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Tämän kandidaatintyön tarkoituksena oli selvittää 316L metallijauheen uusiokäytön 

vaikutukset valmistettujen osien mekaanisiin ominaisuuksiin. Lisäksi tarkoituksena oli 

käydä läpi metallijauheiden kierrätys ja uusiokäyttö prosessina keräämällä tietoa muista 

tieteellisistä tutkimuksista ja julkaisuista. 

 

Tutkimus on kirjallisuuskatsaus, joka keskittyy 316L metallijauheeseen ja laserpohjaiseen 

jauhepetisulatukseen. Kaikki työssä käytetty lähdeaineisto on viimeisen viiden vuoden ajalta 

(2015-) julkaistua. 

 

Kappaleiden mekaaniset ominaisuudet kuten myötöluujus ja murtolujuus eivät muutu 

huomattavasti, kun taas sitkeys kasvaa hieman jauheen uusiokäytön kasvun myötä. 

Jauhepartikkeleiden sisäinen huokoisuus vähenee volyymissa, josta voidaan todeta 

huokoisuuden pienentyvän myös valmiissa metalliosissa uusiokäytön myötä. Kappaletiheys 

säilyy lähes samana, mennen hieman alaspäin, tämä johtuu partikkeleiden 

huokoisuuspitoisuuden laajasta vähenemisestä. 
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The aim of this thesis was to figure out the effects of powder reuse on mechanical properties 

of powder and finished part using 316L stainless steel powder. Powder recycling and reuse 

are covered as a process by studying other researches and gathering information in this study.  

 

This thesis is conducted as a literature review that focuses on 316L stainless steel and laser 

powder bed fusion as a manufacturing method. All collected data is from the past five years 

(2015-) from various databases. 

 

Mechanical properties such as yield strength and ultimate tensile strength shows no 

noticeable change while ductility has slightly increasing trend in correlation with powder 

reuse. Internal powder porosity is studied to have lower volume and average pore size which 

leads to manufactured parts having lower porosity. As a result of reduction in high porosity 

containing particles in reused powder part density decreases slightly 
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1 INTRODUCTION 

 

 

Additive manufacturing (AM) is a manufacturing method in which parts are usually made 

by adding material as layer upon layer from 3D (three-dimensional) model data (SFS-EN 

ISO/ASTM 52900:2017:en, p. 6). The data is separated in multiple 2D (two-dimensional) 

cross-sections with a finite thickness depending on the process (Gibson et al. 2015, p. 2). 

AM can be used for manufacturing composites, ceramics, polymer materials and metals 

(Gibson et al. 2015, p. 10). Figure 1 below presents the published documents related to metal 

AM and reuse of metal powders in different AM methods, one of them being laser powder 

bed fusion (L-PBF) (Milewski 2017, p. 132). The literature search was done with following 

keywords “powder bed fusion powder aging” and “powder bed fusion powder reuse” in 

Scopus database. Most of the documents were related in metal AM but some documents in 

the “powder aging” search were related to polymer AM also. 

 

 

Figure 1. Amount of documents published in Scopus during 2015-2020 with keywords 

“powder bed fusion powder aging” (blue) and “powder bed fusion powder reuse” (orange).  
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As it can be seen in Figure 1, the number of documents published relating to the topic of this 

thesis are increasing in number as a result of demand for information in the field. Figure 1 

gives the idea of the amount of publications in this topic and the trend. 

 

1.1 Aim of thesis, research problem and research questions 

Aim of this thesis is to figure out the effects of reusing 316L metal powder for L-PBF process 

by studying and comparing findings from literature regarding the topic. Mechanical 

properties such as tensile strength and hardness are studied in addition to the effects of 

porosity. Main focus is on internal particle porosity and its effects on mechanical properties 

and part porosity. The effect of powder aging on the mechanical properties of powder is not 

widely studied and powders are typically reused multiple times in L-PBF because large 

amount of usable powder residue is left over from every build. This forms the research 

problem of this thesis. It is sustainable to reuse the leftover powder, in order to minimize the 

amount of waste material. This thesis will give literature review into the reuse of powder. 

Aim is to acquire a clear vision how powder reuse affects in the powder itself which affects 

in the properties of the finished part. There seems to be a lack of data to this topic and it is 

somewhat contradict depending on the study. Research of powder recyclability and reuse 

methods is important as L-PBF is highly material demanding manufacturing method which 

will be discussed later in the thesis.  

 

Recycling and reuse information regarding 316L is also scattered in terms of discoverability, 

this thesis compresses the main information from other researches for some key properties 

that would be important for AM manufacturers. Strength and density of the manufactured 

part are the main issues when it comes to reliability in L-PBF. Reusing the powder has an 

effect on these properties which is why it is important to study this topic. 

 

Research questions of this thesis are: 

- How does internal powder particle porosity affect the properties of a finished part? 

- How and why strength properties such as ductility and tensile strength change when 

reusing powder? 

- How does the hardness of reused powder change? 
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1.2 Research methods and framing 

This study is conducted as a literature review that focuses on stainless steel 316L powder 

recycling and reuse in L-PBF technique, collecting data from researches in the past five years 

(2015-2020). LUT Finna and Scopus were the main literature databases for references in this 

study. Main subjects studied were mechanical properties and porosity regarding powder 

reuse.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

2 LASER POWDER BED FUSION 

 

 

There are different AM techniques to utilize metal materials and this thesis focuses on the 

most utilized and common which is L-PBF. In powder bed fusion (PBF) process, thermal 

energy fuses selectively regions of the powder bed which then turns into a solid layer as it 

cools down (Wohlers 2019, p. 57).  

 

The energy source for most metal PBF processes is a laser but an electron beam can also be 

used. In electron beam systems, the temperatures reach higher values which results in worse 

surface quality when compared to the laser-based metal PBF systems. Some loose powder 

can be melted in the process when using electron beam with high temperatures thus causing 

the quality to be worse. (Wohlers 2019, p. 58.) 

 

2.1 The preparation steps for PBF process 

In general, every AM process starts by making a 3D model of the desired geometry, which 

can be done with almost any CAD (computer-aided design) program (Yang et al. 2017, p. 

34). Various 3D scanning technology can also be used to create a 3D model of a physically 

existing part or object (Gibson et al. 2015, p. 4). The 3D model data is converted into a STL 

file format in which the model is covered with various sized triangles and vectors normal to 

them on its surfaces. The AM software can process this data into 2D slices of desired height 

representing the part and possible support structure. (Yang et al. 2017, p. 35.) Support 

structures are needed in metal PBF processes to anchor the parts to the build plate and 

prevent warping. High melting point of the metal powders and thermal energies in the 

process are the main causes of warping and internal thermal stresses in the manufactured 

parts (Wohlers 2019, p. 57).  

 

 

 

 

 

 



10 

 

2.2 L-PBF process 

It is good to know the principles of L-PBF to understand how the powder behaves during 

the process. Powder behavior is crucial part of the reusing possibilities as reusing degrades 

the powder properties which affect the powder behavior thus affecting the part properties. 

 

L-PBF manufacturing process begins with thin powder layer being laid on the build plate by 

a leveling roller or blade (Milewski 2017, p. 134; Gibson et al. 2015, p.108). The layer is 

then scanned with a laser to form the slice which represents cross-section of the printed 

component. The build plate is then lowered a fraction of a millimeter that equals to the layer 

thickness of the part. The process is then followed by spreading a new layer of powder. Next 

scan will melt the new slice and the previous together thus making almost fully dense part. 

(Diegel et al. 2019, p. 33; Milewski 2017, p. 134.) Process principle is shown in Figure 2 

(Milewski 2017, p. 135). 

 

Figure 2. L-PBF process principle (Milewski 2017, p. 135). 

 

In Figure 2, the black arrows indicate the movement of the platforms and the powder 

spreading. The mentioned steps form the process loop that is repeated until the geometry is 
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finished. When the part is finished, loose powder around the part is removed and the support 

structures are cut off. Some parts require additional finalizing which includes machining for 

better surface quality and heat treatment to make a part stronger and coloring or painting for 

aesthetic reasons. (Gibson et al. 2015, p. 109; Diegel et al. 2019, p. 6.) 

 

During the process various safety and health hazards can occur without the proper 

equipment, most of these are related in inhalation, ingesting and fire hazards. The process is 

completed in an enclosed process chamber with inert processing, filtration equipment, 

specialized vacuum and other equipment to ensure the safety of the environment and the 

machine user. (Milewski 2017, p. 1.)  

 

2.3 Most important parameters 

The process parameters are the core factors regarding part properties and by modifying them 

different parts with varying attributes can be manufactured.  

 

There are four main categories in which the PBF process parameters can be categorized: 

-laser related parameters (laser power, spot size, etc.) 

-scan related parameters (scan speed, scan pattern and scan spacing) 

-powder related parameters (particle shape, size, etc.) 

-temperature related parameters (powder bed temperature, powder feeder temperature, etc.) 

(Gibson et al. 2015, p. 123.) 

 

Most of the parameters are heavily dependent of each other and must be treated accordingly.  

Laser and scan related parameters are regularized for consistency and best balance between 

the properties of the part. (Gibson et al. 2015, p. 124.) 
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3 POWDER RECYCLING AND REUSE IN METAL POWDER BED FUSION 

 

 

In this thesis, terms “recycling” and “reuse” are defined to mean different things to avoid 

confusion as they could be mixed. Reused powder means non-virgin powder that has been 

sieved from build chamber, it is the powder that has not been fused into support structures 

or the part itself (Milewski 2017, p. 145). Reused powder is refreshed with virgin powder 

for new builds with different strategies that are presented later in this chapter. 

 

The term recycling means disposing of used powder which is no longer eligible for L-PBF 

process. Powder properties degrade after a certain number of reuses to a level where it cannot 

be reused anymore due to poor quality for most purposes. The powder from build chamber 

is sieved to separate the partially fused, irregular and satellite particles from the usable 

powder to guarantee appropriate particle size (Milewski 2017, p. 74-75). The powder that is 

captured in sieving is unusable for L-PBF which must be recycled. When this case inevitably 

happens with each powder batch, the powder is recycled into either new powder or different 

form such as wire, plate, bar or other. 

 

3.1 General metal recycling 

For example, the infrastructure for basic consumer products such as metals, plastics, glass 

and plastic exist. Metal AM is not as widely used manufacturing method yet that bigger scale 

recycling chains dedicated for them would exist. (Gibson et al. 2015, p. 394) 

 

Metal recycling in general is dependent of several factors that limit the possibilities of 

reusing materials. Scrap metal that has been in customer use is generally more difficult to 

recycle due to contamination from usage and post processing. Post processing of products is 

dependent of different sources of contamination such as plastic, galvanized metals, paint, 

coatings and rust which define the possibilities of recyclability. The identity of the metal 

alloy is also usually lost when it comes to scrap metal which limits recycling possibilities. 

The cutting lubricants used in some recycling processes can also contaminate the materials. 

(Milewski 2017, p. 80-81.)  
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3.2 Recycling of AM parts 

Metal parts made of steel, titanium and other alloys are highly recyclable regardless of the 

manufacturing method according to Gibson et al. (2015, p. 394). These methods include all 

powder bed fusion-based processes and directed energy deposition processes. On the 

contradict, Milewski (2017, p. 81) mention that the high performance and most wanted AM 

alloys are not usually feasible for direct recycling processes. These processes include 

recycling material into new powder or other raw materials. 

 

In addition, the manufacturing is going towards alloy powders which include metal and 

composite or multiple metal materials. For example, titanium-based powders are highly 

reactive therefore not cost-efficient to recycle (Milewski 2017, p. 81). However, Ti-6Al-4V 

powder can be reused up to 22 cycles, which shows that while a powder can be non-feasible 

for recycling, it can be reused (Kakko et al. 2019, p. 10). 

 

3.3 Powder reusing in general 

There are multiple factors affecting the reusability of powders as impurities and differences 

in same material between powder manufacturers exist. As will be seen later in this thesis the 

average particle size can vary drastically which itself is a large factor in the possibilities of 

reusability. 

 

Companies that make commercial grade powders can contain impurities that affect in 

chemical and metallurgical level therefore possibly lowering the times a powder batch can 

be reused. The powder qualities range from low grade powders which might include 

impurities due to processing differences to more clean and higher quality powders. 

(Milewski 2017, p. 81.) The powder quality itself is not the only source of impurities, the 

overall handling process of the powder from manufacturing through storage to the build 

chamber can contaminate the powder if done improperly (Milewski 2017, p. 82). During the 

manufacturing process the powder can be contaminated by the atmosphere and delivery 

gases in the build chamber (Milewski 2017, p. 81-82). 

 

Metal AM is introduced as a method which allows for nearly full reuse of leftover powder 

which is not the case for many materials. Some particles get partly fused into each other 

during the L-PBF process making them unusable for reuse (Milewski 2017, p. 145). The 
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recyclable metal waste (for example, support structures and unusable powder) that is 

generated in the manufacturing process can be in many forms so it must be processed 

accordingly. For example, post processing of the parts such as machining or drilling produce 

waste which must go through a dedicated waste stream process to be recycled into new 

material (Milewski 2017, p. 82). Meanwhile sieved and ineligible powder for L-PBF has 

different recycling process as was mentioned earlier in this chapter. According to a study of 

Del Re et al. (2018, p. 8) un-melted metal powder can be reused as many times as the limits 

allow for specific material.  

 

Reusing powder in L-PBF is essential for sustainable production value as even small parts 

require a lot of powder during the process. Material requirements of powder bed systems 

scale directly with build volume which causes limitations in what kind of parts can be built 

(Milewski 2017, p. 143). A spherical shaped titanium part of 200 mm would require 8000 

cm3 of powder which stands for 36 kg in weight. If one were to double the size of the sphere 

to 40 cm it would require 288 kg of powder. The cubic scaling for bigger parts is very high 

all the while the size of the build chamber is very limited which makes the production of 

bigger parts almost impossible. (Milewski 2017, p. 144.) 

 

Material losses in L-PBF have been studied to be around 20 % when energy and resource 

efficiency are taken into consideration. If every material loss is accounted for which includes 

aerosol emissions, cleaning losses, shield gas filter residues and so on, the material losses 

have been reported between 57.6 % and 63.6 % (Lutter-Günther et al. 2018, p. 378-379). 

 

3.4 The reusing methods 

There are two main methods for metal powder reusing in L-PBF which both include mixing 

virgin and used powder between cycles in different ways (Lutter-Günther et al. 2018, p. 379). 

They are continuous refreshing and collective aging (see Figure 3) (Lutter-Günther et al. 

2018, p. 379). 
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Figure 3. Powder reusing strategies (Lutter-Günther et al. 2018, p. 379). 

 

First method is the continuous refreshing in which the used powder is refreshed between 

each cycle or build with virgin powder (Strategy A in Figure 3) (Lutter-Günther et al. 2018, 

p. 379). This slows down the powder degradation which can grow the longevity of some 

particle groups to extremely high cycle ages. However, this might not be a positive feature 

as the particles are used longer these features add up in the particles thus the threat of a flaw 

in the part is very likely. This method is convenient if there is a possibility of mixing multiple 

powder batches together. Usually mixing batches is not possible due to the traceability of 

parts origins not being valid as some certifications require proper material traceability. 

(Lutter-Günther et al. 2018, p. 379.) 

 

The second method is the collective aging in which the used powder is combined from the 

powder batch and mixed with same aged powder after every cycle (Strategy B in Figure 3). 

Maximum amount of builds are done with one powder batch which leaves the residue 

powder (R) that is collected. This ensures that the degrading is uniform between all powder 

particles in one batch. This method is recommended in the case of high requirements in 

traceability. (Lutter-Günther et al. 2018, p. 379.)  

 

In some systems, real-time powder reuse is implemented to compensate the small build 

chamber limitations (Milewski 2017, p. 144). It is unclear if this type of reuse differs from 
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normal reuse in which the build is completed and after that the leftover powder is collected 

in one batch and reused. Usually reused powder is always mixed with virgin powder to 

ensure material-specific features. It is researched continuously in what proportion each 

powder is used to maintain the demanded quality, which is dependent of the application 

(Milewski 2017, p. 145). 
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4 THE EFFECTS OF REUSING POWDER ON MECHANICAL PROPERTIES 

 

 

There are many properties that might change when reusing powder in metal PBF thus 

affecting in the quality of the manufactured part (Heiden et al. 2018, p. 2). The metal powder 

particle properties are researched on micro level and they include morphology, chemistry, 

microstructure and other various properties. Figure 4 shows the powder properties which are 

divided in sub properties (Heiden et al. 2019, p. 85). 

 

 

Figure 4. Metal particle properties in PBF (Heiden et al. 2019, p. 85). 

 

As it can be seen in Figure 4, the amount of different properties is remarkable and everything 

must be taken into consideration when deducing results for reusing powders. Many 

properties are connected to each other which makes determining the changes in specific 

properties challenging. From the properties shown in Figure 4, powder hardness and internal 

porosity are investigated in addition to the mechanical properties of a finished part which 

are part density and tensile strength.  
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4.1 Porosity and density 

A pore is a void which is formed from lack of fusion or gas related issues in the melt during 

the solidification (Milewski 2017, p. 331). These two types are separated when figuring out 

porosity caused defects to determine the source of the porosity. For example, moisture or 

other contamination in the build chamber can cause the gas related porosity (Milewski 2017, 

p. 238). It is generally known that porosity affects negatively to the mechanical properties 

in parts and powder as the part strength decreases in correlation with part density. Pores can 

generate cracks which lead to stress concentrations and possibly to a failure of the part (Gorji 

et al. 2020, p. 2, 7). Porosity is connected to other factors such as particle size and oxidation 

of the powder bed (Heiden et al. 2019, p. 94).  

 

There is an oxide layer on the powder particles which increases with every cycle of reuse. 

Oxidation can cause spatter during the manufacturing process as the increased oxygen levels 

in the melt pool causes disorder on the melt pool fluid flow. The spatters interfere with the 

densification process and layer adherence thus creating porosity in solidified part (Heiden et 

al. 2019, p. 94). As oxidation is connected to part porosity it may lead to loss of strength, 

ductility, impact toughness, fatigue life and other properties depending on the material 

(Milewski 2017, p. 142). 

 

The focus is on the internal porosity of powder particles because understanding the effects 

of powder porosity can help deducing the porosity of finished parts when reusing powder. 

According to a study by Gorji et al. (2020, p. 7), the mechanical properties of finished parts 

suffer from porosity, these mechanical properties include strength and fatigue behavior. 

Virgin and reused powder particles both have internal pores within the particles which can 

withstand the laser heat during the L-PBF process and might generate porosity in the parts 

(Gorji et al. 2020, p. 2).  

 

Powder porosity is material specific attribute that can differ within wide range for same 

material but different powder batches. The morphology of the bulk material varies for every 

material and manufacturing process, as different variables during deposition and powder 

handling causes irregularity. Part porosity can differ within the same part depending on the 

location where the porosity is measured from. (Milewski 2017, p. 235.) The effects of part 

porosity are displayed in Figure 5 (Milewski 2017, p. 235). 
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Figure 5. Flaw and defect types of parts made with PBF (Milewski 2017, p. 235). 

 

As it can be seen in Figure 5, there are different types of porosity which can lead to flaws or 

in the worst case, defects that exceed required criteria. Part porosity is in correlation with 

powder porosity which is explained later in this chapter in the results of Table 1 and 2. 

 

It is concluded that density does not change considerably by the effect of reuse (Sartin et al. 

2017, p. 359). Figure 6 shows the measured density values when reusing powder (Sartin et 

al. 2017, p. 359). 
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As it can be seen from the Figure 6, the density of the powder is relatively same throughout 

the cycles, which indicates that powder reuse does not likely affect the part density (Sartin 

et al. 2017, p. 359). Though it is essential to note that the data is based on only twelve reuse 

cycles and in the last few cycles the density does vary a bit when compared to the first six 

cycles. According to another study by Heiden et al. (2019, p. 101) apparent density does 

decrease due to overall reduction of particles containing high porosity. 

 

Heiden et al. (2019, p. 88) and Gorji et al. (2020, p. 6) concluded how internal particle 

porosity changes when reusing the 316L powder. Both analyses were conducted with X-ray 

computed tomography (XCT) in other words, 𝜇𝐶𝑇-scanning (Heiden et al. 2019, p. 86, 89; 

Gorji et al. 2020, p. 3). Xradia 520 Versa X-ray microscope (XRM) was used in the study of 

Heiden et al. (2019) and Xradia 500 Versa XRM in the study of Gorji et al. (2020). The 

results are presented in Table 1 and 2 below. 

  

 

Figure 6. Density values for 316L in different reuse cycle amounts (Sartin et al. 2017, p. 359). 
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Table 1. Average particle and internal pore diameter, surface area and volume (Heiden et 

al. 2019, p. 88). 

Powder Average 

Diameter(μm) 

Average Surface 

Area (𝜇𝑚2) 

Average Volume 

(𝜇𝑚3) 

Virgin 15.5 (± 6.5) 1446.0 (±1383.0) 3128.8 (±4834.0) 

Reused 18.54 (± 8.4) 2210.8 (±2240.8) 5681.9 (±8750.4) 

Sieved 39.1 (± 26.0) 14 232.8  

(±15 554.2) 

73 942.1  

(±103 021.9) 

Virgin Pores 7.0 (± 2.4) 256.4 (±186.2) 241.3 (±270.2) 

Reused Pores 4.4 (± 1.6) 104.8 (±78.5) 63.0 (±77.5) 

 

Table 1 shows that average particle diameter grows in reused powder and has slightly wider 

variance which is the norm when reusing metal powders. In general, average particle size 

should increase in correlation with continued powder reuse (Heiden et al. 2019, p. 101; Sartin 

et al. 2017, p. 356). The average pore diameter is lower in reused powder than in virgin 

powder, in addition the volume of pores is significantly lower in reused powder. It is 

suggested that thermal treatment during the laser process collapses pores or the particles with 

pores are consumed in the process over time (Heiden et al. 2019, p. 89).  

 

Table 2. Average particle and internal pore diameter, surface area and volume (Gorji et al. 

2020, p. 6). 

Powder Average 

Diameter(μm) 

Average Surface 

Area (𝜇𝑚2) 

Average Volume 

(𝜇𝑚3) 

Virgin 26 (±8) 2350 (±1500) 12 200 (±12 520) 

Reused 25 (±7) 2223 (±1430) 11 240 (±11 650) 

Virgin pores 10 (±8) 521 (±1000) 2085 (±7778) 

Reused pores 9 (±7) 418 (±900) 1633 (±6846) 

 

It can be noticed from Table 2 that the average particle diameter increases which is surprising 

and in contradict with the result of Table 1. Study of Gorji et al. (2020) (Table 2) did refer 

to the study of Heiden et al. (2019) (Table 1) results but no explanation was found as why 

the results were in collision with each other (Gorji et al. 2020, p. 4). The difference may be 

due to the usage of different powder which would likely mean separate powder 
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manufacturers have provided the powders for these researches. As can be seen from 

comparing the tables, even the starting values for the particle size (virgin average diameter) 

differ notably. The average pore diameter and the pore volume does go down in Table 2 also 

which supports the results of Table 1 and is explained by the factors mentioned in the results 

of Table 1. 

 

Internal particle porosity is reported to have a decreasing trend in diameter and volume when 

looking at the Tables 1 and 2 which indicates that part porosity could be lower with reused 

powder mix. With this possibility powder porosity does not seem to be a problem with 316L. 

These results support the part density values which remained nearly unchanged in Figure 6. 

The instabilities created by the internal pores during the L-PBF process have a correlation 

with part porosity (Heiden et al. 2019, p. 97). Based on this information reused powder has 

lower internal porosity which leads to lower part porosity. 

 

According to the research done by Heiden et al. (2019) it is mentioned that 𝜇𝐶𝑇-scanning is 

limited by voxel size which can cause measurement errors. Both studies of Heiden et al. 

(2019) and Gorji et al. (2020) seem to agree in the decrease of pore volume even with 

different measurement equipment which would indicate the results to be reliable.  

 

4.2 Tensile strength and elongation 

It is concluded that metal oxides reduce strength in manufactured parts of 316L and there 

are more of them in the reused powder, this stems from the high molecular weight of the 

oxides (Gorji et al. 2020, p. 7). A couple other researches (Quintana et al. 2018, p. 1868; 

Kakko et al. 2019, p. 7) were done with titanium powder where oxidation growth was in 

trend with the increase in strength. The oxidation is known to strengthen the titanium based 

powder like Ti-6Al-4V (Quintana et al. 2018, p. 1868; Kakko et al. 2019, p. 7) which 

indicates that it is important to recognize material specific features when studying and 

implementing reuse strategies for metal powders. It is also important to note the difference 

between metal oxides and oxidation that form during the process of manufacturing when 

reusing powder. 
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Table 3 gives insight how UTS, yield stress and elongation change for parts on different 

points of the build plate. The results were measured from upper left and lower right corners, 

which are separated with the letters “A” and “J” respectively.  

 

Table 3. Mechanical properties of parts built from virgin and reused powders in upper left 

corner (A) and lower right corner (J) (Heiden et al. 2019, p. 101). 

Powder Sample UTS (MPa) Yield Stress (MPa) Elongation (%) 

Virgin (A) 600 (±13) 450 (±10) 43 (±7) 

Virgin (J) 590 (±11) 430 (±13) 50 (±5) 

Reused (A) 587 (±12) 449 (±12) 50 (±5) 

Reused (J) 582 (±19) 433 (±17) 52 (±3) 

 

Table 3 shows that the UTS and yield stress stay relatively same which indicates that powder 

reuse has no major effect in part strength even after thirty reuse cycles. The differences of 

lower UTS and yield stress values in the lower right corner (J) is caused by it being closest 

to the gas flow and on the finishing side of the powder spreader, meaning that the final 

destination of the spreader per swipe is the lower right corner (J) (Heiden et al. 2018, p. 93). 

Elongation shows increasing trend regardless of the position on the build plate. The results 

are presented in Figure 7 (Heiden et al. 2019, p. 101). 
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Figure 7. a) UTS, yield stress and ductility; b) Corresponding stress-strain curves for parts 

built from virgin and reused powders (Heiden et al. 2019, p. 101). 

 

A) 

B) 
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UTS and yield stress show no change regardless of the build zone position according to 

Figure 7a. As it can be seen from Figure 7b, ductility has large range of results before the 

failure for the virgin powder. It can be concluded that in virgin powder ductility has more 

fluctuation as the results vary for those parts the most. It is assumed that particle distribution 

on the powder bed is more unstable which stems from the changing particle size differences 

in reused powders. In addition, other features such as increased surface finish on reused 

particles and improved flowability are debated to decrease the agglomeration effect which 

is more apparent for virgin powder. These variables are suggested to have an effect in 

ductility for reused powder. (Heiden et al. 2019, p. 99.) Figure 8 represents SEM (scanning 

electron microscope) images of the virgin and reused powders to show the particle changes. 

 

 

The red arrows in Figure 8 indicate the smooth remelted particles that form in reuse. It seems 

that the amount of finer particles (< 10 μm) are reduced (Heiden et al. 2019, p. 101) while 

the volume of 45 μm and larger particles is increased in relation to the number of cycles 

(Sartin et al. 2017, p. 356). Reported average particle roughness by Gorji et al. (2020) is 9.12 

(±2) nm for virgin and 6.85 (±2) nm for reused powder (Gorji et al. 2019, p. 6). 

 

Figure 8. 229x and 457x magnification of 316L powders (Heiden et al. 2019, p. 

89). 
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Sartin et al. (2017) noticed few exceptions of low strength and ductility but all of them were 

determined to be errors in machine or process parameters, not by the reuse of powder. Poor 

layer fusion caused by laser focus drift or laser muting were the core reasons for the low 

strength which are presented in Figure 9 (Sartin et al. 2017, p. 359). 

 

 

 

Figure 9. a) Ultimate tensile strength for every cycle; b) Elongation measurements for every 

cycle (Sartin et al. 2017, p. 359). 

A) 

B) 
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Heiden et al. (2019, p. 84) reused the powder over thirty times which make the results more 

reliable and validates the results of Sartin et al. (2017, p. 351) as they reused the powder 

only twelve times. Both researches agree that UTS stays relatively consistent but Heiden et 

al. (2019, p. 101) claims that ductility shows slight increase whereas Sartin et al. (2017, p. 

359) did not notice considerable change. Yield strength was studied only in research of 

Heiden et al. (2019, p. 101), which was determined to have no changing trend regarding 

reuse. 

 

4.3 Hardness 

Hardness is defined as a material attribute how much it can absorb energy, withstand wear 

and impacts (Milewski 2017, p. 55), in this section hardness and microhardness of the 

powder particles are reported. With nanoindentation measurement method reused powders 

have lower hardness at different indentation depths according to Gorji et al. (2020) the 

measurements are in the Figure 10 below.  

 

 

 

As can be seen from the Figure 10, the hardness is lower for reused powder. However, the 

sample size is arguably small in terms of tests and different depths. These results are in direct 

Figure 10. Nanoindentation measurements showing the hardness on different 

indentation on different porous locations of the particles (Gorji et al. 2020, p. 9). 
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collision with the research by Heiden et al. (2019) as they claim that reused particles have 

slightly higher hardness, especially in higher depths. Heiden et al. (2019) did more tests 

compared to Gorji et al. (2020) which makes the study more reliable in this aspect. The 

average hardness is reported between 2.56 ± 0.21 GPa for virgin particles and 2.97 ± 0.67 

GPa by Heiden et al. (2019). Interestingly it is assumed to be from the effect of higher 

oxygen content in reused particles. Another suggestion from Heiden et al. (2019) is that 

smaller grain size can be a factor in hardness due to Hall-Petch strengthening. (Heiden et al. 

2019, p. 90.) Figure 11 represents the measurements regarding hardness. 

 

Figure 51. Average hardness of virgin and reused particles with increasing depth of 

nanoindentor (Heiden et al. 2019, p. 97). 

 

As can be seen from Figure 11, the average hardness increases simultaneously with the 

growing depth, which are the direct opposite results when compared to the study by Gorji et 

al. (2020). For the first few cycles, around in the 50-70 nm depth the hardness does go down 
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in both researches which indicates that Gorji et al. (2020) had too small sample size. The 

growing trend in hardness comes only after around 70-80 nm depth which was only studied 

by Heiden et al. (2019). Both studies agree on that but the measurement depth is the deciding 

factor between the contradicting claims.  
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5 CONCLUSIONS  

 

 

Metal powder reusing and recycling is in general a little researched subject as during the 

process of finding references same researches would pop up when searching for new ones. 

Lot of them cited each other which confirmed that the recycling and reuse aspect of AM 

powders is not broadly studied.  

 

Internal particle porosity was studied to decrease with the continued reuse of powder. The 

internal porosity causes instabilities during the L-PBF process which affects in part porosity. 

It can be debated that the lower internal powder porosity is, the lower the part porosity.  

 

Part density does not change noticeably with powder reuse according to Sartin et al. (2017) 

and Heiden et al. (2019) claims slight decrease in apparent density. It was reported that the 

decrease is due to the reduction in high porosity containing particles. Heiden et al. (2019) 

had over twice the amount of reuse cycles (30) while Sartin et al. (2017) did 12 cycles which 

makes the results of Heiden et al. (2019) more reliable when it comes down to part density. 

 

Studies made by Heiden et al. (2019) and Sartin et al. (2017) shows that UTS stays relatively 

same throughout the reuse experiments (see Figures 7a and 9a). Lower strength results were 

received in both researches. They were determined to be caused by either the manufacturing 

position changes (see Figure 7b) or errors in machine or process parameters. In other words, 

powder reuse was not considered to be the affecting factor for low strength results. 

Elongation was studied to have a more consistent variance and increased ductility with 

reused powder by Heiden et al. (2019). Sartin et al. (2017) did not see noticeable changes in 

ductility. Yield stress was studied only by Heiden et al. (2019) which was reported to have 

no changes in any way regarding powder reuse. 

 

The particle hardness had contradicting claims between results. According to Gorji et al. 

(2020) the average hardness of one particle had a decreasing trend. However, in the research 

by Heiden et al. (2019) particle hardness was reported to have an increasing trend. The 

particle hardness has decreasing trend around 50-70 nm but it increases after 70-80 nm well 

over the hardness of virgin powder particles with continued powder reuse.  
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Overall, the increasing particle hardness has a direct correlation in the increasing oxidation 

of the powder bed surface (Heiden et al. 2019) in which case can change the powder 

spreading on the bed. The oxidation can also cause disturbances in the melt pool during the 

L-PBF process that can lead to higher porosity in the finished part. (Heiden et al. 2019, p. 

94.) 
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6 FURTHER STUDIES 

 

 

The researches handling this subject are in wide range when it comes to quality and terms 

that are used as they do not necessarily have same the meaning, which is why the reader has 

to stay sharp when comparing the results.  

The differences in the manufactured powders can drastically affect the results in this type of 

literature review, which is why it would be good to confirm the powder manufacturers that 

provide the materials for these researches. When the researches would have the same 

powder, the results can be concluded to be more reliable when changing process parameters 

or procedures.  

The hardness of the actual part when reusing powder would be more relevant from the point 

of view of a manufacturer.  

As the literature handling 316L reuse in L-PBF is quite limited, comparing the effects of 

reusability for titanium powders would possibly give more insight in reuse methods and the 

properties of parts.  



33 

 

LIST OF REFERENCES 

 

 

Del Re, F., Contaldi, V., Astarita, A., Palumbo, B., Squillace, A., Corrado, P. & Di Petta, 

P. 2018. Statistical approach for assessing the effect of powder reuse on the final quality of 

AlSi10Mg parts produced by laser powder bed fusion additive manufacturing. In: 

International Journal of Advanced Manufacturing Technology, vol. 97, no. 5-8, pp. 2231-

2240. 

 

Diegel, O., Nordin, A. & Motte, D. 2019. A Practical Guide to Design for Additive 

Manufacturing. Springer, Singapore. 

 

Gibson, I., Rosen, D. & Stucker, B. 2015. Additive Manufacturing Technologies 3D 

Printing, Rapid Prototyping, and Direct Digital Manufacturing. Springer, New York. 498 

p. 

 

Gorji, N.E., O'Connor, R., Mussatto, A., Snelgrove, M., González, P.G.M. & Brabazon, D. 

2019. Recyclability of stainless steel (316 L) powder within the additive manufacturing 

process. In: Materialia, vol. 8, pp. 100489. 

 

Gorji, N.E., Saxena, P., Corfield, M., Clare, A., Rueff, J., Bogan, J., González, P.G.M., 

Snelgrove, M., Hughes, G., O'Connor, R., Raghavendra, R. & Brabazon, D. 2020. A new 

method for assessing the recyclability of powders within Powder Bed Fusion process. In: 

Materials Characterization, vol. 161, pp. 110167. 

 

Heiden, M.J., Deibler, L.A., Rodelas, J.M., Koepke, J.R., Tung, D.J., Saiz, D.J. & Jared, 

B.H. 2019. Evolution of 316L stainless steel feedstock due to laser powder bed fusion 

process. In: Additive manufacturing, vol. 25, pp. 84-103. 

 

Kakko, K., Porkka, J., Kupi, K., Ruohomaa, R., Raitanen, N & Luotonen, V. 2019. 

Evaluation of Powder Aging Effects on Process and Properties of Ti-6Al-4V ELI. 12 p. 

 



34 

 

Lütter-Günther, M., Gebbe, C., Kamps, T., Seidel, C. & Reinhart, G. 2018. Powder 

recycling in laser beam melting: strategies, consumption modeling and influence on 

resource efficiency. In: Production engineering (Berlin, Germany), vol. 12, no. 3-4, pp. 

377-389. 

 

Milewski, J.O. 2017. Additive Manufacturing of Metals From Fundamental Technology to 

Rocket Nozzles, Medical Implants, and Custom Jewelry. Springer, Cham. 

 

Quintana, O.A., Alvarez, J., Mcmillan, R., Tong, W. & Tomonto, C. 2018. Effects of 

Reusing Ti-6Al-4V Powder in a Selective Laser Melting Additive System Operated in an 

Industrial Setting. In: JOM (1989), vol. 70, no. 9, pp. 1863-1869. 

 

Sartin, B., Pond, T., Griffith, B., Everhart, W., Elder, L., Wenski, E., Cook, C., Wieliczka, 

D., King, W., Rubenchik, A., Wu, S., Brown, B., Johnson, C and Crow, J. 2017. 316L 

POWDER REUSE FOR METAL ADDITIVE MANUFACTURING. In: Proceedings of the 

28th Annual International Solid Freeform Fabrication Symposium – An Additive 

Manufacturing Conference Paper, pp. 351-364. 

 

SFS-EN ISO/ASTM 52900:2017:en. 2017. Additive manufacturing. General principles. 

Terminology. Mechanical Engineering and Metals Industry Standardization in Finland. 25 

p. 

 

Wohlers, T., Campbell, I., Diegel, O., Kowen, J. 2019. Wohlers Report 2019: 3D Printing 

and Additive Manufacturing State of the Industry Annual Worldwide Progress Report. 

Colorado, USA: Wohlers Associates. 369 p. 

 

Yang, L., Hsu, K., Baughman, B., Godfrey, D., Medina, F., Menon, M. & Wiener, S. 

2017. Additive Manufacturing of Metals: The Technology, Materials, Design and 

Production. Springer, Cham. 

  


