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Abstract. Nowadays, the advantages of Laser Powder Bed Fusion (LPBF) technology attract both
industry and researchers. Indeed, it is possible to build up complex geometrical parts with higher
mechanical properties than those obtained by conventional methods. However, LPBF involves
complex phenomena due to the high heating and cooling rates that lead to out-of-equilibrium
conditions. For this reason, few metal alloys are easily processable up to now. Nevertheless,
research on new steels by LPBF has been growing in recent years, in particular, regarding the
development of tool steels. This work thus focuses on the development of the tool steel AIST S2
by LPBF. The process map has been investigated by varying the laser power from 100 to 250 W
and the scan speed from 400 to 2000 mm/s. By combining surface analysis by means of
profilometer observations, density measurements by pycnometry, defects characterization and
quantification and investigations on the melt pool morphology, the best process window is selected
to have fully dense, defect-free parts. Furthermore, this study allows to have comprehensive
insights on the effect of the parameters on the type of defects generated during the manufacturing.

Introduction

Among Additive Manufacturing (AM) technologies, Laser Powder Bed Fusion (LPBF) is a
suitable technique to create near net-shape parts starting from powders. The advantage is to achieve
complex parts in terms of geometry, avoiding difficult manufacturing processes. Moreover, the
final mechanical properties of parts by LPBF can be higher than those obtained by conventional
methods [1].

LPBF process involves complex physical phenomena, such as absorption and transmission of
laser energy, rapid melting and solidification of material, microstructure evolution flow in a molten
pool and material evaporation [2]. These complex phenomena may result in defects such as gas
porosities, lack of fusion areas, cracks, spatters, key-hole porosities and balling [2-5]. Despite the
problems and complexity faced during the process, the manufacturing of new alloys by LPBF has
been growing over the recent years. Research is focusing on microstructural aspects, to gain
comprehensive insights of the effect of the out-of-equilibrium conditions during melting and
solidification on the final parts, both in terms of quality and mechanical properties. Significant
attention has been given to the evaluation of the melt pool formed during the process [6-10], as it
is crucial for understanding the processability and the type of defects generated.

Nowadays, one limitation of the LPBF process lies in the choice of raw material. Indeed, LPBF
implies the use of metallic powder usually obtained by Gas Atomization (GA), a process that is
difficult to control [11], especially for certain type of alloys. Therefore, few metal powders are
easily available in the market (316L, Maraging Steels, Al, Ni and Ti alloys). LPBF manufacturing
of other alloys has proved challenging and therefore there is a shortage of supply and demand for
the less common raw material on the market.
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In particular, tool steels are difficult to process by LPBF, due to their complex chemical
composition and poor weldability [12]. Indeed, their high carbon content (up to 1.5 wt. %)
promotes the formation of martensite, which leads to crack formation within the printed part under
the effect of residual stresses due to rapid cooling. The influence of increased carbon content on
LPBF processability has been investigated more deeply in recent studies [12-15]. However, other
recent works already showed the possibility to manufacture low alloy steels
(~ 0.5 C wt. %) [6,16-21]. The present study thus aims to provide the basis for understanding the
processability of low alloy tool steel grade AISI S2. The process map for this steel is developed
exploring different sets of parameters. In particular, the volumetric energy density has been used
to investigate the effect of different parameters on the types of defects generated and to select the
process window for fully dense and defect-free parts.

Materials and Methods

Commercial gas atomized powders AISI S2 Tool Steel (0.49 C, 1.2 Si, 0.6 Mo, 0.6 Mn, Fe bal.,
wt. %) were used as raw material, provided by Sandvik Osprey LTD. The powder is in a spherical
shape with a mean size of 31 um, as revealed by SEM observations (Fig. 1). The bulk density of
powders (pouik = 7.8 g/cm?) was measured by means of a gas pycnometer AccuPyc II Serie 1345,
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Fig. 1. SEM microgaphs o(a) A

Starting from the powders, 20 cubes of 10x10x10 mm?® were produced with an Aconity MIDI
LPBF machine under Argon atmosphere. Different power (P) and scan velocity (vs) were used
(Table 1). P is considered as low (100 W), moderate (150 W), medium (200 W) and high (250 W).
vs 1s considered as low (400 - 800 mm/s), medium (800 - 1250 mm/s) and high (1250 - 2000
mm/s). A laser spot size of 80 um with a gaussian distribution, a layer thickness (t) of 30 pm and
a hatch spacing (h) of 80 um were used for all samples. The scanning strategy implied a rotation
of 90° for each layer, with no contouring. No substrate preheating was applied. Fully printed
samples showed good dimensional tolerances (Fig. 2a), according to the desired initial geometrical
features. Samples 1-2-3-6-11 were stopped during the manufacturing process due to evident
surface defects that affect the quality of the subsequent layers (Fig. 2b-c-d). These samples were
not considered for subsequent density measurements and profilometer analysis.

(@) (b) (d)

Fig. 2. Examples of (a) a fully printed and (b), (c), (d) interrupted samples.
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The volumetric energy density (Eq) was used to correlate the results observed with the
processing parameters (Eq. 1).

Egy=— (1)

- txh*vg

Table 1. Processing parameters and volumetric energy density for each sample.

Sample | P [W] | vs[mm/s] | Ea [J/mm?]
1 100 400 104
2 100 600 69
3 100 800 52
4 100 1000 42
5 100 1200 35
6 150 500 125
7 150 750 83
8 150 1000 63
9 150 1250 50
10 150 1500 42
11 200 500 167
12 200 750 111
13 200 1000 83
14 200 1500 56
15 200 2000 42
16 250 500 208
17 250 750 139
18 250 1000 104
19 250 1500 69
20 250 2000 52

After production, the density of each sample (p) was measured through a gas pycnometer and
the relative density was calculated using the bulk density of powders, according to Eq. 2.

% Density = —2— 100 (2)
Pbulk

The surface of the as-built samples was checked using an Alicona Infinite Focus G5 optical
profilometer for roughness analysis. All the as-built samples were cut by Electro Discharge
Machining perpendicularly to the laser scan direction of the last layer to obtain the cross section.
After cutting, samples were hot mounted with an electrically conductive bakelite, then ground and
polished down to 1 um. Defects within the cross sections were analyzed through an optical
microscope Olympus BX60 and quantify through Olympus Stream Analysis Software. Nital 3%
was used to etch the cross sections.

Results

According to Eq. 2, all samples show a density above 96.5 %. A good correlation is observed
between the density value and the fraction of internal porosity obtained by image analysis  (Fig.
3a). In image analysis, all kinds of defects are considered. Small gas porosities are detected in all
samples. Key-hole porosities at the bottom of melt pools are observed in samples produced with
high Eq4 (Fig. 3b). Large spatters containing a porosity are detected in samples with low vs (Fig.
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3¢). Cracks perpendicular to the building direction, initiated from the edge are detected in a few

samples, without any specific correlation with processing parameters (Fig. 3d). Lack of fusion
defects are visible in samples with low Eq (Fig. 3e).
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Fig. 3. (a) Correlatlon between denszty and poroszty (b) key-hole porosity, (c) entrapped

porosity within large spatter, (d) crack perpendicular to the building direction initiated from
sample edge and (e) lack of fusion defects.

Fig. 4 shows the most representative overviews of the sample’s cross sections together with the
corresponding zoom on top area. Nital etching allows to observe the features of the tracks within
the sample and to distinguish the brighter top layer. The melt pool morphology is clearly visible.

Increasing Eq (from left to right in Fig. 4) leads to a change in the type of defects due to a different
melt pool morphology.

Fig. 4. (a), (c), (e) (g) (i) Cross sectzon overvzewsr‘and (b), (d) 09 (h), 0) zoom on tracks
and top layer after etching with Nital.

Profilometer observations reveal different features of the surface roughness. The surface aspect
depends on the quality of the scan tracks generated by the laser passage. The scan tracks generated
with low Eq as result of low P (Fig. 5a) are more irregular than those obtained with high P (Fig.
5b). With intermediate value of Eq, P and vs, the surface appears more regular, with only small
spatters (Fig. 5¢). On the contrary, high Eq and P and low vs lead to an irregular surface despite the

good overlapping of the scan tracks (Fig. 5e). In general, low vsresults in an irregular surface (Fig.
5d).
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Fig. 5. Profilometer observations of the top surface after printing.

Discussion

The first approach in the LPBF of a new alloy consists in searching the best parameters to achieve
fully dense and defect-free samples. Process maps are commonly used for this purpose. Although
the primary aim is to obtain the best parts, investigations of defects generated using different
parameters can provide good insights of both the alloy studied and the pure functioning of the
LPBF process.

In this work, the effects of the two variable parameters (P and vs) are investigated together with
the variation in Eq (Eq. 1). All samples are compared in terms of density, amount and type of
defects, tracks overlapping, melt pool morphology and surface quality. Particular attention is given
to the quality of the top surface and the morphology of the melt pool within the top layer. Indeed,
they can provide useful indications of the defects that may form in a hypothetical subsequent layer
and thus understand the phenomena that have occurred in the layers below.

The use of low/moderate P (100 - 150W) and low v (400 - 800 mm/s) (samples 1, 2, 3, 6 and
7) does not allow for fully printed samples. The printing was stopped, excepted for sample 7.
Despite the wide range of Eq (52 - 125 J/mm?), the low P could not generate sufficient liquid phase
for the powders to bond together, resulting in poor densification [3]. The metallurgical bond
between layers is also compromised, leading to the possible material tear out (Fig. 2b), as also
occurred in the top layer of sample 7 (Fig. 4f). Moreover, the low vs causes an unstable melt pool
generating big spatters (Fig. 2c-d) [22] that are not re-melted by the subsequent passage of the
laser. If spatters are larger than the layer thickness, the spreadability of a new layer of powders is
impeded, causing gaps and compromising the metallurgical layers bond [4]. Large pores (~ 400
um) are found for instance in sample 7, that are located inside a big spatter (Fig. 3¢). As the process
advances, the presence of poorly printed layers leads to an irregular surface (Fig. 5d), affecting the
printing of the subsequent layers.

With similar P (100 - 150 W) but higher v (1000 - 1250 mm/s) (sample 4 and 5), low Eq4 values
(~ 40 J/mm?) generate a shallow melt pool (Fig. 4b) [6]. As consequence, the metallurgical bond
between two subsequent layers is compromised, causing the presence of lack of fusion areas (Fig.
4a-b) [5] that leads to low density (Fig. 3a). In this case, the poor metallurgical bond is caused by
balling phenomena [3], visible in the top surface (Fig. 5a) where the tracks are clearly
discontinuous. The increase in vs is thus seen to avoid the generation of large spatters. This is easily
understood since the higher vs allows a faster cooling of the melt pool, and decreases the possibility
of melted droplets being splashed out of the melt pool [22].

Low Eq values (~ 54 J/mm?®) resulting from higher P (200-250 W) and high vs (1500-2000 mm/s)
(samples 14, 15, 19, 20), leads to similar observations. Indeed, balling phenomena also occur,
bringing about a low density (Fig. 3a) due to lack of fusion areas (Fig. 4c-d). However, this effect
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is more restrained than observed at lower P. Indeed, the parts density is higher and the internal
porosity are lower (Fig. 3a). In the present case, the higher P allows a better melting of the powders,
leading to a better overlapping of the tracks as visible in the top layer (Fig. 5b). Furthermore, the
melt pool height increases (Fig. 4d), allowing a better metallurgical bond with the previous layer.
Therefore, the little increase of Eq (from 40 to 54 J/mm?®) results in a better processability, but the
level of defects remains still high (Fig. 3a and 4c).

The combination of a moderate/medium P (150-200 W) and a medium vs (750-1200 mm/s)
(Ea=50 - 111 J/mm?) allows to achieve fully dense and defect-free parts (sample 08, 09, 10, 12
and 13). Indeed, this combination of parameters generate an ideal melt pool (Fig. 4h), regular and
homogeneous within the cross section. The tracks have a proper overlap, which affects positively
the density of the samples (Fig. 3a) and the spreadablilty of the subsequent powder layer. Indeed,
no defects are found (Fig. 4g). Only small gas porosities are observed, which does not adversely
affect the quality of the final part. Small spatters are visible in the top surface (Fig. 5c), but these
can be easily re-melted by the subsequent laser passage. This range of parameters and especially
the combination 200 W / 750-1000 mm/s (Ed ~ 97 J/mm?®) is thus considered as optimum for the
realization of AISI S2 steel parts manufactured by LPBF.

Finally, high P (250 W) and low vs (500-1000 mm/s) lead to a high Eq(104-208 J/mm?) (sample
11, 16, 17 and 18). The deep melt pool (Fig. 4j) allows a good overlap of the tracks (Fig. 5e),
resulting in high density above 99,5% (Fig. 3a). Despite this, the high Eq causes an instability of
the melt pool, that is clearly irregular within the cross section (Fig. 4j). Indeed, increasing the melt
pool depth also increases the possibility of gas entrapment, resulting in higher porosity. The large
porosity detected (Fig. 41) may be formed due to denudation process of powders around the melt
pool due to the high Eq [2]. Key-hole defects (Fig. 3b) are also observed, formed due to the high
Eq that causes metal evaporation and generate a recoil pressure towards the melt pool bottom [23].
Furthermore, the combination of low vs and high Eq increases spattering [4], in terms of number
and size of spatters. As a result, the spreadability of the subsequent layer of powders is
compromised. The final part exhibits many surface irregularities, as shown by profilometer
observations (Fig. 5e) and in the top layer of the cross section (Fig. 41).

Based on the above explanations, it can be assumed that the “not processed” window (Fig. 6)
results in an insufficient Eq to generate an adequate melt pool. Extensive balling and lack of fusion
areas are expected due to the low P (100 - 150 W) and the high vs (1500 - 2000 mm/s).
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Fig. 6. Process map for AISI S2 tool steel by Laser Powder Bed Fusion.
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Summary
The processability of the tool steel AISI S2 has been investigated and a process map has been built
considering surface morphology, density measurements, defects characterization and
quantification, tracks overlapping and melt pool morphology. The main outcomes can be
summarized as follows:
Medium vs (750 - 1000 mm/s) and P (200 W) (Ed ~ 97 J/mm?) allow to achieve fully dense
and defect-free parts;
High vs (1000 - 2000 mm/s) and low Eq (35 - 69 J/mm?) cause lack of fusion and balling,
regardless of the P applied;
Low vs (400 - 1000 mm/s) and mostly high E4 (69 - 208 J/mm?) cause large spatters and
key-hole porosities, regardless of the P applied;
This work establishes a reference for further investigations of LPBF S2 tool steels. Furthermore,
it lays the ground for the development by LPBF of new steels based on the modification of the S2
tool steel or similar grades.
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