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In Selective Laser Melting, the initial units produced are single
tracks that overlap to create a single layer; from the sequence of
layers, a 3D object is manufactured. The properties of the parts
produced by SLM depend heavily on the properties of each single
track and each layer formed by these tracks. This study evaluates
the effect of processing parameters on the geometrical
characteristics of single tracks manufactured from 17-4PH stainless
steel powder. A single-mode continuous-wave ytterbium fibre laser
was used to manufacture single tracks at laser powers in the range
of 100-300 W with a constant spot size of ~80um. The single tracks
produced were subjected to standard metallographic preparation
techniques for further analysis with an optical microscope. Deep
molten pool shapes were observed at low scan speeds, while shallow
molten pool shapes were observed at high scan speeds. At higher
laser power densities, under-cutting and humping effects were also
observed. The dimensions of single tracks processed without powder
generally decrease with increasing scan speed at constant laser
power. However, the geometrical features of the single tracks
processed with powder revealed pronounced irregularities believed
to be caused by non-homogeneity in the deposited powder layer.
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Selektiewe lasersmelting produseer enkel bane wat mekaar oordek
en vorm so 'n enkele laag. Daaropvolgende lae vorm dan 'n drie-
dimensionele onderdeel. Die eienskappe van hierdie onderdele
word grootliks beinvloed deur die eienskappe van elke baan en elke
laag. Hierdie studie evalueer die effek van die prosesserings-
parameters op die geometriese eienskappe van enkel bane wat van
17-4PH vlekvrye staalpoeier vervaardig is. 'n Enkelmodus kontinue-
golf ytterbium vesel laser is gebruik om die enkel bane te
vervaardig. Die laser drywing het gewissel van 100 tot 300W met n
konstante kolgrootte van ongeveer 80um. Die enkel bane is dan aan
standaard metallografiese voorbereidingstegnieke onderwerp sodat
verdere analiss met 'n optiese mikroskoop kon geskied.
Diepgesmelte poel vorms is bespeur teen lae skandeersnelhede,
terwyl vlakgesmelte poel vorms by hoé skandeersnelhede gewaar is.
By hoér laser drywingsdigthede is ondersnyding en hobbelvorming
waargeneem. Die dimensies van die enkel bane wat sonder poeier
geprosesseer is, het oor die algemeen afgeneem met 'n toename in
skandeersnelheid by konstante laserdrywing. Die geometriese
eienskappe van die enkel bane wat wel met poeier geprosesseer is,
het noemenswaardige onreélmatighede aan die lig gebring. Daar
word vermoed dat die onreélmatighede as gevolg van nie-homogene
verskynsels in die gedeponeerde poeierlaag is.
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1 INTRODUCTION

Selective laser melting (SLM), also known as powder bed fusion (PBF) or direct metal laser sintering
(DMLS), is an additive manufacturing process that uses a laser beam to melt powder particles in
order to produce 3D structures layer-by-layer directly from a 3D CAD model. The CAD model is
generated with computer software and then sliced into a finite number of layers. Based on this
information, a computer-controlled laser beam selectively scans the powder bed according to a 2D
cross-section of each layer in order to fuse the powder particles. The initial units produced are single
tracks that create a single layer; from the sequence of layers a 3D object is manufactured [1]. The
ability of this technology to create parts layer-by-layer means that complex geometries can be easily
optimised and produced without the need for hard tooling. Forms can be created that would be
impractical or unachievable in other processes. This technology is optimised for low-volume, high-
value production, thus ensuring that the process is highly attractive for the aerospace and medical
industries, among others. In the aerospace industry, part designs are optimised for low weight and
high strength; thus SLM provides the design freedom that is missing from traditional manufacturing
methods.

Current additive manufacturing processes have a number of limitations that inhibit widespread use
of the technology in the aerospace industry [2]. This includes the processing time of the current
state-of-the-art technology. The processing time is divided into primary and auxiliary process times.
The primary time is mainly the time needed to melt each single layer, whereas operations like a
lowering of the substrate and powder deposition are part of the auxiliary process time [3].The main
influencing variables of the primary process time are layer thickness, scanning speed, and hatch
spacing.

According to Yadroitsev et al. [5], the properties of parts manufactured by additive manufacturing
depend a great deal on the properties of each single track and each layer, and on the strength of
the connections between them. Numerous factors (direct and indirect parameters) affect the SLM
process. However, the principal factors that affect the SLM process are laser power, wavelength,
spot size, scanning speed, hatch spacing, and powder layer thickness [6].

Stainless steel 17-4PH is a precipitation hardening alloy that is characterised by an outstanding
combination of high strength, good corrosion resistance, and good mechanical properties up to
300°C. Because of these attractive properties, this alloy is widely-used in the aerospace industry to
produce components that require high strength and good corrosion properties at high temperatures.
Although the SLM parts of 17-4PH have been studied before, most published work focuses on the
microstructure and the mechanical properties of 3D parts.

Averyanova et al. [11] investigated the effect of processing parameters on single tracks and single
layers manufactured from 17-4PH, using the experimental design approach to a maximum laser
power of 50 W and a constant spot size of @ 70 um. However, no work has been done to evaluate
single tracks of 17-4PH processed at laser powers and spot sizes beyond these. Schleifenbaum et al.
[4] and Yadroitsava et al. [6] highlighted that the application of high-power lasers and big spot size
increases the build rate of SLM. Thus the aim of this study is to evaluate the geometrical
characteristics of single tracks of 17-4PH steel processed at higher laser powers and bigger spot size.

2 MATERIALS AND METHODS

2.1 Powder material

Stainless steel 17-4PH powder supplied by EOS GmbH was used to conduct the experiments, with
the nominal composition of the powder as follows: Cr 15.0-17.5%, Ni 3.0-5.0%, Cu 3.0-5.0%, Si 1.0%
max, Mn 1.0% max, C 0.07% max, Nb and Ta 0.15% max, P 0.04% max, and S 0.03% max. The powder
was gas-atomised, and most particles were found to have a high sphericity and smooth surfaces
(Figure 1).

The particle size distribution was determined using Microtac Bluewave/S3500-SDC, a laser
diffraction particle size analyser. The 10t, 50%, and 90t percentiles of equivalent diameters were
D19 =26.3 pym, Dsp = 35.5 pm, and Dgp= 52.8 pm. The substrates used in the experiments had a similar
composition to that of the powder.
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Figure 1: SEM micrographs of 17-4PH powder at different magnifications

2.2 Experimental procedure

An EOSINT M280 system equipped with a single-mode continuous-wave Ytterbium fibre laser,
operating at 1075 nm wavelength and spot size of 80 pm, was used to produce single tracks at
different laser powers and scan speeds (19.9-59.7 kW/mm?) on the 17-4PH substrate. The processing
chamber was filled with a nitrogen protective atmosphere to minimise oxidation. Table 1 shows the
parameters that were employed.

Table 1: Design of the experiments.

Laser power, W 100 150 200 300
" 0.4 0.6 0.8 1.2
€ 0.5 0.8 1 1.4
< 0.6 1 1.2 1.6
$ 0.7 1.2 1.4 1.8
& 0.8 1.4 1.6 2
o 0.9 1.5 1.8 2.2
I 1 1.6 2 2.4
5 1.2 1.8 2.2 2.6
v 1.4 2 2.4 2.8

The powder layer thickness was kept constant at 50 ym. The single tracks manufactured were
subjected to standard metallographic preparation techniques for further analysis with an optical
microscope. Modified Fry’s reagent (150 ml H,0 + 50 ml HCL + 25 ml HNOs + 1 g CuCly) was used to
reveal the microstructure at the cross-sections of the single tracks.

3 RESULTS AND DISCUSSION

3.1 Laser melting of the substrate

The substrate was first scanned with the laser beam without powder in order to evaluate the effect
of the processing parameters shown in Table 1 on the geometry of SLM tracks. There are two
distinctive modes in laser processing: conduction and keyhole modes. The main difference between
these two modes is the power density (power/spot size area) applied to the processing area. In
conduction mode, the power density applied is insufficient to cause significant vaporisation; heat is
absorbed from the laser beam through the top surface of the metal. In keyhole mode, however, the
power density is high enough not only to vaporise material, but also to open a hole in the melt pool
[7]. The conduction mode is also characterised by a semi-cylindrical shape, while the keyhole or
penetration mode is characterised by a deep narrow shape [8].

According to Yadroitsava et al. [6], laser power density and scanning speed play a significant role in
the geometry and shape of the molten pool. The laser power density defines the temperature
gradient, and the scanning speed determines the time of laser-matter interaction. Figure 2 shows
cross-sections of SLM tracks processed at different laser powers. It can been seen that increasing
the laser power at a constant scanning speed (1.4 m/s) results in deeper penetration (21.0 - 75.4
pum) and increased material displacement and removal. This is in accordance with the increased
energy input per unit area.
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The morphology of the SLM tracks processed at a constant laser power was affected by the change
in scanning speed. This is mainly because the laser-material interaction time, related to the heat
input, is decreased when increasing scanning speed, thus affecting the energy input per unit length.
At low laser power (i.e., 100 W), the keyhole mode and a deep molten pool was observed at a low
scan speed of 0.4 m/s (Figure 3). Higher laser powers above 100 W and scanning speeds above 1 m/s
result in defects, as shown in Figure 4. The SLM tracks processed at the highest laser power revealed
a severe undercut and humping effect.

Generally, the track width and penetration depth decreases as the scanning speed is increased at a
constant laser power (Figure 5). This is in accordance with the decreased heat input at higher
scanning speeds. This also implies that the amount of energy transferred into the material decreases
as the scanning speed increases, thus reducing the size of the molten pool.

lc} (d)

Figure 2: Cross-sections of SLM tracks processed at different laser powers and the same
scanning speed (1.4 m/s)

40um

Figure 3: Cross-sections of SLM tracks processed at constant laser power (100 W) and varying
scanning speeds
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Figure 4: Cross-sections and top view images of SLM tracks processed at different laser powers
and scanning speeds: (a) & (b) 150 W; (c) & (d) 300 W
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Figure 5: Width and penetration depth of SLM tracks processed at different laser powers of (a)
100 W; (b) 150 W; (c) 200 W; and (d) 300 W

3.2 Laser melting of powder

The essential operation of SLM is the laser beam scanning over the surface of a deposited powder
layer in order to create a melt pool. As a result, the geometrical characteristics of single tracks
processed from powder depend a great deal on the volume of material involved in the process [6].
In the second part of the experiments, the deposited powder layer was scanned with a laser beam
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in order to evaluate the geometrical characteristics of single tracks processed at different laser
power and scanning speeds.

The effect of laser power on the geometrical characteristics of single tracks was analysed by
comparing single tracks processed at a constant scanning speed (1.4 m/s). As in laser melting of the
bulk material, increasing the laser power increases the energy input per unit area and thus increases
the size of the molten pool (Figure 6). At a high laser power density, the input energy was also
sufficient to cause significant vaporisation (Figures é6c & d).

Figure 6: Cross-sections of single tracks processed at constant scanning speed and different
laser powers: (a) 100 W; (b) 150 W; (c) 200 W; and (d) 300 W

The effect of scanning speed on the morphology of single tracks processed at constant laser power
(100 W) was also evaluated (Figure 7). Generally, the track width and penetration depth decreases
with increasing scan speed. The variation in track height was higher due to irregularities in the
powder layer deposited on the substrate. A humping effect was observed at higher laser powers
(>150 W) and scan speeds (>1.4 m/s). In addition, satellites were observed on the surface of some
of the scanned tracks. Yadroitsev et al. [10] defined a satellite as a particle sticking to the surface
of the scanned track that formed by spattering or partial re-melting of the powder in the peripheral
zone of the laser spot. Re-melting of the sintered layers can help to reduce the number of satellites
in 3D SLM objects.

The correlation between track dimensions and processing parameters (i.e., laser power and scanning
speed) is graphically demonstrated in Figure 8. The coefficients of determination (R? values) for
both track width and penetration depth decreases with increasing laser power, while the R? values
for track height are low at all laser powers, except at 150 W where the track height is seen to
increase with increasing scanning speed. These irregularities are believed to be caused by the non-
homogeneity in the deposited powder layer and chaotic melt pool hydrodynamics at higher laser
powers. The results also demonstrate that the layer thickness should be chosen according to the
powder particle size.
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Figure 7: Single tracks processed at low laser power (100 W) and varying scanning speeds
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Figure 8: Track width, penetration depth, and height as a function of scanning speed at
different laser powers: (a) 100 W; (b) 150 W; (c) 200 W; and (d) 300 W

The cohesion between successive layers plays an important role in the mechanical properties of SLM
parts [6]. This is primarily dependent on the powder layer thickness and penetration depth. The
penetration depth in this case refers to the depth of penetration into the substrate material/
previously sintered layer (re-melted depth). According to Kempen et al. [12], each synthesised layer
must penetrate the layer below enough to successfully produce a consolidated single track. When
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the penetration depth is reduced at low laser power and high scan speeds, the chance of insufficient
bonding between layers increases, while at high laser powers and low scan speeds, the deep molten
pool and evaporation can provoke the formation of pores in the manufactured parts.

Therefore, our requirements for the SLM track to be included in the optimal process window are:

The track must be continuous;

. The track must penetrate the previous layer enough to accomplish good cohesion of the layers
(wetting of the layer underneath); and

. The track must be high enough to build up the part.

However, irregularities in the geometrical features of single tracks processed with powder make it
difficult to draw any inferences about the optimal process window.

4  CONCLUSIONS

In this study, single tracks of 17-4PH steel processed at different laser powers and scanning speeds
were evaluated. The results led to the following conclusions:

1) The dimensions (width and penetration depth) of single tracks processed with and without
powder generally decrease with an increasing scan speed at a constant laser power;

2) Higher laser power densities provoke the formation of undercut and humping defects (with and
without powder);

3) At constant laser power, keyholes with a deep molten pool shape were observed at low scanning
speeds (with and without powder); and

4)  Non-homogeneity in the deposited powder layer increases the variation in track dimensions
(irregularities).

5 FUTURE WORK

Laser melting of powder should be repeated using fine powder (Dg = 45 um), in order to improve
the homogeneity of the deposited layer. It is believed that delivering a homogeneous layer will
minimise irregularities in track morphology and track dimensions, and thus allow for the
determination of an optimal process window.

An evaluation of single tracks processed at higher laser powers (>900 W) and bigger spot size (@ 240
um) is needed. Laser power densities (laser power/spot area) should be maintained (19.9-
59.7 kW/mm?) in order to make comparisons and identify the peculiarities of upscaling SLM of 17-
4PH steel.
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