The International Journal of Advanced Manufacturing Technology (2020) 108:1551-1562

https://doi.org/10.1007/500170-020-05510-8

ORIGINAL ARTICLE

Selective laser melting (SLM) of AlSI 316L—impact of laser power,

®

Check for
updates

layer thickness, and hatch spacing on roughness, density,
and microhardness at constant input energy density

Sebastian Greco'

- Kevin Gutzeit" - Hendrik Hotz" - Benjamin Kirsch' - Jan C. Aurich’

Received: 6 February 2020 /Accepted: 19 May 2020 /Published online: 28 May 2020

© The Author(s) 2020

Abstract

In selective laser melting (SLM) the variation of process parameters significantly impacts the resulting workpiece characteristics.
In this study, AISI 316L was manufactured by SLM with varying laser power, layer thickness, and hatch spacing. Contrary to
most studies, the input energy density was kept constant for all variations by adjusting the scanning speed. The varied parameters
were evaluated at two different input energy densities. The investigations reveal that a constant energy density with varying laser
parameters results into considerable differences of the workpieces’ roughness, density, and microhardness. The density and the
microhardness of the manufactured components can be improved by selecting appropriate parameters of the laser power, the
layer thickness, and the hatch spacing. For this reason, the input energy density alone is no indicator for the resulting workpiece
characteristics, but rather the ratio of scanning speed, layer thickness, or hatch spacing to laser power. Furthermore, it was found
that the microhardness of an additively manufactured material correlates with its relative density. In the parameter study presented
in this paper, relative densities of the additively manufactured workpieces of up to 99.9% were achieved.

Keywords Additive manufacturing - Selective laser melting - Input energy density - Relative density - Microhardness

1 Introduction

Due to the rapid and cost-efficient production of small batches
and the freedom of design, additive manufacturing (AM), es-
pecially selective laser melting (SLM), is increasingly used in
industry [1—4]. In this process, the component is built layer by
layer from a metal powder bed [5]. Each layer has a predefined
layer thickness, where the powder is melted via a beam, com-
monly a laser, and subsequently solidifies [6]. The SLM pro-
cess parameters have a decisive influence on the metallurgical
and mechanical properties of the manufactured components
[7-9]. Extensive knowledge of the causal relationships be-
tween process parameters and component properties is neces-
sary, as these in turn influence the application behavior of the
component such as the fatigue strength or wear resistance

D1 Sebastian Greco
sebastian.greco @mv.uni-kl.de

Institute for Manufacturing Technology and Production Systems
TU Kaiserslautern, Gottlieb-Daimler-Straf3e,
67663 Kaiserslautern, Germany

[10-14]. For the AM of components from AISI 316L, an
austenitic stainless steel which is widely used due to its high
corrosion resistance and decent mechanical properties, there is
already a broad basis regarding the impact of the SLM process
on the component properties, like the roughness [15-18] or
the density [19-25]. For example, it was found that an insuf-
ficient laser power results in only partial melting of the powder
grains. In this case, according to Shen et al. [26] liquid “brid-
ges” are formed between the individual grains and the powder
agglomerates. This leads to increased porosity due to the cav-
ities between the powder grains and hence decreased mechan-
ical properties. On the other hand, excessive laser power leads
to the evaporation of the material from which keyholes are
formed, as investigated by Rai et al. [27]. Hence, if the laser
power is too high, the density decreases again. In addition, the
dynamics of the melt bath are influenced by the process pa-
rameters during SLM and are crucial for the application of
new material layers [8]. If the surface tension of the melt bath
is high enough, the melt bath may be divided into several
small melt beads as a consequence of minimization of its
surface energy. This in turn prohibits a uniform application
and joining of subsequent material layers on already existing
layers [28]. Due to the ball-like shape of the melt beads, this
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effect of melt bath separation is called balling effect. The
balling effect can be reduced by increasing the laser power
at simultaneously decreased scanning speed or decreasing the
hatch spacing [8, 28].

The correlations of the process parameters used for SLM
can ultimately be explained by an input energy density E,,
linearly correlating with the laser power P. Ey can be calcu-
lated according to [29] by Eq. (1):

P
Eviivs*SD*SA (1)

Thus, increasing the scanning speed vg, the layer thickness
Sp, or the hatch spacing S, has a reciprocal effect on melting
mechanisms such as balling and keyhole phenomena in com-
parison to the laser power. In order to adapt the workpiece
characteristics for instance to the requirements of an intended
application, the process parameters need to be adjusted care-
fully. It is hence of interest how those parameters impact the
workpiece. However, a change also results into a change of
the input energy density, which overlays the mechanisms of
impact. For this reason, the named process parameters are
varied in this study, while the input energy density is kept
constant by adapting the scanning speed. Contrary to other
investigations, the interrelation of these process parameters
and the effects on the workpieces’ roughness, density, and
microhardness can be examined in detail without the overlay-
ing effect of a changing input energy density in this paper. The
resulting surface topography, the density, and the microhard-
ness are analyzed.

2 Materials and methods
2.1 Additive manufacturing

The workpieces were produced using the additive manufactur-
ing machine tool Mlab Cusing by ConceptLaser.' Figure 1
shows the interior view of the building volume during SLM
as well as the exterior view of the Mlab Cusing. In addition, a
list of technical specifications is provided.

The Mlab Cusing is equipped with a Nd:YAG fiber laser
(A=1064 nm, 6 =50 um) with a maximum power output of
100 W; the building volume is 90 x 90 x 80 mm. Powdered
316L was used for the SLM process, with a maximum grain
size of 50 um (manufacturer’s specifications). The produced
geometry for all workpieces was a cube with an edge length of
8 mm. The scan paths that form the build-up layers are initially
rotated by 45° to avoid running parallel to the build-up layer
contour and are then rotated from layer to layer by 90°. Due to

! Naming of specific manufacturers is done solely for the sake of completeness
and does not necessarily imply an endorsement of the named companies nor
that the products are necessarily the best for the purpose.
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Concept Laser Mlab cusing
building volume: 90 x 90 x 80 mm
max. scanning speed: 7.000 mm/s
laser system: 100 W (Nd:YAG)

focus diameter: ~ 50 ym
layer thickness: 15 - 50 ym
inert gas: nitrogen

FBK/033-040

Fig. 1 Building volume, exterior view, and technical specifications of the
SLM machine Mlab Cusing

the scanning strategy (see Tables 1 and 2), the build-up layers
are divided into squared exposure fields. Scan vectors of ad-
jacent exposure fields run perpendicular to each other. The
workpieces were aligned parallel to the build platform (XY-
plane). During additive manufacturing, the workpieces were
fixed to the build platform with 16 cone-shaped supports (d =
0.8 mm). The supports were arranged at intervals of 2.4 mm in
x- and y-directions (Ax and Ay) and had a height of 4 mm (Z-
direction). The orientation of the workpieces on the building
platform, the build-up direction, and the build-up layers are
shown in Fig. 2. In order to provide statistical validation, all
workpieces were produced three times.

To analyze the influence of the laser power P, layer thick-
ness Sp, and hatch spacing S, on the workpieces’ roughness,
density, and microhardness, the process parameters of addi-
tive manufacturing were varied. During this variation, a con-
stant input energy density Ey was achieved by adjusting the
scanning speed vg of the laser between 100 and 2000 mmy/s.

The variation of process parameters during additive
manufacturing was subdivided into two parts. First, the influ-
ence of layer thickness and laser power on the resulting work-
piece characteristics were investigated at a constant hatch spac-
ing of Sy =56 pum and two levels of input energy density (see
Table 1). This variation of process parameters enables a com-
parison of different layer thicknesses at identical laser power as
well as a comparison of different laser powers at identical layer
thickness, both for two levels of input energy density.

In a second step, the influence of the hatch spacing was
investigated by using two levels of laser power and input
energy density (see Table 2). This variation of the laser power
P and input energy density £y enables a comparison between
different input energy densities at identical laser power as
well as a comparison between different laser powers at an
identical input energy density. The layer thickness was set
to Sp=25 pum during the variation of the hatch spacing.
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Table 1

SLM parameters for variation of layer thickness and laser power

Process parameters Setup 1

Scanning strategy Successive chessboard

Hatch spacing S4 56 pm

Scanning speed vg Adjusted accordingly
Layer thickness Sp 25 um

Laser power P 30, 50, 70,90 W

Input energy density £y 333 J/mm®, 119.0 J/mm®

Setup 2 Setup 3

Successive chessboard Successive chessboard
56 pm 56 pm

Adjusted accordingly Adjusted accordingly
35 pm 45 pm

30, 50, 70, 80%, 90 W
333 J/mm®, 119.0 J/mm’

30, 50, 70, 80*, 90 W
33.3 J/mn?’, 119.0 J/mm®

*Laser power P =80 W was only used for Ey,=33.3 J/mm’

The contour and the support structures were exposed with a
laser power of P = 60 W and a scanning speed of vg= 600 mm/s,
detached from the layer thickness of the respective process pa-
rameter combination.

2.2 Workpiece characterization

After SLM, the samples were mechanically removed from the
platform. The as-build surface roughness was evaluated over a
distance of /,=4 mm (\.= 0.8 mm) using the stylus instrument
MarSurf M300 by Mahr GmbH' For statistical verification,
three measurements were carried out for each sample, both at
the surface perpendicular to the build-up direction (XY-plane)
and at a surface parallel to the build-up direction (YZ-, XZ-plane).

The relative density is a comparative value that refers to
the ideal material that is free of pores. Therefore, a relative
density of 100% describes a completely dense material,
which in turn contains a porosity of 0%. The relative density
was determined according to Eq. (2), with Ax, Ay, Az describ-
ing the workpiece dimensions, the workpiece mass m, and
the density of the material (completely dense) p3161. =7.99 g/
cm’ [30]. A cuboid was assumed to calculate the volume. In
order to justify this assumption, the samples were milled on
each side with an infeed of 0.1 mm so that a defined surface
and volume was produced. In addition, the area of the con-
tour scan was also removed by this milling, which led to the
fact that only material volumes with varied SLM parameters
were considered when determining the relative density. The
side lengths of the cuboid were determined via a digital ver-
nier height gauge (+0.01 mm; BZT Maschinenbau GmbH"),
whereas the mass of the sample was determined by using a

Table 2  SLM parameters for variation of hatch spacing

precision balance (+0.001 g; KERN & SOHN GmbH, EMB
200-3h.
m

p = 100%* (2)
Ax - Ay - Az pyjer

After the completion of the non-destructive measurements,
the samples were prepared for the microhardness measurements.
For this purpose, cross sections were prepared at the center of
the sample using the Mecatome T210 precision cutting
machine'. During separation, the thermal-mechanical load
was kept low by choosing a low feed rate (u,=0.03 mm/
min) and assuring constant cooling. Afterwards, the sepa-
rated samples were embedded. Fine-grained abrasive paper
was used in a down grinding processes (P1200, P2500,
P4000) with a head rotational speed of 7,,=60 min ' and
a working rotational speed of n = 300 min™'. Subsequently,
the samples were polished (7 =150 min™') in a two-stage
polishing process by using a 3-pm and a 1-pm diamond
suspension. Grinding and polishing were done by using the
Mecatech 334 by Presi GmbH'.

The microhardness was characterized in two planes, one par-
allel to the build-up direction (YZ-plane) and the other one per-
pendicular to the build-up direction (XY-plane) (Fig. 3a). The
Vickers microhardness was determined according to DIN EN
ISO 6507-1 [31] with the microhardness tester MicroMet 5100
by Biihler AG' at a test load of F=0.098 N (HV0.01). In order
to achieve local hardness values, the microhardness was deter-
mined over a total of five measuring areas, according to Fig. 3b.
For statistical purposes, a total of four measurements were car-
ried out in each measuring area, summing up to a total of 40
measurements per workpiece.

Process parameters Setup 4

Scanning strategy Successive chessboard

Layer thickness Sp 25 um

Hatch spacing S, 42, 56,70, 84 pm
Laser power P 50 W

Input energy density Ey 33.3 J/mm’
Scanning speed vg Adjusted accordingly

Setup 5 Setup 6

Successive chessboard Successive chessboard
25 um 25 um

42, 56, 70, 84 um 42, 56, 70, 84 um

50 W 70 W

119.0 J/mm?® 33.3 J/mm®

Adjusted accordingly Adjusted accordingly

@ Springer



1554 Int J Adv Manuf Technol (2020) 108:1551-1562

The given standard deviations are the mean value of the
standard deviations of all measuring points belonging to one
process parameter combination. The number of repetitions of
each measuring point is three with respect to the relative den-
sity, nine with respect to the roughness, and 40 with respect to
the microhardness.

build-up direction
build-up layers

3 Results and discussion

Z
‘/T\y Focosste: 3.1 Variation of layer thickness and laser power
Fig. 2 Building platform, workpiece orientation, and support structures
In the following, the influence of layer thickness and laser power
on the as-build surface roughness, relative density, and micro-
hardness is shown at a constant hatch spacing of Sy =56 pum.

a)

parallel to BUD

build-up direction

build-up layer

BUD = build-up direction

O O QO QO
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measuring imprint 4 &
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¢ ¢
QO O O 0
O, O O X O &

FBK/033-041

Fig. 3 a Workpiece separation in planes parallel and perpendicular to the build-up direction. b Measurement pattern for microhardness
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Fig. 4 Average roughness Rz for different laser power P, layer thickness
Sp, and input energy density Ey at surface perpendicular to the build-up
direction (XY-plane)

3.1.1 Roughness

The average roughness at the surface perpendicular to the
build-up direction of the workpieces (XY-plane) is shown in
Fig. 4 as a function of laser power P, layer thickness Sp, and
input energy density Ey.

E, = 33.3 J/mm?

When comparing the values shown in Fig. 4, a significant
decrease in surface roughness can be observed with increasing
input energy density, especially for Sp=35 pm. Taking the
values of the standard deviation into account, at constant input
energy density, the influence of the layer thickness and the
laser power on the surface roughness can be considered as
comparably small. However, there is a tendency that the av-
erage roughness slightly decreases with increasing laser pow-
er. Figure 5 exemplarily shows the as-build surface perpen-
dicular to the build-up direction (XY-plane) for high and low
input energy density. In case of a low input energy density, it
can be seen that spherical structures are formed on the work-
piece’s surface. Due to the comparatively low input energy
density, these structures can be interpreted as unmelted or only
partially melted powder grains and thus as a consequence of
poor dynamics of the melt path and the occurrence of the
balling effect. This assumption is confirmed by the values
shown in Fig. 4, in which all values regarding Rz are above
the specified maximum grain size of 50 pm.

On the other hand, it can be seen that by increasing the
input energy density, independent of the variations of layer
thickness and laser power, the roughness within the surface
perpendicular to the build-up direction can be reduced. Due to
the higher input of thermal energy per volume, more powder
material is melted, which also prevents the balling effect. In
this case, the dynamics of the melt path and the flow of melt
can be assumed to be more suitable for the generation of less
rough surfaces, which is confirmed by the measured values of
Rz for Eyy=119.0 J/mm?® (see Fig. 4).

E, = 119.0 J/mm?

FBK/033-053

Fig. 5 As-build surfaces perpendicular to the build-up direction (XY-plane) for Ey,=33.3 J/mm® and Ey = 119.0 J/mm’

@ Springer



1556

Int J Adv Manuf Technol (2020) 108:1551-1562

E, = 33.3 J/mm?®

E, =119.0 J/mm?®

FBK/033-070

Fig. 6 As-build surfaces parallel to the build-up direction (XZ-plane) for Ey,=33.3 J/mm® and E v=119.0 J/mm®

In contrast to the shown differences in roughness, no signif-
icant influence of the examined process parameters can be ob-
served when regarding the surfaces parallel to the build-up
direction (XZ- and YZ-plane). This is due to the temperature
gradient along the XY-plane. During SLM, the workpiece is
divided into several build-up layers (XY-plane), which are heat-
ed by the laser. The heat of the melted powder is dissipated into
the powder bed, causing the prevailing temperature in the pow-
der bed to decrease in X, Y, and Z direction with increasing
distance to the laser-exposed powder. Consequently, regardless
of the melting bath temperature, there is always a certain dis-
tance Ax and Ay from the boundary of the build-up layer be-
yond which the temperature is no longer sufficient during laser
exposure of the boundary to completely melt the powder. At
this point, powder grains are only partially molten and are thus
welded to the build-up layer contour, forming the workpiece
surfaces parallel to the build-up direction. The partially melting
of powder on a surface parallel to the build-up direction (XZ-
plane) is shown in Fig. 6 for both input energy densities used.
The roughness of the surfaces parallel to the build-up direction
(Rz=57.9+7.4 um) is therefore defined by the powder grain
size of the powder used during SLM.

3.1.2 Relative density
In Fig. 7 the relative density in dependence of the examined

parameters is depicted. It can be seen that denser samples are
produced at a higher input energy density. Due to the higher

@ Springer

amount of thermal energy, a larger percentage of material
within the volume can be heated above its melting point, thus
less material remains unmelted or only partially melted, which
increases the relative density.

Furthermore, the relative density increases when a
higher laser power is used. This behavior can be observed
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Fig. 7 Relative density p for different laser power P, layer thickness Sp,
and input energy density £y
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independently of the other varied parameters. Note that, in
this paper, two levels of input energy densities were com-
pared, while a constant input energy density was assured;
hence, a higher laser power must be compensated by a
faster scanning speed. Due to this, when increasing the
laser power, the same volume of powder has to absorb
the same amount of thermal energy in a shorter time in-
terval in order to be melted. As the effect of a higher laser
power is leading to a higher relative density, which is
shown for both input energy densities, the increase of
relative density may be attributed to a better ratio between
supplied laser power and heat conduction. However, as
the relative density of all measurements is increasing with
increasing laser power, the available time is still sufficient
to distribute the energy in such a way that more powder
material can be heated above its melting point. It can be
assumed that the increase of relative density due to in-
creased laser power has a boundary that depends on ma-
terial properties such as the thermal conductivity.

In addition, the values shown in Fig. 6 indicate a de-
crease in relative density with increasing layer thickness
at Ey=119.0 J/mm’. Considering a constant input energy
density, the decrease of the relative density at higher layer
thicknesses may be explained by a limited depth of pen-
etration of the laser’s energy into the powder bed.
Although the scanning speed compensates the increased
layer thickness and the same amount of energy per vol-
ume is absorbed, the energy, which is mainly absorbed by
the top powder layer, has to be transferred directly to the
layer below. Within a certain limit, this is intended to
partially melt the lower layer in order to create layer ad-
hesion. With increasing layer thickness and thus a larger
powder volume (in negative Z-axis) to be melted, the
boundary of the molten powder volume increases. This
may lead to an insufficient amount of energy or tempera-
ture with increasing distance to the powder surface in
negative Z-direction, resulting in insufficient melting of
not yet melted powder or already melted layers. Since
both melting processes are required to create a new

build-up layer and to join the just melted layer with al-
ready existing build-up layers, an increased layer thick-
ness results in a lower relative density. To illustrate the
laser’s limited depth of penetration, etched micrographs of
the cross-sections parallel to the build-up direction (XZ-
plane) are shown in Fig. 8 for different layer thicknesses.
In addition, the determination of the melt path width w
and height 4 is shown exemplarily on one melt path; the
measurements to determine the absolute values of w and 4
were carried out on 20 melt paths. Regarding the melt
path width and height it can be seen that with increasing
layer thickness only the melt path width increases. The
melt path height changes only slightly with varying layer
thickness, which demonstrates the laser’s limited depth of
penetration even though using process parameters that
consider an increased layer thickness.

Due to the generally lower amount of absorbed energy
and thus generally poor joining of just melted and al-
ready existing build-up layers when applying an input
energy density of Ey,=33.3 J/mm?, the effect of the layer
thickness on the relative density is reduced compared to
Ey=119.0 J/mm’. Applying the low input energy densi-
ty Ey=33.3 J/mm’, the impact of laser power on the
relative density of the workpieces appears more
significant.

Further, the gradients of the interpolated curves show-
ing the relative density of Ey=119.0 J/mm® seem to
indicate an improvement towards a particularly favorable
ratio of laser power, scanning speed, and layer thickness
for Sp=25 pum between 30 and 50 W, Sp=35 um be-
tween 50 and 70 W, and for Sp =45 pm between 70 and
90 W.

The described influence of input energy density on the
relative density of workpieces produced by SLM can be
seen on the micrographs of the workpiece’s cross sections
(XY-plane) in Fig. 9. It can be clearly seen that the relative
density increases with higher input energy density and
decreases with increasing layer thickness, which confirms
the assumptions above.

Fig. 8 Etched micrographs of the |

| S, =35 um | ] S, =45 uym

cross-sections (XZ-plane) for
different layer thickness Sp, Ey =
119.0 J/mm?®, S, =56 um

fw =107+ 19 ym &
h=48 £ 11 ym

X X

w =127 £ 16 pym
h=55+9um

FBK/033-071
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Fig. 9 Micrographs of the cross- [ S, =25um
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3.1.3 Microhardness

In Fig. 10 the microhardness of the additively manufactured
workpieces at different layer thicknesses and input energy
densities is shown.

The microhardness of all additively manufactured
workpieces varies between 232 and 275 HV 0.01, which
is similar to the results of additively manufactured work-
pieces by Cherry et al. [32] and Tolosa et al. [33] but is

290.0 . ‘ ‘ ‘ |
6.: 31% Cg=57%
HV 0.01 6,: 3.2% 8.: 4.3 %
I 275.0 | E’= 33% 8.: 42 %
; gadseEsIiis,
275 1 csssssssss gz222E33222222020---
? Y "R &
Y GPRTLL R
g e00F ‘. :
% ----------- - 38 it
o 2525 o . ‘
€ P 5 e
245.0 P S E— it
5 S (R - .
237.5 §oeerr T et &
230.0 &= ‘ | ‘ ‘ ‘
30 40 50 60 70 80 W 90
laser power P —
B S =25ym =S =35ym B S;=45um

O[O measured - - - interpolated
<& Ey=119.0 J/mm? O E,=33.3 J/mm?

FBK/033-045

Fig. 10 Hardness for different laser power P, layer thickness Sp, and
input energy density £y
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significantly higher than the microhardness of casted,
rolled, solution-annealed, and water quenched reference
material (218 HV 0.01 [34]). This increased hardness com-
pared to reference material is due to the already known,
directed microstructure of additively manufactured work-
pieces [35].

An increase in microhardness with increasing laser
power can be observed for all layer thicknesses S, and
input energy densities Ey. The workpieces manufactured
at the higher input energy density Ey=119.0 J/mm® gen-
erally show higher values of microhardness compared to
the workpieces produced at Ey = 33.3 J/mm?® with identical
laser power and layer thickness. No influence of the layer
thickness on the microhardness can be determined for
workpieces produced at Ey,=119.0 J/mm?, while work-
pieces produced with lower input energy density show a
trend towards decreasing microhardness with increasing
layer thickness.

In Fig. 11 the microhardness for all analyzed process
parameter combinations (setups 1-3) in relation to their
corresponding relative density is shown. Applying the
same input energy density results in similar relative den-
sities independent of the respective other AM parameters.
In addition, the representation given in Fig. 11 reveals a
second-order correlation between microhardness and rel-
ative density, indicating an increase in microhardness
with increasing relative density. The approximated equa-
tion indicates a theoretical maximum microhardness of
270 HV 0.01 at a relative density of 102.8%. The deter-
mined regression is only valid within the investigated
test frame.
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Fig. 11 Correlation between hardness and relative density for different
laser power P, layer thickness Sp, and input energy density Ey,

The increased microhardness of workpieces with a higher
density is due to their associated lower porosity. A higher rel-
ative density, respectively a lower porosity, results in a higher
percentage of material being available to counteract the inden-
tation of the test specimen during hardness measurements. On
the other hand, pores located below the surface reduce the
stiffness of the workpiece locally as the test specimen can
penetrate deeper into the material. Therefore, increased relative
density leads to increased resistance of the material against
deformation and thus results in increased microhardness.

3.2 Variation of hatch spacing

In the following, the influence of the hatch spacing S, on the
relative density and microhardness is described. For this pur-
pose, workpieces produced using process parameter combina-
tion setups 4—6 (see Table 2) are analyzed.

In Fig. 12 etched micrographs of the cross-sections perpen-
dicular to the build-up direction of the additively manufactured
workpieces (XY-plane) at high input energy density

Ey=119.0 J/mm® and constant laser power P=50 W are
shown. The differently oriented scan paths seen within one
cross-section are due to the perpendicular orientation of scan
paths of adjacent exposure fields defined by the scanning
strategy. The comparison of the etched micrographs (left to
right) shows the increase of hatch spacing defined during
SLM.

The influence of the hatch spacing on the relative den-
sity and the microhardness is shown in Fig. 13 at different
laser powers and input energy densities. At a laser power
of P=50 W, the relative density increases for both levels
of input energy density with increasing hatch spacing. In
contrast, the relative density of workpieces produced at
P=70 W and Ey,=33.3 J/mm’ initially decreases when
the hatch spacing increases, but then increases after a hatch
spacing of Sy =70 pum.

The increase of relative density with increasing hatch spac-
ing may be attributed to the ratio of laser power P and scan-
ning speed vs. Due to the compensation of the input energy
density by adjusting the scanning speed, larger hatch spacing
(increased from 42 to 84 um) results in a lower scanning speed
(reduced by factor 2, see Eq. (1)). Therefore, despite constant
input energy density, more time is available to absorb the
same amount of energy. The hatch spacing only defines the
distance of two adjacent scan paths of the laser and thus the
width of the volume that has to be melted. But as the surface
that is exposed to the laser is constant, determined by the
diameter of the laser focus (0 = 50 um), a decreased scanning
speed results into a longer heat impact. This longer time inter-
val leads to more heat being distributed into the surrounding
powder. This improved heat distribution in turn results in the
melting of a larger amount of powder and thus to an increase
in relative density. In conclusion, the high relative density of
the workpieces produced with P=70 W, Ey,=33.3 J/mm’ s
and Sy =42 pum compared to S, =70 um and Sy =84 pm
(red line) may be attributed to a more appropriate ratio of
process parameters.

The microhardness of the additively manufactured mate-
rials shown in Fig. 13 again reproduces the profile of the
relative density, which is due to the already shown correlation
between relative density and microhardness (see Fig. 11).

Fig. 12 Etched micrographs of

| S, =70 pm | | S, =84 uym |

the cross-sections (XY-plane) for
different hatch spacing Su, Ey =
119.0 J/mm?®, Sp=25 pm

119.0 J/mm?

E =

FBK/033-049
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Fig. 13 relative density p and hardness for different laser power P, hatch
spacing Sy, and input energy density £y

4 Conclusion and outlook

The research presented in this paper focuses on the effects of
process parameter combinations used during SLM of AISI
316L. The process parameters laser power, layer thickness,
and hatch spacing were varied in two studies using process
parameter combination setups 1-3 for the variation of laser
power and layer thickness and setups 4—6 for the variation of
hatch spacing. In order to ensure similar process conditions,
the input energy density was kept constant by compensating
the variation of the three named process parameters via the
adjustment of the scanning speed. Two levels of input energy
density were examined. The additively manufactured work-
pieces were characterized on the basis of their relative density,
microhardness, and surface roughness.

Based on the experimental results, the following general
conclusions can be drawn:

* Input energy density alone is no indicator for the resulting
workpiece characteristics, but rather the ratio of scanning
speed, layer thickness, or hatch spacing to laser power.

* The heat dissipation and distribution as well as the time
available for heat dissipation and distribution is crucial.

* The microhardness of AISI 316L manufactured by SLM
increases with increasing relative density.

» The roughness of the surface perpendicular to the build-up
direction can be influenced by a variation of the process
parameters.

* The roughness of the surfaces parallel to the build-up di-
rection is independent of the process parameters and thus,
due to partially melted powder grains, is defined by the
grain diameter of the used powder.

@ Springer

Furthermore, at a constant input energy density, the follow-
ing process parameter correlations can be found for the pa-
rameter range investigated in this study:

* An increasing laser power leads to a decreased roughness at
the surface perpendicular to the build-up direction, increased
relative density, and therefore increased microhardness.

* Due to the limited depth of penetration of the laser’s en-
ergy into the powder bed, a higher layer thickness leads to
a decreased relative density and decreased microhardness.

* Increasing the hatch spacing leads to increasing relative
density and microhardness.

In further investigations, more data regarding relative den-
sity as a function of process parameters will be generated in
order to determine the correlations between the process pa-
rameters during SLM and the workpiece characteristics of the
manufactured AISI 316L in further detail by means of ma-
chine learning. Furthermore, suitable finishing methods and
their impact on the surface integrity and the fatigue behavior
will also be investigated.
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