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Selective laser melting (SLM) process has been lately extensively applied in manufacturing of Nickel-
based super alloys, which compared to conventional manufacturing routes offers increased design flex-
ibility and simplification of the manufacturing process. However, in order to make SLM process even
more beneficial, its process time has to be reduced. One of the ways to tackle this problem is by tailoring
process parameters through application of high laser power and base plate pre-heating. In this paper, a
comparative study of optimum SLM fabrication conditions of Inconel 718 superalloy under high laser
power and with and without plate pre-heating was conducted. Furthermore, the effect of layer thickness
on melt pool characteristics, porosity and hardness were investigated to determine how laser power and
pre-heating affect microstructure development.
� 2019 Elsevier Ltd. All rights reserved.
Selection and Peer-review under responsibility of the scientific committee of the Materials Science: Com-
posites, Alloys and Materials Chemistry.
1. Introduction cation in additive technologies [8–10]. For example, refractory and
Additive manufacturing technologies over the past ten years
have received a significant momentum in development. Every year
there are more cases of their successful use in various industrial
applications. Indeed, the unprecedented design flexibility, reduced
lead time and material waste, are one the main advantages of addi-
tive technologies compared to traditional manufacturing routes,
such as casting and forging. In some cases, it is even possible to
achieve previously impossible results through the use of additive
manufacturing technologies [1]. In particular, this applies to rela-
tively small-scale production, where the timing of bringing fin-
ished products to the market and the ability to quickly change
the range of products are important. For example, selective laser
melting (SLM) is used in areas such as medicine and the aerospace
industry, since complex shapes are especially required in these
areas [2]. A huge number of scientific papers devoted to the study
of the use of additive manufacturing technologies greatly con-
tributes to their implementation in industry. A large number of
works are devoted to the development of new materials for use
in additive technologies [3–7]. After all, those materials, the use
of which was difficult due to the significant segregations, cracking
during processing, oxidation, and other reasons, have found appli-
other non-weldable materials [11–13].
However, the microstructure formation during selective laser

melting is significantly different from traditional technologies [14].
These differences have recently opened up the possibility of devel-
oping tailored site-specific properties via control of process param-
eters and resulting microstructure [15,16]. Of the many types of
nickel-based alloys, the attention of researchers is largely drawn to
Inconel 718 alloy [17–20]. This alloy has awidespreaduse in gas tur-
bines, space products, petrochemical and nuclear industries due to
its excellent heat and corrosion resistance [21]. Inconel 718 alloy
was previously used in studies devoted to the influence of SLM pro-
cess parameters on the microstructure and properties. A set of vari-
ous scanning strategies, laser spot diameters andparameters of laser
radiation have been previously studied. In this work, unlike others,
heating of the working zone (base plate) was used as an additional
parameter to change the cooling conditions of the part and, as a
result, the crystallization conditions.

Thus, the aim of this work was to determine the influence of
SLM process parameters, such as high energy input, layer thickness
and base plate preheating on the microstructure formation.
2. Experimental methods

As an initial material, a powder of the Inconel 718 heat-
resistant nickel alloy obtained by gas atomization was used. The
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particle size distribution was determined using the laser diffrac-
tion method on an Analysette 22 NanoTecPlus with a full scale
range of 0.01–2000 lm. Investigations of the powder particles
morphology were carried out using a scanning electron microscope
TESCAN Mira 3 LMU (SEM) with an increase of 4–106-x with an
accelerating voltage of 200 V–30 kV.

The samples were manufactured using the two selective laser
melting machines. Specimens with 900 �C preheating were made
at Aconity3D Midi (Aconity3D GmbH, Germany) machine, shown
at Fig. 1(a). The machine is equipped with laser source with vari-
able focal spot diameter, Gauss power distribution and a maximum
power of 1000 W and is capable of up to 1200 �C preheating.

Specimens without preheating were manufactured at SLM
280HL (SLM Solutions GmbH, Germany) machine, equipped with
two ytterbium fiber lasers with a power of 400 and 1000 W, with
a laser scanning speed of up to 15 m/s. Compact rectangular sam-
ples were made in argon atmosphere using both machines.

Specific section cuts of YZ planes were used for optical exami-
nation on a Leica DMI 5000 light optical microscope in the magni-
fication range from 50 to 1000 times. In order to reveal grain size
and morphology, the specimens were etched in either glyceregia
reagent (15 ml HCl, 10 ml glycerol and 5 ml HNO3) or for pre-
heated samples in acetic glyceregia (15 ml HCl; 10 ml acetic acid,
5 ml HNO3; 0.5 ml glycerol). Porosity was estimated using the
Fig. 1. Image of Aconity3D MIDI (a)

Fig. 2. SEM-images of Incone
Archimedes method. To study the hardness of specimens a univer-
sal hardness tester ZwickRoell ZHU with 5 kg load was used.

XRD patterns were obtained using Bruker D8 diffractometer
with CoKa radiation (k = 1.79020 Å). Diffraction patterns were
recorded within the 2h range from 10� to 110� with a step size of
0.034�. The X-ray beam was collimated to a spot size of 3 mm in
diameter on the sample surface.
3. Results and discussion

The powder of the Inconel 718 alloy used in this study has par-
ticle size in the range: d10 = 21.1 lm, d50 = 37.4 lm, d90 = 62 lm.
Some of the particles have shown satellite outgrowths (Fig. 2a).
The presence of such particles is typical for powders obtained with
gas atomization. Investigations of the surface morphology of parti-
cles at high magnification showed that their surface has some
irregularities, reflecting the cast microstructure with its cellular-
dendritic crystallization (Fig. 2b).

Selective laser melting has many influencing parameters, such
as the layer thickness, the power of the laser radiation and the dis-
tance between the individual laser scanning tracks (determined by
the size of the laser spot), as well as the speed of the laser beam on
the surface of the powder layer. Changes in these parameters
and SLM 280HL (b) machines.

l 718 powder particles.
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determine the thermal contribution to the material, the permeabil-
ity of the powder layer, the depth of material heating, and the
fusion of the new layer with the previous one. With the right
choice of process parameters, it is possible to obtain preforms with
densities close to 100%, but these parameters also affect the nature
of crystallization processes occurring in the material. This leads to
the formation of a different structure depending on the thermal
fields generated using this combination of parameters.

In this study, SLM process with the same energy density at layer
thicknesses of 50 and 100 lm, as well as with and without pre-
heating was used to obtain the samples. The parameters were cho-
sen in such a way as to ensure minimal porosity. For a layer with a
thickness of 50 lm, laser focusing with a spot size of about 80 lm
was used, and for a regime with a layer thickness of 100 lm, focus-
ing with a spot size of about 700 lm was used. For the mode with
preheating to 900 �C, the energy density is almost half that, which
ensures the formation of solid material without pores. This is due
to the lower energy required to melt the Inconel 718 alloy at ele-
vated heating temperatures.

The microstructure of samples made using layers with a thick-
ness of 50 lm without preheating the platform is shown in Fig. 3,
as well as the microstructure samples made using layers with a
thickness of 100 lm is shown in Fig. 4.

On the microstructure of the sample made using a small layer
thickness, it is clearly seen that the melt pool has a width compa-
rable in size to the depth, and the grains are fine without a pre-
ferred orientation. The formation of large elongated columnar
Fig. 3. Microstructure of specimens made b

Fig. 4. Microstructure of specimens with a layer t
grains in larger layers case (Fig. 4) is most likely caused by the dif-
ferences in the geometry of the melt pool, which varies depending
on the diameter of the laser spot. For samples of 50 lm layer
height, the depth of penetration is almost equal to the diameter
of the laser, which leads to the fact that the molten pool has a
nearly equiaxial geometry (Fig. 3b).

Since the heat removal during the solidification of the metal
occurs predominantly perpendicular to the interface between the
liquid and solid phases, for the case of a layer thickness of 50 lm
(Fig. 3), the direction of crystal growth differs substantially, which
leads to the formation of multidirectional equiaxial grains. When
using a regime with a layer thickness of 100 lm, the ratio of the
laser spot diameter to the layer thickness is larger, therefore the
resulting molten pool has a flatter profile, which is clearly seen
in the image of the microstructure after etching (Fig. 4a).

Heat removal in the melt pool also goes perpendicular to the
phase interface, but in this case it basically coincides with the
building direction axis, which leads to the formation of grains elon-
gated in the direction of growth due to epitaxial growth.

Applying preheating influences the thermal history of the mate-
rial and therefore influence the microstructure of the parts. In the
case of 900 �C pre-heating, the microstructure does not shown any
traces of melt pool boundaries, likely owing to the formation of
carbides (Fig. 5) and precipitation of Ni3Nb phase (Fig. 6). As a
result, the melt pool borders fade and a more uniform and coars-
ened microstructure, though still exhibiting visible elongated in
build direction grains, appears (Fig. 5a and b).
y SLM with a layer thickness of 50 lm.

hickness of 100 lm and without pre-heating.



Fig. 5. Microstructure of specimen with a layer thickness of 100 lm and 900 �C preheating.

Fig. 6. XRD phase composition (including enlarged section), showing comparison between samples built with 100 mm layer thickness, with and without pre-heating.
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The measurements showed that the average dendritic cell size
at a layer thickness of 50 lm is 0.9–1.1 lm and at 100 lm is 1.3–
2 lm (without preheating). In case of preheating, there were no
visible dendritic cells found.

An increase in the heating temperature of the working area
leads to a decrease in the intensity of the heat removal. This leads
to the fact that the melt pool seems to solidify more slowly, result-
ing in reduced growth of crystals and loos of preferential texture
(as seen in Fig. 6). In this case, more elongated grains (up to 4–
5 mm long) are observed in the formed structure, in contrast to
the case without preheating (with grain length up to 1.5–2 mm),
which indicates an increase in the tendency to continue the growth
of existed grains and a decrease in the formation of new ones. The
formation of new grains disrupts the epitaxial growth of previously
formed grains. If the new grain is well oriented along the direction
of growth (in the case of Nickel alloys, this orientation is h0 0 1i
along the direction of growth), its growth will continue. Otherwise,
it will be displaced by the competitive growth of neighboring
grains.

The results of hardness measurements of the samples are given
in Table 1. The dependence of the hardness on the used regimes of
sample production is clearly visible. In samples with a small grain



Table 1
Vickers hardness and porosity results.

Layer thickness, preheating Hardness HV Porosity, %

50 mm, without preheating 335 ± 10 0.11
100 mm, without preheating 287 ± 11 0.27
100 mm, with preheating 222 ± 8.5 0.15
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size (made using the construction layer thickness of 590 lm), the
hardness is greatest. Hence, with an increase in the layer thickness,
and later on with the addition of preheating, the hardness value
decreases, which is the result of microstructure coarsening. This
is in good agreement with Hall-Petch law. Furthermore, it is shown
that the addition of 900 �C pre-heating reduced the porosity and
produces nearly dense (>99%) part.

4. Conclusion

This work presents studies on the influence of SLM process
parameters, such as high energy input, layer thickness and base
plate preheating on the microstructure formation, porosity and
hardness of Inconel 718. It is shown that the presence of melt pool
boundaries and dendritic structures is directly affected by the build
layer thickness and pre-heating. In the case of a layer thickness of
50 lm and a small laser diameter, the orientation of the grains is
substantially non-uniform, which leads to a small tendency to epi-
taxy and, as a result, to a small grain size in the final structure. In
both cases, the layer thickness of 100 lm tendency to epitaxial
growth was manifested to a significant degree, however, the use
of preheating allowed to further lengthen the grain by changing
the crystallization conditions. Furthermore, it was found that the
melt pool characteristics are critical for the porosity development
and hardness. It is shown that with pre-heating of 900 �C is possi-
ble to reduce both hardness and porosity of the build part.
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