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Introduction

In recent years, additive manufacturing has been rapidly expanding its scope of application due to its
unique advantages. This manufacturing method allows the creation of complex-shaped parts with high
precision, using a variety of materials, from plastic to metal, while significantly reducing time and costs
compared to traditional technologies [1—4]. Depending on the requirements for the final product, specialists
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apply different technologies of additive manufacturing. Active development of additive technologies (A7)
leads to a reduction in the cost of products manufactured with its help. This allows for the rapid production
of parts and blanks of not only complex shapes, but also simpler shapes from expensive materials [5, 6]. An
example of such parts can be flanges made of heat-resistant materials. When using A7, there is no need to
make a hole and the volume of material removed due to subtractive machining is also reduced. This makes
the use of AT in this case economically justified. Also, the use of AT for the production of flanges allows it
to be manufactured to a specific size, which provides even greater savings in time and costs compared to
the production of a similar part from rolled steel [7-9].

Electron beam (EBAM) and arc printing (WAAM) are the most suitable technologies for the rapid
production of simple flange-type parts made of heat-resistant materials and, in particular, /nconel [10].

EBAM uses a high-power electron beam to melt a metal wire material, which is surfaced layer by layer
to form the desired part. This method can create large size parts with high density and strength [11-14]. One
of the key advantages of additive manufacturing is its ability to create complex 3D components with greater
speed and flexibility compared to traditional methods such as milling or casting [15, 16]. 3D printing can
reduce the number of manufacturing steps, minimize material waste, and create parts that cannot be made
by other methods. This opens up new opportunities for engineers, allowing them to bring their boldest ideas
to life [17-20].

Vacuum surfacing of blanks using EBAM technology makes it possible to significantly accelerate the
workpiece fabrication process in comparison with SLS (selective laser sintering) technology. However, this
is a rather expensive and labor-intensive method of parts manufacturing [21, 22]. A greater reduction in cost
and simplification of the workpiece fabrication technology can be achieved using WAAM technology. This
technology uses arc welding to surface metal wires layer by layer to form three-dimensional objects. WAAM
makes it possible to create large-sized parts much faster than other additive technologies such as electron
beam surfacing. WAAM is suitable for producing parts from a variety of metals including steel, titanium and
nickel alloys [23—-25]. The disadvantages of this technology are the possibility of porosity formation due to
printing in a gas environment, as well as worse quality of the printed surface.

The features of EBAM and WAAM technologies will affect the structure and properties of the resulting
blanks. The EBAM technology is currently used quite rarely for printing heat-resistant alloys [26, 27]. This
is due to the relatively low prevalence and novelty of this technology. Printing heat-resistant alloys with the
help of WAAM technology is also not often used. Printing of heat-resistant alloys by this technology has a
number of technological difficulties. For these reasons, there are very few works devoted to the printing of
heat-resistant nickel alloys by EBAM and WAAM technologies [28-31].

The purpose of this work is to conduct a comparative analysis of microstructure of workpieces from
nickel alloy /nconel 625 obtained by EBAM and WAAM technologies.

Methods and materials

A common nickel alloy of Inconel 625 was chosen as a material for specimen fabrication. The specimens
were printed with a 1.2 mm diameter wire. Printing was carried out on a substrate made of stainless steel
with dimensions of 110x110x20 mm. The substrate was placed over the back plate and clamped tightly. The
back plate was used to apply molten raw material to the part. It acts as a protection against melt penetration
into the substrate and damage to the table.

In the printing unit used for printing, it was possible to adjust the position of the wire feeder. The
position was adjusted in relation to the electron beam and the workpiece to be printed. This ensured the
stability of the material transfer. During the welding process, a bridge of molten metal was created between
the fuse and the molten bath [32, 33].

The chemical composition of wire material used for electron beam printing is shown in Table 1.

Printing of the first group of specimens was carried out on an electron beam wire surfacing unit
manufactured at Tomsk Polytechnic University. The printing of the second group of specimens was carried
out on an electric arc wire surfacing unit, also manufactured at Tomsk Polytechnic University.
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Table 1
Chemical composition of Inconel 625 nickel alloy wire
Chemical element Ta Al Nb Mo Cr Si Fe Co Ti Mn Ni
% 03 | 038 | 28 7.5 225 | 0.8 1.3 0.2 035 | 0.1 | 63.68

Four types of specimens were printed during the experimental work. Vertically and horizontally
orientated specimens of each of the investigated technologies (EBAM and WAAM) were made.

Cross sections of the specimens were made to investigate the microstructure. The microstructure was
revealed using an etchant consisting of a mixture of concentrated nitric HNO, (67 wt. %) and hydrochloric
HCI (33 wt. %) acids taken in a ratio of 1:3 by volume. Microstructural studies were carried out using a
metallographic microscope MMP-1 manufactured by BIOMED. Photographs of the microstructure were
obtained using a DCM-510 SCOPE video eyepiece. Microhardness was measured using an automatic
complex based on the EMCO-TEST DuraScan-10 microhardness tester. The measurements were carried
out on the same specimens on which metallographic studies were carried out. Measurements were carried
out with a Vickers indenter at a load of 1 kgf with a dwell time of 10 s.

Results and discussion

First of all, specimens were obtained for the research. Four specimens were obtained, two specimens
using each of the EBAM and WAAM technologies. Specimens of vertical orientation (Figure 1 a, ¢) and
horizontal orientation (Figure 1 b, d) were obtained. From the above pictures, it can be seen that the accuracy
and surface quality of the specimens obtained by EBAM is higher. There is less metal spatter than when
surfacing using an arc. Also, the cooling rate of specimens obtained by EBAM is lower than with WAAM
printing. With EBAM, heat dissipation is difficult due to the lack of atmosphere. In WAAM surfacing of
Inconel, helium is used. In addition, it is evident that the EBAM specimen has a greater number of layers.
In WAAM surfacing, the thickness of printed layer is greater and the printing speed is higher. But this is
accompanied by significant temperature fluctuations. The stresses caused by these temperature fluctuations
cause deformation of the substrate, even when it is about 5 mm thick. In this case, vertical orientation of the
specimens gives a higher speed, but at the same time higher stresses arise. With horizontal orientation, the
specimen cools down more uniformly. This is reflected in a less deformation of the substrate.

a b c d
Fig. 1. Photos of specimens obtained using various additive technologies:
a — horizontal specimen obtained using EBAM technology; b — vertical specimen obtained using EBAM technology;
¢ — horizontal specimen obtained using WAAM technology; d — vertical specimen obtained using WAAM technology
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The microstructure of Inconel 625 specimens obtained using EBAM and WAAM technologies is shown in
Figure 2, a—d. This figure shows micrographs taken with an optical microscope in the center of the specimen.
An elongated cellular structure with brightly colored particles in the interdendritic regions can be seen. The
presence of dendritic structure is also clearly visible in all specimens. For horizontal specimens for both
technologies, the dendrites have long first-order axes, while the second-order axes are practically absent.
For vertical specimens, the cooling rate is lower and second-order axes have time to form; the embryos of
third-order axes can be seen in some places. The difference in dendrite development is clearly visible for
EBAM technology (Fig. 2, a and Fig. 2, b). In addition, it is evident from the shown microstructure, that
the grains are textured. The texture is more developed for vertical specimens due to the higher cooling rate.

c d

Fig. 2. Microstructure of specimens obtained using various additive technologies:

a — horizontal specimen obtained using EBAM technology; b — vertical specimen obtained using EBAM
technology; ¢ — horizontal specimen obtained using WAAM technology; d — vertical specimen obtained
using WAAM technology

Certainly, different cooling rates lead to the formation of different grain sizes in the specimens. At the
same time, in general, the same tendency is observed for all technologies under study. The grains have a
dendritic structure; the grains are elongated in the direction of heat removal. The length of grains increases
with distance from the substrate. For vertical specimens the cooling rate is lower and the grain length on
the obtained specimens can reach 0.8—-0.9 mm (vertical EBAM specimens). For horizontal specimens, the
grain length reaches 0.3—0.5 mm. These data are in agreement with the results of other researchers. In [6], a
specimen of Inconel 625 fabricated using the SLM technology had a grain length of about 1 mm. Specimens
of Inconel 718 produced using the direct laser additive fusion process in the work [32] had a grain length of
3 mm. The authors of [11, 16], showed that the equiaxed grains are mainly located at the bottom, close to the
Inconel 625 substrate. When moving away from the substrate, the grains elongate, texture appears and the
length of the grains increases significantly. Our results are in good agreement with the data of these authors.
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The regularities of the structure formation of specimens when printing with EBAM and WAAM technologies
are similar to SLM technology. The difference is observed mainly in the sizes of phase components.

The scanning electron microscopy (SEM) photographs of the surface of the printed Inconel 625 specimens
are shown in Figure 3. As in other studies [2, 4, 5, 7], fine micron-sized particles were often observed in the
surfaced material. Considering the particle size of the phase constituents, its quantitative chemical analysis
can be difficult due to the XRD signal emanating from the matrix material. The chemical composition of
the fabricated material (Table 2) is largely similar to that of the wire used for surfacing, except for elements
such as iron and aluminum, the content of which was lower. The particles marked as 3 in Figure 3 showed
more Nb, Mo, Ti and C (Table 2). This indicates the presence of MC carbides. A similar situation was also
observed in Inconel 625 alloy fabricated by additive manufacturing method by the authors of [2, 4, 7].
The phase marked as point 2 had elevated amounts of Ni, Nb, Cr and Mo without the presence of carbon
(Table 2). This indicates the presence of intermetallic phases.

100 pm EMT=2000kV Mag= 1.00KX SignalA=SE1

EHT=20.00 kY Mag= 1.00KX Signal A=SET
WD =115mm TiltAngle= 0.0° /Probe= 120pA

WD=120mm TitAngle= 00° [Probe= 120pA

a b
Fig. 3. SEM of specimens obtained using various additive technologies:

a — horizontal specimen obtained using EBAM technology; b — horizontal specimen obtained using WAAM

technology
Table 2
Chemical composition of the manufactured material
Study area from Figure 3, % Ni Cr Nb Mo Si Fe Al Ti C
1 64.0 | 223 1.1 4.2 0.7 1.3 0.1 0.1 6.2
2 2.7 3.5 7.2 0.5 - 0.7 - 48.1 373
3 385 | 21.6 | 16.7 8.9 4.1 0.7 0.2 0.2 9.1

The microhardness of the blanks was determined by the Vickers method at a load of 1 kgf with a dwell
time of 10 s, as the average of twenty points at different locations (Figure 4).

The analysis of microhardness indices (Table 3) shows that the hardness of vertical specimens is lower
than that of horizontal specimens. Both for specimens obtained by EBAM technology and for specimens
obtained by WAAM technology, this discrepancy is about 3.5 %. It is also evident from the data obtained
that the dispersion of hardness values for vertically orientated specimens is significantly higher than for
horizontally orientated specimens. This can be explained by a smaller temperature gradient during the
printing process. For horizontal specimens, heat dissipation is more intensive, which leads to the formation
of more significant temperature gradients and the formation of a less homogeneous structure. This is
consistent with the data of the microstructure analysis of the specimens. In vertically oriented specimens
more homogeneous structure is formed; these specimens have fewer pores, fewer inclusions of intermetallic
compounds in comparison with horizontally oriented specimens.
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Fig. 4. Microhardness of specimens obtained using various additive technologies:

a — horizontal specimen obtained using EBAM technology; b — vertical specimen obtained
using EBAM technology; ¢ — horizontal specimen obtained using WAAM technology; d —
vertical specimen obtained using WAAM technology

Table 3
Microhardness of specimens
Specimen manufacturing Specimen Maximum Minimum Average
technology orientation hardness, HV hardness, HV hardness, HV
WAAM Horizontally 251 286 273.0
WAAM Vertically 278 289 284.2
EBAM Horizontally 271 295 283.4
EBAM Vertically 289 300 294.4

The data also show that the hardness of the specimens obtained by EBAM technology is higher than
that of the specimens obtained by WAAM technology. This is also in good agreement with the results of
microstructure analysis. EBAM technology due to printing in vacuum gives a smoother cooling process of
specimens. This leads to the formation of a more homogeneous structure with higher hardness.

Conclusions

The comparison of the specimens produced by two different additive printing technologies (EBAM and
WAAM) was carried out taking into account the differences in the resulting microstructure and hardness.
Printing using both technologies resulted in dendritic microstructure of the specimens. All specimens
contained zones rich in 7i, Mo and Nb. Pores were also observed in the specimens. The grains in the
specimens had a predominantly elongated shape and were oriented in the direction of heat removal. The
length of the grains reached values of 1 mm. These features were observed for all the specimens obtained,
regardless of the manufacturing technology or the orientation of the specimen during printing.
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Differences in the specimens were observed in the number of intermetallic inclusions formed and in
the grain size. Thus, the EBAM technology gives more homogeneous structure. As a result, the hardness
of the specimens obtained by EBAM technology is higher than the hardness of the specimens obtained by
WAAM technology at a similar orientation during printing. The difference in hardness between EBAM and
WAAM is about 3.5 %. At the same time, the speed of production of specimens using WAAM technology is
significantly higher.
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