties.
These results represent the first study of comparing SLM parts built with virgin and reused
Scalmalloy powder, hence no comparison with other studies is possible at this moment.
At this point Research Question Q2.2 ‘What impact does reusing metal powder have
on a high strength aluminium alloy parts produced by SLM?’, can be discussed.
Reusing Scalmalloy powder proved to be advisable for manufacturing high quality parts
as the (static) mechanical properties do not show a significant difference between specimens
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built with reused powder and those built with virgin powder. Nevertheless, to maintain the
high level of the mechanical properties for structural applications, when reusing this alloy
a strict powder characterization and traceability methodology is strongly recommended
between reuse cycles. Furthermore, rejuvenation would also play a positive role in restoring
some of the powder properties that change upon reuse.
Reuse strategies must be tailored to powder materials that have different PSDs, densities
and chemical compositions. However, other parameters such as initial powder condition
(supplier-dependent), SLM machine type, process parameters and quality of protective gas
must be considered as well. These parameters play an important role when determining the
number of reuse cycles or the number of laser hours that the powder can be reused to avoid
degradation. Despite the ongoing activities to standardize reuse, a study of reusing powder for
each specific part built by SLM must be carried out in order to offer high repeatability and reliability of part properties and performance. Additionally, to ensure high quality of SLM parts,
best practices to slow down the powder degradation, such as powder rejuvenation, optimized
sieving and the use of high purity argon to avoid oxidation, must be carried out before reuse.

6.5

Effect of humidity and pre-treating the powders

Powder atomization, storage and handling prior to the SLM process are stages in which
the risks of powder contamination are high. Powder contamination by moisture can lead
to further problems with flowability, porosity formation and enhanced oxidation. Therefore,
measures should be taken to avoid and/or minimize moisture exposure and uptake. Metal
powder particles have an enhanced affinity to gases due to the relatively large surface area.
The smaller the particle diameter, the higher will be the risk of picking up moisture, and therefore powders with fine particles and high surface roughness have a higher affinity for moisture.
As discussed by Paplewski et al. (2019), moisture may get trapped ‘in between the asperities’
of the particle roughness and create hydroxides that influence the powder properties.
Besides the morphological component in powder affinity for moisture, some materials
are more susceptible to oxidation /hydro-oxidation. Aluminium alloys naturally have an
oxide layer that can grow and integrate hydroxides coming from water molecules. Once this
hydroxide layer grows it can be detrimental to the final part properties and difficult to remove
(Saunders et al., 2008). Chapter 3 has shown how powders of various alloying systems
present a different affinity for moisture. AlSi10Mg powder showed the highest affinity for
moisture and oxidation of the studied materials, due to both the powder morphology and
the composition of the powder. Aboulkhair et al. (2014) studied the porosity formation
mechanisms in AlSi10Mg. In their study a type of pores called hydrogen or metallurgical pore
was found to be formed mainly by entrapped gases (i.e. oxygen and hydrogen from moisture).
Moisture is also detrimental for the flowability/spreadability on the powder bed due to
particle agglomeration. For example, Marcu et al. (2012) studied drying treatments at high
temperature for Ti6Al7Nb to improve the flow behaviour since it was observed that the
powder in the as-received state was not able to flow through the Carney funnel (5 mm
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diameter orifice twice broader than the Hall funnel orifice). In this thesis, as shown in
Chapter 3, the flowability/spreadability of the studied powders tended to decrease when
moisturized. The effect was strongest for AlSi10Mg.
Measuring the moisture content in metal powders is a challenge when characterizing
metal powder for SLM. Murphy and Schade (2019) discussed the two main principles that
are usually applied when measuring moisture content: (i) titration (specifically Karl Fischer
Titration) and (ii) loss on drying (LOD). While titration is very effective for measuring
moisture content in liquid samples, it is more challenging to obtain an accurate value
in powders, as the surface of the particles must be in direct contact with the solution.
Additionally, titration is not suitable with metal powder with high affinity for oxygen such as
titanium and aluminium, because the solution must liberate water that could interact with the
surface. The second principle, LOD, is reliable and simple and consists of heating the powder
to liberate and evaporate moisture. The loss of moisture is quantified by measuring the sample
weight. The disadvantage of this principle is that measuring the mass LOD could include any
other substance different from water such as oil or organic liquids. During the development
of the experimental part of Chapter 3, various techniques for moisture analysis applying the
LOD principle were investigated such as thermo gravimetrical analysis (TGA) and moisture
analysis. The accuracy of the TGA measurements was relatively low due to the limited
sample size and the added noise caused by the flow of the inert gas employed. Therefore,
moisture analysis was used throughout the thesis to measure the moisture content, although
the analysis is typically carried out under atmospheric conditions causing some limitations.
As each material shows a different sensitivity to moisture and the speed of picking
up moisture is not clear yet, it is recommended that aluminium alloys and powder with
rough surfaces should have limited contact with atmospheres with high relative humidity.
Therefore, handling and storage of powder in a protected atmosphere with low levels of
humidity is key to avoiding this type of contamination. Automated powder handling inside
an SLM machine, under inert gas, would avoid particles picking up moisture in humid
environments. Although only a small amount of moisture was found in the powders coming
from the powder suppliers as shown in Chapter 3, any variability of moisture level from
batch to batch and during powder storage can cause inhomogeneities in the part properties.
Metal powder can be pre-treated by drying it to remove any trapped moisture.
Research Question Q1.2, formulated as ‘How to assess the impact of humidity on
powder spreadability’ and Research Question Q1.3 as, ‘How does drying the powder
reduce moisture affect the powder properties?’, can be now considered.
Moisture trapped in between metal powder can cause poor powder flowability and spreadability employing the Hall funnel and applicator tools, as demonstrated in Chapter 3. Two
drying treatments (air and vacuum) were applied in the study, where relatively small amounts
of powder were considered. The drying of a large batch of metal powder is a challenging endeavour in practice. It can cause other issues, such as further oxidation of the material while
drying in air due to the availability of oxygen or contamination with carbon compounds from
oil pumps during vacuum drying. When drying in a non-protective atmosphere such as air,
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the drying temperature is advised to be kept low to avoid oxidation. However, as explained
by Rigo et al. (2019), hydroxides would only release water at temperatures above 225◦C.
The results showed that every powder behaves differently when dried in air or under vacuum. For example, Scalmalloy powder exhibited a slight improvement in spreadability when
dried under vacuum unlike AlSi10Mg powder, that showed a higher spreadability by air drying
(see Chapter 3). The results of this chapter showed vacuum drying to be more effective and
less contaminating than air drying for powder behaviour. However, an improvement in spreadability is not necessarily only an indication of moisture removal but could also be due to powder oxidation. When a drying treatment is needed, an assessment of the most suitable drying
environment for each material is recommended, as presented in Chapter 3 for four metal alloys.
Some alloy powders, such as Inconel 718 and Ti6Al4V, show a rather robust behaviour and are
less hydrophilic than AlSi10Mg. Therefore, unless the powder shows any property degradation due to humidity, it is not recommended to dry, as this adds extra risks of contamination.
The effects of humidity present themselves also through a reduced repeatability of SLM part
properties. In Chapter 3, the spreadability measurements with moisturized powder show large
standard deviations for Inconel 718 and Ti6Al4V, which significantly decreased when drying
the powders. Therefore, drying the powder can enhance repeatability apart from improving
spreadability. Chapter 4 offers an assessment of the material properties obtained for two
different aluminium alloys that were successfully dried under vacuum before the SLM process.
Only few studies have investigated the feasibility of drying the metal powders for the
SLM process. For example, when Li et al. (2016) applied a drying treatment in air at
100◦C for 60 minutes to Al-12Si powder, they obtained a higher relative density than with
the as-received powder. Additional studies of in-situ and ex-situ pre-drying treatments
for aluminium powders revealed a reduction of the total hydrogen porosity as proved by
Weingarten et al. (2015) or a reduction of the maximum pore size and a concomitant change
to more spherical pores, as proved by Cordova et al. (2019a). Hence, the benefits of drying
can be great, especially when drying prevents disposing of valuable feedstock material.
One of the main benefits of AM technologies besides waste reduction and design freedom
is to decentralize supply chains, as described in the introduction of the thesis. Producing
parts with metal powders in locations where the relative humidity and temperature are
variable and cannot be controlled is obviously a risk for powder contamination. By drying
the metal powders, the moisture level of the material would be decreased and kept constant
for all the produced parts and therefore the process variability associated to moisture is
decreased significantly. For these conditions standardized drying procedures per material
and part should be developed.
Research Question Q2.1, ‘Is it feasible to pre-treat aluminium powders to obtain
optimal mechanical properties?’, was studied in Chapter 4.
As previously mentioned, drying (under vacuum) a large batch of metal powder can add
further complexity to the already highly complex SLM process. This was experienced when
producing the specimens studied in Chapter 4. However, this is the only option to recover
the powder properties when powders got in contact with highly humid conditions and/or
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were stored for prolonged periods of time leading to higher powder humidity levels over
time. Drying by itself is not a recipe for pore-free SLM parts, as pore formation can have
many origins (Westerweel et al., 2018). This was also experienced in Chapter 4. Despite the
drying treatment, the materials studied in this chapter showed a large number of spherical
pores, where AlSi10Mg specimens exhibited the largest pores, both in number and size.
Nevertheless, vacuum drying of aluminium alloys for SLM proved to be feasible, resulting
in competitive mechanical properties.

6.6

Outlook on the impact of powder handling

Combining and optimizing powder handling strategies can result in a more sustainable
process with more reliable and repeatable part properties. This, in combination with process
sensing/monitoring, would take SLM processing closer to industrial (large-scale) production
of personalized parts.

6.6.1

Impact on maintenance and sustainability

When discussing the opportunities given by AM technologies, decentralized supply chains
and reduction of inventories are two of the main benefits besides the technical benefits. AM
enables on-demand and on-location production of spare parts, as studied by Westerweel
et al. (2018). First, a reduction of the inventories due to production on-demand significantly
reduces lead times and downtime costs. Additionally, production on-location – closer to
the end user – reduces transportation and therefore increases sustainability.
Reusing metal powder for SLM significantly reduces the carbon footprint according to a
study of the environmental impact of the combination of the powder production process and
the SLM process as carried out by Mellin et al. (2019). Reusing the powder enables waste
to be saved, thereby reducing carbon footprint. Their LCA study revealed a great impact
of powder reuse for Hastelloy X and a smaller, but still significant impact for the studied
tool steel. The impact of powder reuse within the LCA study is also strongly correlated
to the types and quantities of alloying elements present in the powder.
Powder reuse is just one step closer to the implementation of a circular economy approach
to SLM parts production. For sustainable manufacturing, laser beam melting technologies
play an important role in maintaining, refurbishing and remanufacturing parts, as discussed
by Wits et al. (2016). The flexibility of replacement of components on demand by SLM and
the ability for repairing/refurbishing parts by Direct Energy Deposition (DED) methods
are key. Leino et al. (2016) showed in a systematic literature review the potential of
metal AM processes in repair, refurbishment and remanufacturing for enabling a circular
economy approach. Recycling or re-melting powder waste together with old/failed parts
to re-atomize virgin (pristine) powder for SLM process would also substantially increase
process sustainability by reducing waste and carbon footprint.
The SLM process comes with limitations linked to handling metal powder, as mentioned
earlier in this chapter. Powders are more sensitive than other raw materials used by AM
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that come in solid form, such as metal wire. For applications in which AM technologies
would be beneficial, such as defence missions in remote locations (land or sea) where the
proper storage conditions are not available, the use of metal powder would add complexity
to the process. In some cases it could even be dangerous due to the reactivity of certain
metal powders, as explained by Ermoline et al. (2002) for aluminium nano-sized powders.
Upon understanding the important role of powder materials in the SLM process, OEMs
are working on integrated solutions of SLM production in locations with poor climate
control with storage of powder under gas protection. Recently, Additive Industries (Additive
Industries, 2018), OEM of the modular MetalFAB1 system, announced its intention to
integrate a powder monitoring/management system in a protected environment to closely
monitor the material throughout the metal AM process.
The static mechanical properties obtained by SLM parts are usually similar to or higher
than the conventionally manufactured part (Kempen et al., 2012). However, the reliability
of additive manufactured parts under dynamic loading conditions (i.e. fatigue) may be
compromised due to the layered structure with some degree of porosity typical for SLM parts.
The differences in reliability of AM parts as compared with conventionally manufactured
version could limit the use of AM parts in safety critical applications such as structural
parts in the aerospace industry.

6.6.2

Industrialization of SLM parts

In an era where individualization adds value not only due to higher functionality as in
biomedical and pharmaceutical industries but also as a differentiation strategy, SLM – a
batch process – offers high flexibility in the production of personalized parts (Torn and
Vaneker, 2019). Industry 4.0 integrates revolutionary techniques for the manufacturing
industry, such as sensors with wireless connectivity, artificial intelligence, data analytics and automation, which combined together are leading to the development of SLM
industrialization (Stock and Seliger, 2016).
In the past decade, the SLM process development has focused on developing new materials and optimization of process parameters, usually on a trial-and-error basis. With
the implementation of artificial intelligence and machine learning in combination with fast
data acquisition and monitoring techniques of the SLM process, specific material properties
could be obtained varying both along the printed part and from part to part on the same
build job, depending on the required properties/performance. This development would have
several benefits in part personalization. As part geometry would vary constantly, process
parameters would be estimated in situ by algorithms, as studied by Uhlmann et al. (2017).
Monitoring the powder bed recoating process and melt pool would enable defects to be
detected and possibly tackled before creating a defective part. Currently, several techniques
are being used to monitor defects in the SLM process. For example, in-situ X-ray imagining
enables tracking of defects in laser additive manufacturing, as demonstrated by Leung et al.
(2018) and powder spreading dynamics on the powder bed, as studied by Escano et al. (2018).
Additionally, thermographic images and photodiodes enable in-situ monitoring of melt pool
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thermal emissivity to detect deformation due to thermal stresses and overheating (Clijsters
et al., 2014). By studying the signal from the melt pool monitoring system, irregularities in a
layer were detected in a study by Cordova et al. (2019c). These monitoring techniques would
enable more repeatability of the parts properties by detecting and controlling irregularities
while increasing quality and productivity of the (industrialized) SLM process.
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Chapter

7
Conclusions and
Recommendations

In this chapter the conclusions of this work are drawn as well as recommendations from
both a practical and a scientific perspective.

7.1

Conclusions

The challenges and best practices of powder handling have been studied in this thesis. The
impact of reuse, the change in storage conditions and the pre-treatment of metal powder
were discussed in Chapters 2 to 5. The conclusions based on the findings in each chapter
are listed below.
• Reusing metal powder for selective laser melting (SLM) is, in general, feasible and does
not greatly compromise the chemical composition, flowability and packing density of the
studied powder materials Inconel 718, Ti6Al4V and Scalmalloy. Only AlSi10Mg showed
a slight increase in the oxygen content and (positive) variations in the flowability.
• Independent of the number of reuse cycles, the studied metal powders of different compositions (Inconel 718, Ti6Al4V, AlSi10Mg and Scalmalloy) exhibit different responses
to reuse. Therefore, a reuse strategy must be defined for each material composition and
process condition specifically.
• Due to the low amount of moisture and the high density of metal powders, as well as
their relative reactivity, measuring the moisture content of metal powders is challenging
when employing loss on drying (LOD). The accuracy of the measurement is low and the
result depends very much on the relative humidity conditions during the measurement.
• AlSi10Mg presents the highest hydrophilic behaviour of the four studied materials Inconel
718, Ti6Al4V, AlSi10Mg and Scalmalloy.
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• Unless the powder materials are clearly contaminated with moisture and the flowability
properties have significantly decreased, it is not advisable to dry metal powders before
the SLM process. In fact, depending on the storing time and conditions this can be
avoided safely.
• The drying strategy must be tailored to the specific alloy composition, since large
differences in optimal drying strategies have been observed and incorrectly drying the
powder can even contaminate the batch material.
• The powder spreadability tools employed enable the qualitative and quantitative evaluation of SLM powder for thin layer applications. The spreadability tools could characterize
the flow behaviour and packing density of a broad range of powders including moisturized
powders, whereas commonly used approach such as the standard free-flowing Hall funnel
were unable to handle moisturized powders.
• Vacuum drying appears to be the most protective drying method that does not affect the
(surface) chemical composition of the powder particles but is at the same time challenging
to perform for the typically large batches of powder used for SLM process. The specimens
built after vacuum drying exhibited competitive mechanical properties.
• The Scalmalloy specimens can withstand loads twice as high as AlSi10Mg in optimized
printing and post-processing conditions. Therefore, it is advised to use Scalmalloy for
high strength low density applications.
• Aluminium specimens (from AlSi10Mg and Scalmalloy) built in horizontal and vertical
directions showed similar mechanical properties (in both directions) under static loading
in line with literature values. These alloys do not present high anisotropy in the material
and mechanical properties.
• Specimens built with reused powder show greater micro-sized porosity than the specimens
built with virgin powder linked to a shift in the particle size after four cycles of reuse.
However, this difference does not compromise the mechanical properties in static loading.
• Powder reuse as part of the SLM building process to manufacture Scalmalloy parts is
advisable only if a tailored conditioning strategy is followed that includes sieving and
rejuvenation.
To conclude, this work has contributed greatly to a better understanding of the role
of metal powder characterization and handling. At the start of this PhD project, most
published work focused on optimizing process parameters for new materials and applications,
and the properties of a few materials and parameters combinations. In recent years, the
interest of powder handling in the AM community has increased exponentially. The results
presented in this thesis will hopefully assist the AM community to work towards a more
controlled SLM process with higher quality and repeatable parts.

7.2

Recommendations

A number of practical recommendations on powder handling for the operators and end
users of the SLM process can be derived from this thesis. In addition, some scientific
recommendations for follow-up research are made.

7.2. Recommendations

7.2.1
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There are still debates in the AM community regarding the quality of powder that is
acceptable for the SLM process and the most suitable characterization techniques to make a
full assessment of the metal powder properties. In fact, there is still no standardized ‘quality’
for SLM powder, nor is there a standardized PSD. On the one hand good flowability requires
spherical particles with dimensions typically within the range of 15 µm to 80 µm, but on the
other hand the levels of porosity may be further reduced if particles smaller than 15 µm, the
so-called fines, are included as well. Yet these particles often reduce the overall flowability.
In this thesis a characterization methodology was proposed and new applicator tools
for spreadability measurements were tested. Further recommendations from the results
presented in this thesis on powder characterization and handling are given below:
• Any powder characterization methodology should contain chemical and morphological
analysis, as well as a physical properties assessment to determine the spreadability and
packing density.
• An assessment of the powder before first usage, after prolonged storing periods and
in between reuse cycles is advised. Powder traceability is important for a robust and
repeatable process.
• The characterization parameter values and thresholds from the decision chart of Chapter
2 will depend on the final industrial application and requirements. For example, there
are standards for the maximum oxygen content allowed in titanium medical implants.
The decision chart must be updated with such application-dependent specifications.
• A high purity argon atmosphere is recommended in the build chamber, particularly when
reusing the powders, to avoid oxygen contamination building up in the reused powder
batch.
• The sieving strategy used to condition the powder in between reuse cycles should be optimized for the removal of too large particles and/or agglomerates, while leaving correctly
sized particles unaffected. Optimization may include adjustments of the mesh size, depending on the material density and the PSD, as well as of the sieving time and vibration routine.
• Cross-contamination might be avoided in the sieving step by having dedicated sieving
meshes per material if using one sieving machine for a number of different materials.
• Rejuvenation of the metal powder is advised when the degree of reuse has impacted
the powder properties significantly or to keep the powder properties constant in general.
Rejuvenation could be triggered when the average particle size of the powder has increased
and/or the particle size distribution has evolved beyond predefined limits.
• Drying the metal powder can reduce the moisture content after prolonged storage.
Aluminium alloys have more affinity to moisture and therefore might require drying, but
for other less moisture sensitive materials such as Inconel 718 and Ti6Al4V this might not
be necessary. However, drying should be avoided unless required, due to the complexity
and risk of contamination. Otherwise it should be carried out just prior to the build
job to avoid dried powders picking-up moisture again.
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7.2.2

Chapter 7. Conclusions and Recommendations

Recommendations for follow-up research

Even though most gaps identified in the literature related to powder handling were investigated and discussed in this thesis, there are a few further lines of research to continue
advancing the understanding of powder handling and its impact on the SLM powder and
process. The following topics are recommended:
• Spreadability tools need further development to better resemble thin layer application
during SLM.
• Standardization of powder characterization methodologies for SLM powders by correlating
the powder behaviour ex situ and in situ during thin-layer deposition.
• Developing a more controlled sieving process with an optimized strategy per material,
density and morphology.
• Feasibility of reuse and SLM built part properties assessment of AlSi10Mg, which proved
to be the most sensitive material to reuse. Additionally, Inconel 718 is a highly used
material for which little knowledge on properties of SLM built parts after reusing metal
powder is available.
• Understanding porosity development and reduction of pores in aluminium alloys. Achieving higher densities in aluminium alloys by reducing metallurgical porosity.
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