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Abstract: A possible application of a metal powder composition made of a high-temperature nickel-
based alloy with high heat strength (the material is analogous to Inconel 718) in selective laser melting
(SLM, an additive manufacturing technology) was considered. Peculiarities of material formation in
the course of selective laser melting of the metal have been researched, and the mechanical properties
of the material were determined. The effect of the thermal treatment mode on the mechanical
characteristics was investigated. It was shown that the tensile strength of samples made of a high-
temperature nickel alloy when the samples have not been subjected to thermal treatment is ~950 MPa;
samples subjected to thermal treatment is ~1070 MPa.

Keywords: additive manufacturing technologies; selective laser melting; metal powder composition;
high heath strength; nickel alloy; mechanical properties; tensile strength; hardness

1. Introduction

Aerospace parts are subjected to high mechanical and thermal loads throughout their
entire operational lives. Therefore, certified parts must have high density, low surface
roughness, and a low level of residual stress, as well as high tensile strength and fatigue
strength. In addition, to achieve the desired aerodynamic flows and low fuel consumption,
complex geometric shapes and light weight are required [1]. A gas turbine blade is a great
example of complex geometry with internal cooling ducts fabricated for maximum possible
energy while ensuring proper cooling during operation. However, the fabrication of such
geometric shapes and cooling ducts is limited by traditional technologies that prevent us
from researching a wider range of designs with new functional capabilities [2,3].

Thanks to good oxidation resistance and fatigue strength, high-temperature Ni-based
alloys are widely used in rocket engineering and other industries where heat strength and
heat resistance are critical requirements [4,5]. However, the Inconel 718 (IN718) alloy, for
example, is a hardly machinable material due to its inability to quench. IN718 has low heat
conductivity, which causes a sharp temperature gradient at the tool-shavings boundary,
which leads to increased tool wear [2]. Therefore, a more suitable technology should be
researched for fabricating parts from IN718.

Additive manufacturing (AM) technologies, specifically selecting laser melting, offer
a flexible solution to the above problems [6,7]. Selective laser melting (SLM) provides
freedom for design necessary for manufacturing parts with complex geometry without
using ad-hoc tools, which allows for saving time and materials. The main purpose of SLM
is the fabrication of quality parts with predictable mechanical properties, such as density,
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surface roughness, residual stress, tensile strength, etc. The main process parameters of
SLM are the laser power, laser scanning speed, hatch spacing, and scanning strategy, all of
which thus create certain microstructures and properties for the fabricated part.

Despite some advantages, the SLM process has some drawbacks: microstructure inho-
mogeneity and randomly scattered defects, which lead to the deterioration of mechanical
properties [8,9]. For example, in the course of SLM of IN718, anisotropy, microstructure
inhomogeneity, residual stress, undesired phases, and incomplete fusion defects are nor-
mally caused by the fast crystallization of molten metal. These factors have complex effects
on the mechanical properties of materials, especially compared to their forged and cast
counterparts [10]. To optimize mechanical properties, thermal treatment is subsequently
used to modify the structure of grains [11,12], as well as their type, shape, and size as
fabricated from IN718 [13,14]. Therefore, we need to research the correlation between the
creeping flow properties and microstructural defects created during AM and thermal treat-
ment. Thus, this work is devoted to the maturing of 3D printing modes for parts fabricated
from a high-temperature nickel-based alloy, the research of the mechanical properties of
experimental samples, and the comparison of thermal treatment modes.

2. Materials and Methods
A nickel-based high-temperature alloy with high heat strength was selected for research.
The chemical composition of the powder composition used is provided in Table 1. The
powder does not contain impurities.

Table 1. The chemical composition of the researched materials (mixture of the powders, which was alloyed during the
selective laser melting (SLM)) and the IN718 alloy.

Material Grade Elements Mass Ratio, %

C S P Si Mn Cr Ni
The powder 0.05 0.0046 0.015 0.45 0.3 18.5 51.3
composition used Mo Nb Al Ti Cu Co Fe

2.9 4.8 0.47 1.1 0.05 0.1 remaining
C S P Si Mn Cr Ni

In 1718 <0.08 <0.015 <0.015 <0.35 <0.35 17 =21 50 = 55

cone Mo Nb Al Ti Cu Co Fe

28 +33 475 +55 0.2-+0.8 0.65 + 1.15 <0.3 <1.0 remaining

SEM images of the metal powder composition are shown in Figure 1. Particle sizes
are 2045 um, and their shape is almost spherical. The pour density of 4.39 g/cm? and the
fluidity of 13.6 confirm good flowability that is necessary for the quality distribution of the
material in the equipment.

Figure 1. SEM images of the powder metal composition (mixture of the powders).

In this article, an SLM 280HL machine (maximum laser power of 400 W, build
chamber—280 x 280 x 350 mm, IPG Laser—laser beam manufacturer, laser beam
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wavelength—1070 nm) was used for the 3D printing of the samples; the machine uti-
lizes selective laser melting. High-purity argon was used as the process gas (the volume
fraction of argon is not less than 99.998%)).

The SEM images were taken using QUANTA 200 3D (accelerating voltage: 200-30,000 V),
a dual-beam scanning electron microscope (SEM), and a focused ion beam (FIB) instrument.
The equipment used for mechanical testing is as follows: a dual-column floor-mounted
5980 frame (Instron 5982, force 15 kN), a standard compression testing device, a standard
extension testing device (clamping jaws), an SHCC-1-150-0.01 caliper, an MK-10 drop
hammer rig: maximum drop hammer test impact energy—98.1 J (10 kgs-m), drop hammer
speed at impact—5 m/s and an MPP-2 microscope.

The shape and size of the fabricated tensile test specimens are shown in Figure 2.

0czY /

0.7£0.05

(=007

Figure 2. Configuration of tensile test pieces used in this study.

The first research phase was the selection of the optimal metal powder composition
melting mode.

The most significant factors in this experiment were laser radiation power and laser
scanning speed that were changed during the build process at a certain interval.

The recorded factors:

- distance between tracks—140 um;
- layer thickness—30 pm;

- inert medium—argon;

- fractional composition—20-45 um;
- laser beam diameter—0.074 mm;

- path overlap—20 pm;

- scanning speed—900 mm/c;

- Xand offset—1 mm.

The main experiment parameters, laser power (P, in Watts) and laser scanning speed
(v, in mm/s), the scan direction is the x-axis, were determined from the analysis of the
literature [15-21]. Based on the selected value range for P and v (P ranged from 170 to
270 W, v ranged from 750 to 1150 mm/s), a matrix of cube-shaped samples was built
(with the size of 7 X 7 X 5 mm) for further metallographic studies for finding pores on
the surface.
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3. Results

The proportion of pores for most parameter combinations was between 0.1 and 2.5%.
The relative densities of all samples were measured by processing optical photographs
of the sample surface using the Image-Pro Plus software. We made cross-sections on the
XY side.

The pore percent ratio was calculated via the formula

P = 511009 1)
Ssa

where P is porosity, %;

SH—area occupied by the pores on the sample’s surface, um?;

SSA—area of the sample’s surface, um?.

It was visible in this range that as the speed increased, the ratio of pores grew up
to its maximum value, depending on the power of the laser used. The most noticeable
combinations were the combination of the lowest energy parameters and highest speeds
(170 W and 1150 mm/s). At such low input energy, the pore ratio was 2.5%. These
observations become clearer if we build a porosity histogram from the values of the
researched parameters (Figure 3).

N
"

m170 W m180W m190W m200 W m210 W m220 W m230 W

=
= 5 N

Porosity vs. the area, %

o
n

750 800 850 900 950 1000 1050
Scanning speed, mm/s

Figure 3. A histogram of porosity values depending on laser power and scanning speed.

The results of metallographic studies are provided in Figures 4 and 5. It was shown

that pores with the size of over 40 um were present on the surface of experimental sample
230 W, 1050 mm/s.

500 MKM (100x).

500 MkM (100x) 500 MKM (100x)
———l ——

(@) (b)

Figure 4. Photographs of the sample 230 W, 1050 mm/s: (a) the topmost surface taken from different areas; (b) lateral
surface taken from different areas.
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Figure 5. Photographs of the sample 200 W, 900 mm/s: (a) the topmost surface taken from different areas; (b) lateral surface

taken from different areas.

For the purpose of this research, the authors kept to the following technical specifications:

- Defects (micropores) not exceeding 40 pm were allowed [15].
- The relative density of the material must be at least 99.4%.

Based on the above, an optimal melting mode for the metal powder composition was
found; this mode was used for the 3D printing of the samples for mechanical tests (laser
power of 190 £ 20 W and laser scanning speed of 855 4= 90 mm/s).

The samples were oriented vertically on the build platform. The mechanical tests were
performed on the samples not subjected to thermal treatment and on the samples subjected
to two types of thermal treatment. One of the treatment types was homogenization with
subsequent double aging, which is a standard mode widely used for deformed or cast
IN718 alloy [22]: 1065 °C x 1.5 h/air cooled, 760 °C x 10 h/cooled in a furnace to 650 °C
(at the speed of 55 °C/h) and then kept at room temperature for over 8 h. The other
treatment type was homogenization with single aging: homogenization at 1150 °C over 2 h
(air-cooled), aging at 700 °C over 12 h followed by water cooling [23].

The results of the mechanical tests are provided in Table 2 and Figures 6 and 7. The
hardness measurement was prepared on the surface of the sample along the Z-axis.

Table 2. The mechanical testing results of the fabricated samples.

No Thermal Yield Strength Travel DEe)f(;imns;:ir(‘m Hardness
*  Treatment Type MPa mm o Hv GPa
o
1 949.5 6.0 20.4 3.5
2 944.5 5.9 19.8 3.5
3 NoTT 928.8 32 207 3.4
4 988.1 3.9 194 3.9
5 1278.6 25 9.4 5.1
6 1231.9 24 9.0 49
7 First TT type 1126.3 2.1 7.9 5.0
8 1191.7 22 8.5 49
9 1167.9 2.6 9.7 51
10 1104.7 22 79 49
11 1033.1 2.0 72 5.0
12 Second TT type 1100.5 2.3 8.2 47
13 1069.8 2.4 8.4 49
14 1117.8 25 8.7 4.6
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Figure 6. Photographs of the samples after the test. (a)—sample without thermal treatment;
(b)—sample after type 1 thermal treatment; (c)—sample after type 2 thermal treatment.

without thermal treatment type 1 thermal treatment
type 2 thermal treatment
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Figure 7. A graph of the dependency of the mechanical strength on the travel distance.

The first and the second types of thermal treatment increased the ultimate strength by
~21% and 12%, respectively. Meanwhile, thermal treatment reduced tensile deformation by
over two times. We must note that after the TT, the samples” hardness increased by ~25%
and 28%, respectively. However, the values of the mechanical properties of the samples
after two thermal treatment types did not differ significantly.
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Figure 8 shows the morphology of the destruction of samples after extension tests. The
samples subjected and not subjected to thermal treatment had differing microstructures.
The fractures found in the areas of the material not subjected to thermal treatment featured
dimples, gradual ridges, sharp edges, and flat ridges whose dimensions ranged from 100
to 200 um. In the area, many large dimples with a diameter of over 120 pm were present.

Figure 8. SEM images of the experimental samples: (a)—sample without thermal treatment; (b)—sample after type
1 thermal treatment type; (c)—sample after type 2 thermal treatment) (1—dimples, 2—sharp edges, 3—flat ridges,

4—gradual ridges).

Furthermore, after different treatment types, dimples, gradual ridges, sharp edges,
and flat ridges were found on the material surface, and the dimensions of those ranged
between 80 and 160 pm, so they were somewhat smaller as compared to the untreated
material. It was supposed that defects, unmelted particles, and pores may cause crack
propagation at interface boundaries.
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4. Discussion

The presented thermal treatment modes were selected based on the analysis of the
literature in terms of the effect of thermal treatment on the mechanical properties of metals
manufactured by AM [22-29]. The authors of [26] found that the creeping flow properties
of IN718 samples alongside the 3D printing direction were better compared to those
alongside the scanning direction. Such characteristics of anisotropic creeping flow are
mainly explained by the difference in the Jung modulus directions and differing number
of grain boundaries. The authors of [27] supposed that the location of the inter-dendrite
phase (such as the b phase in the IN718 alloy) may reduce the creeping flow duration and
plasticity of the samples. According to [25], thermal treatment at high temperatures may
lead to re-crystallization and a high percent of dual boundaries in the C263 superalloy
fabricated by selective laser melting, which hinders the growth of creeping flow cracks.
As for the IN718 alloy, thermal treatment not only adjusted the grain size but also caused
different precipitation states. After aging, the properties of IN718 treated at a temperature
slightly above 1000 °C were better than those of the material treated at a lower temperature.
This is explained by the further dissolution of the Laves phase or 8, and thus, more y’ and
v” hardening precipitations form in the course of subsequent aging [28,29].

The 3D-printed sample not subjected to TT demonstrated the lowest tensile strength
(952.7 MPa) and the highest plastic deformation (20%) among the investigated samples.
Increased tensile strength (1055.2 MPa) and reduced elongation (9%) were caused by type
1 thermal treatment. After type 2 thermal treatment, tensile strength was 1069.8 MPa, and
extension deformation was at 8%, which is in agreement with the data recorded by other
researchers [30-32].

Figure 6 and Table 2 show that at room temperature, the tensile strength, ultimate
strength, and relative elongation of the tested material fabricated by SLM were higher
than those of cast Inconel 718 alloy [33]. On the one hand, since the SLM process was
characterized by a very high cooling rate, the printed part had a finer microstructure
compared to the cast part. On the other hand, in the prominent Laves phase, casting
shrinkage and dispersed shrinkage caused by the macro segregation of the components
often occur in cast items, so the respective amount of hardening precipitations was reduced
as well. Therefore, the investigated material fabricated by SLM was better when a fine
Laves phase was precipitated in intercrystalline regions. However, as compared to forged
Inconel 718, hardening particles of the second phase precipitate in lesser quantities in the
researched selective material melted by laser, while the amount of a brittle Laves phase
increased [33].

5. Conclusions

1. It was shown that the shape of the particles of the metal powder composition was
spherical, and the fractional composition was 20—45 um. It was established that the material
used was analogous to the Inconel 718 alloy in terms of its chemical composition.

2. In the course of the conducted experiments, an efficient melting mode for the
high-temperature nickel-based metal powder composition was determined: laser power
190 & 20 W and laser scanning speed 855 4= 90 mm/s.

3. The changes in the mechanical properties of the alloy were investigated, specifically,
the tensile strength of samples made of high-temperature nickel alloy where the samples
were not subjected to thermal treatment was 952 MPa; for samples subjected to type 1
thermal treatment, it was 1055 MPa; for samples subjected to type 2 thermal treatment, it
was 1070 MPa.

Thus, it can be concluded that the matured technology of selective laser melting
provides for an advanced set of mechanical properties is promising for further fabrication
of parts of high-temperature nickel alloys.
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