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Abstract: In the present work, we present results on the influence of electron beam surface modifica-
tion on the resistance to plastic deformation and plasticity of Inconel alloy 625. During the treatment
procedure, the electron beam currents were 10 and 20 mA, corresponding to beam powers of 600 W
and 1200 W. The structures of the modified specimens were studied using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The nanohard-
ness and Young’s modulus were studied through nanoindentation experiments. The plasticity of the
treated materials as well as of the untreated ones was studied through an evaluation of H3/E?, which
points to resistance to plastic deformation. The results obtained show that the electron beam surface
modification procedure leads to a reorientation of microvolumes and the formation of a preferred
crystallographic orientation. The surface treatment of the samples using an electron beam with a
power of 600 W did not lead to major changes in the structures of the samples. However, the use
of a beam with a power of 1200 W led to the formation of a clearly separated modified zone with a
thickness in the range of 13 to 15 um. The Young’s modulus increased from about 100 to 153 GPa in
the case of electron beam surface modification using the lower-power electron beam. The application
of the higher-power electron beam did not lead to a significant change in the modulus of elasticity
as compared to the untreated specimen. Also, it was found that the treatment procedure pointed
to a decrease in nanohardness when the maximum power of the electron beam was applied. The
resistance to plastic deformation, i.e., the H3/E2 ratio, showed that the ratio decreased significantly
in both cases of electron beam surface modification, pointing to an improvement in the plasticity of
the surface of the Inconel alloy 625.

Keywords: Inconel alloy 625; electron beam surface modification; resistance to plastic deformation;
plasticity; hardness; Young’s modulus

1. Introduction

Nowadays, the methods and techniques for the treatment of structures and surface
properties by electron beam modification are considered very promising due to their very
short processing times in comparison with those of traditional methods, as well as the very
high reproducibility of the technological conditions, the uniform distribution of the energy
of the beam, etc. [1,2]. All of these features make the electron beam surface modification
technology very attractive for a number of industrial fields, such as aircraft building,
automotive production, marine manufacturing, and others [3,4]. Electron beam surface
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modification is executed by irradiating the surface of the specimens with a concentrated
flow of accelerated electrons. The energy of the electrons is transformed into heat when
interacting with the modified materials, and as a result, a thermal field from the top of
the surface to the bottom of the specimen is formed. Heating/cooling cycles have a rapid
nature and can reach values of 10*~10° K/s, which can change chemical compositions and
lead to phase changes, the formation of crystallographic texture, etc. [5,6].

The authors of [7,8] have studied the possibility of controlling the structure and
properties of tool steels with electron beam treatment technology. They concluded that
the mechanical characteristics of the samples were greatly improved after applying the
treatment technology due to the formation of a finer microstructure. Rakhadilov et al. [9]
studied the effect of the electron beam irradiation and modification of R6M5 steel, and the
results showed that the volume fractions, as well as the internal stresses of the o’ lamellar
martensitic structure, increased. Zhao et al. [10] have studied the modification of austenitic
stainless steel material by an electron beam remelting approach. Their results showed
that the tribological properties were improved and the surface roughness was reduced.
Similarly, Valkov et al. [11] studied the influence of an electron beam treatment procedure
on the corrosion properties of Co-Cr-Mo alloys. The results showed that the aforementioned
chemical properties of the alloy were significantly improved after the application of the
maximal value of the beam power of 750 W, with the sample moving at a speed of 5 mm/s.
The researchers mentioned that the main reasons for this enhancement were the formation
of the preferred crystallographic orientation and the elimination of pores, cracks, and other
structural defects [11].

It is important to note that Ni-based superalloys, such as Inconel alloys, are very
important for modern industry due to their attractive functional and high-temperature
properties [12-14]. Inconel alloys have already been well introduced in many industrial
branches like aerospace, aircraft, marine, and more [15,16]. The authors of [17] demon-
strated the fabrication of an Inconel alloy 718 with a laser power deposition technique,
where a novel gradient laser power approach was used. They showed that the proposed
approach led to a significant improvement in strength and ductility as compared with the
constant laser power deposition technique, where the elongation increased by 18%-83%.
Another investigation [18] points out the possibility of improving the plasticity of Inconel
alloy 718 by a novel heat treatment approach, including higher-temperature homogeniza-
tion and a lower-temperature aging treatment. Their results showed that the proposed
approach leads to an improvement in the plasticity of the alloy of 41%. The authors of [19]
investigated the possibilities of improving the mechanical properties of Inconel alloy 625
by cold rolling and annealing. The results demonstrated an enhancement in yield strength
and a significant reduction in plasticity.

In summary, electron beam surface treatment technology is highly applicable for
the surface treatment of metallic components in order to improve their structural and
mechanical properties. Due to the high integration of Inconel alloys into a large quantity
of industrial fields, the possibility of their modification and optimization for specific
applications needs to be evaluated. The authors of [20] have studied the microstructure and
wear properties of an electron-beam-modified Inconel Ni-based alloy 625, and the results
showed that the wear properties were improved due to the strengthening effect of the
treatment. However, investigations regarding the effect of treating the surface of Inconel
alloys using high-energy fluxes are highly limited regarding the effect of the power of the
electron beam on the plasticity of the specimens. Plasticity is one of the most important
properties of metals and alloys when they are subjected to shaping and forming procedures.
The plasticity and plastic deformation of materials are properties of ductility. Thus, brittle
materials cannot be plastically deformed and shaped, which significantly limits their range
of applications. Moreover, the improved plasticity of metals and alloys corresponds to an
enhancement in their damping properties, reduced crack formation, etc., which could open
many practical applications in modern industrial branches.
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Therefore, in this study, we propose an investigation of the effect of the power of
the electron beam on the microstructure, Young’s modulus, hardness, and plasticity of
electron-beam-processed Inconel alloys 625. In the present study, the plasticity was studied
by the evaluation of the H? /E? ratio, pointing to resistance to plastic deformation.

2. Materials and Methods

The studied Inconel alloy 625 specimens had dimensions of 10 x 10 x 5 mm. The
chemical composition of the initial samples is presented in Table 1.

Table 1. Chemical composition of the investigated Inconel alloys 625 (in wt.%).

Cr Mn Fe Co Ni Mo W Ti Cu Other
29.5 0.5 7.0 0.2 57.0 3.7 0.2 - 0.2 1.7

The electron beam surface modification procedure was realized on the evoBeam Cube
400 electron beam machine. During the experiments, the accelerating voltage was 60 kV, the
speed of the movement of the samples was 40 mm/s, and the electron beam current was
chosen to be 10 and 20 mA, corresponding to beam powers of 600 and 1200 W, respectively.
The application of these values of the beam current and power was chosen in order to
realize a surface modification with and without melting the surface. The application of
the lower values of the beam current and power led to a modification without melting
the surface, while the use of the higher beam current and power, respectively, led to a
modification with the melting of the treated surface. The beam deflection geometry used
for these experiments was in the form of a line with a length corresponding to the width
of the specimens, i.e., 10 mm. A schematic representation of the electron beam surface
modification procedure of the Inconel alloys 625 is shown in Figure 1.

Electron beam source

Electron beam

\
\
\
\ \

\
\ \
\

Inconel 625 alloy

R ——
Direction of specimen motion

Figure 1. A schematic diagram of the electron beam surface modification procedure of Inconel
alloys 625.

The phase configuration of the electron-beam-processed specimens, as well as the
initial one (untreated), was studied by X-ray diffraction (XRD) experiments. They were
realized in the symmetrical Bragg-Brentano mode on a Philips PW1050 (Amsterdam,
The Netherlands) X-ray diffractometer with CuKa-characteristic radiation (1.54 A). The
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measurements were recorded in a range of 35 to 95 degrees, with a step of 0.05° and a
counting time of 0.1 s per step.

The structures and contents of chemical elements were studied in detail with a scan-
ning electron microscope (SEM), LYRA I XMU (Tescan), Brno, Czech Republic, equipped
with an energy-dispersive X-ray spectroscopy detector used for obtaining information
about the chemical composition of the samples.

The surface hardness and Young’s modulus were studied by nanoindentation exper-
iments, where a nanomechanical tester (Bruker, Billerica, MA, USA) was employed for
the experiments. The measurements consisted of a total of 48 nanoindentations, where
the applied load was 50 mN. The resistance to plastic deformation was evaluated via the
H3 /E? ratio.

3. Results

The phase compositions of the untreated Inconel alloys 625 as well as the electron-
beam-treated material were studied by X-ray diffraction (XRD) experiments. The exper-
imentally obtained XRD patterns of the initial Inconel alloy 625 as well as the electron-
beam-modified alloy with a beam power of 600 and 1200 W are shown in Figure 2. No
amorphous-like halos can be observed in any of the considered cases (i.e., in the pattern
of the initial alloy or in the diffractograms corresponding to the electron-beam-modified
specimens), meaning that the structure of the specimens is fully crystalline, and no amor-
phous structure can be observed. The experimentally obtained XRD patterns are typical for
polycrystalline materials, exhibiting diffraction maxima of the face-centered cubic (FCC)
(111), (200), (220), and (311) crystallographic planes of a Ni-Cr solid solution, belonging
to the {111}, {100}, {110}, and {311} families of crystallographic planes, respectively. This
structure is also known as the y phase. It was found that the estimated phase composition
remains unchanged in all the considered cases, meaning that the electron beam surface
treatment procedure using the aforementioned technological conditions and a beam current
of 10 and 20 mA, corresponding to a beam power of 600 and 1200 W, does not lead to
changes in the above-mentioned structural parameters. It should be noted that the intensi-
ties of the observed diffraction maxima significantly differ concerning the initial Inconel
alloy 625 as well as the surface-modified material by the scanning electron beam. It is
obvious that the intensity of the peak corresponding to the (111) crystallographic plane is
the highest in the case of the untreated material. However, the specimen modified by a
scanning electron beam using a beam current of 10 mA exhibits a decrease in the intensity
of the diffraction peak corresponding to the (111) plane, and the maximum of the (200)
plane is characterized by the highest intensity among all the considered peaks. The pattern
corresponding to the specimen treated by a scanning electron beam using a beam power
of 1200 W exhibits negligible peaks corresponding to the (111) and (200) crystallographic
planes, while the maximum of the (220) plane becomes much stronger in comparison with
the cases of the initial Inconel alloy 625 as well as of the electron-beam-modified specimen
using a beam power of 600 W. All these specific observations point to the formation of a
preferred crystallographic orientation and reorientation in the microvolumes within the
matrix of the considered Inconel alloy 625. As already mentioned, after the application
of these technologies, the heating and cooling rates are quite high (about 10*-10° K/s),
and these conditions are known as the highly non-equilibrium conditions. The highly
non-equilibrium conditions of the used surface modification technique are considered a
prerequisite for the formation of a crystallographic texture and preferred crystallographic
orientation [11,21]. Moreover, these effects are typical for the electron-beam-modified
surfaces of metals and alloys, where similar results are demonstrated in other studies [22].
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Figure 2. X-ray diffraction patterns of (a) Inconel alloy 625; (b) electron-beam-modified specimen
with a beam power of 600 W; and (c) electron-beam-modified specimen with a beam power of 1200 W.

Figures 3-5 show cross-sectional SEM images of the considered specimens. Figure 3
exhibits the microstructure of the untreated sample. Figure 4 corresponds to the electron-
beam-modified alloy that was modified by a beam current of 10 mA, corresponding to a
beam power of 600 W. Figure 5 exhibits cross-sectional images of the sample treated using a
20 mA current electron beam, corresponding to a beam power of 1200 W. Figure 5a presents
a low-magnification SEM image, while Figure 5b is a high-magnification micrograph. The
chemical compositions of the considered specimens are shown in Table 2. Considering the
untreated specimen, it is clear that its microstructure consists of the base Ni-Cr matrix as
well as some precipitates that are characterized by an irregular shape. The results indicate
that the determined chemical composition of the base matrix matches very well with the
data from the manufacturer. However, the elemental compositions of the precipitates
exhibit a reduction in the amount of Ni and an increase in iron content. This microstructure
is typical for Inconel alloys 625 [23]. The specimen irradiated with a beam current of
10 mA, corresponding to a beam power of 600 W, exhibits a very similar microstructure. No
clearly visible modified zone can be distinguished. The precipitates are still characterized
by irregular shapes, and no significant refinement can be observed in the microstructure.
This means that the value of the beam power of 600 W is insufficient for microstructural
modification, and no significant changes in the microstructure can be observed. It is
important to note that the chemical composition of the precipitates as well as the base
material matrix is very similar to that of the untreated material, meaning that the treatment
under the above-mentioned technological conditions does not lead to changes in the
elemental composition of the alloy (Table 2).
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Figure 5. Cross section of the Inconel alloy 625 modified by a beam power of 1200 W: (a) low
magnification and (b) high magnification.
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Table 2. Chemical compositions of the untreated and electron-beam-treated Inconel alloys 625
(in wt.%).

Specimen Point Cr Mn Fe Ni Mo
4 1 353+33 42411 934+13 513452 03401
untreate 2 322420 83+13 231416 308421 56401
§00W 3 342430 49413 1014+14 506+45 02401
4 312429 74414 250419 319422 45401
5 342436 34+15 90+18 528+61 06+01
1200 W 6 338+41 42413 106+18 511456 03401
7 306+33 91411 246+20 318+31 39402

Figure 5a presents a low-magnification cross-sectional view of the structure of the
sample obtained by surface treatment with an electron beam with a power of 1200 W.
The micrograph exhibits a clearly distinguishable modified zone, as well as the untreated
material. The higher-magnification image (Figure 5b) shows the modified zone, which
is marked as zone A, as well as the base alloy material, indicated as B. The thickness
of the modified zone varies from about 13 to 15 um, where no precipitates can be seen,
and a homogeneous structure is obtained on the surface of the Inconel alloy 625. This
means that increasing the power of the heat source leads to the dissolution of Mo-rich
precipitates. According to the authors of [24], higher currents of the electron beam lead to
an increase in the surface temperature of the modified material. Apparently, this increase
in the surface temperature was sufficient to cause the dissolution of the precipitates and the
formation of a separate molten zone. The EDX results for the chemical composition show
that it is very similar to that of the matrix of the alloy and is typical for Ni-based super-
alloys, where the amount of Ni is predominant. The base alloy material (i.e., under the
modified zone) again exhibits a Ni-Cr matrix with randomly distributed Fe-rich precipitates
within it. The chemical composition of both—the precipitates and the matrix—is similar to
that of the previously investigated specimens, meaning that no significant changes in the
microstructure can be observed under the electron-beam-modified zone.

The surface hardness and Young’s modulus of the considered specimens were studied
by nanoindentation experiments, according to the Oliver Pharr method [25,26]. The load-
displacement curves are shown in Figure 6. From the load—displacement curves, it can
be seen that the penetration level of the indenter did exceed 1.3 um in the case of the
measurements of the specimen modified by an electron beam with a power of 1200 W.
Therefore, the penetration level is within 10% of the melted zone, and the measurements
were not influenced by the base matrix of the alloy. The experimentally obtained results
are presented in Table 3 and Figure 7. It was found that the hardness of the untreated
specimen and that of the specimen treated with a beam current of 10 mA, corresponding
to a beam power of 600 W, is the same and is about 3 GPa. However, the application of
the modification procedure with a higher beam power led to a decrease in the discussed
mechanical characteristic to about 2.5 GPa. As mentioned previously, the application of
a higher beam power during the treatment procedure leads to surface melting and the
dissolution of precipitates, while the use of a lower one is not enough to melt the surface and
dissolve the participates. This could be considered a reason for the reduction in the hardness
of the surface of the specimen treated by a beam power of 1200 W. The Young’s modulus of
the untreated specimen is about 110 GPa and increases to about 153 GPa after the application
of the electron beam modification procedure with the beam power of 600 W. The rise in the
modulus of elasticity could be attributed to the formation of a crystallographic texture and
the reorientation of microvolumes. It has already been mentioned that the application of
this technique for surface modification can form a preferred crystallographic orientation
and reorient the microvolumes of the modified material [11,21]. The results of the XRD
experiments showed that the intensities of the observed diffraction maxima significantly
differ concerning the initial material and electron-beam-surface-modified alloy. Therefore, a
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reorientation in the microvolumes occurred after the application of the surface modification
procedure with a beam power of 600 W, which could be considered a reason for the rise in
the modulus of elasticity. Treating the surface of the samples with a higher-power electron
beam led to a decrease in Young’s modulus to 113 GPa, which is closer to the original value
of the alloy. The lower modulus of elasticity in the case of electron beam modification
using the higher beam power of 1200 W, as compared with the lower beam power of 600 W,
could be attributed to the melting of the surface and the formation of the clearly separated
melted zone where the precipitates were dissolved. The absence of precipitates in the
microstructure of the alloy could be considered a reason for the reduction in the Young’s
modulus since there are no obstacles for dislocation movement.

1@ (b) (©

=
o @
= 2
@
2

Load (mN)

Load (mN)
.
&

Load (mN)

w
s

20

0.28 0.56 0.84 1.12 1.40 0 0.32 0.64 0.96 1.28 1.60
Depth (um) Depth (um) Depth (um)

Figure 6. Load—displacement curves of (a) untreated sample; (b) electron-beam-modified sample
with a beam power of 600 W; and (c) electron-beam-modified sample with a beam power of 1200 W.

Table 3. Mechanical characteristics of the samples.

Specimen Hardness (H), GPa Young’s Modulus (E), GPa H3/E?, GPa
Untreated 3.05 + 1.05 109.95 &+ 15.53 0.0023
600 W 3.00 £+ 0.70 153.11 4+ 14.54 0.0011
1200 W 2.55 4+ 0.75 113.53 4+ 11.60 0.0013
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Figure 7. Young’s modulus and hardness of the untreated and treated specimens.

To obtain a better understanding of the plasticity of the Inconel alloy 625 and the
influence of the electron beam treatment on plastic deformation, the H3/E? ratio was
evaluated. The ratio H3/E? signifies the resistance to plastic deformation [27]. The results
are presented in Table 2 and Figure 8. Lower values of the H3/E? ratio point to a lower
resistance to plastic deformation, meaning that the modified material can undergo plastic
deformation without fracturing [28]. Therefore, a reduction in the H3/E2 ratio and, thus, a
reduction in the resistance to plastic deformation lead to an enhancement in the plasticity
on the surface of the alloy, which could be considered a significant improvement in its
functional properties. The results of this study show that in all the considered cases of
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electron beam surface modification of the Inconel alloy 625, the ratio of H3/E? decreases.
This means that the plastic deformation resistance decreases, pointing to an enhancement in
the plastic properties on the modified surfaces. The measured H?/E? ratio of the untreated
alloy is 0.0023 GPa, and it reduces to 0.0011 GPa in the case of electron beam surface
modification with a beam power of 600 W (i.e., a decrease of 52%) and to 0.0013 GPa in the
case of 1200 W (i.e., a decrease of 43%). Therefore, the plasticity of the alloy improved by
more than 50%, which could be useful for a number of potential practical applications in the
field of modern industry for the Inconel alloy 625. Plasticity is one of the most important
properties of metals and alloys when they are subjected to shaping and forming procedures.
The plasticity and plastic deformation of materials are properties of ductility. Thus, brittle
materials cannot be plastically deformed and shaped, which significantly limits their range
of applications. Moreover, an improved plasticity of metals and alloys corresponds to an
enhancement in their damping properties. Also, enhanced plastic properties on surfaces
point to a significant reduction in crack formation and initiation, which is also important in
a number of practical applications in modern industrial branches. These results could lead
to an extension in the range of the current applications of the discussed metallic material as
well as open up a number of novel fields of potential practical applications.

0.003

0.0025 —

GPa

= 0.002 —

2

H3/E

0.0015 —
*

*
0.001 | | I

Untreated 600 W 1200 W

Figure 8. H3/E? ratios of the untreated Inconel alloy 625 and those surface-treated with beam powers
of 600 and 1200 W.

4. Discussion

In this work, the plasticity of Inconel 625 samples was studied as a function of the
input power of the electron beam. The plasticity of the material was evaluated through
measurements of the hardness and Young’s modulus of the modified surfaces and then
the ratio H3/E2, which represents the resistance to plastic deformation, i.e., the higher
the values of the ratio are, the higher the resistance to plastic deformation is [27]. It was
found that after the application of the electron beam surface modification procedure, the
H3/E? ratio decreased, pointing to a decrease in the resistance to plastic deformation or an
improvement in the plastic properties of the electron-beam-modified surfaces. As already
mentioned, the plasticity of the metallic materials can be explained by their ability to
be deformed plastically without fracturing, crack formation, etc. In this sense, a crystal-
lographic structure is of major importance for the plasticity and plastic deformation of
metallic materials. Plastic deformation is realized by dislocation movement, where slipping
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is the main mechanism carried out in a certain slipping system, which is defined by the
family of crystallographic planes and the corresponding crystallographic direction [29]. It
is known that five independent slip systems are required for deforming metal and alloys
plastically without the formation of cracks, fractures, etc. At the same time, a face-centered
cubic structure is characterized by 12 independent slip systems, and therefore, these kinds
of structures can be characterized by very good plasticity, can be easily shaped and rolled,
and therefore, can be easily integrated in the industry [30].

The results of this study show that the plasticity of the Inconel alloy 625 can be further
improved by more than 50% after the application of the electron beam treatment procedure,
although the phase composition of the alloy was not transformed. However, it was already
reported that the application of an electron beam treatment using the lower beam power of
600 W led to a transformation of the preferred crystallographic orientation and reorientation
in the microvolumes, and therefore, the mobility of the dislocations within the new family
of crystallographic planes and their corresponding directions should be higher, pointing
to better plasticity. Thus, the reorientation of the microvolumes and the formation of a
preferred crystallographic orientation should be considered reasons for the improvement
in the plasticity of the electron-beam-surface-modified Inconel alloy 625.

From another point of view, the plasticity can be influenced not only by the crystal-
lographic structure but also by the microstructure of the considered specimens. Since the
plasticity of materials is strongly related to the slipping of dislocations, it is obvious that it
could be reduced by the obstruction of their distribution and maintained with hard precipi-
tates, second-phase structures, etc. [30,31]. Therefore, microstructures with the existence of
precipitates that are capable of obstructing and limiting dislocation movement and slipping
should be characterized by worsened plasticity. These statements are in agreement with
the results of this study, where it was shown that the plasticity of the modified surface was
improved after the application of electron beam surface modification with a beam power
of 1200 W. Through the application of the aforementioned technological conditions and
using a 1200 W power electron beam, the microstructure was significantly modified, and
no precipitates could be observed within the modified zone. Therefore, no obstacles to
the movement and distribution of the dislocations could be observed, meaning that the
slipping of the dislocations could occur, pointing to a lower H®/E? ratio and, thus, a worse
resistance to plastic deformation, and better plasticity. This could be considered a reason
for the improvement in the plastic properties on the surface of the Inconel alloy 625.

As already mentioned, the results obtained in this study show that the plasticity of
Inconel alloy 718 can be significantly improved (by more than 50%) by the application of
an electron beam surface modification technology. This enhancement is higher than that
reported by the authors of [18]. They showed that the plasticity of an Inconel alloy was
improved by 41% via the application of a novel heat treatment approach, including higher-
temperature homogenization and a lower-temperature aging treatment [18]. The results
obtained in the present study concerning plasticity and plastic deformation demonstrated
that the discussed mechanical characteristics can be greatly improved by the electron beam
surface modification technology. This corresponds to an enhancement in the damping
properties and a significant reduction in crack formation and initiation, which could open
up a number of practical applications in modern industrial branches, such as aerospace,
automotive, and others.

5. Conclusions

The results obtained in the present study show the possibility of electron beam modifi-
cation of the structure and plasticity of Inconel alloy 625, where the beam power was chosen
to be 600 and 1200 W. The following statements were deduced from the obtained data:

- The application of the electron beam surface modification of the Inconel alloy 625 led
to the formation of a preferred crystallographic orientation in all the considered cases.
The lower value of the beam power of 600 W did not lead to a significant change in
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the microstructure on the surface of the processed specimen. Increasing the power of
the heat source led to the formation of a clearly distinguished modified zone.

- The application of the lower power of the electron beam of 600 W did not lead to a
change in the hardness of the alloy. Using an electron beam with a higher output power
led to structural changes in the alloy, such that the hardness of the alloy decreased
from 3 to 2.5 GPa.

- The Young’s modulus increased from 100 to 153 GPa in the case of electron beam
modification with the lower value of the beam power. Subsequently, treating the
sample with the higher-power heat source led to a reduction in the Young’s modulus
to values closer to those of the untreated sample.

- The results for the resistance to plastic deformation, i.e., the H3/E? ratio, show that
it decreased in both cases after the surface treatment process by about 50%, which
suggests that an improvement in the plasticity of the material was observed.
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