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RELEVANCE OF THE DISSERTATION TOPIC

Electron beam methods for surface modification are of considerable interest in modern
science and industry due to their unique advantages over conventional ones. With the increasing
demands on materials and diminishing natural resources, the introduction of new technologies
for the production and modification of new materials is of key importance. Electron beam
processing technology is based on the irradiation of materials with a high intensity electron
beam. In these processes, the kinetic energy of the electrons is converted into heat, leading to
the formation of a thermal field from the surface to the volume of the material. Heating and
cooling rates are very high, resulting in changes in the microstructure, chemical composition
and surface topography of the material.

The process conditions can be selected that during the electron beam surface
modification process, the modified surface is brought to a molten state. This allows the
successful introduction of alloying elements to improve the properties of the base material.
Thus, after the solidification of the molten material, composite structures and surface coatings
can be formed on the base material.

It is important to note that TiB are characterized by very high hardness values of 25
GPa, even exceed 40 GPa in the form of coatings, and are extremely promising for improving
the mechanical performance of materials [1-3]. This makes them very attractive for application
as protective films. On the other hand, TiCs are also characterized by high hardness and would
be successfully applied in the form of protective coatings. They could significantly improve the
mechanical properties of materials by increasing their microhardness and wear resistance.

In this thesis, the mechanisms for the formation of Ti-B and Ti-C based composite
coatings by electron beam techniques and technologies are investigated. Also, the influence of
the technological conditions during the electron beam surface modification on the resultant
structure and properties of the obtained samples is investigated. It is shown that composite
surface structures significantly improve the functional characteristics of Ti substrate. The results
achieved in this thesis contribute to global research in this field.

AIM AND OBJECTIVES OF THE DISSERTATION

The aim of this thesis is: To gain new knowledge on the formation of composite
coatings in Ti-B and Ti-C systems on titanium substrates, by a scanning electron beam surface
treatment. Investigation of the influence of the processing conditions on the structural and
functional characteristics of the materials are studied. The results obtained would be of
significant importance for both science and implementation in various industrial applications.

In order to achieve the aim of the dissertation, the following tasks are set:




1. Obtaining new knowledge for experimental formation of composite coatings in Ti-B and
Ti-C systems, on titanium substrates, by electron beam surface modification methods.
Gaining experience with scanning electron beam surface modification techniques. Acquire
knowledge of structure and property characterisation techniques by X-ray structure
analysis, scanning electron microscopy, energy dispersive X-ray analysis. Determination of
mechanical properties such as microhardness and coefficient of friction.

2. Development of an innovative and practical approach for the deposition of boron and carbon
powders on titanium substrates to form composite coatings in Ti-B and Ti-C systems.

3. Implementation of research experiments aimed at obtaining composite coatings in the Ti-B
and Ti-C systems on titanium substrates by electron beam surface modification methods.

4. Carrying out scientific research experiments aimed at characterization of the structure of
the coatings formed, using the following methods:

-Investigation of phase composition by X-ray structural analysis methods;
-Investigation of the microstructure using scanning electron microscopy;
-Investigation of chemical composition by energy dispersive X-ray analysis.

5. Implementation of research experiments aimed at the study of microhardness and
coefficient of friction of the resulting composite coatings.

STRUCTURE AND SCOPE OF THE DISSERTATION

This dissertation is organized in 4 chapters.

Chapter 1 discusses the basic physical processes involved in the formation of titanium
borides and carbides by electron beam techniques and technologies. A review of the scientific
literature related to surface modification of titanium substrates by forming composite coatings
in Ti-B and Ti-C systems is made.

Chapter 2 describes the experimental methodologies used to prepare titanium borides
and carbides. Methods for characterizing the structure and techniques for determining the
mechanical properties of composite coatings are described.

Chapter 3 presents the results of a study of composite coatings in the titanium-boron
system and the influence of technological conditions /specimen motion speed and electron beam
power/ during the electron beam modification process.

Chapter 4 contains the results of the experimental investigations of the fabrication of
composite coatings in the titanium-carbon system, as well as the influence of the specimen
running speed during the process.

Finally, the main contributions of the thesis are presented.




Chapter 1. Physical processes in the formation of titanium borides and carbides by
electron beam techniques and technologies

This chapter presents the basic physical processes involved in the formation of titanium
borides and carbides by high energy flows. The physical processes involved in the interaction
of a stream of accelerated electrons with material media are discussed. The physical processes
occurring in the melt pool during the fabrication of composite coatings in Ti-B and Ti-C
systems by electron beam modification are discussed. This knowledge is necessary for the
proper definition of the aim and objectives of this thesis, as well as for the in-depth analysis and
discussion of the results obtained.

A review of the scientific literature related to the surface modification of titanium, as
well as the fabrication of composite coatings in Ti-B and Ti-C systems by electron beam

techniques and technologies is performed.

Chapter 2. Materials and Methods for the Formation and Study of Titanium Borides and

Titanium Carbides

This chapter describes the materials used to realize the set goals and objectives. The
methods for the formation of composite surface structures in Ti-B and Ti-C systems are
presented in detail. In addition, the methods for the characterization of the surface layers, such
as X-ray diffraction analysis, scanning electron microscopy and energy dispersive X-ray
analysis, are also included. Methods for determining the microhardness and wear resistance of
the materials studied are also presented in this chapter.

To achieve the aims and objectives of this thesis, titanium (Ti) substrates with a purity
of 99.8 % were used. They have a cylindrical shape, with a thickness of 4 mm and a diameter
of 20 mm.

For the needs of the thesis, an innovative and practical method for the application of
powder modifiers on the surface of pure titanium substrates was developed by the author. A
controlled amount of boron or carbon powders are mixed with acetone (C3HsO) or ethanol
(C2Hs0H) to produce coatings in the Ti-B and Ti-C system. In order to precisely control the
amount of powders, a specialized balance (Radwag, AS 310/C/2) was used, allowing the
determination of the mass of the powder with an accuracy of + 0.0001 g.

The principle scheme for obtaining a homogeneous mixture of B+ C3HeO or C +
C2HsOH is presented in Figure 1. The resulting mixture is applied uniformly to Ti substrates

using a laboratory spatula (Figure 2).




Figure 1. Process of obtaining a homogeneous mixture:
(a) acetone (C;Hs0) or ethanol (C;HsOH);
(b) addition of powder B or C;

(c) homogenization of the mixture of B or
C + hydrocarbon (CsHsO or CHsOH)

Figure 2. Application process of B+C3Hs0 or C+C:HsOH layer

After the subsequent evaporation of the hydrocarbon, a homogeneous layer consisting

of boron or carbon powder is formed. The developed methodology minimizes the use of

additional technologies to apply the modifiers in the form of a coating (e.g. PVD or CVD) or

the need for specialized equipment to feed the powders during the electron beam processing.

Figure 3. Evobeam Cube 400 electron beam machine

The

modification process of the

electron-beam

samples was realized with a
circular scanning geometry of
the electron beam, the scanning
figure radius being r=8 mm. In
this mode, the beam path
overlaps, which contributes to
the longer lifetime of the melt

pool. This in turn leads to a more

The Evobeam Cube 400 electron beam machine, shown

presented in Table 1.

Table 1. Technological conditions of electron beam experiments

in Figure 3, was used to carry out the experimental work in
this thesis. Electron beam experiments were realized to obtain

coatings in Ti-C and Ti-B systems under process conditions

Accelerating voltage U=60kV
Electron beam current Iy=15-25mA
Electron beam scanning frequency f=200H=
Speed of specimen motion v=4-15mm/s

Generator of electrons
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Generator of electrons

Electron

Figure 4. A scheme of electron beam scanning of samples with (a) powder from B; (b) powder from C




homogeneous structure of the resulting surface alloys. A schematic representation of the
electron beam modification process is shown in Figure 4.

X-ray structure analysis was used to determine the phase composition and other
crystallographic parameters of the formed layers in the Ti-B and Ti-C system. Experiments in
symmetrical (Bragg-Brentano) mode with Cu Ka characteristic X-ray radiation (1.54 A) were
realized. A Bruker D8 Advance X-ray diffractometer (Bruker Corp., Billerica, MA, USA) was
used for this purpose. Measurements were performed from 25° to 85° at 20 scale, with a step
size of 0.01°. Identification and analysis of phase composition was performed according to the
crystallographic database.

In this thesis, the microstructure of the specimens was investigated using a scanning
electron microscope SEM-LYRA | XMU( (Tescan), Brno, Czech Republic). Secondary and
backscattered electrons were used. Energy dispersive X-ray analysis (EDX microanalyzer -
Quantax 200, Bruker, Billerica, MA, USA) was used to study the chemical composition.
During the analysis, the accelerating voltage was in the range of 10-30 kV.

Microhardness measurements were performed using an EMCO Test DuraScan hardness
tester. The experiments were realized according to 1ISO 6507-1 standard [4]. A load of 200 g
was applied to investigate boride coatings, and 20 g to investigate carbide coatings.
Microhardness measurements were carried out from the surface, in the radial direction towards
the core of the obtained specimens, in order to determine the difference of the obtained values
between the composite layers and the base material.

In this dissertation, the friction coefficient measurements of the composite coatings in
the Ti-B system were performed with a UMT-2M universal tester (Bruker, Minneapolis, MN,
USA). The coefficient of friction was investigated by a reciprocating motion test conducted by
pressing a chrome-plated stainless steel ball (radius 3.18 mm) on the surface under
investigation. The experiments were conducted at room temperature, with a test time of 300 s
and an applied compressive force of 2 N.




Chapter 3. Formation of composite coatings in the Ti-B system by electron beam
modification [Al, B1]

This chapter presents the results of the investigations of the possibilities of obtaining
composite coatings in the Ti-B system by analyzing their microstructure, chemical composition,
microhardness and coefficient of friction.

3.1. Influence of specimen movement speed on the structure and properties of
composite coatings

In this paragraph, the results obtained from the investigation of the influence of the
specimen motion velocity on the structure and properties of composite coatings in the Ti-B
system are presented.

3.1.1. Technological conditions for the fabrication of composite coatings in the Ti-
B system

According to the method developed by the author, a mix of 50 mg of B and 0.05 ml of
acetone was homogeneously applied to the surface of a Ti substrate. The aim is to obtain
composite coatings in the Ti-B system. Subsequent drying and evaporation of the acetone
resulted in the formation of a uniform B film on the titanium substrate.

The Ti samples thus obtained were processed with a scanning electron beam, which
aims the formation of surface structures in the Ti-B system. The applied technological
conditions were as follows: accelerating voltage - 60 kV; electron beam current - 18 mA;
scanning electron beam frequency - 200 Hz. During the process, the speed of the sample
movement was in the range between 4 and 6 mm/s. The experiments were carried out under the
conditions of circular scanning geometry of the electron beam with a diameter of 20 mm. In
this modification approach, the scanning beam path is overlapped. This results in longer lifetime
of the melt pool and successful introduction, as well as a more homogeneous distribution of
boron particles. Figure 5 shows a scheme of the experimental work in the fabrication of titanium

borides on a substrate of pure titanium.
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Figure 5. A scheme of the electron beam surface alloying procedure




3.1.2. Study of the phase composition

The results of the X-ray structure
analysis of the surface alloys in the Ti-B

system are shown in Figure 6. The

U,

diffractograms corresponding to

Intensity,

specimen movement speeds of 4 and 6
mm/s are typical of polycrystalline

materials. Diffraction maxima of pure

Ti, pure B, as well as TiB; are present in Hottepim At A B
t ott t t t ottt

both cases. The ICDD (International W R S N P
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Centre for Diffraction Data) database, i T R s
respectively PDF (Powder Diffraction by the speeds of specimen movement of 4 mm/s and 6 mm/s

File) # 44-1294 for o-Ti; # 31-0207 for B; # 35-0741 for TiB», was used to evaluate the phase
composition of the formed coatings. The results are in good agreement with the positions of the
experimentally obtained diffraction maxima and those available in the crystallographic
database.

In the experimentally obtained diffractograms, some peaks corresponding to pure B are
not observed, although they are available in the ICDD crystallographic database. This is due to
the fact that these are characterized by very low intensities. Nevertheless, according to the
ICDD database, the main peaks corresponding to pure B are located between 33 and 39°. They
are well visible, which means that a certain amount of undissolved (pure) boron exists in the
formed coating in both considered cases.

It is evident that the intensities of the TiBz peaks are the largest. This means that the
titanium diboride phase is the major one in the obtained coatings. It should be noted that no
amorphous halos are observed, which means that the obtained surface alloys and coatings are
characterized by a high degree of crystalline structure, with no amorphous one observed. Under
the process conditions thus chosen, the phase composition remains unchanged. This is evidence
that the movement speed of the samples does not affect the phase formation during the electron
beam surface modification process. It should be noted that the ratios between the TiB; peak
intensities are in good agreement with the ICDD database. Furthermore, no changes in the
diffraction peak intensities as a function of the specimen motion velocity during the electron
beam modification process were observed. This means that changing this process parameter
does not lead to a change in texture and formation of a preferred crystallographic orientation of

the samples [5, 6 ]. At the same time, no changes were observed in the positions of the peaks of




the aforementioned phase. The offset of the diffraction maxima of the coatings obtained at both
sample velocities is less than 0.01° at 20 scale. This means that the unit cell parameters and
volumes remain unchanged or have negligible change. This fact is essential for the mechanical
properties of the obtained composite Ti-B surface alloys and coatings by electron beam
modification [7-9]. The results thus obtained demonstrate the applicability of the method
developed by the author for the application of modifiers on metal substrates. It was shown that
the approach was successfully applied to form Ti-B coatings, on Ti substrates, by electron beam

modification.
3.1.3. Study of the microstructure

3.1.3.1. Microstructure and chemical composition of the coating obtained at a specimen

speed of the sample motion of 4 mm/s

A scanning electron microscopy image of a cross-
section of the specimen modified with a lower speed of the

sample motion (i.e., 4 mm/s) is presented in Figure 7. The

chemical composition of the specimen was investigated by

energy dispersive X-ray analysis. The modified zone ° e
(coating) is indicated as zone A and the underlying titanium : : Z
substrate is indicated as B. The points where the chemical : : IJL : . ek
composition was investigated are marked as 1 and 2. o 7'7”Wf"af’;£::wf“f;m/p .

e e The experimentally obtained
"4 Point 1 @| 73 Point 2 ®)

= = EDX spectra are presented in Figure 8,

and the results are summarized in

= . Table 2. Figure 8(a) corresponds to

point 1 marked in Figure 7, while

1
I Figure 8(b) presents results for the
g : kev } 9 L 2 keV o . .. .
Figure 8 EDX spectratoken from Point 1(a)and Poit 2} Figure 7 chemical composition at point 2. The
Table 2. Chemical composition at points I and 2, marked in Figure 7. measured average thlckness Of the
Point Ti, at.% B, at.% Ph . . .
. S - e formed coating in the Ti-B system
1 0.30£0.10 99.70 + 1.80 B
2 3640+ 190 63.60 +4.80 TiB, (i.e., area A of Figure 7) is about 50

um. The obtained results show that the applied process conditions, in particular the selected
speed of the sample movement of 4 mm/s, resulted in the formation of a distinguished treated
zone (composite coating in the Ti-B system). From the microscopic image presented in Figure

7 it is evident that two areas can be distinguished, a darker and a lighter one.




The chemical composition of the two areas was = dionie- % %
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examined, with the darker area corresponding to point ¢

.
io3215°C |

1, while the brighter area corresponded to point 2. The 30"
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results obtained, summarized in Table 2, indicate the

2000 -~ A--¥-

presence of undissolved boron at point 1. It can

1500 -

therefore be generalized that the darker area present in

1000 17

the formed coating corresponds to pure boron. It s

5 10 2 3 4 S d 7 s % 100
. . . . . . i ight - wt. %
remained undissolved in the underlying Ti matrix after ™ 1 -

the application of the scanning electron beam modification procggsu:.séz::;ggrlinrtlhgggmgﬁewrnical
composition in the lighter zone, the amount of Ti is 36.40 at.% and the concentration of B is
63.60 at.%. The binary phase diagram in the Ti-B system presented in Figure 9. proves that the
analyzed brighter zone fully corresponds to the TiB> compound [10-13].

It should be noted that there are some structural imperfections, such as pores, cracks,
etc. (marked by black arrows in Figure 7). These may be due to the existence of two different
phases (TiB: and pure B) having different thermophysical properties. The presence of two
different phases in the resulting coating can be considered as a prerequisite for the formation of
such imperfections. The results obtained from SEM and EDX experiments are in agreement
with those from X-ray structural analysis. They confirm that the phase composition of the
obtained coatings in the Ti-B system is in the form of TiB2 with some amount of undissolved
boron in it. It is clearly seen that the undissolved B is not only on the surface but also in depth
of the formed surface alloy. It has penetrated during the electron beam processing but has not

dissolved into the titanium matrix.

3.1.3.2. Microstructure and chemical composition of the coating obtained at a specimen
speed of the sample motion of 6 mm/s

Figure 10 presents an SEM image of a cross-section
of a specimen processed at the speed of the sample motion

(i.e., 6 mm/s). The formed coating is labeled as area A and

Ti substrate is labeled as B. The average thickness of the
coating formed with a speed of 6 mm/s is about 40 pm,
which is less compared to the modified zone with the

velocity of 4 mm/s. According to the mathematical model 40 pm

published by the authors of [14], the movement speed 0f the  riguwe 0.4 cros sectonas sevt mirograp of the sample processea
by the velocity movement of 6 mm/s

samples during electron beam processing has a significant

influence on the surface temperature and the depth of the modified zone. It was found that in




all cases of surface modification, the surface temperature increases with decreasing sample
movement speed. This is in agreement with the present results, where the lower speed of 4 mm/s
results in the formation of a thicker modified zone compared to that obtained with the higher
speed of the sample motion of 6 mm/s.

The chemical composition of —_cwsev

i i 3 Poi @] 7
the obtained coatings was 3 Point 3 6

(b)

Ti

investigated by energy dispersive X-

ray analysis. The results are shown in
Figure 11 and summarized in Table 3.

Figure 11(a) corresponds to point 3,

) ) z'k'_vla s 0 & e ® 6
while Figure 11(b) corresponds to ‘

Figure 11. EDX spectra taken from Point 3(a) and Point 4(b) in Figure 10
point 4. The locations where the
Table 3. Chemical composition of point 3 and point 4 marked in Figure 10.

elemental composition was
Point Ti, at.% B, at.% Phase
investigated are marked on the cross- 3 LT LT 6012 1AL B
4 32.60 +1.90 67.40 +5.40 TiB,

sectional image presented in Figure
10. The results show that the darker areas (point 3 in Figure 10) of the treated area are fully
consistent with undissolved B. The chemical composition of the lighter zone (i.e., point 4
indicated in Figure 10) consisted of Ti and B, demonstrating a successfully formed composite
phase in the Ti-B system. Table 3 summarizes the results, the amount of element B is 67.40
at.%, of Ti is 32.60 at.%, which corresponds to a ratio of 2:1. The binary phase diagram in the
Ti-B system presented in Figure 9 shows that the considered region of the obtained coating fully
corresponds to the TiB> compound [10]. When comparing the two (obtained at 4 and 6 mm/s,
respectively) modified areas, no noticeable difference between their phase compositions can be
observed. A slightly higher concentration of pure undissolved B was observed in the structure
of the sample treated with a speed of 6 mm/s. This is due to the lower input energy density of
the electron beam, which is apparently not sufficient for the complete melting of the solid B
particles on the Ti surface. However, below the darker layer of zone A, some amount of B was
introduced into the titanium melt, leading to the successful formation of the TiB: phase (the
lighter part of zone A). No structural imperfections such as pores and cracks were observed.
This can be attributed to the fact that the undissolved boron remains on the surface of the
composite Ti-B phase, not entering the entire modified zone. The results obtained confirm the
applicability of the method developed by the author for the application of modifiers on metal
substrates. It was shown that the approach was successfully applied to the formation of Ti-B

coatings, on titanium substrates, by electron beam modification.




3.1.4. Study of the microhardness

Figure 12 presents the results of microhardness 6000
measurements of coatings formed at specimen speeds of ] .
:
4 mm/s and 6 mm/s. The microhardness of the pure | . !

titanium substrate was also measured for comparison.

Hardness, HVO0,

Figure 12 also shows images of the experimentally

2000~

obtained indentations as a result of the measurements.

The microhardness of the substrate is about 210

0 T T T
HVo.. This value is typical for pure titanium [15]. The o e B

Figure 12, Microhardnessof the obtained 18 sufecealoysand i substate
average hardness of the surface alloy in the Ti-B system formed at a specimen speed of the
sample motion of 4 mm/s is 2610 HVy, which is 12 times that of the substrate. The hardness
of the specimen obtained at a speed of 6 mm/s is even higher. The measured values reach more
than 4540 HVo.2, which correspond to about 21 times higher than that of the Ti substrate.

The surface hardness of the alloy formed at a speed of 4 mm/s is lower than that obtained
with a speed of 6 mm/s. This may be due to the significantly greater number of pores, cracks
and other structural defects leading to reduced coating density. As already mentioned, the
coating obtained at a speed of 4 mm/s is characterised by many more structural imperfections
leading to a reduction in hardness as well as much larger deviations from the average measured
value. Nevertheless, the hardness values of the coating obtained at the lower speed during
electron beam processing were 12 times higher than those of the Ti substrate. This could also

be considered as a significant improvement of the surface properties.

Figure 13 presents the
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from the coating obtained at 6 mm/s.
At depths up to 50 um’ the Figure 13. Hardness distribution by depth of specimens fabricated
by the speed movementof (a) 4 mm/s and (b) 6 mm/s
hardness of the specimen formed at
the lower velocity (4 mm/s) is in the range of 2400 to 2700 HV.. Its values decrease to about
300 - 370 HVy at depths of 50 to 100 um. Subsequent increases in depth (above 100 um)
demonstrate hardness values of about 200 HVy . The latter is a typical value for a Ti substrate

[15]. The depth distribution of hardness of the specimen obtained at the higher speed movement




(6 mm/s) is in the range 4100-4900 HV 2 in the uppermost part of the coating (from the surface
to about 40 um). In the range from 50 to 70 um, the measured values are from 300 to 360 HV ..
The hardness drops further to about 210 HV 2 at distances greater than 70 pm from the surface.
The results are in good agreement with those for the microstructure and thickness of the
coatings obtained in the Ti-B system, where the measured hardness remains relatively
unchanged throughout the coating in both cases. Under the formed coatings, significantly lower
values were measured than those of the Ti-B structure, but still higher compared to those of the
titanium substrate. In both cases of electron beam processing (at speeds of 4 and 6 mm/s), a
zone of thermal influence (heat affected zone) with improved mechanical properties exists. The
presence of such a region is characteristic of electron beam processed materials [16]. The
measured microhardness below the zone of thermal influence decreases to values that are
typical for a Ti substrate.

Figure 14  shows
cross-sectional images of the
coatings under consideration
in the Ti-B system obtained by
optical microscopy. Figure
14(a) shows a cross-section of

the coating formed when the

() 4 mm/s; (b) 6 mm/s sample was moving at the
lower velocity of 4 mm/s, and Figure 14(b) shows a cross-section of the layer formed at 6 mm/s.
The images also show the experimentally obtained footprints from the microhardness
measurements.

The results show significantly increased microhardness of the composite structures on
the Ti substrate surface compared to the base material. This fully confirms the possibility of
forming composite structures in the Ti-B system with improved performance properties.
Microhardness values approaching 4000 HV.» were found even at the lower specimen motion
speed during the electron beam process. During the measurement of this mechanical
characteristic, values significantly exceeding the average for this coating were observed. These
significant deviations can again be explained by its significant inhomogeneity. A large amount
of cracks, pores and other structural defects are also observed in the images presented in Figure
14, which can be considered as a major drawback of the coatings obtained from a practical point

of view.




3.1.5. Determination of coefficient of friction

The coefficient of friction (COF) of the Ti-B 06

coatings obtained at speeds of the movement of the

in
|

samples of 4 and 6 mm/s, as well as that of the pure Ti

substrate, is shown in Figure 15. The results show that

the measured value on the surface of the titanium

Coefficient of friction (COF)
Y
|
@

2
w
|

substrate 1s 0.48. The coefficient of friction of Ti-B

coating obtained at a sample movement speed of 4 02 : : ,

Ti substrate 4 mm/s 6 mm/s

mm/s is 0.40, i.e. it is lower compared to Ti. The COF

Figure 15. Coefficient of friction of Ti-8 coatings obtained by electron

beam surface alloying using 4 and 6 mm/s and Ti substrate

values of the coating obtained at a speed of 6 mm/s
decrease further, the average measured value is 0.34. In all cases considered, the coatings
obtained in the Ti-B system show lower values of the coefficient of friction compared to that of
the titanium substrate. At the higher specimen speed, the COF is the lowest. This means that
the tribological properties the surface of the coatings considered are better than those of the
base material. In the case of the higher specimen motion speed during the electron beam

modification process, the tribological properties are the most attractive.

3.2. Effect of electron beam power on the structure and properties of composite
coatings
In this paragraph, the results obtained in the study of the influence of the electron beam

power on the structure and properties of composite coatings in the Ti-B system are presented.

3.2.1. Technological conditions for the fabrication of composite coatings in the Ti-
B system

In this part, the possibilities of obtaining composite coatings in the Ti-B system at
different electron beam powers are discussed. According to the alloying element deposition
method developed by the author, a mix of 50 mg B and 0.05 ml acetone was homogeneously
deposited on the surface of Ti samples. The aim was to obtain composite coatings in the Ti-B
system. Subsequent drying and evaporation of the acetone resulted in the formation of a uniform
B film on the titanium substrates.

The samples thus obtained were processed with a scanning electron beam in order to
obtain structures on the surface of the titanium substrate in the Ti-B system. The applied
technological conditions were as follows: accelerating voltage - 60 kV; the speed of specimen
movement was 4 mm/s; scanning electron beam frequency - 200 Hz. The electron beam was

focused on the upper part of the surface of the modified samples. During the process, the




electron beam current is in the range of 15 to 25 mA. Three experiments were realized at the
following values of the discussed process parameter: 15, 20 and 25 mA, corresponding to
powers of 900, 1200 and 1500 W. The experiments were carried out under the conditions of
circular scanning electron beam geometry with a diameter of 20 mm. As already mentioned, in
this modification approach, the scanning beam path overlaps. This leads to a longer lifetime of
the melt pool and successful introduction of the alloying elements, as well as a more
homogeneous distribution of the boron particles (the process scheme is identical to that

presented in Section 3.1).

3.2.2. Study of the phase composition
Figure 16 presents the experimentally obtained diffractograms of the coatings formed

in the Ti-B system at different electron beam powers. Figure 16(a) represents a diffractogram
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Figure 16. X-ray diffraction of Contmg;h ‘md :;e Ti-B system obtained at powers of Bragg angles,
(a) 900W; (b) 1200W; (c) 1500W. indicating a

high degree of crystallinity of the formed composite structures in the Ti-B system. The results
obtained for the coating formed at a beam power of 900 W attest to the presence of the following
phases: pure B, pure Ti, and a small amount of the TiB phase. It is evident that the electron
beam power of 900 W is insufficient for the formation of a homogeneous composite coating in
the Ti-B system. The main phase in this case is pure B, which means that part of the introduced
boron modifier has remained undissolved on the surface of the titanium substrate. Only a small
amount of titanium boride was formed. By increasing the discussed process parameter to 1200
W, the obtained results attest to the presence of TiB> and TiB phases, as the main ones.

Diffraction maxima corresponding to the Ti and B phases are also observed, but their peak




intensities are significantly lower. This means that the main phases in the formed coating are
TiB and TiB. The results thus obtained indicate the a small amount of undissolved B still exist.

Figure 16(c) shows the experimentally obtained diffractogram corresponding to the
coating formed at an electron beam power of 1500 W. It can be seen that its phase composition
is in the form of a double-phase structure of pure Ti as well as TiB. The results thus obtained
indicate the presence of a composite structure consisting of the phases titanium boride and pure
titanium. No peaks corresponding to pure boron are observed, which means that under the
process conditions and beam power of 1500 W, the introduced B modifier is completely
dissolved in the underlying Ti matrix.

The results obtained once again confirm the applicability of the method developed by
the author for the application of modifiers on metal substrates. It was shown that the approach
was successfully applied to the formation of Ti-B coatings, on titanium substrates, by electron

beam modification.
3.2.3. Study of the microstructure

Figure 17 shows a SEM image of a

cross-section of the specimen obtained by

electron beam processing with a beam power of ™ ;
900 W. The formed coating is marked on the
image as area A, while the underlying titanium
matrix is B. The average value of the coating = AL A >, B

thickness obtained at this power is about 40 um,

- [T

50 pm

with measured minimum values of about 20 um

Figure 17. A cross-sectional SEM image of the specimen

alloyed with a beam power of 900 W

and maximum values of about 60 pm.

The chemical composition was investigated by energy dispersive X-ray spectroscopy
point analysis methods, the exact positions where the elemental ratio was investigated are
presented in the figure as point 1 and 2. The elemental ratios at the specific points are
summarized in Table 4. The results indicate the presence of undissolved B (point 1) as well as
a small amount of TiB: formed around the undissolved B. These results are in absolute
agreement with the X-ray structure experiments showing that at the lowest power of 900 W, the
formed coating contains mainly undissolved boron.

Figure 18 shows a SEM image of a cross-section of a composite coating in the Ti-B
system obtained at an electron beam power of 1200 W. The formed coating is marked on the
image as area A, while the underlying Ti matrix as B. The average coating thickness obtained

at this power is about 80 pm. Its minimum measured values are about 50 pm and its maximum




about 100 pm. The thickness is greater than that of the coating obtained at a beam power of 900
W. As already mentioned, according to the authors of [14], higher values of electron beam
power lead to a greater depth of the melt pool and, consequently, to a coating of greater
thickness. No undissolved boron was observed, which means that under the appropriate process
conditions and a beam power of 1200 W, a coating was successfully formed in the Ti-B system.

The elemental composition was investigated by energy dispersive X-ray analysis, and the

results are summarized in Table 4. According to
the binary phase diagram in the Ti-B system, the
formed coating is in the form of a biphasic
structure of TiB and TiBz, which is in agreement
with the results of X-ray structure analysis.

Therefore, the main phases present in the formed

coating are TiB and TiBy, with a possible minor =~ j e

Figure 18. A cross-sectional SEM image of the specimen

amount of undissolved B.
alloyed with a beam power of 1200 W

Figure 19 shows a SEM
image of a cross section of a
composite coating in the Ti-B
system obtained at an electron

beam power of 1500 W. The

formed coating is marked on

Figure 19. A cross-sectional SEM image of the specimen

the image as area A, while the

alloyed with a beam power of 1500 W
Table 4. Chemical composition of each measured point marked on the SEM images of the cross underlying titanium matrix is
sections presented in Figures 17, 18 and 19.

B. The average value of the

Point Ti, at% B, at% Phase

1 0.07+0.10 99.93 +2.70 B coating thickness obtained at
2 2598 £1.70 74.02 £7.20 TiB: ) ]
3 36,78 £2.00 63.22 £5.30 TiBs this power is about 100 pm,
4 5850 £2.50 41.50 £3.10 TiB . ..

: with minimum  measured
5 53.12+2.20 46.88 +3.30 TiB
6 69.12 +2.60 30.88 +2.10 Ti values of about 70 pm and
7 40.73 £2.10 59.27 + 4.60 TiB:

maximum values of about 120
um. The thickness is greater than that of coatings obtained at beam powers of 900 and 1200 W,
which is in agreement with data published in [14]. The results of the elemental composition
studies obtained by energy dispersive X-ray analysis at different points of the coating are
presented in Figure 19 and summarized in Table 4.

The obtained results prove that the surface structure is composed of TiB rod-shaped

particles homogeneously distributed in the titanium matrix in the form of Ti/TiB. This kind of




microstructure is observed up to a depth of about 60 um. Below this two-phase structure, a
homogeneous and dense single-phase structure of TiB> was recorded. The results obtained are
in full agreement with those obtained by X-ray structure analysis methods. As already
mentioned, the main mechanism by which the modifiers are incorporated from the boron
element is based on the intense Marangoni-type convection that is caused by the high-
temperature gradient in the melt pool. In the case of the formation of a composite coating in the
Ti-B system at the highest power considered (1500 W), the surface temperature is the highest,
resulting in the largest temperature gradients. This means that also the convection flows in the
melt pool are the most intense, with the transport and homogeneous distribution of the
introduced modifiers being the most active. These statements are in agreement with the obtained
results. In the case of the highest power electron beam, the microstructure of the resulting
coating is in the form of fine TiB particles, which are homogeneously distributed in the
underlying titanium matrix due to the intense convection flows. It can be summarized that in
this case, the temperature gradient in the melt pool is the highest, leading to the formation of
the TiB phase in the form of fine particles homogeneously distributed on the surface of the
coating. This corresponds to a coating of high strength, with no structural defects such as pores,
cracks, etc. being observed. These statements are in agreement with the results obtained by the
authors of [17]. In this work, it was found that the application of scanning electron beam
processing at higher power leads to the elimination of the structural imperfections such as pores,

cracks, etc.
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3.2.4. Study of the microhardness

Figure 20 presents the microhardness test results of

the formed coatings at the three investigated values of

Microhardness. HV0.2

electron beam power, as well as that of the titanium

substrate for comparison. It can be seen that, in all cases,
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the resulting surface structures are characterized by TL 900W 1200W 1500 W

Figure 20. Microhardness of the
obtained Ti-B surface alloys and Ti
substrate

significantly higher values of the investigated mechanical
characteristic in comparison with the titanium substrate.
The microhardness of the coating obtained at an electron beam power of 900 W is about 4000
HVo. or about 20 times higher than that of the pure Ti substrate. As already mentioned, a
significant amount of undissolved boron is observed in this coating. According to literature data
[ 18] the measured values are fully consistent with pure boron.

The hardness of the coating obtained at an electron beam power of 1200 W reaches

nearly 5500 HVy.2, which is almost 25 times higher than that of Ti substrate. The average




hardness of the layer obtained at 1500 W is about 4000 HV, and the deviations from the average
measured value are significant. As already mentioned in section 3.2.3, the structure of this
coating in its upper part (up to about 60 um thick) is in the form of a biphasic structure of
particles of titanium borides having a rod-like shape, homogeneously distributed in the
underlying titanium matrix. At thicknesses greater than 60 pm, up to the end of the coating (up
to about 100 pum), its structure is single-phase in the form of TiB». Each of these zones is
characterised by different mechanical properties, which accounts for such large deviations from
the average measured hardness. It can be summarized that the measured hardness of the coating
obtained at a beam power of 1200 W is the highest among all the considered cases, the values
being fully consistent with those of TiB: according to literature data [19]. As already mentioned
in 3.2.3, the structure of the coating obtained at a beam power of 1200 W is in the form of TiB>
and TiB, and there may be a negligible amount of undissolved boron particles.

Figure 21 shows the hardness distribution by depth of the specimens considered. The
measured values of the sample formed at the lowest power of 900 W are about 4000 HV . at
depths up to 40 um. This is followed by a decrease to values in the range 300 to 370 HV at
depths of 50 to 100 um. At larger depths (above 100 pm), the microhardness reaches a value of
about 200 HVo.» (Figure 21(a)). The latter is a typical value for the titanium substrate.
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Figure 21. Depth distribution of microhardness for samples obtained at beam powers of (a)
000 W, (b) 1200 W, (c) 1500 .

The hardness distribution by depth of the specimen obtained at an electron beam power
of 1200 W is in the range 5500 HVy in the uppermost part of the coating (from the surface to
about 40 um). In the range from about 40 to 70 um, the measured values decrease to about 4000
HYV due to the fact that the measurements were realized at the interface between the formed
composite layer and the titanium substrate. At depths greater than 70 um, values of 300 to 360
HVy. are observed. The hardness drops further to about 210 HV > at distances greater than 100

um from the surface. The latter value is typical for a Ti substrate. The values measured for the




coating obtained at a power of 1500 W are about 3000 HV in its uppermost part (thickness
about 50 um). For thicknesses greater than 50 pm, up to about 100 pm, the hardness increases
significantly, with measured values exceeding 6000 HV.. For thicknesses greater than 100
um, the measured hardness drops to about 300 HV ., then drops further to typical values for
titanium substrates of about 200 HV.,.

The results are consistent with those for the microstructure and thickness of the coatings
obtained in the Ti-B system, where the measured hardness remains relatively unchanged
throughout the coating in both cases. As already mentioned in section 3.2.3, the structure of the
coating obtained at an electron beam power of 1500 W is divided into two zones. In its upper
part, it is in the form of a double-phase structure of titanium boride particles homogeneously
distributed in the underlying Ti matrix. Below this structure a single-phase TiB> zone is
observed. These two zones are characterized by different mechanical properties. This is the
main reason for this interesting trend in the distribution of hardness from the surface to the
deeper parts of the formed coating. Below these coatings, values significantly lower than those
of the Ti-B structure but still slightly higher compared to the titanium substrate were measured.
In all three cases of electron beam treatment (at powers of 900 W, 1200 W and 1500 W), a zone
of thermal influence with improved mechanical properties exists. The presence of such a region
is typical for materials treated using electron beam technologies [16]. The measured
microhardness below the zone of thermal influence decreases to values that are typical for a Ti

substrate.
3.2.5. Determination of the coefficient of friction

The coefficient of friction (COF) of the Ti-B
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coatings obtained at powers of 900, 1200 and 1500 W
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as well as that of the pure Ti substrate are presented in
Figure 22. The measured value on the surface of the

titanium substrate was found to be 0.48. The coefficient

Coefficient of friction (COF)

of friction of the coating obtained at an electron beam

power of 900 W is 0.35, 1.e. it is lower compared to the T 0W  1200W  1500W
. . . Figure 22. Coefficient of friction of Ti-B coatings obtained
Ti substrate. The COF values of the coating obtained at
by electron beam surface alloying using o beam power
an electron beam power of 1200 W is comparable to of 900, 1200,1500 W and Ti subsirate

that of the layer obtained at 900 W, the measured value being 0.36.
The coefticient of friction of the coating obtained at 1500 W is 0.21. This is the lowest
measured value of coatings in the Ti-B system that were considered in this thesis. In all cases,

the tribological surface properties of the coatings considered are superior to those of the base




material. In the case of the highest considered electron beam power of 1500 W, the tribological
properties are the most attractive. These results may be related to the microstructure of this
layer. As mentioned in section 3.2.3, at the top of the coating, it is in the form of a two-phase
structure of fine particles of titanium borides homogeneously distributed in the underlying Ti
matrix. In this case, we can conclude that the amount of brittle composite phase in the Ti-B
system is significantly less and is in the form of finer particles. This significantly improves the
brittleness of the formed layer. As a result, cracks and other structural defects characteristic for
other coatings are not observed, which leads to a significant improvement of their tribological

properties.

3.3. Conclusions

Possibilities of obtaining coatings from titanium borides are presented. Electron-beam
modification of pure boron powder deposited on Ti substrates using the method developed by
the author was used. The influence of the speed of the specimen motion and the electron beam
power during the modification process on the structure and properties of the obtained coatings
was investigated.

The following conclusions can be drawn:

1. The method proposed by the author for the application of pure boron modifiers on
titanium substrates is proved to be applicable for the fabrication of composite coatings in the
Ti-B system by electron beam surface modification.

2. It was shown that the speed of the specimen motion during the modification process
(in the presented modification range and under the corresponding technological conditions)
does not affect the phase composition of the composite coatings in the Ti-B system. In both
considered cases, the phase composition is in the form of TiB> as well as a certain amount of
undissolved boron. Increasing the speed of the sample movement from 4 to 6 mm/s resulted in
an increase in microhardness and a decrease in the friction coefficient.

3. The technological conditions for the fabrication of composite coatings in the Ti-B
system, in which no undissolved amount of the element B is observed, are specified. It was
found that at a specimen motion speed of 4 mm/s and an electron beam power of 1500 W, the
formed coating is in the form of a double-phase Ti/TiB structure in its upper part (up to about
60 pum), which transforms to single-phase TiB2 in the lower (below 60 um) region. The coating
thus formed has significantly lower brittleness, demonstrating greatly improved tribological
properties. The measured microhardness values exceed that of the base titanium substrate by a
factor of 20 (the microhardness of the coating is about 4000 HV). The coefficient of friction is

nearly 2 times lower than that of pure titanium.




Chapter 4. Fabrication of composite coatings in Ti-C system by electron beam

modification [A2]

This chapter discusses the possibility of surface modification of Ti substrates by forming
composite structures in the Ti-C system using electron beam technologies. Titanium carbides
(TiC) are an important class of compounds that find applications in various high-tech industries
due to their outstanding physical and chemical properties. These materials feature high
hardness, wear resistance, excellent electrical conductivity and chemical resistance. The results
of research on the possibilities of obtaining composite coatings in the titanium-carbon system

are presented, and their microstructure, chemical composition and microhardness are analyzed.

4.1. Technological conditions for the fabrication of composite coatings in the Ti-C
system

Pure Ti substrates were used. According to the method, which was developed by the
author of the thesis, a mix of 3 mg of carbon powder and 3 ml of alcohol (C;HsOH) was
homogeneously applied on a Ti substrate. The thickness of this film was about 3.7 um.
Subsequent drying of the alcohol resulted in the formation of a uniform C film.

The procedure for treatment of the surface of the substrates by introducing carbon with
an electron beam consists of two steps. The first is the introduction of C modifier on Ti surface
by electron beam surface treatment, and the second is surface remelting to form composite
structures in the Ti-C system. The following technological conditions of the electron beam
process were used in the introduction of C powder on the surface of Ti substrates: the
accelerating voltage - 60 kV, the electron beam current - 18 mA, the specimen movement speed
- 5 mm/s and the scanning frequency of the electron beam - 200 Hz. A circular scanning
geometry with a radius of 4 mm was implemented. In this case, the beam path is overlapped,
leading to a longer lifetime of the melt pool and to the successful introduction of the carbon
powder. The samples obtained were subjected to surface modification with a scanning electron
beam, aiming at the formation and homogenization of the obtained Ti-C composite layer on top
of the Ti substrates. During the surface remelting process, the following process conditions
were used: accelerating voltage - 60 kV, electron beam current - 18 mA and scanning frequency
- 200 Hz. This process was also implemented in a circular scanning geometry mode with a
radius of 4 mm, aiming at a longer lifetime of the melt pool. After conducting a significant
number of experiments, the following specimen motion speeds were selected: 5 and 15 mm/s.
These best describe the influence of the specimen motion speed during the surface remelting

process on the structure and properties of the resulting composite structures. At lower speeds




than 5 mm/s, a strong modification of the surface morphology occurs. In this case, melting and
evaporation processes become predominant, which is not a desirable effect. At speeds higher
than 15 mm/s, the surface temperature becomes insufficient for the formation of a composite
structure in the Ti-C system and no significant improvement in their functional properties is
achieved. The direction of the surface remelting process (step 2) is perpendicular to that of the
initial treatment aimed at introducing the carbon powder (step 1). Figure 23 shows a schematic
of the electron beam surface modification process of titanium substrates by introducing carbon

powder and forming Ti-C composite coatings.
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Figure 23. A scheme of the electron beam surface alloying and remelting procedure

4.2. Study of the phase composition

The sample obtained after -
introduction of modifier C by electron §
beam treatment (step 1) was examined
using X-ray structural analysis methods. 2 % "
The resulting diffractogram is presented 'E § ~
in Figure 24. J § E
The recorded diffraction maxima MWMM
correspond to pure Ti and pure C. The : “ J o : - » ite

identification of the phase composition 20 leg-

Figure 24. X-ray diffraction pattern of a sample subjected the first step
was performed according to the ICDD of the surface modification process
crystallographic database, PDF # 44-

1294 for o-Ti and # 41-1487 for C, respectively. No diffraction maxima of TiC were recorded.
Therefore, after the application of step 1, carbon is embedded in the Ti matrix, but the carbide

phase of titanium is not observed.




Figure 25  presents the
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. X Figure 25. X-ray diffraction patterns of the specimens remelted at a speed of the
motion speeds. The o-Ti possesses a specimen motion of (a) Smm/s and (b) 15 mm/s

hexagonal close-packed (hecp) structure, while the carbide phase is characterized by a face-
centered cubic (fcc) structure. A certain amount of pure carbon phase is also observed. The
identification of the phase composition was performed according to the ICDD crystallographic
database, respectively PDF # 44-1294 for o-Ti, # 41-1487 for C and # 32-1383 for TiC. From
the obtained results, it is evident that the peaks corresponding to pure Ti are of the highest
intensity. Therefore, it can be assumed that this phase is the main one. Furthermore, diffraction
maxima corresponding to the TiC phase are observed. This confirms the formation of a
composite phase in the Ti-C system after the second surface modification step. As a result, a
second phase structure in the form of titanium carbide was successfully formed and distributed
in the a-Ti matrix in both cases of electron beam surface remelting. The results show that the
investigated phase composition remains unchanged after the application of specimen running
speeds in the range of 5-15 mm/s. This fact proves that this technological parameter, in the
defined range, does not influence the investigated structural characteristics of the samples.
Considering the intensities of the diffraction maxima of a-Ti and TiC, it can be noted that they
are in good agreement with the crystallographic database. This trend is maintained for both
specimen motion velocities during the surface remelting process. Therefore, the change in the
discussed process parameter does not significantly affect the formation of the preferential
crystallographic orientation. There are numerous studies examining the influence of structural
parameters on the performance properties of materials. According to the authors of [5], the
preferred crystallographic orientation strongly influences the performance properties of
materials. Moreover, the specimen motion velocity does not lead to a change in the position of
the diffraction maxima of the aforementioned structures, which means that this technological
parameter does not influence the parameters and volume of the unit cell. This is also of major

importance for the functional properties [7, §].




4.3. Study of the microstructure

Figure 26 shows an SEM image of a cross section of the specimen obtained by surface

remelting at a speed of the sample motion of 5 mm/s.

by the speed motion of 5Smm/s (a) lower magnification; (b) higher magnification

Figure 26(a) shows an image taken at lower magnification and represents the entire
modified area. Figure 26(b) shows a higher magnification image of the formed layer. It can be
seen that the thickness of the layer formed after the second step of electron beam surface
modification is about 55 um. In addition, its microstructure is much finer compared to that of
Ti substrate. The results for the microstructure of the coating obtained at the lower specimen
speed during the remelting process is in agreement with the results published by the authors of
[20]. The materials subjected to electron beam processing are characterized by finer structure
due to the high thermal gradients and cooling rates during the modification process [20]. From
the results obtained, it is evident that the formed surface layer is in the form of fine TiC particles,
which are homogeneously distributed on the
Ti surface.

The chemical composition of the
layer was studied by energy dispersive X-ray
microanalysis. Figure 27 presents the results A -
of the distribution of elements in the formed e —
coating. The particles that are
homogeneously distributed in the titanium
matrix consist of the elements Ti and C. In

addition, it is evident that a certain amount of

carbon is embedded in the Ti matrix.
Figure 27. EDX mapping of the surface alloy formed by the speed motion of 5 mm/s




The results of the chemical composition studies
at various points are presented in Figure 28 and Table 6.
It is evident that the particles consist of 59 at.% Ti and
41 at.% C, corresponding to the TiC phase (point 1,
Figure 28.). This fact is confirmed by the phase diagram

in the Ti-C system [21] presented in Figure 29.
Table 6. Chemical composition at each point marked on figure 28.

Point Ti, at% C, at% Phase
1 58.62 41.38 TiC
2 81.46 19.56 Ti+TiC
3 97.56 2.44 Ti

Investigations of the base material (Ti
matrix) in the resulting layer revealed a carbon
concentration of 20 at.% (point 2, Figure 28).
According to the results obtained, the formed
layer is in the form of a double-phase structure of
Ti and TiC. These statements correspond with the

results of X-ray structure experiments showing
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Figure 29. Phase diagram in the Ti-C system [30]

the presence of a two-phase structure of titanium carbide particles homogeneously distributed

in the composite Ti/TiC matrix.

Figure 30 shows an SEM image of a cross-section of the specimen obtained by surface

remelting at a speed of the sample motion of 15 mm/s. Figure 30(a) shows an image obtained

at lower magnification and represents the entire modified area. Figure 30(b) shows an image

with higher magnification of the formed layer.

Figure 30. A cross-sectional SEM image of the specimen alloyed by the speed motion of

15mm/s: (a) lower magnification; (b) higher magnification

The thickness of the layer, under the above mentioned technological conditions and a

specimen movement speed of 15 mm/s, is about 30 um. This is nearly twice less in comparison

to the thickness obtained at a specimen movement speed of 5 mm/s. The microstructure of the




layer obtained with a specimen motion speed of 15 mm/s (Figure 30(b)) is shown to be larger
than that formed with a speed of 5 mm/s (Figure 26(b)). As mentioned, the lower sample motion
velocity corresponds to a higher surface temperature [ 14]. In this case, the cooling rate is higher,
resulting in a finer microstructure [20, 22, 23]. This is in agreement with the results obtained in
this thesis. The composite layer obtained by surface remelting at a speed of 15 mm/s again
consists of fine TiC particles distributed in the base material. This confirms the results obtained
by X-ray structural analysis methods. However, it is evident from the SEM image presented in
Figure 30(b) that at a speed of 15 mm/s the TiC particles are distributed less homogeneously in
the Ti matrix. The distance between them is much larger compared to that in the layer obtained

with a surface remelting speed of 5 mm/s (Figure 26(b)).

4.4. Study of the microhardness

Figure 31 presents the results of the o~
microhardness study of the formed Ti/TiC composite o]
coatings. The Vickers method was used and the value {
of Ti substrate (204 HVoo02) was measured for

comparison. The results show that the microhardness
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of the coating formed at a speed of 5 mm/s is about & E

510 HVo.02 or about 2.5 times higher than that of Ti

| | |
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substrate

substrate. The average value of the microhardness of
the coating formed at a specimen movement speed of e 35, Moo o hebose s sateond he remted
15 mm/s was about 360 HV.02, which was 1.8 times layers by the speed motion of 5 mm/s and 15 mm/s
higher than that of the base material. It can be seen that the microhardness of the composite
layer obtained at a speed of the sample motion of 5 mm/s is higher than that of the coating
formed at 15 mm/s. Obviously, both layers are characterized by higher microhardness than that
of the base Ti substrate.

The microhardness distribution by depth of the samples subjected to remelting at 5 mm/s
and 15 mm/s is presented in Figure 32(a) and (b), respectively. The results for the specimen
remelted at the lower velocity show very similar measured values within the treated zone (i.e.
the values measured at depths up to 40 um). There is a slight decrease in measured values from
the surface to the deeper parts of the coating. The microhardness measured at a depth of 60 um
decreases from about 500 HVo2 to 350 HVo02 due to the thickness of the remelted zone
(coating). At a speed of 5 mm/s, the coating thickness is about 55 pm. A measurement of the

interface hardness between the formed layer and Ti substrate was performed, which was

affected by both zones. The measured depth value of 80 um is about 200 HV .02, which is typical




for the base Ti material. The microhardness of the specimen subjected to remelting by the higher
speed of the specimen movement is about 420 HVy.02 at a depth of 20 pm. It decreases to less
than 300 HVo.2 at a distance of 40 um from the surface. The results obtained at a depth of 40
um are influenced by both the coating and the substrate, which appears as a boundary zone.
The microhardness at 60 and 80 um depth is about 200 HVo.2, corresponding to the base

titanium material.
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Figure 32. 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.

4.5. Conclusions

The possibility of preparing Ti/TiC composite layers on titanium substrates with carbon
powder by electron beam surface modification is demonstrated. The influence of the specimen
motion velocity during the modification process on the structure and properties of the resulting
coatings was investigated.

The following conclusions can be drawn:

1. It is confirmed that the method proposed by the author for the application of pure
carbon modifiers on titanium substrate is applicable for the fabrication of composite coatings
in the T1/Ti-C system by electron beam surface modification.

2. The formation of Ti/TiC composite layer is done by two steps: introduction of carbon
on the surface of the titanium substrate and subsequent surface remelting to form composite
structures in the Ti-C system. In the two cases considered (at the higher and lower specimen
motion velocity in the presented variation interval), the phase composition remains unchanged.
It is in the form of a two-phase Ti/TiC composite structure.

3. The lower speed of the sample motion (5 mm/s) results in a thicker layer with
homogeneously distributed TiC particles and a higher microhardness - about 510 HV, or 2.5
times higher than that of the titanium substrate. At higher speed (15 mm/s), the microhardness
is 360 HV, which is 1.8 times higher than that of the base material.




Contributions

The following contributions can be summarized from the results obtained in this dissertation

1. An innovative and practical method for the application of modifiers on the surface of
metal substrates to form composite surface alloys and coatings by electron beam technology
was developed. The applicability of the method was confirmed by obtaining surface structures

(coatings) in Ti-B and Ti-C systems on titanium substrates.

2. New knowledge was obtained regarding the influence of the technological conditions
of electron beam processing on the mechanism of formation of Ti-B and Ti-C systems, and their

resultant structure, microhardness, and coefficient of friction.

3. The technological parameters (specimen motion speed and electron beam power) of
electron beam modification were optimized to form Ti/TiB and Ti/TiC composite coatings
having homogeneous structure, reduced concentration of structural defects (pores, cracks, etc.)

and improved mechanical properties.

4. Through the proposed electron beam surface modification technology of Ti
substrates, a significant improvement in mechanical properties was achieved as follows:
- more than 20-fold increase in microhardness and 2-fold reduction in friction
coefficient for the case of Ti pads treatment with boron;

- 2.5-fold increase in microhardness for the case of carbon Ti pad treatment.
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