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Abstract
Metal powders for the laser powder bed fusion process are usually produced via gas atomization. However, due to the tight 
particle size distribution required for this application, the yield of the atomization process is low, resulting in a high-powder 
cost. In this work, atomization process parameters were varied to increase the gas-to-metal ratio to reduce the particle size 
distribution produced, and therefore increase the yield of the process. As a result, eight powders were produced starting 
from scrap AISI 136L material at different gas-to-metal ratio values, and the atomization process yield was successfully 
increased by 50%. First, the eight powders were characterized in terms of powder size, shape distributions, and flowability. 
Later, all powders were used to produce tensile specimens. The powders produced at higher yield exhibited a larger number 
of fine particles but slightly lower circularity, particularly in the coarse fraction. Furthermore, powders produced at a high 
gas-to-metal ratio demonstrated enhanced flowing properties and higher packing density. Consequently, these powders 
exhibited superior tensile performance, with ultimate tensile strength (UTS) ranging from 651 to 673 MPa and elongation 
values between 63 and 66%.
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Abbreviations
CED  Circular equivalent diameter (µm)
CBD  Conditioned bulk density (g/mL)
Deq  Equivalent spherical diameter (µm)
GMR  Gas-to-metal ratio
PBF-LB/M  Laser powder bed fusion of metals
SE  Specific energy (mJ/g)

1 Introduction

Laser powder bed fusion of metals (PBF-LB/M) is one of the 
most widespread additive manufacturing (AM) techniques 
in industrial production. PBF-LB/M technology consists 
of a laser beam that selectively melts powder fed layer by 
layer in a sealed chamber filled with inert gas. To achieve 
a broader industrial adoption, the PBF-LB/M process must 

be competitive with conventional manufacturing in terms of 
costs, productivity, and material availability [1]. However, 
there exist significant challenges to overcome, particularly in 
reducing costs and production time associated with this tech-
nology. PBF-LB/M has high capital and operative expenses 
generated by machine purchase, inert gas consumption, 
and risk of build failure due to process instability, post-
processing, and powder procurement [2]. Powder price is a 
non-negligible cost driver for additive manufacturing users, 
accounting for ~ 10% of the total production expense [3, 4].

From the perspective of powder suppliers, significant 
effort is dedicated to the atomization process. However, 
after sieving, only a small portion of the powder (less than 
50%, [5]) meets the size requirements for sale in the PBF-
LB/M market. This limitation arises because the atomiza-
tion process inherently produces powder particles within the 
0–500 µm range, while PBF-LB/M necessitates a narrow 
particle size distribution (PSD) ranging from 10 to 60 µm. 
As a result, the low yield and reduced energy efficiency of 
the atomization process contribute to inflated powder prices. 
Moreover, careful atomization can yield powders with tai-
lored particle shapes and sizes, which positively influence 
powder flow behavior. This, in turn, enables faster printing 
speeds and reduces overall process time and costs [6, 7]. 

 * S. Cacace 
 stefania.cacace@polimi.it

1 Dipartimento di Meccanica, Politecnico di Milano, Via La 
Masa 1, 20156 Milano, Italy

2 Tenova S.p.A., Via Gerenzano 58, 21053 Castellanza, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-023-00490-z&domain=pdf
http://orcid.org/0000-0003-2121-6276
http://orcid.org/0000-0002-1786-0221


 Progress in Additive Manufacturing

1 3

Therefore, further research is necessary to encourage indus-
trial applications by reducing costs and meeting higher sus-
tainability goals in the additive manufacturing (AM) supply 
chain [8]. Achieving the right combination of atomization 
parameters can effectively reduce the particle size range 
produced during atomization, leading to an increased pro-
cess yield for PBF-LB/M applications. Studies focusing on 
the gas atomization process highlight the gas-to-metal ratio 
(GMR) as a key parameter directly influencing the parti-
cle size range. The GMR describes the energy input from 
the gas during atomization. Increasing the GMR results in 
greater interaction between the gas jet energy and the molten 
stream, leading to a decreased median particle size and a 
narrower distribution [9–11].

Generally, a higher gas-to-metal ratio (GMR) leads to 
an increased number of fine particles, which enhances the 
productivity of the atomization process for the desired pow-
der range in PBF-LB/M processes. However, research on 
increasing the atomization yield specifically for PBF-LB/M 
applications is relatively new, and only a limited number 
of studies are available. Furthermore, most of the literature 
work focuses on general applications [12, 13] without con-
sidering the specific requirements of PBF-LB/M.

This study aims to investigate the impact of GMR on the 
powder quality produced for the PBF-LB/M process, as well 
as the resulting tensile properties of the printed specimens. 
The material chosen for atomization is AISI 316L metal 
scrap, which has been optimized in a previous work by the 
authors [14]. The objective is to assess whether improved 
atomization efficiency comes at the cost of decreased quality 
in the printed parts.

To achieve this, the nozzle ring of the atomizer was modi-
fied to enable an average increase in GMR of approximately 

50%. Four powders were produced from the scrap AISI 
316L material for each nozzle configuration (standard and 
enhanced).

The workflow of the work is presented in Fig. 1, and the 
paper is organized as follows: Sect. 2 discusses powder pro-
duction and the powder and specimens characterization tech-
niques. In Sect. 3, the powder analysis and tensile properties 
are reported and discussed.

2  Materials and methods

2.1  Atomization process

Industrial AISI 316L steel scrap with low contamination and 
oxidation was selected to produce powders for PBF-LB/M. 
A batch of AISI 316L scrap was melted by vacuum induc-
tion melting and atomized by vacuum inert gas atomization.

While attaining complete control over the particle size of 
gas-atomized powder is not feasible, it is possible to influ-
ence the particle size distribution by adjusting the atomiza-
tion pressure, which directly affects the gas-to-metal ratio 
[15]. GMR is defined as:

The nozzle was modified to increase the gas flow rate, and 
therefore increase the GMR. The details of the specific noz-
zle modification cannot be disclosed due to a pending patent.

Some atomization parameters were fixed: argon (Ar) as 
inert atomization gas, overheating temperature of 180 °C, 
and nozzle diameter of 2 mm. The varied parameters are 

(1)GMR =
Gas flow rate

Metal flow rate

Fig. 1  Workflow of the experimentation
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reported in Table 1. Batch 1 refers to the standard nozzle 
configuration, while batch 2 refers to the enhanced nozzle 
configuration.

The GMR is an efficiency index of gas consumption 
vs. the metal flow rate. Still, it does not consider how 
much of the produced powder is compliant with a specific 
range. The supplier considered the particle size range of 
10–60 µm [16] compliant with PBF-LB/M. The atomiza-
tion yield was defined as:

PBF-LB/M compliant powder weight was obtained after 
proper sieving on the VIGA output. Atomization param-
eters corresponding to powder 2 in batch 1 (GMR equal to 
1.3) are the standard ones to produce AISI 316L powders.

2.2  Laser powder bed fusion process

Powders were tested on an industrial PBF-LB/M system, 
Renishaw AM250. The machine is equipped with a 200 
W fiber laser working in pulsed mode. The laser spot is 
approximately 70 µm at the focal position. The process 
parameters were optimized in previous work [14] which 
used the same input material for producing scrap AISI 
316L for metal-AM technologies (Table 2).

Five tensile specimens for each powder and two cylin-
drical specimens (height 7 mm, diameter 15 mm) were 
printed. Tensile specimens were printed according to 
ASTM E8-16 standard (see Table 3 for the details). The 
cylindrical specimens were grinded on one side for chemi-
cal analysis. The other side was polished and etched for 
microstructural analysis. The tensile specimens were 
printed perpendicular to the building plate, this choice 
was made to study the worst case scenario in terms of 
mechanical properties [17].

(2)yield =
Initial metal charge

LPBF compliant powder weight

2.3  Powder characterization

Particle morphology was qualitatively and quantitatively 
evaluated. SEM images were used to identify any sig-
nificant defects resulting from the atomization process 
to quantitatively analyze the powders, the Malvern Mor-
phologi 4 system was employed. This system captures 
images of individual powder particles dispersed on glass 
and generates size and shape distributions. Two repetitions 
were conducted for each powder. The images obtained 
using Morphologi 4 were analyzed using the proprietary 
software integrated with the microscope.

The analysis focused on specific morphological indexes 
derived from the particle area and perimeter. These 
indexes provided valuable information related to particle 
size, such as circular equivalent diameter (CED), as well 
as shape, such as circularity. The CED is evaluated as:

The CED represents the diameter of a circle with the 
same areas as the 2D image of the particles. Circularity 
is evaluated as

Circularity quantifies how close a shape is to a perfect 
circle. A circularity close to 0 indicates a highly elongated 
particle, while a perfect circle has a circularity equal to 
1.0.

The span index was used to summarize the PSD results 
for each powder [18]; this index was evaluated as follows:

(3)CED = 2

√

Area

π

(4)Circularity =
Perimeter

� × CED

Table 1  Variation of process parameters for the atomization experi-
mental campaign

Batch Powder Atomization 
pressure [bar]

Gas flow 
rate [kg/s]

Metal flow 
rate [kg/s]

GMR [−]

1 1 53 0.1 0.06 1.7
2 45 0.08 0.06 1.3
3 53 0.1 0.05 2.2
4 45 0.08 0.05 1.5

2 5 45 0.13 0.06 2.2
6 53 0.16 0.05 3.1
7 45 0.13 0.05 2.7
8 53 0.16 0.04 3.9

Table 2  Process parameters used for tensile specimens production

Process parameters Unit Value

Peak power W 200
Exposure time µs 80
Point distance µm 60
Hatch distance µm 100
Layer thickness µm 50
Energy density J/mm3 53

Table 3  Tensile specimens 
geometry based on ASTM 
E8-16

Dimension [mm]

G—Gauge length 16 ± 0.1
D—Diameter 4 ± 0.1
R—radius fillet, min 4
A—length of reduced 

section, min
20
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where  Dx represents the  xth-quantile of the particle size dis-
tribution. The larger the span index, the wider the PSD.

The result of the PSD measurement can be described in 
two ways: number-based distribution and volume-based 
distribution. The number-based distribution is the most 
straightforward: each particle accounts for its size (i.e., 
CED). In contrast, for the volume-based distribution, each 
particle accounts for its volume, meaning that larger parti-
cles weigh more than smaller ones. Morphologi software 
converts the number-based distribution into volume-based 
results based on the equivalent spherical volume of each par-
ticle  (Deq) [µm3].  Deq represents the volume of a sphere with 
a diameter equal to the CED of each particle. The spherical 
equivalent volume is calculated as follows:

Consequently, there can be discrepancies between the 
number-based and volume-based distributions. Usually, the 
laser diffraction method is employed to measure the PSD 
[19, 20]. Laser diffraction (LD) involves using a laser to 
irradiate the particles, which results in scattering in various 
directions. By analyzing the scattering pattern, information 
about the particle volume and equivalent diameter can be 
derived. The diameter of the particles measured using LD 
is derived from a volume value assuming a spherical shape 
for the particles. In this study, the volume-based distribu-
tion is used to compare the PSD microscopy results of this 
work with the commonly presented distributions in the PBF-
LB/M literature. The number-based distribution is used to 
detect differences in the distribution of the actual size of the 
particles generated during the atomization process.

Rheology includes the static and dynamic behavior of 
the powder and its interaction with air [21]. The ability of 
the powder to flow and its packing properties are of inter-
est for PBF-LB/M application. These characteristics were 
studied using Freeman Technology FT4, a universal pow-
der flow tester. The dynamic flow characterization test was 
selected to describe the behavior of the produced powders 
using the 25 mm × 25 mm vessel assembly. In detail, spe-
cific energy SE (mJ/g) and conditioned bulk density CBD 
(g/mL) were analyzed. SE measures how powder flows in 
an unconfined low-stress environment [22]. According to 
Fereiduni et al. [23] and Balbaa et al. [24], SE represents the 
powder flowability since the powder/blade interaction dur-
ing the upward motion of the blade is closer to the powder/
recoater interaction during the powder spreading stage in the 
PBF-LB/M process. CBD represents the packing density of 
the loose powder [23], and it represents an approximation 

(5)Span index =
D90 − D10

D50

(6)Deq =
4

3
�

√

(

Area

�

)3

of the packing properties of the powder when spread. The 
dynamic flow characterization test was replicated three times 
for each powder following a random order.

2.4  Sample characterization

The specimen mechanical performance and microstructure 
were analyzed. For each powder, fiver samples were sub-
jected to tensile tests. The measured properties were ultimate 
tensile strength (UTS, [MPa]), percentage elongation after 
fracture (e, [%]), Young modulus (E, [MPa]), and yield stress 
(YS, [MPa]). Fracture surfaces were observed with an SEM 
microscope. The two small cylindrical specimens for each 
powder were used to analyze the printed parts microstruc-
ture. The microstructure was observed using SEM EVO-50 
(Carl-Zeiss) and an optical microscope. The specimens were 
grinded and etched (a mixture of water, hydrochloric acid, 
and nitric acid in equal parts).

3  Results and discussion

3.1  Powder properties

The atomization yield, as measured by Eq. 2, showed an 
increase from ~ 38% (which corresponds to the standard 
operating parameters for AISI 316L atomization) to ~ 57% 
(Table 4). It should be noted that each of the eight powders 
listed in Table 4 is the result of one atomization run, indi-
cating the absence of replications for each combination of 
nozzle configuration and GMR.

In Fig. 2, a linear regression model is fit to the data to 
estimate the increase in yield as function of the GMR; 
the estimated equation is yield = 34.15 + 5.90 GMR with 
an adj-R2 = 87.96%. A unit increase in GMR produces a 
5.9% increase in the yield of the atomization process. A 
95% prediction interval was also calculated to show the 
robustness of the model. For a GMR equal to 2.2, two 

Table 4  The yield of the atomization process as function of the GMR

Batch Powder GMR Atomiza-
tion yield 
[%]

1 1 1.7 46
2 1.3 38
3 2.2 47
4 1.5 45

2 5 2.2 48
6 3.1 51
7 2.7 51
8 3.9 57
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atomization runs are available, one with the standard noz-
zle (batch 1) and another with the enhanced nozzle (batch 
2). The resulting yields are 47% and 48%, respectively, 
indicating that the nozzle modification did not influence 
the relationship between the GMR and the expected yield 
[12].

The powder morphology was examined qualitatively 
using SEM, and quantitative analysis was conducted using 
the Malvern Morphologi 4 microscope. Powders in Fig. 3 
exhibit a quasi-spherical shape, along with the presence of 
satellites, splat caps [25], and surface irregularities. These 
defects are commonly observed in powders produced 
through gas atomization [26]. The SEM images show a 
larger number of fine particles for powders atomized with 
the enhanced nozzle, while the standard configuration pro-
duces particles with greater circularity.

Particle size and circularity distributions are illustrated 
in Figs. 4 and 5, respectively. To ensure clarity, only one of 
the two replicated measurements is shown in both figures.

In Fig. 4a, the number-based CED distribution is dis-
played, which is not commonly found in the literature. This 
representation emphasizes the differences between the pow-
ders from batch 1 and batch 2 more than the volume-based 
CED distribution in Fig. 4b.

The powder produced in standard conditions (batch 1) 
shows a bi-modal number-based distribution (Fig. 4a). How-
ever, the corresponding volume-based distribution follows 
the typical log-normal shape. Based on the literature data on 
number-based distribution for PBF-LB/M processes, a peak 
of fine particles is expected [27, 28]. This result confirms 
that volume-based distributions can be misleading when fine 
particles are of interest, as suggested by Sutton et al. [19].

Powders produced with the enhanced nozzle (batch 2) 
show a high quantity of small quasi-spherical particles, 
aligning with the expected outcome of a higher gas-to-
metal ratio [9, 29]. Additionally, batch 2 powders display a 
distinct peak of fine particles at around 5 µm and narrower 
size distribution. Summarized statistics of the particle size 
and circularity distributions are reported in Table 9 in the 
Appendix.

The circularity distributions presented in Fig. 5 also con-
firm the observations made through SEM analysis. Powders 
produced with the enhanced nozzle (powders 5 to 8) tend to 
exhibit less spherical particles, as indicated by lower circu-
larity values. The increased gas pressure applied during the 
production of batch 2 powders results in a higher probability 
of collision between solidified smaller particles and nearly 
solidified larger droplets within the atomization chamber, 
resulting in the formation of satellites [30, 31]. This phe-
nomenon explains why powder 3 from batch 1 and powder 
5 from batch 2 show different number-based particle size 
distributions, despite sharing the same GMR value of 2.2. 
Powder 5 was produced with a higher gas flow rate, leading 

Fig. 2  Relationship between GMR and the atomization yield for the 
eight powders investigated in this study. The estimated equation is 
yield = 34.15 + 5.90 GMR

Fig. 3  SEM images of two reference powders from batch 1 (a) and batch 2 (b)
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to a more pronounced formation of fine powders compared 
to powder 3.

The histogram in Fig. 6 illustrates the circularity values 
of the larger fraction (CED-number larger than 50 µm) for 
powder 1 from batch 1 and powder 8 from batch 2. As vis-
ible, large particles produced with lower GMR show higher 
circularity, while for the same CED range, a higher GMR 
reduces the shape quality.

Table 5 presents the mean span index for both volume-
based and number-based distributions. The span index serves 
as an indicator of the width of the particle size distribution. 
The span index values for powders from batch 2 are larger 

than the ones for batch 1, which contradicts the previously 
mentioned relationship between GMR and PSD: larger GMR 
results in higher yield because of narrower PSD. The rela-
tionship is valid for the entire amount of powder produced 
from the atomization, while the values in Table 5 refer to 
the sieved fraction intended for PBF-LB/M application. The 
span index is also considered a good approximation of the 
powder flowability [18, 32], with values of span index > 1.5 
resulting in lower flowing properties.

In Table 5, significant differences between the number-
based and volume-based span index can be observed due to 
the distinct distributions depicted in Fig. 4a. The limit value 

Fig. 4  Circular equivalent diameter (CED) for the eight powders a number-based, b volume-based. One of the two replicated measurements is 
shown

Fig. 5  Circularity for the eight powders a number-based and b volume-based distributions. One of the two replicated measurement is shown
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of 1.5 in the span index is based on studies that measured 
the PSD with laser diffraction methods, so we should expect 
good flowing properties from all the powders because the 
volume-based span index range is [0.98;1.51].

The flowability characterization results are presented in 
Fig. 7, where each bar represents the mean of three meas-
urements, and the error bars indicate the standard error. 
Powders produced with a higher GMR are characterized by 
higher packing density (high CBD) and improved flowabil-
ity (low SE). CBD refers to the arrangement of particles 
within a given volume. A higher CBD value suggests better 
particle packing, implying a more uniform powder bed and 
lower presence of voids in the layer [33]. The difference 
between the two batches is more evident when examining 

Fig. 6  Circularity values for particles with CED larger than 50 µm for a representative powder from batch 1 (a) and batch 2 (b). Only one pow-
der for each batch was analyzed for practical purposes

Table 5  Volume-based and number-based span index values. For 
each powder, the mean value of the span index was reported based on 
two replicated measurements

Batch Powder Span index (volume 
based)

Span index 
(number-
based)

1 1 1.11 1.87
2 0.98 1.56
3 1.04 1.40
4 1.09 1.38

2 5 1.34 3.23
6 1.48 2.87
7 1.51 2.87
8 1.44 3.13

Fig. 7  Results of the flowability characterization, a conditioned bulk density CBD, b specific Energy SE
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the SE values compared to CBD. A low SE indicates that 
less energy is required to induce a defined flowing pattern 
in the powder, thus corresponding to a higher flowability. 
As indicated by [34], a lower SE implies a better powder 
bed uniformity.

3.1.1  Discussion on powder characterization

In the literature, a widespread agreement cannot be found 
about the relationship between PSD, shape, and flowability. 
Some references [35, 36] claim that non-spherical particles 
may exhibit favorable flow behavior, especially for fine pow-
ders where adhesive forces are significant. Conversely, other 
authors [19] suggest that high sphericity promotes good 
flowability. Based on the results of this study, the presence 
of fine particles does not necessarily imply a lower flowabil-
ity. Highly irregular water atomized steels were successfully 
processed via PBF-LB/M [37, 38], indicating a low particle 
shape influence on the processability of these materials. A 
larger CBD suggests a higher powder packing density, as the 
high number of fine particles fills the void between the larger 
ones, reducing the gaps within the powder bed. Powder 
packing density can be evaluated by comparing CBD to the 
density of the bulk material (7.98 g/L). Among the powder 
tested, powder 4 exhibits the lowest packing density (53.9%), 
while powder 6 achieves the highest packing density (60.3%) 
[23]. A low packing density could potentially contribute to 
the formation of pores in the final part due to the increased 
presence of voids within the powder layer [39–41]. However, 
during the printing phase, no visible defects were observed 
during the powder spreading process. Therefore, all powders 
exhibit sufficient flowability for regular printing.

A correlation analysis is carried out to draw statistical 
conclusions on how PSD, shape, and flowability are con-
nected for the eight powders under study. In addition, the 
Pearson coefficient between the span index (volume based), 
median circularity, mean SE, and mean CBD is investigated.

Figure 8 shows the strength of the linear correlation 
between these variables; blue circles represent powders from 
batch 1 powders, while red squares represent batch 2 pow-
ders. The Pearson coefficient (r) and corresponding p value 
are provided in the figure for each variable combination. The 
analysis reveals a strong correlation between all variables, 
indicating that particle size and shape are closely related to 
flowing properties.

The analysis shows that SE and CBD are linearly cor-
related, meaning that higher packing density implies low 
flowability. Powders with higher median circularity show 
lower flowability and lower CBD. The results contrast with 
the literature; however, the differences in median circularity 
between the powders are quite small, ranging from 0.97 to 
0.99. It is plausible that, in this specific case, the variations 
in CBD and SE are primarily driven by the significant dif-
ferences in size distribution rather than shape distribution. 
A similar outcome was observed by [42] for titanium pow-
ders. The span index displays a strong correlation with CBD 
and a weaker correlation with SE. The absolute variation in 
CBD is much smaller compared to SE, suggesting that the 
SE index is more sensitive in detecting differences among 
the powders. The powder characterization provided the fol-
lowing results:

• The shape of the PSD changes depending on the noz-
zle configuration and GMR. Increasing the gas flow rate 

Fig. 8  Correlation between spe-
cific energy, conditioned bulk 
density,  D50 circularity (volume 
based) and span index (volume 
based). The Pearson coefficient 
(r) and corresponding p value 
are provided in the figure for 
each variable combination
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leads to a higher production of fine particles due to the 
increased collision probability in the atomization cham-
ber.

• GMR also influences circularity, particularly for larger 
particles, due to the presence of satellites. Specifically, 
lower GMR results in slightly more circular powders.

• Powders from batch 2 (produced with the enhanced noz-
zle) show high flowability (low SE) and good packing 
density (high CBD). The high flowability and improved 
packing density are expected to enhance the mechanical 
properties of the printed parts.

4  Processability of powders

The tensile properties are presented in Fig. 9, where the bars 
represent one standard error from the mean. Five tensile 
specimens were tested for each powder, except for powder 
4 and powder 3, which had four tests due to non-compliance 

with the standards (fracture occurred outside the gauge 
length). For this reason, all data in Fig. 9 are calculated 
based on five tensile tests, except for powder 3 and 4, which 
are based on four tests. The overall tensile results are sum-
marized in Table 10 in the Appendix.

The results of the tensile tests clearly indicate a difference 
between the powders from batch 1 and batch 2. The ultimate 
tensile strength (UTS), yield strength (YS), and elongation 
values demonstrate superior performances for the powders 
produced with the enhanced ring and higher atomization 
yield.

According to ASTM F3184-16, the expected mechani-
cal properties of AISI 316L processed via PBF-LB/M are 
UTS = 530 MPa, YS = 240 MPa, and elongation = 30% (for 
the annealed condition, with no indication given for as-built 
state). As a result, all the specimens produced using the eight 
powders comply with the standard.

Figure 10 displays the fracture surfaces of two reference 
samples, one from batch 1 and one from batch 2. Only two 
specimens are shown, since no discernible differences were 

Fig. 9  Tensile properties of scrap AISI 316L produced at different GMR values. a Yield strength, b ultimate tensile strength, and c elongation
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found among specimens within the same batch. The speci-
mens exhibit typical ductile behavior, with extensive shear 
lips visible on the fracture surfaces (Fig. 10a and b).

The fractographic images of the tensile specimens 
(Fig. 10c and d) reveal a ductile fracture with large dimples 
on the surface, along with visible porosity. Figure 11 illus-
trates the typical defects found in the cylindrical specimens. 
Micro-cracks were observed, usually attributed to residual 
stresses induced by rapid cooling [43]. Binding defects 
caused by localized unmelted particles were observed; 
these defects are particularly detrimental to fatigue life due 
to their irregular shape and significant volume [44]. The 
size of spherical pores falls within the range of 10–20 µm, 
indicating the presence of gas porosity [45]. Similar defects 
were observed for standard AISI 316L material [46].

The microstructure of two reference samples, one from 
batch 1 and one from batch 2, is depicted in the optical 
images of Fig. 12. These images, captured parallel to the 
building direction, reveal similar characteristics for both 
powder batches. The laser scans are clearly visible, exhibit-
ing well-defined melt pool boundaries.

ANOVA analyses were conducted to investigate the 
impact of GMR variation on the tensile properties. A 

two-stage nested model [47] was employed for the analy-
sis, considering the dependence of GMR values on the noz-
zle. The factors investigated were yield strength, UTS, and 
elongation, and the results of the analysis are reported in 
Tables 6, 7, and 8, respectively. Bold p values indicate sig-
nificant factors. The Young’s modulus was not included in 
the investigation as there was no statistically significant dif-
ference observed among the eight powders.  

The ANOVA analyses reveal that batch has an influence 
on yield strength, elongation, and UTS. Instead, the GMR 
affects UTS, while its influence on elongation is relatively 
smaller (with a p value slightly higher than 0.05). The GMR 
does not influence the yield strength.

In conclusion, powders produced with enhanced atomi-
zation parameters resulted in higher mechanical properties. 
Also, powders produced with enhanced GMR provided 
mechanical properties that align with the standard AISI 
316L.

Fig. 10  Fracture surfaces from two reference samples from batch 1 and batch 2. a and c Fracture surface for a reference sample from batch 1; b 
and d fracture surface for a reference sample from batch 2
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Fig. 11  Typical defects, a binding defects containing unmelted particles, b micro-crack, c gas pores

Fig. 12  Optical images of the microstructure of one reference sample from batch 1 (a) and one reference sample from batch 2 (b)

Table 6  Nested ANOVA model for the influence of batch and GMR 
on the yield strength, adj-R2 = 65.41%

Source DF Adj SS Adj MS F value p value

Batch 1 17024 17024.1 67.26 0.000
GMR (Batch) 6 2811 468.5 1.85 0.121

Table 7  Nested ANOVA model for the influence of batch and GMR 
on the UTS, adj-R2 = 99.48%

Source DF Adj SS Adj MS F value p value

Batch 1 12355.2 12355.2 6101.35 0.000
GMR (Batch) 6 2873.8.2 479.0 236.52 0.000
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4.1  Relationship between powder properties 
and tensile performance

As discussed in the previous paragraph, all powder char-
acteristics exhibit strong correlations. Therefore, only one 
indicator can be used to analyze the relationship between 
tensile performance and powder properties. In this case, the 

span index is selected due to its ease of measurement using 
standard methods.

The span index demonstrates a high correlation with the 
resulting tensile properties. Figure 13 shows that powders 
from batch 2 are characterized by a larger PSD and higher 
mechanical properties (UTS and elongation). These pow-
ders are the ones that also provide the highest yield in the 
atomization stage. There is a larger variation of UTS for 
batch 2 compared to batch 1; the variation of the PSD, 
circularity, or flowability could not explain this difference. 
Nevertheless, the difference in UTS within batch 2 is 5%, 
while in batch 1 is 0.8%. From an engineering perspective, 
these variations do not have a significant impact. The vari-
ability of the elongation results is comparable for batch 1 
and 2.

Table 8  Nested ANOVA model for the influence of batch and GMR 
on elongation, adj-R2 = 90.55%

Source DF Adj SS Adj MS F value p value

Batch 1 1428.54 11,428.54 344.79 0.000
GMR (Batch) 6 55.56 9.26 2.23 0.070

Fig. 13  Relationship between span index and tensile properties: a UTS and b elongation. For each powder, the average span index, the average 
of the UTS, and elongation results were plotted

Fig. 14  Defects found on specimens produced with powder 4. a Pores aligned on the scan direction, b large lack-of-fusion pores
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As mentioned in the result section, one specimen of 
powder 4 and one of powder 3 resulted in non-compliant 
tensile tests. Therefore, a further analysis was conducted 
on the cylindrical specimens produced using these pow-
ders. The SEM images of the polished sections are pre-
sented in Fig. 14 (images only from powder 4 are pro-
vided as a reference). The low flowability and low CBD of 
powder 4 could account for the presence of aligned pores 
(Fig. 14a) and large lack-of-fusion pores (Fig. 14b) [48]. 
The low SE resulted in non-uniform powder bed uniform-
ity, which may have caused these types of defects in the 
final part.

5  Conclusion

This study aims to investigate how to increase the yield 
of the atomization process to produce powder within the 
PBF-LB/M range (15–60 µm). To achieve this, a prototype 
VIGA plant was used to produce eight powders from scrap 
AISI 316L material. Four powders (batch 1) were produced 
with the standard nozzle configuration allowing a maxi-
mum GMR of 2.2. An improved nozzle configuration was 
employed in batch 2, resulting in increased gas flow and 
a GMR of 3.9. Five tensile specimens were built for each 
powder to examine their mechanical performances.

The main findings of this research can be summarized 
as follows:

• The yield of the atomization process was improved by 
almost 50% (from 38 to 57%). The increased GMR 
resulted in powders with a narrower particle size dis-
tribution (batch 2) and with a large number of smaller 
particles. Batch 1 exhibited higher particle circularity, 
especially for larger particles.

• The flowability characterization provided results in par-
tial contrast with the literature. Batch 2 powders, despite 

the higher number of fines and slightly lower circular-
ity, resulted in higher specific energy (meaning better 
flowability). At the same time, the packing density (CBD 
measurement) of batch 2 is improved due to the favorable 
arrangement of fine and large particles.

• Statistical analysis was carried out to investigate the 
nozzle configuration effect and the GMR effect on the 
mechanical properties. This study revealed that the noz-
zle configuration had the most significant impact on UTS, 
yield strength, and elongation, while the GMR only influ-
enced UTS. Nevertheless, all the powders investigated in 
this work exhibited mechanical properties higher than the 
expected values for standard AISI 316L processed using 
PBF-LB/M process.

• There was a strong correlation observed between the ten-
sile properties and powder characteristics, indicating that 
powders with higher flowability and bulk density exhib-
ited higher mechanical properties. This finding suggests 
the potential for predicting mechanical properties based 
on powder characteristics, although further studies are 
required to draw definitive conclusions.

A direct connection was found between powder packing 
density and defects. The low packing density of powders 3 
and 4 allowed us to understand the presence of large lack-
of-fusion pores in the final parts, which resulted in non-
compliant tensile tests. This result underscores the impor-
tance of powder packing density in producing defect-free 
PBF-LB/M parts.

Future research should study the correlation between 
powder flowability, powder size, shape distributions, and 
defect formation. Further investigation, preferably using 
other materials, are recommended to generalize these results 

Table 9  Summarized statistics 
of the volume-based (V) and 
number-based (N) particle size 
distribution and circularity of 
the 8 powders

Two replicates of the Morphologi measurements were performed for each powder, and the mean value is 
reported here

Batch Powder D10 (µm) D50 (µm) D90 (µm) Circularity 
 D10

Circularity 
 D50

Circularity  D90

V N V N V N V N V N V N

1 1 20.3 2.7 37.8 16.8 62.6 34.0 0.897 0.928 0.969 0.985 0.993 0.995
2 18.3 7.6 34.0 16.5 51.7 33.2 0.902 0.935 0.977 0.988 0.994 0.996
3 19.6 7.4 34.1 19.4 55.0 34.6 0.894 0.921 0.968 0.985 0.993 0.995
4 18.5 8.7 33.4 17.7 54.8 33.1 0.899 0.930 0.973 0.987 0.994 0.996

2 5 12.5 1.7 28.8 4.7 51.0 16.9 0.891 0.917 0.962 0.973 0.992 0.994
6 13.7 2.0 34.0 5.6 64.0 18.1 0.891 0.904 0.960 0.967 0.992 0.993
7 12.6 1.9 32.6 4.8 62.8 15.6 0.885 0.933 0.957 0.982 0.992 0.995
8 14.2 1.8 32.2 5.6 60.5 19.3 0.898 0.904 0.965 0.972 0.992 0.994
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and gain a deeper understanding of how powder properties 
influence the process. Additionally, the feasibility of further 
increasing the GMR values to improve process yield should 
be explored.
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