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A B S T R A C T   

Laser powder-bed fusion (LPBF) technology is one of the additive manufacturing (AM) processes that uses metal 
powder to produce parts for various industry sectors such as medical, aerospace, automotive and oil & gas. As an 
‘additive’ based process, the material is selectively melted by a focused laser. By this working principle material 
is added in a layer-by-layer approach only where is needed. Therefore, this technology enables a high reduction 
of waste by avoiding chips typically generated in ‘subtractive’ based processes such as milling and drilling. 
However, to ensure lower waste consumption the metal powder surrounding the solidified part must be reused in 
subsequent build jobs. Current knowledge on the effect of powder reuse on LPBF builds is mostly limited to 
titanium- and nickel- based alloys. The aim of this paper is to study the effect of powder reuse on Al–Mg–Sc–Zr, a 
high strength aluminium-based alloy, manufactured by LPBF. Here, powder properties such as morphology, 
composition, particle size distribution are studied of virgin (pristine) and reused Al–Mg–Sc–Zr powder. The 
mechanical properties of specimens made of virgin powder and after four build cycles are analysed and 
compared to assess the influence of a mixture of virgin and reused powder material on the consolidated material 
properties. In general, the powder does not present large differences in composition and morphology, only the 
reused powder presents coarser particle size distribution (PSD) as previously observed in other alloy composi-
tions. The microstructure of the studied specimens is very similar unlike the porosity. The specimens built with 
reused powder show a few small micro-sized pores which do not show significant differences in the mechanical 
properties. In fact, the ultimate tensile strength (UTS) and elongation to break of specimens, respectively built 
with virgin and reused powder are 565 MPa, 13% and 537 MPa, 11%. Based on the obtained results, it is 
concluded that it is feasible to reuse Al–Mg–Sc–Zr powder in four subsequent build jobs with proper powder 
sieving and a rejuvenation step mixing 40% of virgin powder.   

1. Introduction 

Additive manufacturing (AM) processes enable the production of 
parts with complex features and advanced functionalities that cannot 
easily be manufactured otherwise [1]. The laser powder bed fusion 
(LPBF) process employs a high-power laser source to melt metal powder 
locally and to build up a 3D structure in a layer-by-layer approach. The 
LPBF process is a highly complex manufacturing process where the 
material properties depend strongly on the process history. As 
concluded by Aboulkhair et al. [2], there is a strong relation between the 
process parameters and the resulting properties of the manufactured 

part. Laser power, laser speed, particle size distribution, layer thickness, 
scanning pattern, and temperature of the build plate all have an effect on 
the thermal history that is key to the development of the microstructure 
and the mechanical properties, as studied by Amato et al. [3]. Other 
aspects such as variations in microstructure, porosity, and surface 
roughness, as discussed by Mower et al. [4], play an important role in 
the final part performance. The interaction of all influencing factors 
makes the LPBF process a complex process that is sensitive to small input 
variations. It explains to a large extent why it has often been difficult to 
maintain a reproducible process, and unintentional material property 
and product performance variations are often observed. 
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After completion of a part by the LPBF process, the part is removed 
from the build plate. The remaining unused powder on the build plate 
can in principle be reused for a new build cycle. As concluded by Ardila 
et al. [5], reusing the powder is key to rendering the LPBF process 
economically feasible and sustainable as the powder production process 
is energy and time consuming,. Atomisation processes are often 
employed to manufacture the powder particles and the typical layer-by- 
layer approach to building up a part by LPBF requires particles in a 
narrow size range of 15–80 µm. Particles with dimensions smaller than 
the lower limit typically show poor flow behaviour when spread over a 
previously deposited layer. Particles with dimensions above the powder 
layer thickness, typically between 60 µm and 100 µm for a fused layer 
thickness of 30 µm and 50 µm respectively, are clearly unwanted as they 
interfere with the powder spreading process. The powder layer density 
on the build plate varies as a function of material density, moisture 
content and powder properties from 30% to 50% as researched in a 
previous study by the authors [6]. The required limits to the powder size 
and, in general, to the powder size distribution set constraints on the 
reuse of powder to safeguard a smooth and reproducible spreading of 
successive powder layers. 

A small portion of the powder may be affected by the heat of the 
melting process. This may occur when the powder particles were located 
close enough to a melt pool, yet far enough away not to be included in 
the part. The amount of powder that is affected depends mainly on the 
duration of the build cycle, the number of parts and their geometry/size. 
Often some degree of agglomeration and/or sintering is observed, 
leading to a few larger particles that sometimes feature satellites and a 
higher surface roughness. However, an important aspect is spattering of 
ejected particles from the melt pool that land in the surrounding powder. 
This usually leads to the formation of agglomerates and oxides that can 
be found on the powder bed at some distance from the melt pool as 
studied by Gasper et al. [7,8]. Sieving of the powder intended for reuse is 
commonly carried out to remove these larger particles and agglomerates 
formed by sintering and spattering. In this way the maximum size of the 
powder particles is safeguarded by the sieving mesh dimensions. How-
ever, the exposure to heat may also cause other changes to the powder 
particles and the smaller agglomerates that are within the required 
dimensional range. Changes in the powder particle shape have been 
reported to affect the powder spreading process [9], whereas changes in 
the (surface) chemical composition may modify, for example, the wet-
ting behaviour of the particles. This means that simply sieving out the 
larger agglomerates and/or sintered powder particles may not be suffi-
cient to maintain a reproducible particle size distribution with predict-
able behaviour. 

The variation of the material properties of LPBF builds due to reuse 
of powder has been studied before for some metal powders that are often 
used for LPBF, including titanium, nickel and, to a limited extent, 
aluminium alloys. The most researched material on reuse behaviour is 
Ti6Al4V. Some authors have found an increase in the oxygen content 
after a number of build cycles upon reuse. For example, Quintana et al. 
[10] detected a rise in the oxygen level from 0.09 wt% to 0.13 wt% after 
31 LPBF build cycles. In this case, an increase in the particle size and a 
moderate increase of the ultimate tensile strength (UTS) were measured 
as well. The latter was explained by the strengthening effect of oxygen. 
The plastic elongation at fracture did not show a clear dependency on 
the oxygen content. Seyda et al. [11] also reported a coarsening effect of 
the Ti6Al4V powder particles and they observed a decrease in the 
porosity level during 12 successive build cycles of LPBF. However, the 
surface roughness of the specimens produced from the reused powder 
was greater than that of the specimens manufactured from virgin pow-
der. The hardness and UTS of the specimens from the reused powder was 
also greater than that of the specimens from the virgin powder. 

The available literature on reuse of aluminium powders processed by 
LPBF is very limited and concentrates exclusively on AlSi10Mg, a typical 
high strength casting alloy. In a recent study, Asgari et al. [12] inves-
tigated the microstructure and mechanical properties of AlSi10Mg 

specimens fabricated by LPBF using virgin and reused powders. The 
results showed comparable mechanical properties, concluding that 
reuse is possible for AlSi10Mg powder. Previous studies with a higher 
number of reuse cycles have also demonstrated the possibility of reusing 
AlSi10Mg without detrimental consequences to the powder and build 
properties. Maamoun et al. [13] studied the effect of reusing AlSi10Mg 
in 18 build cycles. The reused powder of this study, which was sieved in 
between build cycles using a 70 µm sized mesh, did not show apparent 
differences in the properties in comparison with the virgin powder, 
which was also sieved using the same mesh size. The morphology of 
reused particles was, however, slightly more elongated. A statistical 
study by Del Re et al. [14] of reusing AlSi10Mg throughout eight build 
cycles and sieved using a 60 µm sized mesh revealed a systematic 
decrease of 10 MPa in the yield strength (YS) and UTS and a decrease 
from 160 to 145 MPa in the high cycle fatigue after eight cycles of reuse. 
However, reuse did not change the elongation at break and the surface 
quality of the produced specimens. 

Aluminium compositions other than AlSi10Mg have not yet been 
researched deeply on the aspect of reuse. In previous work of the authors 
[15], four powders typically used in LPBF (Inconel 718, Ti6Al4V, 
AlSi10Mg and Scalmalloy) were studied, showing some degree of vari-
ation in particle size and morphology after reuse. Powder coarsening 
due to agglomeration and/or sintering led to an increase in the average 
particle size and the number of satellites. At the same time, the number 
of fines (small particles) decreased during continuous reuse, leading to a 
narrower particle size distribution. The results also revealed that the 
material with the highest variability to the studied parameters (particle 
size distribution, morphology, chemical composition and flowability) 
was AlSi10Mg, despite the low number of reuse cycles (six). 

The present work aims to extend the knowledge on the effects of 
powder reuse for an Al–Mg alloy reinforced with Sc and Zr commercially 
named Scalmalloy®. This high strength aluminium alloy was developed 
by APWorks for aerospace applications [16]. There are only a few 
studies that focus on the characterisation of this material. Spierings et al. 
[17] studied the mechanical properties achieved after a variety of heat 
treatments. The maximum hardness and tensile strength of the LPBF 
printed specimens were obtained after a 4–5 h heat treatment at 
325–350 ◦C. The tensile strength reached values higher than 500 MPa 
together with a ductile fracture behaviour. These results are similar to 
values previously reported by Schmidtke et al. [18] under similar pro-
cessing conditions. In addition, the latter study revealed little or no 
differences (< 5%) in the static tensile properties when testing speci-
mens built in horizontal and vertical direction in the heat-treated 
condition. 

In the present work, Al–Mg–Sc–Zr specimens employing virgin and 
reused powder were fabricated by LPBF. A standard heat treatment was 
applied. The aim of this work is to understand how reuse may impact the 
static mechanical properties of fabricated flat specimens. A complete 
characterisation of the builds is carried out by means of porosity and 
microstructural analysis, hardness measurements and tensile tests. The 
virgin and reused powders employed to build the specimens were also 
characterised by morphological analyses and by determination of the 
chemical composition and particle size distribution. 

2. Experimental procedure 

2.1. Materials and LPBF process 

The Al–Mg–Sc–Zr powder with the composition as listed in Table 1 
and supplied by APWorks (Germany) was used in an SLM Solutions 
machine (Germany) model 280HL to produce 3D printed plates of size 
150 mm × 5 mm × 2.5 mm as shown in Fig. 1a. The powder received 
from the supplier is labelled as ‘virgin’ and the powder that was used at 
least once before is labelled as ‘reused’. In this case, the powder used to 
build the ‘reused’ specimens had already been used for four cycles. As 
the build required a larger amount of powder to reach the height, 40% of 
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virgin powder was added to the batch of reused powder, that had not 
been rejuvenated before, before printing the specimens (rejuvenation). 
These specimens were thus printed with a mixture of sieved reused 
powder and virgin powder. Therefore, the sample for characterisation of 
the reused powder was collected after printing the specimens with a 
mixture of reused powder containing 60% of the powder after five build 
cycles and 40% of the powder after one build cycle. 

The reused powder is collected from the overflow container and 
build plate after the LPBF and sieving process. The sieving was per-
formed at the standard PSM100 sieving station from SLM solutions 
where powder is fed over a sieve which is vibrated, using a combination 
of low frequency and ultrasonic. The material is sieved under argon. Too 
large particles which do not pass through the mesh end up at the other 
end of the sieve and fall in a waste bottle. The sieved-out agglomerates 
are labelled as ‘sieve waste powder’. These agglomerates thus poten-
tially contain powder particles from five consecutive build jobs. 
Throughout this chapter, the specimens produced from virgin powder 
are denoted ‘virgin powder’ specimens, and those from the mixture of 
reused powder are denoted ‘reused powder’ specimens. 

In order to exclude the role of humidity entrapped in the powder 
regarding pore formation, an additional build cycle was performed with 
reused powder (five build cycles) that was vacuum dried before the 
build job started (cycle 6). Also these manufactured specimens were 
analysed for the presence of pores. 

Process parameters were used to produce the samples with a (laser) 
volumetric energy density of EV = 78 J/mm3, using a laser power of 
380 W in combination with a scanning speed of 974 mm/s. During the 
LPBF process, powder layers of 50 µm were deposited to create the 3D 
structure of solidified material, following a laser scanning pattern with 
a scan vector rotation of 67◦, as proposed by Geiger et al. [19] The 
build plate was pre-heated to 180 ◦C. The rest of the parameters were 
adjusted to obtain the maximum tensile strength and minimum 
porosity level as shown in a previous study of the authors in which the 
mechanical properties of AlSi10Mg and Al–Mg–Sc–Zr are analysed and 
compared [20]. 

2.2. Post-processing 

The produced plates were subjected to a stress relief heat treatment 
of 1.5 h at 180 ◦C and a subsequent precipitation hardening treatment of 

4 h at 325 ◦C. In this way, the Al3 (Sc, Zr) precipitates are formed that 
give the material its high strength [21]. 

The surface roughness of the plates was determined using a Keyence 
Confocal Microscope (VK 9700, Japan) model with a 10× lens. The 
surface roughness was measured at 16 different locations to determine 
the average value and relative variation of the surface roughness. A 
number of printed and machined plates were laser cut to obtain the 
tensile test specimens following the geometry of the subsize specimen 
(Fig. 1b) in the ASTM Standard Test Methods for Tension Testing of 
Metallic Materials (E8/E8M – 15a) [22]. Before the tensile tests, the 
specimens were sprayed with black and white paint to create a speckle 
pattern (Fig. 1c) with optimally traceable reference points for Digital 
Image Correlation (DIC) [23]. 

2.3. Powder and specimens characterisation 

First, the virgin and reused powders were characterised using 
different techniques. The powder morphology was analysed by scanning 
electron microscopy using a SEM (FEI Nova NanoSEM 450, Thermo 
Fisher Scientific, USA) and the chemical composition was obtained by 
energy-dispersive X-ray spectroscopy (EDX), using an EDX detector 
(EDAX trident system, AMETEK, Inc., USA) integrated in the SEM. The 
average values and standard deviation of the chemical composition was 
obtained from the analysis of 16 particles of virgin powder, 27 particles 
of reused powder and 28 particles of sieve waste powder. The particle 
size distribution (PSD) of the powders was analysed by static image 
analysis using the software Scandium (ResAlta Research Technologies, 
USA) from the SEM images of the particles. A sample size of at least 4000 
particles was used for the analysis. The equivalent mean diameter of the 
particles was estimated and used to calculate the D10, D50 and D90 
values, which are the intercepts for respectively 10%, 50% and 90% of 
the cumulative particle size distribution. The microstructures of the 
sieve waste powder and the printed specimens were evaluated using a 
SEM (FEI Teneo, Thermo Fisher Scientific, USA) integrated with a 
concentric back scatter (CBS) detector. The digital microscope from 
Keyence (Japan) of model VHX-5000 was used to study the melt pool 
regions and the porosity of the specimens printed from both virgin and 
reused powders. Conventional metallographic preparation procedures 
were followed. All specimens were etched with Keller’s reagent for 20 s 
to reveal the microstructure. 

Table 1 
Chemical composition (wt%) provided by the powder supplier.  

Material Al Fe Mg Mn Sc Si Ti V Zr 

Al–Mg–Sc–Zr Bal.  0.13  4.39  0.49  0.66  < 0.01  0.021  0.013  0.31  

b)

c)

a)

Build plateGas flow

Fig. 1. (a) Beams built by LPBF on the build platform (280 × 280 × 360 mm3), (b) geometry of the tensile test specimens – dimensions are given in millimetres, 
1 mm thickness, (c) the machined and painted tensile specimens. 
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Second, the crystal orientation and grain size distribution in the 
specimens were obtained by employing electron backscatter diffraction 
(EBSD) and the analysis software AZtecHKL (Oxford Instruments, UK). 
The specimens and loose reused powder were also analysed by X-ray 
diffraction (XRD) using the model X′Pert (Philips, The Netherlands) 
using Bragg Brentano optics with Cu-Kα radiation to identify the phases 
present in the alloy. The results obtained within the 2θ angle range from 
30◦ to 90◦ were processed using the X′Pert HighScore program. The 
microstructural analysis, XRD measurements, porosity measurements 
and hardness tests were done along the width of the machined plates. 

Third, the porosity is studied by two different techniques: optical 
microscopy and 3D µCT. These techniques are complementary for 
porosity analysis. Micro-computed tomography (µCT) was used in this 
work to analyse porosity in a non-destructive way, obtaining high- 
resolution and accurate three-dimensional reconstructions of the sam-
ples [24]. A volume of 5 mm × 5 mm × 1 mm of the printed specimens 
was analysed using a metrological µCT system (Nikon X-Tek MCT225, 
Nikon Metrology/X-Tek Systems Ltd., UK), equipped with a 225 kV 
micro-focus X-ray source and a flat panel detector with 2000 × 2000 
pixels (16 bit), and located in a temperature-controlled cabinet. Two 
samples of each type of powder where analysed to calculate the average 
and standard deviation.The selected scanning parameters are listed in  
Table 2. The power of the µCT scan was kept below 7 watts in order to 
maximise the metrological structural resolution of the scan results [25] 
Dimensional evaluations and analyses of internal defects were con-
ducted using the analysis and visualisation software VGStudio MAX 3.2 
(Volume Graphics GmbH, Germany) and implementing a dedicated 
procedure for traceable porosity measurements [26]. 

Fourth, an automatic micro indentation testing system (LECO AMH 
43, LECO Corporation, USA) was used to compare the Vickers hardness 

(HV) values of the plates built with virgin and reused powder. Five in-
dentations along the width of the machined plates were analysed, 
following the ASTM Standard Test Method for Vickers Hardness of 
Metallic Materials (E 92 – 82). The samples taken from the machined 
plates were embedded in epoxy resin and polished to a ‘mirror-like’ 
surface before the indentations were applied using a load of 3 N. The 
mechanical properties were studied using tensile testing with a spec-
imen geometry as shown in Fig. 1b. The specimens were tested with a 
Zwick/Roell tensile test machine equipped with a 5 kN load cell and a 
strain rate of 0.001 s− 1. At least five specimens of each type of powder 
were tested with a cross-section of 6 mm2 as shown in Fig. 1. A camera 
captured live images of the test specimens for the strain analysis. The 
latter was done using the evaluation software for 3D testing (GOM 
correlate, Germany) a digital image correlation (DIC) software program 
for materials research and component testing, by using a virtual exten-
someter length of 20 mm. 

Finally, after the tensile tests, the fracture surfaces of the specimens 
were studied with a SEM (Jeol JSM-7200F, Japan), facilitating the un-
derstanding of the fracture behaviour of the materials. The specimens 
were glued to a holder for SEM examination in the vertical direction, 
exposing the fracture surface. 

3. Results 

3.1. Powder characterisation 

The virgin and reused powders are sieved and analysed. The sieve 
waste powder remaining after sieving is analysed as well. The next four 
subsections present the results for the morphology, the composition, the 
PSD and the sieve waste powder microstructure, respectively. 

Table 3 
Chemical composition (wt%) of virgin, reused and sieve waste powder estimated 
by EDX.  

Element Virgin Reused Waste 

Al  93.3 ± 2.1  93.6 ± 2.1  93.4 ± 2.0 
Mg  5.2 ± 0.2  5.0 ± 0.2  4.9 ± 0.2 
Sc  0.8 ± 0.2  0.8 ± 0.2  0.9 ± 0.2 
Mn  0.7 ± 0.3  0.7 ± 0.2  0.6 ± 0.2  

50 μm

a) virgin

50 μm

b) reused

c) waste

50 μm

d)

Fig. 2. SEM images of the (a) virgin powder, (b) reused powder and (c) powder collected from the sieve waste. (d) X-ray peaks used for analysis of constitu-
ent elements. 

Table 2 
Scanning parameters used for µCT analysis.  

Parameter Value 

Voltage [kV]  155 
Current [µA]  47 
Exposure time [ms]  1420 
Nr. of projections  2000 
Voxel size [µm]  3  
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3.1.1. Powder morphology 
The morphologies of the virgin powder, the reused powder and the 

sieve waste powder are shown in Fig. 2. The images show a relatively 
irregular powder morphology where the larger powder particles often 
have many small satellites attached. Although there are no large dif-
ferences between the virgin and reused powder, the reused powder does 
show fewer satellites. The sieve waste powder also contains larger ag-
glomerates (Fig. 2c) produced from sintering of small spherical particles 
and from spattering during five consecutive build cycles. It is important 
to remove these relatively large and unregularly formed agglomerates to 
prevent problematic spreading behaviour during subsequent build jobs 
with reused powder. This also holds to some degree for the small sat-
ellites visible on and attached to the virgin and reused powder particles 
in Fig. 2a and b. This may result in a lower surface quality of the final 
LPBF part. The observed sieved-out agglomerates in Fig. 2c are usually 
larger than 100 µm, which is the mesh size of the sieve used to condition 
the reused powder. 

A further analysis of the sieve waste shows that not only agglomer-
ated particles larger than the mesh size are present, but also non- 
agglomerated particles with dimensions down to the smallest value 
available, see Fig. 2c. Apparently, the sieving process is not very efficient 
as loose fine particles are included in the sieve waste. 

3.1.2. Powder composition 
An EDX semi-quantitative analysis (Fig. 2d) has been carried out to 

estimate the composition of the virgin powder, reused powder and the 
sieve waste powder. The values in weight percentage and standard de-
viation for each of the main elements are shown in Table 3. There are no 
significant differences in chemical composition between the virgin, 
reused and sieve waste powder. Some sieve waste particles contami-
nated with a high amount of oxygen were found in the reused powder 
and the sieve waste powder. However, this EDX measurement is not 
suitable for determining the exact amount of trace elements such as 
oxygen. 

3.1.3. Particle size distribution (PSD) 
The PSDs were obtained from analysing particles in SEM pictures of 

the virgin, reused and sieve waste powder and determining equivalent 
diameters for each particle (see Section 2.3). The results are shown in  
Table 4 and represented in Fig. 3. The parameters extracted from the 
PSD curves, such as D10, D50 and D90 (i.e. the maximum size of the 
lower 10%, 50% (= average size) and 90% of the particles, respectively) 
show a slight change towards larger particle size when comparing the 
reused powder to the virgin powder. This suggests that the relative 
contribution of smaller particles in the PSD of the reused powder has 
fallen below that of the virgin powder. 

Another interesting observation is the set of parameters extracted for 
the sieve waste powder. The values of D10, D50 and D90 are all smaller 
than the mesh size opening of 100 µm, clearly indicating that also (large 
amounts of) powder with dimensions smaller than the sieve mesh 
opening is part of the sieve waste. This is surprising, as the mesh size 
opening is in principle large enough for the powder to pass. These results 
are in line with the SEM pictures shown in Fig. 2c, where a large number 
of relatively small particles, i.e. smaller than the mesh opening of 
100 µm, were observed. 

3.1.4. Microstructure of a particle agglomerate from the sieve waste powder 
A closer look to the cross-section of an agglomerate particle from the 

sieve waste powder is shown in Fig. 4. Such an agglomerate is most 
probably the result of spattering that occurred during the laser scanning 
and melting of the metal powder. Fig. 4b shows the interface between 
the original particle and the molten material, where the boundary of the 
original particle is indicated by arrows. As a result of an incomplete 
bonding and due to the high-speed solidification, fine pores appear at 
the interface. 

Table 4 
Particle size values (µm) for three diameter distribution subsets as obtained by 
image analysis.  

Diameter Virgin Reused Waste 

D10  4.15  5.65  14.50 
D50  21.50  26.55  30.45 
D90  45.40  50.70  54.10  
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Size ( m)µ

Fig. 3. Particle size distribution of virgin and reused powders.  

5 μm10 μm

a) b)

Fig. 4. SEM images at (a) low and (b) high magnifications of the cross-section of particles collected from the sieve waste powder after five reuse cycles. The arrows 
indicate the intersection of two particles bonded together. 
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3.2. Specimen characterisation 

3.2.1. Surface roughness 
The average surface roughness (Ra) of the as-built specimens is 

shown in Table 5 for specimens built with virgin and reused powders. 
The relatively high surface roughness values are usually detrimental to 
the mechanical properties of the produced material due to local stress 
concentrations facilitating crack growth and fracture. Hence, the sur-
faces of both sides of the plate were machined down to a final specimen 
thickness of 1 mm, which strongly reduced the average surface rough-
ness, as also shown in Table 5. 

Fig. 5a and b show the 3D profile of the surface roughness (also 
obtained with the Confocal Microscope) of the specimens produced with 
virgin and reused powder. The differences found in the plate surfaces, as 

also shown by the average roughness values Ra in Table 5, are within the 
range of the standard deviations obtained from the measurements. On 
the other hand, the machined specimens (Fig. 5c) show a much 
smoother surface as more than 0.5 mm of material was removed on each 
side of the plates. The mechanical testing and further characterisation of 
the printed parts of this work were carried out on the machined speci-
mens alone. 

3.2.2. Microstructure 
The optical microscopy images of the cross-sections of the melt pools 

present in the ‘virgin powder’ specimens and the ‘reused powder’ 
specimens are shown in Fig. 6. This clearly reveals a pattern of stacked 
weld pools, caused by the printing pattern that was followed during the 
LPBF process. The darker areas that form the melt pool (MP) boundaries 

Table 5 
Average surface roughness, Ra of virgin, reused 
and machined specimens.  

Specimen Ra (µm) 

Virgin  28.6 ± 3.8 
Reused  30.7 ± 3.3 
Machined  3.6 ± 0.2  

Fig. 5. 3D surface profile of specimens: (a) as-built from virgin powder, (b) as-built from reused powder and (c) after machining.  

virgin reused

200 μm 200 μm

a) b)

melt pools

BD BD

melt pools

pores

pores

pores

pores

Fig. 6. Optical image of the microstructure of specimens from (a) virgin and (b) reused powder. BD indicates the building direction.  

Table 6 
Porosity, sphericity, average and maximum pore size of ‘virgin powder’ speci-
mens and ‘reused powder’ specimens.  

Powder 
condition 

Porosity 
(%) 

Average 
Sphericity 

Average pore 
size (µm) 

Maximum pore 
size (µm) 

Virgin  0.06 ± 0.01  0.56 ± 0.05  17.8 ± 7.7  108.1 
Reused  0.15 ± 0.01  0.61 ± 0.04  16.7 ± 6.5  126  
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consist of fine grains that surround the elongated grains which typically 
grow in the direction of heat dissipation. This holds for the specimens 
made from both the virgin and the reused powders. The melt pools of the 
reused specimen seem larger and more repeatable (periodic) than those 
of the virgin specimen. Additionally, the virgin specimen shows a larger 
area of fine grains in which the melt pool boundaries are less clearly 
visible. This may be related to sample preparation. 

The boundaries of the melt pools observed in Fig. 6 are composed of 
fine grains, which were formed as the result of rapid solidification and 
presence of precipitates in the melt. The precipitates can act as seed 
crystals and consequently become intergranular. More detail on the 
microstructure is shown for a virgin and a reused specimen in Fig. 7b 
and d respectively. The difference between these boundary regions and 
the coarser MP regions is characterised by the larger and more elongated 
grains as well as the bright white coloured particles at/between the 
grain boundaries of the fine grains. These particles have the character-
istics of the Al3(Sc, Zr) precipitates previously reported by Spierings 
et al. [27]. In addition, grain boundary particles of various compositions 
(Al–Mg-oxides) were observed, these contribute to the very fine-grained 
bi-modal microstructure characteristic from the LPBF process. 

Nanometre-scale pores (indicated by white arrows) are also observed 
between the grains, which might be hydrogen porosity. The porosity 
observed in Fig. 7c consists of relatively large spherical pores with a 
diameter up to ~ 100 µm, as previously observed in Fig. 7b. They 
probably formed due to gas bubble entrapment in the melt pool just 
before (rapid) solidification [28]. 

The EBSD maps in Fig. 8a and b show the grain orientations and size 
distribution. Both the zones with relatively fine grains and those with 
larger grains are clearly visible, in line with the results of the optical 
analysis of Fig. 6a and b. No clearly discernible texture is apparent from 
both the ‘virgin powder’ specimens and ‘reused powder’ specimens, as 
the grain orientations (as indicated by the different colours) seem to be 
distributed randomly. The grain size distributions obtained from the 
EBSD maps show no significant differences either, as is shown in Fig. 8c. 
In fact, the average grain sizes for ‘virgin powder’ specimens and ‘reused 
powder’ specimens are very similar, 2.3 µm and 2.4 µm, respectively. 
Therefore, it is concluded that potential differences in the mechanical 

properties cannot be due to variations in grain size, and thus should be 
attributed to PSD changes, and its effect on the processing window. 

3.2.3. Phase analysis 
The XRD spectra of reused powder, as well as those of the virgin and 

reused LPBF specimens (Fig. 9a), reveal diffraction peaks1 [29] cor-
responding to the same phases, ɑ-Al and Al3(Sc, Zr), within the 2θ 
range of 30–90◦. The ratios of intensities among the various {hkl} peaks 
observed in this work are not much different from those of an isotropic 
sample [30], again indicating the absence of strong textural compo-
nents. In other studies the relative intensity of the Al {200} Bragg peak 
is often significantly enhanced pointing at a texture with a <100>
direction perpendicular to the sample surface [31,32]. An unexpected 
observation is the shift of the XRD pattern of the reused specimen with 
respect to the patterns of the virgin specimen and reused powder 
sample. This becomes clear from Fig. 9b and c, which show the details 
of the {111} and {200} shift reflections, respectively. The curves in 
Fig. 9b and c do not show the real intensity therefore the shape of the 
curves appear distorted. There may be various sample-related reasons 
for the shift of a diffraction peak, including the presence of residual 
stresses, changes in the chemical composition and changes in micro-
structural constitution (presence/absence of precipitates) [33]. It is not 
immediately clear what the origin of the peak shift is in this case. The 
microstructures of the virgin and reused LPBF samples are similar and 
both samples have undergone the same post-processing heat treatment. 
However, the reused powder had a different thermal history than the 
virgin powder, which may have affected the lattice parameters of the 
printed samples. 

3.2.4. Porosity studied by optical microscopy and 3D µCT 
The values of the porosity level, pore sphericity (defined as the ratio 

between the surface of a sphere with the same volume as the pore and 

25 μm 5 μm

a) b) virgin

25 μm 5 μm

reused reusedc) d)

Fine MP

Coarse MP

Fine MP

Coarse MP

pores

virgin

BD

BD

Fig. 7. SEM images of the microstructure of specimens built with virgin powder at (a) low and (b) high magnifications. Specimens built with reused powder at (c) 
low and (d) high magnifications. Black arrows indicate pores developed in the specimens built with reused powder. White arrows indicate nano-scale pores. 

1 Note that each {hkl} diffraction peak in the diffractogram is composed of a 
Kα1/Kα2 doublet, where the Kα2 peak is shifted to higher diffraction angles and 
typically has an intensity that is about half of that of the Kα1 peak. 
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the surface of the pore), average and maximum pore size were deter-
mined by 3D µCT, see Table 6. The porosity levels in the ‘reused powder’ 
specimens (0.15%) are almost three times higher than in the ‘virgin 
powder’ specimens (0.06%). The other quantities set out in Table 6, such 

as the sphericity and pore size, do not show significant differences be-
tween virgin and ‘reused powder’ specimens. The maximum pore size of 
the reused specimen is slightly larger than that of the virgin specimen for 
these samples. 
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As mentioned in the experimental section, porosity analysis was also 
performed in a third experiment with reused powder previously vacuum 
dried overnight. The number of pores detected in these specimens was 
not different from that of the reused samples that were processed 
without the additional vacuum drying step. 

The optical micrographs of Fig. 10a and b show the pores on a pol-
ished cross-section of specimens built from virgin and reused powder 
respectively. The pores are distributed homogenously over the area in 
both cases and have a mostly spherical shape, as was observed before in 
Section 3.2.1. It seems that the ‘reused powder’ specimens show a higher 
number of evenly distributed micro-pores than the ‘virgin powder’ 
specimens. In fact, this is confirmed by Fig. 10c and d where the 3D µCT 
scanned volumes (5 mm × 5 mm × 1 mm) of the virgin and ‘reused 
powder’ specimens are shown. The volume of each pore is represented 
by the coloured scale on the left of each image. This reveals that the 
largest pores in the ‘reused powder’ specimens have a larger volume 
than those in the ‘virgin powder’ specimens, as can be derived from the 
maximum value of the volume bar scales in Fig. 10c and d. 

More details on the volume of each pore and the diameter distribu-
tion are shown in Fig. 11a, which was obtained from the µCT analyses. 
Even though the pore distributions do not appear to differ much between 
the ‘virgin powder’ specimens and ‘reused powder’ specimens, the latter 
shows significantly more small pores (with a diameter up to 60 µm) than 
the virgin specimen, as is shown in Fig. 10b. In Fig. 11a also some data 
points of pores with relatively large diameters and small volumes can be 
found, which correspond to rather elongated pores with a low sphericity 
index. 

The pores were divided into four groups according to their volume: 
group (I) – pores smaller than 1 × 10− 5 mm3, group (II) – pores between 
1 × 10− 5 mm3 and 5 × 10− 5 mm3, group (III) – pores between 5 × 10− 5 

mm3 and 1 × 10− 4 mm3 and group (IV) – pores larger than 1 × 10− 4 

mm3. For each group the total volume of the pores and the number of 
pores in that group was calculated, as shown in Fig. 12. This plot reveals 
large differences in porosity distribution between the ‘virgin powder’ 

specimens and ‘reused powder’ specimens, especially for groups I and II. 
In the case of groups III and IV (the largest pores), the number of pores 
and volume are similar. Note that the number of large pores (group IV) 
in ‘reused powder’ specimens is lower than in the ‘virgin powder’ 
specimens specimen, but the total volume of the group is nevertheless 
higher. This means that the large pores (group IV) in the ‘reused powder’ 
specimens are on average larger than in the ‘virgin powder’ case. 

3.2.5. Mechanical properties 
Typical engineering stress-strain curves of the ‘virgin powder’ 

specimens and ‘reused powder’ specimens as obtained from tensile tests 
are shown in Fig. 13. The test results show the typical serrated yielding 
behaviour of Al–Mg alloys related to the Portevin–Le Chatellier effect, as 
previously observed by Spierings et al. [17]. In this study a maximum 
local strain of ~ 24% was measured by DIC, although the (global) 
elongation at break is considerably lower (~ 12%), as observed in 
Fig. 13. Given the large elongations obtained in tensile tests it is 
concluded that Al–Mg–Sc–Zr alloy under static loads shows a highly 
ductile behaviour for both ‘virgin powder’ specimens and ‘reused 
powder’ specimens. 

An overview of the mechanical properties of the LPBF specimens 
produced with virgin and reused powder is shown in Table 7, together 
with data from literature for similar processing and post-processing 
conditions. The hardness values obtained are in between the values 
found in the literature for the same material built with virgin powder 
and given similar heat treatments. The hardness of the specimens built 
with reused powder tends to have lower values than for the specimens 
built with virgin powder. This slight drop is also observed for the UTS, 
YS and elongation at fracture. However, most of the differences between 
‘virgin powder’ specimens and ‘reused powder’ specimens are not sig-
nificant in magnitude. After comparing the static tensile properties, it 
can be concluded that in general the results obtained with the printed 
‘virgin powder’ specimens and ‘reused powder’ specimens are compa-
rable to existing literature of this alloy. 

virgin reused
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a) b)

virgin reused
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Fig. 10. Optical micrographs of the porosity at a cross-section of: (a) ‘virgin powder’ specimens and (b) ‘reused powder’ specimens. 3D µCT reconstructions of a 
5 mm × 5 mm × 1 mm volume of: (c) ‘virgin powder’ specimens and (d) ‘reused powder’ specimens. 
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3.2.6. Fractography 
The presence of pores, in combination with the ductility of the 

material, determines the fracture behaviour and fracture surfaces.  
Fig. 14 shows images at low and high magnification of the fracture 
surfaces of the specimens built with virgin and reused powder after the 
tensile tests. The micro-pores previously observed by µCT are also 
present in the fracture surfaces, as shown in Fig. 14a and c. The number 
of these pores is higher in the ‘reused powder’ specimens. Both mate-
rials show fracture surfaces covered by dimples of a size smaller than 
2 µm (Fig. 14b and d), indicating a high degree of local plastic defor-
mation and ductility. Small particles can be observed in the middle of 
the dimples of Fig. 14b and d, as shown by the detailed micrographs 
and indicated by dashed arrows. These are most probably the 
strengthening Al3–(Sc,Zr) precipitates, usually sized 50–100 nm [34], 
originating from the precipitation hardening heat treatment that was 
given to both the ‘virgin powder’ specimens and ‘reused powder’ 
specimens. These precipitates have a relatively high strength, which 

prevents them from plastically deforming. During the final stages of the 
tensile test, when the hydrostatic component of the local stress field 
becomes larger in the necking region, the precipitates get detached 
from the surrounding matrix. The matrix strongly deforms, forming the 
dimples, but the small micro cracks around the particles grow out, 
leading to fracture of the sample [35]. 

4. Discussion 

In the previous sections a detailed comparison and characterisation 
of virgin and reused powder, as well as samples manufactured from 
these powders by LPBF, has been performed. The powder morphology 
and chemical compositions are virtually the same for virgin and reused 
powder. The analysis of the particle size distributions revealed that the 
contribution of particles with a relatively small size is smaller for reused 
powders. Apparently, some of the finer powder particles are systemati-
cally removed during sieving after subsequent build cycles. Possible 
reasons include the very complex handling of the polydisperse powder 
that may induce unwanted separation effects, leading to less homoge-
neous powder mixtures [36]. This is often observed in separation 
methods of large batches of fine and low-density powders, which tend to 
agglomerate. The smaller particles are also more easily incorporated in 
agglomerates that develop in the heat affected zones next to the melting 
zones [37–39], see for example the agglomerates in Fig. 2c and the SEM 
image shown in Fig. 4. Some of the smaller particles were extracted by 
the sieving process: they appear in the powder sieve waste, even though 
these particles have dimensions much smaller than the sieve mesh size 
(see Fig. 2c). The rejuvenation step, where virgin powder was added to 
the sieved reused powder of the last build cycle, restored the PSD of this 
powder to some extent. 

The characterisation of the samples manufactured by LPBF with the 
virgin and reused powder revealed no big differences in the micro-
structures and phases present. The shape and size of the melt pools 
(Figs. 6 and 7), the grain size and size distributions (Fig. 8) are all very 
similar and this also holds for the crystallographic phases that appear 
after manufacturing and dedicated precipitation heat treatments 
(Fig. 9). This is, of course, no surprise given the fact that only the PSDs 
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Table 7 
Mechanical properties for LPBF-Al–Mg–Sc–Zr from literature and current research.  

Machine Condition HV UTS (MPa) YS (MPa) ε (%) Source 

SLM Solutions 280HL 325 ◦C/4 h (virgin) 161 ± 2 565 ± 14 447 ± 6 13 ± 1 Current work 
SLM Solutions 280HL 325 ◦C/4 h (reused) 157 ± 3 537 ± 6 443 ± 6 11 ± 1 Current work 
EOS M 270 325 ◦C/4 h 177 530 520 14 Schmidtke et al. [18] 
ConceptLaser M2 325–350 ◦C/4 h 137a 530 ± 12 453 ± 20 9.5 Spierings et al. [17]  

a The hardness value was converted from 135HB for comparison. 
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show minor differences at the lower side and the chemical composition 
of reused powder has not changed after various build cycles. 

The porosity levels of the manufactured samples as determined by 3D 
μCT are relatively low, with values of 0.15% or lower, but it is inter-
esting to see that the value for the specimens made with the virgin 
powder is clearly lower than that of the reused powder: 0.06% versus 
0.15%. Further analysis of the number of pores, their shape and their 
volume showed that the average pore size and the pore sphericity are 
similar, but the number of pores with a diameter between 10 µm and 
30 µm is substantially higher for the samples manufactured with reused 
powder (see Table 6 and Figs. 10 and 11). The total number of pores 
observed in a volume of 25 mm3 is of the order of 25,000 and 10,000 for 
the analysed reused and virgin samples, respectively. This corresponds 
to average numbers of pores of 1000 and 400 per mm3. The pores are 

relatively small and, despite their high number, they should not have a 
significant effect on the mechanical behaviour, given the fracture 
toughness of this type of alloy. This is also reflected in the mechanical 
and fracture properties of the tested tensile specimens, as they do not 
show large differences between the samples manufactured from virgin 
and reused powder. The hardness and tensile test results are in very good 
agreement with those in previous studies on this material with similar 
processing conditions. In addition, the material proved to have a highly 
ductile fracture behaviour, independent of the powder employed, 
instead of a catastrophic brittle fracture more typically observed in 
porous structures. In general, a higher porosity level in the material 
enhances damage mechanisms like fatigue and creep. Fatigue cracks 
could more easily initiate at pores, thus reducing the fatigue life. Simi-
larly, void formation during a creep process is also enhanced by the 
presence of pores [40]. 

It is well known that even under optimal process conditions the 
formation of pores during the LPBF process cannot always be prevented 
[41]. The presence of the larger number of voids in the samples manu-
factured from reused powder may be ascribed to the reduced number of 
small particles. The small powder particles are often added to fill up the 
space between the large particles and increase the packing density [42]. 
A better packing density during the spreading process also decreases the 
amount of open space between the stacked powder particles. During the 
melting stage the powder particles have to melt and coagulate to form a 
pore free melt pool that subsequently solidifies. However, the typical 
high-speed conditions of laser heating and subsequent cooling may 
cause the formation of pores [43] and it seems reasonable to assume that 
the chances of pore formation are higher when the stacking density is 
reduced [44]. The presence of a larger amount of inter-particle space for 
the reused powder is also illustrated in Fig. 15. 

In the presence of humidity, pore formation is enhanced through the 
decomposition of water molecules. The additional build cycle performed 
with vacuum dried powder did not show clear differences from that of 
the reused samples that were processed without the additional drying 
step. In other words, the results of the reused samples presented in this 
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work have not been affected by the (possible) presence of moisture 
present in the powder batch and/or build chamber. 

Further analysis of the results of the tensile tests has shown that the 
onset of necking occurs at slightly higher values of the engineering strain 
for ‘virgin powder’ specimens than for ‘reused powder’ specimens: 
12.5–11.5%, respectively. As the strain hardening behaviour of the 
tensile test specimens is quite similar, independent of the type of pow-
der, the larger engineering strain at the onset of necking explains the 
slightly higher value of the tensile strength of the virgin powder based 
tensile test specimens, see also Table 7. Disregarding the presence of the 
Portevin–le Chatellier effect, it is tempting to relate this effect to the 
higher density of micro-sized pores present in the reused samples, which 
possibly promotes an earlier necking effect. In fact, after the onset of 
necking, a series of events typically occurs that lead to fracture of a 
tensile test specimen. This process starts with the initiation of micro 
voids on inclusions/precipitates, followed by void growth, void coales-
cence and fracture [45]. However, a large number of micro voids 
(10–30 µm) are already present in the current LPBF specimens (see 
Fig. 11b) and these could locally accelerate the initiation stage of void 
formation around the strengthening precipitates (visible in Fig. 14b and 
d). Possibly, this may even initiate the start of the necking stage. The 
presence of a large number of these micro voids in the fracture surfaces 
supports this hypothesis, see Fig. 14a and c. It may also explain why the 
reused samples are more sensitive to this effect than the virgin samples, 
as the number of micro voids is larger for the reused samples. 

The relatively small differences between the microstructure and 
mechanical/fracture properties of virgin and reused Al–Mg–Sc–Zr 
powder indicates that there are no insurmountable obstacles for the 
reuse of Al–Mg–Sc–Zr (under the conditions tested in this work). Sieving 
of the powder after a build is important to prevent incorporation of 
agglomerates/spatter from previous production steps, which could 
impair powder spreading in subsequent builds. Rejuvenation has been 
included in the powder handling between successive build jobs to pre-
vent excessively large changes in the particle size distributions from one 
build job to another. This seems to have worked properly as well. So, no 
special precautions other than normal powder handling strategies, 
including proper rejuvenation, are required for reuse of Al–Mg–Sc–Zr 
powder for LPBF based AM. 

On the other hand, it is worth noting that the number of reuse cycles 
(four) is relatively low when compared to industrial use, where powder 

is reused higher number of cycles. Usually virgin powder is added to 
ensure the minimum quantity for a specific build height. In this case, 
particles of previous build jobs would mix with new powder. The effect 
on un-regulated mix of powder of different qualities might need addi-
tional insight. 

Future work may concentrate on understanding and improving the 
sieving process: apparently, not only the relatively large powder parti-
cles with a size larger than the mesh opening diameter were sieved out, 
which could be considered logical, but powder particles with smaller 
dimensions were collected in the sieve waste as well. This should be 
avoided. 

5. Conclusions 

In this study, the properties of parts built by LPBF with virgin and 
reused Al–Mg–Sc–Zr powder were investigated. The particles of virgin 
powder, reused powder and sieve waste powder were examined. The 
reused powder was collected after four subsequent build jobs including a 
rejuvenation step with 40% virgin powder. The morphology, PSD, 
chemical composition and microstructure were compared. In addition, 
the microstructure, porosity and mechanical properties of LPBF parts 
built out of virgin and reused powder were determined. Both powders 
and LPBF parts exhibited similar properties when comparing the virgin 
and reused parts produced. Based on the experimental results presented 
and discussed in this chapter, the following conclusions are drawn:  

1. The chemical composition of the virgin powder, reused powder and 
sieve waste powder is very similar. Only a small contamination with 
oxygen was found in a few particles of the sieve waste powder.  

2. The mean particle size of the reused powder is slightly larger than 
that of the virgin powder. The sieve waste contains considerable 
amounts of large particles (as it should), but also fractions of parti-
cles with a size smaller than the sieve mesh size.  

3. The microstructure of the specimens built with virgin powder is very 
similar to the specimens built with reused powder.  

4. The porosity levels in the ‘reused powder’ specimens are three times 
higher than in the ‘virgin powder’ specimens, but are particularly 
concentrated in a larger number of small micro-sized pores.  

5. Parts made from virgin and reused powder show a comparable 
strength and both have a ductile fracture behaviour.  

6. The observed changes in the particle size distributions due to reuse 
and sieving could be related to the number of small micro-sized pores 
(10–30 µm) in the specimens built with reused powder. This did not 
lead to significant differences in the mechanical properties. 

Finally, it is concluded that Al–Mg–Sc–Zr powder is suitable for reuse 
in the studied number of build cycles, if proper powder sieving and 
powder rejuvenation steps are included to preserve the required powder 
properties without detrimental effects on the repeatability and micro-
structural/mechanical properties of the manufactured LPBF parts. 
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