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Abstract
A metal-matrix composite based on Ti-6Al-4V – B4C with TiB, TiB2 and TiC inclusions was successfully
obtained as a result of in-situ synthesis using repetitively pulsed laser radiation. For the first time, the
phase composition of the obtained metal-matrix composite was studied using synchrotron radiation. A
comparison of the effect of using continuous and pulsed-periodic radiation in selective laser melting on
the microstructure and mechanical properties of coatings was made. The use of repetitively pulsed
radiation made it possible to form more uniform structures and to improve the mechanical properties of
metal-matrix coatings in comparison with the continuous mode of exposure. It has been established that
the use of repetitively pulsed radiation and the formation of TiB2, TiB, TiC phases made it possible to
increase the wear resistance of the formed composite by a factor of 6 in comparison with the Ti-6Al-4V
metal coating.

1. Introduction
Additive technologies (AT) of parts manufacturing are entering the industrial level today. The most widely
used and versatile AT for the production of 3D parts is selective laser melting (SLM) [1].
To improve the characteristics of the formed products under industrial conditions, several types of metalmatrix composite (MMC) materials have been developed, including MMC based on Al, Ti, Fe, Cu, Mg, and
Ni, reinforced with either fibers or particles [2–6].
Titanium is a very promising material, which is characterized by the highest strength-to-weight ratio
among metals, along with high corrosion resistance [7–11]. Sintered composites based on B4C, TiC, TiB,
TiB2 ceramics and titanium metal binder have demonstrated good performance due to their high
compatibility, high melting point, extreme hardness, excellent wear resistance and corrosion resistance,
combined with excellent fracture toughness[12–17]. These composites are mainly obtained by hot
pressing or casting. One of the main problems in the production of metal-matrix composites is to ensure
the physicochemical compatibility of the matrix and the reinforcing phase.
Currently, there is a need to obtain MMC coatings on structural materials. One of the most promising
methods of creating a composition is the use of high-energy sources. In this case, both laser
radiation [18–24] and an electric discharge arc [25–28] were used as energy sources.
The creation of MMC is possible by ex-situ synthesis (using TiC and TiB2 powders)[29–32] or in-situ
synthesis (using Ti and B4C or another precursor)[18–23,33]. It should be noted that a large number of
works are devoted to the development of surface hardening methods by creating a metal-ceramic coating
using the in-situ method for a TiC-TiB2 mixture. The MMC with TiC-TiB2 ceramics, prepared by in-situ
synthesis, provides uniform distribution of reinforcing particles, along with excellent interfacial bonding
between particles, which increases the stability and fracture toughness of the composite compared to the
composite prepared by ex-situ synthesis [23]. The microstructure, phase composition and mechanical
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characteristics of the deposited material were investigated. It has been shown that the coating has 3 to 4
times the hardness of the substrate.
Consequently, the development of the method of in-situ synthesis of TiC-TiB2 i.e. the use of Ti and B4C
starting powders is a promising direction in the creation of a metal-ceramic composite.
In recent works[23,24] during in-situ synthesis using Ti and B4C powders and continuous laser radiation,
the formation of the phase composition was investigated and it was shown that crystallization of TiB
begins first and TiC crystallization goes after. Xia et al.[24] investigated the effect of laser radiation power
on the coating structure; as a result, an increase in the size of crystals and a decrease in microhardness
with increasing power was shown.
However, a very small number of studies are devoted to the study of the effect of changing the ratio of
the initial concentration of a mixture of Ti powders and a composite coating on the quality of SLM
deposited layer [7,28]. The formation of a deposited layer using an electric discharge arc (TIG) at high
weight concentrations (Ti – B4C = 5: 1, 3: 1 and 3: 2) was studied [28]. It is shown that TiC, TiB2, TiB and
TiAl3 are the main constituents existing in the coating. The uniformity of the resulting coating is much
higher when using a 5Ti – B4C powder blend compared to a coating made with a relatively higher
percentage of B4C, i.e. 3Ti – B4C (stoichiometric ratio) and 3Ti – 2B4C. At the same time, in all modes,
pores and microcracks are observed, the number of which depends on the arc current.
The transition to multilayer coatings fundamentally changes the character of crack propagation, which is
scarcely studied, especially considering the influence of the initial concentration of B4C and the
endothermic nature of the reaction of boron with titanium on this process. In addition, a number of AT
problems associated with the quality of the metal obtained by additive manufacturing remain unresolved.
For example, the rough dendritic structure and texture of products made of titanium alloys can
significantly reduce the level of mechanical properties (yield strength, tensile strength, fracture toughness,
impact toughness, abrasive wear resistance, low-cycle and high-cycle fatigue life).
One of the methods to improve the characteristics of metal matrix composite materials (MMC) obtained
with selective laser melting (SLM) is through the use of vibration. There are various methods of
introducing of vibrations into the welding zone, such as, for example, electric arc vibrations [34,35], direct
introduction of vibrations into the material through a waveguide [36].
These methods make it possible to improve weldability without the need for heat treatment, which leads
to a reduction of the technological cycle and a decrease in the cost and time for the production of
products. The overwhelming majority of works (for example, [36–38]) are aimed at using mechanical
vibrations in arc welding in order to improve the structure and properties of welded joints.
Thus, the implementation of external periodic mechanical impact and pulse periodic input of heat
showed the advantage of methods of pulse-arc welding on the formation of the structure and properties
of the weld [39]. Various aspects of the positive influence of repetitively pulsed welding on the weld
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structure are investigated [40]. The source of oscillations was a modulated current, an alternating
electromagnetic field, or a pulsed generation of laser radiation. Reaching of resonance conditions - the
coincidence of the frequencies of the external influence and the natural frequency of crystallization, can
lead to the dominance of certain physicochemical processes that simultaneously occur at a given time
and affect structural changes. The studies [41,42] describe the production of a homogeneous structure of
composite protective coatings based on ceramic and intermetallic materials using vibration and
modification of the structure during melting in combination with vibration.
A separate cycle of research, both theoretical and experimental, is devoted to the study of the behavior of
a liquid in the presence of vibrational oscillations. Even in the first works it was shown that highfrequency vibrations lead to the generation of an averaged flow in a viscous boundary layer near the body
surface [43]. In [44], the effect of low-amplitude vibrations on Marangoni convection was studied. During
the experiments, the critical temperature differences and the role of vibrations in changing states in a
liquid were determined. The results showed that, under vibration exposure, vibration movement occurs for
a smaller critical temperature difference, which is associated with the influence of vibrations on the shape
of the free surface. The results presented in [45] show that in the presence of vibrations, the positions of
the vortex centers in the radial and axial directions periodically deviate from their equilibrium positions.
The speed of the surface movement without lateral vibrations is greater than with vibrations, which
means that lateral vibrations suppress the surface flow.
Thus, the changes occurring in the melt, in the structure of a specific zone of the weld during the
crystallization process under the influence of vibration can be both positive and negative, it depends on
many characteristics of the vibration impact. There is a need to determine the permissible ranges of
technological parameters that make it possible to control the shape of the melt, the direction and
intensity of its convective movement, the influence of chemical reactions and the role of additional
energy as a result of an exothermic reaction, the free surface of the melt in the melting zone, the shape of
the crystallization front and the speed of its movement.
It stimulates the research of new methods of selective laser melting, which will improve the structure and
mechanical characteristics of the obtained cermet material. This, in turn, will provide the technological
basis for the additive production of aircraft parts with the specified characteristics of the material
obtained by layer-by-layer laser-melting technology.
In this work, composite multilayer samples prepared by selective laser melting (SLM) using a pre-stacked
powder mixture based on Ti and B4C at different mass ratios and creating a TiB – TiC – TiB2 mixture
using in-situ synthesis were studied. For the first time in the SLM method, a СО2-laser operating in a
repetitively pulsed mode with frequencies of 50 – 160 kHz with an average power of up to 2 kW was used
and the influence of the dynamic and thermal disturbances generated by it on the characteristics and
formation of the deposited layer was investigated. The main task was to create a composite 3D material
with minimal number of defects and to investigate the influence of the composition of the initial powder
on the microstructure, microhardness and level of abrasive wear.
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2. Materials And Experimental Technique
To obtain composites based on a metal matrix, a cermet powder mixture was used in this work. It
included a fragment-shaped boron carbide B4C powder (Fig. 1a), the average size of which was d =
40 μm, and a spherical titanium alloy Ti-6Al-4V powder (Fig.1.b) with a particle size from 10 μm to 45 μm.
The powders were mixed in a Venus FTLMV-02 V-shaped mixer with different ratios for one hour until a
homogeneous powder mixture was formed. The concentration of B4C ceramics in the initial powder
mixture ranged from 2 to 20 wt%.
Using the selective laser melting (SLM) method, the powder mixture was deposited onto a substrate in the
form of a plate made of titanium alloy Ti-6.5Al-1.8Zr-1.5Mo with dimensions of 50 × 50 × 5 mm.
The ALTС "Siberia" based on a gas-discharge СО2 laser with repetitively pulsed radiation was used as a
source of laser radiation. This complex was developed at the Khristianovich Institute of Theoretical and
Applied Mechanics SB RAS [46]. The oscillogram of a single laser pulse is shown in Fig. 2.
Laser radiation with a wavelength of 10.6 μm was focused using a ZnSe lens with a focal length of 254
mm deep into the material, onto the surface and above the material. The selective laser melting was
carried out in a protective atmosphere of helium supplied through a nozzle. The thickness of the applied
layer of the powder mixture was 250 μm. Optimization of the parameters of laser beam irradiation for
repetitively pulsed radiation (RPR) was carried out in the same way as for continuous radiation [47]. The
parameters varied such as the radiation power (from 500 W to 1500 W), the position of the focus relative
to the powder layer (f varied from -30 mm to +30 mm with a step of 5 mm), the scanning speed (from 0.5
m/min to 1, 5 m/min), pulse frequency (20 kHz to 100 kHz).
The formed composites were studied using an Olympus LEXT OLS 3000 (OM) optical confocal
microscope. The study of the microstructure was carried out using a Zeiss EVO MA 15 scanning electron
microscope (SEM) equipped with a backscattered electron detector for determining the phase
composition and a secondary electron detector for analyzing the surface microrelief.
Microhardness measurements were carried out on a Wilson Hardness Group Tukon1102 microhardness
tester using the Vickers method at a load of 300 g.
The phase composition of the surface of the samples was carried out using X-ray diffraction (X-Ray). The
diffraction patterns were recorded on a D8 Advance diffractometer using the characteristic radiation of
the copper anode of the Cu-Kα X-ray tube (λ = 1.5406 Å), a nickel filter for suppressing the reflection from
Cu-Kβ radiation, and a linear position-sensitive detector Lynx-Eye. The phase composition was decrypted
using the Pdf4 database.
The X-ray diffraction in transmission mode was carried out using synchrotron radiation (SR) at the
station of the 4th channel VEPP-3 located at the Institute of Nuclear Physics. G.I. Budker SB RAS, at the
"Diffractometry in hard X-ray radiation" station [48]. A sample with dimensions of 4 mm by 4 mm and a
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thickness of 1 mm was studied over the entire height using SR with a wavelength of 0.3685 Å in the
Debye-Sherard geometry. The survey was carried out sequentially, starting from the upper layer, in the
range from 0 ° to 22 ° with a step of 100 μm. The beam diameter was 100 μm.
Diffraction rings were recorded using a two-dimensional Mar345 detector. In these studies, the
contribution to the diffraction pattern was made not only by the surface layers of the sample, but by the
entire volume of the substance through which the radiation flux passes. The phase composition was
studied using a beam of monochromatic synchrotron radiation with a cross section of 100 * 400 μm. The
resulting diffraction rings are integrated over the radius and recalculated for λ = 1.5406 Å.
Wear resistance was evaluated using tests carried out by interaction of the test sample with abrasive
paper (Fig. 4). The using of a spiral trajectory on abrasive paper ensures a stable wear process of the
sample, because it provides a constant contact of the sample surface with new abrasive particles.
The tests were carried out at a load of 10 N for 30 minutes in air, with P80 abrasive paper (particle size of
200 μm), the rotation speed was 150 rpm. On average, three measurements were performed on each of
the composites. The roughness of the working surface before testing was not more than Ra 2.5.

3. Results Of Experiments And Discussion
3.1 Optimization of the laser exposure mode for a single track formation.
It is necessary to optimize the parameters of the laser exposure of the powder mixture during the
formation of single tracks to form a high-quality multilayer cermet structure. As a result, the same as for
continuous radiation [49], the optimal parameters of laser exposure for repetitively pulsed radiation
depend on the concentration of ceramics weakly and are as follows: t = 250 μm, W = 1000 W, V = 0.7 m /
min, f = -18 mm, F = 60 kHz.
The arrays which consist of 6 tracks with a step of 1 mm between tracks were formed using this mode.
These arrays consist of 8 deposited layers. Note that the position of the tracks in every next layer shifted
relative to the previous layer by ± 0.5 mm. To highlight the features of the formation of the deposited
layer in a pulse-periodic mode, a control surfacing was carried out in a continuous mode of laser
radiation with the same irradiation parameters.
3.2. Microstructure of track array
Figure 5 obtained by an optical microscope shows the cross-section structure of the polished samples,
deposited in a pulsed-periodic mode with different initial concentrations of В4С ceramics. It can be seen
that at a ceramic concentration of 10% wt. the deposited mass is homogeneous and does not have
cracks, however, with an increase in concentration of ceramic to 15 wt. %, transverse cracks are formed
(same as for continuous radiation [49]).
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A comparative analysis of samples obtained using continuous and repetitively pulsed radiation (Fig. 6-7)
has been carried out. Differences are observed in the macro (Fig. 6) and microstructure (Fig. 7) depending
on the type of laser used.
Fig. 6 shows the typical structure of the polished samples deposited in pulse-periodic (Fig.6a) and
continuous (Fig.6b) modes at a ceramic concentration of 10 wt%. The photographs include the substrate
boundary (Fig. 6b) and the deposited layer.
At the macroscale, for repetitively pulsed radiation, pores are practically not observed in the formed
multilevel structures (Fig. 6a). In turn, in the coating obtained using continuous radiation and similar
energy parameters, both large pores and micropores are observed (Fig. 6 b). As can be seen from the Fig.
5 and Fig. 6a, large ceramic particles, especially at a high initial concentration of B4C (≥10%),
concentrate on the lateral edges of the tracks, forming a rather ordered structure of the arrangement of
bunches in samples obtained with the pulse-periodic radiation. Moreover, taking into account the shift of
± 0.5 mm in the position of the tracks in every next layer relative to the previous, the bunches of particles
are also shifted. When using continuous radiation, ceramic particles are localized at the lower boundary
of the deposited layer (Fig. 6b). An important feature of the PPR application is the homogeneity of solid
solution of the deposited layer at the macrolevel (Figs. 5 and 6a), while the use of a continuous radiation
causes a large structural inhomogeneity (Fig. 6b and [49]) of the solid solution.
At the micro scale, the differences in the structure of the deposited layer are also observed for two types
of laser radiation. The EDX image of the cross-section structure of the polished samples obtained using
pulse-periodic (a) and continuous radiation (b) at a ceramic concentration of 10 wt% is shown in Fig. 7.
Continuous radiation is characterized not only by a separate localization of large particles, but also by the
formation of a separate layer where the dark needle-like structures - whiskers are located, i.e. there occurs
a separation of the solid solution according to the microstructure and the content of certain phases.
When using PPR, a different picture is observed (see Fig. 7). In this case, the ceramic particles are
surrounded by structures of secondary phases (whiskers and submicron particles) formed as a result of
an exothermic reaction between boron carbide and titanium. In other words, we can say that when using
repetitively pulsed radiation, a more homogeneous microstructure is observed (see Fig. 7 a).
However, after a more detailed analysis, it becomes clear that when using PPR, the structure of the
deposited layer at the micron and submicron level becomes inhomogeneous, it contains a rich set of
secondary phases of various sizes and different chemical compositions. Fig. 8 shows an EDX image of
the microstructure of a Ti-Al-V – В4С sample with a 9: 1 wt% ratio in two different locations at the micron
scale. The presented figures show the difference in the local structures of the deposited layer. Note that
the image in Fig. 8 was obtained in the chemical contrast mode. One can see the presence of white and
gray particles in a very wide range of sizes from submicron to tens of microns, in which heavy elements
predominate. In this case these can be the TiB, TiB2 and TiC phases.
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Typical results of studying the local distribution of carbides in the coating volume are shown in Fig. 9.
When carrying out the averaged elemental analysis of the deposited zone containing secondary phases
(Table. 1, spectrum 2), a sharp increase in the boron content is observed in comparison with the region,
predominantly containing a metal matrix (Table. 1, spectrum 1). Dark particles in the form of whiskers
(needle-like structures) (Table. 1spectrum 4) are a compound of boron and titanium (TiB2).
Table 1. Chemical composition of the spectra shown in Fig.9
№ spectrum

Chemical element (%)
В

С

Al

Ti

V

wt

at

wt

at

wt

at

wt

at

wt

at

1

1.47

5.63

2.14

7.39

5.69

8.73

87.16

75.37

3.54

2.88

2

12.98

35.15

5.35

13.04

4.28

4.64

74.37

45.44

3.02

1.74

3

–

–

7.65

12.08

7.65

12.08

85.32

75.92

4.77

3.99

4

27.01

58.44

4.04

7.87

0.21

0.18

66.33

32.40

2.41

1.11

3.3. Phase composition of the track array
X-ray diffraction analysis of the Ti-6Al-4V – В4С sample with a ratio of 9: 1 wt% was carried out. As a
result, the presence of α-Ti, V2C, TiC in the sample was shown (see Fig. 10). However, it should be noted
that there is a high level of noise in the X-ray pattern, which makes it difficult to decipher the chemical
compounds.
For a more accurate determination of phase compounds, a diffraction study was carried out using
synchrotron radiation.
Figure 11 shows the diffraction patterns. As a result, the presence of a larger number of phase
compounds in the deposited layer in comparison with reflection X-ray diffraction patterns is shown. In
Fig. 11, it can be noted that the sample with cladded Ti-6Al-4V – B4C with a ratio of 9: 1% of the mass.
includes α-Ti, TiB2, TiB, TiC, V2C, TiAl3. It should be noted the homogeneity of the phase composition over
the thickness of the deposited layer.
The most important result of these measurements is the comparable intensity of the diffraction maxima
of the secondary phases TiB2, TiB, TiC and the α-Ti solid solution. This circumstance shows that most of
the Ti is involved in the creation of ceramic crystals.
3.4. The measurement of mechanical characteristics: microhardness and wear resistance of the resulting
coatings
For all the composites obtained, the microhardness was measured.
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Figure 12 shows the dependence of the average microhardness and the spread of values on the
concentration of ceramics in the initial powder mixture for samples obtained using periodic and
continuous radiation. Averaging was carried out over 10 measurements of microhardness at different
points throughout the sample. It is seen that with an increase in the concentration of ceramics, the
average microhardness increases. The spread of microhardness values in a continuous cut of laser
radiation exceeds the spread of the PPR data.
The microstructure of the formed samples with a ceramic concentration of 2 and 4% wt. was observed, it
appeared to be close to the original metal matrix (Ti-6Al-4V) and, as a result, the microhardness of such
arrays at different points remains the same and is approximately 444.7 HV0.3 and 472.9 HV0.3,
respectively.
A different picture is observed for arrays with a ceramic concentration of 6% wt. and more. In this case,
when using continuous laser radiation, a heterogeneous structure is formed with zones which have
different microstructure (see, for example, Fig. 7) and, as a consequence, different mechanical
characteristics, and the microhardness in different zones can vary several times, from 400 HV0.3 up to
1400 HV0.3 (see fig. 13)
The microhardness of the B4C ceramic particle in the metal matrix of the sample is approximately 4200
HV0.3. The data presented show that the maximum microhardness is recorded in the presence of a
heterogeneous structure, including small ceramic crystals of the TiB2, TiB phases, and their characteristic
size of d ≤ 1 μm is significantly less than the diagonal length of the of the indenter diagonal, which is
approximately 18 μm. Close values of microhardness are recorded in the presence of a large number of
dark needle-like structures - whiskers, with a transverse size of a few microns, but a length of tens of
micrometers. It can be seen from Fig. 8a and Fig. 11b, that the whiskers are surrounded by a large
number of small (about 1 μm) ceramic particles of various phases: TiB2, TiB, TiC. In this case the indenter
also interacts with a heterogeneous structure that includes many hard ceramic particles situated in α-Ti
solid solution. The local maximum microhardness is close to the values obtained during the formation of
the surfacing by continuous radiation 1413 HV0.3. (see fig. 8 [49])
In addition to the microhardness, the wear resistance of the formed composite material was measured.
The study of wear resistance was carried out for three samples: Ti-6Al-4V and Ti-6Al-4V – B4C with a ratio
of 9:1 wt% obtained using PPR and continuous radiation. The experiment showed that in case of using
continuous laser radiation a sample with a boron carbide content of 10 wt%. has 4.2 times higher
resistance to wear compared to the sample without ceramic. The use of PPR made it possible to
significantly improve the characteristics of the deposited layer, which has a 6 times higher resistance to
wear compared to the sample without ceramics.

4. Discussion
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The TiB compound is recognized as one of the most beneficial reinforcing materials for titanium [8].
Composite metal-ceramic samples were prepared by in-situ synthesis using various mixtures of powders
of В4С ceramics and Ti-6Al-4V alloy using layer-by-layer deposition of a mixture of powders and selective
laser sintering.
It is known that boron carbide enters into a chemical reaction with titanium at high temperatures, as a
result of which new chemical compounds (TiB, TiB2, TiC) are formed [19,25,28]:

In work [19], changes in the standard Gibbs free energy of reactions (1) - (2) were calculated using
thermodynamic data. In full accordance with previous studies [see. for example [18–22]], after laser
melting of a mixture of B4C + Ti-6Al-4V powders, microstructural analysis based on SEM images clearly
reveals the morphology of the phases being formed after solidification of the melt. Large (20-50 microns)
fused particles of non-reactive ceramics B4C are observed (see Fig. 5,7,9). Dark-colored structures
associated with TiB2 phases (Fig. 9 spectrum 4) are presented in the form of needles (whiskers) with
characteristic dimensions: the diameter is 2-3 microns and the length is 30-50 microns (see fig. 7b, 8a).
Note that such large TiB needles were studied in detail by Kooi et al [22]. Their complex structure and the
presence of a hollow core filled, in particular, with titanium nuclei are shown. Previously conducted
numerous studies [see. for example [23,24,28]], as well as our EDS analyzes (Fig. 7) shows that dark
hexagonal prismatic or rectangular particles of 1 μm in size formed by TiB2 phase. Light coloured round
in shape structures (see Fig. 8) are the TiC phase. In addition to the clearly defined structures of the TiC
and TiB phases, there is also a small amount of a metallic bond of the titanium alloy Ti-6Al-4V (see Fig. 8,
spectrum 1 and 3). It is fundamentally important that all the products indicated in reactions (1 - 4) are
observed using a transmission phase analysis by synchrotron radiation (see Fig. 11) and the total level of
signal intensity from the signal of reflections of the created phases is of the order of or exceeds the
reflection from the α-Ti matrix, i.e. most of the titanium reacted with B4C to form various ceramic
particles. The absence of the B4C reflection, i.e. a decrease in its level below the sensitivity level of the
method and a low level of the αTi reflex completely correlates with the data of [28] for an initial B4C
concentration of 20%.
It should be noted that as a result of chemical action 1-4, not only a change in the chemical composition
of the ceramics occurred, but also significantly smaller particles of TiB, TiB2, TiC ceramics were created.
The initial boron carbide powder B4C had a splinter shape (Fig. 1a) with an average size of d = 40 μm. As
a result of the reaction with titanium, a much larger number of ceramic particles of TiB and TiC phase
were formed. These particles of 1-3 microns in size have a shape close to a cubic, and they are
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additionally connected by thin needles with characteristic dimensions of 2-3 microns in diameter and 3050 microns long.
It is shown that in the mechanism of the formation of the shape of a separate track and layer, the
distribution and formation of ceramic particles, and the resistance to abrasive wear, an essential role was
apparently played by the pulse-periodic mode of the supply of laser radiation energy.
Where: a ~ 14.8 mm2/s is the thermal diffusivity of the deposited layer, D ~ 0.4 mm is the characteristic
thickness of the deposited layer, V – 16 mm / s is the typical scanning speed. W = 1 kW typical radiation
power, Cg ~ 2 * 106 mm / sec - the speed of sound in the melt.
From the data presented in Table 2, it can be seen that the regime of quasi-stationary energy supply to the
melt is realized, i.e. the time of temperature change is significantly longer than the interval between
pulses (T3 >> T2). However, the time of energy supply T1 is short. Note that when using powerful pulses,
the process of heating the metal is complicated. There is the direct effect of radiation on the substance,
and the formation of plasma with the subsequent transfer of part of the energy from the plasma to the
surface of the sample. Pulses of radiation and plasma act on the surface of the melt by pressure and
heating of a narrow layer (absorption occurs in a narrow layer), generating heat and sound waves in it. It
should be noted that the characteristic time of propagation of a sound wave over the molten pool T4 is
short. So, during the energy release, the compression and then the rarefaction waves have time to act on
the melt several times. Thus, the dynamic impact is limited by a time frame of the order of a pulse
duration of about 1 μs. In a pulse-periodic mode, thermal processes can have a significantly stronger
effect. During the time of the radiation pulse and the existence of the plasma, the surface of the melt
heats up to very high temperatures, partial evaporation of the metal occurs, which leads to powerful
temperature gradients, which can significantly exceed the values achieved when exposed to continuous
radiation, both in the direction of the sample and along the radius. This is due to an increase in the acting
radiation power in a pulse by more than 20 times. As a result, convective mass transfer, which plays an
important role in the formation of the track shape and the distribution of ceramic particles over the
volume as compared to diffusion, is significantly enhanced in the case of using PPR. One of the
convection mechanisms is surface tension gradients. During laser heating the temperature of the
material in the center of the beam is at its maximum and decreases towards the edges. The surface
tension of a liquid (melt) depends on temperature and usually decreases with growth of temperature. As
a result, a force arises on the surface, directed from the center of the light spot to its edges, and a fluid
movement arises, leading to the formation, in the end, of a cylindrical concave meniscus.
Table 2. The characteristic times of the selective laser melting in a pulse-periodic mode.
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№

Process

Evaluation method,

Parameter unit
measurements

1

Energy absorption

Determined by the
characteristic radiation
time

T1 < 1μs.

2

Cooling time between pulses

Т2=1/f

Т2=16.6 μs

3.

Typical temperature change time

Т3 =D 2 /a ,

Т3 =9.6 msec

4

The characteristic time of propagation of a
sound wave in a molten bath

Т4-D/Сg

0.2 μs

5

The number of impulses affecting the
surface

N= f*(D/V)

N=3700 pcs.

6

Pulse energy

Q=W\f

Q=16 mj

It is this situation that was observed, as it can be seen in Figs 5 and 6 on the surface of the upper layer, at
a high concentration of ceramics in the powder mixture (≥ 6% В4С). With a decrease in the amount of
ceramics, the surface becomes smooth. It should be noted that when using continuous radiation, the
concave meniscus is formed only at a much higher ceramic concentration [49]. In turn, at a lower
concentration of B4C and in its absence, the dependence of the tension coefficient on temperature
reversed sign, which caused the formation of a convex cylindrical meniscus. At a concentration of 20%
B4C + 80% Ti-6Al-4V, the meniscus surface was flat. It is important to note that the effect of dynamic and
thermal waves and stronger temperature gradients are manifested not only in the change in the modes of
formation of the track cross-sectional shape, but also in the distribution of ceramic particles. For
example, most of the non-molten large B4C particles are localized in the region of the lateral edges of the
tracks. As a result, a regular structure of the arrangement of large solid particles is formed, which is most
clearly recorded at high concentrations of ceramics (≥ 10% В4С) (see Figs. 5 and 6a). When using
continuous radiation, a completely different picture is observed, i.e. chaotic arrangement of particles of
unmelted ceramic B4C (see Fig. 5b). In addition, the process of distribution of the phase composition and
microstructure along the track height is realized, while not molten В4С particles are concentrated in the
lower layer, see (see Fig. 7b).
When using PPR, such distribution is not observed (see Fig. 7a), the solid solution is homogeneous at the
macrolevel, which is apparently due to periodic dynamic and thermal effects that cause mixing at the
crystallization stage.
It is important to note that the crystallization process when using PPR has its own characteristics. Indeed,
in the continuous mode of laser heating, the crystallization zone is separated from the area of radiation
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exposure, and the subsequent cooling of the melt is determined by the energy flow into the lower layers of
the deposited sample. Therefore, solidification starts from the inner surface of the lower layer. It should
be noted that after the deposition of each layer, the sample was cooled to a temperature of about 340 K.
Thus, the lower zone of the melt had a minimum temperature, and it is there that residual undissolved
particles of the original B4C ceramic are recorded. The upper zone of the applied layer, which has the
maximum temperature, is characterized by the formation of needles (whiskers). In [26,28], it is noted that
after complete melting during solidification, different types of coating morphology are obtained from the
molten pool, depending on the solidification rate. TiC solidifies first (melting point 3160 °C) and appears
as a round particle shape or dendritic structure. Upon further cooling, the TiB2 melt (melting point 2970
°C) begins to nucleate and solidifies in the form of a hexagonal or rhombohedral structure, which in our
case fully corresponds to the formation of an intermediate zone with continuous laser radiation. It is this
circumstance that apparently caused the separation in height within the melt layer by phases and
microstructure when using continuous laser radiation to create a multilayer 3D sample [49].
When using PPR, the crystallization process is subjected to periodic dynamic and thermal effects, which
can be caused by various mechanisms. For example, by the generation of an averaged flow in a viscous
boundary layer near a crystallized material [38,39] or due to the effect of low-amplitude vibrations on
Marangoni convection [40]. In particular, in [40], from the analysis of various methods of metal
modification, it was concluded that the methods of pulse-arc welding are superior.
A uniform distribution of the secondary phases of ceramic particles of TiB2, TiB, TiC, with a characteristic
size of about 1-3 μm was obtained by in-situ synthesis using Ti and B4C in as starting powders and a
repetitively pulsed supply of radiation energy at a frequency of 60 kHz. A more uniform distribution of
secondary phases manifests itself in a smaller spread of microhardness when using PPR (see Fig. 13).
This made it possible (with continuous irradiation and appropriate separation of phases and their
localization in certain zones) to achieve, at the optimal track formation mode and the initial boron carbide
concentration of 10 wt%, the local maximum concentration of TiB2, TiB, TiC microparticles in the α-Ti
solid solution and, accordingly, the maximum microhardness of the order of HV0.3 = 1419.
On the other hand, when using the PPR for the first time for SLM, it was possible to achieve a 6 times
higher value of resistance to wear compared to the sample without ceramics and 1.5 times higher than
when using continuous laser radiation.
It should be noted that the local microhardness data and its fluctuations obtained by the selective laser
melting (SLM) method using continuous radiation correlate well with the microhardness data obtained
using an electric arc (TIG) at the same B4C concentration [28]. In this work, it was found that the range of
hardness values for the 3Ti-B4C powder mixture is slightly higher (712 – 891 HV0.05) than for the coating
obtained with the 5Ti – B4C powder mixture (566 – 822 HV0.05), the average values of which are close to
data in Fig. 13.
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For the 5Ti – B4C concentration, the wear resistance compared to the sample without ceramics
in [28] had a spread of 1.67 – 4.1 times depending on the arc mode, which turned out to be close to our
data using continuous radiation (4 times) and was also 1.5 times smaller compared with the use of PPR.
Note that despite a decrease in the quality of the deposited layer at a high concentration of 3Ti – 2B4C,
microcrack pores, and wear resistance increase 11 times [28].
An increase in the relative resistance to wear with an increase in the initial concentration of B4C ceramics
is due to an increase in the number of secondary phases, given their high hardness TiB2 (3500 HV0.05)
and TiB (1900 HV0.05) [28]. These values indicate a tendency towards an increase in the microhardness
value with an increase in the proportion of B4C in the powder mixture.

Conclusion
The paper studies the effect of repetitively pulsed radiation on the microstructure and mechanical
properties of a metal matrix composite based on Ti-6Al-4V + B4C with different ceramic concentrations
obtained by selective laser melting. As a result, the following conclusions can be drawn:
At a concentration of B4C ceramics of 10% of the mass. in the initial mixture, the deposited mass is
homogeneous and has no cracks.
In the coating, most of the titanium reacted with B4C to form various ceramic particles TiB2, TiB, TiC.
It is shown that the use of repetitively pulsed radiation in selective laser melting makes it possible to
improve the microstructure, obtain a more uniform distribution of the concentration of the secondary
phases of ceramic particles TiB2, TiB, TiC, and increase the mechanical properties of metal matrix
coatings in comparison with continuous radiation.
The maximum microhardness of the coating obtained with the use of PPR when using a mixture of Ti6Al-4V- В4С with a ratio of 9: 1 wt% reaches the value HV0.3 = 1419.
The wear resistance of the metal-matrix coating obtained with PPR using a mixture of Ti-6Al4V - В4С with a ratio of 9: 1 wt% is 6 times higher than that of a Ti-6Al-4V coating.
The wear resistance of a Ti-6Al-4V - B4C mixture with 9:1 wt% metal obtained using repetitively pulsed
radiation is 1.5 times greater than the same mixture obtained using continuous laser radiation.
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Figure 1
Electron microscope image of the powders used: а – В4С, b – Ti-6Al-4V

Figure 2
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The oscillogram of the radiation pulse.

Figure 3
Metallographic studies scheme.
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Figure 4
Scheme of a device for assessing wear resistance.
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Figure 5
Optical image of cross-sections of 3D arrays with different concentrations of ceramics Ti-6Al-4V - В4С (а
– 4 % wt. В4С, b - 10 % wt. В4С, с - 15 % wt. В4С)
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Figure 6
Optical image of cross-sections of 3D arrays obtained using pulse-periodic (a) and continuous radiation
(b) at a ceramic concentration of 10 wt%
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Figure 7
EDX image of the microstructure of the Ti-6Al-4V – B4C samples with a ratio of 9:1 wt%. (a, b - pulseperiodic radiation; c, d - continuous radiation)
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Figure 8
EDX image of the microstructure of a Ti-6Al-4V – B4C sample with a ratio of 9: 1 wt%

Figure 9
EDX image and places of measurement of the elemental composition of the Ti-6Al-4V – B4C array with a
ratio of 94: 6% wt.
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Figure 10
X-ray diffraction patterns of the cross-section of the sample Ti-6Al-4V – B4C with a ratio of 9: 1 wt%
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Figure 11
X-ray diffraction patterns of the cross-section of the sample with cladded Ti-6Al-4V – B4C with a ratio of
9: 1% wt. Distance is indicated from the top surface.
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Figure 12
The value of the microhardness of multilayer deposited structures depending on the concentration of
ceramics in the initial powder mixture

Figure 13
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Images of a sample with overlaying Ti-6Al-4V – B4C with a ratio of 9: 1 wt% obtained by continuous
radiation with indentations from an indenter in different zones with a maximum microhardness value. a)
Zone with submicron particles, HV0.3 = 1419, b) zone with whiskers and submicron particles HV0.3 =
1335
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