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Abstract. Despite the attractive capabilities of additive manufacturing (AM) technology, the industrialization of these processes remains very
low. This is attributed to the complexes physical phenomena involved in the AM process and the layered structure of the produced parts. Intense
research work is still needed for the prediction and optimization of AM parts mechanical properties. In this study, the influence of particle size
distribution (PSD) of stainless steel 316L (SS 316L) powders on AM parts properties was investigated. Four PSD were used to produce test
parts and compare the resulting porosity, surface roughness and macro-hardness. The SS 316L specimens were fabricated by Laser Powder Bed
Fusion process (LPBF) on a SLM 125HL machine using variations in laser power and scan velocity. Computed scan tomography (CT) was used
to characterize the defects. Lack of fusion and keyhole defects were detected. Defects were detected even in nearly dense parts. The powder size
distribution was found to affect the porosity. Results from CT tests were used to identify the minimum achievable porosities for each powder,
through the appropriate selection of process parameters. The macro-hardness and surface roughness were found to vary with the powder
properties.
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1 Introduction

Additive manufacturing (AM) is a promising technology enabling the fabrication of parts with customizable designs, near-net
shape geometries and high mechanical properties using various materials including metallic, ceramic and polymer materials [1,2].
Yet, there are significant challenges slowing down the progress of the AM technology. Among, these challenges the build-to-
build variations of AM parts properties [3].

In Laser Powder Bed Fusion (LPBF) process, dense parts can be produced with high dimensional accuracy. The quality of the
final part is influenced by the powder characteristics and the chosen processing parameters [4-6]. Several studies have confirmed
that the particle size distribution (PSD), flowability and morphology of metallic powder material have a major impact on the
density of final parts. It is possible to obtain high density values with different powder sizes, yet, the process parameters have to
be adjusted accordingly. Gurtler et al. [7] studied the effect of AlSi12Mg PSD on melt pool dynamics and porosity formation to
detect the defects on AM part. Their study showed that powder mixtures with more and smaller particles can compensate the
defects in powder bed and improve parts density. They demonstrated the importance of defectless and homogenous layer coating
for the production of defectless parts. Liu et al. [8] investigated the effect of laser and SS 316L powder properties on final AM
part performance. They obtained higher density parts with smoother side surfaces using powder with wider range of particle size,
whereas, the powder with narrower range of particle size provided higher ultimate tensile strength and larger hardness.
Balbaa et al. [9] studied the influence of AISi10Mg powder particle size on the LPBF processibility by considering the material
This article is published_under the terms and conditions of the CC-BY License (http://creativecommons.org/licenses/by/4.0)
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physical properties. They used fine (D50=9um) and coarse (D50=40um) powders. The coarse powders, with higher flowability
and packing density, led to lower top surface roughness and higher microhardness. Therefore, the use of different powder types
alters the surface finish and the mechanical properties of AM parts.

The aim of this work is to establish a relationship between powder properties and process parameters for Stainless Steel (SS)
316L to obtain full dense parts with good surface finish and high mechanical properties. Four powder sizes were used which are
fine powder Dg=10pum, medium powders Dg=19um and Dsy=41pm and coarse powder Dso=73pm. The powders differ in
flowability, relative density, chemical composition and mean powder diameter. The influence of powder properties on the
porosity, surface roughness and macro-hardness was discussed. The observed trends were explored based on process parameters
and powder size, flowability and composition.

2 Material and methods
2.1 L-PBF Machine and processing parameters

The AM samples were produced using the SLM 125HL machine, equipped with a single fiber laser of 400W. In order to
fabricate AM dense parts with lowest surface roughness and highest mechanical properties, a parametric study is done to optimize
the most influencing parameters. The samples were fabricated using a variation of processing parameters including laser power P
and scan velocity V. The hatch distance h and layer thickness L were kept constants (h=120um and L=50pum). The build platform
was preheated up to 100°C. The scan strategy consisted of stripes with 33° rotation between successive layers.

The processing parameters were chosen to span around the recommended SLM standard values for SS 316L, as shown Table 1.
The recommended SLM values for SS 316L are P=275W, V=700mm/s, L=50um and h=120um. In total, nine sets of parameters
were used to produce the samples for each type of SS 316L powder material. The parameters were chosen for the purpose of

understanding the effect of processing parameters and powder size on AM parts properties. The energy density E=% is a

common variable used to determine the operating window for dense parts. It includes all the above mentioned parameters [10]:
the laser power (P), the scan velocity (V), the hatch distance (h) and the layer thickness (L).

Table 1. The processing parameters used to produce the samples

Power , P(w) | Velocity, V(mm/s) | hatch distance, h(mm) [ layer thickness, L(mm) | Energy density, E(J/mm°)
200 1000 0.12 0.05 333
275 1000 0.12 0.05 45,8
200 700 0.12 0.05 47,6
350 1000 0.12 0.05 58,3
275 700 0.12 0.05 65,5
200 400 0.12 0.05 83,3
350 700 0.12 0.05 83,3
275 400 0.12 0.05 114,6
350 400 0.12 0.05 145,8

2.2 The SS 316L powder materials

The samples were produced in SS 316L using four different particle size distributions, as given in Table 2. The particle size
distribution was measured by laser diffraction. Our target was to test fine, medium and coarse powders. The powder of type3 was
bought from SLM supplier. The remaining three powders were bought from Hoganas supplier. The same raw powder material
was sieved to control PSD and obtain various powder types (fine, medium and coarse powders). The powders type 2 and type3
correspond to the SLM recommended PSD for SS 316L and they are characterized by Gaussian like grain size distribution with
powder particles diameters below 50um. Type4 is characterized by Gaussian like distribution and particles diameters higher than
50um. The fine powder which is typel consists of particles with diameters below 18um and is characterized by an asymmetric
distribution with an increased concentration of fine particles. In total, there are two categories of powder materials (SLM and
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Hoganas) with nominal composition provided in Table 3. The main differences between the powder categories compositions are
the percentages of Si, Ni and Mn.

Table 2. The SS 316L powder materials used to produce the samples

Type Type1—H6 | Type2 - H27 | Type3 —S34 Type4 — H67
Manufacturer Hoganés Hoganés SLM Hoganés
Dy 4.95 10.9 30.1 53.3

Dso 10.01 19.1 41.2 73

Dgo 16.3 30.3 56.2 100
Mean diameter (um) 6 27.4 34.2 66.9

Table 3. The chemical composition of two powder categories from SLM and Hoganés

Elements Si S P 0 N C Ni Mo Mn | Cr Fe
Typel,2,4 — Hoganas [wt%] | 0.2 0.004 | <0.01 | 0.04 | 0.01 | O 11.9 2.3 15 17.7 Balance
Type3 — SLM [wt%] | 0.61 | 0.005 | 0.008 | 0.02 | 0.1 0.017 | 12,58 | 2.35 | 0.54 | 17.78 | Balance

The properties of the four powder types were determined and compared by evaluating their flowability and density. The apparent
density was measured using Scott volumeter according to ASTM B329-06 standard. The measurements were repeated five times
and were conducted at ambient temperature. The flowability was measured using Hall method according to ASTM B213
standard. The measurements were repeated three times and were conducted at ambient temperature. The results are reported in
Table 4. All powder types have acceptable flowability except powder typel. The later powder has insufficient flowability with
severe agglomerations. From the relative density, the thickness of the deposited powder can be calculated and it depends on
powder size. During building, it increases till reaching a steady thickness which is known as the effective layer thickness L [4].

Table 4. Physical properties of different powder

Type Type1—-H6 | Type2 —H27 | Type3 —S34 Type4d — H67

Flowability Hall (s) No flow 17.5 16.9 15

Apparent density (g/cm®) 3.63 4.5 4.6 4.21

Relative density (%) 45 56.3 57.7 52.6

Effective layer thickness , Leg (mm) 0.110 0.088 0.087 0.095
2.3 Characterization of produced samples: porosity, surface roughness and macro-hardness

Two types of samples were produced which are cylinders with 10mm length and 4mm diameters for porosity measurements and
cubes with 15mm length for surface roughness and macro-hardness tests. The instruments used for the samples characterization
are detailed below:
- The surface roughness of top and side surface of as-built cubic samples was evaluated using Alicona microscope which
generates 3d surface topography, as shown in Fig. 1 . The surface roughness parameter calculated in this study is the
arithmetic mean surface roughness (S,) according to 1SO 25178-2 standard;

a) Top surface b) o

Side surface

Fig. 1 Surface roughness testing: (a) Samples and (b) 3d surface topography exemple
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- The porosity of cylindrical samples was measured using X-ray computed tomography method (CT). The samples were
scanned to visualize the porosity distribution using a spatial resolution of 6.7um. The analyzed volume dimensions are
6mm height and 3.9mm diameter. The porosity results were confirmed by microscopic analysis and a maximum
coefficient of variation of 5% was obtained. For the microscopic analysis, an optical microscope was used and a total of
10 images located randomly were analyzed;

b)

c)

18
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Fig. 2 Porosity measurement sample geometry and results: (a) Cylindrical sample, (b) Example of the obtained result by CT method and (c) Example of cross-
section image by microscopic analysis

- As-polished samples were used for hardness testing. Macro-hardness measurements were conducted using a load of 30 Kg
being applied for 10s. The average of nine Vickers indents was determined for each sample. The indents were distant from
the surface edges, visible porosities and previous test points. The hardness results were close for the same sample and no
significant variation was observed either between side surface and top surface or along the length and width of the same
surface.

3 Results and discussion
3.1 Surface roughness analysis

The surface roughness of the AM samples depends on the chosen processing parameters and the layer coating system. It is important
to evaluate the roughness of the top surface because it represents the quality of each scanned layer during building process. The
roughness of the scanned layer affects the homogeneity of the spread powder layer which is influenced by powder properties (size
[11], particle cohesiveness [11, 12]). Liu et al. [8] investigated the effect of particle size distribution on processing parameters
optimization. They used two PSD: an OSPREY powder with wide range of particle size and mean size of 27.3um and a LPW powder
with narrow range and mean size of 29.3um. The Osprey powder generated smoother side surface finishing parts. They obtained
significant variation in surface roughness particularly for the top surface. In this study, the comparison of surface roughness data
from various powder types revealed that S, of fine powder was higher compared to coarser counterparts, for top and side surface. The
fine powder, characterized by poor flowability and high tendency of agglomeration, leads to rough and wavier surface as shown in
Fig. 4. The medium powder types (type2 and type3) had lowest S, as shown in Fig. 3. The surface for both types was generally free
from un-melted or partially melted powder particles. During building process, the spatters ejection was more intense in coarse
powder builds compared to fine or medium counterparts. The spattering phenomenon of coarse powder affects the surface quality of
the samples and leads to rough surface [11, 13]. There is a difference in surface roughness between side and top surface in the case
of coarse powders.
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Fig. 3 Surface roughness as function of energy density for the four types of powder: (a) top surface and (b) side surface

3.2 Porosity analysis

For SS 316L samples fabricated with LPBF process, the density increases with the increasing energy density. It was reported that
dense parts were produced using energy density close to 104.2)/mm?®[14-16]. Yakout et al. [14] found that stable melting occurs
between 62.5-104.2 J/mm3 energy densities for SS 316L. Above 104.2)/mm?® the density of the parts decreased due to
vaporization of alloying elements. They used spherical SS 316L powder with diameter D50=29.1um. The PSD of the utilized
powder is similar to powder type 2 in our study. The porosity results of our samples as function of the volumetric energy density
is shown in Fig. 5. Highly dense samples with porosities below 0.1% were obtained for all powder types within various energy
density ranges. The average porosity of samples produced with fine powder typel was 5% higher than their counterparts
fabricated with medium powders, whereas, the average porosity of samples fabricated with coarse powder type4 was 1% higher
than medium counterparts. In general, the porosity decreased when increasing the energy density and then stabilized for E higher
than 83.3J/mm?®. However within the applied energy density, no increase of the porosity at high energy densities was observed,
contrary to what Yakout et al. [14] obtained. The dense medium powders samples (type2 and type3) were obtained for energy
densities higher than 65.5J/mm3, whereas, the dense samples fabricated with coarse powder were obtained for energy densities
above 114J/mm?®. For fine powder, the dense sample was produced with E equal to 145J/mm?®. For energies above 114J/mm?, the
keyhole porosities or trapped gas defects are detected as shown in Fig. 6 . At low energy densities, irregular shaped defects and
lack of fusion porosities were formed. This is mainly due to the uncomplete melting leading to the formation of defects
containing un-melted or partially melted particles.
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Fig. 4 Color images of the top surface topography of parts produced by LPBF process (P= 275w and VV=700mm/s): (a1, a2) fine powder typel, (b1, b2) medium
powder type2, (c1, c2) medium powder type3 and (d1, d2) coarse powder type4
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Fig. 5 Porosity as function of energy density for the four types of powder
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Fig. 6 Micrographs of non-etched cross-sections for samples produced with three powder types and different processing parameters: (a) Powder type2, (b) Powder
type3 and (c) Powder type4. The laser power and scan speed are 350W and 400mm/s for (1) and 275W and 700mm/s for (2).

3.3 Macro-hardness

Macro-hardness results as function of the energy density are reported, in Fig. 7. The measured macro-hardness data showed good
repeatability for dense samples with a maximum coefficient of variation of 4%. It can be observed that regardless of the energy
density, the SLM powder (type3) resulted in 30HV higher macro-hardness compared to Hoganés powders. This may be attributed
to the differences in the chemical composition of powders (in particular for Si and Mn). The SLM powder type3 had higher Si
and lower Mn percentages compared to the powders type2 and type3 from Héganas. For all powder types, the macro-hardness
followed an increasing trend when increasing the energy density and then stabilized for dense samples. The macro-hardness can
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be influenced by the porosities in the produced test parts. For low energy densities below 58.3 J/mm?®, the marco-hardness
increased when increasing E which is due the decreasing of samples porosities. The interaction with sub-surface pores cannot be
avoided within the indentation depth in samples with high porosities. Therefore, the macro-hardness and porosity are
interconnected in the case low energy densities, as reported in [17].
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Fig. 7 Macro-hardness as function of energy density for medium and coarse powders
4 Conclusion

The aim of this study was to investigate the effect of powder particles size on the properties of SS 316L samples produced with
LPBF process. Four different PSD were utilized to fabricate parts using various laser powers and scanning velocities. The
samples, obtained with fine, medium and coarse powders, were compared based on the volumetric energy density parameter. The
influence of powder properties and processing parameters on the porosity, top and side surface roughness and macro-hardness
was studied. The main findings are summarized below:

1. Within the applied range of the volumetric energy density, the samples porosities decreased and then stabilized by
increasing the energy density for all powder types. The samples fabricated with fine powder had higher porosities due to
the powder poor flowability and its tendency to form agglomerates.

2. The minimum porosities were 0.03%, 0.005% and 0.035% for the fine, medium and coarse powder types, respectively.
The lowest porosities were obtained for energy densities higher than 114 J/mm®.

3. The fine powders had higher top and side surface roughness compared to medium and coarse powders. A difference of
1-70% between S, of fine powder parts and coarser counterparts were obtained. This is mainly due to the non-uniform
spread powder layer. The lowest surface roughness is obtained using medium size powders ( Dsp=19um and Dgy=41pm).
No specific trend between surface roughness and energy densities was observed.

4. The macro-hardness increased when increasing the energy density up to 65.5J/mm® which is inversely related to
porosity. The type3 powder had higher macro-hardness compared to type2 and type4 powders. This might be attributed
to the differences in powders chemical composition.
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