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Abstract: In this study, the possibilities for modification and improvement of the surface structure
and properties of titanium substrates by a formation of composite Ti/TiC layers are presented. The
layers were fabricated by a two-step electron-beam surface modification technique. The first step
consists of injection of C powder within the pure Ti substrates by electron-beam alloying technology.
The second step is the refinement and homogenization of the microstructure by the electron-beam
remelting procedure. During the remelting, the speed of the motion of the samples was varied, and
two (most representative) velocities were chosen: 5 and 15 mm/s. Considering both speeds of the
motion of the specimens, a composite structure in the form of fine TiC particles distributed within the
base titanium matrix was formed. The remelting speed of 5 mm/s led to the formation of a much
thicker composite layer, where the TiC particles were significantly more homogeneously distributed.
The results obtained for the Vickers microhardness exhibit a significant increase in the value in the
mentioned mechanical characteristic in comparison with the base Ti substrate. In the case of the lower
speed of the motion of the specimen during the remelting procedure, the microhardness is 510 HV,
or about 2.5 times higher than that of the titanium substrate. The application of a higher speed of
the specimen motion leads to a decrease in the microhardness in comparison with the case of lower
velocity. However, it is still much higher than that of the base Ti material. The mean microhardness of
the sample obtained by the remelting speed of motion of 15 mm/s is 360 HV, or it is 1.8 times higher
than that of the base material.

Keywords: electron-beam surface modification; titanium carbide; microstructure; microhardness;
X-ray diffraction; scanning electron microscopy; energy-dispersive X-ray spectroscopy

1. Introduction

Titanium and Ti-based alloys are commonly used in a large number of modern indus-
trial branches, such as aerospace, aircraft, automotive, marine, and railway industries, due
to their lightweight and attractive mechanical properties. However, the range of applica-
tions of these materials is still limited because they are characterized by low hardness [1-5].
These limitations depend on their surface properties where they are mostly exposed to
exploitation. Therefore, the above-mentioned drawback can be overcome by an appropriate
technique for surface treatment and modification [6,7].

Currently, the modification of the structure and properties of the surface of different
metals and alloys by means of electron-beam treatment is very promising due to the very
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high rate of reproducibility, low cost compared with the traditional technologies, and
shorter processing time [8,9]. In this technique, the materials are irradiated by a flux
of accelerated electrons, where the kinetic energy of the negatively charged particles is
transferred into heat. As a result, a thermal distribution from the surface to the bulk is
formed and the cooling rate can reach values of 10*~10° K/s. This very rapid cooling leads
to changes in the microstructure, chemical composition, phase composition, formation of
preferred crystallographic orientation, melting of the surface, etc. [10-13]. The technological
conditions of the electron-beam surface modification procedure can be controlled very
precisely, meaning that the resultant structure and properties of the modified materials can
be precisely controlled as well.

The improvement of the surface properties of titanium and Ti-based alloys by means
of electron-beam surface alloying is a very promising approach. In this technique, a
formation of alloyed layers with significantly enhanced properties in comparison to that of
the base materials is obtained. The substrate is preliminary covered by alloying elements,
followed by an electron-beam treatment. During the treatment procedure, the technological
conditions can be optimized to melt the surface and introduce the alloying elements
within the molten materials, and after its solidification, an alloyed layer with significantly
improved functional properties is formed [14-17]. The authors of [18-20] have investigated
the possibilities of the formation of Ti-Al-based surface alloy on titanium substrates by an
electron-beam surface alloying of titanium with aluminum films and the results showed
an increase in the hardness in all considered cases due to the formation of intermetallic
phases in the system of Ti-Al. In [21], the alloying of Ti6Al4V alloy with Cr powder
was investigated, and the results obtained showed changes in the microstructure and the
existence of Cr,Ti particles within the alloyed zone. Moreover, an increase in the hardness
and improvement in the wear properties were also reported by the authors of [21]. Our
previous investigations [14,15] were based on alloying of titanium substrates with Al/Nb
bilayer structures. The hardness of the alloyed layers increases significantly. The highest
measured values were three times higher than those of the base Ti substrate.

The literature review presented above demonstrates that the electron-beam surface
modification and alloying are very promising for the improvement of the surface properties
of Ti-based materials. In this direction, the formation of carbides could be a perspective
direction as these components are known as hard and wear-resistant [22-24]. It is well
known that the TiC compound is characterized by very high hardness, and therefore, it is
expected that the fabricated composite Ti-C layers result in a significant improvement of the
microhardness of the titanium substrates [25]. The TiC compound is known as significantly
harder in comparison with a number of transition metal nitride coatings (such as TiN, CrN,
ZrN, etc.), which, in general, are characterized as very hard. However, investigations on
the possibilities for the fabrication of composite alloyed layers in the system of Ti-C by the
methods of electron-beam surface modification are currently lacking within the scientific
literature. Moreover, the influence of the applied technological conditions on the resultant
structure and microhardness of the fabricated composite layer in the system of titanium-—
carbon has also not yet been studied. Thus, the goal of this paper is to investigate the
possibility of the formation of surface layers in the system of Ti-C on a titanium substrate,
aiming to improve the microhardness of the base material by the electron-beam surface
modification technique. The corresponding results for the structure and microhardness of
the formed surface layers are discussed concerning the applied technological conditions of
the electron-beam surface modification procedure.

2. Materials and Methods

In the present study, commercially pure Ti substrates with dimensions of 20 mm x 20 mm
and a thickness of 4 mm were used. A mixture of 3 mg carbon powder (with particle size of
100 £ 20 um) and 3 mL alcohol was evenly deposited on the top of the titanium plates. The
samples were heated in order to evaporate the solvent, and as a result, a uniform film was
formed with a thickness of about 3.7 pum. The electron-beam surface modification procedure
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consists of two steps, namely alloying and remelting. The specimens were subjected to an
electron-beam surface alloying in order to introduce the C element within the Ti substrate.
During the alloying procedure, the electron-beam accelerating voltage was 60 kV, the
electron-beam current was 18 mA, the speed of the specimen motion was 5 mm/s, and the
electron-beam scanning frequency was 200 Hz. The experiments were realized in a circular
manner of scanning with a radius of 4 mm. In this case, the beam trajectory overlaps, and
the lifetime of the melt pool is longer, which leads to a successful incorporation of the
C powder. The obtained specimens were further subjected to an electron-beam surface
treatment, namely the remelting procedure, aiming for the homogenization of the obtained
Ti-C composite layer on the top of the titanium substrates. During the remelting process,
the accelerating voltage was 60 kV, the electron-beam current was 18 mA, and the electron-
beam scanning frequency was 200 Hz. The remelting procedure was again realized in a
circular mode, where the radius of the circle was 4 mm to maintain the lifetime of the melt
pool longer. After a large number of experiments, two speeds of the specimen motion
were chosen, namely 5 and 15 mm/s, as they were considered the most representative and
completely describe the influence of the speed of the movement of the specimens during
the remelting procedure. At speeds lower than 5 mm/s, a strong modification of the surface
morphology occurs, where the melting and evaporation processes become predominant,
which is not the desirable effect. At remelting speeds higher than 15 mm/s, the surface
temperature becomes insufficient for the formation of a composite structure in the system
of Ti-C and a significant improvement of the functional properties is not achieved. The
direction of the remelting procedure was realized perpendicularly to that of the alloying
one. A scheme of the electron-beam surface alloying and remelting procedures is presented
in Figure 1.

Electron Beam Source Electron Beam Source

C,H.OH
Solid
Carbon
Particles /Electron Bean'l ) /Electron Beam
Ti+C Ti/TiC
&Y N
{{{;? IV. mm/s v, mm/s

Infrared Heater

Figure 1. A scheme of the electron-beam surface alloying and remelting procedures.

X-ray diffraction experiments (XRD) were employed to investigate the phase composi-
tion of the fabricated composite layers. The experiments were realized in a symmetrical
Bragg-Brentano mode from 21 to 80 degrees at the 26 scale with a step of 0.01° and a count-
ing time of 1 s per step. The measurements were carried out using CuKo characteristic
radiation (1.54 A).

The microstructure was investigated by scanning electron microscopy (SEM-LYRA I
XMU (Tescan), Brno, Czech Republic), where backscattered electrons were used. Energy-
dispersive X-ray spectroscopy (EDX microanalyzer—Quantax 200, Bruker, Billerica, MA,
USA) was employed for the investigation of the chemical composition.

The measurements of the microhardness were carried out using the EMCO Test
DuraScan equipment. During the experiments, a load of 20 g was applied for a time of
10 s and a gradient of 10 g/s. The experiments were realized according to the ISO 6507-1
standard. A total number of 10 measurements were performed at each considered depth
while using a specialized pattern for all measurements in order to meet the standard criteria
for minimum distance between adjacent indentations.
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3. Results and Discussion

The X-ray diffraction pattern of a sample subjected to the alloying procedure, i.e., the
first step of the surface modification process is shown in Figure 2. The identified peaks
correspond to pure Ti and pure C. No diffraction maxima of TiC are registered, meaning
that at the first step of the electron-beam surface modification procedure, the C element
is just embedded into the Ti matrix, but it does not lead to the formation of carbide phase
of titanium.
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Figure 2. X-ray diffraction pattern of a sample subjected the first step of the surface modification process.

Figure 3 presents the experimentally obtained XRD patterns of the specimens sub-
jected to the remelting procedure with the speeds of the motion of the samples of 5 and
15 mm/s, i.e., the second step of the electron-beam surface modification. They exhibit
diffraction maxima of «-Ti with hexagonal closed-packed structure (HCP), TiC phase,
which is characterized by a face-centered cubic (FCC) structure, and HCP pure carbon
phase. The identification of the phase composition was performed according to the ICDD
(International Centre for Diffraction Data) crystallographic database, PDF # 44-1284 for
pure Ti, PDF # 32-1383 for TiC, and PDF # 41-1487 for C. The presence of strong peaks
corresponding to «-Ti means that this phase is the main one. Additionally, the existence
of diffraction maxima corresponding to the TiC phase confirms that the applied carbon
on the top of the Ti substrates was introduced and dissolved within the matrix of the base
Ti substrate material by the applied procedures of alloying and remelting. As a result,
a second-phase structure in the form of titanium carbide was successfully formed and
distributed within the base «-Ti matrix. However, the peak at about 25 degrees, corre-
sponding to pure carbon, means that some amount of the applied alloying element remains
undissolved within the Ti matrix. The results show that the studied phase composition as a
function of the speed of the specimen motion within the range of 5-15 mm/s is unchanged,
meaning that the velocity of the movement of the samples and the above-mentioned tech-
nological conditions does not affect the studied structural parameter. Considering the
intensities of the diffraction maxima belonging to the discussed phases, it can be mentioned
that they are in good agreement with the crystallographic database for pure Ti and TiC.
In addition, no variations in this trend can be observed in dependence on the speed of
the motion of the specimen during the remelting process. This means that the change
in the discussed technological parameter does not influence the formation of a preferred
crystallographic orientation. A lot of investigations exist on the impact of the structural
parameters on the functional properties of the materials, and according to the authors
of [26], the preferred crystallographic orientation has a significant influence. Moreover,
the speed of the movement of the specimens does not lead to a change in the position of
the diffraction maxima of the above-mentioned structures, meaning that the discussed
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technological parameter does not influence the lattice parameters and volume. This is also
of major importance for the functional properties of the materials [27,28].
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Figure 3. X-ray diffraction patterns of the specimens remelted at a speed of the specimen motion of
(a) 5mm/s and (b) 15 mm/s.

A cross-sectional scanning electron microscopy (SEM) micrograph of the specimen
obtained by the electron-beam surface remelting with a speed motion of 5 mm/s is shown
in Figure 4. Figure 4a shows a lower magnification micrograph of the whole remelted
zone, while Figure 4b represents a higher magnification image of the formed layer. It is
well visible that the thickness of the layer formed after the second step of the electron-
beam surface modification procedure is about 55 um. In addition, the microstructure of the
formed composite layer is much finer in comparison with the titanium substrate. According
to the authors of [29], the electron-beam-processed materials are characterized by a finer
structure due to the very high thermal cyclic gradients during the modification process.
This statement is in agreement with the results obtained, pointing to the formation of
a significantly finer microstructure in comparison with the base material. The obtained
surface layer is in the form of fine TiC particles homogeneously distributed within the «-Ti
matrix. The chemical composition of the alloyed layer was studied by energy-dispersive
X-ray spectroscopy mapping and the results are shown in Figure 5. It is obvious that the
particles consist of Ti and C elements, therefore confirming that they are TiC. In addition,
it is visible that some amount of carbon element is embedded within the Ti matrix, and it
is not the whole C concentration that is responsible for the formation of the TiC particles.
Moreover, the performed EDX measurements in point presented in Figure 6 and Table 1
show that the particles consist of 59 at.% Ti and 41 at.% C, which, according to the binary
phase diagram of Ti-C, corresponds to the aforementioned phase (Point 1 from Figure 6) [30].
The measurements performed at the base material within the alloyed layer exhibit a
concentration of 20 at.% carbon (Point 2 from Figure 6). According to the phase diagram [30],
the matrix of the alloyed layer is in the form of a double phase structure of Ti and TiC. These
statements correlate with the results of the XRD experiments pointing to a double-phase
structure of titanium carbide particles dispersed in the composite Ti/TiC matrix.
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Figure 4. A cross-sectional SEM image of the specimen alloyed by the speed motion of 5 mm/s
(a) lower magnification; (b) higher magnification.

Map data 3967 o
s L3
MAG: 6000 x-HV: 20.0 kV' WD¥14.0
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MAG: 6000 x HV: 20.0 kV' WD: 14.0 mm

Figure 5. EDX mapping of the surface alloy formed by the speed motion of 5 mm/s.

Table 1. Chemical composition at each measured point indicated in Figure 6.

Point Ti, at.% C, at.%
1 58.62 41.38
2 81.46 19.54

3 97.56 2.44
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Figure 6. Points of the EDX measurements.

A cross-sectional SEM micrograph of the sample fabricated by an electron-beam sur-
face remelting with a motion speed of 15 mm/s is shown in Figure 7. Figure 7a shows a
lower magnification micrograph of the whole remelted zone, while Figure 7b expresses
a higher magnification image of the formed layer. The thickness of the fabricated layer
by the above-mentioned technological conditions and the speed of the motion of the
specimen of 15 mm/s is about 30 pm, or about two times thinner in comparison with
the case of electron-beam surface remelting by a velocity of the motion of the sample of
5 mm/s. The authors of [31] have studied the influence of the velocity of the motion of
the sample during the electron-beam surface treatment procedure on the thermal distri-
bution within the specimen from the surface to the bulk, and their results showed that
the surface temperature increases at a lower speed of the specimen’s motion. This leads
to an increase in the depth of the molten material. Therefore, the lower surface tempera-
ture at the higher velocity is responsible for the thinner remelted zone. In addition, the
fabricated composite layer is characterized by a significantly finer microstructure in com-
parison with the titanium substrate. This again can be attributed to the very high thermal
gradients during the remelting process, which is typical for the electron-beam treatment
techniques [8,9]. However, it should be noted that the microstructure of the layer obtained
by the speed of the movement of the sample of 15 mm/s, shown in Figure 7b, is coarser
than that fabricated by the speed of 5 mm/s (Figure 4b). As mentioned above, the lower
speed of the movement of the sample corresponds to a higher surface temperature [31]. In
this case, the cooling rate is higher, corresponding to a finer microstructure [29], which is in
agreement with the results obtained in the present study. The composite layer fabricated
by the speed of 15 mm/s consists of fine TiC particles distributed within the base material.
This is again in agreement with the XRD experiments. However, the higher magnification
SEM image of the structure of the formed composite layer, presented in Figure 7b, shows
that at the speed of 15 mm/s, the TiC particles are more inhomogeneously distributed
within the base Ti matrix and the distance between them is much larger in comparison
with the layer remelted with a speed of 5 mm/s (Figure 4b). The authors of [32] have
studied the mass transport and melt homogenization within the molten material at the
surface treatment and modification of materials by high energy fluxes. The homogenization
process within the molten material can be expressed by the intensive convection, known
as Marangoni convection, caused by the high-temperature gradient within the molten
pool. It is proposed that the speed of the movement of the specimen during the remelting
process strongly influences the convection processes and the melt homogenization, where
lower velocity leads to a significant increase in the thermal gradient within the molten
pool and, therefore, intensifies the convection flows [33,34]. This results in the formation
of a significantly more homogeneous microstructure. These statements correlate with the
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results of our study. Thus, in the present case, the remelting procedure with the lower
speed of the motion of the sample of 5 mm/s tends to the formation of a layer that can be
characterized by a much more homogeneous structure in comparison with that formed
by the higher speed motion of 15 mm/s. This is attributed to the much more intensive
convection and homogenization processes.

Figure 7. A cross-sectional SEM image of the specimen alloyed by the speed motion of 15 mm/s:
(a) lower magnification; (b) higher magnification.

The results obtained for the Vickers microhardness of the formed surface alloys are
shown in Figure 8. Additionally, the results for the base Ti substrate are also shown for
comparison. It was found that the microhardness of the surface alloy formed by the
speed motion of 5 mm/s is 510 HV, or about 2.5 times higher than that of the titanium
substrate. The microhardness of the sample obtained by the speed of motion of 15 mm/s is
360 HV, which is 1.8 times higher than that of the base material. It is clearly visible that
the hardness of the formed composite layer by the velocity movement of 5 mm/s is higher
than that fabricated by 15 mm/s, and, at the same time, both layers are characterized by a
higher microhardness than that of the titanium substrate (204 HV). The authors of [35] have
studied the influence of electron-beam surface treatment of the Ti alloy without adding
alloying elements on the microhardness, and their results showed that the rise in the
discussed mechanical characteristic is about 15%. However, in this study, it was shown that
the microhardness can be 2.5 times higher than that of the base Ti substrate, meaning that
the electron-beam surface modification of titanium-based surfaces with carbon leads to a
significant improvement in the functional properties of these materials compared with the
modification without any alloying elements.

There exist a number of aspects that can influence the mechanical properties of the
materials, including chemical composition, crystallographic structure, microstructure,
dislocation density, etc. The grain boundary hardening, also known as the Hall-Petch effect,
is based on the impact of the grain size on the mechanical properties of the material [36].
In this mechanism, the grain boundaries play a role of a barrier for the movement of the
dislocations, and the dislocation density around the grain boundaries rises significantly.
As a result, the strength and hardness of the material increase. In the case of a finer
microstructure of the considered materials, the amount of grain boundaries is larger,
corresponding to a larger number of dislocations around the grain boundaries and a greater
hardening effect. These statements are consistent with the results obtained in the present
study, where it was found that the microhardness of the obtained composite layers is much
higher than that of the base Ti substrate in both considered cases. Additionally, as it was
previously mentioned, the microstructure of the layer fabricated by the processing speed of
15 mm/s (i.e., higher speed) is coarser than that obtained at 5 mm/s. This means that the
amount of the grain boundaries in the case of higher speed is smaller, and the dislocation
density and the hardening effect are lower, respectively. This could be a reason for the lower
values of the microhardness measured at the composite layer fabricated by the motion
velocity of the specimen of 15 mm/s. The precipitation hardening, also known as the
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Orowan hardening [37], is another possible hardening mechanism that could be considered
in the present particular case. It presumes that the moving dislocations reach hard and
non-deformable obstacles, curl around them, and form dislocation loops. These loops
induce a stress within the matrix of the material which serves as brake for the movement
and distribution of the dislocations. The hardening in this case can be explained by the
distance between the obstacles where the required stress for the forcing of the dislocations
between the obstacles is inversely proportional to the distance between them [38]. On the
other hand, the interaction of the upcoming dislocations with the already formed loops
results in an increase in the force needed for negotiation of the loop’s resistance. As a result,
the interaction of each dislocation with the already formed loops leads to the increase in
the stress of the matrix around the obstacle. In the present study, the obtained fine TiC
particles play the role of the obstacles which can be surrounded by the dislocations and
form dislocation loops. As already mentioned, the distance between the TiC particles is
much larger in the case of the speed of electron-beam processing of 15 mm/s, meaning
that, according to the authors of [38], the hardness of the formed composite layer should be
lower than that fabricated by the specimen motion speed of 5 mm/s. This is completely
in agreement with the results obtained in this study, showing higher hardness in the case
of velocity of the sample during the remelting procedure of 5 mm/s. Furthermore, the
distribution of the TiC obstacles is more inhomogeneous in the case of processing with
a speed of 15 mm/s. This means that the scattering value of the measured values of the
microhardness should be higher, which is the reason for the significantly higher deviation
in the measured hardness of the discussed composite layer.

600

500 —

400 —

Microhardness, HV0.02

200 — E

100
I I [

Ti 5 mm/s 15 mm/s
substrate

Figure 8. Microhardness of the base Ti substrate and the remelted layers by the speed motion of
5mm/s and 15 mm/s.

The distribution of the microhardness from the surface to the bulk of the samples
remelted by the speed of 5 mm/s and 15 mm/s is presented in Figure 9a,b, respectively. The
results for the specimen remelted by the lower speed exhibit very similar measured values
within the remelted zone (i.e., the values measured at depths up to 40 um), where just a
small decrease from the surface to the bulk can be observed. The microhardness measured
at a depth of 60 pm decreases from about 500 HV to 350 HV, which could be attributed to
the thickness of the remelted zone. As mentioned already, in the case of the lower speed
of the movement of the specimen, it is about 55 um, and in this case, the measurement
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600

was performed at the interface between the formed layer and substrate. The measured
value at a depth of 80 um is about 200 HV, which is a typical value for the base titanium
material. The specimen remelted by the higher velocity of sample motion exhibits values
of about 420 HV at a depth of 20 ym and decreases to less than 300 HV at a distance of
40 pm from the surface to the bulk. The latter values measured at 40 um thickness are again
near the interface between the composite layer and the Ti substrate. The microhardness at
the depths of 60 and 80 um is about 200 HV, corresponding to the titanium substrate.
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Figure 9. Microhardness distributions from the surface to the depth of the specimens remelted by the
specimen’s speed motion of (a) 5 mm/s and (b) 15 mm/s.

As mentioned in the introduction part, titanium and its alloys are widely used in
the modern aircraft, aerospace, railway, marine, automotive industries, etc., due to their
light weight and attractive mechanical properties. However, some drawbacks, such as low
hardness, still limit their range of applications. The results obtained in this study show the
possibilities for the formation of composite surface layers in the system of titanium—carbon
by electron-beam surface modification technology. The microhardness of the modified
titanium surfaces, where the materials are mostly exposed to exploitation, is significantly
improved by the proposed method. It was demonstrated that the discussed mechanical
characteristic could be increased by 2.5 times. In addition, such a treatment procedure
is expected to significantly enhance the corrosion properties. As already mentioned, the
remelted Ti/TiC layer is characterized by a much finer microstructure in comparison with
the base titanium substrate. According to the authors of [39], the formation of a finer
microstructure leads to a decrease in the susceptibility of corrosion of cp-Ti. Moreover, it is
well known that the modification of metals and alloys by a scanning electron beam leads
to a reduction in the number of pores, or even to complete removal of these defects. This
also could be considered as prerequisite for the improvement of the corrosion properties.
These statements were confirmed by the authors of [40], where an electron-beam surface
treatment of Co-Cr-Mo alloys led to a significant improvement of the corrosion resistance.

The results obtained in the present study could open new potential applications
for these materials, where light metals and alloys with high hardness are required. The
direct implementation of light materials with enhanced functional properties is expected to
increase the production capabilities of automotive, aircraft, and other manufacturers.

4. Conclusions

The results obtained in the present study demonstrate the possibility for the formation
of composite Ti-TiC layers on titanium substrates by electron-beam surface modification
technique. The material used for a substrate was pure Ti, which was evenly covered
by a mixture of 3 mg carbon powder and 3 mL alcohol. After the evaporation of the
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alcohol, the specimens were subjected to electron-beam surface alloying. The samples
were further remelted in order to homogenize the alloyed layer, where the speed motion
during the remelting procedure was 5 and 15 mm/s. In both considered cases, a composite
structure in the form of fine TiC particles distributed within the base titanium matrix was
formed. It was found that the lower processing speed leads to the formation of a much
thicker composite layer, where the TiC particles are significantly more homogeneously
distributed. The results obtained for the Vickers microhardness of the fabricated composite
layers exhibit significant increase in the mentioned mechanical characteristic in comparison
with the base Ti substrate. In the case of the lower speed of the motion of the specimen
during the remelting procedure, the average Vickers microhardness is 510 HV or is about
2.5 times higher than that of the titanium substrate. The application of a higher speed of
the specimen motion during the remelting process leads to drop in the microhardness in
comparison with the case of lower velocity. However, it is still much higher than that of the
base Ti material. The mean microhardness of the sample obtained by the remelting speed
of motion of 15 mm/s is 360 HV, or it is 1.8 times higher than that of the base material.
In both cases, the formed layers are characterized by a higher microhardness than that
of the titanium substrate. The results obtained could open new potential applications for
light metals and alloys where a high hardness value is required. This could lead to the
direct implementation of light materials with enhanced functional properties in a number
of modern industrial branches.

Author Contributions: Conceptualization, S.V., N.N. and D.N.; methodology, S.V.,, D.N., EP, VD.,
M.O., B.S. and N.N.; formal analysis, S.V., D.N., EP, V.D., M.O. and B.S.; investigation, S.V., D.N.,
FP, V.D., M.O. and B.S; writing—original draft preparation, S.V.; writing—review and editing, N.N.;
visualization, M.O., D.N. and EP; supervision, S.V. and N.N.; project administration, S.V.; funding
acquisition, S.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Project of OP “Science and Education for Smart Growth”,
“Creation and development of centres of competence”-BG05M20P001—1.002—-0023—-C01 “INTEL-
LIGENT MECHATRONICS, ECO- AND ENERGY-SAVING SYSTEMS AND TECHNOLOGIES”
(IMEEST).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lin, Y,; Wang, H.; Zhang, M,; Lin, H.; Yan, D.; Lin, Q.; Kang, X.; Wang, X. Gradient Coating of Laser Cladding TiB, / Ti-Based
Alloy on Titanium Alloy Surface. Coatings 2023, 13, 743. [CrossRef]

2. Jiang, H.; Zhao, X.; Song, H.; Li, C. The Effect of High-Velocity Air-Fuel WC-12Co Coatings on the Wear and Corrosion Resistance
of TC18 Titanium Alloy. Coatings 2023, 13, 755. [CrossRef]

3. Bravo Barcenas, D.I.; Chavez Aguilar, ].M.; Jiménez Aleman, O.; Olmos Navarrete, L.; Flores Jiménez, M.F,; Gonzalez Albarran,
M.A.; Farias Velazquez, 1.G. Microstructure and Mechanical Properties of Ti-TiH; Based Matrix Composites Reinforced with
xTiB, Particles Processed by Powder Metallurgy. Coatings 2023, 13, 587. [CrossRef]

4. Chen, Y,; Lv, H,; Zhang, Z.; Tao, S.; Xie, S.; Li, J.; Liu, Y.; Chen, H. Influence of Medium-High Temperature Annealing on
Microstructure and Properties of High-Power Laser Melting Deposited Ti-6Al-4V Alloy. Coatings 2023, 13, 202. [CrossRef]

5. Avcu, Y.Y; Iakovakis, E.; Guney, M.; Calim, E.; Ozkﬂmg, A.; Abakay, E.; Sonmez, F; Kog, FE.G.; Yamanoglu, R.; Cengiz, A ; et al.
Surface and Tribological Properties of Powder Metallurgical Cp-Ti Titanium Alloy Modified by Shot Peening. Coatings 2023,
13, 89. [CrossRef]

6. Tian, Y,; Chen, C.; Li, S.; Huo, Q. Research progress on laser surface modification of titanium alloys. Appl. Surf. Sci. 2005, 242,
177-184. [CrossRef]

7. Tian, Y;; Chen, C,; Chen, L.; Huo, Q. Microstructures and wear properties of composite coatings produced by laser alloying of
Ti-6Al-4V with graphite and silicon mixed powders. Mater. Lett. 2006, 60, 109-113. [CrossRef]

8.  Valkov, S.; Ormanova, M.; Petrov, P. Surface manufacturing of materials by high energy fluxes. In Advanced Surface Engineering

Research; Chowdhury, M.A., Ed.; IntechOpen: London, UK, 2018; pp. 69-87.


https://doi.org/10.3390/coatings13040743
https://doi.org/10.3390/coatings13040755
https://doi.org/10.3390/coatings13030587
https://doi.org/10.3390/coatings13010202
https://doi.org/10.3390/coatings13010089
https://doi.org/10.1016/j.apsusc.2004.08.011
https://doi.org/10.1016/j.matlet.2005.07.082

Coatings 2023, 13, 951 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Valkov, S.; Ormanova, M.; Petrov, P. Electron-Beam Surface Treatment of Metals and Alloys: Techniques and Trends. Metals 2020,
10, 1219. [CrossRef]

Zagulyaev, D.; Konovalov, S.; Gromov, V.; Glezer, A.; Ivanov, Y.; Sundeev, R. Structure and properties changes of Al-Si alloy
treated by pulsed electron beam. Mater. Lett. 2018, 229, 377-380. [CrossRef]

Franke, R.; Haase, I.; Klemm, I.; Zenker, R. Friction and wear behaviour of electron beam surface treated aluminium alloys
AlSi10Mg(Cu) and AlSi35. Wear 2010, 269, 921-929. [CrossRef]

Fu, Y; Hu, J.; Shen, X.; Wang, Y.; Zhao, W. Surface hardening of 30CrMnSiA steel using continuous electron beam. Nucl. Instrum.
Methods Phys. Res. Sect. B 2017, 410, 207-214. [CrossRef]

Genk, Y.; Chen, X.; Konovalov, S.; Panchenko, I.; Ivanov, Y.; Deev, V.; Prusov, E. Ultrafast microstructure modification by pulsed
electron beam to enhance surface performance. Surf. Coat. Technol. 2022, 434, 128226. [CrossRef]

Valkov, S.; Bezdushnyi, R.; Petrov, P. Study of the influence of vanadium and niobium on the structure of Ti-Al-V and Ti-Al-Nb
alloys formed by selective electron beam alloying. J. Phys. Conf. Ser. 2018, 992, 012053. [CrossRef]

Valkov, S.; Bezdushnyi, R.; Petrov, P. Synthesis, structure and mechanical properties of Ti-Al-Nb coatings formed by electron
beam additive technique. Vacuum 2018, 156, 140-145. [CrossRef]

Ormanova, M.; Dechev, D.; Ivanov, N.; Mihai, G.; Gospodinov, M.; Valkov, S.; Enachescu, M. Synthesis and Characterization of
Ti-Ta-Shape Memory Surface Alloys Formed by the Electron-Beam Additive Technique. Coatings 2022, 12, 678. [CrossRef]
Valkov, S.; Dechev, D.; Ivanov, N.; Bezdushnyi, R.; Ormanova, M.; Petrov, P. Influence of Beam Power on Young’s Modulus and
Friction Coefficient of Ti-Ta Alloys Formed by Electron-Beam Surface Alloying. Metals 2021, 11, 1246. [CrossRef]

Mei, X,; Fu, J.; Li, X.; Rotshtein, V.; Koval, N.; Ma, T. Surface alloying of Al films/Ti substrate based on high-current pulsed
electron beams irradiation. Rare Met. 2014, 33, 155-160. [CrossRef]

Rotshtein, V.; Ivanov, Y.; Kolubaeva, Y.; Mei, X.; Markov, A.; Naiden, E.; Ozur, G.; Oskomov, K.; Popov, S.; Pryadko, E.; et al.
Synthesis of TizAl and TiAl based surface alloys by pulsed electron-beam melting of Al(film)/Ti(substrate) system. Tech. Phys.
Lett. 2011, 37, 226-229. [CrossRef]

Valkov, S.; Neov, D.; Luytov, D.; Petrov, P. Neutron diffraction of titanium aluminides formed by continuous electron-beam
treatment. J. Phys. Conf. Ser. 2016, 700, 012034. [CrossRef]

Zhang, L.; Peng, C.; Yao, X.; Guan, Q.; Lu, R. Surface alloying of Cr on Ti6Al4V alloy induced by high-current pulseelectron beam.
Surf. Coat. Technol. 2019, 370, 288-297. [CrossRef]

Lian, G.; Zhao, C.; Zhang, Y.; Huang, X.; Chen, C.; Jiang, J. Investigation of micro-hardness, wear resistance and defects of 316 L
stainless steel and TiC composite coating fabricated by laser engineered net Shaping. Coatings 2019, 9, 498. [CrossRef]

Chen, X; Li, C.; Bai, X; Liu, H.; Xu, S.; Hu, Y. Microstructure, Microhardness, Fracture Toughness, and Abrasive Wear of In-Situ
Synthesized TiC/Ti-Al Composite Coatings by Cold Spraying Combined with Heat Treatment. Coatings 2021, 11, 1034. [CrossRef]
Zheng, M.; Qu, D.; Zhu, Z.; Chen, W.; Zhang, Z.; Wu, Z.; Wang, L.; Ma, X. Study on Nanoscale Friction Behavior of TiC/Ni
Composites by Molecular Dynamics Simulations. Coatings 2022, 12, 1168. [CrossRef]

Yi, J; Xu, Y.; Liu, Z,; Xiao, L. Effect of TiC Content and TaC Addition in Substrates on Properties and Wear Behavior of
TiAIN-Coated Tools. Coatings 2022, 12, 1911. [CrossRef]

Ackerland, D.R. The Science and Engineering of Materials; PWS Engineering: Boston, MA, USA, 1985.

Zhou, Y.; Niinomi, M.; Akahori, T. Effects of Ta content on Young’s modulus and tensile properties of binary Ti—Ta alloys for
biomedical applications. Mater. Sci. Eng. A 2004, 371, 283-290. [CrossRef]

Lee, Y.; Welsch, G. Young’s modulus and damping of Ti6Al4V alloy as a function of heat treatment and oxygen concentration.
Mater. Sci. Eng. A 1990, 128, 77-89. [CrossRef]

Ormanova, M.; Petrov, P.; Kovacheva, D. Electron beam surface treatment of tool steels. Vacuum 2017, 135, 7-12. [CrossRef]
Kovacevic, S.; Pan, R.; Sekulic, D.; Mesarovic, S. Interfacial energy as the driving force for diffusion bonding of ceramics. Acta
Mater. 2020, 186, 405-414. [CrossRef]

Angelov, V.; Ormanova, M.; Kaisheva, D.; Lazarova, R.; Dimitrova, R.; Petrov, P. Selective electron beam surface alloying of
aluminum with TiCN nanoparticles. Nucl. Instrum. Methods Phys. Res. B 2019, 440, 88-94. [CrossRef]

Chan, C.; Mazumder, J.; Chen, M. A two-dimensional transient model for convection in laser melted pool. Metall. Trans. A 1984,
15,2175-2184. [CrossRef]

Valkov, S.; Petrov, P.; Lazarova, R.; Bezdushnyi, R.; Dechev, D. Formation and characterization of Al-Ti-Nb alloys by electron-beam
surface alloying. Appl. Surf. Sci. 2016, 389, 768-774. [CrossRef]

Almeida, A.; Petrov, P.; Nogueira, I.; Vilar, R. Structure and properties of AI-Nb alloys produced by laser surface alloying. Mater.
Sci. Eng. A 2001, 303, 273-280. [CrossRef]

Ormanova, M.; Nikolova, M.; Angelov, V.; Petrov, P. Investigation of the microstructure and the thermal processes in a Ti6Al4V
alloy surface-modified by scanning electron beam. J. Phys. Conf. Ser. 2020, 1492, 012065. [CrossRef]

Kuo, C.-C;; Lin, C.-H.; Chang, ].-T,; Lin, Y.-T. Reactive High-Power Impulse Magnetron Sputtering of Chromium-Carbon Films.
Coatings 2020, 10, 1269. [CrossRef]

Hazzledine, P.,; Hirsch, P. A coplanar Orowan loops model for dispersion hardening. Philos. Mag. J. Theor. Exp. Appl. Phys. 1974,
30, 1331-1351. [CrossRef]

Fisher, J.; Hart, E.; Pry, R. The hardening of metal crystals by precipitate particles. Acta Metall. 1953, 1, 336-339. [CrossRef]


https://doi.org/10.3390/met10091219
https://doi.org/10.1016/j.matlet.2018.07.064
https://doi.org/10.1016/j.wear.2010.08.002
https://doi.org/10.1016/j.nimb.2017.08.014
https://doi.org/10.1016/j.surfcoat.2022.128226
https://doi.org/10.1088/1742-6596/992/1/012053
https://doi.org/10.1016/j.vacuum.2018.07.021
https://doi.org/10.3390/coatings12050678
https://doi.org/10.3390/met11081246
https://doi.org/10.1007/s12598-013-0092-3
https://doi.org/10.1134/S1063785011030126
https://doi.org/10.1088/1742-6596/700/1/012034
https://doi.org/10.1016/j.surfcoat.2019.05.009
https://doi.org/10.3390/coatings9080498
https://doi.org/10.3390/coatings11091034
https://doi.org/10.3390/coatings12081168
https://doi.org/10.3390/coatings12121911
https://doi.org/10.1016/j.msea.2003.12.011
https://doi.org/10.1016/0921-5093(90)90097-M
https://doi.org/10.1016/j.vacuum.2016.10.022
https://doi.org/10.1016/j.actamat.2020.01.015
https://doi.org/10.1016/j.nimb.2018.12.007
https://doi.org/10.1007/BF02647100
https://doi.org/10.1016/j.apsusc.2016.07.170
https://doi.org/10.1016/S0921-5093(00)01838-4
https://doi.org/10.1088/1742-6596/1492/1/012065
https://doi.org/10.3390/coatings10121269
https://doi.org/10.1080/14786437408207286
https://doi.org/10.1016/0001-6160(53)90109-6

Coatings 2023, 13, 951 13 of 13

39. Ralston, K.; Birbilis, N. Effect of Grain Size on Corrosion: A Review. Corrosion 2010, 66, 075005. [CrossRef]

40. Valkov, S.; Parshorov, S.; Andreeva, A.; Rabadzhiyska, S.; Nikolova, M.; Bezdushnyi, R.; Petrov, P. Influence of beam power on the
surface architecture and corrosion behavior of electron-beam treated Co-Cr-Mo alloys. Nucl. Instrum. Methods Phys. Res. Sect. B
Beam Interact. Mater. At. 2021, 494-495, 46-52. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5006/1.3462912
https://doi.org/10.1016/j.nimb.2021.03.007

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

