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Abstract The paper studiesmelt pool evolution in nickel-based alloy as a function of
the high-energy selective laser melting parameters. The influence of the geometric
melt pool characteristics on the development of microstructure as well as on the
formation of defects is investigated. Several laser processing parameters varying
in volumetric and linear energy density were chosen. The shrinkage porosity was
also studied, and its dependence on the process parameters, resulting density and
microstructure were determined.

Keywords Single crystal alloy · Nickel-based alloy · Selective laser melting ·
High laser power · Additive manufacturing

Introduction

Search for the new materials suitable for additive manufacturing (AM) of complex
and high-demanding components is currently driving the future developments. There
are many scientific papers devoted to the application of new materials in the addi-
tive industry [1–5]. Currently, nickel heat-resistant single-crystal alloys are the most
popular in the production of blades for gas turbine engines. Direct crystallization
technology of such blades is associated with the inability to fully utilize the poten-
tial of the alloy. Such a limitation is caused by the segregation of alloying elements
within dendritic cells, structural heterogeneity and formation of shrinkage micro-
pores [6]. Modern methods of additive manufacturing make it possible to control
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the microstructure of the manufactured product more precisely, which in turn can
provide a higher relative density of nickel heat-resistant single-crystal alloy products
[7–9]. However, the use of the selective laser melting (SLM) technique is associated
with several technological problems. One of these issues is related to the specimens
cracking during the growing process [10–15].

Thus, the aim of this work is to determine the dependence of the specimen’s rela-
tive density and cracking on the melt pool depth formed by using various parameters
of the selective laser melting process.

Materials and Methods

TheAconity3DMIDI selective lasermelting systemwas used for the experiment. The
machine is equipped with variable focal spot diameter laser source with Gauss power
distribution and a maximum power 1000Watts. Moreover, machine is equipped with
amodule to enable operationwith platform preheating up to 1200 °C. The parameters
of the selective laser melting process were selected in such away that different depths
of the melt pools were provided during the samples production. The platform was
heated to 1000 °C. This influence was realized by varying the volume and linear
energy densities given to thematerial in the SLMprocess. As a result, seven scanning
modes with different values of laser power, scanning speed, and hatch distance were
selected. A constant layer thickness of 50 µm and laser spot diameter 400 µm was
used.

The samples were made from nickel heat-resistant single-crystal alloy. The chem-
ical composition of the powder is shown in Table 1. The powder particle size distri-
bution was measured using Fritsch analysette 22 NanoTec plus by laser diffraction
techniques.

Seven cubic samples with dimensions of 10 × 10 × 25 mm and different SLM
parameters were produced. The samples were built without supports on a steel
platform.

The presence of shrinkage defects was estimated based on the relative density
and cross-sectional microscopy. The relative density was obtained by hydrostatic
weighing (Archimedes method) of the samples.

The samples were cut along the growing direction along the line of the laser
passage in the upper layer. The resulting metallographic samples were etched in a
solution of HCl-20 ml, H2SO4-1 ml, and CuSO4-4 g until the visible boundaries of
the melt pool appeared. The depth of the melt pool was determined graphically using
the Leica DMI 5000 light optical microscope as the maximum distance (due to the

Table 1 Chemical composition of nickel alloy powder (wt. %)

Ni Cr Al Mo W Co Re Ta Nb C B

60.45 4.9 5.9 1.1 8.4 9.0 4.42 4.1 1.6 0.12 0.01
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Fig. 1 Boundaries of the
melt pool of sample 2.
(Color figure online)

rounded shape of the boundary of the melt pool) from the upper edge of the sample
to the boundary of the melt bath of the last laser pass. An example of determining
the depth of a melt bath using an optical microscope is shown in Fig. 1.

Based on the data obtained, the dependence of the sample density on the depth
of the melt pool provided by the scanning parameters during the production of this
sample was determined.

Results and Discussion

The powder particle size distribution measured by laser diffraction showed the
following: D10 = 28.6 µm, D50 = 55.8 µm, D90 = 92.3 µm (Fig. 2).

Secondary electron (SE) and back-scattered electron (BSE) analysis of the powder
was performed by scanning electronmicroscope. According to the results of the BSE
analysis, it is possible to draw conclusions about the chemical uniformity of the alloy
and the absence of numerous particles with surface oxide layers (Fig. 3a). Based on
the results of SE analysis, it can be concluded that there are a small number of
satellites and irregularly shaped particles which will not affect the fluidity of the
powder during the process (Fig. 3b).

As shown in Table 2, there is no clear correlation between the values of linear
energy densities and the depth of the melt pool. This can be explained by the fact
that the depth of the melt pool is affected by many characteristics, and together they
can give an effect that is not reflected by the linear energy density value. In addition,
in this paper we used a significant heating of the working platform and the modes
with large values of linear energy density. This led to the fact that the size of the
melt pool in the samples is larger. Thus, it turns out that the lifetime of the melt
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Fig. 2 Particle size distribution by volume fraction. (Color figure online)

Fig. 3 Nickel heat-resistant single-crystal alloy BSE a, SE b

Table 2 Overview of the samples, showing relative density, depth of themelt pool and linear energy
density

Sample № 1 2 3 4 5 6 7

Relative density, (g/mm3) 8.77 8.76 8.76 8.75 8.72 8.69 8.66

Depth of the melt pool, (µm) 690 600 510 450 360 340 320

Linear energy density, (J/mm) 0.89 0.6 0.8 0.8 0.97 0.97 0.84
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pool is significantly higher than in the traditional SLM process. Apparently, these
facts are the reason why there is no obvious connection between the values of the
linear energy density and the depth of the melt pool. As the depth of the melt pool
increases, the relative density of the samples also rises (Table 2), which indicates
a decrease in the number of shrinkage defects in the samples. This effect is due to
the fact that the scanning parameters that provide a greater depth of the melt pool
increase the crystallization time of the upper layers of the sample which leads to a
significant increase in the size of the γ—phase cells and a reduction in the boundary
zones.

The microstructure of the obtained samples consists of elongated cells located
mainly along the growing direction of the samples γ—solid solution with scat-
tered particles γ ‘—phase formed on the basis of the intermetallic compound Ni3Al
(Fig. 4a) which in turn consist of cuboid microparticles with an average size of
~ 200 nm (Fig. 4b).

Nb and Mo carbides are isolated along the boundaries of the γ—phase cells.
The presence of carbides of alloying elements improves the properties of heat-
resistant alloys at temperatures above the solubility limit of the intermetallic γ ‘—
phase (Fig. 5). However, at the same time, their presence leads to the formation of
micropores of shrinkage origin.

When the melt is crystallized in boundary zones limited on the one hand by
the boundaries of growing dendrites, on the other by carbides released in the melt,
the melt volumes are isolated from the total volume. Then, as a result of thermal
shrinkage at the crystallization front, micropores and other defects of shrinkage

Fig. 4 Microstructure of specimen obtained by selective laser melting

Fig. 5 EDS of the selective laser melted specimen. (Color figure online)
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Fig. 6 Microstructure of the specimen 7—a and specimen 1—b

origin are formed in areas isolated from the total volume of the melt due to the lack
of the liquid phase. The presence of such defects in the alloy significantly reduces
its performance at operating temperatures.

High crystallization rates are characterized by a smaller γ—PDAS (primary
dendritic arm space) size and a larger overall boundary length which in turn increases
the probability of shrinkage defects formation in the sample. The volume fraction of
defects can be reduced by increasing the crystallization time which will ensure the
growth of γ /γ ‘—phase cells of greater width and a reduction in the total length of
the boundaries (Fig. 6).

Conclusions

This paper presents the research results of the geometric characteristics, namely the
depth of the melt pool formed during the selective laser melting of products, and its
effect on the amount of shrinkage defects. The number of defects in the obtained
samples was determined by the relative density, which in turn was measured by
hydrostatic weighing. As a result, it was determined that as the depth of the melt pool
increases, the relative density of the samples also increases. This effect is explained by
a decrease in the rate of crystallization in the SLM production of samples according
to the parameters that provide a greater depth of the melt pool. Slowing down the
crystallization rate in the printing process provides a greater growth of γ—phase
cells and, as a result, a decrease in the volume fraction of γ ‘—phase in which the
formation of shrinkage defects occurs.

Funding This research was supported by Russian Science Foundation grant (project No 19-79-
30002).
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