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Abstract

The importance of powders on the final part properties in Selective Laser
Melting (SLM) process is well-known. At the moment, gas atomization is
used to produce powders for the SLM process. However, there is a growing
interest in investigating the use of the less expensive water atomization pro-
cess. In this work, water and gas atomized powders were used as feedstock
to produce specimens with an industrial SLM system. First, the influence
of particle size distribution and layer thickness on the final part density was
studied by varying process parameters by means of a factorial design. The
results showed that by using a particle size distribution in the range 15 - 60
um the difference in part density between water and gas atomized is negligi-
ble even using the same combination of parameters. The tensile properties
of GA and WA powder are comparable: respectively 599 and 601 MPa for
the ultimate tensile strength, 18% and 20% for the elongation.
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1. Introduction

Selective Laser Melting (SLM) is a well-known powder-based additive
manufacturing technique allowing the production of parts directly from 3D
CAD models. In recent years, several studies investigated the influence of
process parameters on the SLM final part properties, [1],[2], [3] and [4] to
cite a few. The most studied parameters are usually laser-related process
parameters, such as laser power, scan speed or scanning properties, such
as hatch distance. It is also well known that powder characteristics have
a major influence on the final part and that their properties might depend
on the production process used. At present, SLM machine manufacturers
suggest using spherical particles produced with gas atomization (GA). GA
process produces almost spherical particles with a good chemical purity [5],
[6] and [7]. However, there is a growing interest in less expensive powder
production processes with the aim of reducing the production costs for SLM
parts, for example water atomization (WA). WA and GA powders differ in
terms of the geometry of the particles and the chemical composition. WA
powders are highly irregular and are characterized by higher oxygen con-
tent [8], [9]. Studying the effect of the production process has the objective
of both verifying the opportunity to produce parts with good mechanical
properties by means of less expensive powders and, also investigating the ef-
fect of different powder properties on SLM parts. The cost of stainless steel
powders could be reduced to a fifth using water atomization rather than gas
atomization. In breaking down the cost of a reference part, [10] found that
the cost of the material constitutes up to 11 % of the overall batch cost.
Lindemann work, while dated, considers stainless steel material and a cost

per kg similar to the commercial powder used in this work. More recently,



Baumers et al. [11] provided an estimation of the breakdown cost for SLM
considering 17-4PH steel. The material cost impact on the printed part was
slightly higher than 10%. The cost of gas atomized 316L powders with a
particle size distribution in the range 15 -50 um is about 60 €/kg. WA
powders for the same particle range cost around 15 €/Kg (estimation based
on a private communications with a potential manufacturer). Considering
a 10% impact of the material cost on the production of the part, using WA
could lead to a reduction in the production cost close to 8% .

In this work, WA and GA stainless steel AISI 316L powders with differ-
ent particle size distributions were analyzed and used in an industrial SLM
system. The part density was investigated by varying process parameters.
Eventually, the best combination of parameters for each powder was deter-
mined; the optimal condition was used to study the tensile properties of
WA and GA powders. The paper is organized as follows: in Section 2 the
state of the art is presented. The description of the SLM machine, sample
and powder characterization techniques are described in Section 3. After-
ward, the powder characterization is described in Section 4 and, eventually,

density and tensile properties are reported and discussed in Section 5.

2. State of the art

The state of the art is divided into two sections. The first one deals with
the different powders that can be used in Selective Laser Melting process,
the second part focuses on the relationship between particle size distribution

and layer thickness values.



2.1. Gas and water atomized powders

In the SLM industry, the powders used are generally produced with gas
atomization processes. GA powders are spherical, with relatively smooth
surfaces and good chemical purity [12]. These properties are supposed to
give higher powder bed density, which should enhance the SLM part perfor-
mances. However, GA powders are also characterized by internal porosity,
which might induce defects on the final part [13] and the presence of satel-
lites on the surface is supposed to reduce the flowability. The use of GA
as the production process is also due to the large range of materials avail-
able. Despite the advantages of the GA process, lately, a growing interest
for other powder production processes was observed for SLM applications.
In particular, WA powders have been investigated to study how they be-
have in powder bed additive processes. The interest in WA powders is due
to the lower cost, compared to GA for the same material. In recent years,
the use of WA powders as raw material for the SLM process was investi-
gated in the literature. In Table 1, the research works on the use of WA
and GA powders in SLM are summarized. Works by Engeli et al.[9] and
Olakanmi [14] showed that localized porosities in the final samples can be
related to the low powder flow in irregular WA particles. Irregular particles
have also lower packing density compared to spherical ones. The combina-
tion of lower flowability and lower packing densities has negative effects on
the homogeneity of the powder layer resulting in higher porosity content and
lower mechanical properties for WA samples [9]. Irrinki et al.[8] obtained
a density up to 97.5% using both GA and WA 17-4 PH powders and WA
samples obtained the same mechanical properties compared to GA samples
when processed at high energy density. They used three WA powders char-
acterized by different particle size distributions (PSD); the coarser batch



obtained the best performances at high energy density values, consistently
with the work of [15] using GA powders. The results by Olakanmi [14] using
Al alloys powders proved that it is possible to obtain good processability of
irregular particles at high levels of energy density, i.e. low scan speed. Leten-
neur et al. [16] used two batches of WA Iron powders to produce density
and tensile specimen; they managed to obtain very high density (> 99%)
and high tensile properties. In [17], the authors used WA and GA stainless
steel powders at different speed levels; the preliminary result showed that
GA samples reached higher density values and were less subjected to balling
phenomena compared to WA parts.

In conclusion, by looking at Table 1 we can see that:

e the materials used are different and it is not advisable to compare

these results

e most of the papers consider part density as final part property, and

few works perform tensile tests

e the experimental design are quite poor, only few works change process

parameters

2.2. Particle size distribution and layer thickness

The choice of process parameters should be based on the information
available on the powder properties. The interaction between PSD and the
layer thickness (z) of the process is of great interest for industrial purposes.
The reason for this interest is due to the fact that the layer thickness is an
important driver for productivity: the layer thickness level should be chosen
to maximize the productivity ensuring bonding between consecutive layers.

According to Spierings et al. [18], the effective layer thickness should be



higher than the PSD 90th percentile, so that big particles are deposited on
the powder bed rather than removed by the rake. Guan et al. [19] used a
304 AISI powder with a particle size distribution lower than 50 m (the mean
particle size was 20 m) . The authors obtained good mechanical properties
using layer thickness values of 20, 30 and 40 um, while at 50 pm the balling
effect prevented building the parts. On the contrary, Ma et al. [20] obtained
good final part properties using layer thicknesses up to 100 m, which is al-
most twice the largest diameter of the powder, equal to 60 m. Hu et al.
[21] and Sufiiarov et al. [22] obtained results that are in line with the works
by [18] where the optimal layer thickness was found to be smaller than the
largest diameter of the powder. Alfaify et al. [15] processed three different
Ti6Al4V powders and the results showed that it was possible to obtain high
density for powders with differente PSD using three levels of layer thickness
(60, 80 and 100 pum).

Looking at Table 2, it is clear that almost all papers agree on choosing a
layer thickness smaller than or equal the D(90) of the particle size distribu-
tion. Two papers varied both particle size distribution and layer thickness,
[15] and [18]. The reported results are contrasting as [15] showed that it
was possible to obtain high density also when the layer thickness was half
the size of the D(90), while for [18] there is a limit on the maximum particle

size depending on the layer.
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In this work, the influence of powder production process on SLM final
part is investigated. Stainless steel powders produced with gas atomization
and water atomization processes were used; for each production process, two
particle size distributions were considered. An experimental campaign was
designed to study the influence of SLM process parameters and volumetric
energy density on part density. The experimental campaign was divided
into two stages. In the first part, a factorial design was used to determine
SLM optimal processing conditions, by varying layer thickness, particle size
distribution and process parameters for both WA and GA powders. At
a second stage, the best condition for WA and GA powders was used to

produce tensile specimen and to compare static properties.

3. Experimental setup

8.1. Selective laser melting machine

All experiments were conducted using a Renishaw AM250 industrial ma-
chine. The machine uses a 200 W fiber laser working in pulsed mode. Prior
to processing, vacuum is applied to the working area until the oxygen con-
tent is lower than 1000 ppm. During the process, the chamber is filled with
a constant Argon gas flow. In order to mak it possible to use a small amount
of different powders, the Renishaw machine was equipped with the RBV sys-
tem (Reduced Build Volume). The RBV system allowed us to use the same
laser of the Renishaw machine and all the equipment for the atmosphere

control.

3.2. Mechanical characterization

For the density measurements, an electronic scale (Precisa 100A-300 M)

with a kit for the density measurement was used (Sartorius YDK 01) . To



calculate density, , the following formula was used:

- Wa - pri

=___2 1
T (1)

where W, is the weight of the specimen in air [g], Wy, is the weight of the
specimen in water [g] and py is the density of the water [g/cm?®]. During
the measurement water temperature, air temperature and air pressure were
constantly measured. The measurements were conducted in deionized water
and the temperature dependence of water density with the temperature was
considered. Each sample is measured three times in water and three times
in air in a randomized order. The final density is the mean results of the
three replicates. Cylindrical samples with 5 mm diameter and 12 mm height
were produced to characterize the density. The reference values used for the
density of 316L is 7.98 g/cm?.

Tensile tests were performed at room temperature using a MTS Alliance
RF/100. Tests were performed with an initial speed of 0.4 mm/min and
a secondary speed of 2 mm/min. The removal point was set at 0.16 mm.
An MTS 632 26F-20 extensometer with a gauge length of 8 mm was used.
The tensile tests were performed according to ASTM ES8 -16 standard. The
tensile specimen dimensions are reported in Table 3. Tensile specimens
were tested in "as-built” condition without any post-processing, such as
sand-blasting or machining.

Table 3: Tensile test specimen geometry according to ASTM ES8.

Dimension (mm) for tensile test specimen

G - Gauge length 16.0 + 0.1
D - Diameter 4.0 = 0.1
R radius of fillet min 4

A - length of reduced section, min 21

10



Carl Zeiss EVO-50 scanning electron microscope was also used to exam-
ine cross sections and fracture surfaces of the tensile specimens.
Samples of interest were scanned using X-ray computed tomography with
NSI X25 system (North Star Imaging X25); the reconstruction software is
efX-DR provided by NSI. Pores size and shape are analyzed with a self-
developed Matlab code. The voxel size is 6.2 x 6.2 x 6.2 um?>.

3.8. Powder characterization

Water atomized and gas atomized AISI 316L stainless steel powders were
used in this work. A special production of water atomized powders was pro-
vided by Pometon S.p.A (Italy) and commercially available gas atomized
powders were used. For each type of powder, two different particle size
distributions are available. Powder size distributions were analyzed using
a Malvern Mastersizer 2000 laser diffraction machine. For chemical com-
position, the Oxygen level was measured with Inert Gas Fusion method
(ISO 4491-4). Apparent density was measured according to ASTM B212-13

standard.
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8.4. Design of the experiment

Exposure time t, hatch distance dy, point distance d;, and layer thickness
z were varied to study their influence on the densification of the different
powders. Power P was kept constant for all the experiment and equal to
200 W to maximize productivity.
Exposure time is defined as the duration of the laser emission on a single
spot, point distance is the distance between two consecutive spots on the
same scan line and hatch distance is the distance between two consecutive
scan lines. The levels of parameters t, d, and dj, were chosen to obtain
the same interval of volumetric energy density for the two levels of layer
thickness considered, z = 50 um and z = 75 um. Volumetric energy density
(Eq) in J/mm? is defined as:

P-t

Eg=-—— 2
T dydy 2 @

The choice of the parameters to process the two powders was made
starting from the Renishaw suggested conditions for AISI 316L, reported in
Table 4.

Table 4: Renishaw suggested parameters for AISI 316L for z = 50 um.

t, us dp7 pHm dp, pm Z, pm Eq, J/mm3
80 60 100 50 53.33

Two 23 designs were implemented, one for each level of layer thickness
50 pm and 75 wm. Using the condition in Table 4 as a center point, a first
23 factorial design was created for layer thickness 50 um. The experimental
conditions are reported in Table 5. The low and high levels of each param-

eter were chosen as -10% and +10% of the center point. This choice was

12



performed to avoid under-melting or over-melting conditions [23].

Table 5: 22 factorial design for layer thickness 50 um. Power is constant for all conditions
and equal to 200 W.

t, us dp, um dp, um Eq, J/mm3
72 54 90 59.3
88 54 90 72.4
72 66 90 48.5
88 66 90 59.3
72 54 110 48.5
88 54 110 59.3
72 66 110 39.7
88 66 110 48.5

The process parameters from Table 5 were scaled to obtain the same
volumetric energy density for a layer thickness of 75 wm; the results are in
Table 6 (center point) and Table 7 (23 factorial). The scaling factor is equal
to ()"

Table 6: Renishaws suggested processing conditions for AISI 316L scaled for layer thickness
75 pm.

t7 s dp7 um dh7 um z, um Ed7 J/mm3
91.55 52.45 87.35 75 53.33

Table 7: 2* factorial design scaled for layer thickness 75 pm. Power is constant for all the
conditions and equal to 200 W.

t, us dp, pm dy, um Eq, J/mm3
82 47 79 59.3
101 47 79 72.4
82 58 79 48.5
101 58 79 59.3
82 47 96 48.5
101 47 96 59.3
82 58 96 39.7
101 58 96 48.5

13



For each combination of powder and layer thickness, a different build
was made, so the total number of builds is equal to 8 (2 powder production
processes x 2 particle size distributions x 2 layer thicknesses). The list
of builds is reported in Table 8. In every build, the 22 factorial design was
replicated twice and the center point six times. The total number of samples
produced in each build is equal to 23 x 246 = 22. In conclusion, 176 samples

were produced for density evaluation.

Table 8: List of builds for the experimentation.

Build Powder Granulometry Layer thickness,
name wm

B1 WA Fine 50

B2 WA Fine 75

B3 WA Coarse 50

B4 WA Coarse 75

B5 GA Fine 50

B6 GA Fine 75

B7 GA Coarse 50

B8 GA Coarse 75

14



4. Powder characterization

In Table 9 and in Figure 1 particles size distribution quantiles and cumu-

lative distributions are showed, while in Figure 1 SEM images are reported.

The chemical composition of the four powder batches is summarized in Table

10.

Table 9: Characteristic values for the particle size distribution and apparent density for
the four powders.

Production Granulometry D10, D50, D90, Apparent
process wm wm wm density,
g/cm’
GA Fine 194 34.6 56.8 4.07
WA Fine 20.0 40.0 69.7 3.15
GA Coarse 76.8 107.0 149.0 4.20
WA Coarse 53.0 91.0 151.0 3.14
25
—GA - Fine
—WA - Fine
20 GA - Coarse
—==WA - Coarse
SSRGS :
:
; 10+~ al
5l i
0 |
10° 10°

Figure 1: Particle size distribution for all powders.

Particle size distribution (um)

The particle size distributions of fine fractions are comparable for both

WA and GA powders, even if the 90" quantile of WA is larger. As a matter

of fact, the spans of the two distributions (evaluated as [D(90)-D(10)]/D(50))

are similar.

Conversely, coarser fractions have different distributions; in

15



detail, GA powders have a smaller span compared to WA as the 10" of
the WA powder is finer. Apparent density for all powders was evaluated
according to ASTM B212-13 standard. GA powders have higher apparent
density than WA, this result was also obtained by Irrinki et al. [24] and
Engeli et al. [9]. Apparent density is affected by powder shape and particle
size distribution, spherical powders show higher apparent density values.

Table 10: Chemical composition for all the powders used.

Powder C (%) O (%) Si(%) Cr(%) Ni(%) Mo(%) Mn(%) Fe

(%)
GA - Fine 0.01 0.03 0.45 17.8 11.4 2.60 1.40 Balanced
WA - Fine 0.02 0.22 0.84 18.1 13.1 2.68 0.05 Balanced
GA - Coarse 0.03 0.06 0.46 16.7 11.1 2.47 1.32 Balanced
WA - Coarse 0.02 0.20 0.84 18.1 13.1 2.68 0.05 Balanced
ASTM F3184  <0.03 <1.0 16-18 10-14 2-3 <2

The SEM images clearly show the differences in terms of morphology
between the two atomization processes: GA powders are characterized by
quasi-spherical shape and presence of satellites on the surface, while WA
ones show irregular shape with rough edges.

The chemical composition of the two powders shows a different Oxygen con-
tent as expected. The higher presence of Oxygen in Stainless Steel powders
produced via WA powders has been already reported in [25] and [26] and
for 17-4 PH by [8] and it is due to the reaction of the molten material with
the atomization medium. The WA powders used in this experimentation are
characterized by an Oxygen content 4 times higher than GA, this could have
an impact on the processability and, eventually, on the final part properties
of the SLM parts. Another difference between WA and GA powders is the
Manganese content. The low Mn content in WA powders is supposed to re-

duce oxide formation and it was already investigated by [27]. Nevertheless,

16



all four powders comply with the specification for AISI 316L with Powder
Bed Fusion processes, ASTM F3184-16.

10 um

10 um

Figure 2: SEM images of the four powders. a) WA- Fine, b) WA-coarse, ¢) GA-Fine and
d) GA-coarse.

The four powders were analyzed in terms of Chromium and Nickel equiv-
alent composition using the Schaeffler diagram [28]. This diagram is used to
predict the composition and microstructure of stainless steel weld deposit.
Chromium and Nickel equivalent composition are reported in Table 11. We
conclude that the four powders are similar from a microstructural point of
view.

Table 11: Chromium and Nickel equivalent composition for the four powders using [28].

Powder Chromium Nickel equiva-
equivalent (%) lent (%)

GA - Fine 21.08 12.46

WA - Fine 22.04 13.73

GA - Coarse 19.86 12.66

WA - Coarse 22.04 13.73

17



5. Results

In the following sections, the results in terms of density and tensile prop-

erties for WA and GA powders are showed and discussed.

5.1. Density measurement

WA and GA powders are compared considering the same layer thickness
and particle fraction. Although the interval of volumetric energy density
used is the same, the four batches of powder exhibit different behaviors in
terms of SLM processability. For this reason, each combination of powder
fraction and layer thickness is discussed in separate paragraphs. The results

are showed in Figure 3.

750 .

Density (g/mm3)
= o -
8
Density (g/mm3)

Process
@GA
| wA

40 45 50 55 60 65 70 75

40 45 50 55 60 65 70 75 N 3
Energy density (J/mm3)

Energy density (J//mm3)

c) d)
7,80 7,80
.
s
3 ’ '
765 H O 7,65 1 H .
= o < 3 i . .
t . - £ [ 1 -
£ . - £ o -
3 750 . H S50 8 H
H .
2
H b ] ] g .

=

. [“Process | Process
@®GA GA
720 WA 7.20 : WA
.

40 45 50 55 60 65 70 75 40 45 50 55 60 65 70 75
Energy density (J/mm3) Energy density (J/mm3)

Figure 3: Density results a) Fine fractions at z=50 um b) Fine fractions at z=50 um c)
Coarse fractions at z=75 pm d) Coarse fractions at z=75 um
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5.1.1. Fine fractions at z = 50 uym

In this condition, both powders showed an almost steady behavior, as
a matter of fact for Eq greater than 48.5 J/mm? the density is constant as
visible in Figure 3 a). An exception is Eq = 39.7 J/mm3, where WA samples
appear to have a slightly lower density than all other samples. At low
energy density, the balling effect has considerable effects on the solidification
process, as shown in [29]. The worse solidification of WA powders could be
ascribed to the high Oxygen content and worse homogeneity of the powder
bed. At 48.5 J/mm?>, one WA sample is characterized by a much lower
density compared to its replicate; the sample Treatment is (t,dp, dn) =
(72 ps, 66 pm, 90 um). As showed by [9] and [14], localized porosity was
found in WA samples likely due to lower powder bed density of irregular
particles. In this case, the lower energy density combined with the presence

of irregularities on the powder bed might generate defects on the final part.

5.1.2. Fine fractions at z = 75 uym

Increasing the layer thickness to 75 um amplifies the differences in part
density between WA and GA powders. Density results are shown in Figure
3 b). GA powder performed better than WA batch in all experimental
conditions. As regards to Figure 3 a), the layer thickness was changed
as well as the process parameters according to the procedure described in
Section 3.3. The trend of the two powders is the same as volumetric energy
density increases, both fractions showing steady behavior. In respect to
z = 50 um, GA powders were characterized by a reduction of porosity of

3. By contrast, the performances of the WA-fine

approximately 0.02 g/cm
fraction with a high layer thickness were reduced by a greater amount, as the

mean difference is 0.17 g/cm®. The workability of the smaller fraction of the
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powders at higher layer thickness (and therefore at higher productivity rate)
is showed by the good density values obtained by the GA batch. Similarly
with the previous case, for energy density equal to 48.5 J/mm?® one WA
sample resulted in a low density. The position on the building platform
of these two samples is different, so the only possible explanation for this
behavior is the combination of low energy density with localized irregularities

on the powder bed.

5.1.8. Coarse fraction at z = 50 pm

In Figure 3 c), the results of coarse fractions at small layer thickness are
presented. For this case as well, GA batch performed better than WA. WA
samples were characterized by a steady increase in density with increasing
energy density. The maximum density reached for coarse WA powders and
z=50 um was 7.66 g/cm®. However, not even GA fraction achieved full
densification. Within the range of Eq evaluated, GA powder appears to
reach a steady level at 53.3 J/mm?® with a density of 7.75 g/cm?, which is
much lower than 7.89 g/cm?, that is, the mean density reached by the fine
fraction for the same layer thickness value. This could be attributed to the
fact that the PSD of this powder is much higher than the layer thickness,
even considering the effective layer thickness as defined by [18]. It is possible
that most of the particles were removed by the powder bed due to their
large diameter compared to the layer thickness, leaving the powder bed
with only small particles that could not ensure a good powder bed density.
WA samples were characterized by high porosity, similar to the one produced
with small PSD and high layer thickness. Pores found in WA-coarse at small
layer thickness were large and irregular: some are flat lying on single layers

while others spread across many hundreds of microns. A 3D reconstruction
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of the best coarse-WA powder fraction at small layer thickness is shown
in Figure 7 b). It is clear that two very different porosity structures were
obtained: the difference in the solidification process is marked even though

the volumetric energy density used is quite similar.

5.1.4. Coarse fractions at z = 75 um

Coarse fractions with z = 75 um are the combination that generates the
worst results in terms of density and the results are presented in Figure 3
d). In this case, the difference between GA and WA powders is much less
pronounced. GA powders reached their maximum density of 7.70 g/cm?
with Eq = 59.2 J/mm?, while the highest density for WA was reached at
53.3 J/mm? with a value of 7.65 g/cm?.
The presence of large void regions might indicate an inhomogeneous powder
layering. However, since this defect is present in both powders the cause
should not be ascribed to the lower flowability of the WA powders. It is likely
that the large particles and the high layer thickness avoided the bonding

between consecutive layers, due to lower absorption [30].

5.2. X-ray computed tomography and cross sections

5.2.1. Fine fractions

The least dense sample from WA fine fraction and z= 50 pwm is showed
in Figure 4 a) and c¢) and it is characterized by irregular porosity that spans
across several layers along the building direction, the dimension of these
pores were up to 300 um. Due to their shape, it is plausible to attribute
them to lack of fusion phenomena, [31], [32]. Porosity due to lack of fusion
defects in AISI316L SLM parts were also showed by [33], [34] and [35] at

low energy density values. Reconstruction of the best WA sample produced
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at Bq = 53.3 J/mm3 and z= 50 pum showed few spherical porosities and it is
reported in Figure 4 b) while SEM cross sections of some defects are showed
in Figure 4 d). Small spherical pores were also found in optimal condition
by other authors,[34], [36] and [33]. 3D reconstruction of samples produced
with GA fine powder with z= 50 um showed few small spherical pores, an
example of pore is found on a cross section is showed in Figure 5. Most
of the pores found on the SEM cross section of GA samples were spherical

with a diameter of approximately 20-30 pm.
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Figure 4: 3D reconstruction of worse and best sample from WA powders at z = 50 pm
a) Worse sample at Eq = 39.7 J/mm?. b) Best sample at Eq = 53.3 J/mm®. SEM cross
sections of worse and best sample from WA powders at z = 50 um c¢) Worse sample at Eq
= 39.7 J/mm?® d) Best sample at Eq = 53.3 J/mm?.
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GA samples showed very low porosity from XCT reconstruction and
therefore the reconstruction images are not shown. Pores found on the SEM
cross section of the GA samples were similar to the ones showed in Figure
5 in terms of both size and shape. In Figure 6, the XCT 3D reconstruction
of the best sample produced with Eq = 39.6 J/mm? with WA powder is
showed. Pores in this sample were characterized by an irregular shape and a
wide span along the building direction (Figure 6 b)). This behavior might be
due to low powder packing density for large layer thickness, which produced
an irregular powder bed density and, eventually, large cavities that were not
filled with powder. Moreover, according to the work of Li et al. [29], not
only the oxygen content but also the increased layer thickness could enhance
the balling phenomena, which, eventually, reduces the quality of the powder
bed as shown by the high surface roughness of the WA samples. These pores
were similar in shape and in size (up to 300 um) with the defects showed in

Figure 4 c).

Figure 5: SEM cross section of GA sample (fine fraction) produced at 53.3 J/mm?® and z
= 50 pm.
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Figure 6: XCT reconstruction a) and SEM cross section b) of WA sample using fine
fraction powder at Eq = 39.6 J/mm?® and z=75 pm

5.2.2. Coarse fractions

In Figure 7 a), the 3D reconstruction of the best GA sample produced at
53.3 J/mm? using the coarse fraction and z = 50 pum is showed. The amount
of porosity found is clearly higher compared to the previous cases and also
different types of pores are visible: small-spherical and also large-irregular
as visible in Figure 7 ¢). As the cross-section of the best GA sample is char-
acterized by wide areas of good densification, the irregular pores identified
could be attributed to powder properties rather than unsuitable process pa-
rameters (Figure 7c)). Small pores were in the range of 10-50 um, as in the

previous cases.

The best sample for WA and GA coarse powders using z = 75 um showed
quite a similar porosity structure: big voids with irregular shape across

multiple layers. Cross sections of the two samples are shown in Figure 8.
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Figure 7: 3D reconstruction of best samples produced with coarse fractions at z=50 pm.
a) GA sample produced at Eq = 59.3 J/mm?®. b) WA sample produced at Eq = 53.3
J/mm®. SEM cross sections of ¢) GA sample produced at Eq = 59.3 J/mm?®. d) WA
sample produced at Eq4 = 53.3 J/mm3.

Both samples are characterized by unmelted particles inside the voids, which

are clearly visible from SEM images in Figure 8 ¢) and d).
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Figure 8: a) XCT slice of best coarse WA batch with z=75 um b) XCT slice of best coarse
GA batch ¢) SEM cross section of best coarse WA batch with z=75 um d) SEM cross
section of best coarse GA batch with z=75 pm
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5.83. Comments on density results

Hereunder, some comments based on the part density results are re-

ported:

e The density results show that the workability of the fine fraction is
acceptable only when the layer thickness is 50 um. By increasing z,
there is a reduction of the part density, especially for WA batch. It
is likewise interesting to notice that the optimal conditions for AISI
316L suggested by the machine manufacturer are also the best for the

powders produced by other suppliers.

e The coarser fraction could not achieve high part density, irrespective
of the layer thickness used. It is possible that the worse behaviour
of the powders at z = 75 pm is due to the choice of individual pro-
cess parameters, as there is not a linear correspondence between the

solidification and energy density as layer thickness is changed.

e The relationship between PSD and layer thickness is still unclear, as
the GA - fine batch resulted in good part density even at 75 um. A
possible explanation might be due to the higher apparent density and
consequent packing density of GA powders. Moreover, the reduced
oxygen content might have increased the workability of the GA pow-

ders.

e An interesting result is that the highest density was achieved for both
powders in the same condition: low layer thickness and fine fraction.
In this condition, WA powders achieved full density at a higher value
of energy density (47 J/mm?) than GA powders (40 J/mm3). How-
ever, this result is in contrast with the findings of [37] using Ti6Al4V
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alloy, where as layer thickness is increased the optimal energy den-
sity decreases. Further investigation is needed to understand how the
higher presence of oxygen on WA powders impacts on the processabil-
ity, according to [36] the presence of an oxide layer on the surface of
the particles enhances their absorptivity. However, the result of this
work showed that WA powders require more energy to achieve full
densification. This discrepancy might be attributed to the excessive
presence of oxygen which induces porosity on the final part [29] or
to the decreased flowability and packing density of WA powders. A
possible explanation for the difference in part density between WA
and GA samples is the highest apparent density of the GA powders.
According to [24] and [38], the higher the apparent density the higher
the packing density of the powder bed, which eventually leads to lower

porosity in the final part.

The optimality range for both WA and GA powders is consistent with
the results of [39], which also used the same industrial system of the
present work (Renishaw AM250). Within the 48 - 60 range J/mm?
the difference between GA and WA is not relevant, as indeed the best
samples show similar porosity structures. The optimal Energy density
range for Fine fraction with z = 50 um is also similar to the works by

[36],[34], [40] and [41] using a different SLM system.

5.4. Tensile tests

The highest density for GA and WA powders was achieved using fine

fractions at z=50 pum, and the optimal interval of energy density is 48-60

J/mm

3. As shown elsewhere [42], in the steady region of the parameters,

i.e. where part density does not change with increasing energy density, the
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static properties do not depend on the individual process parameters used.
Accordingly, based on the results shown in Figure 3 a), we could use one
combination of parameters (t, dp, d) belonging to the steady interval to
produce tensile specimen. From the density results, one outlier was detected
for WA powders at 48.5 J/mm? at z=50 um; therefore, this level of energy
density was not selected to build tensile specimens. We opted to choose
the combination ensuring highest productivity and belonging to the steady
region; this condition is the center point of the factorial design (in Table 4),
which is also the Renishaw suggested condition for AIST 316L.

The number of specimens was determined based on a statistical calcula-
tion to ensure a power of the test of the difference of UTS between GA and
WA of at least 90%:; that is impliedly accepting a probability of 10% of not
identifying a difference between the two batches when it actually exists. The
difference of interest was defined as + 5% of the UTS for stainless steel 316L
based on ASTM A276/A276M17, i.e. 550 MPa; the standard deviation of
the process was estimated from previous tensile tests with AISI 316L on the
Renishaw machine (0=10 MPa). As a result, 5 tensile specimens for each
powder were built.

An example of a build of tensile specimens is shown in Figure 9. Tensile
properties are characterized in terms of ultimate tensile strength UTS and
elongation after fracture E%.

The density of the tensile samples was measured to verify the consistency
of the process; the results are reported in Table 12. The mean densities
of tensile samples are in harmony with the results obtained with the small
cylindrical samples analyzed in the previous section. It is once again verified
that GA samples are characterized by higher density compared to WA. As
shown by [43] for Ti6Al4V alloy, tensile properties depend on the presence
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Figure 9: Example of build of tensile specimen, dimensions are reported in Table 3.

of porosity, even when at a low level (< 1%). By analyzing the results of the
tensile tests, it will be possible to verify whether or not the differences in
terms of density for WA and GA samples result in different tensile properties.

Table 12: Density of tensile specimen (results based on 5 samples for each powder).

Production Mean Standard

process density, &/cm® deviation,
g/cm3

GA 7.88 0.005

WA 7.82 0.009

In Table 13 we list the tensile properties for all the samples investigated.
Levene’s test for equal variances indicates that there is not statistical evi-
dence to conclude that the variability of the tensile results is different be-
tween WA and GA powders (p-value 0.453 for UTS and 1.000 for elongation).
Performing a two-sample t-test, we conclude that there is no statistical dif-
ference between WA and GA samples both in terms of UTS and elongation;
the p-values of the test are 0.422 and 0.351 respectively. The yield strength
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Table 13: UTS and elongation after fracture of WA and GA samples.

UTS [MPa] El [%)]
WA GA WA GA
600 602 25 20
599 597 20 15
597 599 20 15
608 598 15 20
601 600 20 20
Mean 601 599 Mean 20 18
St.Dev 4.2 1.9 St.Dev 3.5 2.7

(YS) for GA samples was 443 + 3.1 MPa, while for WA samples was 477 +
3.8 MPa.
Standard ASTM F3184-16 (Additive Manufacturing Stainless Steel Alloys
with Powder Bed Fusion) does not provide reference mechanical properties
for the "as-built” condition. For the solution annealed or the stress relieved
condition, the expected tensile properties are UTS=515 MPa, YS=205 MPa
and elongation=30%. Compared to the standard, in this work we obtained
a higher UTS and a lower elongation, that is coherent with the absence
of post-processing. The results of the present work fit well with the result
of [39] in which the same industrial machine and 316L gas-atomized pow-
ders were used. In [39] the tensile results for the "as-built” samples were
UTS=524 MPa, YS=385 Mpa and elongation 22%.
In conclusion, the results of this experimental campaign show that the ten-
sile properties are comparable with the literature and with the reference
standard for the SLM process as summarized in Table 14.

The fractographic images of GA and WA samples show that the fracture
is ductile with the presence of large dimples on the surface; dimples are

indicated by white arrows in Figure 10. On the surfaces, there was no
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Table 14: Summary of tensile properties of 316L processed with SLM.

Source UTS, MPa UTS, MPa EL%
This work (GA) 599 443 18
This work (WA) 601 477 20
Lavery et al. [39] 524 385 22
ASTM F3184 - Solution annealed or stress relieved 515 205 30

evidence of large defects or unmelted particles.

Figure 10: Fractographic images of tensile specimen produced with different powders. a)
water atomized, b) gas atomized.

6. Conclusions

In this work, we investigated the influence of the atomization medium

and the particle size distribution on the final part density at different layer
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thickness values. The same volumetric energy density was used at z = 50um
and z = 75 um by linearly scaling the process parameters. The results

showed that:

e [t is possible to obtain samples with high density using less expensive

WA stainless steel powders;

e High density is obtained using the fine fraction at a low level of layer
thickness. In this condition, GA density was steady within 40 - 72
J/mm? range, while WA reached the highest density at Eg, i.e. 48

J/mm3;

e The lower apparent density of WA powders could explain the lower

density of WA samples, even when using optimal process parameters;

e Using the condition which maximizes density for both powders, the
porosity structure measured with X-ray Computed Tomography was

similar for WA and GA samples;

e The solidification of the same powder at two different layer thicknesses
shows different mechanisms, despite using the same volumetric energy
density. This result suggests that volumetric energy density does not
provide information about the densification behavior of a powder if

the layer thickness is changed;

e UTS is not statistically different among the two powders considered

(WA-fine and GA-fine);

Future work will address the problem of improving the workability of
irregular powders and the study of powder batches coming from different

manufacturers analyzing how their processability changes, given the same
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material and the same atomization medium. Moreover, the choice of the
value of layer thickness based on the powder properties and PSD should
be further developed. Future analysis will be focused on the relationship
between the porosity structure (position, size and, shape of pores) with

static properties.
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