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REGULARITIES OF INFLUENCE OF SLM PROCESS PARAMETERS
ON THE FORMATION OF SINGLE LAYER
FROM THE HIGH-TEMPERATURE NICKEL ALLOY Inconel 718"
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In the work the varieties of additive technologies, their advantages and disadvantages were analyzed. The experiments
on selective laser melting (SLM) are described in more detail in order to provide the required microstructure of the syn-

thesized material. The modes that provide stable printing of a single layer were experimentally established. The optimal
values of scanning speed and laser power for the alloy Inconel 718 were determined. 12 Ref., 6 Figures.
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Additive technologies is a generic name for a group of
technologies involving manufacture of products accord-
ing to digital models using the method of layer-by-layer
addition of material. At the same time, a product is man-
ufactured step by step by forming a layer of material,
its solidifying or fixing in accordance with the data of
3D-model and joining with the previous layer. The pow-
er source may be an electron or laser beam.

There are various additive manufacturing pro-
cesses, such as selective laser melting, direct laser
deposition, electron beam melting, wire feed, shaped
metal deposition, ultrasonic compaction, vortex inter-
weaving and free shape friction for the manufacture
of metal components.

First of all, an interest to additive technologies and
direct printing or growing of metal parts as an alterna-
tive to traditional technologies arose in aviation, space
industry, medicine and power engineering. In this case,
the main driving factor was economic feasibility. This
applies especially single complex products, the manu-
facturing of which by traditional methods is much more
expensive than with the use of additive technologies.

Advantages of additive technologies are the fol-
lowing:

e improved properties of finished products. Due to
the layered building, the products have a unique set of
properties. For example, the parts created in a metal

3D printer by their mechanical properties, density, re-
sidual stresses and other properties surpass their ana-
logues produced by casting or mechanical treatment;

e big economy in raw materials. Additive technol-
ogies use that amount of material in practice, which
is needed to manufacture a product, whereas during
traditional methods of manufacturing, the losses of
raw materials can amount up to 80-85 %. The build-
ing takes place with the help of layer-by-layer addi-
tion of the required amount of material to the «body»
of a product. 97-99 % of the powder, not involved in
the building is recyclable after sieving. 3-9 % of the
material involved in the building of supports is util-
ized together with a rejected non-fused powder that
did not undergo a sieving operation;

e possibility of manufacturing products with a com-
plex geometry. Equipment for additive technologies
allows manufacturing objects that cannot be made by
other means. For example, a part inside a part or very
complex cooling systems based on array structures (this
cannot be made neither by casting nor by stamping);

e mobility of production and acceleration of data
exchange. Additive technologies are based on a com-
puter model of a future product, which can be trans-
ferred in a very few minutes to the other end of the
world — and immediately start the production;

e high accuracy and repeatability;
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e shortens the cycle of R&D works, providing the
creation of complex-shaped parts without the use of
equipment;

e allows reducing the weight by creating objects
with inner cavities;

e the technology allows working with a wide
range of metal powder compositions: stainless and
tool steels, aluminum, titanium, nickel, cobalt-chro-
mium, copper alloys and many other.

Additive technologies also have some disadvan-
tages, in particular:

e surface quality of the products, their dimension-
al accuracy and minimum thickness of the elements
are largely depend on the specific method and process
parameters;

e need to manufacture supporting structures
together with a part with their subsequent removal;

e dependence of structure and properties on the dir-
ection of growing, specific technology and equipment;

e limited product dimensions (limited by the
working chamber or equipment area).

However, despite these drawbacks, the ease of
using additive technologies is confirmed by numerous
investigations and applications in real industries.

The method of selective laser melting (SLM) is an
innovative technology for the manufacture of complex
products by laser melting of metal powder according
to mathematical 3D-models. This process successful-
ly replaces traditional production methods, since the
physical and mechanical properties of products built
using SLM technology are often superior to the prop-
erties of products manufactured with the use of trad-
itional technologies, so this technology with the use
of powder is one of the most popular and successful.

In selective laser melting, metal powder bonding is
achieved by melting and solidifying of a small volume
of material in a track using one or more powerful lasers.
In other words, the laser beam scans the powder layer
and melts the powder particles under the beam, creating
a small pool of molten metal and a thin track of solidified
metal behind. By repeating single tracks with a clear-
ly distinct overlapping (distance between the tracks), a
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layer of cross-section is created. By repeating this lay-
er-by-layer deposition, the entire part is built. The instal-
lation and the whole process are controlled by a com-
puter, on which the loaded mathematical model goes
through several stages of preparation with the creation
of supporting structures, trajectories, and procedures of
beam scanning for each generated model layer, adjust-
ment of a technological process for operation with a one
or another selected material, etc. The process of products
building occurs in the chamber of SLM machine, filled
with an inert gas — argon or nitrogen, depending on the
type of powder from which the building occurs, with its
laminar flow. An admissible oxygen content is less than
0.15 %. The almost complete absence of oxygen avoids
oxidation of a consumable, which enables printing with
such materials as aluminum and titanium.

Depending on the geometry, the layers are divided
into zones, where each one is assigned a separate iden-
tifier, according to which the movement trajectories are
built and the laser beam parameters are set. These iden-
tifiers can be divided into three main groups: down-skin,
in-skin and up-skin (Figure 1, a). At the same time, in
each group its own subgroups are created: hatches, bor-
der and fill border as is shown in Figure 1, b.

The laser beam is moved using a system of mirrors
on a quick-response drive. However, one of the prob-
lems in the technical aspect of the process is providing
the stability of the laser beam spot diameter. The spot
diameter is defined as a diameter in the beam waist,
which is 86.5 % of the total power and corresponds to a
beam diameter of 1/e? in the working plane for Gaussian
beams. It depends on the light source (laser wavelength
and the quality of the conjugated laser beam), as well as
on the aperture and focal length of the scanning system.
As a result, a curvilinear focal surface is formed, the
radius of which corresponds to the focal length of the
system. There are basically two different approaches to
solving this problem: the use of corrective F-Theta lens-
es and the control of laser movement along the z axis.

From the point of view of materials science, the
problem of SLM technology is providing the required
microstructure of a synthesized material and reducing
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Figure 1. Formation of layers in the direction of growing a part (a), subgroups of tracks (b): 1 — hatches; 2 — border; 3 — fill border
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the porosity of the produced material, which is typ-
ical for this technology. The values of porosity depend
on the material used, parameters of the fusion mode,
quality of the source powder, etc. The values of poros-
ity for aluminum alloys can reach 4-5 %, for titanium
alloys — up to 2 %, for steels and nickel alloys — less
than 0.2 %. The products manufactured by selective
laser melting, may contain defects. These are mainly
pores and microcracks.

There are two types of pores: pores of a round
shape and pores of irregular shape (lack of fusion) [1].
Round pores are formed for the following main causes:
atmospheric gases absorbed by the molten pool, and
gas mixed with the powder, which fails to be released
from the molten pool before solidification. Bubbles of
gas in a liquid have a spherical shape, which is main-
tained after solidification of the metal [2, 3]. Another
cause is the capture of gas inside the powder particles
during gas spraying [4]. However, the main defect is
an irregular pore, which is formed because of the un-
stable shape of the molten pool or as a result of in-
sufficient penetration of the powder layer. As a result,
in places where the particles did not melt completely,
or the fusion of the molten powder particles with the
previously treated layer did not occur, flat pores are
formed that are located perpendicular to the growing
direction [2, 5-7]. The pores of the second type have
a significantly greater effect on mechanical properties
of the material due to their larger size, as well as their
flat shape [3, 5]. To reduce the porosity in critical final
products, hot isostatic pressing is used, which in many
cases, provides a significant improvement in the qual-
ity of products after SLM [8].

A high power and localization of the heating
source and a high speed of its movement contribute to
the formation of large thermal gradients in the metal
after building using the SLM method. Although these
thermal gradients directly affect the formed micro-
structure of the metal, they also contribute to the for-
mation of high thermal stresses, which can be suffi-
ciently high and lead to buckling of products, as well
as a change in their mechanical properties. Residual
stresses, as a rule, are not directly taken into account,
but considered as a hidden parameter, and sometimes
they are not taken into account at all.

These defects have a significant effect on mechanic-
al properties, such as ductility during tensile tests, frac-
ture toughness and fatigue strength. To manufacture
high-quality products, it is necessary to select manu-
facturing parameters in such a way as to minimize the
resulting discontinuities in the metal. The structure and
properties of a final product manufactured by selective
laser melting depend on a large number of technologic-
al parameters. At present, up to 120 different factors are
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identified, affecting the quality and operational char-
acteristics of the produced objects [9, 10]. A variety of
influencing factors shows the complexity of physical
processes occurring during SLM and the need in a sci-
entifically-grounded choice of optimal values of the
main technological parameters. Among the most im-
portant of them, laser radiation power, speed of scan-
ning laser beam along the powder surface, thickness
of a poured powder layer, distance between the melted
tracks, diameter of the laser focal spot, melting strat-
egy, i.e., the trajectory of the laser beam movement and
also the chemical composition, structure and dispersion
of the initial powder can be mentioned.

Porosity is considered as one of the main problems
of objects manufactured by the SLM method. However,
providing the constancy of geometric characteristics of
each separate track, such as width, height, diameter and
its good adhesion with the previous layer, which is de-
termined by the penetration depth, it is possible to manu-
facture objects with the porosity of less than 1 %.

A track with a constant geometric shape, without
breaks along the entire length and with penetration
into the substrate is called stable. To manufacture ob-
jects with minimal porosity, crystallization of stable
tracks is required.

At the first stage, the influence of the following
parameters was studied: laser power and its movement
speed on the size and shape of single tracks. This set
of variable parameters was selected because of their
direct contribution to the volume energy density and
due to the possibility of their simultaneous variation
in the manufacture of a set of specimens. In this case,
the intervals of varying the parameters were the fol-
lowing for the laser power — 50-400 W at an incre-
ment of 30 W, for laser speed 450-1000 mm/s at an
increment of 50 mm/s. The thickness of the applied
powder layer was 50 pum.

The appearance and geometric parameters of sin-
gle tracks obtained during the experiment were ana-
lyzed. At a low power, the powder did not fuse with
the substrate. At a high speed of scanning, the effect
of the formation of balls or lumps was observed. At
a high power, the melt boils and the pressure of its
vapor causes distortion of sintered tracks. The micro-
structure of the cross-section of single tracks was in-
vestigated. According to the results of the experiment,
the modes were established that provide the formation
of a molten pool of optimal geometry: the depth of
the melting zone should exceed the layer thickness
by about one and a half to two times, the ratio of the
depth to the width of the track should be at a level
from 1to 1.5:

P =110 W, V = 450-500 mm/s;

P =140 W, V = 600-700 mm/s;
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Figure 2. Microstructure of single layer at a laser power of 140 W and scanning speed: a — 1000 mm/s (E = 28 J/mm?®); b — 950 mm/s

(E =31 J/mm?); ¢ — 850 mm/s (E = 33 J/mmq)
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Figure 4. Geometrical parameters of the track in a single layer at
different levels of specific volume energy
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Figure 3. Microstructure of single layer at a laser power of 200 W and scanning speed: a — 800 mm/s (E = 50 J/mm?); b — 750 mm/s
(E =53 J/mm?®); ¢ — 700 mm/s (E = 57 J/mm?)
P =170 W, V =600-700 mm/s;

P =200 W, V =650-800 mm/s;

P =230 W,V =800-950 mm/s.

In the literature, to evaluate the energy input of
the heating source, the volume energy density is used
since it allows taking into account the contribution of
the basic technological parameters of selective laser
melting and their effect on the fused material [11, 12].
To calculate the volume energy density, the following
equation was used:

E = P/(Vdt), @)
where E is the energy density, J/Jmm?; P is the laser
power, W; V is the laser scanning speed, mm/s; d is
the layer thickness, mm; t is the distance between la-
ser passes, mm.

The energy density should be such as to provide
a complete remelting of the powder and its fusion
with the substrate. However, as is seen from the pre-
sented data, the specific volume energy of the men-
tioned modes during calculation for the interval be-
tween the tracks of 0.1 mm and a layer thickness of
50 pm varies in a wide range: from 44 to 61 J/mm?®.
In addition, when creating a single layer, overlapping
of neighboring tracks occurs, as a result of which the
molten pool of the created track receives additional
thermal influence from the cooling metal of the pre-
vious track, which will affect its geometry, properties
and structure formation. In the experiment, the modes
with a specific volume energy were calculated, which
is by 30 % less than the optimal for single tracks.

The aim of the experiment is to specify the modes
that provide a stable high-quality printing of a single
layer and volume specimens to observe the optimality
of the geometry of the pools of tracks in single layers
and the minimum porosity in volume specimens.
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Figure 5. Microstructure of single layer at a laser power of 170 W and scanning speed: a — 900 mm/s (E = 38 J/mm?); b — 850 mm/s
(E =40 J/mm?); ¢ — 700 mm/s (E = 48 J/mm?)
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Figure 6. Microstructure of volume specimens manufactured at different levels of volume laser power
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In the experiment, single layers were created from
six single tracks printed with an interval of 0.1 along
the zig-zag trajectory. Single layers, manufactured
from calculated modes with a energy reduced relative
to optimal ones for single tracks had an unstable shape.
This was especially clear for the first track. With an in-
crease in the specific volume energy, the outer tracks
had a stable shape. In the cross-section of the speci-
mens microstructural examinations were carried out. In
Figures it can be seen that, at the level of energy being
28-33 J/Imm?, the amount of power turned out to be
insufficient for a high-quality overlapping of neighbor-
ing tracks (Figure 2), and at the level of specific energy
being higher than 48-50 J/mm?, the penetration depth
of neighboring tracks became nonuniform (Figure 3).

After crystallization of the track, there are areas
depleted of powder next to it. Therefore, when melt-
ing the neighboring track, a smaller amount of pow-
der was used which led to a decrease in its height. In
addition, the absorption and reflection coefficients of
laser radiation in the powder and remelted material
are significantly different, which had an additional ef-
fect on physics of the process.

In this work, the average depth and width of the track
in a single layer were determined. Figure 4 shows the
results of the investigation. The functional dependence
of the track depth on the specific volume energy with
a sufficient level of the approximation validity coeffi-
cient was established. An equation was obtained, with
the help of which the optimal level of energy required
to provide penetration to the value of not more than two
layers was determined. It amounted to 39 J/mm?.

For this energy level, the average ratio of depth
to width of the tracks is at the optimum level. Figure
5 shows the microstructure of single layers with an
optimal energy level, the overlap of adjacent tracks
and their penetration depth are uniform.

When analyzing volume specimens, manufactured
according to the same modes as single layers, the
conclusion about the optimal level of specific volume
energy of 38-40 J/mm? is confirmed. It was shown
that at a higher energy level, deep penetration condi-
tions are realized, and at a lower volume energy, guar-
anteed overlapping of adjacent tracks is not provided
(Figure 6).

However, our previous investigations for single
tracks found that the intensity of the scanning speed ef-
fect on their geometric parameters is significantly high-
er than the laser power. And the same level of volume
energy can be achieved by a different combination of
laser power and scanning speed. Further investigations
will be devoted to establishing a preferred method of
achieving an optimal level of energy input.
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Conclusions

e As a result of investigations, the optimal values of
scanning speed and laser power for the alloy Inconel
718 were determined from the point of view of pro-
ducing a stable single track under the condition of
forming a melt pool with a depth of up to two layers.

e The optimal process conditions for the Inconel
718 alloy were specified to produce single layers with
the geometry of the tracks corresponding to the set
conditions: the average depth of the tracks to two lay-
ers, the average ratio of depth to the width of the track
isupto 1.5.

e The dependence of the average depth of the track
of a single layer on the specific volume energy and the
optimal level of this characteristic were established.

e The results on the optimal level of specific vol-
ume energy obtained during the investigation of sin-
gle layers on volume specimens were confirmed: with
the implementation of optimal conditions, specimens
of maximum density were produced.
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