
T
atiana Fedina  Tow

ards sustainability in additive m
anufacturing: m

aterial and process aspects

Department of Engineering Sciences and Mathematics
Division of Product and Production Development

ISSN 1402-1544
ISBN 978-91-8048-278-3 (print)
ISBN 978-91-8048-279-0 (pdf)

Luleå University of Technology 2023

Towards sustainability  
in additive manufacturing:  

material and process aspects

Tatiana Fedina

Manufacturing Systems Engineering

  

DOCTORAL T H E S I S



 

 

Doctoral thesis 

 

Towards sustainability  
in additive manufacturing:  
material and process aspects 

 

 

 

 

 

Tatiana Fedina 

 

 

 

Luleå University of Technology 

Department of Engineering Sciences and Mathematics 

Division of Product and Production Development 

971 87 Luleå 

Sweden 

Luleå, April 2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Printed by Luleå University of Technology 2023 

ISSN: 1402-1544 

ISBN: 978-91-8048-278-3 (print) 

ISBN: 978-91-8048-279-0 (electronic) 

Luleå 2023 

www.ltu.se  



 i 

 

Preface 

The research, included in this thesis, has been carried out at the research subject 
of Manufacturing Systems Engineering, Division of Product and Production 
Development at Luleå University of Technology between November 2018 and 
April 2023. 

I would like to express my gratitude to my supervisors Frank Brückner 
(Fraunhofer IWS/LTU) and Alexander Kaplan for their constant support and 
skilful supervision throughout these years. I would also like to thank Jesper 
Sundqvist for his guidance during the first 2.5 years of my PhD studies.  

I am also grateful to all my colleagues, present and former, for our conversations, 
discussions, travels, and fun time outside the office. It has been a wonderful 
journey towards my PhD with you at my side. Many thanks go to Tore Silver for 
his help in the lab, corrections of my Swedish grammar, and support at any time. 
I am by far the only PhD student at PPU who hasn’t broken anything in the laser 
lab.  

The work, done during these 4.5 years, was funded by EIT Raw Materials, the 
projects SPAcEMAN (No.17070) and SAMOA (No. 18079), by EU-ERDF 
Interreg Nord program within the project CINEMA (No.304-7463-2018), and 
by Energimyndigheten within the projects AM-ORE (No. 51021-1) and 
AMORF (No. P2022-00202).  

I want to thank my family and my husband Joakim Söderberg for supporting my 
ambitions and for always being there for me.  

Tatiana Fedina 

Luleå, April 2023 

 

 

 

 

 



 

 

  



 iii 

 

Abstract 

The acceptance of additive manufacturing (AM) depends on the quality of final 
parts and process repeatability. Recently, many studies have been dedicated to the 
establishment of the relationship between the process behavior and material 
performance. Phenomena such as laser-material interaction, melt pool dynamics, 
ejecta formation and particle movement behavior on a powder bed are of a 
particular interest for the AM community as these events directly influence the 
outcome of the process. Another aspect, which hinders the adoption of AM, is 
the need for cost-efficient powder materials, their sustainable processing and 
recycling.  

The research work presented in this thesis explores scientific aspects related to the 
above-mentioned topics, with a particular focus on the material and process 
behavior phenomena in powder bed fusion-laser melting (PBF-LM) and directed 
energy deposition (DED) processes.  

Research on the processability aspects of dissimilarly shaped gas and water 
atomized low alloy steel powders, including their particle movement behavior 
and performance in PBF-LM, was carried out. A particular attention was given 
to the influence of particle morphology on the dynamics of arbitrary-shaped 
powder particles in a powder bed as well as powder spattering and melt pool 
instabilities due to the dissimilar nature of the powders.  

Impact of powder recycling and aging on the material degradation was also 
studied. The changing behavior of low alloy steel and aluminum alloy powders 
due to oxygen pick-up during recycling and aging was at the focus of this work. 
The oxygen content in the powders appeared to have a significant effect on the 
powders' surface appearance, ejecta occurrence and light absorbance, gradually 
deteriorating the processability of the powders with the increase of oxygen level.  

For the first time, the possibility of iron ore waste reduction using Al powder and 
a laser beam was investigated in both PBF-LM and DED. The studies were 
focused on the laser beam-material surface interaction and exothermic reaction 
behavior to gain a better understanding of the process phenomena, occurring 
under laser exposure. In addition to that, the influence of process parameters on 
the thermite reaction time was discussed in detail, showing a relationship between 
feed material arrangement, energy input and reaction duration.  

All six papers include research on laser additive manufacturing using powder 
feedstocks. The papers discuss various phenomena related to powder 
processability, recycling and laser beam-material interaction behavior in both 
PBF-LM and DED. High-speed imaging was used as the main tool to observe 
and study the above listed topics.  
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Introduction 

1. Organisation of the thesis 
This thesis is a compilation of six papers (Papers A-F), included in the annex, and 
an introduction to this work. The papers are the essential part of the thesis, and 
the connections between the papers are explained in the Introduction sections 1 
and 3, Research motivation 2, Methodology 4, and General conclusions 6.  

The introduction is divided into seven sections, including references (Section 8). 
Section 2 describes the motivation behind the research and gives a brief overview 
of the projects involved.  

Section 3 reports on the state of the art in additive manufacturing of metal 
powders and consists of a short introduction to laser additive manufacturing 
processes, powder feedstock properties and production techniques, and alternative 
metal feedstock materials for AM. Laser-powder interaction phenomena such as 
ejecta formation and particle movement as a result of the denudation effect and 
particle entrainment are also explained. The impact of this interaction between 
the laser beam and the powder is included in the powder degradation and 
recycling chapter. The role of sustainability in AM is also discussed in this section.  

Section 4 contains information about the methods and tools used in the 
manuscripts. A summary of all the papers is given in Section 5. General 
conclusions of the work presented in the thesis and a Future outlook are presented 
in Sections 6 and 7. 

A brief explanation of the six papers and how the papers are connected are as 
follows: 

Paper A presents a comparative study of gas and water atomized low alloy steel 
powders in laser powder bed fusion. Powder processability, particle movement 
behavior, ejecta formation and the effect of packing density on the single track 
formation are discussed. 

Paper B is a follow-up study of Paper A, and it focuses on the particle 
movement and denudation behavior of arbitrary-shaped GA and WA atomized 
steel powders. The influence of particle shape on the dynamics of powder particles 
are studied via basic theoretical calculations, high-speed imaging and X-ray 
computed microtomography.  

To gain a better understanding of the influence of laser exposure and powder 
handling on the feedstock property alteration and process behavior, the impact of 
repeated powder recycling on the degradation of low alloy steel powder is studied  
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in Paper C. A map of ejecta classification and origin as well as the role of spatter 
found in the recycled powder are also included in the study. 

Paper D investigates the influence of powder aging on the degradation of 
AlSi10Mg powder during processing in PBF-LM. The impact of oxygen content 
on the powder and final part properties is discussed in detail.  

Finally, Papers E and F are feasibility studies, covering the fundamentals of laser-
assisted reduction of iron ore and elucidating various melt pool phenomena within 
Fe2O3-Al/AlSi5 material systems.  

The thesis structure, featuring both material and process aspects such as the use of 
cost-efficient materials (Papers A and B), change of powder properties with 
recycling (Papers C and D) and laser processing of iron ore waste (Papers E and 
F), are highlighted in Fig. 1.
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Fig. 1. An illustrative summary of the topics studied in all the papers  
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2. Research motivation 

Additive manufacturing (AM) serves as a tool for rapid product development. In 
an effort to reduce cost, time to market and improve design and quality of final 
components, the industry relies on AM technologies in their production chains. 
However, AM processes have certain limitations, particularly when it comes to 
process repeatability, choice of materials and their utilization. Commercial 
feedstock materials for AM are currently fabricated by melting and atomizing 
ingots of alloy compositions initially designed for casting. Due to the limited yield 
of suitable particle size ranges, only a small percentage of the powder produced 
by gas atomization (GA) is appropriate for powder bed processes. Meanwhile, 
powder production by GA also requires significant cost and energy investments, 
thus, encouraging to search for a more cost-efficient and sustainable process such 
as water atomization (WA).  

To address these challenges, several studies about the application of novel 
uncommon for AM low alloy steel powders (Höganäs AB), produced by gas and 
water atomization, were carried out within the projects SPAcEMAN, funded by 
EIT Raw Materials, and CINEMA, supported by EU- ERDF Interreg Nord. 
The objective of the SPAcEMAN project was to upscale already validated 
structural steel powder alloys from research to market, whereas the CINEMA 
project was focused on circular economy via eco-design and sustainable re-
manufacturing. In these projects, the behavior and performance of low alloy steel 
powders of dissimilar shape in PBF-LM was investigated, using high-speed 
imaging as a tool to observe various process phenomena (Papers A, B). To acquire 
knowledge about the material’s utilization, recycling of gas atomized powder was 
studied, revealing certain aspects which contribute to powder degradation. These 
findings are reported in Paper C.  

Paper D focused on the recycling aspects of AlSi10Mg alloy in PBF-LM. The 
influence of oxygen saturation on the change of powder condition and part 
properties during laser processing was discussed in detail, revealing important 
findings about the material’s behavior with reuse. This work was carried out in 
the project SAMOA, funded by EIT Raw Materials, together with IMR metal 
powder technologies GmbH. The project aimed to provide a technological basis 
for the efficient and sustainable use of the raw aluminium material in the whole 
process chain of AM. 
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Recent developments in AM show various opportunities for the advancement of 
sustainable manufacturing, especially in the field of iron and steel production 
where approximately 7 % of the CO2 emissions, released into the atmosphere, 
come from the iron and steelmaking industries. In this regard, a new method for 
iron ore utilization was introduced in Papers E and F, investigating the possibility 
of iron ore waste processing in both PBF-LM and DED. These studies were 
performed in collaboration with the Swedish mining company LKAB 
(Luossavaara-Kiirunavaara Aktiebolag), in the projects AM-ORE and AMORF, 
both funded by Energimyndigheten, the Swedish Energy Agency. The projects’ 
goal was/is to develop a new, radically simplifying technique for manufacturing 
of steel products directly from ore, without greenhouse gas emissions released 
during the reduction process.  
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3. State of the art in additive manufacturing of metal 
powders 

This chapter introduces a scientific background to all the topics discussed in Papers 
A-F and reviews the state of the art within the studied research areas. 

3.1 Laser additive manufacturing 

Laser additive manufacturing is a process of building components layer by layer 
using a laser as a heat source and powder or a wire as a feedstock material [1]. The 
process, initially developed in research laboratories and universities, now has taken 
a significant step towards industrialization. AM technologies allow to design parts 
of complex geometry and provide innovative ways to reduce weight, component 
lead time, material waste and cost of manufacturing [2]. Besides having a number 
of advantages, the process has its limitations such as material availability, process 
robustness, repeatability, quality of final parts, etc. Heretofore, these disadvantages 
have been the main barrier for the industrial adoption of metal AM processes [3].  

There are two main AM technologies associated with laser and powder 
utilization: powder bed fusion-laser melting (PBF-LM) and directed energy 
deposition (DED). During the PBF-LM process, a thin layer of material in the 
form of powder is added to a build platform and fused with a laser according to a 
chosen CAD (Computer Aided Design) model. The procedure is repeated 
multiple times until the desired component is manufactured [4] (Fig. 2).  

 

Fig. 2. A schematics of the PBF-LM process in the Aconity 3D MINI system installed at 
LTU (A cross-sectional view of the chamber)
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The process enables building of light weight structures or parts of various complex 
geometry with a minimum amount of post-processing. Moreover, by adjusting 
the process parameters, microstructural changes (e.g. phase formation, grain 
morphology and size) can be controlled [5]. Powder-based DED uses a nozzle to 
deliver powder to a laser generated melt pool layer by layer until the part is 
finished. Depending on the nozzle design, the powder is fed either laterally or 
coaxially while the laser beam together with the shielding gas travel vertically 
down to the substrate [6] (Fig. 3). This technology is more robust compared with 
PBF-LM and is normally preferred when a part needs to be repaired, to achieve 
improved surface characteristics such as wear or corrosion resistance or to add 
additional material/features to existing parts. When combined with a CNC 
(Computer Numerical Control) or a robot head in a single hybrid equipment, the 
DED process allows for obtaining a final finish of the built part. 

 

Fig. 3. A schematics of the DED process using a coaxial nozzle (a) and a cross-section of 
the process (b) by Siva Prasad et al. [7] 

3.2 Materials for AM 

Metal powders used in AM must have specific characteristics to comply with the 
AM quality requirements to achieve a successful print. These characteristics 
normally include a near-spherical particle morphology, a narrow particle size 
distribution (PSD), high density (low inner porosity), good flowability, absence 
or a minimum of satellites and high chemical purity [8] (Fig. 4). Gas atomization 
is often used to manufacture powders which meet the above listed requirements. 
Being a more expensive production technique, plasma atomization is preferred 
when reactive materials such as titanium need to be produced.
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Fig. 4. An example of gas atomized powder: a microphotograph of low alloy steel powder 
(a) and its cross-sectional view (b) 

Water atomization has recently attracted interest from the industry due to its 
process flexibility and cost-efficiency [9,10]. The process is mainly used to 
produce iron-based powders for powder metallurgy. Different particle shapes can 
be produced, depending on the process parameters. However, the main 
limitation, which hinders the acceptance of this technology in AM, is the amount 
of residual oxygen in the atomized powder. The powder production techniques 
are discussed in more detail in the next section.  

Powder atomization techniques 

There are several techniques to produce powders by atomization, depending on 
their target application. In powder metallurgy, atomization describes the process 
of dispersing liquid into fine droplets by using a high-velocity jet of gas, liquid or 
plasma [8]. Compared to mechanical (e.g., grinding) or chemical (e.g., 
electrolysis) production methods, the atomization technique enables control of 
the production rate and an adjustment of physical characteristics of the atomized 
powders. Therefore, atomization is widely used to manufacture a large variety of 
metal powders [11].  

In general, an atomization process can be divided into three stages: melting, 
atomization, solidification and cooling [11]. Powder post-processing procedures 
such as drying, oxide reduction, degassing, size classification, etc. are often 
required. Gas, plasma, centrifugal atomization methods are commonly used to 
produce powders for additive manufacturing as the techniques allow to fabricate 
near-spherical powder particles with a narrow size distribution (Fig. 5).
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However, the need for a more cost-efficient powder feedstock encouraged 
research laboratories and institutions to search for alternative powder production 
methods [9]. Thus, a lot of research work is currently dedicated to the adjustment 
of water atomization technology for AM.  

 

Fig. 5. Illustrations of gas atomization (a), water atomization (b), plasma atomization (c) 
and the plasma rotating electrode process (PREP) (namely centrifugal atomization process) 
(d) by Moghimian et al. [8] 

Gas atomization 

Powder can be atomized by air, nitrogen, argon and helium, depending on the 
requirements of the resulting metal powder. Elemental or pre-alloyed ingot is 
typically used as a raw material to be molten using an electric arc or induction 
coils in a ceramic or a water-cooled copper crucible until all chemical elements 
are homogeneously distributed inside the liquid. In case of air atomization or a 
so-called “Roheisen-Zunder” (RZ) process, cast iron is used to manufacture pure 
iron powders. Atomisation is carried out either in vertical or horizontal units and, 
depending on the atomizing system construction, the melt is either freely poured 
down through a tundish (a free fall system) or through a confined nozzle with a 
high-pressure difference into an atomization chamber (a close-coupled system). 
The melt stream is then disintegrated into droplets at a certain focal position using 
a high-pressure gas [12] (Fig. 6). Argon and nitrogen are often used to atomize 
powders. However, the choice of atomizing gas depends on its cost, thermal 
conductivity, and reactivity with the metal composition [13]. Finally, the 
atomized droplets cool down and solidify into powder particles. During the 
solidification stage, the cooling rate needs to be control as it affects the shape and 
microstructure of the particles. Depending on the nozzle design, mass flow rate 
and gas pressure, a wide range of powder size distributions can be produced 
[14,15]. 
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Fig. 6. An example of a vertical gas atomization unit [11] 

Water atomization 

The water atomization process is similar to the gas atomization technique 
described in Section 3.3.1, except for the high-pressure water stream used to 
atomize the powder. The initial material is prepared in an induction furnace and 
then fed into a tundish. The tundish provides a uniform stream of molten metal 
which is disintegrated into droplets by an arrangement of high-pressure water jets 
(Fig. 7) [8,9,11]. Once atomized, the powder is collected in a chamber at the 
bottom of the atomization unit in a form of powder slurry to be later de-watered 
and dried. As a final step, depending on the target application, the dried powder 
is sieved and classified in various fractions [16,17]. The resulting particle shape is 
irregular due to the faster cooling and solidification rates and higher momentum 
applied during the atomization process in comparison with the gas atomization 
parameters. However, the powder shape can be tuned by adjusting the process 
parameters [9]. Water atomization benefits from a relatively low production cost 
and a high powder yield. Pure iron or steel-based powder are often manufactured 
by water atomization as these materials are less susceptible to oxidation (e.g., 
compared with aluminium) due to the reaction with water.  
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Fig. 7. An example of water atomization unit [11], where 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠 is the melt stream diameter; 
𝑞𝑞𝑞𝑞𝑤𝑤𝑤𝑤 is the water flow rate; 𝑣𝑣𝑣𝑣𝑤𝑤𝑤𝑤 is the water velocity and 𝑎𝑎𝑎𝑎 is the angle between the water jets 
and the water stream 

3.3 Alternative metal feedstock materials for AM 

As previously mentioned in Section 3.2, metal feedstock materials for AM tend 
to possess certain property characteristics in order to be used in production of final 
parts for various industrial applications [8, 18]. However, the high cost and a low 
rate of powder production are the limiting factors which prevent the adoption of 
AM by the industry [8, 9].Due to the reduced amount of post-processing, 
required to achieve dimensional tolerance in final parts, AM is believed to 
produce less waste material in comparison with the subtractive manufacturing 
[19]. However, unless more cost-efficient feedstock materials are developed, and 
continuous powder recycling procedures are introduced, the process is still far 
from being sustainable. 

Another aspect to account for is the limited range of metal powders available for 
the use in AM. Most of the material compositions, currently used in AM, were 
developed for other manufacturing technologies (like casting) and were not 
optimized for AM [2, 8, 18]. Therefore, the use of alternative more sustainable 
materials could not only increase the process adoption but to reveal new 
applications for the technology. 
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As one of the examples of the alternative metal feedstocks for AM, powders 
produced from recycled machining chips can be mentioned [20, 21]. Ma et al. 
[21] carried out a feasibility study about the use of stainless steel powders 
manufactured from machining chips by ball milling. The authors made a 
comparison between the deposition of ball-milled powders and regular near-
spherical GA powders. The results showed insignificant differences in melt pool 
geometry between the powders during single track deposition using identical 
parameters in laser engineered net shaping (LENS). A similar study was carried 
out by Pfefferkorn et al. [22] in which mechanically generated 316L feedstock 
was tested in DED and compared with 316L stainless steel GA powder. Despite 
the larger size, more irregular shape and lower flowability in comparison with the 
GA powder, it was possible to achieve a higher relative density of the parts 
deposited using the mechanically generated powder, compared with the 316L GA 
powder.  

Previously in Papers A and B, the use of WA low alloy steel powder in PBF-LM 
was discussed. Durejko et al. [23] carried out a study in which low alloy steel and 
iron-based WA powders were also applied, this time in LENS. The performance 
of these powders was studied, revealing potential of their future application in 
AM. Another work, where WA powder was used in AM, was performed by 
Hoeges et al. [9]. The authors focused on the material processing and powder 
property differences when using GA and WA steel powders in PBF-LM and 
revealed various aspects of the WA powder behavior which needed to be 
accounted for prior to its use in AM. Earlier in 2005, a similar feasibility study 
was carried out by Pinkerton and Li [24] in which the use of H13 WA powder 
was explored instead.  

Besides mechanically treated, GA and WA powders, other promising materials 
for AM can be mentioned. Samarjy and Kaplan [25] investigated the application 
of steel sheet for laser-induced deposition of metal droplets. The proposed 
technique utilized the principle of laser remote fusion cutting to eject metal 
droplets from a metal sheet. It was shown that by using waste material such as 
metal sheets it was possible to predict the trajectory of the deposited material and 
to create a continuous track, composed of metal droplets.  

Another instance of waste material use was demonstrated by Naesstroem et al. 
[26], where the behavior of iron ore in a laser beam and its processibility aspects 
in DED were investigated in detail. As a continuation study and for the purpose 
of exploring the potential of iron ore utilization in AM, Kaplan et al. [27] carried 
out research about the possibility of iron ore reduction by silicon in a pre-placed   
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powder bed. In that work, a laser beam was used to induce the reaction between 
the iron ore and silicon powders. The authors reported the formation of 
numerous Fe-rich domains within the volume of the produced nuggets. These 
works laid a foundation for Papers E and F, which aimed to investigate the 
processability of iron ore in laser AM and acquire a better understanding of the 
melt pool phenomena and thermite reaction behavior under laser irradiation.  

3.4 Process phenomena in laser additive manufacturing 

Spatter formation 

Spatter formation is a common phenomenon in AM, and it is generally considered 
a detrimental process which leads to a decrease in material quality. Spattering 
refers to the ejection of small metal droplets or powder particles from the laser 
beam-powder interaction zone. Spatter formation is mainly caused by two 
mechanisms: recoil pressure coupled with the Marangoni effect [28, 29] and 
vapor-driven particle entrainment by an induced gas flow (Fig. 18).  

Spatter forms when the liquid acquires sufficient kinetic energy to overcome the 
capillary pressure of the melt. The liquid motion is directly related to the strength 
of the vapor recoil force which, in turn, depends on how much energy is applied 
[30]. A vapor jet is formed when the temperature of the melt pool exceeds the 
vaporization temperature, causing melt expulsion. The ejected metal, jetting 
upwards, interacts with the vapor plume above the melt pool and breaks into 
small droplet-like spatters as it travels through the laser beam.  

Recoil pressure mechanism is widely recognized to be the main contributor to 
metal particle ejection during PBF-LM [30-33]. However, Matthews et al. [30] 
has discovered that vapor-driven particle entrainment by an induced gas flow may 
be the dominant mechanism, leading to ejecta generation. As the laser beam scans 
over the powder bed, the metal vapor plume from the melt pool induces an 
inward gas flow and pulls the particles towards the process zone. Due to the near-
spherical shape of gas (or plasma) atomized powders commonly applied in PBF-
LM, the powder particles, initially attached to the surface of the powder layer 
through the Van der Waals force, can be easily detached by the ambient gas flow 
and dragged into the melt pool. Depending on the flight trajectories, a large 
number of particles become submerged into the melt pool. The rest will either 
travel towards the laser irradiation field, miss the laser beam and get ejected as 
cold ejecta or interact with the laser beam, get melted and eject as hot ejecta (Fig. 
8).  
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Fig. 8. Mechanisms of spatter formation 

In the laser welding community, the spatter formation is known as a phenomenon 
that occurs during welding and refers to the ejection of droplets of the liquid 
material from the melt pool [34]. When it comes to laser powder bed fusion, 
there are several driving forces for ejecta generation as it involves droplet ejection 
mostly from a surrounding powder bed. Ejecta can be divided into three main 
categories: spatters coming from the melt pool surface instability, hot and cold 
ejecta [35]. 

Spatters are expelled directly from the melt pool due to recoil pressure as described 
above. This type of ejecta usually has a spherical shape as it undergoes similar 
melting/cooling regimes as during gas atomization. The ejection velocity of the 
spatters may reach up to 3-8 m/s, according to Ly et al. [30]. Hot ejecta, on the 
other hand, are the powder particles that travel through the laser beam and 
become entrained by the vapor jet. Depending on the particle size, hot particle 
ejecta show the following tendency: the finer the particle the higher velocity 
values can be achieved (from 6 up to 20 m/s). Powder particles that pass behind 
the laser field without visibly getting molten are defined as cold ejecta [35,36]. 
The ejection velocities of this type range from 2 to 4 m/s [30].  

Laser power and scanning speed have the largest impact on the degree of 
spattering, whereas environmental pressure influences the spattering behavior by 
controlling the divergence angle of the vapor jet and the inert gas flow [29, 33]. 
An increase in energy density applied during the PBF-LM process results in more 
frequent spattering due to the increase of energy input and keyhole formation.  
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Laser power and scanning speed have the largest impact on the degree of 
spattering, whereas environmental pressure influences the spattering behavior by 
controlling the divergence angle of the vapor jet and the inert gas flow [29, 33]. 
An increase in energy density applied during the PBF-LM process results in more 
frequent spattering due to the increase of energy input and keyhole formation 
[33]. High laser power and low scanning speed can lead to overheating, whereas 
high scanning speed and low laser power promote the balling effect from the 
underheating [37]. The balling effect is temperature dependent and occurs when 
the viscosity of the melt pool is too high. During this condition, the melt pool 
has a poor flowability, resulting in the balling phenomenon [38]. According to 
the study conducted by Mutke et al. [39], the balling effect due to the Plateau-
Rayleigh instability (surface tension-driven melt pool break-up) also appears 
when high laser scanning speeds are employed. Furthermore, this effect can be 
intensified by insufficient substrate wetting that follows by the increase in surface 
free energy. 

Guo et al. [32] investigated the importance of the environmental pressure on 
spatter behavior. When the surface of the melt pool reaches the boiling 
temperature, vaporization becomes intense, generating a metal vapor and causing 
a droplet ejection from the melt pool area. Vapor formation results in different 
outcomes with various environmental pressure. The intensity of the chamber 
pressure determines the divergence angle of the vapor jet and the gas flow 
behavior. Under vacuum conditions, the metal vapor expands freely, creating a 
large divergence angle. When the argon gas is absent in the environment, the gas 
flow will neither generate, nor entrain the particles toward the molten pool. High 
environment pressure promotes particle entrainment by attracting the gas flow 
together with the powder particles toward the vapor field above the melt pool. 
However, the total amount of spatter and powder-based ejecta drops with the 
increase of environment pressure as it forms a narrower vapor jet as opposed to 
the one observed under low pressure or vacuum conditions [32] (Fig. 9). 
Therefore, high chamber pressure in PBF-LM can mitigate spattering and, as a 
result, improve the surface quality of final parts. 
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Fig. 9. Influence of environmental pressure in the AM system on powder spatter behavior 
[32]  

Research on powder spattering [29, 40] has shown that a large number of ejecta 
undergo oxidation and alter their particle size distribution, leading to the 
introduction of oxygen to the powder bed and powder layer disturbances. Many 
spatters that fall back on the powder bed can increase the surface roughness during 
melting of each subsequent layer, cause porosity or become a potential source of 
defects such as a lack of fusion in the final parts.  

Denudation and particle movement in a powder bed 

Another consequence of laser beam-powder interaction in AM is the denudation 
phenomenon. Denudation describes a particle depletion area observed near the 
laser scan path as a result of the interaction between the laser beam and the powder 
bed [41] (Fig. 10). According to [30], the dominant driving force for denuding 
powder near a solidified track is the entrainment of particles by an induced gas 
flow. During laser processing, the gas flow is induced by the intensive evaporation 
of the melt pool and pressure drop inside the vapor plume due to the Bernoulli 
effect [41]. 
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Fig. 10. Denudation zone around a solidified track, captured by Matthews et al. [41] 

The denudated area around the scanned path (namely a denudation width) varies 
depending on the process parameters and ambient gas pressure. The gas flow has 
an impact on the degree of denudation which, in turn, will directly affect the 
resulting quality of AM components [41]. Pores or denudation driven voids are a 
natural consequence of the powder denudation. Such defects are responsible for 
final part degradation and material property deterioration [29].  

Powder morphology can also influence the extent of denudation as it plays an 
important role in particle movement in a powder bed. Particle movement in PBF-
LM is mainly associated with particle entrainment induced by a gas flow. 
However, phenomena such as spattering and particle collisions due to gas trapped 
in the feedstock material or in the voids in a powder bed can also activate particle 
motion, altering powder layer conditions [42].  

Movement behavior of single particles in a powder bed and their interaction with 
the laser beam have been studied before [30, 43-47]. Volpp [48] used high-speed 
imaging to observe particle movement outside the process area and concluded 
that the temperature and pressure increase around the laser-material interaction 
zone can initiate the particle transfer towards the melt pool. Interaction between 
the powder particles and the gas phase in PBF-LM was also simulated using a 
computational flow model [42]. The study focused on the calculation of the drag 
force exerted on powder particles in various regions in the powder bed.
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To understand particle movement behavior in a powder system it is also important 
to investigate particle-particle pair interaction. A lot of research work [49-52] was 
dedicated to the interaction between spherical particles or a particle and a wall 
surface. Depending on the particle shape and size, a contact area between the 
particle surfaces varies, resulting in a different level of attraction due to the Van 
der Waals force. The Van der Waals force describes the attraction between 
powder particles, or a particle and a surface as a result of their electrostatic 
interactions [11,53]. This attraction force is an important parameter as it affects 
the powder spreading in LPBF by promoting powder-powder contact formation 
and restricting their relative motion in the powder bed [54]. The role of powder 
shape in particle movement behavior is discussed in more detail in Paper B. 

3.5 Powder degradation and recycling 

Powder recycling is necessary in AM for it to become an economically feasible 
and sustainable manufacturing technique. Nowadays, one of the key challenges 
in additive manufacturing is the understanding of how initial powder 
characteristics influence the outcome of final part properties. Powder feedstock 
materials are high-priced due to the expensive production technologies such as 
gas, plasma and centrifugal atomization and the current quality requirements set 
by industry. To minimize the manufacturing cost of final parts, powders are 
normally recycled. Powder properties can vary depending on the production 
technique, handling and storage or after the material has been recycled. As a 
consequence, such variations can lead to defect formation in final components 
[55]. In general, recycling involves sieving of the remaining powder after each 
recycle. As a rule, the finer the particle the more oxygen it contains due to its 
developed surface. The sieve sizes applied in industry are not sufficient to remove 
all oxidized particles and possible inclusions from the feedstock. As a result, a 
proportion of the oxidised powder will be incorporated into the recycled powder.  

Many studies on powder recycling in PBF-LM have been carried out in the recent 
years [55-58], trying to identify possible gaps in the state of the art within the 
field. Currently, there are two concerns associated with powder reuse: (1) 
alterations in the chemical and physical properties of the powder due to the 
multiple interactions with the laser beam and machine environment and (2) the 
introduction of minor defects due to the powder handling/sieving and exposure 
to the environment outside the AM system [55].  

Several research works [55, 56, 58-61] confirmed that powder degradation 
depends on the processing conditions, environment, and feedstock material. 
Particle size, degree of powder agglomeration and chemical purity are the factors 
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that determine the powder quality. Particle size distribution has a slight increase 
with a number of recycling steps due to powder agglomeration and the 
introduction of ejecta to the processed powder. A loss of fine particles can also 
lead to less absorption of laser energy and a decrease in heat input [55]. An increase 
in oxygen content in the powder can change the melt pool dynamics, laser 
absorption and promote oxide formation on the particle surfaces [11,44,62,63]. 
Vaporization of alloying elements also contributes to the changes in alloy 
composition upon recycling [36]. Such changes may lead to shifts in the rate of 
oxygen pick-up and alter mechanical properties of finished AM parts [35]. The 
presence of satellites on the material surface is another issue that needs to be taken 
into account when handling the powder. The satellites enlarge the surface of 
particles, resulting in a more irregular powder shape. Furthermore, satellites 
promote agglomeration and particle-particle pair interaction, leading to metal-
metal contact development. The internal porosity is also an existing defect, mainly 
obtained during the atomization process.  

Powder spattering is also a potential source of defects which can cause, for 
example, lack of fusion in final components [64]. Spatters coming from the melt 
pool tend to be coarser in comparison with powder particles. Thus, once landed 
on the powder bed, the spatters may affect mechanical properties and increase the 
surface roughness of the final parts [30]. Moreover, regardless of the origin, all 
ejecta contain a higher amount of oxygen compared to virgin powder which 
increases the overall oxygen content in the recycled powder and, subsequently, 
inside the build chamber. Fig. 11 shows potential areas of ejecta landing on a 
powder bed during the PBF-LM process. 

 

Fig.11. Spatial distribution of ejecta on the build plate by Esmaeilizadeh et al. [35]
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Besides spatter formation, byproducts such as condensate (or nanoparticles) may 
occur during PBF-LM. The formation of soot and fully oxidized powder particles 
was also reported [30, 55]. Such byproducts reduce the quality of powder 
feedstock and, therefore, need to be controlled.  

3.6 The role of sustainability in AM 

This section intends to introduce the role of sustainability in additive 
manufacturing and accentuate the central sustainability challenges associated with 
AM. The chapter includes previous studies that report on sustainability issues in 
relation to material and process aspects within AM, mainly from economic and 
environmental points of view.  

Recently many studies have been dedicated to the role of sustainability in AM 
[65-70], product lifecycle assessment [71-75] and energy consumption of AM [67, 
70, 76, 77]. However, most of those papers were either generic and based on 
approximation or had a lack of information regarding several product life cycle 
steps, taking into account economic and environmental impact assessments only 
during the production phase. Therefore, it is still quite challenging to make a 
reliable comparison between AM and traditional manufacturing technologies. 

Given the growing concern for the environment and climate change, the industry 
has started looking into more sustainable ways to produce products [19, 65]. It is 
believed that compared with conventional subtractive manufacturing, AM 
technologies can bring substantial economic benefits and decrease environmental 
impacts by eliminating scrap, reducing energy consumption, extending a product 
lifetime, and by introducing a new concept of local part manufacturing/repair 
[70].  

When discussing energy consumption in AM, the following research works can be 
mentioned. Several authors [67, 70, 76-78] stated that energy consumption during 
the AM process was the dominant factor in the generated environmental impacts 
(66 to 75 % produced by a Renishaw AM250 system), whereas powder 
consumption and waste accounted for only 10-12 % [79]. Shin et al. [80] carried 
out a life cycle assessment (LCA) on the energy consumption and carbon footprint 
when using DED to remanufacture a turbine blade. The results showed that it 
can be significantly more efficient to repair the blade than to manufacture a new 
one, depending on the amount of repair needed. The authors discovered that in 
cases when less than 18 % of the total blade volume needed repair, it was 
economically and environmentally more beneficial to use DED in comparison 
with investment casting [80, 81]. Matsumoto et al. [78] investigated possibilities 
of remanufacturing and showed an example of the gas turbine burner tip design   
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using PBF-LM at Siemens. The company reported that the component 
production time decreased by around 90% when repair by laser powder bed fusion 
was introduced [81]. Watson and Taminger [76] developed a computational 
model for determining whether AM is more energy efficient than traditional 
manufacturing. The model was based on the volume fraction of solid material. 
For the calculations, energy consumption at all stages of the production life cycle, 
from raw material to finished part, including the energy required for 
transportation were accounted. As a result, the authors managed to derive a 
formula for the critical value of the volume fraction ɑ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 which helps make an 
assessment of energy consumption during AM vs conventional manufacturing. 
For volume fractions less than ɑ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, AM is more energy efficient. For volume 
fractions greater than ɑ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, traditional manufacturing is more efficient. 
Pfefferkorn et al. [77] made a comparison of the energy consumption between 
wire-based and powder-based AM techniques. The study showed that both 
processes consumed similar amounts of energy for the overall process, whereas 
energy consumption during the wire production was greater than powder 
production. On the other hand, the wire deposition consumed 85% less energy 
compared with the powder deposition.  

When it comes to waste management and utilization, literature research has shown 
that it was possible to reduce waste, production costs and carbon footprint, by 
either reducing the amount of raw materials or by introducing powder recycling 
procedures into the AM process chain [69, 70, 82]. Many studies mentioned only 
insignificant changes after powder reuse in PBF-LM [83], while others reported 
about powder degradation behavior with recycling and after exposure to laser 
irradiation [84, 85]. Wire-based DED had almost zero waste [69], and only a few 
studies investigated material recycling in powder-based DED [86-88], mainly due 
to the difficulties of collecting the unused powder. In EBM, the unused material 
had to be treated after due to its high affinity to oxygen [89]. In addition to 
powder recycling, it was shown that failed parts and support structures required 
development of clear guidance procedures for their utilization [67, 70].  

As for the raw material processing, there is the potential to rethink how certain 
raw materials are extracted or processed to minimize the resources necessary for 
their manufacturing. As an example of sustainable production thinking, Metalysis 
(Sheffield, UK) developed a process which allows to produce titanium powder 
directly from ore [90] and requires less energy than the FFC (Fray, Farthing, and 
Chen) or Cambridge method.  

According to Ahn [81], raw material savings could also be achieved via the 
fabrication of lightweight and integral structures (or a combination of both) which   
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decreased energy consumption and CO2 emissions of transportation vehicles such 
as aircrafts. The decrease was associated with the reduction of fuel consumption 
during operation. In the estimation, provided by Huang et al. [91],a commercial 
aircraft, produced by additive manufacturing and equipped with lighter 
components, could reduce energy consumption during its operation by 2.8 ∙
1018 J per year and reduce associated carbon dioxide emission by 2.15 ∙ 108 MT 
per year.  

Apart from the above-listed aspects, alternative feedstock application has also 
become a promising area of research which proposes the use of either more cost-
efficient materials or/and waste materials such as machining chips in AM [92]. 
More information about the use of cost-efficient powder feedstocks (Papers A and 
B), powder recycling procedures (C and D) and waste material utilization routes 
(E and F) can be found in the attached papers.  

Although the examples emphasized in this section cover only a small portion of 
all the studies dedicated to the present sustainability issues, they indicated the main 
aspects for development and improvement, along with the need for further 
research within this field.  
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4 Methodology  

Laser beam-material interaction phenomena, powder behavior and recycling in 
AM were studied in the six papers included in this thesis. The main methods, 
which aided in observing and investigating the studied aspects, are described in 
this section.  

4.1 Powder property evaluation techniques 

Powder characteristics have a direct impact on laser processing. Therefore, in each 
paper, before focusing on the material processing aspects, the powder was 
analyzed using various evaluation techniques.  

Inductively coupled plasma mass spectrometry (ICP-MS) was utilized to analyze the 
powders’ chemical composition. The ICP-MS is a type of mass spectrometry that 
uses an inductively coupled plasma to ionize the sample and allows determination 
of various elements with great precision.  

Particle size distribution was analyzed by both laser diffraction and dynamic image 
analysis. The laser diffraction analysis is based on the Fraunhofer diffraction theory, 
stating that the intensity of light scattered by a particle is directly proportional to 
the particle size. In practice, the powder (dry or in a form of suspension) is placed 
in the chamber in front of the laser source. As the laser beam passes through the 
powder particles, scattered light of absorbing particles is measured under low 
angle. With laser diffraction, the determined particle size always refers to the 
equivalent diameter of a sphere sharing the same diffraction pattern.  

Dynamic image analysis is based on the principle of particle stream illumination 
by a light source which allows to record the particle images as shadow projections 
within a short period of time. In most cases, a stream of particles is recorded and 
analyzed by a set of cameras, depending on the equipment used. Several types of 
powder dispersion can be selected: dispersion by compressed air, by gravity/free 
fall or by liquid. During the wet dispersion mode (in liquids), the particles are 
placed in a dispersion bath and pumped to a flow cell where the cameras capture 
the particle images. In Papers A-D, particle size distributions were evaluated by 
either laser diffraction or by X-ray computed microtomography (µCT). The µCT 
method description is given in section 4.2. In Papers E and F, the dynamic image 
analysis was used.  

The Hall flowmeter funnel method was used to measure flowability and apparent 
density of the powders. In this method, 50 g of powder flows through a funnel as 
the time it takes is registered as the flow rate. Normally, the funnel has a 
standardized geometry with 60° cone angle and an outlet hole with a diameter of   
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2.5 mm. However, other funnel geometries can be used, depending on the 
material and its state (dry, pre-mixed, etc.). 

Particle morphology was observed and measured by µCT and scanning electron 
microscopy (SEM). The methods are described in sections 4.2 and 4.3, respectively.  

4.2 X-ray computed microtomography 

X-ray computed microtomography is an advanced tool for studying various 
materials and their textures. The method provides a unique opportunity to 
observe and analyze powder size, shape, inner porosity, surface conditions and 
oxide layers. The powder sample is placed between an X-ray source and a CT 
detector. The CT detector measures X-ray absorption and acquire images at 
various angles as the X-rays penetrate the rotating powder sample. The obtained 
images are later reconstructed into 3D voxels and the brightness of each pixel 
corresponds to the X-ray density of the material. The gray levels in the CT slice 
images correspond to X-ray attenuation, which, in turn, is a function of the 
material’s composition and density [40]. 

X-ray microtomography was employed in Paper B to measure the powder 
characteristics, in Paper C to detect powder changes due to recycling, and in 
Paper E to study the extent of iron ore reduction and to observe the spatial 
distribution of the Fe phase within the volume of the sample. In Paper D, X-ray 
tomography was used on printed cubes to measure porosity within the samples 
exposed to laser processing and aging.  

4.3 Light and electron microscopy  

Scanning electron microscopy is a useful technique to study powder materials. In 
SEM, the electrons interact with atoms in the sample, producing various signals 
that contain information about the surface topography and composition of the 
sample. This method was utilized in all six papers to study the powder 
characteristics as well as morphological and microstructural changes of the 
processed materials. In addition to the SEM analysis, an energy-dispersive X-ray 
spectroscopy (EDS) and a wavelength-dispersive X-ray spectroscopy (WDS) 
analyses were employed to measure element distributions within the selected 
samples. EDS and WDS analyses involve the detection and measurement of 
characteristic X-rays on a given sample. When using EDS, all of the energies of 
the characteristic X-rays are measured simultaneously, whereas WDS measures a 
single wavelength at a time which makes this technique more accurate (and, 
therefore, slower) than EDS. WDS is normally preferred to identify complex 
overlapped peaks, and when trace or light elements need to be measured.   



Tatiana Fedina Introduction 27 

 

In Paper E, WDS was used to measure the amount of oxygen, present in the 
selected samples, and to compare the data to the oxygen content acquired by 
using EDS.  

In Paper A, the heights and melt pool geometries of single tracks were analyzed 
by optical microscopy. The principle of optical microscopy is similar to SEM, except 
for it uses one or several lenses to magnify images of samples with visible light. 

4.4 High-speed imaging 

High-speed imaging (HSI) was used as the main tool to observe and record the 
process frame by frame. High-speed imaging is a process of taking a series of 
pictures at a high frame rate. The principal advantage of using HSI is the ability 
to observe phenomena related to laser-material interaction in AM. The produced 
videos were analyzed using an image processing software by playing it backwards, 
choosing/measuring specific regions of interest, tracking powder grains and their 
trajectories or measuring travel distances. Phenomena such as ejecta formation 
(Papers A and C), powder particle movement behavior and denudation (Papers 
A and B), laser beam-material interaction and thermite reaction behavior (Papers 
E and F) were studied using HSI. In addition to that, oxide velocities during melt 
pool separation were measured in Paper F.  

To detect changes related to the melt pool stability, a streak imaging technique 
was used in Paper F. The central principle of the streak image analysis is based on 
the extraction of data over time at a certain location (a streak line), marked in the 
video. As a result, any movement of objects in the video is collected in the form 
of lines and presented as a function of time.  
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5 Summary of the papers  

Paper A: A comparative study of water and gas atomized low alloy steel 
powders for additive manufacturing 

Abstract: This work reports a study of the differences between laser processing 
of water and gas atomized low alloy steel powders with a focus on powder 
behavior and performance in additive manufacturing. Material packing densities 
were measured to establish a relationship between powder packing and track 
formation. The results showed that the track height when using water atomized 
powder was 15% lower than the value achieved for the gas atomized powder. 
High-speed imaging was utilized to observe the material behavior and analyze the 
powder particle movement under laser irradiation. It was found that water 
atomized powder has less particle entrainment due to its tendency towards 
mechanical interlocking. The occurrence of powder spattering and melt pool 
instabilities was also studied. More frequent spatter ejection is believed to be due 
to the higher amount of oxygen in the water atomized powder. 

Conclusions: The findings in this paper revealed a different behavior of the WA 
compared to the GA 4130 low alloy steel powder under laser irradiation. The 
following conclusions can be made: 

• The results show it was feasible to make continuous tracks with WA powder. 
Thus, it can be concluded that the material has potential to become an 
alternative to the most commonly used GA powder. However, the 
differences in material packing behavior should be accounted for prior to the 
processing. 

• Track height when using WA powder was 15% lower than the value obtained 
from GA powder. Furthermore, the cross-sectional area was 31% lower for 
the WA powder. This is attributed to the lower packing density (18% lower 
than GA powder) and irregular morphology of the material, which has a 
tendency to agglomeration and mechanical interlocking. 

• WA and GA powder processability was evaluated by high-speed imaging with 
relation to the powder behavior under laser irradiation. The findings suggest 
that WA powder has a different particle entrainment behavior due to its 
irregular shape, which creates contacts with neighboring particles. This 
inhibits powder detachment from the powder bed. As a result, fewer particles 
reach the melt pool and submerge into it.  

• WA powder has more frequent spatter ejection according to HSI. The mass 
obtained from the spatter collection area confirmed this finding. This is most  
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likely due to the higher amount of oxygen in the WA powder, which contributes 
to instabilities in the melt pool. 
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Paper B: The role of powder morphology in particle movement behavior 
in laser powder bed fusion with an emphasis on fluid drag 

Abstract: This study investigates the movement behavior of particles of dissimilar 
morphology in the powder bed in Laser Powder Bed Fusion. Gas atomized (GA) 
and water atomized (WA) low alloy steel powders were employed to study their 
motion around the laser scan path. Particle velocities, entrainment distances and 
denudation zones were measured for both powders using high-speed imaging. 
The entrainment of GA powder particles in front of the laser beam towards the 
process area was initiated 1.6 mm from the edge of the melt pool, whereas the 
distance was 0.6-0.8 mm for the WA powder. The differences in observed 
behavior were related to the variations in particle shape of the two types of 
powder. The processing of WA powder resulted in a 16 % narrower denudation 
zone (for a low volumetric energy density) compared to GA powder. However, 
the denudation width difference decreased with increasing volumetric energy 
density, most likely due to a steeper pressure gradient in the process area which 
diminishes the impact of powder shape. X-ray computed microtomography was 
utilized to estimate the drag force acting on the powder particles of various 
morphologies. The results showed that the radial drag force exerted on GA 
powder was 64 % greater than when using WA powder. Moreover, if the WA 
powder particles were of elongated shape the drag force decreased by almost an 
order of magnitude, demonstrating the importance of the particle’s morphology 
in the process dynamics. 

Conclusions: This study has analyzed the mechanism of particle movement 
behavior in an experimental LPBF system when using gas and water atomized 
low alloy steel powders. The major findings are as follows: 

• The flow behavior of individual GA and WA powder particles on the powder 
bed in LPBF differs due to their dissimilar morphology. 

• In this case the mean speed of particles moving on the powder bed was 118 
mm/s and 52 mm/s for GA and WA powders, respectively. The restricted 
mobility of the WA powder particles can be attributed to their convoluted 
surface area that induces high interparticle friction and reduces flowability. 

• The entrainment of GA powder particles ahead of the laser beam towards the 
laser-material interaction zone started approximately 1.6 mm from the melt 
pool, whereas this distance was 0.6-0.8 mm for WA powder. 

• The denudation zone when processing WA powder was 16 % narrower than 
for GA powder, for low VED. This is likely due to the powder’s propensity 
to mechanical interlocking which hinders particle flow and resists further 
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movement. However, the denudation zone became wider and the difference 
smaller when increasing the VED, suggesting that there is a steeper pressure 
gradient in the process area which reduces the influence of powder 
morphology. 

• The average radial drag force acting on GA powder was 64 % greater than 
when using WA powder. Furthermore, the drag force for the WA powder 
particles of elongated shape decreased by almost one order of magnitude, 
demonstrating the importance of the particle’s morphology in the dynamics 
of powder movement in LPBF.
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Paper C: Spattering and oxidation phenomena during recycling of low 
alloy steel powder in Laser Powder Bed Fusion 

Abstract: This study reports on the impact of repeated powder recycling on the 
degradation of low alloy steel powder in Laser Powder Bed Fusion. The average 
powder particle size increased slightly upon recycling due to powder 
agglomeration and the presence of spatters and other ejecta from the process zone. 
The oxygen content showed a continuous growth after each recycle, while the 
other chemical elements of the recycled powder remained largely unchanged. A 
map of ejecta classification is presented, featuring various ejecta types formed 
during laser processing. Ejecta of increased diameter and different shapes were 
observed in the recycled powder, using high- speed imaging and Scanning 
Electron Microscopy. The ejecta were collected after each powder recycle to 
enable the calculation of the ejecta mass generated during the process. The result 
showed a direct correlation between oxygen content in the powder and 
spatter/ejecta formation with the number of recycling events. It is likely that the 
increase in oxygen contributes to powder spattering. 

Conclusions: The influence of repeated powder recycling on the degradation of 
low alloy steel powder during Laser Powder Bed Fusion was studied in detail. 
The following can be concluded: 

• In this study, 4130 steel powder was recycled systematically up to ten times. 
The powder underwent notable changes in chemical composition and 
particle size distribution with reuse. 

• Particle size increased with each cycle of reuse due to agglomeration and the 
accumulation of ejecta in the material. Simultaneously, the oxygen content 
in the recycled powder increased with each recycle, while all the other 
chemical elements mostly remained unchanged. It is likely that the oxygen 
increase influences powder spattering. 

• X-ray computed tomography confirmed a shift of powder particle size with 
recycling towards larger particle diameters (D50 = 37.7 μm for virgin powder 
and D50 = 41.2 μm for recycled powder, for the applied experimental 
scheme). Internal porosity and ejecta were also detected in the investigated 
material. 

• The recycled powder contained ejecta of larger diameter and various shapes 
compared to the virgin material. The range of ejecta morphology and size 
indicate different origins of the ejection.
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Paper D: Influence of AlSi10Mg powder aging on the material 
degradation and its processing in laser powder bed fusion 

Abstract: This study investigates the impact of powder aging on the degradation 
of AlSi10Mg powder during processing in laser powder bed fusion. Powder aging 
as result of handling, continuous storage and recycling is fundamental concern for 
aluminum alloys as it introduces oxygen to the feedstock material. In this work, 
the analysis of the powder properties, affected by laser exposure and the aging 
procedure, showed a change of chemical and morphological characteristics of the 
powders in virgin and aged conditions. The oxygen content in the powders 
appeared to have a significant effect on the powders' surface appearance and light 
absorbance, gradually deteriorating the processability of the powders with the 
increase of oxygen level. Optical microscopy and X-ray computed tomography 
were used to analyze the porosity distribution in the printed part samples, 
identifying the origin, size and location of the pores. A direct relationship between 
the pore occurrence in final parts and the oxygen content in the powders was 
observed, revealing a higher degree of porosity in the aged powder sample (6.5%) 
in comparison with the virgin state (3.16%). The evolution of mechanical 
properties in the part samples after laser processing and powder aging was also 
studied, demonstrating a rapid decrease of ultimate tensile strength and elongation 
from virgin condition to aged.  

Conclusions: The following conclusions can be made based on the findings 
reported in this study: 

• AlSi10Mg virgin powder underwent minor property changes after single 
processing. However, oxygen content in the aged powder increased by 
approximately 4 times, compared with the virgin powder, indicating a severe 
oxygen pick-up as a result of aging. 

• No particle size change was detected between the virgin (D50 = 39.8 μm) 
and the R0 state (D50 = 39.9 μm), whereas the aged powder showed a slight 
tendency for coarsening (D50 = 43.5 μm), most likely as a consequence of 
long temperature exposure. 

• A notable decrease of absorbance (by 15%) from the virgin condition to the 
aged was observed which could be attributed to the change of powder color 
with aging and particle surface oxidation. 

• As the oxygen level increased in the aged powder, porosity occurrence in 
printed samples became more frequent. It is likely that the presence of oxygen 
in the powder promoted pore formation in final parts.  
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• A direct correlation between tensile strength and porosity levels with the 
change of powder condition was established, demonstrating a rapid decrease 
in ultimate tensile strength from virgin state to aged.  
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Paper E: Laser-assisted reduction of iron ore using aluminum powder 

Abstract: This study reports on the laser-assisted reduction of iron ore waste 
using Al powder as a reducing agent. Due to climate change and the global 
warming situation, it has become of paramount importance to search for and/or 
develop green and sustainable processes for iron and steel production. In this 
regard, a new method for iron ore utilization is proposed in this work, 
investigating the possibility of iron ore waste reduction via metallothermic 
reaction with Al powder. Laser processing of iron ore fines was performed, 
focusing on the Fe2O3-Al interaction behavior and extent of the iron ore 
reduction. The reaction between the materials proceeded in a rather intense 
uncontrolled manner which led to a formation of Fe-rich domains and alumina 
as two separate phases. In addition, a combination of Al2O3 and Fe2O3 melts as 
well as transitional areas such as intermetallics were observed, suggesting the 
occurrence of incomplete reduction reaction in isolated regions. The reduced 
iron droplets were prone to acquire a sphere-like shape and concentrated mainly 
near the surface of the Al2O3 melt or at the interface with the iron oxide. Both 
SEM, EDS and WDS analyses were employed to analyze chemical composition, 
microstructure and morphological appearances of the reaction products. High-
speed imaging was used to study the process phenomena and observe differences 
in the movement behavior of the particles. Furthermore, the measurements 
acquired from X-ray computed microtomography revealed that approximately 
2.4 % of iron was reduced during the laser processing of Fe2O3-Al powder bed, 
most likely due to insufficient reaction time or inappropriate equivalence ratio of 
the two components. 

Conclusions:  

• Laser processing of preplaced iron ore and aluminum powders led to a 
formation of numerous Fe-rich domains (with F e > ~ 9 8 a t.-%), indicating 
the occurrence of the reduction reaction between the materials. Furthermore, 
these Fe-rich areas were predominately surrounded by Al2O3-based matrix, 
with occasional Fe-Al regions observed in the vicinity of the reduced iron. 
This indicates that both complete and incomplete reduction reactions took 
place which were mainly governed by the process conditions and the Fe2O3-
Al degree of interaction. 

• Due to the thermite nature of the Al and iron ore powder reaction, multiple 
explosions occurred when laser processing the powders, capturing intense 
ejection of melt droplets. Occasionally, several droplets expelled from the 
melt pool collided, initiating a thermite reaction in flight, followed by either   
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the droplets’ consolidation or the rupture of the two colliding melts. 
• Mainly particles from the Al powder bed were moving towards the melt pool 

area, whereas Fe2O3 particles appeared to remain in place. This can be 
explained by the fine size and convoluted shape of the iron ore powder which 
promoted the formation of mechanical contacts between the Fe2O3 particles 
and increased interparticle friction. As a result, only iron ore particles directly 
exposed to laser irradiation and/or adjacent to the melt could contribute to 
the formation of the melt pool and interact with Al. 

• Both EDS and WDS chemical analyses confirmed the formation of reduced 
iron, mainly as a separate phase within the remaining Al2O3 melt. In certain 
regions, Fe-Al and Fe2O3-Al2O3 domains were formed, indicating that the 
reduction reaction was incomplete, most likely due to a lack of reaction time 
or inappropriate equivalence ratio of the two reactants. 

• The Fe-rich areas tended to acquire near-spherical shapes which could be 
attributed to the iron growth mechanism, induced by the reduction process. 
Such morphological features could also originate as a result of the Fe2O3 and 
Al powders’ interaction with the laser beam, followed by a clear separation of 
the two melts during cooling. 

• According to μCT, the 50 % iron ore - 50 % Al powder sample contained 
2.4 % of the reduced iron. The unreacted Fe appeared to remain in a form of 
iron oxides, intermetallics or as a part of the Fe-O-Al slag. The Fe-rich areas 
were mainly observed close to the surface (sites 5-7) or inside the Al2O3 melt 
(sites 4, 6, 8) as a separate phase, and at the border with the Fe2O3-rich domain 
(sites 4, 8), presumably in the diffusion area. Such a distinct phase separation 
could potentially be applied as a mechanism for the extraction of iron from 
iron ore waste material.  
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Paper F: In-situ observation of melt pool phenomena in directed energy 
deposition of iron ore and aluminum materials 

Abstract: This study reports on the high-speed imaging investigation possibilities 
of laser beam-material surface interaction when processing Fe2O3-Al powders and 
an Fe2O3 powder-AlSi5 wire combination in directed energy deposition. In-situ 
observation of various melt pool phenomena and exothermic reaction behavior 
of the material systems using high-speed imaging was at the focus of this research 
work. Depending on the feed material arrangement (powder-powder or powder-
wire) and process parameters, significant differences in the melt pool formation 
were observed, including melt pool separation into two distinct phases and the 
occurrence of thermite reaction at different stages of the process. In addition to 
that, the influence of feed materials and laser power on the thermite reaction time 
was discussed in detail, showing their dissimilar behavior. During laser processing 
of the powder-powder arrangement, the reaction duration increased with the 
increase of laser power, whereas the powder-wire configuration demonstrated the 
opposite trend, most likely due to the smaller surface contact area, developed 
between the iron ore particles and the AlSi5 wire. Chemical composition, 
morphological appearances and phase accumulation were analyzed using scanning 
electron microscopy and energy-dispersive X-ray spectroscopy. The obtained 
data were used to establish a connection between the melt pool and the reaction 
products. High-speed imaging was utilized throughout the experiments to 
observe and capture the process phenomena.  

Conclusions: High-speed imaging possibilities of melt pool phenomena and 
exothermic reaction behavior within Fe2O3-Al/AlSi5 systems were demonstrated 
in this study, revealing various aspects of laser beam-material interaction in-situ. 
Based on the findings, the following conclusions can be drawn: 

• Deposition of both iron ore and aluminum powders and a combination of 
iron ore powder and AlSi5 wire (in pre-defined ratios) facilitated a thermite 
reaction between the materials that led to melt pool separation. This melt 
separation mechanism was likely driven by the density and surface tension 
differences between the materials, in which the Al2O3 phase tended to 
accumulate at the bottom of the melt, whereas the Fe-Al based phase was 
prone to concentrate near the surface. 

• When processing Fe2O3 and Al powders, an exothermic reaction, followed 
by multiple explosions and melt fluctuations, was only observed at the initial 
stage of the materials’ interaction. Once the melt pool was formed and 
acquired a droplet-like two-phase morphology, no further explosions were   
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detected. Furthermore, the reaction duration increased with the increase of 
laser power, demonstrating the influence of energy density on the reaction 
rate. 

• On the other hand, during the deposition of Fe2O3 powder and AlSi5 wire, 
the reaction time followed the opposite trend, decreasing with the increase 
of laser power. This can be ascribed to the reduced heat transfer at the 
materials’ interface due to the smaller surface contact area, developed between 
the iron ore particles and the AlSi5 wire, in comparison with the powder-
powder arrangement. In addition to that, the initiation of the thermal reaction 
between the materials exhibited a rather changing behavior, depending on 
the delivered laser energy and process conditions which could have affected 
the resulting reaction times. 

• The in-situ analysis of the melt pool behavior, coupled with the EDS 
characterization, allowed to establish a link between the microstructural 
phases, present in the samples, and the prerequisites for their formation. Due 
to the different nature of the feeding materials and their mutual insolubility, 
laser processing of Fe2O3/Al and Fe2O3/AlSi5 thermite mixtures led a distinct 
separation of the generated melt pool into two phases: a Fe-Al based 
compound with an 80-97 % Fe and 3-20 % Al composition (depending on 
the process conditions and the location of the phase), and an Al2O3-based slag 
with occasional Fe-rich domains of a near-spherical shape. The formation of 
intermediate phases indicates the occurrence of incomplete reduction 
reaction between the materials which is likely caused by the process 
conditions, insufficient for the completion of the reaction. 
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6 General conclusions 

This thesis is mainly focused on the material and process behavior aspects in AM. 
It addresses several current sustainability issues related to the use of cost-efficient 
powder materials, powder recycling and waste material utilization. The laser 
beam-material interaction phenomena in powder-based AM, evolution of 
powder feedstock with recycling and laser processing of iron ore waste material 
were the primary topics studied in the six papers included in this thesis. In addition 
to the conclusions presented in the respective papers, the following findings can 
be summarized:  

1. Processing of non-spherical powders in AM 
- PBF-LM using unconventional materials such as low alloy steel WA 

powder was proved to be feasible (Paper A).  
- Powder morphology has a significant impact on laser processing in 

powder-based additive manufacturing. Non-spherical powders have a 
tendency to establish contacts with neighboring particles which directly 
influences the movement behavior of powder particles in a powder bed 
(Papers A and B). In addition to that, the impact of drag force on the 
particle dynamics varies, depending on the particle shape and its position 
on the powder bed (Paper B). 

- When laser processing non-spherical powders, material-related aspects 
such as oxygen content, packing density, tendency to mechanical 
interlocking and restricted particle mobility need to be accounted for 
prior to processing (Papers A and B). These characteristics directly affect 
stability and efficiency of the PBF-LM process.  

2. Powder recycling and aging 
- During powder recycling, the feedstock material undergoes notable 

changes in chemical composition, size and surface appearance. 
Furthermore, there is a direct correlation between oxygen content in the 
recycled powder and ejecta occurrence with recycling levels (Paper C). 

- High oxygen content in the powder or powder oxidation due to the 
introduction of spatter and exposure to the ambient atmosphere has a 
major impact on the powder degradation and its subsequent processing 
in PBF-LM (Papers A, C).  

- Powder aging induces a severe oxygen pick-up which decreases laser light 
absorbance by the powder. In addition to that, an increase of oxygen 
content in the aged powder promotes porosity occurrence in printed 
parts (Paper D).  
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3. Processing of iron ore waste material in AM 
- It was feasible to process iron ore in both PBF-LM and DED (Papers E 

and F).  
- Laser exposure of iron ore and aluminum (as a reducing agent) initiates a 

reduction reaction between the materials which leads to formation of 
numerous Fe-rich domains, surrounded by Al2O3-based matrix and 
intermediate phases. The extent of the iron ore reduction depends on the 
process conditions, ration between the materials, and the degree of 
Fe2O3-Al interaction (Papers E and F). 

- Processing in a pre-placed powder bed and deposition of iron ore and 
aluminum facilitates a thermite reaction between the materials that leads 
to melt pool separation. This melt separation mechanism is likely driven 
by the density and surface tension differences between the materials. 

- The thermite nature of the reaction induces melt pool fluctuations and 
multiple explosions which undermine the process stability and control.  
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7 Future outlook 

Powder-based additive manufacturing is rapidly developing, becoming a common 
process for industrial use. However, there are still many knowledge gaps related 
to process stability, repeatability, material availability and utilization. Therefore, 
for future research, the following topics could be of interest to study:  

• Development of novel cost-efficient materials for AM as well as sustainable 
procedures for their utilization.  

• A follow-up study of the mechanism of thermite reaction between iron ore 
waste and aluminum during PBF-LM and DED; development of strategies 
on how to control the process and improve the outcome of the reduction 
reaction.  

• Simulation of laser beam-material interaction and melt pool flow patterns. 
• AM of powder pre-mixes, with a study of particle segregation and its 

influence on laser processing.  
• DED of various powder-powder and powder-wire combinations. 
• Development of an AM system/process which is more flexible in relation to 

feed material (e.g., processing of non-spherical powders, coarse PSDs, etc). 
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Abstract 

 

This work reports a study of the differences between laser processing of water and 
gas atomized low alloy steel powders with a focus on powder behavior and 
performance in additive manufacturing. Material packing densities were measured 
to establish a relationship between powder packing and track formation. The 
results showed that the track height when using water atomized powder was 15% 
lower than the value achieved for the gas atomized powder. High-speed imaging 
was utilized to observe the material behavior and analyze the powder particle 
movement under laser irradiation. It was found that water atomized powder has 
less particle entrainment due to its tendency towards mechanical interlocking. 
The occurrence of powder spattering and melt pool instabilities was also studied. 
More frequent spatter ejection is believed to be due to the higher amount of 
oxygen in the water atomized powder.  

Keywords: Additive manufacturing; Laser powder bed fusion; Water atomized 
powder; Packing density; Low alloy steel; High-speed imaging
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1. Introduction 

This paper compares water atomized (WA) powder with, the more established in 
additive manufacturing (AM), gas atomized (GA) powder, focusing on the process 
dynamics and powder behavior in laser powder bed fusion (LPBF). AM has 
recently attracted much attention due to its numerous advantages over 
conventional manufacturing methods. These include freedom of design, material 
weight reduction, shorter lead time and the manufacturing of fully dense 
components with very complex geometries [1,2]. LPBF is currently one of the 
dominant processes in AM, and produces parts layer by layer, using powder as a 
feedstock material [3]. However, besides having a number of advantages, the 
technology has some limitations. One of the major process constraints is the cost 
of manufacturing.  

LPBF of metals originated in powder metallurgy (PM) and the laser cladding 
community, where powder is applied to manufacture parts of high density, wear 
resistance and precision. The existing knowledge about those technologies created 
the basis but does not cover all aspects of AM [4]. A number of powder types are 
applicable in LPBF, including stainless steel, aluminium, titanium and nickel 
alloys. However, these material compositions were initially developed for casting 
and machining, where slightly different physical mechanisms are involved. Gas 
atomized and plasma atomized (PA) powders are commonly used in LPBF due to 
their chemical purity and near-spherical shape, which enables easier material 
distribution over the powder bed for laser processing. Currently the GA powder 
is mostly produced for PM, covering a wide range of applications. The production 
capacity of the gas atomization process is relatively high, enabling manufacturing 
of powders with a wide particle size distribution. The target PSD for LPBF is 
normally achieved by sieving out the powder from a batch manufactured for use 
in PM. This results in a limited production yield of the feedstock material that 
meets the requirements of AM. Plasma atomization is mostly used for the 
production of high-purity and reactive powder materials [1,5].  

Many research works have been conducted on the use of GA powders in AM 
with respect to melt pool formation [6-8], particle behavior and denudation [9-
11], spatter generation [12-14] and material properties [15-17]. Low oxygen 
content, excellent flowability and high apparent density explain the interest in 
these materials as these characteristics determine the efficiency of the process. The 
process efficiency is also governed by the powder delivery mechanism, which is 
mainly dependent on the LPBF system characteristics, and varies from one 
machine supplier to another [18]. 
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As an alternative, water atomized powder particles have irregular morphology and 
a slightly higher concentration of oxygen. This is attributed to faster cooling and 
solidification rates during the atomization and the use of water to disintegrate the 
metal flow into powder [19]. However, the resulting morphology can be 
modified by tuning the atomization process, altering the production route or 
including a post-treatment procedure to the process chain. Boisvert et al. [20] 
conducted a study in which a magnesium treatment of the melt prior the 
atomization was performed in order to improve the shape of WA powder. The 
technique creates conditions that promote the formation of more sphere-like 
particles. The shape improvement is caused by an increase in the surface tension 
of the melt due to the presence of magnesium. Schade et al. [21] described a 
process of manufacturing WA powders specifically for AM. The process enables 
the production of fine WA powders by using high pressure water atomization 
(HPWA), followed by the removal of irregular particles from the obtained 
powder. Although the described methods confirm the possibility of altering the 
shape of WA powders, achieving a more spherical powder leads to an increase in 
the manufacturing cost. 

Material properties tend to vary when different atomization techniques are 
employed. According to Li et al. [15] samples created using GA powder had less 
porosity as opposed to WA powder. The denser structure of the GA powder was 
due to the lower oxygen content and higher packing density of the material. 
Powder packing density is an important characteristic in LPBF, and describes the 
arrangement of powder particles within a certain volume, with minimum voids 
between them. Several factors such as particle size distribution (PSD), flowability, 
morphology, surface chemistry and inter-particle forces determine packing 
behavior [22]. In general, powders with a wider PSD exhibit higher values of 
packing density as fine particles in the material are able to fill in the voids between 
neighboring, larger, particles [3, 23]. In AM most of feedstock materials come 
with a narrow PSD and near spherical shape to ensure an even and easy particle 
spread over the powder bed. Therefore, the average packing density achieved in 
LPBF is no more than 60 %.  

Several studies on the use of GA and WA powders have been conducted [18, 24-
26] to investigate their behavior under laser irradiation. Irrinki et al. [24] reported 
a study about the application of 17-4PH stainless steel WA and GA powders in 
LPBF. The results confirmed that high densification of WA powder requires 
slightly higher laser power than when processing GA material. Lower mechanical 
properties of WA powders can be correlated to the higher oxygen and sulfur 
contents, which also change the surface tension and the Marangoni flow in the 
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melt pool [26]. Durejko et al. [27] conducted a research on the use of WA and 
GA iron powders manufactured by a laser engineered net shaping (LENS) 
technique. The study showed it was feasible to fabricate samples using WA 
powders. The authors reported that the GA powder used as a reference material 
in the study exhibited a similar amount of pores as the WA powder.  

The present literature review revealed that LPBF generally involves GA powders 
used as a feedstock due to their characteristics, which meet the requirements of 
AM. The manufacturing cost of such materials is relatively high and the 
production yield is limited. WA powder, on the other hand, is cost-efficient and 
could partially substitute the widely used GA powder. Literature only provides 
indications on cost differences, not a deeper study [1, 17, 18, 27]. However, 
certain disadvantages such as the irregular shape, poor powder distribution over 
the build platform and reduced surface quality of final components [15] hinder 
the material’s application in AM. By improving the shape of the WA powder and 
investigating its behavior in LPBF, the material may find its niche in AM. 
However, additional research is needed to acquire more knowledge of its 
behavior and maximize the potential of the material’s application. 

Today GA powder is mainly produced by for applications like powder metallurgy, 
and only a small portion of fine powder is sieved out for AM (LPBF). As the 
powder is manufactured for different purposes simultaneously, a cost calculation 
contains numerous uncertainties. One essential difference is that gas atomization 
requires nitrogen or argon as expensive gases compared to water atomization, 
which uses water to disintegrate the melt into droplets. Currently this is the main 
indicator why WA powder has the potential to be more cost-efficient than GA 
powder. Producing powder solely for AM by plasma atomization is another 
technique, though much more expensive and less efficient [1].  

This paper aims at studying the difference in process physics between water and 
gas atomized low alloy AISI 4130 steel powders, particularly focusing on powder 
particle dynamics and powder behavior under laser irradiation. The material 
composition and performance is new for AM. The powder exhibits a good 
combination of mechanical properties and corrosion resistance [28] while having 
a relatively low production cost, which makes it attractive for use in AM. High-
speed imaging (HSI) was employed in this work to enable the observation of 
particle dynamics. The experiments were carried out using WA and GA powders 
of the same size range. The influence of chemistry and morphology of the 
powders on the process behavior was demonstrated. 
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2. Material and methods 

2.1 Feedstock characteristics 

Gas and water atomized AISI 4130 low alloy steel powders with a size of 20-53 
µm supplied by Höganäs AB were used to perform the experiments. Besides the 
difference in morphology, the chemical composition differed due to the 
atomization procedure. Inductively coupled plasma mass spectrometry (ICP-MS) 
was utilized to analyze the powder’s chemical composition. Oxygen and nitrogen 
were measured by inert gas fusion. Sulfur and carbon contents were determined 
by combustion analysis. The results can be seen in Table 1. 

Table 1. Chemical compositions of GA and WA low alloy steel powders (wt. %) 

Material Fe C O N S Si Mn Cr Mo 

GA 4130 Balance 0.3 0.05 0.0075 0.0067 0.30 0.60 1.0 0.20 

WA 4130 Balance 0.3 0.29 0.0030 0.0071 0.45 0.044 1.1 0.28 

 

Particle size distribution of each powder was evaluated by the Sympatec Helos 
laser diffraction method. The particle morphology was determined using an FEI 
Magellan 400 Extreme High-Resolution Scanning Electron Microscope. The 
Hall flowmeter funnel method (ISO 4490) was used to measure flowability and 
apparent density of the powders. The relative density ρrelative was calculated as 
follows:  

ρrelative =  � ρapparent
ρtheoretical

� ∙ 100 %                                                                              (1)                 

where ρapparent is the apparent density of a material (i.e. the powder mass divided 

by its volume, g/cm3); ρtheoretical is the theoretical density of a material (i.e. the 
density of the bulk material, g/cm3). The obtained values are present in Table 2. 
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Table 2. Technological properties of GA and WA AISI 4130 low alloy steel powders 

Material 
Flowability 
[s/50g] 

Apparent density 
[g/cm3] 

Relative density 
[%] 

GA 4130 17 4.15 53 

WA 4130 29 3.47 44 
 
2.2 Laser processing of single tracks 

The powders were preplaced on a 270×250×2 mm stainless steel substrate in a 
LPBF experimental unit to produce single tracks using a continuous wave IPG 
Yb-fiber laser inclined at 7°. The laser wavelength was 1070 nm with a laser beam 
spot of 75 µm at the focus. The optics consisted of a 250 mm focal length 
collimator and a 150 mm focal length focusing lens. The following parameters 
were set and kept constant throughout the experiment: 250 W laser power, 3 
m/min scanning speed, 100 µm powder layer thickness (h, µm), 1 mm hatch 
spacing between the tracks. Various speed-power combinations were tested 
beforehand in order to select those that worked for both materials without any 
balling, oxidation, etc. Argon was used as a shielding gas at approximately 18 
l/min to maintain a laminar flow. The gas tube (with a diameter of 20 mm) was 
placed locally above the processing area to prevent oxidation. The set up was 
tested during the preparation stage to ensure that no powder bed disturbances 
occurred due to the gas flow. Higher values of gas rate led to the creation of 
turbulent flow, while lower values may promote laser attenuation as a result of 
the spatters not being completely removed from the processing area. Spatters 
ejected from the melt pool or swept away by the gas flow were collected on a 
stainless steel sheet (150×250×2 mm) behind the powder bed. Optionally the 
experiments could have been carried out in a closed chamber filled with shielding 
gas. The above mentioned set up was preferred to enable to observe and study 
the phenomena using HSI. The presence of locally placed gas flow was also 
beneficial to the experiments to collect the spatters for further evaluation. Certain 
differences in powder flowability were noticed while spreading the powder over 
the build platform. Although the WA powder was shape-treated prior to the 
experiments to round up the particles and improve the flowability, it required 
more effort to achieve a similar level of material distribution as for the GA 
powder. Moisture content is known to influence powder spreading on the 
powder bed, as well as the subsequent processing. To make sure that the feedstock 
materials were not affected by the presence of moisture in the powders due to the 
transport and storing conditions, flowability (a good indicator for moisture 
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content) of the powders was measured before laser processing and the values were 
similar to the ones given in the powder quality certificates provided by the 
supplier. 

This study aims at investigating powder movement behavior and the differences 
related to laser processing between powder materials of dissimilar morphology. 
Process parameters (scanning speed, laser modulation, etc.) and conditions (gas 
delivery, powder spreading, etc.) can vary depending on the machine supplier. In 
general, commercial LPBF systems have a higher scanning speed than the value 
applied in this work and the process is performed in a chamber filled with argon. 
Here an open linear axes laser system was used, despite a lower speed limit, to 
provide more experimental flexibility, including high-speed imaging and spatter 
collection. However, the studied aspects are still representative for this 
comparative study as the aim is to understand the differences in powder behavior 
for GA and WA powder of the same grade.  

2.3 High-speed imaging analysis 

A Photron FASTCAM Mini UX100 high-speed imaging camera was used in this 
study to detect and identify the differences in particle behavior between WA and 
GA powders. Two illumination lasers CAVILUX CW (fiber-coupled outputs 
with a CW power of 50 W, 810 nm wavelength) by CAVITAR were provided 
to record videos of high quality. To remove the process light, a narrow band pass 
filter was applied over the camera lens. The videos were recorded at various frame 
rates utilizing a long-distance microscope; INFINITY model K2, CF-2 objective 
lens with 3,5 × magnification. Fig. 1 demonstrates the experimental setup, with 
the camera inclined at 24° perpendicular to the processing area.  
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Fig. 1. Experimental setup, showing the processing and spatter collection areas. The argon 
tube is located above the powder bed, travelling in the same direction as the laser beam. The 
camera is inclined at 24° perpendicular to the processing area 

2.4 Track height and area determination 

Samples with sixty single tracks for each powder type were manufactured. The 
height and area of the beads formed was measured. The samples were cut at 
several locations along the tracks (at the beginning, in the middle and at the end) 
to identify variations in the track length. An optical stereo microscope Nikon 
SMZ1270 was utilized to measure the height of the tracks (H, µm). An ImageJ 
program was used to determine the area of track cross sections. The obtained 
values for both powders were averaged and evaluated to study the differences in 
the size of the tracks.
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3. Results and discussion 

3.1 Effect of powder morphology on feedstock performance during LPBF 

Powder morphology has a direct impact on the performance of feedstock 
materials in AM. Therefore, it is important to have a proper understanding of the 
role of a powder shape in the LPBF process. The powders employed in this study 
differ in morphology, from near-spherical for the GA powder to convoluted for 
the WA (Fig. 2 a, b). The WA steel powder was mechanically treated by the 
supplier prior the delivery to improve its flowability and apparent density as these 
characteristics are crucial for subsequent processing. Fig. 2 b shows that WA 
powder has a slightly higher amount of fine particles due to the shape modification 
treatment.  

Table 2 highlights the technological properties of both materials. The relative 
density was used to characterize the packing density of the powders. In general, 
the packing efficiency of any given powder system decreases when non-spherical 
particles are employed [17]. This conclusion is confirmed in the results obtained 
in this work, resulting in 18 % difference in relative density for the GA and WA 
powders (respectively 53 % and 44 %). Theoretically, the presence of fine particles 
in a material should improve the packing density by filling in the voids between 
the larger particles. However, the obtained result for the WA packing density did 
not show any significant improvement, even though the initial particle size 
distribution had a higher amount of small particles as opposed to the GA. It can 
be observed (Fig. 3 a, b) that the WA powder mean size D50 was slightly lower 
(D50=37.5 μm) in comparison to the GA powder (D50=42.5 μm). In addition, 
WA powder had a higher amount of fine particles (D10=19 μm) compared to 
GA powder (D10=26.5 μm). D10 represents the particle diameter corresponding 
to 10% cumulative undersize particle size distribution. This can be attributed to 
an increased inter-particle friction in the WA powder, preventing the fine 
particles to reach the voids between the neighboring particles [17]. The powder 
particles interact with the nearby material surfaces, creating mechanical contacts 
instead.
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Fig. 2. Morphology of GA (a) and WA (b) low alloy steel powders 

The WA powder was manufactured with the aim to have it as similar as possible 
to the GA powder. Some differences in chemistry, size distribution and 
morphology remained. Because of the complexity of the LPBF process, it is not 
obvious whether these differences will affect the process and have any relevance. 
Therefore, this study was carried out. When comparing the powders, differences 
in the process behavior can be expected, which have relevance for the properties 
of the final build. These differences include process efficiency, powder 
incorporation and degradation of the powder bed, which influence further 
processing through spatters landing on the powder bed and powder recycling. 
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Fig. 3. Density q3 (a) and cumulative Q3 (b) particle size distributions of GA and WA 
low alloy steel powders 

3.2 Powder movement behavior during laser processing 

Fig. 4 demonstrates the powder movement behavior of the GA (a) and WA (b) 
powders around the melt pool. The arrows indicate powder mobility regions, 
highlighting the better flowability of the GA powder (Fig. 4 a). The dashed lines 
(Fig. 4 a, b) show the melt pool area, location of the laser beam and the regions 
on the powder bed affected by the laser irradiation.
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Fig. 4. Powder movement behavior of GA (a) and WA (b) powders. The arrows in the 
images (a) and (b) indicate powder travel direction, with more mobile GA powder particles. 
Schematic illustrations show the difference in powder interaction and movement, (a) 
highlighting free flow of GA round particles and (b) mechanical interlocking in case of WA 
powder. The snapshots were recorded with 20 μs exposure time  

The process conditions are essential when laser processing powders of dissimilar 
morphology. The powder morphology indirectly shapes the front of the melt 
pool by interacting with the laser beam. The size of the powder surface area 
determines the region of interaction with the laser beam. Depending on the 
trajectory of a particle entering the melt pool, it creates different conditions for 
the heat domain to initiate and distribute further towards the rear of the melt. Fig. 
5 shows a sequence of frames, highlighting the process dynamics when using GA 
(a)-(d) and WA (e)-(h) powders. 
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Fig. 5. Melt pool-powder bed interaction when using GA (a)-(d) and WA (e)-(h) powders. 
The arrows in the snapshots illustrate the trajectories of the powder particles. Particles 
encircled and highlighted in yellow are vapor-entrained particles detached from the powder 
bed. Red marked ejections are recoil driven spatters coming from the melt pool. The white 
dashed line shows the melt pool area. A region of interest with an 80x80-pixel size accents 
the front area of the melt pool to enable the observation of powder movement and detachment. 
The videos are recorded at 16000 fps for both materials 

As the laser beam travels across the powder bed, it entrains the particles in front 
and around the laser beam. Furthermore, the particles located on the sides behind 
the laser path are also attracted to the laser-powder interaction point, most likely 
due to the vapor pressure gradient created by the melt pool vaporization. This 
means that the influence of argon flow on the particles attached to the powder 
bed is minor. The vaporization starts when the temperature of the melt pool 
exceeds the vaporization temperature causing material removal by melt ejection. 
This leads to the creation of recoil driven spatters (Fig. 5 a, b, e, f, g, h). The 
metal vapor from the melt pool induces an inward gas flow and pulls the particles 
upward and backward relative to the scanning direction. As a result, the powder 
particles that initially attached to the surface of the substrate through van der Waals 
forces are easily detached and dragged towards the melt pool (Fig. 5, particles 
highlighted in yellow). This particle movement known as the vapor driven 
particle entrainment by an induced gas flow [11] leads to the formation of a 
depletion area around the tracks, resulting in the denudation phenomenon 
described by Matthews et al. [10]. When processing GA powder, particles in the 
vicinity of the melt pool tend to travel freely, colliding with the molten material 
and submerging into it. This occurs due to the round shape and good flowability 
of the GA powder, where the attraction forces are not strong enough to hold the 
particles in place (Fig. 4 a). A portion of the powder is entrained by the gas flow
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 and swept away from the melt pool, becoming spatters. 

WA powder, due to its irregular shape and developed surface, behaves differently, 
creating mechanical contacts with neighboring particles and forming 
agglomerates. The agglomerates may not reach the melt pool because of their 
higher mass, achieved owing to the particles grouping together. As a result, fewer 
particles contribute to the melt pool formation (Fig. 4 b). A rather chaotic and 
unstable behavior of the melt pool when processing WA powder was also 
observed (Fig. 5 (e)-(h)), most likely due to the higher oxygen content in the 
powder as opposed to GA powder.  

The effects on metal powder as a result of laser processing are key concerns in 
AM. These concerns are, to a certain extent, a consequence of spatter generation 
during the process. Powder spattering is mainly caused by two mechanisms: recoil 
pressure coupled with the Marangoni flow and vapor driven particle entrainment 
by an induced gas flow [11,12]. Fig. 6 a shows the melt pool fluctuations caused 
by recoil pressure acting on the melt pool. The melt pool oscillates under laser 
exposure, creating a protuberance at first (Fig. 6 b). As the surface tension 
decreases, the capillary forces are not able to hold the melt pool together (this is 
known as the Plateau-Rayleigh capillary instability [29]), inducing the formation 
of elongated neck. Finally, when the spatter’s kinetic energy exceeds the capillary 
pressure of the melt pool, a sphere-like droplet is expelled (Fig. 6 c) [30]. 
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Fig. 6. These snapshots (16000 fps) highlight the melt pool fluctuation of GA 4130 low 
alloy steel powder under laser exposure, (a) initiating as melt pool oscillation and (b) 
gradually propagating towards the protuberance stage. (c) As the surface tension decreases 
and the capillary forces are not able to hold the melt pool together, a spatter droplet is formed 
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The diameter of such recoil driven spatters is usually larger than the feedstock 
material, suggesting that once this type of spatter lands on the powder bed it 
creates unevenness in the powder layer and affects uniform material distribution 
on the build plate if not removed. Fig. 7 shows recoil driven spatter particles in 
flight, which have been ejected from the laser-material interaction zone for the 
GA (Fig. 7 a) and WA (Fig.7 b) powders.  

Although it is important to know the size and amount of spatters generated during 
the process, it is difficult to quantify the data collected after each run of the system. 
Due to the cooling conditions being similar to those present during gas 
atomization, as reported in [13,31], recoil driven ejections acquire spherical 
morphology, even if the initial particle shape is irregular. However, the diameters 
of the ejected particles are normally larger than the virgin powder. This applies to 
the processing of both GA and WA powders. Fig. 8 highlights recoil driven 
spatters, which had landed back on the powder bed. The image shows the spatters 
and virgin powder collected during the experiments from the spatter collection 
area. The size difference between the feedstock and the recoil driven spatter for 
the GA (Fig. 8 a) and WA (Fig. 8 b) low alloy steel powders is clear and fused 
particles on the surface of the spatters can also be observed.  

 

Fig. 7. Size difference between feedstock and recoil driven spatter of GA (a) and WA (b) 
powders. The airborne spatters are circled and appear larger than the virgin powder. The 
image is recorded at 8000 fps using a long-distance microscope lens 
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Fig. 8. Spatters and powder collected after laser processing of GA (a) and WA (b) low 
alloy steel powders. Fused particles attached to the surface of the spatters can also be observed 

Powder bed porosity and oxide content can contribute to spatter generation. As 
the temperature increases, the gas trapped between the particles or desorbed from 
the powder surface starts to expand, promoting spatter ejection. Oxide films 
concentrated on the particle surface might also decrease the degree of wetting 
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with previous powder layers and the substrate, which can lead to defect formation. 
Furthermore, the quality of the powder layer decreases if the powder-substrate 
adhesion is reduced.  

It should be mentioned that powder spattering is a common phenomenon in AM, 
no matter which feedstock material is used [10,32,33]. Minor differences in the 
concentration of the surface-active elements such as oxygen and sulfur can change 
the thermocapillary forces in the metal. As the surface tension decreases, droplets 
can escape the melt pool at a much lower fluid flow velocity [30]. It has previously 
been shown [34,35] that high oxygen content in the material may cause a large 
surface tension gradient across the surface of the melt pool, triggering the 
circulation of the melt flow, which produces a rather strong fluid motion. In fact, 
as reported by Dubberstein et al. [36], minor increase in oxygen content can 
significantly decrease surface tension for liquid steels. As a result, this may lead to 
melt pool instabilities and, eventually, spatter ejection. In this study, the mass of 
the spatters collected behind the powder bed was measured for both materials. It 
was found that when processing WA powder more spatters were generated as 
opposed to when working with GA powder (0.55 g and 0.13 g respectively). As 
the processing parameters and conditions were kept constant for both powders, 
the difference in the amount of ejecta produced is believed to be due to the higher 
oxygen content in the WA powder.  

3.3 Differences in track height between WA and GA powders 

Fig. 9 shows an optical image of solidified tracks produced with GA and WA low 
alloy steel powder. The parameters were kept constant during the experiments: 
the focal plane of the laser beam was positioned at the surface, creating a beam 
profile close to top-hat and the beam was operated as continuous wave.  

In general, the laser beam (diameter, power, profile, etc.) and the scanning speed 
do not have direct interaction with the powder particles, except for a minor part 
of the laser beam running ahead of the melt pool. The powder particles reach 
melting temperature before interacting with the laser beam. Therefore, the laser 
mainly interacts with already molten material [37]. Instead, the beam and speed 
determine the shape of the melt pool. The particle incorporation into the melt 
pool depends on the shape of the leading front of the pool. Once the particles are 
molten in the melt pool, their original shape does not have any influence on any 
subsequent mechanisms. In contrast, the different chemistry of powder can affect 
certain physical properties and related mechanisms, in particular via differences in 
surface tension. The presence of surface-active elements such as oxygen and sulfur 
in powder can alter the surface tension and, consequently, fluid flow in the melt, 
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which lead to the generation of instabilities in the melt pool [34].  

The lower scanning speed (3 m/min) in comparison to commercial LPBF systems 
led to the creation of a wider melt pool. The track width had minor variations 
along the length, most likely due to melt pool instabilities; however, the average 
width of the melt pool was similar for both types of powder but there were 
differences in track height and cross section area (see Fig. 10). The difference 
stems from the packing behavior of the two types of powder in a powder layer.  

 

Fig. 9. Solidified melt tracks of GA (a) and WA (b) powders. The six tracks in the caption 
were manufactured with the same parameters: laser power 250 W, scanning speed 3 m/min, 
layer thickness 100 µm, hatch spacing 1 mm 

Powder shape influences the layer packing characteristics in LPBF, which, in turn, 
affect the efficiency of the process. The results acquired from the single bead 
measurement showed that the track height when using WA powder was 15 % 
lower in comparison with the GA powder (Fig. 10). Furthermore, the calculated 
area of the track cross sections for WA powder was 31 % lower than for GA 
powder. This indicates the relation between the feedstock relative density and the 
powder packing in a single layer (as already discussed in Section 3.1). The result 
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can also be explained by better powder mobility and higher particle entrainment 
of the GA powder into the laser – material interaction area. The values are 
presented in Table 3. 

Table 3. Track height (H) and area (S) values (averaged) of GA and WA powders 
determined by optical microscopy and ImageJ 

Material H [µm] S [mm2] 

GA 4130 148 ± 14 0.345 

WA 4130 127 ± 18 0.252 

 

 

Fig. 10. The difference in track height between GA (a) and WA (b) powders 

The obtained difference in track height between GA and WA powders also 
suggested that more porous powder bed in case of WA powder led to reduced 
heat conduction within a powder layer and, as a result, a less efficient AM process.  

4. Conclusions 

The findings in this paper revealed a different behavior of the WA compared to 
the GA 4130 low alloy steel powder under laser irradiation. The following 
conclusions can be made:  

• The results show it was feasible to make continuous tracks with WA powder. 
Thus, it can be concluded that the material has potential to become an 
alternative to the most commonly used GA powder. However, the 
differences in material packing behavior should be accounted for prior to the 
processing.  

• Track height when using WA powder was 15 % lower than the value 
obtained from GA powder. Furthermore, the cross-sectional area was 31 % 
lower for the WA powder. This is attributed to the lower packing density (18 
% lower than GA powder) and irregular morphology of the material, which 
has a tendency to agglomeration and mechanical interlocking
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• WA and GA powder processability was evaluated by high-speed imaging with 
relation to the powder behavior under laser irradiation. The findings suggest 
that WA powder has a different particle entrainment behavior due to its 
irregular shape, which creates contacts with neighbouring particles. This 
inhibits powder detachment from the powder bed. As a result, fewer particles 
reach the melt pool and submerge into it. 

• WA powder has more frequent spatter ejection according to HSI. The mass 
obtained from the spatter collection area confirmed this finding. This is most 
likely due to the higher amount of oxygen in the WA powder, which 
contributes to instabilities in the melt pool.  
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Abstract 

 

This study investigates the movement behavior of particles of dissimilar 
morphology in the powder bed in Laser Powder Bed Fusion. Gas atomized (GA) 
and water atomized (WA) low alloy steel powders were employed to study their 
motion around the laser scan path. Particle velocities, entrainment distances and 
denudation zones were measured for both powders using high-speed imaging. 
The entrainment of GA powder particles in front of the laser beam towards the 
process area was initiated 1.6 mm from the edge of the melt pool, whereas the 
distance was 0.6-0.8 mm for the WA powder. The differences in observed 
behavior were related to the variations in particle shape of the two types of 
powder. The processing of WA powder resulted in a 16 % narrower denudation 
zone (for a low volumetric energy density) compared to GA powder. However, 
the denudation width difference decreased with increasing volumetric energy 
density, most likely due to a steeper pressure gradient in the process area which 
diminishes the impact of powder shape. X-ray computed microtomography was 
utilized to estimate the drag force acting on the powder particles of various 
morphologies. The results showed that the radial drag force exerted on GA 
powder was 64 % greater than when using WA powder. Moreover, if the WA 
powder particles were of elongated shape the drag force decreased by almost an 
order of magnitude, demonstrating the importance of the particle’s morphology 
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in the process dynamics.  

Keywords: Low alloy steel; Particle movement; Dissimilar morphology; Drag 
force; Laser powder bed fusion; Additive manufacturing 

1. Introduction 

Laser Powder Bed Fusion (LPBF) has become a widely applied process in additive 
manufacturing (AM) over the past several years as it allows the design and 
manufacture of components of complex geometry and reduced weight in one 
step with minimum post-processing [1-3]. Although a lot of research work on 
powder processing in LPBF has been published [4-8], it is still challenging to 
explain the complexity and the dynamics of particle movement behavior during 
the process. In general, powder spattering and denudation are the two phenomena 
mainly responsible for particle movement on the powder bed [9,10]. Spattering 
refers to the formation of ejecta which comes either from the melt pool or the 
area around it [11,12]. Denudation, on the other hand, describes a particle 
depletion zone observed near the laser scan path as a result of the interaction 
between the laser beam and the powder bed [13]. These phenomena directly 
influence the particle behavior by initiating particle movement and disturbing the 
powder bed [14,15]. Thus, it is important to study the underlying physical 
mechanisms behind the particle motion.  

Currently, the movement behavior of individual powder particles on the powder 
bed as well as their interaction with the laser beam have been reported mostly for 
near-spherical particles produced by gas atomization [4,9-11,16,17]. Gas atomized 
(GA) powders are often preferred in LPBF as they exhibit high sphericity and 
good flowability. These properties allow for an even powder distribution over a 
build platform and, as a result, the production of high quality components with 
low surface roughness and porosity [18]. Yan et al. [19] developed a 
computational multiphase flow model to simulate the interaction between the 
powder particles and the gas phase during the LPBF process. The drag force acting 
on near-spherical powder grains was calculated in different regions on the powder 
bed. The study reported that the main cause of powder spattering and denudation 
was the metal vapor flow together with the vortex flow of the ambient gas [19]. 
Haeri et al. [20] investigated the influence of laser radiation pressure on powder 
dynamics and claimed that its impact can be as significant as of the aerodynamic 
forces. Moreover, in the vapor jet region the drag force may dominate the 
radiation pressure. Volpp [21] observed particle movement in the area outside the 
processing zone and concluded that besides the vapor induced gas flow, the 
temperature and pressure increase around the process area can also induce the 
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particle transfer towards the melt pool. 

Several investigations have been made into particle motion and particle-particle 
pair interaction without any heat source involved [22-25]. These reports are 
mainly focused on the interaction of spherical particles and the existence of 
contact forces such as Van der Waals force between them. In powder metallurgy, 
the Van der Waals force (sometimes called a cohesion or contact force) defines 
the attraction between particles, or a particle and a surface as a result of their 
electrostatic interactions [26,27]. This cohesion force plays an important role in 
powder layering in LPBF as it affects the particle distribution on the powder bed. 
As stated by Wei et al. [28], the Van der Waals force results in attraction between 
the particles, which, in turn, restricts their relative motion and undermines the 
continuity of powder flow during the powder layering. Furthermore, the 
importance of this force is especially critical with decreasing particle radius as the 
particle surface area increases, establishing more contacts with neighboring 
particles [29]. Another important aspect when studying particle movement and 
interactions in powder-based AM is friction between the particles. Friction due 
to sliding and rolling largely determines the flowability of particles in the powder 
bed [28]. The higher the surface area of the particles the higher the friction 
between them. The surface area depends on the shape and the size of a particle 
and, increases with decreasing powder size and deviation from a sphere-like shape 
[18,27]. Therefore, it is normally favourable to use near-spherical powder particles 
in LPBF as the shape simplifies the processing and distribution of the powder over 
a build platform [30].  

The use of powders with an irregular shape in AM has barely been studied before 
due to their developed surface and tendency to agglomeration which makes it 
difficult to process such materials in LPBF [31]. A study on the use of non-
spherical particles in LPBF conducted by Zhang et al. [32] revealed that the 
existence of irregularly shaped particles made the molten pool prone to instability. 
In addition, the results demonstrated a low packing density when using non-
spherical particles. However, the current need for production of cost-efficient 
feedstock materials is encouraging research and industry players to examine the 
use of water atomized (WA) powders in LPBF and search for various methods to 
increase the yield of spherical particles by tuning the water atomization process 
[33].  

This study focuses on particle movement and denudation behavior in the powder 
bed when using powders of dissimilar morphology. The impact of particle shape 
on the dynamics of GA and WA low alloy powder particles is discussed in detail. 
Denudation widths and entrainment distances for both powders were measured 
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using high-speed imaging. X-ray computed microtomography was employed to 
analyze the differences in size and morphology of the powders. The obtained data 
were used to estimate the gas dynamic force acting on the powder particles of 
various shapes. The influence of drag force on the motion of near-spherical and 
non-spherical particles on the powder bed was calculated using an analytical 
correlation formula that accounts for the particle shape and orientation.  

2. Material and methods 

2.1 Powder characteristics 

Gas and water atomized AISI 4130 low allow steel powders with a size range from 
20 to 53 µm supplied by Höganäs AB were employed in this study. Table 1 shows 
the bulk composition of the powders, determined by inductively coupled plasma 
mass spectrometry (ICP-MS). Sulfur and carbon contents were analyzed by 
combustion analysis. Oxygen and nitrogen were measured by inert gas fusion.  

Table 1. Bulk compositions of GA and WA low alloy steel powders (wt. %) 

Material Fe C O N S Si Mn Cr Mo 

GA 4130 Balance 0.3 0.05 0.0075 0.0067 0.30 0.60 1.0 0.20 

WA 4130 Balance 0.3 0.29 0.0030 0.0071 0.45 0.044 1.1 0.28 

 

The particle size distribution of each powder was evaluated by X-ray computed 
microtomography (μCT) using a Zeiss Xradia 510 Versa system. Fig. 1 
demonstrates that the mean particle size D50 of the WA powder was lower 
(D50=27.5 μm) in comparison with the GA powder (D50=37.7 μm). Furthermore, 
the WA powder had a higher proportion of fine particles (Fig. 1 b) compared to 
the GA powder (Fig. 1 a), due to a mechanical treatment carried out by the 
supplier prior to delivery, to improve material’s shape. Additionally, the powders’ 
cross-sections can be observed, revealing a small amount of porosity present in 
both powders (Fig. 1 a, b). 
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Fig. 1. Particle size distribution and cross-sections of GA (a) and WA (b) low alloy steel 
powders 

The Hall flowmeter funnel method (ISO 4490) [34] was employed to measure 
flowability and apparent density of the powders. Specific surface area (SSA) was 
measured via image analysis using μCT. The obtained values are shown in Table 
2. 

Table 2. Properties of GA and WA 4130 low alloy steel powders 

Material 
Flowability  

[s/50g] 

Apparent density  

[g/cm3] 

Specific surface 
area [m2/m3] 

GA 4130 21 4.07 1.7331 × 105 

WA 4130 30 3.30 3.5417 × 105 

 

Particle morphology was analyzed by an FEI Magellan 400 Extreme High-
Resolution Scanning Electron Microscope (Fig. 2 a, b). The samples were 
prepared and deposited on a carbon tape for further examination. The powder 
morphology was observed at various magnifications to enable the analysis of 
powder shapes.
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Fig. 2. Morphology of GA (a) and WA (b) low alloy steel powders 

2.2 Powder evaluation by X-ray computed microtomography 

X-ray computed microtomography (μCT) measurements were carried out using 
a Zeiss Xradia 510 Versa system with 7 W and 80 kV accelerating voltage. An X-
ray transparent polycarbonate tube of a 0.8 mm inner diameter was used to hold 
the powders. The powder samples were placed 11.5 mm from the X-ray source 
and 6.5 mm from the CCD detector. A 20 × magnification objective lens was 
employed, allowing a field of view of 842 × 842 µm. The spatial resolution was 
0.85 μm. The exposure time was in the range from 25 to 29 s. The image analysis 
was carried out using Dragonfly 2020.1 software [35] provided by Object 
Research Systems. About 950 projections of each sample were acquired to analyze 
the powders’ properties. 

2.3 Laser processing of powders  

In this study the powders were processed using two experimental setups. The first 
setup, consisting of an experimental LPBF unit with a continuous wave IPG Yb-
fiber laser, was utilized to process single tracks and capture particle movement 
behavior using a high-speed imaging (HSI) camera. The laser wavelength was 
1070 nm with a laser beam diameter of 75 µm at the focus. The optics consisted 
of a 250 mm focal length collimator and a 150 mm focal length focusing lens. 
The processing head was inclined at 7° to prevent back reflections during laser 
processing. The following parameters were kept constant throughout the 
experiment: 250 W nominal laser power, 50 mm/s scanning speed, 60 µm 
powder layer thickness. Various power-speed combinations were tested 
beforehand in order to select those that worked for both materials without any 
balling, oxidation, etc. Argon was used as a shielding gas at 18 l/min to maintain 
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a laminar flow. The gas tube (with a diameter of 20 mm) was located above the 
powder bed to prevent oxidation in the processing area. The setup was tested 
during the preparation stage to ensure that no powder bed disturbances occurred 
due to the shielding gas flow. The feedstock materials were spread over the 
substrates (with dimensions of 100×50×2 mm) to achieve a powder layer 
thickness of 60 µm. Two powder beds, that contained gas atomized and water 
atomized powders, were prepared. The setup details can be seen in Fig. 3. 

 

Fig. 3. Experimental setup, showing the processing of single tracks. The dashed line 
highlights the particle dynamics area. The camera is inclined at 28° from the surface normal 

This simplified setup with a slower scanning speed (and consequently larger melt 
pool) than those applied in commercial LPBF systems was used in order to 
facilitate the use of the high-speed imaging equipment.  

The second setup consisted of an Aconity MINI LPBF system with an Yb-fiber 
laser and a scanning unit with F-Theta lens provided by Aconity 3D (Fig. 4). This 
setup was employed to study denudation when processing GA and WA powders 
to build scanned square deposits. The laser wavelength was 1070 nm with a laser 
beam spot of 80 µm at the focus. Argon was used as a shielding gas to keep a low
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oxygen level (< 1000 ppm) in the build chamber during the fabrication process. 
The gas flow was kept at 6 L/min. Prior to the processing, the powder feedstocks 
were dried and sieved to ensure easy powder layering. 25 squares with a size of 
1×1 mm were scanned using five different power-speed combinations (D1- D5). 
The powder layer thickness was 30 µm, the hatch distance was 80 µm. When the 
scanning of the first layer was complete, the process was stopped in order to 
measure denudation widths on both powder beds. Table 3 shows a set of 
parameters used during the experiment. The volumetric energy density [36] can 
be expressed as 

VED =
P

U ∙ h ∙ t
                                                                                                              (1) 

where P is the laser power; U is the scanning speed; h is the hatch distance and t 
is the powder layer thickness.  

Table 3. Process parameters applied to GA and WA low alloy steel powders 

Sample marking on 
the build platform 

Laser power 
[W] 

Scanning speed 
[mm/s] 

Volumetric energy 
density VED 
[J/mm3] 

D1 100 600 69.5 

D2 150 800 78.1 

D3 200 1000 83.3 

D4 250 1200 86.8 

D5 300 1400 89.3 
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Fig. 4. Setup schematics, showing the processing of GA and WA powders in a commercial 
LPBF system. The view of powder bed from above can be observed. D1 – D5 sample 
markings display the rows on the powder bed with five different VEDs 

2.4 High-speed imaging observation 

The experiments were filmed with a Photron FASTCAM Mini UX100 high-
speed imaging camera. Two illumination lasers CAVILUX CW (fiber-coupled 
outputs with a CW power of 50 W, 810 nm wavelength) provided by CAVITAR 
were employed to observe powder movement and interaction behavior and 
entrainment distances. A long-distance microscope INFINITY model K2, CF-2 
objective lens with 3.5 × magnification was used to monitor the process 
dynamics. A narrow band pass filter was applied to remove the process light. The 
HSI videos were recorded at various frame rates and exposure times. During setup 
1, the camera was inclined at 28° to the surface normal. Setup 2 was carried out 
with the HSI camera placed above the powder bed, perpendicular to the process 
area. The recorded images were used to measure denudation zones generated 
between the scanned area and the powder bed. The measurements were 
performed for both powders. 
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A software Photron FASTCAM Viewer was used to analyze the videos. The 
software enabled a frame-by-frame analysis of a region of interest for measurement 
of the particle velocity and entrainment distances for both materials. Velocity 
measurements were performed for the powder particles traveling in a radial 
direction. The particle velocity was determined only for the particles moving on 
the powder bed. Particles detached from the powder bed were not included in 
the measurements. 

Particle entrainment was observed only in front of the laser beam, in a radial 
direction from the melt pool. The entrainment distances were measured for both 
powders. In order to study the particle-particle interaction behavior, the flow of 
individual powder particles was also recorded by high-speed imaging during the 
flowability analysis.  

3. Theory and calculation 

Powder particle movement is initiated as a result of the interplay between the 
material, the laser beam and the gas flow. To understand the basic phenomena 
behind particle motion in LPBF it is important to study the forces acting on 
powder grains. This section explains the physics of particle movement on the 
powder bed based on the evidence found in the literature, and theoretical 
calculations carried out in this work.  

As already mentioned in Section 1, the motion of particles is usually described 
based on the assumption that the particle shape is spherical. A powder system 
composed of arbitrary-shaped particles rather than spheroids should behave 
differently due to the restricted relative motion between the particles [28]. The 
major challenge with the characterization of particle movement in a powder 
system that constitutes of non-spherical particles is how to define the shape of the 
particle in order to calculate the forces exerted on the powder grains. In the 
present study, the drag force induced by the gas phase in the region close to the 
melt pool will be calculated for GA and WA powders based on the material data 
acquired from μCT. The GA and WA low alloy steel powders represent near-
spherical and non-spherical particle shapes, respectively. The calculation was 
made in the attempt to describe the movement behavior of particles of dissimilar 
morphology in LPBF.  

To simplify the calculation, several assumptions were made:  

(1) The powder movement was described only for single particles. No contact 
with neighboring particles or substrate/powder bed was accounted for.  

(2) The powder bed was assumed to be flat. Thus, the particles’ position was 
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perpendicular to the surface area of the powder bed.  

(3) The particle velocity was measured via HSI in the region approximately 300 
µm away from the melt pool in a radial direction. The velocity measurement 
was conducted only for the particles before their detachment from the 
powder bed. The particle rotational movement was not accounted for.  

(4) The gas velocity was set to be 1 m/sec, from previous research work carried 
out by Yan et al. [19].  

(5) The drag force was calculated as if there was undisturbed flow around the 
particle, i.e. as if the particle was not on the powder bed, but airborne.  

3.1. Drag force calculation approach 

Particle movement can be divided in two regions on a powder bed. The first 
region is at the intersection between the edge of a denudation zone and the rest 
of the powder bed, where the particles are still at rest due to equilibrium of the 
forces involved. The second region is inside the denudation zone, where the 
particles’ behavior is affected by the laser processing conditions. As shown in Fig. 
5, several forces act on powder particles at rest. The normal Fn and gravitational 
Fg forces are opposite in direction and equal in magnitude, thus canceling each 
other. In this region the motion of each individual particle can be described as 

Fd����⃗ = -Fc���⃗                                                                                                                            (2) 

where Fd is the drag force induced by the gas phase and Fc is the contact force 
which includes friction and the Van der Waals attraction force between the 
particles.  

 

Fig. 5. Forces acting on single particles of GA (a) and WA (b) powders before their 
movement 

When the particles start to move towards the melt pool, their motion can be
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 explained as  

mdUp����⃗
dt

= Fd����⃗ + Fg����⃗ + Fn����⃗ + Fc���⃗                                                                                        (3) 

where Up is the particle’s translational velocity; Fd is the drag force; Fg is the 

gravitational force; Fn is the normal force; Fc is the contact force.  

In order to calculate the drag force Fd, a Reynolds number Re and a drag 
coefficient Cd need to be quantified. The Reynolds number Re is given as  

Re = ρgUDp/μg                                                                                                            (4) 

where ρg is the density of the gas; U is the relative velocity between the particle 

and the gas flow defined as �Ug-Up�, where Ug and Up are the gas and particle 

velocities, respectively. Dp is the mean particle diameter; μg is the viscosity of the 
gas.  

Many formulae for the calculation of drag coefficient are available in the literature 
[37,38], for various Re numbers. These formulae were mainly derived for 
spherical particles. Cheng [37] made a comparative study of existing drag 
coefficients for spherical particles and proposed a formula which is one of the 
most accurate and simple to use for Reynolds numbers up to 2×105. The 
described equation is expressed as  

Cd =
24
Re

(1 + 0.27 Re)0.43 + 0.47[1-exp(-0.04 Re0.38)]                                   (5) 

However, in practice, the morphology of the powders used in LPBF vary from 
near-spherical to convoluted [18], and the particle movement behavior may be 
influenced by the particle shape. Therefore, in the present study, the drag 
coefficient Cd was calculated using a correlation formula proposed by Sommerfeld 
et al. [39] that accounts for particle morphology and orientation, and is valid in a 
wide range of Re numbers. The drag coefficient Cd is then given as  

Cd =
8

Re
1

�φǁ
+

16
Re

1

�φ
+

3
√Re

1

φ
3
4

+ 0.42100.4(- logφ)0.2 1
φ┴

                             (6) 

where φ is the overall sphericity, φǁ is the lengthwise sphericity and φ┴ represents 
the crosswise sphericity.  

The overall φ, lengthwise φǁ and crosswise φ┴ sphericities are defined as 
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φ =
√36πV23

SAp
                                                                                                                (7) 

φǁ =
πr2

SAp
2 -Apǁ

                                                                                                               (8) 

φ┴ =
πr2

Ap┴
                                                                                                                       (9) 

where V is the volume of the particle; SAp is the surface area of the particle; r is 

the radius of a volume equivalent sphere; Ap┴ is the projected cross-sectional area 

of the particle; Ap ǁ is the mean projected longitudinal cross-sectional area of the 
particle.  

The drag force Fd exerted on powder particles was determined using the 
following equation:  

Fd =
1
2

 Cd ρg Ap┴ U2                                                                                                (10) 

where  Cd is the drag coefficient;  ρg is the density of the gas; Ap┴ is the projected 

cross-sectional area of the particle exposed to the flow; U is the relative velocity 
between the particle and the gas flow.  

Table 4 lists the variables and values used to calculate the Reynolds number Re, 
the drag coefficient Cd and the drag force Fd applied to the GA and WA powder 
particles. The information about the powders’ properties was acquired from the 
μCT results.  

Table 4. Parameters and values used in the calculation 

Parameter Symbol, unit Value 

  GA 4130 WA 4130 

Average volume V, m3 2.61 × 10-14 4.75 × 10-15 

Average surface area SAp, m2 4.52 × 10-9 1.68 × 10-9 

Mean particle diameter Dp, m 37.70 × 10-6 27.44 × 10-6 

Density of bulk material ρ, kg/m3 7800 7800 
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Average particle mass mp, kg 2.03 × 10-28 3.70 × 10-29 

Average cross-sectional 
area (crosswise) 

Ap┴, m2 2.24 × 10-9 8.34 × 10-10 

Average cross-sectional 
area (lengthwise) 

Apǁ, m2 3.31 × 10-10 7.38 × 10-11 

Viscosity of argon µg, kg/m∙s 2.10 × 10-5 2.10 × 10-5 

Density of argon ρg, kg/m3 1.78 1.78 

Gas velocity* Ug, m/s 1 1 

Particle velocity Up, m/s 118 × 10-3 52 × 10-3 

Sphericity  φ 0.94 0.81 

Sphericity (crosswise) φ┴ 0.47 0.41 

Sphericity (lengthwise) φǁ 0.55 0.45 

* - value obtained from a study by Yan et al. [19] 

4. Results and discussion 

4.1 Powder flow behavior: particle-particle pair interaction 

To study the powder movement behavior on the powder bed during laser 
processing it is essential to first understand how individual particles interact with 
each other, especially particles of dissimilar morphology. Powder flow behavior 
is governed by the interparticle forces, particle shape, size, geometry of particle 
contacts and ambient gas-particle interaction [40]. Fine irregularly-shaped 
particles have a tendency to cohesion and agglomeration due to strong 
interparticle forces as they possess a high surface area [18]. Fig. 6 portrays the 
interaction behavior of GA (Fig. 6 a) and WA (Fig. 6 b) powder particles during 
the Hall flow test.
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Fig. 6. Snapshots of GA (a) and WA (b) powder flow, highlighting different particle 
interaction. The yellow dashed lines on the sides of the solid flow area outline the area of 
individual particle flow 

The snapshots were captured with a HSI camera placed perpendicularly to the 
downstream flow. Two areas of powder flow profiles can be observed: a solid 
flow area in the middle and a single particle flow area on both sides of the powder 
stream. As seen in Fig. 6 a, GA powder particles tend to create significantly fewer 
contacts with neighboring particles in comparison with WA powder (Fig. 6 b), 
resulting in a wider and more heavily populated single particle flow area. The 
convoluted shape of WA powder increases the formation of contacts between the 
particles, leading to mechanical interlocking and increased interparticle friction in 
the flow. The observed behavior explains the difference in the powders’ 
flowability (Table 2). (Flowability can be described as the ability of a powder to 
flow under a specified set of conditions [41]). The GA powder exhibits a better 
flowability (21 s/50 g) compared to the WA powder (30 s/50 g) as a result of its 
near-spherical shape and a smaller SSA.  

4.2 Particle velocity determination 

As schematically demonstrated in Fig. 3, the area of particle dynamics was 
observed using a high-speed imaging camera placed normal to the surface 
horizontal, collecting images at 4000 frames per second (fps) as the laser was 
traveling from right to left. The particle velocity and the particle positions were 
measured in a radial direction, in the region of 100 to 700 µm from the melt pool, 
only for individual particles moving on the powder bed. Both powders were 



102 Paper B Tatiana Fedina 

 

analyzed to investigate how the particle shape influences particle mobility and 
travel velocities. The results showed that the mean velocity of particles was 118 
mm/s (± 38) and 52 mm/s (± 18) for GA and WA powders, respectively. The 
restricted mobility of the WA powder particles can be explained by their 
developed surface area that induces high interparticle friction and reduces 
flowability. (The speed values are given for the region of 300 µm away from the 
melt pool, which is the average width of the denudation zone. These numbers 
will be used in the drag force calculation explained in Section 4.3). 

Taking into account the fact that the movement of the particles is affected by 
their mass and position on the powder bed, the particle acceleration was plotted 
in Fig. 7, showing a correlation between the particle position and acceleration. 
The particles experience an acceleration that is directed towards the center of the 
melt pool, where the vapor pressure gradient is highest. As seen in Fig. 7, in the 
region of 300 µm from the melt pool, a significant drop in acceleration was 
observed for both powders. Such a decay in the acceleration can be due to the 
particles entering a denudation zone, where the surface of the powder bed may 
differ from the rest of the powder layer as a result of the powder’s constant 
movement. Powder agglomeration can be another reason for the acceleration 
decrease as fine particles are prone to forming mechanical bonds with near-by 
particles, particularly during their movement, resulting in an increase in their 
combined mass and surface area.  

 

Fig. 7. A correlation between a powder particle position on the powder bed and an average 
particle acceleration towards the melt pool
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4.3 Denudation phenomenon 

In general, a denudation zone is created when particles in the vicinity of the melt 
pool are entrained by ambient gas flow induced by the metal vapor jet. Some of 
those particles become hot and cold ejecta, depending on their level of interaction 
with the laser beam. These particles, initially located close to the melt and 
subsequently dragged inward into the melt, leave a denuded zone on both sides 
of the track. As a consequence, a zone with a thinner powder layer or areas 
without any powder particles can be formed [11,13].  

This section discusses the denudation phenomenon occurring on the sides of the 
scanned tracks as a result of the transfer and displacement of GA and WA powder 
particles on the powder bed. Melt pool vaporization, fluid instabilities driven by 
recoil pressure, surface tension and Marangoni convection, which together have 
a major effect on the melt pool dynamics and contribute to the formation of 
denudation zone, were not included in this work. Instead, the denudation 
phenomenon was studied by analyzing the denudation zones formed by powders 
of dissimilar morphology. Additionally, the drag force was calculated to explain 
its contribution to the particle movement in LPBF.  

As illustrated in Fig. 4, five different power-scanning speed combinations (D1-
D5) were used to study the powder denudation. The denudation widths were 
measured on the sides of the solidified tracks directly exposed to the gas flow. Fig. 
8 shows an increase in denudation widths for both materials as a function of 
increasing VED.  

Fig. 8. Average denudation widths vs VED for GA and WA powders
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The denudation zone when processing WA powder was 16 % narrower than on 
the GA powder bed, for low VED. This is likely due to the powder’s tendency 
to mechanical interlocking which hinders particle flow and resists further 
movement. However, the denudation width became larger with the increase of 
VED (at 89 J/mm3), suggesting that a raising pressure gradient in the process area 
overcomes the particle-particle interaction forces and, as a consequence, reduces 
the effect of powder shape. 

To understand the observed behavior of the powders and the physics behind the 
particle movement, an average drag force was calculated as a function of radial 
distance from the melt pool (Fig. 9). The denudation zones measured at various 
VED were used to represent distances from the melt pool in the radial direction. 
Fig. 9 highlights a radial drag force experienced by GA and WA powder particles 
in the region of 200 to 300 µm from the melt pool, precisely where the 
denudation zones were measured. It can be observed that the drag force gradually 
increases as the particles approach the melt pool. This observation is valid for both 
materials, regardless of their shape as the drag becomes stronger in the vicinity of 
the melt pool. However, the average radial drag force acting on GA powder was 
64 % greater than when using WA powder (1.7012 × 10-8 and 1.0345 × 10-8 N, 
respectively). As given in Equation 9, the drag force depends on the particle size, 
increasing with the decrease of the particle area exposed to the flow. Considering 
that the size of the WA powder particles was finer than for the GA powder 
(D50=27.5 µm and 37.3 µm, respectively), it is natural to assume that the observed 
difference in drag force can be attributed to the size difference between the 
powders. Another aspect, which should be taken into account, is the morphology 
of WA powder. Due to the irregular shape of the powder and its convoluted 
surface area, high friction between the particles and at the intersection between 
the particles and the substrate/build platform is expected to occur, diminishing 
the WA powder particle mobility on the powder bed. 
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Fig. 9. An average drag force acting on powder particles as a function of radial distance from 
the melt pool 

When laser processing non-spherical particles, the particle motion is also affected 
by particle’s orientation. Depending on the position of the particle in relation to 
the gas flow, a powder particle of irregular shape may experience various 
magnitudes of drag force acting on it. Therefore, to investigate the impact of 
particle’s shape and orientation, two cases of WA powder particles with different 
shapes and, consequently, aspect rations (AR) were selected. Fig. 10 shows two 
particle cross-sections with AR=0.87 (a) and AR=0.22 (b) extracted from the 
µCT analysis. The particles were separated from each other using a watershed 
segmentation tool available in the Dragonfly software. The main reason for 
choosing these AR values was firstly to demonstrate the shape variance of the WA 
powder, ranging from sphere-like (Fig. 10 a) to elongated (Fig. 10 b) particles. 
Secondly, the selected particles were used to establish a relationship between the 
particle shape and the drag force exerted on its surface. The results revealed that 
the drag force for the WA powder particles of elongated shape decreased by 
almost one order of magnitude (1.8876 × 10-8 N for AR=0.87 and 7.1768 × 10-

9 N for AR=0.22), demonstrating the importance of the particle’s morphology in 
the dynamics of powder movement in LPBF.
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Fig. 10. WA powder particle cross-sections, illustrating various shapes present in the 
material: near-spherical particle with AR = 0.87 (a) and elongated particle with AR = 
0.22 (b) 

4.4 The impact of powder morphology on particle entrainment  

Particle entrainment by an induced gas flow has been studied before [9,11,13], 
mainly for spherical particles and/or in relation to ejecta formation. The 
phenomenon refers to the particle transfer mechanism caused by the interaction 
between the vapor jet and the ambient gas in the laser processing area. The gas 
flow is induced due to the pressure drop and intensive evaporation within the 
melt pool. The moving gas entrains particles along its path, creating a denudation 
zone around a solidified track [11]. In order to understand the particle movement 
behavior in LPBF it is important to consider the mechanism of particle 
entrainment. Fig. 11 shows the size difference of particle entrainment areas on the 
GA and WA powder beds, captured by HSI. The main finding was that the 
entrainment of GA powder particles (Fig. 11 a) in front of the laser beam spot 
towards the laser-material interaction zone started approximately 1.6 mm away 
from the melt pool, whereas the WA powder particle movement initiated 0.6-
0.8 mm from the melt pool area (Fig. 11 b). Considering that the principal 
difference between the powders was dissimilar morphology, it can be concluded 
that the observed behavior can be attributed to the propensity of the WA powder 
particles to agglomeration and mechanical interlocking. As a result, a stronger 
force is required to overcome interparticle friction and attraction forces between 
powder grains to move WA powder particles towards the laser-material 
interaction area in comparison with GA powder.
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Fig. 11. Particle entrainment areas for GA (a) and WA (b) powders, measured from the 
melt pool area. The solid lines show the direction of particle motion. The dashed lines 
outline the position of the laser beam 

Although the entrainment areas in the above described cases were measured only 
ahead of the laser beam, it is logical to assume that these distances would be the 
same around the melt pool area as the vapor should expand equally in all 
directions, pulling in the surrounding gas and, consequently, entraining the 
particles swept away by the gas flow.  

5. Conclusions 

This study has analyzed the mechanism of particle movement behavior in an 
experimental LPBF system when using gas and water atomized low alloy steel 
powders. The major findings are as follows: 

• The flow behavior of individual GA and WA powder particles on the powder 
bed in LPBF differs due to their dissimilar morphology. 

• In this case the mean speed of particles moving on the powder bed was 118 
mm/s and 52 mm/s for GA and WA powders, respectively. The restricted 
mobility of the WA powder particles can be attributed to their convoluted 
surface area that induces high interparticle friction and reduces flowability.  

• The entrainment of GA powder particles ahead of the laser beam towards the 
laser-material interaction zone started approximately 1.6 mm from the melt 
pool, whereas this distance was 0.6-0.8 mm for WA powder.  

• The denudation zone when processing WA powder was 16 % narrower than
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for GA powder, for low VED. This is likely due to the powder’s propensity 
to mechanical interlocking which hinders particle flow and resists further 
movement. However, the denudation zone became wider and the difference 
smaller when increasing the VED, suggesting that there is a steeper pressure 
gradient in the process area which reduces the influence of powder 
morphology.  

• The average radial drag force acting on GA powder was 64 % greater than 
when using WA powder. Furthermore, the drag force for the WA powder 
particles of elongated shape decreased by almost one order of magnitude, 
demonstrating the importance of the particle’s morphology in the dynamics 
of powder movement in LPBF. 
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Abstract 

 

This study reports on the impact of repeated powder recycling on the degradation 
of low alloy steel powder in Laser Powder Bed Fusion. The average powder 
particle size increased slightly upon recycling due to powder agglomeration and 
the presence of spatters and other ejecta from the process zone. The oxygen 
content showed a continuous growth after each recycle, while the other chemical 
elements of the recycled powder remained largely unchanged. A map of ejecta 
classification is presented, featuring various ejecta types formed during laser 
processing. Ejecta of increased diameter and different shapes were observed in the 
recycled powder, using high-speed imaging and scanning electron microscopy. 
The ejecta were collected after each powder recycle to enable the calculation of 
the ejecta mass generated during the process. The result showed a direct 
correlation between oxygen content in the powder and spatter/ejecta formation 
with the number of recycling events. It is likely that the increase in oxygen 
contributes to powder spattering.  

Keywords: Low alloy steel; Spattering; Powder degradation; Recycling; Laser 
Powder Bed Fusion; Additive manufacturing
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1. Introduction 

Feedstock materials for additive manufacturing (AM) are required to meet certain 
quality criteria such as high chemical purity, narrow particle size distribution, 
good flowability and high density of the particles [1-3]. Gas and plasma 
atomization produces powders which comply with the above-mentioned 
requirements. However, the manufacturing cost of such materials is relatively high 
[4]. To minimize the material cost, AM powder is usually recycled several times. 
Currently, one of the main challenges in AM is in understanding how powder 
feedstock characteristics change with reuse. Variations in powder properties occur 
during production, powder handling, storage and during laser irradiation [5]. 
Minor changes in chemical composition, morphology and size are features of 
powder degradation, which, in turn, lead to defect formation in the final AM 
components [6, 7]. Research on powder recycling in Laser Powder Bed Fusion 
(LPBF) has recently been conducted [8-15], highlighting various phenomena 
which influence material degradation [15-21]. 

Powder degradation depends on the processing conditions and environment, and 
the feedstock material. Oxidation during laser processing is one of the key 
concerns in AM [16,20,23]. An increased amount of oxygen in the powder can 
alter the melt pool dynamics, powder layer wettability, laser absorptivity and 
initiate oxide formation on the surface of the particles [17,24-26]. The presence 
of oxygen may also alter the surface tension of the melt pool, redirecting the melt 
flow and, as a result, change the geometry of the solidified track [27]. 

Another phenomenon that has a large impact on powder degradation is spattering. 
Spattering refers to the ejection of small metal droplets or particles from the laser-
material interaction zone. Spatter/ejecta formation is mainly driven by two 
mechanisms: high recoil pressure and vapor driven particle entrainment by an 
induced gas flow [28,29]. The recoil pressure acting on the surface of the melt 
pool causes melt oscillation and subsequent ejection of droplets, creating a metal 
vapor jet. The process is accompanied by material vaporization, which may lead 
to keyhole formation if sufficient energy density is applied [29]. Vaporization 
promotes droplet expulsion from the melt pool, resulting in the generation of 
recoil driven spatters. Rapid removal of the laser irradiation induces the formation 
of pores which can become trapped in the keyhole root [30]. Furthermore, 
Matthews et al. [29,31] described vapor driven entrainment of single particles by 
an induced gas flow as the dominant mechanism leading to powder spattering in 
LPBF. When the laser beam scans the powder bed, the particles in the vicinity of 
the melt pool are dragged towards the laser-material interaction area by the rising 
vapor flow. The metal vapor plume above the melt pool entrains the powder 
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particles, which are later expelled as hot or cold ejecta, depending on the level of 
interaction with the laser beam. 

The spatter generation mechanism determines the size and morphology of the 
ejecta. Recoil driven spatter is usually of a larger size than the feedstock material 
and has a spherical shape as it undergoes similar melting/cooling conditions to 
those experienced during gas atomization [7]. Entrained powder particles tend to 
remain the same size and shape as the virgin powder, which makes it harder to 
identify this type of ejecta in the recycled powder. Particle collisions can also 
occur in LPBF, either during flight or in the powder bed, promoting powder 
movement or pushing the particles into the vapor jet, and generating ejecta. 
Several molten particles may merge and form a larger droplet or a powder 
agglomerate that can potentially lead to defects like a lack of fusion. The presence 
of residual gas in the powder can cause gas expansion and push particles upward 
into the laser interaction area [29]. Condensate can also be found on the surface 
of the particles or elsewhere in the system due to the condensation of the metallic 
vapor from the melt pool. Heiden et al. [10] discovered that depending on the 
particle shape, 316L powder showed a localized increase in different chemical 
elements. Spherical particles contained higher amounts of Si and Mn on their 
surface after recycling. On the other hand, irregular particles showed an increase 
in Si, Ni, S, and O, possibly due to segregation during laser processing. 

Several factors affect spatter formation, including laser power, scanning speed, 
environmental pressure in the processing chamber and substrate temperature 
[28,31-35]. However, the present manuscript is focused on the understanding of 
how ejecta that remain in the recycled powder influence powder quality and the 
properties of low alloy steel. A novel low alloy steel powder specifically designed 
for AM was employed in this work. The material is attracting interest from the 
industry as it exhibits a good combination of mechanical properties while having 
a relatively low production cost [36,37]. The performance and recyclability of the 
material in AM has barely been studied before. Studying the changes of the 
powder feedstock with reuse provides valuable information about powder 
degradation and potential imperfections which may be introduced into the final 
components. In this work, the role of ejecta in the recycled powder and the 
changing behavior of the material due to ejecta pick-up are discussed. A detailed 
map of ejecta classification and origin is presented, highlighting various 
morphologies and the surface appearance of the ejecta. High-speed imaging, 
scanning electron microscopy and X-ray tomography were employed to 
investigate the evolving changes and defects emerging in the powder with 
repeated recycling.
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2. Experimental 

2.1 Feedstock characterization 

Gas atomized AISI 4130 low alloy steel powder with a size range of 20-53 µm 
manufactured by Höganäs AB was employed in the experiments. The bulk 
composition of the virgin and recycled powders was measured by inductively 
coupled plasma mass spectrometry (ICP-MS). Sulfur and carbon contents were 
analyzed by combustion analysis. Oxygen and nitrogen were determined by inert 
gas fusion. The chemical composition of the investigated powders is presented in 
Table 1. 

The Sympatec Helos laser diffraction method was used to evaluate particle size 
distribution (PSD) of both virgin and recycled powders to detect feedstock size 
changes with reuse. The particle morphology was evaluated by an FEI Magellan 
400 Extreme High- Resolution Scanning Electron Microscope.  

2.2 Laser processing and recycling procedure 

An LPBF experimental system equipped with a continuous wave IPG Yb-fiber 
laser was utilized to generate single tracks. The laser wavelength was 1070 nm 
with a laser beam diameter of 75 µm at the focus. The optics consisted of a 250 
mm focal length collimator and a 150 mm focal length focusing lens and the beam 
was inclined at 7°. The powder was preplaced on a stainless-steel substrate (270 
× 250 × 2 mm) to produce 60 single tracks per cycle, with a 1 mm hatch spacing 
between them. The feedstock material was recycled 10 times over the course of 
experiments without any in-between powder sieving. After each recycle, 50 % of 
the recycled powder was taken for further analysis. The remaining 50 % was then 
thoroughly mixed with an equal amount of virgin powder taken from the same 
batch. The sample preparation for powder testing was performed according to 
ISO 3954:2007 Powders for powder metallurgical purposes – Sampling [38]. The 
recycling strategy (Fig. 1) was carried out in the described manner in order to 
replicate industrial conditions, where it is a regular practice to blend virgin 
powder with the reused material after each cycle [39, 40]. Fig. 1 demonstrates the 
systematics of the recycling method, displaying a wide range of powder conditions 
per recycle. The procedure was repeated 10 times to collect sufficient data for 
material’s evaluation. 

The quantitative results have to be interpreted according to the mixing scheme 
applied here, i.e. the measured accumulated results underrate any changes (in 
principle a factor of two per cycle, in a progressive manner, because of the 
addition of 50 % virgin powder) compared to isolated recycling. Henceforth, the 
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term “recycling” refers to the recycling procedure described in Fig. 1.  

 

Fig. 1. A schematics of the recycling strategy, demonstrating the addition of 50 % virgin 
powder after each cycle. The powder amount per cycle is assumed to be constant (no losses 
accounted). The greyscale indicates a continuous change of the powder state from virgin 
(white) to recycled 10 times (black) 

The following parameters were kept constant throughout the experiment: 250 W 
nominal laser power, 3 m/min scanning speed, 100 µm powder layer thickness. 
The argon gas tube with a diameter of 20 mm and approximately 18 l/min flow 
rate was placed locally above the powder bed to prevent material oxidation and 
remove spatters and other ejecta from the processing area. The experimental setup 
can be seen in Fig. 2. 

In general, process parameters and conditions vary depending on the machine 
supplier. Commercial LPBF systems have a higher scanning speed than the value 
used in this study and the process is carried out in a chamber filled with inert gas. 
However, the trends and phenomena identified in this work are still relevant to 
industrial LPBF.
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Fig. 2. Experimental setup, highlighting different origins of ejecta and ejecta collection area 

2.3 Ejecta collection and mass measurement 

A stainless steel sheet (150 × 250 × 2 mm) was placed behind the powder bed to 
collect spatters ejected from the melt pool or entrained particles swept away by 
the gas flow (Fig. 2). Normally, the ejection trajectories vary depending on the 
parameters and conditions applied; however, it was assumed that most of the 
ejecta travelled in the direction of the shielding gas flow (opposite to the laser 
scanning direction). The ejecta that had landed on the ejecta collection area were 
collected, and the mass of these ejecta (the amount of spatters and entrained 
particles generated during the production of 60 single tracks) was measured after 
each recycle. The ejecta mass measurement was performed using a digital scale 
with a precision of ± 1 mg. 

Powder degradation takes place in an inhomogeneous manner across the powder 
bed, decreasing with distance from the processing zone, which has to be kept in 
mind (powder bed size) when interpreting the quantitative results. The spatter 
flight trajectories from the experiments confirm even wide-range effects on the 
decimeter scale. 
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2.4 High-speed imaging of spatter ejection 

The process was recorded with a high-speed imaging camera and the help of 
additional illumination. A Photron FASTCAM Mini UX100 high-speed imaging 
camera was employed in this study to capture the spatter formation behavior. 
Two illumination lasers CAVILUX CW (fiber-coupled outputs with a CW 
power of 50 W, 810 nm wavelength) were supplied by CAVITAR to illuminate 
the processing area while recording the videos. A narrow band pass filter was used 
over the camera lens to remove the process light. A long-distance microscope 
provided by INFINITY (model K2, CF-2 objective lens with 3.5 × 
magnification) was utilized to achieve high magnification. The videos were 
recorded at 4000 and 10000 frames per second (fps) and exposure times of 100 
µsec and 20 µsec respectively. For all the experiments, the camera was inclined at 
24°.  

2.5 Powder evaluation by Scanning Electron Microscopy 

Virgin and recycled powders as well as ejecta collected from the ejecta collection 
area were analyzed using an FEI Magellan 400 Extreme High-Resolution 
Scanning Electron Microscope. The samples were prepared and placed on a 
carbon tape for further examination. The powder morphology was evaluated at 
various magnifications to enable observation of powder shape and size changes 
caused by heating, resolidification, agglomeration or oxidation during recycling.  

2.6 Powder evaluation by X-ray computed microtomography 

X-ray computed microtomography (μCT) measurements were carried out using 
a Zeiss Xradia 510 Versa system with 7 W and 80 kV accelerating voltage. An X-
ray transparent polycarbonate tube of a 0.8 mm inner diameter was employed to 
hold the powders. The powder samples were placed at 11.5 mm distance from 
the X-ray source and 6.5 mm distance from the CCD detector. The spatial 
resolution was 0.85 μm and a 20 × magnification objective lens was employed, 
allowing a field of view of 842 × 842 µm. The exposure time was set in the range 
from 25 to 29 s. The CT scans were generated using Dragonfly 2020.1 software 
[41] provided by Object Research Systems. About 950 projections of the 
investigated material were acquired and analyzed for each powder sample. 
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3. Results and discussion 

3.1 Powder evolution with recycling 

During laser processing, a proportion of the powder feedstock undergoes 
compositional and morphological changes that limit the number of cycles the 
powder can be recycled. Laser interaction, powder handling and storage, exposure 
to the LPBF system environment or ambient atmosphere influence the feedstock 
properties and performance.  

In the present study, the chemical characterization results demonstrated changes 
in the bulk composition of the virgin and recycled powders. The term “recycled 
powder” refers to powder that has been recycled 10 times according to the 
recycling strategy applied here. Table 1 highlights the measurements acquired 
from ICP-MS, showing an increase of O content in the recycled powder, most 
likely due to particle oxidation. S, Si, Mn and P contents remained constant 
during recycling, while the percentage of Mo had a slight increase in the reused 
powder. The results also demonstrated a slight decrease of N and Cr with reuse; 
however, these minimal changes can be attributed to sampling variance.  

Table 1. Bulk composition of virgin and recycled low alloy steel powders (wt. %) 

Powder Fe C O N S Si Mn P Cr Mo 

Virgin Balance 0.311 0.060 0.007 0.006 0.30 0.60 0.01 1.05 0.24 

Recycled Balance 0.314 0.118 0.006 0.006 0.30 0.60 0.01 1.00 0.25 

 

Normally, sieving is applied in LPBF to remove agglomerates or large particles 
from the processed material. In the current work, the sieving procedure was 
omitted to replicate worst- case conditions and to observe the progress of powder 
degradation. The particle size distribution showed a shift towards coarser particle 
sizes with repeated recycling events (Fig. 3). The feedstock’s mean size D50 was 
insignificantly lower (D50=42.52 μm) compared to the recycled powder 
(D50=42.65 μm). The distribution curves (Fig. 3 a, b) showed a slight increase in 
the amount of larger particles along with the disappearance of most small particles 
< 20 µm, most likely due to agglomeration, particle fusion or the presence of 
spatters and other ejecta in the recycled material.



Tatiana Fedina Paper C 123 

 

 

Fig. 3. (a) Density and (b) cumulative particle size distributions of virgin and recycled 
powders 

Powder morphology has a large effect on process behavior in LPBF. In theory, 
gas atomized powders typically contain particles of near-spherical shape due to 
the solidification conditions, which should allow the atomized droplets to solidify 
as sphere-like particles [3,40]. However, in practice, particle shapes range from 
near-spherical to irregular, depending on the atomization parameters. Fig. 4 
displays the particle morphology of the virgin (Fig. 4 a) and reused (Fig. 4 b) 
powders, showing a variety of particle shapes present in both samples. Fused and 
agglomerated particles were also observed in the recycled powder, as well as 
sphere-like particles with a smooth skin. This clearly suggests the presence of 
oxide layers on the surface of the recycled particles. 

 

Fig. 4. Morphology of (a) virgin and (b) recycled powders. (In (b) ejecta of various shapes 
are highlighted in red)
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3.2 Ejecta origin and mapping 

In this study, the term “spatter” only refers to metal droplets ejected from the 
melt pool. Powder particles entrained in the vapor plume will be referred to 
entrained particles or ejecta. However, the word “ejecta” will be used to refer to 
both spatter and entrained powder particles.  

This section describes ejecta formation, origin and morphology based on the data 
obtained during the experiments. SEM and HSI images were used to produce and 
verify the results.  

3.2.1 Morphological classification of ejecta  

During this study, the ejecta were collected from the ejecta collection area (Fig. 
2) for further evaluation and measurement. These data allowed the creation of a 
classification and mapping system of all the variations of ejecta type. Fig. 5 
describes the origin, appearance and landing areas of ejecta in LPBF.  

 

Fig. 5. A map of ejecta classification and landing areas. The figure highlights the ejecta 
morphology, size and the cause of ejecta formation. Ejecta accumulation, heat-exposed 
regions and denudation zone can also be observed
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Recoil driven spatter is ejected directly from the melt pool due to recoil pressure 
acting on the surface of the molten material. The ejection is performed when the 
droplet acquires sufficient energy to overcome the surface tension of the melt 
pool. This type of ejecta usually has a near spherical shape as it undergoes a similar 
cooling regime to that experienced during gas atomization. However, oxidation 
can alter the surface texture of the particles by forming oxide layers on the powder 
surface. Dark spots found on the particle skin suggest the presence of oxide 
nodules in the particles. Oxidized particles may also contain bubbly texture areas 
and spongy structures on their surface. Oxides change the laser absorptivity and 
the stability of the melt pool, which leads to more frequent spatter ejection [7].  

Although it is important to know the size and amount of ejecta generated during 
LPBF, it is challenging to quantify the data collected after each run of the process. 
Recoil driven spatters with similar morphology to the original powder may be 
easily confused with the virgin material. However, the diameter of this ejecta type 
is often larger than the feedstock’s and it has a broader size distribution. Such 
spatters are likely to be the main source of contamination as they remain in the 
powder bed and, as a result of their decreased surface to volume ratio and 
increased mass, may not be completely melted during the process.  

High mass spatter particles often originate in the melt pool as a result of the recoil 
pressure mechanism and are usually a sign of keyhole formation. The high mass 
of the ejecta prevents it from traveling long distances, resulting in its deposition 
near the solidified track. This type of spatter appears to be sphere-like shaped 
when ejected; however, it can change morphology to irregular or become an 
agglomerate once it has landed on the powder bed. The presence of such spatters 
is highly unfavorable to the process as it directly affects powder spreading and 
packing of subsequent layers [35, 43].  

Vapor entrained powder ejection involves the powder particles that get detached 
from the powder bed by the upwards vapor flow above the laser-material 
interaction zone. The particles travel across the substrate surface/powder bed 
towards the laser irradiation zone and become entrained by the vapor jet. Based 
on the degree of in-flight interaction with the laser beam, vapor entrained powder 
particles can be divided into cold and hot ejecta. Powder particles that pass around 
the laser field without becoming heated up are identified as cold ejecta. Particles 
that travel through the laser beam become hot ejecta [29].  

Vapor entrained ejections typically have sizes similar to the virgin powder; 
however, when ejecta lands on the powder bed in a partially molten state it can 
interact with neighboring particles, forming an agglomerate of fused particles. 
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It is important to emphasize that vapor entrained particles are powder based ejecta, 
not spatter (metal droplets expelled from the melt pool area).  

Agglomerates exhibit irregular shapes with highly convoluted surfaces, which 
disturb the powder bed and decrease the powder flowability. The size of the 
agglomerates is normally larger than that of the feedstock material, so it is 
important to remove this type of ejecta from the laser processing area. Some 
agglomerates are formed due to mechanical interlocking between the powder 
particles in the powder bed prior to the laser-material interaction (Fig. 6 a, b). A 
group of particles may be detached by the vapor, transported towards the 
processing area, entrained by the vapor jet, and ejected upwards. The presence of 
such agglomerates can be mitigated by using highly spherical virgin powder with 
a minimum amount of satellites on its surface.  

 

Fig. 6. (a, b) Two cases of particle agglomeration demonstrating the size difference between 
the feedstock material and the ejected agglomerates (encircled in white). The snapshots were 
captured by HSI at 4000 fps using a long-distance microscope lens with 3.5 × magnification 
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Several ejecta can collide during flight and form either a conglomerate or a larger 
particle by coalescence. Particle coalescence occurs if the ejected droplets are still 
in a liquid state and merge into each other after their collision. Fig. 7 shows an 
HSI sequence of particle coalescence during flight, highlighting the material 
consolidation over time.  

 

Fig. 7. HSI sequence of particle coalescence that highlights two droplets in flight (a) 
approaching one another, (b) colliding and (c) merging into each other, and (d) finally 
creating a sphere-like particle
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The formation of condensate is not mentioned in Fig.5; however, the 
condensation process is associated with vaporization, generating nanoparticles that 
are deposited on the surface of the powder. This leads to an increase of surface 
area and oxygen pick-up.  

3.3 Quantification of ejecta population increase with powder reuse 

Fig. 8 shows a direct correlation between the oxygen content in the recycled 
powder and ejecta formation. A clear increase in the powder oxygen content 
during recycling is observed even though the powder is always mixed and 
contains 50% virgin powder. The processing parameters during the experiments 
were kept constant, ensuring equal conditions for each recycle. Sixty single tracks 
were manufactured for each powder bed before recycling to collect sufficient data 
for further mass measurement. As the oxygen content of the powder bed increases 
with recycling, spatter ejection becomes more frequent. This phenomenon is 
attributed to the reduced stability of the melt pool as the oxygen (oxide) content 
rises. The correlation coefficient between ejecta mass and oxygen content was 
calculated to be 0.84. 

 

Fig. 8. A direct correlation between powder oxygen content and ejecta mass with recycling 
levels. The ejecta mass curve demonstrates only the ejection in the direction of the gas flow, 
not the overall amount of ejecta generated during each recycle step. VP stands for virgin 
powder, RP0 is the powder bed processed once that consists of only virgin powder, RP 
stands for recycled powder, and the number after the abbreviation indicates the number of 
recycles
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Surface tension and Marangoni flow play important roles when describing the 
stability of molten material [27,44]. Heiple et al. [45] confirmed that surface-active 
elements such as oxygen and sulphur can alter the surface tension and, 
consequently, fluid flow in the melt, which can lead to the generation of 
instabilities in the melt pool. Minor differences in the concentration of the 
surface-active elements change the thermocapillary forces in the melt, influencing 
the direction of the Marangoni flow and promoting spatter ejection.  

As already mentioned in Section 1, a number of spatters originate in the melt pool 
due to the recoil pressure mechanism and surface tension gradients in the molten 
material. These, in turn, activate a movement of the melt pool, resulting in the 
melt fluctuation under laser irradiation. As the fluctuation continues and the 
surface tension decreases, the capillary forces are not able to hold the melt pool in 
place, inducing the formation of spatter. The described phenomenon suggests that 
oxygen strongly influences powder spattering. It can be concluded that the 
increase in oxygen with repeated recycling (reported earlier in Section 3.1) may 
be responsible for an increased spatter ejection during processing. 

3.4 Effect of spatter pick-up on powder degradation 

Chemical purity, powder particle size and the degree of agglomeration are the 
factors that define the quality of raw feedstock material. The presence of ejecta in 
the powder is another issue that needs to be taken into account when dealing 
with recycled powder feedstock. Spatters expelled from the melt pool, and other 
ejecta, may be exposed to oxidation during flight, leading to contamination of 
the surrounding powder bed.  

X-ray microtomography was employed in this study to detect differences between 
the virgin and recycled GA low alloy steel powders, and the ejecta-containing 
sample. The scans were also used to identify the amount of fully oxidized ejecta 
in the overall volume of the ejecta-containing sample. Approximately 950 µCT 
projections were recorded for each type of powder sample and reconstructed into 
3D images. The particles were separated from each other using a watershed 
segmentation tool available in the software. Fig. 9 shows the change of GA 
powder due to spatter pick-up. The particle size distribution curves (Fig. 9 c, f, i) 
display an increase in average particle size with powder reuse. This is in agreement 
with the results obtained earlier in this study from the Sympatec Helos method. 
A minor difference between the Sympatec results (D50=42.52 μm for the virgin 
powder and D50=42.65 μm for the recycled powder) and µCT results (D50=37.7 
μm for the virgin powder and D50=41.2 μm for the recycled powder) can be 
attributed to sample variance. The size of ejecta collected from the ejecta 
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collection area (Fig. 8 i) also increased (D50=47.4 μm) compared to the size of 
the feedstock material, most likely due to the presence of recoil driven spatters. 
Porous particles have been observed in all the samples; however, porosity 
measurement was not within the scope of this work.  

Recycling leads on an increase in oxygen content (Fig. 9 d, e), mostly as a result 
of the presence of partially and fully oxidized ejecta particles. As the current study 
was carried out in an open chamber with an inert gas tube locally placed above 
the processing area, some oxidation was expected. The gray colored particles 
encircled in red represent fully oxidized ejecta (Fig. 9 d, e, g, h). The oxidation 
was confirmed based on the 3D voxel mean intensity distribution (Fig. 9). The 
gray levels in the CT slice images correspond to X-ray attenuation, which, in 
turn, is a function of material’s composition and density [46]. The CT detector 
measures X-ray absorption and acquire images at various angles as the X-rays 
penetrate the rotating powder sample. The obtained images are later 
reconstructed into 3D voxels and the brightness of each pixel corresponds to the 
X-ray density of the material [47]. In conventional X-ray imaging, different gray 
levels represent material density alterations based on the pixel intensity of the 
material measured. A similar principle is applied in medicine to identify bone 
tissues and cancerous tumors [48,49]. 
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Fig. 9. Influence of ejecta on the quality of recycled GA powder. µCT scans of (a, b) 
virgin, (d, e) recycled powders and (g, h) ejecta highlighting 3D volume rendered images 
and 2D slice projections respectively. Gray colored ejecta present in the recycled powder and 
in the ejecta-containing sample are encircled in red. Particle size distribution of (c) virgin, (f) 
recycled powders and (i) ejecta can also be observed 

Fig. 10 highlights the mean voxel intensity-frequency distribution curve of the 
ejecta-containing sample. The low intensity values correspond to the ejecta which 
underwent full oxidation during their flight through the ambient atmosphere. 
The intensity data set for these oxidized ejecta was marked and separated from 
the rest of the ejecta to enable the calculation of the oxidized particle amount in 
the overall volume of the specimen. The result showed that approximately 3.5 % 
of the ejecta collected from the ejecta collection area were subjected to full 
oxidation during laser processing. These particles are most likely the recoil driven 
spatters, coming from the melt pool, and hot vapor entrained particles that 
travelled through the laser beam, melted and then became oxidized in flight. The 
presence of such particles in the recycled powder is highly unfavourable as it 
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increases the amount of oxygen in the powder as well as in the system during 
processing, which may potentially lead to defect formation in final parts and, 
consequently, undermine their performance. 

 

Fig. 10. Difference in mean voxel intensity between the oxidized particles (gray colored, 
encircled in red) and the remained ejecta collected from the ejecta collection area. Axis Y 
represents logarithmic values 

To understand the overall impact of spattering on powder degradation, additional 
research on the quality of final components manufactured with recycled powder 
is needed. It is also important to ensure that the laser processing is carried out in 
an inert atmosphere and is not exposed to contamination from reactive gases 
present in the air. Usually, recycling includes a sieving procedure of the processed 
powder after each recycle. However, commercial LPBF machines are not 
equipped with powder sieves sufficient to remove all ejecta from the feedstock 
material. Consequently, a portion of processed powder is always incorporated into 
the recycled powder, introducing more oxygen, porosity and irregular particles 
into the system.  

4. Conclusions 

The influence of repeated powder recycling on the degradation of low alloy steel 
powder during Laser Powder Bed Fusion was studied in detail. The following can 
be concluded: 

• In this study, 4130 steel powder was recycled systematically up to ten times. 
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The powder underwent notable changes in chemical composition and 
particle size distribution with reuse.  

• Particle size increased with each cycle of reuse due to agglomeration and the 
accumulation of ejecta in the material. Simultaneously, the oxygen content 
in the recycled powder increased with each recycle, while all the other 
chemical elements mostly remained unchanged. It is likely that the oxygen 
increase influences powder spattering. 

• X-ray computed tomography confirmed a shift of powder particle size with 
recycling towards larger particle diameters (D50=37.7 µm for virgin powder 
and D50=41.2 µm for recycled powder, for the applied experimental 
scheme). Internal porosity and ejecta were also detected in the investigated 
material. 

• The recycled powder contained ejecta of larger diameter and various shapes 
compared to the virgin material. The range of ejecta morphology and size 
indicate different origins of the ejection.  
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Abstract 

 

This study investigates the impact of powder aging on the degradation of 
AlSi10Mg powder during processing in laser powder bed fusion. Powder aging 
as result of handling, continuous storage and recycling is a fundamental concern 
for aluminum alloys as it introduces oxygen to the feedstock material. In this 
work, the analysis of the powder properties, affected by laser exposure and the 
aging procedure, showed a change of chemical and morphological characteristics 
of the powders in virgin and aged conditions. The oxygen content in the powders 
appeared to have a significant effect on the powders’ surface appearance and light 
absorbance, gradually deteriorating the processability of the powders with the 
increase of oxygen level. Optical microscopy and X-ray computed tomography 
were used to analyze the porosity distribution in the printed part samples,  
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identifying the origin, size and location of the pores. A direct relationship between 
the pore occurrence in final parts and the oxygen content in the powders was 
observed, revealing a higher degree of porosity in the aged powder sample (6.5 
%) in comparison with the virgin state (3.16 %). The evolution of mechanical 
properties in the part samples after laser processing and powder aging was also 
studied, demonstrating a rapid decrease of ultimate tensile strength and elongation 
from virgin condition to aged.  

Keywords: Additive manufacturing; Laser powder bed fusion; Aluminum; 
Powder condition; Aging; Powder absorbance 

1. Introduction 

Laser powder bed fusion (LPBF) uses a variety of powder materials [1] to 
manufacture final components of high complexity and precision [2]. To obtain a 
high level of quality in final parts, metal feedstock materials for additive 
manufacturing (AM) need to comply with certain property requirements such as 
low oxygen content [3], narrow particle size distribution, high inner particle 
density and good flowability [4]. Furthermore, when processing reactive materials 
such as aluminum alloys, high chemical purity of such powders is especially 
important in order to ensure manufacturing of fully dense parts. Therefore, 
recycling of aluminum-based powders in LPBF is more challenging compared 
with the reuse of steel powders [5]. However, to make the LPBF process more 
cost-efficient and environmentally friendly, it is of high importance to reuse 
powder feedstock materials regardless of their chemical composition and affinity 
to oxygen. Hence, additional research about the change of Al alloy powder 
characteristics during laser processing and their influence on the final part 
properties is needed to gain more knowledge about the material’s behavior in 
laser powder bed fusion.  

Changes of powder properties during processing and subsequent reuse are 
generally influenced by the feedstock material, process parameters, machine 
environment, and storing and handling conditions as discussed by Santecchia et 
al. [6]. Furthermore, laser-material interaction involves complex physics 
phenomena such as spatter formation [7] and oxidation [8] which have a great 
impact on laser processing and cause the change of powder characteristics [9]. 
Such changes directly affect the integrity of the feedstock [10] and, subsequently, 
of the final components [11], thus, decreasing the process efficiency. 

Many research studies in the field of powder processing and recycling have 
recently been carried out, highlighting various modifications, occurring in 
powder materials with reuse. Currently, most of the research work, published on 
powder recycling, is dedicated to the reuse of steel-based powders [12]. Gorji et 
al. [13] characterized surface and bulk compositions, microstructure and hardness   
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of virgin and 10-time recycled 316L powder. Jacob et al. [14] studied various 
morphological and microstructural changes, occurred during the processing of 
17-4 PH stainless steel. Another work by Gorji et al. [15] was focused on pore 
formation in recycled powder particles and methods to detect and evaluate 
porosity in the 316L powder. Heiden et al. [8] studied the recycling of 316 L 
powder in LPBF and discovered that the powder showed an increase in various 
chemical elements, depending on the particle shape. Spherical particles had a 
higher concentration of Si and Mn on their surface after recycling. Whereas, 
irregular particles showed an increase in Ni, Si, S, and O, most likely as a result 
of particle segregation during the process. Sutton et al. [16] discussed the impact 
of repeated exposure to the LPBF system environment on the part properties 
produced with 304 L stainless steel powder. It was concluded that the powder 
had a steady increase of oxygen content with recycling events. On the other hand, 
the powder packing density and flowability increased due to the presence of 
highly spherical spatter particles in the recycled powder.  

Choi et al. [17] studied the impact of Inconel 718 powder recycling on fatigue 
properties of final parts, measured at room and elevated temperatures. 
Approximately 10% reduction in fracture toughness was reported for the 
specimens, manufactured with multiply recycled powder.  

Different strategies for powder recycling of Inconel 718, Ti6Al4V, AlSi10Mg and 
Scalmalloy [18], and 316L stainless steel [15] have been reported earlier, including 
the work by Lutter-Günther et al. [19], in which the addition of virgin powder 
to the reused powder batch after each recycle (continuous refreshing) and mixing 
of the recycled powder with another powder of the same age (collective aging) 
were mentioned as possible approaches for systematic powder recycling. 

When referring to the processing and recycling of aluminum alloys in LPBF, there 
is still limited research reported on this topic [20], despite the increasing interest 
in these materials from the aerospace industry [21]. A number of challenges are 
associated with handling of aluminum alloys, including their poor flowability and 
high susceptibility to surface oxidation [5]. Raza et al. [22] studied degradation of 
AlSi10Mg powder in the course of 30 months. The recycled powder contained 
spatter particles with nodular surface oxide scale, where approximately 3% of it 
were highly oxidized spatters with a non-uniform oxide layer. The authors 
confirmed that the main concern, associated with AlSi10Mg powder recycling, 
was material oxidation, in particular the formation of thick Al2O3 surface oxide, 
coupled with the presence of the MgAl2O4 spinel on the surfaces of powder 
particles. Reiner et al. [23] investigated the influence of storing conditions on 
LPBF parts, manufactured with AlSi10Mg powder. The authors reported that the 
storage of powders in a humid environment led to the physical absorption of 
water molecules on the surface of the particles which could be removed by drying   
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the powder prior to the further use. However, while it was possible to take the 
moisture out of the material, the amount of oxygen in the powder followed a 
different progression and mainly remained unchanged after drying, suggesting the 
formation of a surface oxide layer. Cordova et al. [24] carried out a research work 
about the impact of powder reuse on the microstructure and mechanical behavior 
of Al–Mg–Sc–Zr alloy in LPBF. In their study, 40 % of virgin powder was 
introduced after each recycle to compensate for the processed (melted) powder 
and reach the height required to build the samples. The results showed a minor 
change of powder properties with recycling, except for a higher porosity level, 
observed in the recycled powder in comparison with the virgin state. A similar 
study was conducted by Maamoun et al. [25] who investigated changes in 
AlSi10Mg powder properties after 18 recycling events. It was concluded that the 
recycled powder could be reused for part fabrication once the material is properly 
sieved. No significant changes in chemical and phase compositions, surface oxides 
and particle size distributions between fresh and recycled powders were reported. 
Taking into account all these findings, it can be concluded that multiple 
processing of aluminum powders leads to an increase of oxygen content in the 
powders and, consequently, the change of powder condition and properties in 
LPBF.  

Therefore, in this study, AlSi10Mg powder aging at elevated temperature was 
introduced to induce oxygen pick-up in the powder and to investigate the effect 
of oxygen saturation on the change of powder condition and part properties 
during laser processing. The influence of oxygen pick-up on powder degradation, 
laser light absorbance and mechanical properties of final parts was discussed in 
detail, highlighting various property alterations, observed in the feedstock 
material. Scanning electron microscopy and X-ray computed tomography were 
employed to study morphological changes, occurring in the powder, and porosity 
distribution in final parts, respectively. 

2. Experimental procedure 

2.1 Feedstock material 

Gas atomized AlSi10Mg powder with a size range from 20 to 63 µm provided by 
IMR Metal Powder Technologies GmbH was used in this work to study the 
influence of powder aging on the material and final part property changes as well 
as the powder’s processing challenges in LPBF. The chemical composition of 
virgin and aged powders was measured by inductively coupled plasma-optical 
emission spectrometry (ICP-OES). Silicon was determined by gravimetry from 
acid solution. Oxygen, nitrogen and hydrogen contents in the powders were 
measured by hot gas extraction. 
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The laser diffraction method was employed to evaluate particle size distributions 
(PSD) of all powder states to identify size changes, occurred during powder 
processing and aging. An FEI Magellan 400 extreme high-resolution scanning 
electron microscope (with a resolution of ≤ 1 nm in the range of 1 to 30 kV) was 
utilized to study the morphology of the powders at various magnifications. 

The powders’ flowability and apparent density values were determined by the 
Hall flowmeter funnel technique. To analyze the packing properties of the 
powders, the relative density ρrelative was calculated as: 

ρrelative =
ρapparent
ρtheoretical

 × 100 %                                                                               (1) 

where ρapparent is the apparent density of the powder described as the powder 
mass divided by its volume, g/cm3); ρtheoretical is the theoretical density of the 
powder defined as the density of the bulk material, g/cm3). Porosity was 
determined as 100-ρrelative av (%), where ρrelative av is the average relative 
density.  

2.2 Description of aging procedure 

Due to the multiple interactions between the laser beam and the powder, the 
material handling and storage, and the exposure of the powder to the 
environment in the build chamber, the powder can undergo various property 
changes related to its bulk composition, particle size, morphological and surface 
appearances. Such property alterations impair the quality and performance of the 
powder and limit the number of times the material can be reused in LPBF. 
Normally, the extent of these changes depends on the chemical composition of 
the powder, particularly its susceptibility to oxidation, and on the process 
conditions.  

Therefore, AlSi10Mg powder was employed to investigate the impact of aging in 
ambient atmosphere on the degree of material degradation and its further 
influence on laser processing. To degrade the powder in a systematic way, induced 
powder aging through a heat treatment, carried out in a muffle furnace, was 
introduced. Based on the assumption that the powder undergoes oxidation and 
particle coarsening under elevated temperatures, an aging treatment was 
performed to simulate powder degradation under an increased temperature 
(similar to the conditions the powder may be exposed to during repeated laser 
processing). The powder was aged at 400 °C during 6, 12, 24, 48 and 96 h in a 
muffle furnace with open atmosphere to induce oxygen pick-up in the powders   
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and identify “a worst-case scenario” condition with the highest oxygen content. 
Various aging temperatures were tested prior to the processing to ensure the 
change of powder properties as a result of temperature exposure. Please note that 
the powder aging approach, described earlier, refers to a procedure where 
accelerated aging in a furnace was induced.  

The following markings were assigned to the powders to simplify powder 
handling during their analyses:  

• R0 refers to the recycling condition where virgin powder was processed 
once.  

• Aged 96 h describes a powder condition after aging the powder during 
96 h.  

• R0 aged 96 h refers to the recycling condition where aged 96 h powder 
was processed once. Only the aged 96 h powder condition was selected 
for laser processing to represent “the worst-case scenario”.  

Once the processing was finished, the processed powder (R0) was sieved through 
a sieving deck with a mesh size of 100 µm to remove spatters and debris from the 
material. After each sieving, the powder fraction that remained on the sieve deck 
(with a size of +100 µm) was collected for further mass measurement.  

2.3 Laser processing of the powders 

The powders were processed in an Aconity 3D MINI LPBF system with an IPG 
Yb-doped fiber laser and a scanning unit with F-Theta lens (Fig. 1). The laser 
wavelength was 1070 nm with a laser beam diameter of 80 µm at the focus. 
Throughout the process, the build chamber was filled in with argon, which was 
used as a shielding gas, to keep a low oxygen level (< 1000 ppm) inside the system. 
The gas flow was kept at 6 L/min. The following parameters were used to 
manufacture samples: 400 W laser power, 1350 mm/s scanning speed, 50 µm 
layer thickness, 150 µm hatch distance, 90 µm laser beam diameter (+2.022 mm 
defocus of the 3D scan head). After each layer, the scanning direction was rotated 
by 60°. The set of parameters was suggested by the system supplier for AlSi10Mg 
alloy and was kept constant throughout the experiment. Cubes (10 ×10 ×10 mm, 
10 cubes per build) and rectangular prisms (73 × 10 × 10 mm, 6 pieces per build) 
(in vertical and horizontal directions) were produced to acquire sufficient data for 
material analysis. Fig. 2 shows the examples of the build geometries, produced 
using both virgin and aged 96 h powder conditions.   
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Fig. 1. Experimental setup, used for processing both virgin and aged AlSi10Mg 
powders.  
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Fig. 2. Examples of the geometries, built with both virgin and aged powder 
conditions. The blue frame shows the position of the cube 8 which was scanned 
using X-ray computed tomography.  

2.4 Property determination of final parts  

To determine the changes occurred in the final parts after powder processing and 
aging, density, microstructure and tensile strength measurements of the built 
structures were carried out. An analytical balance scale was used to perform 
density measurements by the Archimedes method in demineralized water and at 
controlled temperature of 20 °C. Each measurement was carried out 5 times on 
5 different cubes to obtain sufficient data for the density/porosity analysis. In 
addition, an optical microscope was employed to collect images, featuring pore 
distribution on the vertical cross-sections of all samples.  

Tensile specimens were produced with longitudinal axis parallel and 
perpendicular to the building direction (3 in vertical (V1-V3), 3 in horizontal 
directions (H1-H3)) using virgin and 96 h aged powders. The tensile tests were 
conducted according to ASTM E8/ E8M-13a standard. Three samples were 
tested for each condition and a stress relief treatment was performed at 300 °C for 
2 h prior to the tensile testing. Tensile tests were carried out using a universal   



Tatiana Fedina Paper D 149 

 

testing machine, equipped with extensometer. The crosshead speed was set at 1 
mm/min. 

Microstructure analysis was conducted utilizing a field emission scanning electron 
microscope (FE-SEM) onto the fracture surface of tensile samples to investigate 
the fracture mechanisms, occurred during the testing.  

2.5 X-ray computed tomography of built parts 

The R0 and R0 aged 96 h cube samples were analyzed by X-ray computed 
tomography (CT) to determine the amount of porosity in the selected cubes and 
acquire CT scans of porosity distribution within a chosen region of interest (ROI) 
(9×9 mm). The following parameters were used during the measurement of all 
samples: 135 μA current and 160 kV accelerating voltage. The samples were 
placed at 60 mm distance from the X-ray source and 800 mm distance from the 
CCD detector, with the X-ray beam scanning in a circle. The spatial resolution 
was 10.5 μm. The integration time was 0.38 s. A total of 810 projections (over 
360 degrees) of each sample were acquired to analyze the sample properties. 

2.6 Measurement of laser light absorbance by metal powders in various 
conditions 

The absorbance measurements were carried out using a UV-VIS-NIR 
spectrometer composed of a deuterium lamp, covering the wavelength range λ 
from 175 nm to 400 nm, and a halogen lamp with the wavelengths λ from 400 
nm to 3300 nm. Each powder sample with a volume of 10 mL was placed in a 
Suprasil 3001 quartz cuvette located on one side of the integrating sphere, while 
the lamps illuminated the cuvettes from the opposite side of the sphere. The 
measurements were performed in the range of wavelengths from 330 nm to 1560 
nm with an accuracy of λ=± 0.08 nm in the UV/VIS range and λ=± 0.32 nm in 
the NIR range (the absolute accuracy of the determined absorbance value is ± 
0.2 % at absorbance 50 %). Each powder sample was measured 4 times to ensure 
the accuracy of the measured values. Before reaching the detector, multiple light 
reflections from the surface of the powder particles occurred inside the integrating 
sphere. The light absorbance values (%) for each wavelength were calculated by 
subtracting the optical reflection values (%) from 100 %. The ambient temperature 
of T=20 °C was kept constant throughout the measurements.  
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3. Results and discussion 

3.1 Change of powder properties due to processing and aging 

Table 1 summarizes the chemical characterization results, demonstrating 
insignificant changes in the bulk element composition of the powders, regardless 
of their states. Si, Fe and Mg contents slightly varied throughout the powder 
states, most likely due to sampling variance, whereas the percentages of Cu and 
Mn remained constant. Hydrogen content showed a minor increase in the R0 
aged 96 h condition. Previous study by Reiner et al. [23] have demonstrated that 
aluminum alloys tend to pick up hydrogen from the atmosphere, particularly 
during storage and aging, which can promote pore formation in final components. 
However, no direct tendency was observed in this study.  

Table 1. Chemical compositions of AlSi10Mg powders in various states (wt. %) 

Powder 
state Al Si Fe Cu Mn Mg O N H 

Virgin Balance 9.70 0.12 <0.01 <0.01 0.36 0.067 <0.005 0.003 

R0 Balance 9.81 0.11 <0.01 <0.01 0.35 0.072 <0.005 0.003 

Aged 96 
h Balance 9.87 0.10 <0.01 <0.01 0.34 0.257 <0.010 0.003 

R0 aged 
96 h Balance 9.81 0.10 <0.01 <0.01 0.34 0.274 <0.010 0.004 

 

The oxygen content in the R0 powder (O=0.072 wt. %) increased slightly from 
the virgin state (O=0.067 wt. %), showing the powder’s tendency to pick up 
oxygen with processing. The change of powder properties during processing can 
occur due to the repeated interaction of powder particles with the laser beam. 
This repeated interaction with the laser beam can lead to frequent spatter ejection. 
Such spatters may degrade the powder by introducing more oxygen to the 
powder bed [26, 27]. To confirm the hypothesis, all the processed powders were 
sieved through a 100 µm mesh sieving deck. The powder, which remained on 
the sieve, was collected for mass measurement. Fig. 3 highlights the results of the 
+100 µm powder fraction mass measurement, depending on the powder 
condition.  
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Fig. 3. A histogram, featuring a relationship between the amounts of +100 µm 
powder fraction, remained on the sieving deck, and the powder condition.  

The histogram plot demonstrated an increase of the coarse particle fraction when 
processing aged powder. This is likely attributed to the higher oxygen content in 
the R0 aged 96 h powder which induced melt pool instabilities and, subsequently, 
spatter formation. These spatters tend to be larger than the initial powder and, if 
not removed, may lead to disturbances in the powder bed and oxygen increase in 
the powder batch [12].  

To induce oxygen pick-up in the powders and detect whether the powder 
particle surfaces achieve an oxygen saturation level (as described in Section 2.2), 
different aging duration times were established. Fig. 4 highlights a relationship 
between the oxygen content (shown as a scatter graph) in the powders and the 
aging time, displaying a significant jump of the O content and the scattering of 
the data points within the aged 96 h powder batch. As the aging conditions were 
kept constant for each powder sample, the obtained data could be attributed to 
the sampling variance. Furthermore, the scattering of the data points could also 
be related to the challenge of measuring reliable data in materials with high 
oxygen contents. Therefore, no further aging times were introduced, and the 96 
h aging time value was selected as “the worst-case scenario”, based on the oxygen 
content data acquired from the hot gas extraction measurements.  
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Fig. 4. A scatter plot of powder oxygen content as a function of aging time. 

The results showed that the average amount of oxygen in the aged 96 h powder 
O=0.257 % (±0.07) was approximately 4 times as high as in the virgin powder 
O=0.067 % (±0.03), indicating a severe oxygen pick-up as a result of aging. The 
aged powder underwent notable oxidation due to the heat exposure for an 
extended period of time in active gas atmosphere.  

Laser diffraction measurements of particle size alterations were also carried out to 
investigate the evolution of particle size after processing and aging. Fig. 5 shows 
cumulative Q3 and density distributions q3 of virgin and aged powders. The mean 
particle size of the virgin (D50=39.8 µm) and the R0 powders (D50=39.9 µm) did 
not change after processing, indicating there was no influence of laser exposure 
on the particle size. A more notable shift of particle sizes was observed when 
comparing virgin (D50=39.8 µm) and aged 96 h (D50=43.1 µm) powder 
conditions, suggesting that aging promoted powder coarsening.  
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Fig. 5. Cumulative Q3 and density q3 particle size distributions of virgin, 
recycled and aged powders.  

SEM analysis of the powder states revealed no significant change of powder shape, 
remaining predominately near-spherical with occasional irregular and elongated 
particles present in all powder samples. The particle surface, on the other hand, 
appears to change with powder processing and aging (Fig. 6).  
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Fig. 6. Morphology of AlSi10Mg powder in virgin (a), R0 (b), aged 96 h (c) and 
R0 aged 96 h (d) states, featuring various degrees of particle surface oxidation 
with the change of powder condition. 

The surface modifications, observed in Fig. 6, were likely attributed the formation 
of an oxide layer. The morphological appearance of the processed R0 powder 
(Fig. 6 (b)) exhibited a small amount of oxide nodules. However, considering the 
material’s susceptibility to oxidation [22, 23], it is likely that these oxide nodules 
were already present on the surface of the virgin powder prior to the processing. 
On the other hand, Fig. 6 (c)-(d) highlights dark-colored oxide nodules which 
could be ascribed to a non-homogeneous nucleation and growth of the γ-Al2O3 
layer, as reported by Rufino et al. [28]. 

The technological properties of the powders are summarized in Table 2. It can 
be observed that apparent and packing densities of the R0 powder remained 
unchanged from the virgin condition. The R0 aged 96 h state demonstrated a  
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decrease of the apparent and packing densities which was likely attributed to the 
powder particle agglomeration caused by the aging procedure. However, the 
observed changes were minor and could be related to the sample variance. It is 
also important to mention that none of the powders could flow through the 
funnel during the flowability measurement. Therefore, the flowability values were 
not included in Table 2.  

Table 2. Technological properties of AlSi10Mg powder in various states 

Powder state 
Apparent density 

[g/cm3] 
Packing density [%] 

Virgin 1.36 51 

R0 1.36 51 

Aged 96 h 1.37 52 

R0 aged 96 h 1.33 50 

 

3.2 Laser light absorbance vs powder condition 

When a laser beam interacts with powder particles on a powder bed, several 
physical phenomena may occur, including light absorption and reflection [29]. 
Depending on the laser wavelength and beam profile, chemical composition of 
the powder, particle size distribution, powder layer thickness and powder surface 
condition, the absorbance of laser light by metal powders can vary [30]. 
Therefore, it is important to study this phenomenon during powder processing 
when the powders undergo a number of chemical and morphological changes.  

In this work, the light absorbance by the AlSi10Mg powder in virgin and aged 
states was investigated in a wide range of illumination wavelengths, as reported in 
Fig. 7. The absorbance values for the virgin and R0 powders appeared to remain 
almost unchanged at 1070 nm (the wavelength which corresponds to the fiber 
laser the powders were processed with). At shorter wavelengths, a slight variation 
of absorbance values can be observed, particularly between the virgin and R0 
powders.  
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Fig. 7. Laser light absorbance by virgin, R0 and aged AlSi10Mg powders as a 
function of wavelength.  

Interestingly, when measuring the absorbance of the aged powder, a rapid 
decrease of light absorption was detected throughout the wavelength range (slight 
irregularities, observed as a jump of absorbance values at approximately 800-930 
nm, were caused by the change of detectors and can be neglected). This is 
believed to be due to the oxide layer present on the surfaces of powder particles, 
subjected to aging. It was likely that the presence of aluminum oxides, covering 
the particle surfaces, increased the distance for the laser beam to penetrate through 
the oxide layer, resulting in multiple reflections and lower absorbance for the aged 
96 h and R0 aged 96 h powder samples (Fig. 8) [31]. Another possible explanation 
for the acquired results is the change of powder color with aging which could 
contribute to the decrease of light absorbance due to the higher aged powder 
surface reflectivity.  

A relationship between the laser light absorbance and oxygen content in the 
powders is highlighted in Fig. 8, featuring the absorbance values plotted for the 
fiber laser (Table 3). A decrease of laser absorbance by 15 % was observed from 
the virgin to the aged 96 h powder state, revealing the significance of oxygen 
content in the powders.   
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Table 3. Average laser light absorbance by virgin, R0, aged 96 h and R0 aged 96 h 
AlSi10Mg powders  

Powder state 
Average laser light absorbance 

[%] 

Virgin 68.55 (±0.10) 

R0 68.48 (±0.09) 

Aged 96 h 58.23 (±0.13) 

R0 aged 96 h 58.13 (±0.09) 

 

 

Fig. 8. Average laser light absorbance by virgin, R0, aged 96 h and R0 aged 96 
h AlSi10Mg powders as a function of oxygen content, measured in these powders.  

As earlier explained in this chapter, the absorbance is a complex phenomenon, 
describing the interaction between the laser beam and the material. Therefore, 
when analyzing the results, demonstrated in Fig. 7 and 8, an interplay of powder 
and laser beam characteristics need to be accounted for.   
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3.3 Change of part properties due to processing and aging 

To determine the changes occurred in the final parts after laser processing and 
aging, density measurements, tensile tests and fracture surface analyses of the built 
structures were carried out. In addition to that, porosity analysis was conducted 
using computed tomography in order to measure the overall porosity in the 
studied samples as well as pore size and its position in the volume of the parts.  

The part density/porosity was investigated using the Archimedes method. The 
results are reported in Table 4. A significant difference was observed between R0 
(ρrelative=96.42 %) and R0 aged 96 h (ρrelative=93.50 %) powder samples. Please 
note that the parameters, used in this study, were standard parameters, provided 
by the machine supplier for this particular alloy, and were not adjusted for each 
powder state. Nor was it the objective of this research study. Therefore, the 
density values, presented in Table 4, were lower than the ones which could be 
obtained when processing AlSi10Mg powder with a proper parameter 
adjustment.  

Table 4. Density and porosity of final parts built with AlSi10Mg powder in various states, 
measured by the Archimedes method 

Powder state Relative density [%] Porosity [%] 

R0 96.48 (±0.22)  3.52 

R0 aged 96 h 93.50 (±0.41)   6.50 

 

Lower relative density results were detected in the specimens produced using the 
aged powder with respect to the values reported for the R0 condition. Fig. 9 
features optical cross-sections of R0 (a) and R0 aged 96 h (b) powder states, 
displaying the negative effect of aging on porosity formation. Furthermore, a lack 
of fusion and interconnected pores were visible in the optical images of the aged 
sample (Fig. 9 (b)), suggesting that the high oxygen content in the powder could 
cause a decrease of wetting within the powder layers [32, 33]. The percentage of 
porosity in the R0 aged 96 h powder specimen was 6.5 % in comparison with 
the R0 state with 3.52 %, respectively (Table 4). This result can be explained by 
establishing a relationship between porosity in final parts and oxygen content in 
the powders, depending on powder condition.   
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Fig. 9. Optical microphotographs of the cross-sections taken on the R0 (a) and 
R0 aged 96 h (b) samples, showing porosity levels in the printed parts.  

The formation of pores could also be ascribed to the unmelted oxide films present 
between the scanned tracks [34]. Layer-by-layer oxides, floating on the surface of 
the melt pool, are normally removed by the high energy laser beam, whereas the 
oxides at the edges of the melt pool tend to remain sound, creating regions of 
weakness and porosity as shown by Louvis et al. [35]. Furthermore, in the virgin 
powder, the pores are often driven to the surface by the centrifugal and the 
Marangoni convection and then escape into the atmosphere. In the aged powder, 
these mechanisms of pore elimination do not naturally occur due to the high 
oxygen content, altering the surface tension between the molten liquid and the 
ambient atmosphere. Consequently, the Marangoni convection may cause the 
liquid to flow inward and drive the pre-existing pores from the center to the 
bottom of the melt pool [36].  

The results acquired from CT measurements (Fig. 10) showed slightly different 
density/porosity values (Table 5) with respect to those collected by the 
Archimedes method (Table 4). The variation could be attributed to the 
differences in the methods’ procedures and implementation, considering that two 
different measurement techniques were employed. However, the trend remained 
unchanged, exhibiting a notable deterioration of part properties with aging.  

Table 5. Density and porosity of R0 and R0 aged 96 h cube samples measured by CT 
within a selected ROI (Fig. 11) 

Sample Density [%] Porosity [%] 

R0 99.03 0.97 

R0 aged 96 h 89.88 10.12 
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Fig. 10. View planes of CT scans, featuring pore distribution in the volume of 
R0 (a)-(d) and R0 aged 96 h cubes (e)-(h). The blue frame marks the defined 
ROI (9×9 mm).  

Beside the CT projections, highlighting the pore distribution in Fig. 10, a number 
of large pores can be observed in the R0 (Fig. 10 (a)-(c)) and R0 aged 96 h (Fig. 
10 (e)-(g)) specimens. These pores exhibit a rather convoluted shape which 
indicates a lack of fusion between the powder layers, resulting in the formation   
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of this type of defect [37]. Such defects could be caused by reduced wetting 
between the powder layers as a result of particle surface oxidation. When 
processing oxidized powders, the particle-particle pair interaction occurs between 
oxidized particle surfaces which can lead to poor wetting during the melting stage 
[38]. Another explanation for the increase of porosity with aging is the decrease 
of light absorbance by the powders in the aged state, reported in Section 3.2. In 
addition to that, the observed porosity could also be attributed to the non-
optimized process parameters.  

To understand a correlation between the pore occurrence in the built parts and 
the oxygen content in the powders, Fig. 11 was plotted as a function of powder 
condition. It can be observed that the oxygen content bars demonstrated a similar 
trend as the porosity levels, confirming a strong correlation between these 
variables. Hryha et al. [10] reported that the presence of oxide layers on top of 
particle surfaces reduces the surface tension of the melt pool and, consequently, 
wetting between the powder layers, causing lack of fusion defects. A similar 
behavior can also be observed due to the presence of oxidized spatters in the 
powder bed [33, 39, 40]. Therefore, it is likely that the increased oxygen content 
in the aged powder sample was responsible for the advancement of pore 
formation.  

 

Fig. 11. A correlation between porosity in final parts and oxygen content in the 
powders, depending on powder condition.   
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To determine mechanical properties of the as-built parts, tensile tests were 
performed on the specimens produced along horizontal (H) and vertical (V) 
directions, using all powder conditions. Fig. 12 and table 6 resume the acquired 
results.  

 

Fig. 12. Tensile records of R0 (a) and R0 aged 96 h samples (b). 

Table 6. Mechanical properties of final parts built with AlSi10Mg powder in R0 and R0 
aged 96 h states 

Powder 

state 

 Average yield strength 

YS  

[MPa] 

Average ultimate 

tensile strength UTS 

[MPa] 

Elongation 

at fracture 

ξ [%] 

R0 

H 166.0 (±0.8) 247.3 (±1.2) 4.9 (±0.5) 

V 171.7 (±1.2) 269.7 (±0.5) 7.1 (±0.9) 

R0 aged 
96 h 

H 140.3 (±4.7) 179.7 (±10.2) 1.5 (±0.2) 

V 150.3 (±1.2) 229.3 (±2.9) 3.4 (±0.4) 

 

A significant deterioration of the mechanical properties was observed in the R0 
aged 96 h build specimens in comparison with the R0 sample. The increased 
percentage of porosity in the structures built with the aged powder (observed 
earlier in Fig. 11), compared with the virgin condition, was likely responsible for 
the decrease of YS and UTS, similar to the previous study reported by Mae [41]. 
On the other hand, specimens, built in vertical direction, exhibited higher YS 
and UTS values than those obtained in horizontal direction. This could be  
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ascribed to the strong <100> texture and to the Z-oriented Si-network 
commonly found in AlSi10Mg alloy manufactured by LPBF [42]. 

Fracture surfaces of the R0 and R0 aged 96 h tensile specimens, built in horizontal 
and vertical directions, were also studied to understand the fracture mechanisms 
occurred during the mechanical testing. The results are shown in Fig. 13. An 
abundance of lack of fusion defects and unmelted particles were observed in all 
samples, in particular in the aged powder specimens, printed along the horizontal 
direction (Fig. 13 (b)). SEM images, collected onto the fracture surface of vertical 
tensile samples (Fig. 13 (c), (d)) showed several dimples, indicating that the failure 
mechanism was more ductile in these specimens, compared with the horizontal 
direction, which was also in accordance with the results present in Table 6. 

 

Fig. 13. SEM images collected on the fracture surfaces of R0 (a), (c) and R0 aged 
96 h (b), (d) powder specimens, built in horizontal and vertical directions. 
Unmelted particles are highlighted in red.  
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Furthermore, as seen in Fig. 13 (b) unmelted particles (highlighted in red) were 
mainly clustered in the specimen, printed with the aged 96 h powder. The 
presence of such unmelted particles could be attributed to the difficulty for the 
laser beam to disrupt the oxide films covering powder particles in the R0 aged 96 
h sample. This suggests that the selected process parameters may not be 
appropriate for the additive manufacturing of this highly oxidised aluminum 
powder. Another possible explanation of the observed phenomenon could be the 
lower powder absorbance values, obtained on the aged powder sample, compared 
with the R0 powder samples. It is likely that multiple reflections of the laser beam 
may occur when penetrating through a thicker oxide layer, resulting in a lower 
powder absorbance. 

4. Conclusions 

The following conclusions can be made based on the findings reported in this 
study:  

• AlSi10Mg virgin powder underwent minor property changes after single 
processing. However, oxygen content in the aged powder increased by 
approximately 4 times, compared with the virgin powder, indicating a 
severe oxygen pick-up as a result of aging.  

• No particle size change was detected between the virgin (D50=39.8 µm) 
and the R0 state (D50=39.9 µm), whereas the aged powder showed a 
slight tendency for coarsening (D50=43.5 µm), most likely as a 
consequence of long temperature exposure.  

• A notable decrease of absorbance (by 15 %) from the virgin condition to 
the aged was observed which could be attributed to the change of powder 
color with aging and particle surface oxidation.  

• As the oxygen level increased in the aged powder, porosity occurrence 
in printed samples became more frequent. It is likely that the presence of 
oxygen in the powder promoted pore formation in final parts.  

• A direct correlation between tensile strength and porosity levels with the 
change of powder condition was established, demonstrating a rapid 
decrease in ultimate tensile strength from virgin state to aged.   
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Abstract 

 

This study reports on the laser-assisted reduction of iron ore waste using Al 
powder as a reducing agent. Due to climate change and the global warming 
situation, it has become of paramount importance to search for and/or develop 
green and sustainable processes for iron and steel production. In this regard, a new 
method for iron ore utilization is proposed in this work, investigating the 
possibility of iron ore waste reduction via metallothermic reaction with Al 
powder. Laser processing of iron ore fines was performed, focusing on the Fe2O3-
Al interaction behavior and extent of the iron ore reduction. The reaction 
between the materials proceeded in a rather intense uncontrolled manner which 
led to a formation of Fe-rich domains and alumina as two separate phases. In 
addition, a combination of Al2O3 and Fe2O3 melts as well as transitional areas such 
as intermetallics were observed, suggesting the occurrence of incomplete 
reduction reaction in isolated regions. The reduced iron droplets were prone to 
acquire a sphere-like shape and concentrated mainly near the surface of the Al2O3 

melt or at the interface with the iron oxide. Both SEM, EDS and WDS analyses 
were employed to analyze chemical composition, microstructure and 
morphological appearances of the reaction products. High-speed imaging was   
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used to study the process phenomena and observe differences in the movement 
behavior of the particles. Furthermore, the measurements acquired from X-ray 
computed microtomography revealed that approximately 2.4 % of iron was 
reduced during the laser processing of Fe2O3-Al powder bed, most likely due to 
insufficient reaction time or inappropriate equivalence ratio of the two 
components.  

Keywords: Iron ore; Aluminum; Reduction; Sustainability; Laser powder bed 
fusion; Additive manufacturing 

1. Introduction 

Nearly 7 % of the carbon dioxide emissions released into the atmosphere come 
from the iron and steelmaking industries [1]. According to Holappa [2], 
conventional production of 1 ton of steel through the blast furnace route emits 
approximately 1.8 ton of CO2 which significantly contributes to climate change 
and global warming [3]. To reduce the amount of CO2 emissions, the iron and 
steel production sector is currently searching for alternative technologies to 
manufacture steel using more sustainable and environmentally friendly processes.  

In general, the reduction of CO2 can be achieved by either making certain 
improvements in the current iron and steelmaking methods [2, 4] or by 
introducing new technologies such as hydrogen-based reduction [5, 6], carbon 
capture, storage and utilization [7], and electrolysis [8]. Iron ore reduction using 
hydrogen as the reducing agent has been studied previously [3, 9, 10] and has 
shown a great industrial potential to substitute the traditional steelmaking route 
via the converter process with an eco-friendlier technology. The use of hydrogen 
instead of carbon monoxide during the reduction process allows to reduce iron 
from iron oxide, producing water vapor instead of CO2. Germany is currently 
exploring direct reduction of iron ore via a hydrogen-powered pilot plant 
through the project H2H (H2 for Hamburg) [11]. In Luleå (Northern Sweden), 
the ongoing initiative HYBRIT (Hydrogen Breakthrough Ironmaking 
Technology) is focused on manufacturing a completely fossil-free steel via 
reduction of iron ore-rich pellets using hydrogen, generated by water electrolysis 
[12, 13]. However, the process has not reached complete sustainability yet as the 
pelletizing method results in the formation of iron ore fines which are rarely used 
further. 

Among other carbon-free processes, metallothermic reduction of iron ore using 
Al as a reductant can also be mentioned [14, 15]. The reaction between Fe2O3 
and Al is highly exothermic when the mixture is submitted to thermal or 
mechanical treatments [16]. It is an example of the intensive reaction behavior 
between metals and metallic or non-metallic oxides known as thermite [17] and 
it carries on in a form of oxidation-reduction reaction [18]. The use of the   
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thermite reaction is found in various fields, including welding of railways [17, 19], 
composite synthesis [20, 21], preparation of magnetic granules [22] and alumina 
coatings inside metal pipes [17].  

Based on the collected knowledge about iron ore reduction and its current 
development towards becoming a green carbon-free concept, a new approach for 
extracting iron from iron ore is introduced in this study. The proposed method 
combines the use of iron ore powder fines (the by-product of the pelletizing 
process) as a source of iron in a pulverized form and Al powder as a reducing 
agent processed by a laser beam as a heat source. Lasers have been used for 
thermite mixture ignition before, although mainly for pyrotechnic purposes [23-
27]. However, the metallothermic mechanism of iron ore reduction by Al under 
laser irradiation has not been previously explored. Although the current 
production of aluminum requires a lot of energy and needs a more sustainable 
approach for manufacturing [28-30], in this work Al was selected as a case study 
material due its high tendency to reduce oxides [17, 31] and its extensive 
application for the preparation of thermites [27]. Furthermore, due to the high 
exothermicity of the Fe2O3-Al system and the self-propagating nature of its 
reaction [14-17], laser irradiation as a means for initiating the reduction 
mechanism should be possible. Therefore, this knowledge was used to investigate 
the mechanism of iron ore waste reduction in the studied thermite mixture. The 
reduction reaction occurs at the interface between the Fe2O3 and Al powders beds 
once the materials are exposed to laser irradiation. The essential idea behind the 
proposed approach is to utilize the iron ore fines, which are difficult to process in 
their initial form, in a pre-placed powder bed to make the pellet production route 
more sustainable and waste-free. Additionally, the laser processing of the materials 
was carried out in a manner partially similar to the laser powder bed fusion (LPBF) 
process, where the laser-material interaction occurs in a powder bed. LPBF is 
widely known as a process of building components layer by layer where powder 
is employed as a feedstock material and a laser beam as a tool to melt or fuse 
powder particles together [32]. Laser processing of iron ore powder in additive 
manufacturing (AM) has barely been explored before, except for its light 
absorbance, measured in a wide range of laser wavelengths [33], and the use of 
iron ore in direct energy deposition (DED) [34]. Hence, it is important to gain 
an understanding of the process behavior in a powder bed when such a non-
standard powder composition is used.  

Therefore, this paper investigates the feasibility of laser-assisted reduction of iron 
ore powder into iron. The interaction between Fe2O3 and Al powders, exposed 
to laser irradiation, is at the focus of this research work, showing the rapid 
formation of the melt pool and its intense behavior, attributed to the thermite 
nature of the Fe2O3-Al powder system. Due to the fast and intensive, thermite   
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reaction between liquid Al and Fe2O3, it was relatively challenging to control its 
outcome. This resulted in the formation of Fe-rich domains, surrounded by either 
single Al2O3 phase or a combination of Al2O3 and Fe-Al–based transitional areas. 
These Fe-rich domains tended to acquire a near-spherical shape and accumulated 
extensively near the surface of the melt. High-speed imaging was employed to 
observe the process phenomena and capture the Fe2O3 and Al powder particle 
transfer in the process zone, revealing their dissimilar movement behavior. The 
nuggets, containing the reduced iron, were analyzed using energy-dispersive X-
ray spectroscopy (EDS), showing different microstructures, formed during laser 
processing. In addition to that, X-ray computed microtomography was used to 
investigate the amount of reduced iron in the volume of the generated droplets 
as well as their spatial distribution. 

2. Experimental procedure 

2.1 Powder characterization 

Once extracted from the mine in Kiruna (LKAB, Northern Sweden), iron ore in 
a form of magnetite (Fe3O4) undergoes screening, crushing, magnetic separation, 
concentration and finally pelletization in order to become iron ore-rich pellets, 
used for steelmaking. During the described process stages, the ore is exposed to a 
number of heat cycles which lead to material oxidation [35]. Therefore, the pellets 
as well as the iron ore fines, mainly consist of hematite (Fe2O3) by the end of their 
manufacturing process.  

In this study, iron ore powder fines, collected from the iron ore pelletization 
process, with a size range between 10 and 45 µm (with the mean size D50=28 
µm), and atomized Al powder (99.5 % Al) with a size range between 50 and 160 
µm (D50=102.6 µm) were employed to investigate the possibility of iron ore 
reduction via a laser-irradiated metallothermic reaction between liquid Fe2O3 and 
Al. The particle size distribution (PSD) of both powders was measured by the 
dynamic image analysis (CAMSIZER X2 model) and can be seen in Fig. 1. The 
utilization of a significantly coarser grain size of Al powder can be explained by 
(i) the tendency of Al powder to pick up more oxygen as the particle size 
decreases, and (ii) the possible increase in the thermite reaction duration (due to 
a less convoluted surface area of the particles which should decrease the reactivity 
of the thermite mixture [17]) to enable the process observation with a high-speed 
camera.   
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Fig. 1. Particle size distributions of Fe2O3 (a) and Al (b) powders, showing their 
cumulative Q3 and density q3 distributions.  

An FEI Magellan 400 extreme high-resolution scanning electron microscope 
(with a resolution of ≤ 1 nm in the range of 1 to 30 kV) was used to analyze the 
morphology of the powders (Fig. 2).  

 

Fig. 2. Morphology of iron ore (a) and Al powders (b). 

2.2 Laser processing of Fe2O3 and Al powders 

Laser processing of adjacent Fe2O3 and Al powder beds (100×50×1 mm) was 
carried out using a continuous wave IPG Yb-fiber laser, with a wavelength of 
1070 nm and a beam diameter of 250 µm at the focus. The optics consisted of a 
100 mm focal length collimator and a 500 mm focal length focusing lens. The 
powders were processed at a constant laser power of 300 W. Other variable 
parameters are presented in Table 1. Several power-speed combinations as well as 
laser beam defocusing positions were tested prior to the experiments for   
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optimization and to ensure that no substrate melting occurred during the powder 
processing. For the same reason, a Cu plate was used as a substrate material to 
prevent powder attachment to the base material. The difference in scanning speed 
was attributed to the fact that the Fe2O3 oxide is not easy to let go its oxygen early 
in the reaction with metals [18]. Samples 1, 5, 6, 8 were processed with a lower 
scanning speed (8.3 mm/s) in comparison with samples 3, 4, 7 (16.7 mm/s) to 
study the impact of laser exposure time on the extent of iron ore reduction. 
Aluminum (Sample 2) was scanned with a higher speed (25 mm/s) to minimize 
the vaporization of the material. To increase the laser beam diameter and, 
consequently, the powder particle area exposed to laser irradiation the powders 
were processed with defocused laser optics. Defocusing steps/lengths of +80 mm 
(laser beam diameter of approximately 2.24 mm) and +40 mm (laser beam 
diameter of approximately 1.12 mm) were utilized (Table 1). 

Table 1. Parameters used for the processing of Fe2O3 and Al powders 

Sample 
number Material composition Scanning speed 

[mm/s] 
Focal plane 
position, [mm] 

1 100 % Fe2O3 8.3 +80 

2 100 % Al 25 +40 

3 50 % Fe2O3-50 % Al 16.7 +40 

4 50 % Fe2O3-50 % Al 16.7 +40 

5 50 % Fe2O3-50 % Al 8.3 +40 

6* 50 % Fe2O3-50 % Al 
powder mix 8.3 +40 

7 50 % Fe2O3-50 % Al 16.7 +40 

8 50 % Fe2O3-50 % Al 8.3 +40 

*- the material composition is processed as a premixture of two powders.  
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Fig. 3. Setup schematics, featuring the position of two powder beds and laser 
processing of the powders. 

Fig. 3 displays the setup arrangement where the two powder beds, consisting of 
Al and Fe2O3 powders, were placed next to each other. The powder layer 
thickness was 1 mm on both sides. The laser processing occurred at the interface 
of the two powder beds, with the laser beam spot positioned in the middle with 
50 % of the beam on the Fe2O3 powder bed and 50 % on the Al side. Please note 
that the powder layer distribution was carried out manually, therefore, deviations 
the interface line between the two powder beds could occur, causing possible 
powder misalignments, which could subsequently influence the outcome of the 
process. The reason behind processing the powders at the interface between two 
powder beds was the possibility to observe the laser beam-material interaction 
between the powders using a high-speed imaging (HSI) camera.  

Argon was used as a shielding gas to protect the process area from additional 
oxidation. The flow rate was set at 16 L/min to maintain a laminar flow. The gas 
tube (with a diameter of 20 mm), positioned on the side of the powder bed, was 
attached to the laser optics, covering the melt pool area throughout the laser 
scanning. The setup was tested during the preparation stage to ensure that no 
powder bed disturbances occurred due to the shielding gas flow.  
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2.3 High-speed imaging analysis 

A Photron FASTCAM Mini UX100 high-speed imaging camera and a 
CAVITAR provided CAVILUX CW illumination laser (two fiber-coupled 
outputs with a CW power of 50 W, 810 nm wavelength) were used to observe 
and film the powder interactions (Fig. 3). A narrow band pass filter, placed over 
the camera lens, was applied to remove the process light. During the experiment, 
the camera was inclined at 34° to the surface normal. The HSI videos were 
recorded at different frame rates and exposure times to maximize the quality of 
videos and capture the process phenomena. The obtained videos were analyzed 
using a Photron FASTCAM Viewer software which enabled a frame-by-frame 
analysis within a selected region of interest (ROI). 

2.4 Chemical and microstructural analyses 

After laser processing, the solidified nuggets were collected from the substrate to 
be prepared for chemical analysis and microstructural characterization. The sample 
preparation included hot mounting in electrically conductive epoxy, grinding and 
polishing. The cross-sections were analyzed by an FEI Magellan 400 extreme 
high-resolution scanning electron microscope, at various magnifications. The 
system was equipped with an X-Max 80 silicon drift detector, manufactured by 
Oxford Instruments, which facilitated energy-dispersive X-ray spectroscopy 
(EDS) analysis on the samples to measure their element distribution. The 
elemental characterization was carried out using mapping, line and point analysis 
functions, provided within the system software. The following parameters were 
used for the EDS measurement: 0.20 nA current and 20 kV voltage.  

To verify the obtained results, particularly in the sample regions where Fe-rich 
domains were observed, the wavelength-dispersive X-ray spectroscopy (WDS) 
technique was also employed to measure the chemical composition of the 
samples. This was performed by a Carl Zeiss Evo scanning electron microscope, 
equipped with a WDS detector from Oxford Instruments. Prior to the analysis, 
the machine calibration was carried out to ensure reliable results. The WDS 
measurement was made at 500 pA beam current and 15 kV accelerating voltage. 

2.5 X-ray computed microtomography of produced nugget 

X-ray computed microtomography (μCT) measurements were performed 
utilizing a Zeiss Xradia 510 Versa system with 6.5 W and 60 kV accelerating 
voltage. An X-ray transparent polycarbonate tube was employed as a nugget 
holder. The sample was positioned 8 mm from the X-ray source and 14 mm from 
the CCD detector. A 4× magnification objective lens was used, yielding a field 
of view of approximately 2.5 mm, with a 1.23 µm spatial resolution. The exposure 
time was set at 3.5 s. 3200 projections of the sample were made (5.5 h scan time)   
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to observe the spatial distribution of the Fe phase and measure the amount of Fe 
within the volume of the sample. The image analysis was carried out using 
Dragonfly 2020.1 software [36], provided by Object Research Systems. 

3. Choice of reducing agent 

As explained in Introduction, Al powder was selected as the reducing agent based 
on its high tendency to reduce oxides which is dependent on the Gibbs free 
energy of oxide formation [17]. However, the production of Al still requires an 
environmentally friendly approach to become a more prominent candidate for 
iron ore reduction. Therefore, in this study Al was only proposed as a case study 
material to gain knowledge and a better understanding of its behavior during iron 
ore reduction using a laser source.  

Thermite reactions belong to the group of oxidation-reduction reactions [18], 
meaning that the standard free energy delta of the reaction ΔG0 must be negative 
in order for the reaction to proceed from the left to the right [37]. Fig. 4 shows 
the standard Gibbs energies of formation of metal oxides (ΔG0, kJ) as a function 
of temperature (T, °C) [38].  

 

Fig. 4. Standard Gibbs energies (ΔG0) of oxide formation as a function of 
temperature (T). M refers to the melting point of metal; m refers to the melting 
point of oxide; B refers to the boiling point of metal.  
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Calcium and magnesium exhibit higher Gibbs free energies of oxide formation at 
low temperatures in comparison with aluminum. However, their reducing 
tendency rapidly decreases with the increase of temperature once they reach the 
boiling stage. Aluminum, on the other hand, is less volatile and can reduce a 
majority of oxides at relatively high temperatures (up to 2500 K) as reported in 
[17]. 

4. Results and discussion 

4.1 Interaction between two reactive materials under laser irradiation 

The interaction of the laser beam on the adjacent powder beds of Fe2O3 and Al 
(Fig.3) leads to an occurrence of several complex phenomena, including the 
initiation of a reduction-oxidation reaction between the materials, accompanied 
by multiple explosions in the process zone, and the gradual formation of the melt 
pool. Fig. 5 (a)-(d) shows a sequence of HSI snapshots, capturing several stages of 
the Fe2O3-Al powder interaction with the laser beam. The powders begin melting 
once exposed to laser irradiation, generating a meltpool that becomes 
progressively more unstable with extensive vaporization that tends to collapse due 
to the Plateau-Rayleigh instability [39]. The recoil pressure induces melt pool 
fluctuations that lead to intense spatter formation. The initiation and rapid 
propagation of the reaction between the two materials can be observed in Fig. 5 
(a)-(c), featuring the actual burning of the thermite mixture with concurrent 
energy release (the bright flame above the melt pool area). It is noteworthy to 
mention that the initial powders did not possess a near-spherical shape (Fig. 2), 
though a large number of sphere-like particles, flying above the process zone, 
could be seen throughout the process. This indicates that these airborne 
particles/droplets underwent melting and acquired a near-spherical morphology 
as they solidified. Sullivan and Zachariah [38] reported that the reaction between 
Fe2O3 and Al normally carried out at a slower rate in comparison with other 
thermite systems. This reaction kinetics difference stems from the fact that the 
iron oxide tends to retain oxygen at the initial stage of the reaction with metals 
[18, 19, 40]. As a consequence, the particles have sufficient time to coalesce due 
to the slower reaction rate [18].  

In addition, taking into account the Fe2O3 tendency to retain oxygen, the 
powders were processed at two different scanning speeds (8.3 mm/s and 16.7 
mm/s) to study the influence of laser exposure on the extent of iron ore reduction 
(as mentioned in Section 2.2). However, due to the unstable nature of the process 
and possible variations in the powder composition at the powder bed interface, 
the obtained results were difficult to ascribe to solely one process parameter. 
Therefore, this aspect is not discussed further in this section.  
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Fig. 5. Captions of HSI photographs, featuring the interaction of iron ore and Al 
powders with the laser beam. Multiple explosions due to the particle interaction 
can be observed at the initial stage (a), ignition (b)-(c), accompanied by the 
formation of vapor halo, and a gradual extinguishment (d). 

Interestingly, the HSI videos also captured another phenomenon, depicting the 
interaction of Fe2O3 and Al melts. Occasionally, a collision of several ejecta was 
observed, initiating a thermite reaction in flight (Fig. 6 (a)-(b)). Spatter ejection 
and the collision of ejected particles are common phenomena in laser powder bed 
fusion [41, 42]. However, the process is not normally accompanied by “a flame 
formation” (Fig. 6 (c)) at the time of encounter that, in this case, indicated the 
collision of Fe2O3 and Al droplets. The observed collisions can result in either the 
consolidation or disintegration of the droplets (Fig. 6 (d)-(f)), most likely with a 
subsequent change of their travel direction.   
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Fig. 6. A sequence of images, capturing two droplets, ejected from the melt pool 
(a), approaching each other (b), droplet collision (c), rupture of the two melts (d) 
and a formation of new droplets, changing travel direction (c)-(f). 

In general, a thermite comprises a mixture of powders which can be processed in 
both confined and unconfined systems [43]. Thus, depending on the system 
geometry and the packing density of the mixture, the reaction propagation rate 
can vary significantly [18, 43]. The same applies to the chemical composition of 
the reaction products which is heavily influenced by the chemistry of the thermite 
mixture (including the stoichiometry and homogeneity of the thermite system), 
reaction extent, processing conditions, and cooling conditions [19, 25].  

In this work, the process conditions were affected not only by the placement of 
the powders in a two-sided powder bed and the position of the laser beam in 
relation to the powders’ interface but also by the particle size and morphology of 
the reactants. Fig. 7 shows the main powder bed consisting of Al powder on the 
left side and Fe2O3 powder on the right side. The laser beam was positioned 
exactly onto the powders’ border line to ensure that 50 % of each material was 
constantly exposed to laser irradiation.  
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Fig. 7. A high-speed imaging snapshot, showing an active movement and 
entrainment of particles in the Al powder bed with the Fe2O3 powder bed having 
no visible particle movement. The yellow dashed line shows the particle 
entrainment area, whereas the yellow arrows show the direction of the particle 
movement.  

Due to the different nature of the powders, Al powder particles were observed to 
be attracted towards the melt pool area whereas the Fe2O3 particles remained 
mostly stationary. This was attributed to the fine size and convoluted shape of the 
Fe2O3 powder which presumably triggered the formation of mechanical contacts 
between the iron ore particles and increased interparticle friction. As a 
consequence, only iron ore particles, adjacent to or located in the vicinity of the 
melt pool, were able to contribute to the formation of the melt and interact with 
Al. Contrary to the Fe2O3 powder, gas atomized Al particles exhibited an active 
movement in the process zone, easily detaching and traveling towards the melt 
pool zone.  

Pease note that both powders were slightly compacted on the main powder bed 
prior to laser processing. The compacting was carried out to improve the packing 
density of the powder layer which should have improved the heat transfer within 
the thermite system. The powder layer packing could have had its effect on the 
movement of the powder particles on the powder bed.  

The differences in the particle movement behavior and melting temperatures of 
the powders led to the formation of a melt pool which predominantly consisted 
of Al2O3 with regions of iron oxide, observed near the surface of the main melt. 
Two melt bodies (bright alumina-based phase and gray-colored iron oxide-based 
phase) are clearly observed in Fig. 8. Fig. 8 (a)-(j) demonstrates a sequence of HSI 
photographs, showing the interaction between the main body of the melt and 
iron ore particles that are pushed towards the melt by either the pressure gradient   
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in the area or by the aluminum oxide melt fluctuation. The snapshots feature the 
interaction of the Fe2O3-Al2O3 melts behind the laser beam where the melts are 
significantly cooler than in the laser beam area. The temperature difference 
between the phases can be seen: a bright hot region of Al2O3 and a grey Fe2O3-
rich droplet-like area with occasional alumina-based islands, floating on the 
surface of the droplet. A poor wetting between the melt surface and the powder 
particles can also be observed which eventually leads to the attachment of the two 
materials as they solidify.  

 

Fig. 8. A sequence of high-speed imaging snapshots, capturing the interaction of 
Fe2O3 and Al powders in the melt pool area. The melt pool mainly consisted of 
Al2O3- and Fe2O3-based phases (a), with occasional Fe2O3 particles (encircled in 
yellow), pushed towards the melt (b)-(c). The particles appear to remain floating 
on the surface of the melt (d)-(h) until their final fusion to the cooler part of the 
melt pool (i)-(j). SD (red arrow) refers to the scanning direction. 

A visual record of reaction phenomena during Fe2O3-Al interaction, captured by 
high-speed imaging, can be particularly valuable when explaining the outcome of 
the reaction products, their morphological features and phase distribution.  

4.2 Products of the Fe2O3-Al reduction reaction and indications of their 
formation 

According to the Fe-Al-O phase diagram (Fig. 9), aside from a clear formation of 
metallic Fe and Al2O3, several intermediate phases can crystallize, depending on 
the initial thermite mixture composition and process conditions.  

Complete aluminothermic reduction of iron ore proceeds as expressed in the 
following chemical reaction (1):  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝑂𝑂𝑂𝑂3 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 → 2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝑂𝑂𝑂𝑂3 + 𝑄𝑄𝑄𝑄1                                                                       (1) 

where 𝑄𝑄𝑄𝑄 is the heat release of the reaction [14, 19].  
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Fig. 9. Ternary Fe-Al-O phase diagram at T=2000 C, acquired using the 
FactSage Education 8.1 software.  

When the process conditions are not sufficient for the completion of the reaction, 
due to either the excess (2) or deficiency of Al in the stoichiometric ratio (3) [16], 
or a change of the process parameters/conditions/configuration (4) [14], an 
incomplete reduction occurs as given in the chemical reactions below:  

3𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝑂𝑂𝑂𝑂3 + 8𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 → 2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 3𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝑂𝑂𝑂𝑂3 + 𝑄𝑄𝑄𝑄2                                                           (2) 

9𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝑂𝑂𝑂𝑂3 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 → 6𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3𝑂𝑂𝑂𝑂4 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝑂𝑂𝑂𝑂3 + 𝑄𝑄𝑄𝑄3                                                              (3) 

3𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝑂𝑂𝑂𝑂3 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 → 5𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝑂𝑂𝑂𝑂4 + 𝑄𝑄𝑄𝑄4                                                            (4) 

Therefore, it is important to carry out the process in a controlled manner in order 
to achieve a maximum reduction effect. In this study, due to the fast and almost 
instant laser-induced reaction between liquid Al and Fe2O3 as well as their melting 
temperature differences, it was relatively challenging to control the thermite 
process. This resulted in a formation of various Fe-rich domains, surrounded by 
either aluminum oxide or a combination of Al2O3, “underreduced” iron oxides 
(Fe2O3, Fe3O4, and FeO) and intermetallic compounds. Additionally, slight 
deviations in the Fe2O3-Al powder interface alignment in the main powder bed 
could cause a stoichiometric change between the reactants, leading to a formation 
of undesired phases or an alteration in the reaction mechanism.  

Fig. 10 shows eight different cross-section locations (a)-(h) which mostly contain 
Fe and Al2O3 as separate phases, formed after the 50-50 % processing of the Fe2O3-
Al powder bed interface (c)-(h) (Supplementary material.). The corresponding 
chemical compositions as a map of elements (Fe, O, Al) are presented in Fig. 11.  
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Locations 1 (Fig. 10 (a)) and 2 (Fig. 10 (b)) are given as a reference for the reader 
to get familiar with the appearances of Fe2O3 and Al-rich phases.  

 

Fig. 10. Microphotographs of various cross-sections, highlighting different phases 
(a)-(h) which can be formed after laser processing of Fe2O3-Al system 
(Supplementary material). Numbering from 1 to 8 is introduced to identify 
different locations on the cross-sections. The yellow arrows show the phase 
locations.  

As previously mentioned in Section 4.1, the chemical composition of the 
Fe2O3-Al reaction products depends significantly on the initial composition of the 
reactants, reaction kinetics and extent, as well as its cooling conditions [19]. As 
seen in Fig. 10, Fe and Al2O3 formed as separate phases, most likely due to their 
density differences. Additionally, a large number of pores and cracks were 
observed which could be attributed to the vaporization of entrapped/adsorbed 
gases and volatile products of the thermite reaction during laser processing. It is 
also known that the reaction between Fe2O3 and Al has a self-sustaining nature, 
similar to the mechanism of self-propagating high-temperature synthesis in which 
the combustion synthesis is initiated by locally igniting a part of the sample [44, 
45]. Durães et al. [19] carried out a detailed study on the Fe2O3-Al thermite system 
in which it was reported that these components react primarily in a gaseous phase, 
“…only returning to liquid and solid after their combination.” The presence of 
the vapor phase during the materials’ interaction was also observed by Grapes et 
al. in their work [18]. Therefore, it is quite likely that the pores, detected in Fig. 
10 (d)-(h), were induced by the intense vaporization of the reactants. Another 
possible explanation for the pore/crack formation is that due to the higher density 
of hematite (5.26 g/cm3), compared with magnetite (5.17 g/cm3) (Fe2O3 → 
Fe3O4 → FeO → Fe at T > 570 °C), crack formation can occur as a result of 
volume changes [1].  
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The reaction products shown in Fig. 11 feature single-phase Fe2O3 (site 1) and 
Al-rich area (site 2) nuggets with a relatively homogenous distribution of elements 
within their volumes. Location 3 demonstrates a combination of alumina and a 
Fe-Al intermetallic with a needle-like shape, whereas site 4 shows a typical Fe2O3-
Al2O3-based slag with a few Fe-rich domains, concentrated in the middle of the 
nugget. In these cases, Fe-Al and Fe2O3-Al2O3 domains were formed, indicating 
that the reduction reaction was incomplete, most likely due to a lack of reaction 
time or inappropriate equivalence ratio of the two reactants. By contrast, sites 5-
8 mainly contain two-phase regions with a distinct phase separation, most likely 
due to the materials’ mutual insolubility [19] and different cooling rates. Site 6 
was processed as a mixture of two powders (50-50 %) and showed that, regardless 
of the powder bed configuration, Fe and alumina phases were still produced. 
These locations are of significant interest for this study as they give evidence for 
the occurrence of iron ore reduction.  
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Fig. 11. A map analysis of the main chemical elements (Fe, O, Al), observed on 
different cross-sections. Note that site 2 (Al-containing nugget) shows Si instead 
of Fe.  
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In particular, case 5 highlights a Fe-rich region (approximately 1 mm × 0.8 mm 
in size), attached to the surface of the alumina melt (Fig. 12 (a)). To ensure that 
the observed droplet contained Fe, in addition to the EDS measurement, a WDS 
analysis was performed. Fig. 12 shows the results of the analysis, measured within 
a certain ROI (b) (Supplementary material). It can clearly be observed that the 
droplet surface consisted mainly of Fe (c) with minor amounts of O and Si which 
could be present in the form of a thin surface oxide layer. Furthermore, other Fe 
domains, developed in site 8, were also composed mostly of pure Fe (Table 2).  

Table 2. Wavelength-dispersive spectroscopy analysis of sites 5 and 8 

Element Weight % Atomic % 
Site 5 8 5 8 

O 0.322 0.550 1.112 1.892 

Al - 0.056 - 0.115 

Si 0.173 0.128 0.340 0.251 

Fe 99.506 99.265 98.548 97.742 

 

The formation of individual Fe-rich domains, separated from the remaining melt, 
can be seen in several locations, mostly near the surface of the nugget and 
surrounded by the Al2O3 matrix, or at the border between Fe2O3 (Fe3O4, FeO) 
and alumina, presumably in the diffusion area. Such a behavior for the Fe grains 
to reside inside the Al2O3 melt could be attributed to the excess of Al at the time 
of the reaction which led to the encapsulation of iron oxide by aluminum. As a 
consequence, the nucleation conditions necessary for the occurrence of the 
topochemical reduction reaction were impaired. In certain conditions, Fe 
preferred to accumulate close to the surface area of the nuggets. These conditions 
can be called favorable as they promote the separation of Fe from aluminum 
oxide, most likely due to the density differences and sufficient time for the 
reaction. The observed phenomenon could also be a consequence of lack of 
wetting between two reactants, resulting in an unstable movement of the main 
melt pool, with a floating iron oxide on the surface of the melt. As the oxide 
particles float on the liquid alumina, a reduction reaction may take place (Fig. 8).  



192 Paper E Tatiana Fedina 

 

 

Fig. 12. WDS analysis, carried out on the Fe droplet, observed in site 5 (a). The 
region of interest, highlighted in yellow (b), shows the location where the 
spectrum 1 (c) was acquired (Supplementary material).  

In addition to the eight main locations on the cross-sections, transitional areas 
within the Fe2O3-Al system were also examined. Fig. 13 illustrates transition 
regions between various phases, giving certain indications about the history of 
their formation. A matrix of Fe2O3 and Al2O3 oxides with occasional near-
spherical Fe-rich domains can be observed in Fig. 13 (a), suggesting that only 
partial reduction of iron ore occurred in this region. FeAl3 intermetallic (Fig. 13 
(b)) could be formed due to the excessive amount of Al in this region, as given in 
(2), whereas the transitional phase, adjacent to the Fe domain in Fig. 13 (c), was 
likely formed by the chemical reaction between the reactants. It is also possible 
that the presence of this transitional phase could have been attributed to the 
specific conditions of the reaction under which a higher oxide (FeO) could have 
formed during the decomposition of Fe2O3, leading to a formation of 
intermediate phases with Al [17, 47].  
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Fig.13. Microstructure locations with transition regions (the dashed lines) 
between different phases which give history indications about solidification (a), 
two melt interaction (b, c) and diffusion (c). 

Despite the relatively short duration of the thermite reaction (approximately 1.8 
s at 8.33 mm/s to produce a 15 mm track), the reduced Fe-rich areas were prone 
to acquire a sphere-like shape which could either be attributed to the iron phase 
growth mechanism or having sufficient time for Fe particle/region coalescence 
during processing. Such morphological features could also originate as a result of 
the Fe2O3 and Al powders’ interaction with the laser beam, followed by a clear 
separation of the two melts during cooling. Some of the Fe domains could also 
be melt pool spatters that landed on the liquified track and then solidified. 

4.3 Extent of iron ore reduction and spatial distribution of reduced iron 

This section discusses the degree of iron ore reduction by Al powder and the 
distribution of reduced iron within the volume of produced nuggets. To the 
authors’ knowledge, the extent of iron ore reduction depends on the initial 
composition of the reactants, their ratio and form of processing (as a mixture or 
in a two-component powder bed), as well as on the reaction kinetics, process 
parameters and experimental conditions [14-19]. However, due to the complexity 
of the reaction between Al and Fe2O3, it is still relatively challenging to control 
the resulting microstructure and reproduce the process. 

Fig. 14 highlights a droplet projection (a) (sample 5) and its 3D reconstruction 
(b), acquired with μCT (Supplementary material). It can be seen that the nugget 
consists of two different melts, with multiple phases accumulated on the left side 
of the nugget, primarily nearly the edge of the Fe2O3 melt and at the border 
between Fe2O3 and Al2O3 (a). The gray levels observed in the μCT scan 
correspond to X-ray attenuation which is associated with the material’s 
composition and density [46]. The bright white spots, exhibiting a near-spherical 
shape, are Fe-rich domains, whereas gray areas are most likely transitional phases 
(needle-like appearances) and iron oxides (light gray areas), comprising the Fe-
O-Al slag. The dark gray domains stretched in the middle of the droplet contain 
alumina.  
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Fig. 14. μCT images of the 50 % Fe2O3-50 % Al powder sample, showing a 
multiphase projection of the nugget in XZ direction (a) and a 3D reconstruction 
of the whole nugget (b). The distribution of Fe domains (highlighted in red) 
within the volume of the sample can also be observed.  

Fig. 14 (b) shows a spatial distribution of reduced iron within the volume of the 
droplet. Most of the reduced iron domains were accumulated close to the surface 
or inside the Al2O3 part of the nugget, as well as the interface between the iron 
oxide and alumina. Based on the voxel intensity of each pixel, it was possible to 
differentiate between various phases and extract the amount of reduced iron. 
Approximately 2.4 % of iron (with Fe > ~ 98 at.-%) was produced during the 
reduction reaction with Al. The remaining Fe was found to exist mostly in a form 
of underreduced iron oxides (Fe2O3, Fe3O4, FeO), intermetallics or in the Fe-O-
Al slag. It is likely that the process conditions had a major influence on the 
reaction kinetics and were not optimal for the accomplishment of the full-scale 
reduction process. 

5. Conclusions 

• Laser processing of preplaced iron ore and aluminum powders led to a 
formation of numerous Fe-rich domains (with Fe > ~ 98 at.-%), 
indicating the occurrence of the reduction reaction between the 
materials. Furthermore, these Fe-rich areas were predominately 
surrounded by Al2O3-based matrix, with occasional Fe-Al regions 
observed in the vicinity of the reduced iron. This indicates that both 
complete and incomplete reduction reactions took place which were 
mainly governed by the process conditions and the Fe2O3-Al degree of 
interaction.  



Tatiana Fedina Paper E 195 

 

• Due to the thermite nature of the Al and iron ore powder reaction, 
multiple explosions occurred when laser processing the powders, 
capturing intense ejection of melt droplets. Occasionally, several droplets 
expelled from the melt pool collided, initiating a thermite reaction in 
flight, followed by either the droplets’ consolidation or the rupture of the 
two colliding melts.  

• Mainly particles from the Al powder bed were moving towards the melt 
pool area, whereas Fe2O3 particles appeared to remain in place. This can 
be explained by the fine size and convoluted shape of the iron ore powder 
which promoted the formation of mechanical contacts between the 
Fe2O3 particles and increased interparticle friction. As a result, only iron 
ore particles directly exposed to laser irradiation and/or adjacent to the 
melt could contribute to the formation of the melt pool and interact with 
Al.  

• Both EDS and WDS chemical analyses confirmed the formation of 
reduced iron, mainly as a separate phase within the remaining Al2O3 melt. 
In certain regions, Fe-Al and Fe2O3-Al2O3 domains were formed, 
indicating that the reduction reaction was incomplete, most likely due to 
a lack of reaction time or inappropriate equivalence ratio of the two 
reactants.  

• The Fe-rich areas tended to acquire near-spherical shapes which could be 
attributed to the iron growth mechanism, induced by the reduction 
process. Such morphological features could also originate as a result of the 
Fe2O3 and Al powders’ interaction with the laser beam, followed by a 
clear separation of the two melts during cooling. 

• According to µCT, the 50 % iron ore - 50 % Al powder sample contained 
2.4 % of the reduced iron. The unreacted Fe appeared to remain in a 
form of iron oxides, intermetallics or as a part of the Fe-O-Al slag. The 
Fe-rich areas were mainly observed close to the surface (sites 5-7) or 
inside the Al2O3 melt (sites 4, 6, 8) as a separate phase, and at the border 
with the Fe2O3-rich domain (sites 4, 8), presumably in the diffusion area. 
Such a distinct phase separation could potentially be applied as a 
mechanism for the extraction of iron from iron ore waste material.   
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Abstract 

 

This study reports on the high-speed imaging investigation possibilities of laser 
beam-material surface interaction when processing Fe2O3-Al powders and an 
Fe2O3 powder-AlSI5 wire combination in directed energy deposition. In-situ 
observation of various melt pool phenomena and exothermic reaction behavior 
of the material systems using high-speed imaging was at the focus of this research 
work. Depending on the feed material arrangement (powder-powder or powder-
wire) and process parameters, significant differences in the melt pool formation 
were observed, including melt pool separation into two distinct phases and the 
occurrence of thermite reaction at different stages of the process. In addition to 
that, the influence of feed materials and laser power on the thermite reaction time 
was discussed in detail, showing their dissimilar behavior. During laser processing 
of the powder-powder arrangement, the reaction duration increased with the 
increase of laser power, whereas the powder-wire configuration demonstrated the 
opposite trend, most likely due to the smaller surface contact area, developed 
between the iron ore particles and the AlSi5 wire. Chemical composition, 
morphological appearances and phase accumulation were analyzed using scanning 
electron microscopy and energy-dispersive X-ray spectroscopy. The obtained 
data were used to establish a connection between the melt pool and the reaction  
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 products. High-speed imaging was utilized throughout the experiments to 
observe and capture the process phenomena. 

Keywords: High-speed imaging; Directed energy deposition; Additive 
manufacturing; Thermite reaction; Iron ore; Aluminum 

1. Introduction 

Since the advent of high-speed imaging (HSI) in 1878 when Eadweard 
Muybridge [1, 2] managed to capture a sequence of images depicting a galloping 
horse, significant progress has been made in the field of image analysis [2-4]. The 
brilliance of HSI has vastly been demonstrated by capturing various scientific 
events, including the first nuclear detonation, recorded by Berlyn Brixner [5], and 
the splash of a milk droplet, successfully visualized by Harold Edgerton [2]. 
Nowadays, HSI has become a valuable technique for studying material interaction 
and process phenomena [6-9]. Typical applications of HSI include fluid dynamics 
[2, 10], ignition behavior and explosions [6, 11-13], materials testing [7], welding 
[8, 14], medicine [15], and sports science [16]. In additive manufacturing (AM), 
the use of HSI cameras has become vital as it allows a detailed visualization of the 
process behavior and advances our understanding of the laser-material interaction 
[9, 17-21]. For instance, Matthews et al. [22] observed the melt pool dynamics in 
a pre-placed powder bed using a high-speed imaging camera and discovered the 
mechanism of vapor-driven particle entrainment. Bidare et al. [23] utilized a 
combination of high-speed and schlieren imaging to study the laser plume 
behavior and the denudation phenomenon (a particle depletion area near the sides 
of a solidified track [24]) in powder bed fusion-laser melting (PBF-LM) process. 
The authors’ original work depicted the formation of denuded areas after different 
scanning strategies were used over several layers. High-speed synchrotron X-ray 
imaging is another technique which utilizes an X-ray detector and a high-speed 
imaging camera [17]. Wolff et al. [19] used such an equipment to investigate the 
incorporation of dissimilar powders into a single melt pool during directed energy 
deposition (DED). The obtained results allowed to observe and understand the 
dynamics and velocities of the melt pool after the alloying process as well as the 
travel trajectories of the deposited powders. The same author used high-speed 
and high-resolution X-ray imaging in a different study [20], focusing on the 
mechanisms of pore formation induced by spherical powder delivery in DED. 
The image analysis showed that the deposited particles induced different pore 
formation mechanisms, depending on the powder delivery position at the time of 
its interaction with the melt pool.  

Laser beam-material interaction plays an important role in laser processing as it 
influences the outcome of the process and possesses the information about the 
history of melt pool behavior. Normally, the interaction between the laser beam   
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and the matter is studied “backwards” by interpreting microstructural changes 
within the samples of interest [25-27].When applying this approach, a tremendous 
amount of data can be lost or disregarded due to the lack of process visualization. 
Thus, high-speed imaging is almost the only tool that can elucidate various melt 
pool phenomena at the time of their occurrence. The key advantage of using the 
HSI analysis is the possibility of capturing an event at high temporal and spatial 
resolution [28]. 

Therefore, in this study, HSI was introduced as the main technique to observe 
the reaction mechanism within the Fe2O3-Al/AlSi5 thermite systems and 
interpret their behavior under laser irradiation. It is well known from literature 
[11, 29-33] that the aluminothermic reaction between Fe2O3 and Al proceeds in 
the form of oxidation-reduction reaction which, under certain conditions, leads 
to a reduction of iron ore to pure iron. The mixture found its application in 
railway welding [33], synthesis of metal matrix composites [34, 35] as well as in 
the preparation of Al2O3 coatings [32] and magnetic materials [36]. When it comes 
to laser processing, a limited amount of information about the use of these 
materials was reported. Naesstroem et al. [37] investigated the behavior of iron 
ore in a laser beam and described its processibility aspects in DED. Recently, 
Kaplan et al. [38] have carried out a feasibility study focused on the possibility of 
iron ore reduction by silicon in a pre-placed powder bed. The authors used a laser 
beam to induce the reaction between the materials and reported the formation of 
Fe-rich domains under certain conditions. Both papers employed HSI to observe 
and explain the process phenomena. Grapes et al. [12] used an X-ray imaging, 
complimented by two HSI cameras, to investigate the evolution of the thermite 
reaction between Fe2O3 and Al powders in an extended burn tube. By using this 
advanced image recording setup, the authors managed to capture the details of 
the thermite reaction mechanism in a closed system and demonstrated the 
significance of using this high-resolution image processing technique for 
interpreting the results.  

As an addition to the published research, this study focuses on the laser-metal 
surface interaction within the Fe2O3-Al system in directed energy deposition. The 
selected material composition served as an example material to in-situ study the 
exothermic behavior of the thermite. The fundamental principles of the Fe2O3-
Al interaction, discovered in this work, can be relevant for future investigations 
of similar materials and may contribute to the knowledge transfer within the 
scientific community.  

The present work intends to utilize HSI to acquire a better understanding of the 
melt pool phenomena and thermite reaction kinetics under laser irradiation. A 
detailed structure of the paper is illustrated in Fig. 1. The setup, selected for this 
study, consisted of a coaxial nozzle that facilitated the delivery of iron ore and   
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aluminum (the latter as either powder or wire) to the process area. The in-situ 
observation of the process phenomena allowed to measure the thermite reaction 
time at various stages of the materials’ interaction. The frame-by-frame analysis 
of the melt pool behavior revealed a distinct tendency for the melt pool to separate 
into several phases, featuring their travel direction and accumulation regions. This 
phase separation mechanism was likely driven by the density differences between 
the materials. Laser processing of a powder mixture as well as iron ore powder 
and an AlSi5 wire demonstrated a dissimilar interaction behavior between the 
materials, particularly at the initial stage of their contact when two liquids (or 
solids) of different nature encountered each other. Scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were used to detect 
different microstructures, produced during laser processing, and establish 
prerequisites for their formation.  

 

Fig. 1. A schematic diagram, illustrating the structure of the article and the main 
aspects, studied in the paper. 

2. Experimental procedure 

2.1 Feedstock materials 

Fe2O3-based iron ore powder (LKAB, Northern Sweden) with a size range of 63-
150 µm (the mean size D50=95.4 µm) and Al powder (99.5 % Al, m-tec powder 
GmbH), produced by atomization, with a size range of 63-200 µm (D50=103.2 
µm) were utilized. AlSi5 wire with a diameter of 1 mm was used during Fe2O3 

powder-AlSi5 wire deposition. The wire composition was selected due to its 
availability and as “the closest” in terms of chemistry to pure Al to enable a 
comparison between the processed material.  

The particle size distribution (PSD) of both powders was analyzed by the dynamic 
imaging method using a CAMSIZER X2 machine (with a measuring range from 
0.8 μm to 8 mm) (Fig. 2).   
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Fig. 2. Cumulative Q3 and density q3 particle size distributions of Fe2O3 and Al 
powders. Fe2O3/Al Q3 refers to the cumulative distribution (shows the percent 
of the sample that has a size lower (or equal) than the value in x axis), whereas 
Fe2O3/Al q3 refers to the density distribution (shows the percent of particles at 
that particle size).  

The morphology of the powders was studied using an FEI Magellan 400 extreme 
high-resolution scanning electron microscope (with a resolution of ≤ 1 nm in the 
range of 1 to 30 kV) (Fig. 3).  
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Fig. 3. Morphology of Fe2O3 (a) and Al powders (b). 

2.2 Directed energy deposition of Fe2O3 and Al materials 

Material deposition was carried out using a COAXquattro coaxial nozzle, 
manufactured by Fraunhofer IWS. Fig. 4 (a) depicts the experimental setup, 
including the nozzle construction (b) (specifically designed for the deposition of 
up to four different powders and wires) and cross-sectional views when depositing 
Fe2O3 and Al powders (c), and a combination of Fe2O3 powder and AlSi5 wire 
(d). The materials and the carrier gas were fed through the slits, while the laser 
beam and the shielding gas traveled through the center of the nozzle. Ar was used 
both as a shielding and as a carrier gas. Laser processing was carried out using a 
continuous wave diode laser from Laserline, operating in the wavelength range 
between 940 to 1060 nm, with a laser beam diameter of approximately 12.4 mm 
at the focus. The laser optics was equipped with an 81 mm focal length collimator 
and a 500 mm focal length focusing lens. The laser power was varied between 3 
to 6 kW. The scanning speed was kept constant at 1 m/min. The Fe2O3 powder 
deposition rate was 17.25 g/min, whereas the Al powder/AlSi5 wire deposition 
rate was 5.75 g/min. The 75 %-25 % stoichiometric ratio was selected for the 
processing based on the estimation that the composition should lead to a complete 
reduction of iron ore.  

To optimize the parameters, different laser power-deposition speed combinations 
were tested prior to the experiments. Single tracks were deposited on a Cu 
substrate to reduce the chance of material attachment to the base material.   
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Fig. 4. Setup schematics, showing the deposition of Fe2O3 and Al/AlSi5 onto a 
Cu substrate (a), the nozzle design (b), a cross-sectional view when depositing 
two powders (c), and powder and a wire (d). 

2.3 High-speed imaging analysis 

To capture the interaction between deposited materials as well as their melt pool 
behavior, a Photron FASTCAM Mini UX100 high-speed imaging camera was 
used. An illumination laser CAVILUX CW by CAVITAR, equipped with two 
fiber-coupled outputs with a CW power of 50 W and an 810 nm wavelength, 
was employed to illuminate the process zone. To remove the process light, a 
narrow band pass filter was placed over the camera lens. The camera was inclined 
at 45° to the surface normal during all the experiments (Fig. 4). The high-speed 
imaging videos were recorded at 4000 and 8000 frames per second (fps) and 
different exposure times to observe the process phenomena. The HSI camera 
software was used to analyze the produced videos. Prior to the recording, the 
camera software was calibrated for distance measurements. The videos were 
analyzed at low frame rates to observe the behavior of the oxide islands, moving 
downwards during the melt pool separation. The camera image processing 
software was used to manually track the trajectory of oxide islands until their 
incorporation into the bottom phase of the main melt pool, producing data 
regarding the island position within each frame. The oxide island travel distance, 
velocity, and the time taken for the incorporation of these oxides into the bottom 
phase of the melt pool were quantified. The trajectory of 10 oxide islands was 
measured in all the frames where they appeared (a total of 145 data points 
collected).  

To capture changes in melt pool behavior and explain melt pool phenomena 
related to the melt stability/instability, a streak imaging technique was used in 
several locations within the melt pool area. To be able to generate streak images, 
a FIJI software, distributed by ImageJ, was applied for analyzing the data. The 
central principle of the streak image analysis is based on the extraction of data over 
time at a certain location (a streak line), marked in the video. As a result, any   
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movement of objects in the video is collected in the form of lines and presented 
as a function of time (video duration).  

2.4 Chemical and microstructural analyses 

Once processed, the solidified tracks were collected and prepared for chemical 
and microstructural analyses. Several samples per material composition were 
analyzed, depending on the material location within the track. The samples were 
hot mounted in conductive epoxy, grinded and polished. The obtained cross-
sections were analyzed by an FEI Magellan 400 extreme high-resolution scanning 
electron microscope using various magnifications. The microscope was equipped 
with an X-Max 80 silicon drift detector from Oxford Instruments which enabled 
to perform an energy-dispersive X-ray spectroscopy analysis of the specimens. 
The EDS measurement was performed at 0.20 nA beam current and 15 kV 
accelerating voltage. The chemical characterization was carried out using 
mapping, line and point analysis functions, available in the system software. 

3. Results and discussion 

3.1 Powder-powder and powder-wire interaction aspects during 
material deposition 

The interaction between the laser beam and the input materials is an important 
aspect to consider during metal deposition. Yet, to the authors’ knowledge, there 
is no direct evaluation method which allows researchers to determine the degree 
of interaction (the ability of materials to interact with each other on the chemical, 
physical or mechanical levels) during laser processing. Depending on the process 
parameters, feed material configurations and the conditions, under which the 
processing occurs, the level of laser beam-material interaction varies significantly. 
In this regard, high-speed imaging analysis is an appropriate method for the in-
situ observation and subsequent characterization of multiple interaction 
phenomena in DED.  

In general, laser beam-material interaction in DED is studied in relation to melt 
pool stability (including spatter formation and variations in melt pool geometry) 
[39, 40], particle catchment efficiency [41, 42], pore and oxide formation [20, 43] 
as well as wetting and adhesion between deposited layers [44, 45]. It is known 
from literature that the strength of interfacial bond between materials can be 
increased by improving wetting through the control of chemical reactions and/or 
by minimizing oxide formation [32, 46, 47]. The interaction within Fe2O3-Al 
system depends strongly on the reaction between the materials, which, in turn, 
relies upon the stoichiometric ratio between the reaction components, process 
parameters and reaction time.  
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Therefore, in this study, the influence of feed material arrangement and process 
parameters on the laser beam-material interaction behavior and reaction time was 
investigated. Fig. 5 highlights the geometrical characteristics of two droplet-like 
melt pools, generated using Fe2O3 and Al powders. The separation of the main 
melt into droplets was likely attributed to the Plateau–Rayleigh capillary 
instability as a result of the high surface tension of the generated liquid phase [48]. 
The melt pool on the left was exposed to laser irradiation and was highly unstable 
due to the ongoing thermite reaction between the two powders. The presence of 
multiple explosions, followed by melt expulsion, indicated the occurrence of the 
exothermic reaction which greatly affected the stability of the melt pool. Once 
the melt pool was formed (on the right), two distinct liquefied phases, consisting 
of Fe-Al and Al2O3, could be observed. 

 

Fig. 5. A HSI snapshot, depicting the melt pool behavior during Fe2O3 and Al 
powder deposition. SD refers to the scanning direction.  

Furthermore, during powder deposition, the interaction between the materials 
and the laser beam proceeded in the following sequence: (1) in the beginning of 
the deposition process, a large amount of powder was accumulated on the sides 
of the gradually developing melt as highlighted in Fig. 6 (a) (white dashed line). 
The thermite reaction (2) began once the powders reached a molten stage and 
the contact area between the particle surfaces was sufficient for the diffusion of 
atoms (Fig. 6 (b)-(c)). Interestingly that such an intense behavior of the melt pool 
within Fe2O3-Al thermite system was only observed at the initial stage of the 
material interaction. Once the melt pool was formed and acquired a droplet-like 
shape, no further explosions were detected. Fig. 6 (d)-(e) demonstrate final phases 
of the reaction (3), leading to melt pool separation (f).   
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Fig. 6. Fe2O3-Al powder interaction under laser irradiation, showing the initial 
phase of the melt pool formation, with a large amount of solid powder particles 
(white dashed line), accumulated on the sides of the melt (a); exothermic reaction 
behavior (b)-(e), leading to material separation (f).  

On the other hand, when depositing Fe2O3 powder and AlSi5 wire as 
shown in Fig. 7 (a)-(f), poor wetting between the materials can be observed. The 
AlSi5 wire was deposited on top of the Fe2O3-based melt which led to their partial 
fusion. It should also be noted that it was challenging to achieve sufficient 
attachment of the wire to the surface of the Fe2O3 melt and a stable wire feeding 
due to the high surface tension of the Al wire. Furthermore, in the presence of 
oxygen in the system, metals with high Gibbs energy of oxide formation tend to 
form stable oxides which prevent diffusion of atoms at the materials’ interface 
[32]. As a result, the interaction between the materials could be reduced due to 
the presence of oxide films between the reagents.   
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Fig. 7. A sequence of HSI snapshots (a)-(f), capturing the deposition of Fe2O3 (as 
powder) and AlSi5 (as a wire) and their limited interaction over time. 

3.2 Exothermic reaction behavior under laser irradiation 

As already mentioned in Introduction, the reaction between Fe2O3 and Al is an 
oxidation-reduction reaction, followed by a release of energy in the form of heat 
[33]. This reaction has a propensity to self-propagate if its adiabatic temperature 
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 exceeds 2000 K [32]. However, for the reaction to take place, certain 
conditions need to be reached as the outcome of the reaction depends strongly 
on the chemical composition of the thermite mixture, degree of material 
interaction, reaction rate and process conditions (e.g., temperature and cooling 
rate) [49].  

While the interaction between iron ore and aluminum powders generates 
multiple explosions in the beginning of the melt pool formation (Fig. 5), different 
behavior was observed when laser processing a combination of Fe2O3 powder and 
an AlSi5 wire (Fig. 8).   
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Fig. 8. A sequence of snapshots (a)-(i), highlighting three different stages of Fe2O3 

powder-AlSi5 wire interaction: merging of the melts (a)-(c), spatter formation 
and escape (d)-(f), and the start and propagation of the thermite reaction (g)-(i). 
The materials were processed at 4.5 kW laser power.  

Fig. 8 shows various steps of the Fe2O3-AlSi5 melt interaction, starting from the 
AlSi5 wire deposition (as a droplet detached from the wire) on top of the Fe2O3 

melt pool (a), and its gradual mergence into it (b)-(c). The reaction initiation is 
captured in (d)-(f) by highlighting the change of the melt pool state from being 
calm (c) to the rise of fluctuations in the liquid (d)-(e), followed by a spatter escape 
(f) and a subsequent start of the exothermic reaction between the materials (g)-
(i). Interestingly, the first encounter of the two liquids (a) did not initiate any 
instant thermite reaction. Instead, the melt pool experienced thermal expansion,  
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followed by spatter ejection and possible release of the gas phase, accumulated 
within the volume of the melt. It took 1308 ms for the main melt pool to collapse 
and eject a spatter (d)-(f) before the reaction occurred (1311 ms) (g)-(i). This dwell 
in the reaction time could be explained by the formation of gaseous oxygen (or 
other vapor phase) inside the melt pool which needs to be released before the 
iron-based oxide can begin the interaction with Al. Thermal decomposition of 
Fe2O3 to Fe3O4 releases oxygen which does not assist the interaction of iron ore 
with aluminum [12, 32, 33, 50]. Another possible explanation, related to the 
occurrence of spatter formation at the time of the reaction, is the interaction of 
either Al with atmospheric oxygen, followed by its oxidation which can initiate 
the combustion within thermite mixtures, or FeO to form a higher oxide [32].  

When processing the same material mixture at a slightly higher laser power (5 
kW) compared with the previous case (4.5 kW), the reaction between Fe2O3 and 
AlSi5 melts was almost instant as demonstrated in Fig. 9. Once the AlSi5 droplet 
landed and merged into the Fe2O3-based melt pool (a)-(e), a series of multiple 
explosions was observed (f)-(i). Taking into account that the chemical 
composition of the mixture and the process conditions remained unchanged, it is 
likely that the increase in laser power (5 kW) led to a faster ignition rate as opposed 
to the earlier example (4.5 kW). Furthermore, the reaction took place at the 
interface between the two melts (Fig. 9 (f)), on the side of the melt pool, located 
near the position of the laser beam, suggesting that the temperature/pressure 
gradient in this area could have influenced the kinetics of the reaction. In addition 
to that, the increased temperature of the melt could have promoted the 
vaporization of the oxide films, present on the surface of the liquid, thus, 
advancing the interaction between Fe2O3 and AlSi5.  
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Fig. 9. A series of images (a)-(i), capturing the exothermic behavior of the liquid 
Fe2O3 and AlSi5 from wire feeding. The bright spot on the left is the reflection 
of the laser beam. The materials were processed at 5 kW laser power.  

A similar reaction behavior of the powder-wire mixture was observed at 6 kW 
laser power, as demonstrated in Fig. 10. The initial interaction between the Fe2O3 

melt pool and the liquified AlSi5 wire (Fig. 10 (a)-(b)) proceeded with a 
development of Fe2O3-AlSi5 metal bridge, indicating the formation of an 
improved material attachment. However, due to the exothermic nature of the 
material combination, a seemingly stable metal deposition was interrupted by the 
intense reaction between the two melts (Fig. 10 (c)-(d)). Once the reaction was 
finished, a certain amount of the wire material remained attached to the tip of the 
wire (Fig. 10 (e)-(f)) due to its high surface tension. Fig. 10 (g)-(i) shows the 
recurrence of the thermite reaction after a 102 ms dwell time between the 
materials’ repeated encounter (f) and the reaction activation (h).  
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Fig. 10. Fe2O3 powder-AlSi5 wire deposition (a)-(i), showing various steps of 
the materials’ interaction with the laser beam: first attachment of the wire to the 
Fe2O3 melt (a), two melt bridging (b), an exothermic reaction (c), followed by an 
expulsion of the AlSi5 melt (d), resulting in a formation of a droplet, attached to 
the wire (e). A calmer Fe2O3-based melt pool is observed in (f)-(g) until the 
thermite reaction is initiated again (h)-(i). The materials were processed at 6 kW 
laser power. 

3.3 Influence of process parameters on the reaction time 

To understand the differences in the reaction behavior, described in the previous 
chapter, this section focuses on the influence of feed material configuration 
(powder-powder and powder-wire) and laser power on the duration of the   
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exothermic reaction between the processed materials. The reaction duration was 
measured by analyzing frame-by-frame the recorded HSI videos, from the 
beginning of the reaction until its extinction. Fig. 11 depicts the relationship 
between the reaction time and the laser power, depending on the feed material 
arrangement.  

 

Fig. 11. Reaction time as a function of laser power when processing Fe2O3-Al 
and Fe2O3-AlSi5 systems. 

It can be seen that, when laser processing the two-powder mixture, the reaction 
time increased with the increase of laser power, most likely due to the molten 
material volume change in the system. On the other hand, the deposition of 75 
% Fe2O3-25 % AlSi5 material mixture demonstrated the opposite trend. This 
could be explained by the limited surface contact area, developed at the powder-
wire interface, in comparison with the two-powder arrangement. As reported by 
Wang et al. [32], the reaction within Fe2O3-Al system depends on the particle 
size of the reactants, and it can be difficult to initiate it if the Al particle size is 
larger than 100 µm. The challenge stems from the fact that the heat transfer 
becomes reduced due to fewer contact areas developed between the particles. 
Therefore, it is likely that the reaction in the case of the powder-wire arrangement 
exhibited a shorter duration due to the limited surface area between the reagents 
(A powder particle has a more convoluted surface area than a bulk material such 
as wire). Another interesting aspect was the decrease of reaction time with the 
increase of laser power within the Fe2O3-AlSi5 system. The observed   
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phenomenon could be ascribed to the predicted increase of temperature that 
intensified the reaction rate and the thermal transport kinetics.  

Please note that the results, presented in Fig. 11, are only relevant for the particular 
process setup and may vary depending on the parameter selection and process 
conditions. It is also worth mentioning that the difference in the laser power for 
each material configuration was related to the process parameter window, 
determined prior to the experiments, and the fact that no reaction between the 
iron ore powder and the AlSi5 wire was observed below 4.5 kW. On the other 
hand, the deposition of the iron ore and aluminum powders started to develop an 
attachment to the Cu substrate at the laser powers higher than 4 kW. However, 
although the material systems are not comparable with each other, certain 
indications of the reaction behavior with the increase of laser power within the 
feed material configuration can still be observed. 

3.4 Material separation due to thermophysical properties 

As discussed earlier in Section 3.1, laser processing of the Fe2O3-Al/AlSi5 
thermite systems led to the separation of the main melt pool into two dissimilar 
phases: an Fe-Al-based compound, which tended to accumulate on the surface of 
the melt as a gray-colored droplet (Fig. 12), and an alumina-based slag, remained 
at the bottom. This phase separation began during melt pool formation and 
proceeded at the solidification and cooling stages, most likely due to the density 
difference between the materials. In theory, the heavier phase (Fe-Al) should have 
remained at the bottom of the melt, whereas the lighter phase (alumina) should 
have stayed at the top of the Fe-Al compound. However, the opposite pattern 
was observed during the deposition and after the full solidification of the track. 
Such behavior of the phase formation and accumulation was likely attributed to 
the volume/mass differences in the deposited powder mix (75 % Fe2O3 and 25 % 
of Al/AlSi5) which promoted a formation of a large highly unstable Fe-based melt 
pool, with both aluminum and iron oxide islands floating on the surface. 
Concurrently, the surface tension gradient in the system activated the movement 
of the melt pool which, in turn, affected by the temperature gradient and the 
changing concentration of oxygen due to the ongoing reaction between the 
materials [51]. As a result, the Al2O3 phase, formed as a consequence of the 
reduction reaction, and initially present on the surface of the Fe-rich melt, was 
likely drawn to the bottom of the melt pool by its downward movement.  

Fig. 12 shows a sequence of snapshot images, featuring the phase separation 
process through the downward movement of the bright phase (a)-(f) that appeared 
to be an oxide. Analysis of the video showed that it took on average 0.12 s for 
these oxide islands to incorporate into the bright bottom phase of the melt, 
traveling at an average velocity of 0.021 m/s (SD=0.0058). The bright islands,   
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observed on the surface of the Fe-Al melt, were likely Al particles which went 
through oxidation after their deposition and subsequent interaction with the iron 
ore. The oxidation was likely caused by the material exposure to the ambient 
atmosphere. Even in the presence of local gas shielding, a part of the deposited 
material can still be oxidized due to the intense behavior of the melt pool, 
thermite explosions or excessive vaporization that may impair the shielding gas 
flow in the process zone. Another aspect to consider is the aluminum reaction 
with the oxygen, present in the bulk material, or released as a result of the 
decomposition of iron ore [32, 33]. Some of the particles merged into the bottom 
part of the melt pool before their full oxidation, most likely due to their larger 
size and/or lower susceptibility to oxidation (in case of iron ore) in comparison 
with aluminum. 

 

Fig. 12. Melt pool behavior and its gradual separation (a)-(f) into two phases. 
The red circle shows the downward movement of Al2O3-based slag.  

Similar to the behavior of the oxide phase, the Fe-Al-based gray phase had a 
tendency to merge with the neighboring melts of the same composition. Fig. 13 
highlights the gradual consolidation of two Fe-Al-based droplets (a)-(f) into one 
distinct Fe-Al-rich melt pool. The described mechanism of phase separation and 
accumulation could be driven by the surface tension gradient in the process area. 
Furthermore, the surface area to volume ratio of any given system changes 
substantially with size which, in turn, affects the surface free energy of the system 
[52]. Therefore, it is also likely that due to the significant differences in volume 
and, consequently, in surface area, the capillary forces, acting on the surface of the 
larger droplet, were responsible for the attraction of the remaining Fe-Al islands.   
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Fig. 13. A gradual consolidation of two Fe-Al-based melts (a)-(f) as a result of 
the high surface tension. The black arrow demonstrates the travel direction of the 
small Fe-Al droplet until its final merge with the main melt. 

The described phenomena are demonstrated in Fig. 14, in which three different 
behaviors (a)-(c) of the melt pool during laser processing of Fe2O3-Al powder 
mixture were depicted in the streak images (i)-(iii). The yellow dashed streak 
lines, drawn vertically (Fig. 14 (a)-(c)), mark the regions of interest which were 
used for the streak imaging analysis. Please note that the yellow horizontal lines 
(marked in the still images from the processed video) were generated 
automatically in the ImageJ software; however, those were not included in the 
analysis. Fig. 14 (a) and (i) show the initial stage of the melt pool formation during 
the powder deposition, with several melts, detached from each other due to the 
poor wetting between the feed materials. Short explosions (illustrated as bright 
single lines), indicating the occurrence of the thermite reaction, can also be 
observed in Fig. 14 (i). In contrast to the previous case, position (ii) in Fig. 14 (b) 
highlights the behavior of the Fe-Al droplet during its solidification process. The 
stability of the two-phase melt pool could be clearly seen, except for the initial 
melt pool instabilities, observed in the beginning of the process and related to the 
melt pool fluctuations, produced as a result of the melt pool exposure to laser 
irradiation. Besides that, another ripple could be observed close to the center of 
the streak image (red arrow). This melt pool disturbance was attributed to the 
merging of two Fe-Al melts, presented in Fig. 14 (c) and (iii). In addition to the 
discussed phenomena, small areas of gray color could be seen within the bottom 
phase (Fig. 14 (ii)). Those were likely Fe-rich domains, entrapped in the alumina 
melt as seen in Fig. 14 (b).   
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Fig. 14. Streak images (right side) from high-speed imaging videos of the Fe2O3-
Al powder processing, demonstrating the highly unstable formation of the melt 
pool (a), (i), the stability of the formed melt with its distinct phase separation (b), 
(ii) and the merging of the Fe-Al phase (c), (iii). The yellow dashed lines are the 
streak lines, capturing melt pool changes in the z-direction. Red arrows point at 
the areas with melt pool disturbances. 

3.5 Microstructural characterization of phases and prerequisites for their 
formation 

When processing the Fe2O3-Al system of materials, several phases can form, 
depending on the reactants composition and process conditions [33]. Fe and 
Al2O3 can crystallize if the reduction reaction between the reactants is complete 
(Eq. 1):  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2 𝑂𝑂𝑂𝑂3 + 2𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 → 2𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 𝑂𝑂𝑂𝑂3 + 𝑄𝑄𝑄𝑄                                                                         (1) 

where 𝑄𝑄𝑄𝑄 is the heat release of the reaction [30, 33]. Other stochiometric ratios 
produce intermediate phases as a result of the incomplete reduction.  

In this work, the 75 % Fe2O3-25 % Al/AlSi5 stochiometric ratio, selected for laser 
processing, was calculated to lead to the reaction completion. Fig. 15 shows 
morphological features of one of the solidified tracks (a), produced during the 
experiments. Two solidified melts could be observed, each containing various 
phases. Fig. 15 (a) depicts an area with a cavity, formed as a result of phase 
separation. The droplet, located on top of the Al2O3 phase, consisted of 80-97 % 
of Fe and 3-20 % of Al, depending on the location within the investigated samples 
and the conditions it was exposed to. The Al2O3-based slag contained occasional 
Fe-rich domains of near-spherical shape, Fe-based oxides like FeO and Fe2O3 and   



Tatiana Fedina Paper F 225 

 

Fe-Al phase (Fig. 15 (b)-(c)) with compositions, similar to those, measured within 
the surface droplet. The presence of these transitional phases indicated the 
occurrence of incomplete reduction reaction which was likely caused by the rapid 
heating and cooling rates, specific for laser-based processes. Furthermore, the 
formation of Fe3Al (Fig. 15 (d)) suggests local excess of Al in the system which 
could be ascribed to the chaotic nature of the Fe2O3-Al thermite during the 
deposition process that induced significant disturbances in the melt flow. 

When studying the reaction products, obtained during the Fe2O3-AlSi5 
deposition, the formation of Fe-Al-based slag was observed (Fig. 15 (e)-(g)). The 
slag phase was evenly distributed within the volume of the sample, containing 
iron, aluminum, and occasional silicon oxides. This could be explained by the 
limited interaction between the materials as a result of the reduced surface contact 
area at the powder particle-wire interface (described in detail in Section 3.3). No 
copper was identified in the produced samples, suggesting that no dilution of the 
deposited materials into the substrate occurred.   
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Fig. 15. An example of a solidified track (a), depicting its morphological features 
(top view). Different cross-sections (b)-(g), featuring phases which can be formed 
after DED, depending on the chemical composition and arrangement of the feed 
materials, can be observed. Microphotographs (b), (c), (e) and (f) were taken on 
the part of the track, consisting of the Al2O3-based slag (highlighted in red), 
whereas images (d) and (g) were acquired from the Fe-Al droplet (highlighted in 
yellow). The color frames underline approximate locations on the samples, used 
for the microstructural analysis. 

4. Conclusions 

High-speed imaging possibilities of melt pool phenomena and exothermic 
reaction behavior within Fe2O3-Al/AlSi5 systems were demonstrated in this 
study, revealing various aspects of laser beam-material interaction in-situ. Based 
on the findings, the following conclusions can be drawn:  

• Deposition of both iron ore and aluminum powders and a combination 
of iron ore powder and AlSi5 wire (in pre-defined ratios) facilitated a 
thermite reaction between the materials that led to melt pool separation.   
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This melt separation mechanism was likely driven by the density and 
surface tension differences between the materials, in which the Al2O3 
phase tended to accumulate at the bottom of the melt, whereas the Fe-
Al-based phase was prone to concentrate near the surface. 

• The in-situ observation of the process phenomena allowed to measure 
the thermite reaction time at various stages of the materials’ interaction. 
When processing Fe2O3 and Al powders, an exothermic reaction, 
followed by multiple explosions and melt fluctuations, was only observed 
at the initial stage of the materials’ interaction. Once the melt pool was 
formed and acquired a droplet-like two-phase morphology, no further 
explosions were detected. Furthermore, the reaction duration increased 
with the increase of laser power, demonstrating the influence of energy 
density on the reaction rate.  

• On the other hand, during the deposition of Fe2O3 powder and AlSi5 
wire, the reaction time followed the opposite trend, decreasing with the 
increase of laser power. This can be ascribed to the reduced heat transfer 
at the materials’ interface due to the smaller surface contact area, 
developed between the iron ore particles and the AlSi5 wire, in 
comparison with the powder-powder arrangement. In addition to that, 
the initiation of the thermal reaction between the materials exhibited a 
rather changing behavior, depending on the delivered laser energy and 
process conditions which could have affected the resulting reaction times.  

• The in-situ analysis of the melt pool behavior, coupled with the EDS 
characterization, allowed to establish a link between the microstructural 
phases, present in the samples, and the prerequisites for their formation. 
Due to the different nature of the feeding materials and their mutual 
insolubility, laser processing of Fe2O3/Al and Fe2O3/AlSi5 thermite 
mixtures led a distinct separation of the generated melt pool into two 
phases: a Fe-Al based compound with an 80-97 % Fe and 3-20 % Al 
composition (depending on the process conditions and the location of 
the phase), and an Al2O3-based slag with occasional Fe-rich domains of a 
near-spherical shape. The formation of intermediate phases indicates the 
occurrence of incomplete reduction reaction between the materials 
which is likely caused by the process conditions, insufficient for the 
completion of the reaction.  
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Future outlook 

The qualitative and quantitative data, collected during this study, could aid in 
understanding the underlying mechanism of thermite reaction between the 
materials during DED as well as in developing strategies on how to control the 
process and/or improve the outcome of the reduction reaction. The findings 
could also be used further to simulate the laser beam-material interaction and melt 
pool flow patterns. 
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