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Abstract: During the last decades, electron-beam treatment technologies (EBTT) have been widely
used for surface modification of metals and alloys. The EBT methods are known as accurate and
efficient. They have many advantages in comparison with the conventional techniques, such as very
short technological process time, uniform distribution of the energy of the electron beam, which
allows a precise control of the beam parameters and formed structure and properties of the materials,
etc. Moreover, electron-beam treatment technologies are a part of the additive techniques, which are
known as modern methods for manufacturing of new materials with unique functional properties.
Currently, modern trends in the surface treatment of metals and alloys are based on the combination
of electron-beam technologies with other methods, such as thin film deposition, plasma nitriding, etc.
This approach results in a significant improvement in the surface properties of the materials which
opens new potential applications and can involve them into new industrial fields. This paper aims to
summarize the topics related to the manufacturing and surface treatment of metals and alloys by
means of electron-beam technologies. Based on a literature review, the development and growth of
EBT are considered in details. The benefits of these technologies—as well as their combination with
other methods—are extensively discussed.

Keywords: electron-beam treatment; metals and alloys; hybrid techniques; titanium alloys; aluminum
alloys; tool steels; stainless steels

1. Introduction

Due to the reduction of natural resources and continuous growth of the modern industry,
the involvement of new technologies for the manufacturing of materials, as well as for modification
of their structure and properties is of major importance. Currently, the electron-beam treatment
methods receive much attention and are already successfully introduced in many industrial branches,
such as aircraft and automotive industries, for the manufacturing of space ships, railway cars, etc. [1–6].
At these techniques, the materials are treated by a high-intensity electron beam. The kinetic energy
of the electrons is transferred into heat, leading to a formation of thermal distribution from the
surface to the bulk [7–9]. The heating and cooling rates are quite high which results in changes in
the microstructure, chemical composition, melting the surface, etc. The technological conditions can
be precisely controlled, which allows precise control of the structure and properties of the treated
materials [9,10]. Some advantages of EBTT in comparison with conventional methods can be drawn
as follows:

• Significantly low cost in comparison with traditional technologies;
• Significantly shorter process time in comparison with traditional technologies;
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• Uniform distribution of the energy of the electron beam;
• The technological conditions defined by the technological parameters are highly reproducible.

EBTT for surface modification of metals and alloys can be used in different types of techniques:

• Electron-beam surface hardening;
• Combined methods for a surface hardening;
• Electron-beam alloying;
• Electron-beam evaporation and deposition.

When the temperature on the surface of the workpiece reaches a value lower than the melting
point of the material, the treated zone remains in solid–state, but some structural changes and phase
transformations occur. This method can be used mostly for hardening [5]. In the case of reaching the
melting point of the specimen, the treated surface area becomes in liquid–state where some alloying
elements can be introduced. This technique is used for surface alloying, welding, hardening and
texturing processes [5]. In addition, the EBTT can be used for evaporation and thin-film deposition
when the obtained surface temperature reaches the point where a significant amount is evaporated (or
sublimated) [11].

This paper aims to summarize the topics of electron-beam surface treatment of new functional
materials and we present and discuss the techniques and trends of improvement of their structure and
properties. Significant attention is paid to the combined methods, where electron-beam treatment is
combined with other methods, such as plasma nitriding, thin film deposition, etc.

2. Electron-Beam Surface Treatment: Heat Processes

There exist two types of electron-beam surface treatment technologies, namely continuous and
pulsed. Both techniques significantly differ from each other, where the main difference is the heating
and cooling rate. In the case of pulsed EBT, this rate can reach values of 109 K/s [12,13], while in
the continuous mode it is about 105 K/s [14], which leads to the different structure and functional
properties of the processed materials. In both types of techniques, the energy parameters of the beam
are of major importance and are as follows: The acceleration voltage U [V]; the beam current I [A] and
the beam diameter d [15]. The input energy density can be defined as follows:

E =
UIt
S

(1)

In (1) E—Input energy density [J/mm2]; t—irradiation time [s]; S—Irradiated area [mm2].
The experimental types of equipment available in the scientific laboratories, as well as in factories

for commercial manufacturing is based on the use of a high-intensity electron beam, which is generated
by an electron gun. A scheme of typical electron-beam equipment with the continuous mode is
shown in Figure 1. The emitted from the cathode electrons are accelerated by accelerating voltage and
are stacked into a beam with a conical shape by accelerating and focusing electric fields. After this,
it passes through the system of focusing lens and deflecting coils, where the electrons are deflected
electromagnetically and are guided on the surface of the treated specimen [16,17].

Considering the continuous-wave process, the treatment is realized by scanning the surface,
where the sample is moving under the electron beam with a constant velocity. At this experiment,
the electrons can be deflected from the normal axis and different scanning trajectory of the electron
beam can be realized (Figure 2). This allows precise control of the cooling rate and lifetime of the
melt pool, and, therefore of the resultant structure and properties of the material. For example, using
the linear manner of scanning (i.e., dithering, Figure 2a), the cooling rate is significantly higher in
comparison with the circular one (Figure 2b). The use of circular geometry of scanning leads to a
longer lifetime of the melt pool due to the overlap of the beam trajectory (Figure 3a,b) [18]. As a result,
the distribution of the alloying elements within the alloyed zone is much more homogeneous [19].
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The use of more complex scanning figures (Figure 2d–h) leads to a redistribution of the kinetic energy
of the electrons, and therefore, to a transformation in the thermal field generated in the workpiece.
This could lead to a change in the fluid flow dynamic processes, to a formation of additional streams,
responsible for the distribution and homogenization of the alloying elements and different lifetime of
the melt pool. All these features are of major importance for the resultant functional properties of the
processed materials. The electron-beam scanning frequency and speed of the specimen motion during
the treatment process are also important parameters because they are directly linked to the irradiation
time, defined in Formula (1), as well as for the cooling rate and solidification speed. Considering the
pulsed-wave technique, in addition to the accelerating voltage, beam current and beam diameter,
the pulse duration (τ) is also of major importance. Most of these experiments are designed as follows:
the specimen is irradiated by a high-intensity pulsed electron beam and higher values of τ lead to
higher irradiation time and input energy density, respectively [13].Metals 2020, 10, x FOR PEER REVIEW 3 of 20 
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Figure 3. Example of circle electron-beam scanning figure at (a) low scanning frequency and (b) high
scanning frequency [18]. (Reproduced with permission from ref. [18]. Copyright (2019), Elsevier).

As already mentioned, at electron-beam processing of materials, the kinetic energy of the electrons
is transferred into heat, which leads to a formation of thermal distribution from the surface to the
bulk [20]. Figure 4 schematically presents the processes of electron-beam interaction with materials.
However, not all electrons penetrate and release their energy into the material. Some of the incident
electrons lose their energy in other forms: reflected electrons, heat radiation, secondary electrons or
X-rays, as shown in Figure 4.
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In the case of electron-beam surface treatment and modification, very high heating and cooling
rates exist, leading to changes in the microstructure, phase composition, improvement of the functional
properties, etc. Therefore, the correct assessment of the thermal field within the sample during the
EBTT process is of major importance. There exist both, experimental and numeric approaches of
evaluation of the thermal distribution. The numeric methods are widely used for this purpose and are
significantly more appropriate in comparison with the experiments because the latter techniques are
consuming significant time and effort. Moreover, the results are not always reliable. For electron-beam
treatment of homogeneous and isotropic material with temperature-independent physical properties,
the heat transfer equation can be written in the following form [21,22]:

1
α
∂T
∂t
−∇

2T =
f (r, t)
λ

(2)

In (2): α—thermal diffusivity (α = λ
cρ ); λ—thermal conductivity; c—specific heat; ρ—density of

the material. In this case the heat distribution of the electron beam is related to that of the heat source
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f (r,t) at location r and time t. The solution of Equation (1) can be expressed by three dimensional
Green’s function and is given as follows [23]:

T(r, t) =
α
λ

t∫
τ=0

dτ
∫
R

G(r, t|r′, τ) f (r′, τ)dV′ +
∫
R

G(r, t
∣∣∣r′, τ)|τ=0F(r′)dV′ (3)

In Equation (3), F(r′) corresponds to the initial temperature distribution. The physical interpretation
of the Green’s function G(r,t|r′,τ) for three-dimensional problems is the temperature at a moment t and
location r caused by a point source located at r′ and its energy is released for time t = τ. The “r′,τ”
part of the argument means the effect (i.e., the temperature in the medium located at r and moment
t), the “r’,τ” presents the impulse (i.e., the instantaneous point source at r′ and releasing its heat for
time τ). The intensity distribution of Gaussian beam, moving along a straight line can be expressed as:

f (x′, y′, τ) =
3Q
πr02 exp

−3
(x′ − vτ)2 + y′2

r02

 (4)

In (4), r0 is the radius in which the power of the beam is equal 95% of total power; Q is the
transferred power; ν—beam velocity along moving line. In the case of a dithering beam the intensity
distribution is:

fc(x′, y′, τ) =
3Q
πr2

0

exp

−3
(x′ − ντ)2 +

(
y′ − ιmax cos

(
2πτ
τ∗

))2

r2
0

 (5)

In (5) lmax is the amplitude; τ* represents the period for each of the cycles. For a rotating beam,
the intensity is as follows:

f (x′, y′, τ) =
3Q
πr02 exp

−3

(
x′ − vτ− asin

(
2πτ
τ∗

))2
+

(
y′ − lmaxcos

(
2πτ
τ∗

))2

r02

 (6)

In (6) a is the diameter of the rotation.
The abovementioned model was experimentally verified in the case of electron-beam treatment of

Al plate using a circular manner of scanning. During the experiments, the accelerating voltage (U) was
52 kV; the electron-beam current (I) was in the range from 18 mA to 25 mA; the speed of the specimen
motion (V) was from 5 mm/s to 50 mm/s; the radius of the electron-beam rotation (R) was 2.2 mm;
the characteristic beam diameter (r0) was 0.22 mm. The results for the temperature distribution are
presented in Figure 5 [18]. The melting temperature of the treated material is 660 ◦C and is denoted
with a green line. The dependence of the speed of the specimen motion on the thermal distribution
is shown in Figure 5a. During the verification, the following parameters were used: accelerating
voltage U = 52 kV; electron-beam current I = 25 mA; electron-beam scanning frequency f = 10 kHz;
the radius of electron-beam rotation R = 2.2 mm; beam diameter r = 0.22 mm. Figure 5b shows
the dependence of the power of the heat source (Q = U·I) on the thermal distribution within the Al
substrate. The electron-beam treatment conditions used for evaluation of the influence of the power of
the heat source were defined by the following parameters: speed of the specimen motion V = 50 mm/s;
electron-beam scanning frequency f = 10 kHz; the radius of electron-beam rotation R = 2.2 mm; beam
diameter r = 0.22 mm. The effect of the scanning frequency is presented in Figure 5c. The technological
conditions were defined by the following parameters: accelerating voltage U = 52 kV; electron-beam
current I = 25 mA; the speed of the specimen motion V = 50 mm/s; the radius of electron-beam rotation
R = 2.2 mm; beam diameter r = 0.22 mm. It is obvious that the electron-beam scanning frequency has
the greatest influence on the thermal distribution.
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Figure 5. Distribution of the temperature along z axis for a (a) different velocities of specimen motion;
(b) different electron-beam power; (c) different electron-beam scanning frequencies [18]. (Reproduced
with permission from ref. [18]. Copyright (2019), Elsevier).

The speed of the specimen motion during the treatment process influences the temperature very
weakly (Figure 5a) where the temperature decreases with only a few degrees with an increase in the
velocity from 5 mm/s to 50 mm/s. In addition, an increase in the electron-beam power leads to an
increase in the thickness of the treated zone. Considering the influence of the electron-beam scanning
frequency on the temperature distribution (Figure 5c) of the depth of the melt pool, it decreases from
25 µm to 17 µm with a decrease in the electron-beam scanning frequency [18]. The results obtained by
the authors of [18] showed a full agreement with the experimentally measured depth of the molten
zone of the treated samples.

Similarly, D. Kaisheva [24] has evaluated the cooling rates of alloyed steel (0.11 wt% C; 0.27 wt% Si;
0.6 wt% Mn; 1.35 wt% Cr; 3.25 wt% Ni; ≤0.025 wt% P; ≤0.025 wt% S; Fe bal.) at electron-beam welding
using the same model, and the results obtained are presented in Figure 6. During the experiments,
the accelerating voltage (U) was 60 kV; the electron-beam current (I) was 50 mA; the speed of the
specimen motion (V) was 5 mm/s; the characteristic beam diameter (r0) was 0.22 mm. The experiments
were realized without oscillation of the electron beam. It was chosen three distances from the center of
the weld, namely y = 1 mm; y = 1.5 mm and y = 2 mm, and the temperature was investigated at depths
of 6 mm and 9 mm, respectively. The results were presented vs. the temperature at each moment from
the beginning of the welding process to the point where it is 400 ◦C. From Figure 6, it is obvious that
when the temperature decreases to 400 ◦C, the curves related to the distance from the center of the weld
completely coincide. In addition, the cooling rate decreases with distancing from the weld center [24].
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It is obvious that the discussed above numeric model is useful for the assessment of the thermal
field within the sample at the electron-beam treatment technologies. However, some limitations must
be mentioned. The model does not take into account the changes of the thermo-physical characteristics
(thermal diffusivity, thermal conductivity, specific heat, density of the material) of the treated materials
with the changes of the temperature; the sample is considered a semi-infinite body, and its real
dimensions are also not taken into account; the model has not taken into account the heat exchange
between the specimen and surrounding medium.

3. Electron-Beam Surface Hardening

Electron-beam hardening is one of the most promising techniques for improvement of the surface’
properties of the materials. The method is based on the heating up to a certain temperature and
rapidly cooling with a very high rate, where a fine crystalline microstructure is formed. This technique
allows precise heating of selected surface regions and achievement of significantly higher values
in comparison with the traditional hardening methods [25]. One of the main advantages of the
electron-beam hardening in comparison with the other techniques is the excellent formability and
deflectability with frequencies up to 100 kHz [26].

The authors of [27] demonstrated the possibility of electron-beam surface treatment and the
hardening of 5CrMoMn steel. During the experiments, the beam current was varied from 6 mA to
8 mA with a step of 0.5 mA. The results showed that the measured microhardness was 335 HV in the
case of untreated material and reached values of 656 HV at a beam current of 7 mA and decreases
with a further increase in the beam current due to a reduction of the carbon content and martensite.
It was found that the best wear properties and the smoothest surface can be obtained at the same beam
current of 7 mA [27].

Similarly, the authors of [28] studied an electron-beam surface treatment of 30CrMnSiA, where
the influence of the input energy density was investigated. A cross-sectional SEM image obtained
by scanning electron microscopy is shown in Figure 7. Two distinguished areas are visible, namely
base metal and hardening zone. The microstructure of the base metal consists of coarse grains, while
at the hardening zone, it is significantly finer, due to the very high cooling rate. A detailed analysis
of the microstructure showed that the hardening zone is mostly in the form of martensite and a very
small amount of bainite at the transition zone (Figure 7b).The results revealed that the microhardness
increases from 320 HV for untreated material, up to 520 HV for treated steel at an input energy density
of 1.875 kJ/cm2. By further increasing the input energy density the hardness starts to decrease due
to convective mixing processes of the molten material, which becomes predominant. In this area,
the cooling rate is relatively low, which leads to lower values of the hardness.
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The authors of [29,30] studied an electron-beam surface hardening of 40X steel (0.36–0.44%C;
0.80–1.10%Cr; 0.50–0.80% Mn; 0.17–0.37% Si; 0.30% Ni; 0.17% Cu; 0.04% S; balance Fe). The application
of the electron-beam treatment process led to a finer microstructure and an increase in the hardness due
to the high heating and cooling rates. Similar results were shown in [31], where a significant increase
in the hardness and wear resistance of tools and highly loaded components after the electron-beam
surface treatment was observed.

Song et al. [32] studied the influence of electron-beam surface hardening on the microstructure
and hardness of AISI D3 steel. The results revealed that the microstructure of the hardened zone
was in the form of martensite, fine carbides and retained austenite. The transition area consisted of
tempered sorbite. It was found that the microhardness was close to 1400 HV—2.5 times higher than
the base material.

The titanium and its alloys are also widely used in different industrial applications, such as
aircraft and automotive manufacturing, railway cars, space ships, modern medicine, dentistry, etc.
These materials are characterized by their attractive mechanical properties, lightweight, excellent
corrosion properties and biocompatibility. However, some drawbacks can be mentioned, such as
low hardness and wear resistance and can be overcome with appropriate technology for surface
manufacturing, where electron-beam surface treatment is one of the most promising methods.

In work [33] was investigated the influence of electron-beam treatment on the surface topography,
microstructure and hardness of TA2 titanium alloy. The results showed that the treatment process
led to a decrease in surface roughness. In addition, there were no changes in the phase composition
after the electron-beam treatment process, besides the formation of dislocations. The nanohardness
increases due to the presence of a significantly larger number of dislocations, as well as to the finer
grains in comparison with the untreated specimen. Similarly, in work [34] an electron-beam surface
modification of TA15 titanium alloys was realized. The results obtained by the author of [34] showed
that the treatment process resulted in a significantly finer microstructure within the treated zone,
leading to an increase in the hardness. It was found that the thickness of the treated was about 25 µm
and corresponds to the hardness’ gradient of the surface layer.

The authors of [35] studied an electron-beam surface modification of Ti-6Al-4V alloy. It was
demonstrated that the electron-beam treatment technique serves as a method for controlling the surface
topography and can be used for increasing the tribological performance on the surface of the material.
The beam deflection, physical properties of the material, and the input energy were used for controlling
the surface topography. No cracks, pores, and impurities were detected on the surface of the specimens.
It was shown that the thickness of the melted and heat-affected zones strongly correlated with the
input energy. The melted zone consisted of α’martensitic microstructure, the heat-affected exhibited
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α primary (globular), α secondary (lamellar) and β phases, mixed with α’. This microstructure was
formed due to the rapid cooling during the electron-beam treatment. The average microhardness of
the melted and heat-affected zones was 450 ± 10 HV and 440 ± 20 HV, respectively. These values were
about 22–25% greater than the base material. The increase in the microhardness was attributed to the
formation of fine α’ martensitic structure. The same possibilities for controlling the surface topography
and microstructure were demonstrated by the authors of [36]. The results of the study showed a
surface pattering after the electron-beam treatment, due to the transformation from β to α’ martensitic.

Zagulyaev et al. [37] studied the influence of the input energy density on the microhardness and
wear resistance of Al–Si alloy treated by a pulsed electron beam. The results showed that the optimal
density parameters were 25, 30 and 35 J/cm2, where the microhardness and wear properties were
significantly improved.

Based on the performed literature review, it is obvious that the electron-beam treatment
technologies have a large number of applications where hardened materials are required and
have many benefits in comparison with the traditional methods. During the hardening procedure,
the electron-beam parameters and technological conditions must be precisely optimized. The workpiece
should be heated up to a temperature above transformation martensitic temperature, but at the same
time lower than the melting point. As a result of the very high cooling rate, fine microstructure on the
surface of the specimen, which can be characterized with significantly higher hardness in comparison
with the base (untreated) material, is formed. At the same time, the electron-beam hardening of the
surface of a specimen without melting leads to the same surface roughness as before procedure or very
slight changes can be observed. On the other hand, melting of the surface during the electron-beam
hardening, lead to a significant increase in the surface roughness. At the same time, this approach gets
to much better performance characteristics, in comparison with the transformation hardening, due to
the improved tribological properties and a significant increase in the microhardness [38]. Therefore,
the selection and optimization of the electron-beam process parameters and technological conditions
strongly depend on the purposes and requirements for the surfaces of the materials.

However, the single technique for electron-beam hardening has reached its threshold of
development. Currently, many scientists have directed their efforts for developing combined techniques
and methods for surface hardening, which are extensively discussed in the following section of
this article.

4. Combined Methods for a Surface Hardening

The combination of several methods for a surface hardening, including electron-beam treatment
(EBT), plasma nitriding (PN), thin film deposition, etc. is currently a subject of research by many
investigators all over the world. The main idea of the combination of more than one technology is to
combine their advantages.

Such an approach was successfully introduced by the authors of [39], where a combination
of plasma nitriding and subsequent electron-beam treatment was applied on samples of 40X steel.
The results showed that the hardness of the treated area was increased about 3 times in comparison with
the base material. It was found that the use of this combined technique led to an increase in the abrasive
wear more than two times in comparison with the specimen treated only with plasma nitriding.

The combinations of EBT + PN and PN + EBT were applied to tools and components [40]. It was
found that the thickness of the treated layer after electron-beam treatment and plasma nitriding
was two times larger in comparison with the case of PN. The hardness on the surface of the plasma
nitrided sample was 680 HV, while in the case of PN + EBT it reached values of 800 HV. In addition,
the combination of EBT + PN led to an increase in the microhardness up to 1200 HV.

Ormanova et al. [41] showed a combined method for a surface hardening of tool steel W320.
The method consisted of EBT + PN and EBT + PN + EBT. The microstructure of the sample after
electron-beam treatment and plasma nitriding exhibits an N-rich layer with a thickness of about
25 µm. The nitrogen atoms were incorporated into the steel, leading to a formation of Fe3N phase and
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microhardness of about 760 HV—or about four times higher than the base material. A cross-sectional
SEM image of the sample obtained after the application of additional electron-beam treatment is shown
in Figure 8. A gradient microstructure, consisting of a thin (about 2–3 µm) layer formed due to the
interaction of the electrons with the specimen (zone A from Figure 8), followed by a diffusion structure
(zone B) with a thickness of about 25 µm and the base material (zone C) was formed. The authors
reported a slight decrease in the microhardness at a depth from 5 µm to 24 µm from the previous
sample (i.e., electron-beam-treated, followed by plasma nitriding) due to a redistribution of the N
atoms and larger grain size of the treated zone [41]. It should be noted that the discussed works [39–41]
represent a significant improvement in the microhardness and can be involved in completely new
directions of the modern industry. The increase in microhardness is based on the formation of
Fe–N phases, which are characterized by significantly enhanced mechanical properties over the base
material. Additionally, the electron-beam treatment technology leads to the formation of much finer
microstructure. In this case, the grain boundaries play a role as a barrier for the movement of the
dislocations. The above-mentioned articles [39–41] showed the effectiveness of the combination of
plasma nitriding and electron-beam treatment, resulted in significant improvement in the mechanical
properties over the base material (more than 3 times).
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In work [42] was shown a combination of EBT, PN and deposition of a CrN coating. At a
combination of plasma nitriding and subsequent electron-beam treatment, a formation of a nitrogen-rich
martensitic layer with a hardness of 950 HV was obtained, which was higher than the specimen treated
only with plasma nitriding (750 HV). It was established that the thickness of the martensitic layer
increases with an increase in the energy of the beam during the EBT. Concerning the case of EBT + PN,
a nitrogen-rich layer with a hardness of about 900 HV was obtained. The combination of EBT + PN +

CrN led to a further increase in the microhardness, up to about 1100 HV. In this case, the coefficient
of friction of EBT + PN + CrN was lower than the EBT + PN and PN + EBT specimens. Similarly,
Ormanova et al. [43] studied a surface modification of tool steel using EBT + PN and subsequent
deposition of a bilayer coating of TiN/CrN. The initial surface treatment by means of a scanning electron
beam, followed by plasma nitriding led to an increase in the microhardness on the surface of the
substrate. In this case the difference in the mechanical properties between the substrate and the coating
is significantly reduced, and a formation of internal stresses at the interface could not be expected.
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Furthermore, the EBT + PN procedure is capable in improving the adhesiom between the coating and
the substrate. A cross-sectional SEM image of the sample treated by EBT + PN and TiN/CrN is shown
in Figure 9. The bilayer coating was deposited on a gradient microstructure, consisting of a diffusion
layer with a thickness of about 5 µm, followed by significantly finer microstructure. The grains become
larger towards the core of the specimen [43].
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Petrov et al. [44] studied the effect of electron-beam treatment of Ti5Al4V alloy on the phase
composition, surface topography and mechanical properties of a bilayer TiN/TiO2 coating deposited
by reactive magnetron sputtering. The results revealed that the EBT of the Ti-based alloy led to an
increase in the surface roughness, from 8 nm to 25 nm and a slight decrease in the hardness, from 7 GPa
to 6 GPa and reduced coefficient of friction. The same authors [44] mentioned that the increase in
the surface roughness led to less colonization of the surface by bacterial cells than the conventional
fabricated surfaces. Furthermore, the obtained values for the hardness after the EBT of the substrate are
closer to that of the human bones and the severe stress-shielding effect after implants insertion into the
body could not be expected. Similar work was carried out by Valkov et al. [45]. The authors studied
the effect of electron-beam treatment of Co–Cr alloy on the growing mechanism, surface topography
and mechanical properties of bilayer TiN/TiO2 coating. The results showed that before the EBT of
the base material, the growing mechanism was three-dimensional (Volmer–Weber mechanism) to
two-dimensional layer-by-layer (Frank-Van-der Merwe) mechanism. In addition, the treatment process
led to an increase in the surface roughness, about 3 times and a decrease in the hardness from 10 GPa
to 5 GPa. The aforementioned works [44,45] demonstrated an interesting approach for controlling the
surface properties of biomedical materials. The problem related to an increase in the contact area and
cell-adhesion support was solved by increasing the surface roughness. Additionally, the deposition
of biocompatible coatings, such as bilayer TiN/TiO2 could open novel applications of these materials
for the manufacturing of different dental and orthopedic implants, as well as for other branches of
contemporary medicine.

The authors of [46] studied a combined treatment of tool steels using the deposition of a Ti1−xAlxN
coating, followed by electron-beam surface hardening. It was found that the coating has significantly
improved the absorption properties of the base material, leading to a significant increase in the depth
of the treated zone. Moreover, the depth of the hardened zone has increased with an increase in the Al
content and the thickness of the Ti–Al–N coating. It was demonstrated that an electron-beam hardening
of material with previously deposited film resulted in a formation of a significantly harder-treated
zone than uncoated materials.
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The authors of [47] demonstrated a two-stage process for surface modification of Al–11Si–2Cu
alloy. The first step of the process was a deposition of multicomponent coating of Ti–Y2O3 by
ion–plasma jet. The second stage was irradiation by a pulsed electron beam. The results showed that
a multielemental layer with a thickness of 60–70 µm with a nanocrystalline structure was formed.
Similarly, Zaguliaev et al. [48] studied the effect of the electron–plasma alloying process on the structure
and mechanical properties of Al–Si alloy. At the experiments, alloying elements of Al and Y2O3 were
deposited on the base material and the samples were treated by a pulsed electron beam. The results
showed that a nanocrystalline layer with a thickness of 70 µm and significantly improved wear
properties and higher microhardness was formed.

The combined methods are currently the latest step in the development of the techniques for
surface manufacturing, which are based on electron-beam treatment. Many researchers are currently
working on the formation of improved surface properties of many materials by combining EBTT with
other techniques, such as plasma nitriding, thin film deposition, etc. These methods are extensively
used for needs and purposes, where significantly improved mechanical properties on the surface of
the materials are required. At the same time, the combined methods can be successfully used for
surface treatment of materials for biomedical applications. It can be summarized that, at the moment,
the combination of more than one method for surface treatment is a leading technology and the
number of researchers that are based their investigations on this thematic rapidly grows. The combined
methods are very promising, and the effort of many scientists is directed to the further growth of
these technologies.

5. Electron-Beam Alloying

This process allows a formation of surface alloys and coatings with significantly improved
functional properties than the base material (substrate). The energy of the electrons is absorbed and
transferred to the lattice and the treated zone rapidly reaches the melting point of the material, forming
a melt pool. The alloying elements are incorporated and distributed within the molten material and
after the solidification a surface alloy with significantly enhanced functional properties over the base
material is formed.

5.1. Electron-Beam Surface Alloying of Aluminum and Its Alloys

A number of studies exist describing an electron-beam surface alloying of Al and aluminum
alloys [49–57]. The authors of [50–52] have studied the formation and characterization of Al–Si and
Al–C surface alloys on an aluminum substrate by a high-current pulsed electron beam. A multilayer
system Al/Si/Al/Si/Al/Si/Al was deposited on an Al substrate using a physical vapor deposition (PVD)
technique. The multilayer system consists of four polycrystalline Al films with a thickness of 350 nm,
divided by three amorphous-like 50-nm-thick Si films. An electron-beam surface alloying was realized
where the technological conditions of the process led to a melting of the Al, but under the melting point
of Si. Although the results revealed an unchanged multilayer structure after the electron-beam alloying,
the concentration of the silicon in the Al layers was significantly increased, due to the diffusion of the
Si atoms within the Al films. The following rapid solidification of Si-rich Al layers led to the formation
of a second-phase structure of Al4Si2C5. With an increase in the beam energy, where the melting point
of Si was reached, the effectiveness of the element mixing significantly decreased due to the ablation
of the deposited multilayer system. Concerning the formation of Al–C surface alloys, a multilayer
system of Al/C/Al/C was deposited on Al substrate by PVD technology. The multilayer film consists of
two polycrystalline Al films with thicknesses of 700 nm and 500 nm and two amorphous-like C with
thicknesses of 200 nm and 100 nm. The electron-beam alloying process was realized in the mode of
melting of Al and the resultant structure consists of coarse unmelted Al particles, regions consisted of
nanosized (2–3 nm) C particles located at the grain boundaries of submicron Al grains, zones consisted
of 50–100 nm carbon structures with 3–5 nm Al precipitates, as well as few micrometers amorphous-like
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carbon particles. In comparison with the previous system (Al–Si), second phase structures have not
been observed due to the low temperature and short lifetime of the melt pool [50–52].

Similarly, Zhang et al. [55] have studied an alloying of Al substrate with Cr powders by a
high-current pulsed electron beam. The results obtained in this work showed that the Al–Cr-alloyed
layer was successfully formed using electron-beam alloying, and surface properties of the base Al
material were significantly improved. It was found that Al8Cr5, AlCr2 and Al13Cr2 intermetallics,
as well as ultrafine Cr particles and Al(Cr) solid solutions were obtained within the alloyed zone.
The microhardness was significantly increased, and the corrosion properties were greatly improved
over the Al substrate.

The authors of [49,53,54] have based their work on electron-beam-alloying of aluminum alloys
with Fe, Cr, Co and Ni powders. The alloying materials were previously deposited on the Al–Si
substrate in the form of surface layers with a thickness of 1 µm. The obtained results showed that the
alloying of Al–Si alloy with Fe–Cr powders led to a formation of FeSiAl6; Al3Fe; CrAl7; (CrFe)4Si4Al13;
(CrFe)5Si8Al2 phases and up to 8.4% Fe solid solutions. Concerning the alloying with Ni–Cr powders,
the following phases were registered: NiAl3, Cu4NiAl7 and (CuFeNi)2Al3. At very high cooling rates,
supersaturated solid solutions with a chromium content of up to 10% were formed. The alloying of
Al–Si material with Co–Cr powders led to a formation of Co2Al9 and CoCu2Al7. It was found that the
microhardness of the alloyed zone in all cases was significantly higher than the base Al–Si material,
where the highest values were found in the case of alloying with Co–Cr powders (about 240 HV).

The authors of [56,57] studied the possibility of formation of ternary Al–Ti–Nb surface alloys by
electron-beam alloying of Al substrate with Ti and Nb films, where the influence of the speed of the
specimen motion on the structure and properties of the intermetallics was investigated. The results
showed a presence of pseudobinary (Ti,Nb)Al3 intermetallic phase, and the velocity of the sample
movement did not influence on the phase composition. The measured microhardness of the intermetallic
phase reached 775 HV, which is about 22 times higher than the base Al substrate. It was found that the
speed of the specimen motion has a significant influence on the microstructure. In the case of higher
velocity, the microstructure of the alloyed zone consists of fine intermetallic particles, homogeneously
distributed on the surface of the Al substrate with a very small amount of coarse fractions, while at a
lower speed it is in the form of coarse intermetallic fractions (Figure 9). The same authors [56] have
made an extensive discussion on the influence of the speed motion on the resultant microstructure
and the distribution of the alloying elements within the surface alloys formed by electron-beam
alloying. According to the numeric model [58], which studied the mass transport in the melt pool,
the homogenization of surface alloys formed by high energy fluxes is based on the high-temperature
Marangoni convection, caused by the high-temperature gradient in the molten material. The influence
of the convection on the homogenization can be evaluated by the surface tension number S, which is
given by Equation (7):

S =

(
dσ
dT

)
qd

µu0k
(7)

In (7) (dσ/dT)—temperature coefficient of the surface tension; q—net heat flow; d—electron beam
diameter; µ—viscosity; u0—the speed of the sample motion; k—thermal conductivity. For lower values
of the surface tension number, the mass transport is insufficient for melt homogenization due to the
negligible convection processes, and vice versa. On the other hand, it is evident from (7) that the
use of the lower speed of sample motion during the alloying process leads to higher values of S and
the convection is sufficiently intensive for melt-homogenization and causing solute redistribution.
These statements are completely in agreement with the results obtained by the authors of [56,57], where
it was demonstrated that lower velocity of sample movement leads to a formation of significantly more
homogeneous microstructure than higher speeds (Figure 10).
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from ref. [57]. Copyright (2018), Springer Nature).

5.2. Electron-Beam Surface Alloying of Titanium and Its Alloys

There exist many works which describe the alloying of titanium and Ti-based alloys by
electron-beam techniques [50,59–66]. The authors of [59,60] have studied the possibilities of alloying
of the Ti substrate with Al film by electron-beam alloying. The thickness of the deposited Al film was
100 nm. The specimens were then subjected to electron-beam surface alloying. The results showed
that a surface alloy with a thickness of 2 µm was successfully formed. The concentration of the Al
element decreases with an increase in the depth of the sample. The phase composition consists of TiAl
(TiAl2), Ti3Al and α-Ti, where TiAl (TiAl2) was the main one and was replaced by Ti3Al and α-Ti in
the deeper parts of the specimen. The results showed that the microhardness of the obtained surface
alloy was 11 GPa on the surface and decreases with an increase in the depth. Similarly, the authors
of [61] studied an alloying of the Ti substrate with a composite Ti–Al (Ti:Al = 1:1) film by electron-beam
surface alloying. The phase composition consists of TiAl/Ti3Al phases, and it was demonstrated that
the hardness was 18.5 GPa on the surface and decreases to about 5 GPa at a depth of 1500 nm.

The authors of [50,62,63] studied the possibilities of electron-beam surface alloying of Ti-6Al-4V
alloy with Zr and Ti. A multilayer Zr/Ti coating with a thickness of 480 nm was deposited on
the Ti-6Al-4V substrate by DC (direct current) magnetron sputtering. The specimens were then
electron-beam surface alloyed, which led to a homogeneous mixing of the Ti–Zr films, and the diffusion
of Zr within the Ti-6Al-4V substrate—up to a thickness of 1 µm. The performed EDS analysis showed
an absence of Al and V atoms up to a depth of 500 nm. The XRD results demonstrated the presence
of the Ti70Zr40 phase. Similarly, Zhang et al. [64] studied an alloying of Ti-6Al-4V substrates with Cr
powder by a high-current pulsed electron beam. The results obtained by the authors of [64] showed
that the microstructure of the formed surface alloy was transformed from α + β structure to α’ laths and
β equiaxed grains. Additionally, uniformly distributed Cr2Ti particles were also observed within the
alloyed layer. It was found that the hardness of the surface alloy was increased with an increase in the
number of pulses. The hardness of the initial sample was found to be 298 HV and reaches values of 362
HV for the Cr-alloyed specimen, irradiated with 30 pulses. Moreover, a significant improvement was
reported for the coefficient of friction and wear properties. Both, the friction coefficient and wear rate
decreased gradually with an increase in the number of the pulses. In addition, it was demonstrated
that the corrosion properties of the Cr-alloyed Ti-6Al-4V specimen was the best after irradiation with
30 pulses [64].

The authors of [65] have shown the conditions of formation and characterization of Ti–Al–Nb
and Ti–Al–V surface alloys on a Ti substrate by electron-beam alloying. Bilayer coatings of Ti-Nb and
Ti-V respectively were deposited on a Ti substrate by DC (direct current) magnetron sputtering, in
which the overall thickness of each coating was about 2 µm. The electron-beam current was varied in
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the range from 15 mA to 25 mA with a step of 5 mA. The results showed that a surface alloy in the
ternary system of Ti–Al–Nb was successfully obtained by using a beam current of 25 mA. However,
although some amount of Al and Nb were successfully introduced into the Ti substrate, the presence
of intermetallic phases in the system of Ti–Al–Nb was not registered. It was reported that the Al and
Nb concentration within the alloyed zone was 8.9 at% and 6.0 at%, respectively. Lower values of the
electron-beam current lead to insufficient input energy density and the Nb film remains unmelted
(Figure 11). Concerning the formation of the Ti–Al–V surface alloys, it was demonstrated that it was
successfully formed by a beam current of 20 mA. Higher values lead to the evaporation of the alloying
elements (i.e., deposited Al–V bilayer coating) and the intermetallic has not been formed.
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alloying with (a) electron-beam current of 20 mA (b) electron-beam current of 25 mA [65].

As already mentioned, the alloying of pure Ti substrate with Al and Nb by using a beam current of
25 mA led to a successful introduction of the alloying elements into the base material, but intermetallic
phases within the discussed ternary system have not been observed. The same authors continued their
research [66] by realizing a cyclic technique for the incorporation of the alloying elements into the Ti
matrix. A scheme of the technique is presented in Figure 12. The maximum number of the realized
cycles was three. The first was an electron-beam surface alloying of pure Ti substrate with a bilayer
Al/Nb coating where the technological conditions of the alloying process were optimized according
to [65]. The sample obtained after the first cycle was further covered by the same bilayer coating and
subjected to a second electron-beam alloying. The same procedure was repeated for the third cycle.
The results from [66] showed that the amount of the alloying elements increases after each cycle. After
the second one, an intermetallic phase in the system of Ti–Al–Nb, namely body-centered cubic—B2
(BCC–B2) Ti2AlNb was formed. After the third cycle, the phase composition was in the form of a
double-phase structure of (BCC–B2) and orthorhombic (O) Ti2AlNb. In addition, the results revealed
that the microhardness increases after each cycle.
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5.3. Electron-Beam Surface Alloying of Other Materials

The authors of [67] studied an electron-beam surface alloying of stainless steel 316 with copper.
A Cu film was deposited on the steel substrate by sputtering followed by a single pulsed melting of the
film-substrate system. The results exhibited the best values for the nanohardness and wear resistance
at an input energy density in the range from 4.3 to 6.3 J/cm2. An increase in the pulse number to five at
a constant input energy density led to a dissolution of the Cu film within the substrate and about 2 µm
thick surface alloy was formed.

The authors of [68,69] studied an alloying of Ni substrates with W and Cr, respectively. In [68] an
alloying of a commercially pure Ni with W powder using a high-current pulsed electron beam was
studied. Two types of technological conditions were realized, namely 10 and 20 pulses. The results
showed that the W powder was dissolved into the Ni substrate and formed a Ni(W) solid solution, Ni
phase and ultrafine W particles. The microhardness and wear resistance increased with an increase
in the number of pulses. These improvements were attributed mainly to the formed microstructural
defects, the existence of W particles and Ni subgrains. In addition, the alloying process led to an
enhancement in the corrosion properties due to induced microstructural defects and W additions,
which led to the formation of a more stable passive film. Similarly, the authors of [69] studied the
alloying of pure Ni with Cr powder, where two types of technological conditions were used: 10 and
20 pulses. The results showed that the hardness and wear resistance increased, and the coefficient
of friction decreased with an increase in the pulse number. The corrosion resistance of the formed
Ni–Cr surface alloy was also improved over the Ni substrate, where the best corrosion properties were
found at the electron-beam alloying with 20 pulses. The authors of [70] investigated surface alloying of
pure Ni substrates with chromium, tungsten and tin powders by pulsed electron beam and discuss
the straightening mechanism. Their discussion was built on the first-principle calculations based on
density functional theory. Two technological conditions were realized, namely 10 pulses and 20 pulses.
The results showed that after 20 pulses of the electron-beam irradiation the amount of the alloying
elements in the Ni matrix is greater than the alloying with 10 pulses. It was found that the Ni–Sn solid
solution formed after 20 pulses has the highest microhardness. The same authors [70] discussed that
the atomic radius is of major importance. They pointed out that the largest atomic radius of alloying
elements led to the finest microstructure and highest hardness.

The authors of [71] studied alloying Cu substrates with W powder by a high-current pulsed
electron beam. The alloying procedure was carried out at 20 and 30 pulses and the results revealed
that the highest value of the hardness (38% greater than unalloyed specimen) and enhancement of the
corrosion properties were obtained after alloying with 30 pulses. The same authors extended their
research by comparison of high-current pulsed electron-beam alloying of Cu–Cr and Cu–W under the
same technological conditions [72]. It was found that the Cu–Cr solid solution exhibits significantly
higher hardness than that of Cu–W. The reason was the existence of deformation structures, subgrains,
solid solution and Cr particles. The same authors mentioned that the particle-strengthening mechanism
is of major importance for the microhardness enhancement of the Cu matrix.

Based on the performed literature review, it is obvious that the electron-beam alloying technique
has many applications in the field of improving the surface properties of a wide range of materials.
Comparing the enhancement of the surface properties of Ti, Al and its alloys by electron-beam
hardening vs alloying, the first approach leads to an increase in the hardness in the range from
20% to 40%, while the latter one is capable in increasing the mechanical properties to more
than 20 times [56]. The electron-beam alloying technology is significantly more appropriate for
the improvement of the surface properties of light metals and alloys in comparison to the other
electron-beam treatment techniques.

6. Summary

The techniques and trends of electron-beam surface treatment of metals and alloys—including
hardening, alloying and electron-beam physical vapor deposition—were presented in this article.



Metals 2020, 10, 1219 17 of 20

Some combined methods and techniques for improvement of the structure and properties of advanced
materials were also discussed. The major benefits of these techniques are their low cost, short process
time, repeatability of the technological conditions. It was shown that the electron-beam treatment
technologies lead to a significant improvement in the functional properties of different metals and alloys
and can be applied in a number of modern industrial branches, such as aerospace, automotive, marine
industries, aircraft manufacturing, biomedical applications, etc. This improvement is mostly due to
grain refinement, phase transformations, changes in the microstructure, caused by the high cooling
rates. The data related to the functional properties of many materials, such as aluminum, titanium,
stainless steels, tool steels were presented and extensively discussed. The results showed that their
characteristics were significantly improved, from about 20% to more than 20 times, which significantly
exceed that obtained by the conventional techniques.

Currently, many researchers have based their work on the optimization of the technological
conditions, structure and properties of electron-beam processed materials—as well as for their
implementation in completely new industrial fields. Due to the fact that many electron-beam machines
are already installed in many industrial factories and their number growths rapidly every year,
the usage of these technologies in the modern industry will grow further. It can be concluded that
the electron-beam methods for surface treatment are very promising and their industrial applications
still growing.
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