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Abstract

Increasing performance requirements of advanced products demands new, versatile fabrication techniques. Additive technology
represents one of the most prospective fields of future production. B4C-based composites were fabricated on titanium substrate
by selective laser melting (SLM) using titanium (Ti-6Al-4V) and boron carbide (B,C) powder mixture at different weight ratio
(Ti:B4,C =1:0, 9:1, 8:2, and 7:3). It was shown that the use of a powder mixture B,C + Ti-6Al-4V with ceramic concentration of
more than 10% of weight led to formation of cracks. The microstructure of composites was studied by optical and electron
microscopy. It was shown that a heterogeneous structure was formed with regular allocation of zones inside each layer. It was
established that new chemical compounds (TiB, TiB,, TiC) absent in the initial powder mixture were formed in the new structure.
A significant change in microhardness is shown (for sample without ceramics—372 HV0.3, for sample 10% B4C + 90% Ti-6Al-
4V—from 548 to 4214 HV0.3). It was shown that the wear loss of B,C-free sample is approximately 4.2 times higher than that of

the sample with 10 wt% B4C.

Keywords Selective laser melting (SLM) - Metal matrix composites (MMC) - Ti-6Al-4V - Boron carbide ceramics B4C

1 Introduction

New materials development and manufacturing new parts on
their base, which have unique performance characteristics and
can operate at high thermal and mechanical loads, is one of the
most relevant problems in the modern development of rocket
building, engineering, and metallurgy. Additive technology
(AM) for the manufacture of prototypes and functional prod-
ucts rises to an industrial level today and represents one of the
most prospective fields of flexible future production. Today
there are more than ten known methods and technologies in
additive manufacturing of parts, and new ones appear every
year. The most widely used AT for manufacturing of 3D parts
is the selective laser melting (SLM) [1-3].
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To improve the characteristics of the formed products, the
metal-matrix composite (MMC) coatings whose mechanical
properties are obtained from the relevant combination of rein-
forcing elements of the metal matrix, are used. For industrial
application, several MMC kinds have been developed, includ-
ing Al, Ti, Fe, Cu, Mg, and Ni based, reinforced either by
fibers or particles.

Titanium is characterized by a high strength to weight
ratio among metals, along with a high corrosion resistance.
Creation of titanium composites opens the prospect for
improved specific rigidity and high-temperature strength,
reduced abrasive wear [4, 5]. TiB compound is recognized
as one of the most advantageous reinforcing materials for
titanium [6—9]. Metal composites have been highly sought
due to their high compatibility, increased melting point,
extreme hardness, excellent wearing quality, and corrosion
resistance, in combination with perfect viscosity for decon-
struction. Various research groups have developed the
TiC-TiB, composite material or coating based on different
template materials with the help of ex-situ (directly using
the TiC and TiB, powder) [10—13] or in situ (using Ti and
B4C or other predecessor) [14-20]. Thus, the work [11]
regarding TiC-TiB,—Ni on the steel template studies the
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microstructure and demonstrates the presence of good me-
chanical properties. It is established that the coating obtain-
ed with 20% added wt. TiB, has higher microhardness than
the coating obtained with 10%.

Work [14] demonstrates that in situ produced TiC-TiB,
composite provides for even distribution of reinforced parti-
cles, along with excellent interfacial bonding between parti-
cles that increases stability and viscosity of composite decon-
struction as compared to ex situ produced composite.
Consequently, the TiC-TiB, in situ development, i.e., the
use of the initial Ti and B4C powders, is a better prospect for
the creation of metal ceramic composite.

Many works are devoted to the development of surface
strengthening techniques by creating the metal ceramic coat-
ing with in situ produced TiC-TiB, mixture [15-19, 21-25].
Both laser radiation [15-19, 21] and electrical discharge arc
(TIG cladded) [22, 24, 26, 27] were used as energy sources.
Microstructure, phase composition, and mechanical properties
of the metal deposit were studied. The coating has shown to
have a hardness 3—4 times higher than the steel template [15].

However, very few studies have shown the impact of the
changed ratio of initial mixture of Ti and B,C powders on the
microstructure and friction properties of multilayer composite
coating [4].

This work studies the multilayer composite samples pro-
duced by selective laser melting (SLM) with the use of the
prepacked Ti-6Al-4V and B4C powder mixture with various
weight ratios (Ti-6A1-4V + B4,C =9:1, 8:2, and 7:3 wt.) and in
situ synthesis TiB-TiC-TiB, mixture [28]. The main objec-
tive was to create the composite 3D material with minimum
flaws and study the impact of the initial powder composition
on microstructure and nanostructure, microhardness, and
abrasive wear.

Fig. 1 SEM image from
electronic microscope for B4C (a)
and Ti-6Al1-4V (b) powder

2 Materials and procedure of experiments

Prior to SLM, the Ti-6A1-4V and B4C powder particles with
different weight percentages were mixed with a Venus
FTLMV-02 V-shaped mixer (Filtra Vibracion, Spain) for
1 h to obtain homogenous powder mixture. Samples of titani-
um alloy with dimensions of 50 mm x 50 mm x 5 mm were
used as the substrate. The working mixture included the pris-
matic boron carbide powder B4C (Fig.1a), with a mean size of
d =40 um and spherically shaped Ti-6Al-4V powder (Fig.1b)
with the size from 10 to 45 um. The chemical composition of
powders is given in Fig.1.

Prior to laser treatment, the mixed powders were pre-placed
onto the surface of the substrate at a thickness of approximately
0.4 mm without any binding material (no pre-consolidation).
The oxide layer from the as-received substrate surface was re-
moved by polishing it against SiC abrasive paper and subse-
quent cleaning with acetone. Laser treatment of powder mixture
was performed on a Sibir-4 complex developed at ITAM SB
RAS, which includes a continuous-wave CO2 laser with a
power up to 5 kW, beam parameter product (BPP) 4.7 mm X
mrad, and the wavelength of the laser was 10.6 um [29]. Laser
beam has a circular polarization. A ZnSe lens with a focal
distance of 254 mm focused the laser beam inward the material,
onto the material surface, and above the material surface. Laser
processing was conducted in helium shielding gas introduced
through the two nozzles under the specimens at a pressure of
0.2 MPa. The laser processing parameters were selected as laser
power 1000 W, scan speed 16.6 mm/min, beam diameter of
2 mm, and over lapped tracks of 50%. Prior to laser treatment
substrate plate has room temperature.

Composites were ground with SiC abrasive paper and fi-
nally polished with diamond suspension to obtain a specular

Mass fraction, %

Mass fraction, %

B«C B C Bx0Os Si Fe N i Al Fe, N, Other
95,0 76,0 19,5 03 0,15 025 1,0 (¢ C
based 6,12 4,05 0,1 0,02 0,3
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surface condition, using automatic polisher from Mecatech
334 to ensure good reproducibility. Thereafter, the specimens
were placed in an ultrasonic bath and cleaned with
demineralized water and dried with compressed air.
Chemical etching of the samples was not carried out.

The formed tracks were studied on the optical confocal
microscope Olympus LEXT OLS 3000. The microstructure
was studied using a scanning electron microscope Zeiss EVO
MA 15 equipped with two different detectors: a back-
scattering electron detector to determine the phase composi-
tion and a secondary electron detector to analyze the surface
microrelief. In addition, to assess the coating composition, an
energy-dispersive X-ray spectrometer Oxford Instruments X-
Max 80 mm? was used.

The microhardness was measured using a microhardness tes-
ter Wilson Hardness Group Tukon1102 by Vickers tester at a
load of 300 g. Wear behavior of the composites that was eval-
uated using a testing is carried out by loading a sample pin
against abrasive-coated paper supported on a solid backing
(Fig. 2). The use of a spiral track on the abrasive paper achieves
a steady process of wear by ensuring abrasion against fresh
particles. The samples were created in the shape of a cylinder
with a length of 10 mm and a diameter of 2 mm. Working
surface’s size is 2 x 2 mm, and its roughness before the test
should not be higher than Ra=2,5. The tests were carried out
under applied loads of 10 N, rotated at 60 rpm, and 60-min
application time in air. The weight loss of the specimens during
the test was measured with an accuracy of £0.0001 g. An aver-
age of three measurements was performed on each composites.

3 Experiment results

3.1 Optimization of laser effect mode during single
track creation

This work provides for the optimization of track forma-
tion for four Ti-6Al-4V + B4C powder mixture compo-
sitions (wt.): 1:0, 9:1, 8:2, and 7:3. Figure 3 illustrates
typical photos from the optical microscope for track
cross-sections with different powder mixture composi-
tions of initial thickness of #=400 um. It should be
noted that the dark areas inside the track represent ini-
tial boron carbide particles. No pores and cracks were
detected inside the single tracks.

The single tracks after selective laser melting in
cross-section represent a lens-shaped protrusion, with
one part inside the template and the other over the tem-
plate. Track cross dimensions are about 2 mm wide and
350-500 um high. It should be noted that the ceramic
concentration affects the shape and B4C particle distri-
bution in the track. With low concentration, the track
upper surface is convex, and with B4C (10% wt.)

-— Load

Sample

Trajectory
Abrasive-coated paper

Fig. 2 Schematic illustration of the wear test

concentration, the ceramic particles are randomly dis-
tributed along the track section. With the B4C concen-
tration of 20% wt., the track upper surface is flat, and
with B4C concentration of 30% wt., it is concave. In
both cases, the B4C ceramic particles are localized near
the substrate boundary.

The built-up track surface roughness was analyzed by op-
tical microscopy using the confocal microscope Olympus
LEXT3000. Tables 1 and 2 represent roughness measure-
ments R, and R, for single tracks with different ceramic con-
tent in the powder mixture based on scanning velocity V and
focal spot position f.

In the course of laser exposure optimization, it was
established that for all powder mixtures the high-quality
single tracks (flaw-free and minimum roughness) are
formed at W=1000 W, V=0.7 m/min., f=—15 mm.
Using this mode, the arrays consisting of 4 tracks in
horizontal plane and 8 layers by height are formed.

3.2 Track array microstructure

Figure 4 illustrates the microstructure of 3D array cross-
section obtained from the optical microscope. It is ob-
vious that with the ceramic concentration of 10% wt.
the built-up array is homogeneous and crack-free; how-
ever, with the increased concentration by 20% wt. the
lateral and transverse cracks are formed. For 30% wt.,
the produced sample has been completely destroyed.
Figure 4 shows that the B4C ceramic particle distribu-
tion makes it possible to define all 8 layers that form
the array. The detailed microstructure and nanostructure
of typical individual layer of the array were studied
using the electronic microscope (see Fig. 5). It is obvi-
ous from Fig. 5 that 3 equal zones can be defined
inside each layer. Zone 1 represents a metal bond with
boron carbide particles. The analysis of the composition
of elements (see Fig. 6) shows that the metal matrix
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Fig. 3 Photos from the optical
microscope for single tracks (a -
Ti-6Al-4, b - B,C — Ti-6Al-4V
(1:9 wt.), ¢ - B4C — Ti-6Al-4V
(2:83 wt.), d - B4C — Ti-6Al-4V
(3:7 wt.))

represents the initial powder mixture Ti-6Al-4V, and
particles—B4C. It should be noted that the initially pris-
matic boron carbide particles have changed their form
after laser exposure and become well-rounded.

In zone 2 there are many different structures; it has a
complex morphology; 3 different types of crystalline
structures can be distinguished. Figures 5 and 7 illus-
trate this zone in details, separate areas are defined, and
the composition of elements is determined. The darkest
needle-shaped structures [19, 24] or whiskers [25]
(spectrum 1; Fig. 7) represent the boron and titanium
compound (TiB and TiB,). The second structures repre-
sent the grains (approximate size of 1 um) located
along the entire perimeter of whiskers. It was
established after elemental analysis (spectrum 2;
Fig. 7) that these grains were titanium carbide TiC.
The third structure of zone 2 represents a matrix ar-
ranged between whiskers. The elemental analysis has
established that this area represents a metal matrix

640 um

consisting of Ti-6Al-4V (spectrum 3; Fig. 7) with dis-
solved carbon. It should be noted that the potential in-
creased carbon content in the titanium matrix was indi-
cated in the work [24].

Figure 8 illustrates zone mapping by whiskers (zone
2). It can be seen that boron is concentrated in the long
dark formations, while the carbon is on the boundaries
of these formations. The metal alloy components are
arranged only in the liquid-alloy, and titanium uniformly
fills the entire image.

The third zone (Fig. 5) represents a transition zone
arranged between zone 1 and zone 2. It can be seen that
zone 3 represents a set of fine grains with a character-
istic size of 2-3 pm. It was established during the ele-
mental analysis that the picture was very similar to that
of zone 2. In Fig. 5, the dark grain represents the boron
and titanium compound (TiB and TiB,), the light grain—
boron carbide (TiC), and the gray area (3)-metal matrix
Ti-6Al-4V.

Table 1 Surface roughness of

single tracks depending on the f, mm Ti-6Al-4V B4C + Ti-6Al1-4V 1:9 wt% B4C + Ti-6Al1-4V 2:8 wt%

parameter / (V=0.7 m/min, W=

1000 W) R, um Ry, ym R, um R4, pm R, um R4 pm
-10 324 28 22.8 15.6 32 8.9
—-15 30.1 15.8 35.6 12.7 24 6.2
-20 83.2 38 28.7 9.8 39.5 353
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Table 2 Surface roughness of

single tracks depending on the V, m/min Ti-6Al-4V B4C + Ti-6Al-4V 1:9 wt% B4C + Ti-6A1-4V 2:8 wt%
parameter V (W= 1000 W, f=
—15 mm) R, ym R, pm R, um R, pm R, ym R, pm
0.7 334 12.2 41.5 10.8 19.5 14.5
1.1 30.1 15.8 35.6 12.7 24 6.2
1.5 36 15.9 36.7 8.5 40.5 14.2

3.3 Change of mechanical characteristics:
Microhardness and wear quality of the produced
coatings

The microhardness was measured in different cross-
section areas of the built-up samples. The obtained data
were averaged by 5 measurements in a row. Control mea-
surements of the sample built-up by powder composition
of 100% Ti-6Al-4V were conducted. It was established
that the microhardness of the ceramic-free substrate (Ti-
6Al-4V) was even over the entire volume varying within
372-404 HVO0.3. When comparing with the reference da-
ta, it can be seen that the values are close (microhardness
Ti-6Al1-4V =312 ... 382).

Figure 5 illustrates the EDX image of the sample 10% B4C
+ 90% Ti-6Al-4V. In this case, the heterogeneous structure
with the zones having different mechanical characteristics is
formed. The microhardness changing in different areas of the
sample reaches a 3-fold value (from 548 to 1413 HVO0.3). The
microhardness measurement of the B4C particle showed the
value of 4214 HV0.3.

Figure 9 illustrates the photos of indented impressions in
different zones within one built-up layer (see Fig. 5). It can be
seen that in zone 2 and in zone 3 (see Fig. 5) the microhard-
ness value is close and shows 1292 and 1253 HV0.3, respec-
tively. Figure 9 c illustrates the photo showing the substrate-
built-up layer boundary (zone 1; Fig. 5). The measurements

Fig. 4 Optical photos of 3D array
cross-sections B4C + Ti-6Al-4V
(a - B4C —Ti-6A1-4V (1:9 wt.), b
- B4C — Ti-6Al1-4V (2:8 wt.), ¢ -
B4C — Ti-6Al-4V (3:7 wt.))

have demonstrated that the microhardness of the solid solution
of'the built-up coating in 566 HVO0.3 is higher in this area than
the microhardness of the substrate 367 HV0.3.

Wear resistance testing was conducted for two sam-
ples Ti-6Al1-4V and 10% B4C + 90% Ti-6Al-4V. The
data were averaged from three measurements. Table 3
provides wear loss. The wear loss of B4C-free sample
is approximately 4.2 times than that of the sample with
10 wt% B4C.

4 Discussion of results

The composite metal ceramic 3D samples are produced by the
use of various mixtures of B4C ceramic powders and Ti-6Al-
4V alloy using a layer-by-layer application of the powder
mixture and selective laser sintering.

The macromorphology of individual track cross-sections
and multilayer samples is considerably different. The applied
layer and template interface are very clear and continuous; no
lamination is observed indicating excellent metal bond with
the template. The coating surface is relatively smooth, R, =
20-30 pm and R, =6-15 pum.

In the mechanism of track shape formation and ceramic
particle distribution by volume, the convective mass transfer
is likely to play a key role as compared to the diffusive one.
The main reason and driving forces of convection are the
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400nm  Mag=150.00K X EHT =10.00 kV
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Fig. 5 SEM image of nanostructure and microstructure of individual layer of the array with the mixture composition of B4C + Ti-6Al-4V 1:9 wt%

surface-tension gradients. During laser-induced heating, the
temperature of the material is at maximum in the center of the
beam and decreases in the direction of the edges. The surface
tension of the liquid (liquid alloy) depends on the tempera-
ture and usually reduces with the temperature increase. As a
consequence, the force directed from the center to the edges
of the light spot occurs on the surface, and the liquid starts
flowing and that finally leads to the formation of cylindrical
concave meniscus. This was the situation observed at high

@ Springer

ceramic concentration in the powder mixture (see Fig. 3;
30% B4C + 70% Ti-6Al1-4V). In its turn, at lower B4C con-
centration (Fig. 3; 10% B4C + 90% Ti-6Al-4V) without it
(100% Ti-6Al-4 V) the tension and temperature dependence
changed the conditions that provided for formation of con-
vex cylindrical meniscus. Atthe concentration of20% B4C +
80% Ti-6A1-4V, the meniscus surface was flat. It is worth
noting that for all studied concentrations the tracks had no
cracks and pores.
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Fig. 6 SEM/EDX point analysis
at the zone 1 of composite B,C + 1 )
Ti-6A1-4V 1:9 wt% Element
Atomic % Atomic %
B 74.62 0
C 25.18 2.46
Al 0 6.60
Ti 0.17 87.13
\'% 0 3.81
Other Si (0.03) 0

100 pm*
Mag= 100 KXfomee o o

The situation drastically changed with the creation of mul-
tilayer coating. In this case, at the initial mixture concentration
0of 20% B4C + 80% Ti-6Al-4V there already appeared cracks
(see Fig. 4), and at concentration of 30% B4C + 70% Ti-6Al-
4V the sample completely collapsed. Such differences ap-
peared to be due to the titanium ingress from the template to
the first layer track liquid alloy that produced changes in the
metal and ceramic concentration ratio. This shows that during
creation of 3D parts the maximum share of the ceramic weight
must be less than 20%. It should be noted that this condition of
implementation of a laser multilayer crack-free alloyage that
corresponds to the requirement consisting of the number of
boron atoms in the volume unit of the initial powder should be
less than that of the titanium atoms.

Fig. 7 SEM/EDX point analysis
at the zone 2 of composite B,C +
Ti-6Al-4V 1:9 wt%

The chemical reactions occurring in the layer are critical
because they are useful for predicting the nature and property
of the created material. It is known that at high temperatures
the boron carbide provokes chemical reaction with titanium
resulting in new chemical compounds (TiB, TiB,, TiC) [16,
22,24, 26]:

5Ti + B4C—4TiB + TiC (1)
3Ti + B4C—2TiB, + TiC (2)
B,C—4B + C (3)
Ti + TiB,—2TiB (4)

The work [16] provides for the calculation of change in
standard Gibbs free energy of reactions (1)—~(2) with the use

=

Mag= 10.00 KX}
EHT = 1000 kv

Element/Spectrum ~ Weight

Atomic % Weight % Atomic % Weight % Atomic %

%

Ti
Al

40.49 65.65 - - - -

11.49 16.77 20.58 50.83 15.89 40.83

48.02 17.57 79.42 49.17 67.24 43.32
- - - - 10.48 11.98
- - - - 6.39 3.87
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Fig. 8 Zone 2 mapping by
whiskers for powder mixture
sample B4C + Ti-6Al-4V
1:9 wt%

Aluminium

of thermodynamic data. Fully complying with previous stud-
ies [see, for example, [15-19, 21]] during laser melting of the
B4C + Ti-6Al-4V powder mixture, after solidification of the
liquid alloy, the microstructural analysis on the basis of the
SEM image clearly explains the morphology of the formed
phases, i.e., the presence of various structures in the created
built-up material. Large (20-50 pm) fused particles of non-
reacted ceramics B4C are observed (see Fig. 6). The dark
structures associated with TiB phases are represented in the
form of whiskers with characteristic sizes: 2—3 wm diameter
and 30-50 um long. It should be noted that such large TiB
needles are detailed in [19] demonstrating their complex struc-
ture and hollow core filled with titanium cores, in particular.
Previous multiple studies [see, for example, [24, 30, 31]], as
well as our EDS analyses (Fig. 7) showed that the dark hex-
agonal prismatic or rectangular particles of about 1 pm were
formed by the TiB, phase and light structures (see Fig. 5), and
the round-shaped ones represented the TiC phase. In addition
to the clear structures of the TiC, TiB phases, there is also

Fig. 9 Images of the sample B,C
+ Ti-6Al-4V 1:9 wt% with
indenter impressions in different
areas: a zone 2, b zone 3, and ¢
zone 1 in Fig. 5

U292 HVO.3

@ Springer
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some amount of the metal bond of titanium alloy Ti-6Al-4V
(see Fig. 7).

It is worth noting that a brand new property of the structure
of the built-up material was observed in our experiments dur-
ing creation of multilayer samples. The alloy separation dur-
ing solidification was found for the first time, i.c., the forma-
tion of three zones with clear boundaries inside each layer
applied (see Fig. 5). Previously, during study of the single-
layer coatings of surface strengthening with the use of the B,C
+ Ti or TiB, or TiC powder mixtures, the formation of such
zones was not observed [1, 2, 4-7, 10-12]. The important
feature of these zones is the difference in the morphology;
each zone has its own set of phases. There are TiB and TiC
in the upper zone (3), while TiB, and TiC in the medium zone
(3). At this, if in the medium zone the hexagonal prismatic or
rectangular particles TiB, and round ones TiC are arranged in
a random way, in the upper zone the structures of the round
particle TiC location along the TiB phase surface represented
as whiskers (see Fig. 5) are observed. It can be supposed that
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Table 3 Wear resistance of the obtained composites
Ti-6A1-4V B4C + Ti-6Al-4V 1:9 wt%
Initial weight (g) 0.1441 0.1382
Final weight (g) 0.1322 0.1354
Initial and final weight 0.0119 0.0028

difference (g)

the formation of such a structure is due to the temperature
gradient and by the track depth with the layer applied at the
stage of the liquid alloy solidification and, as a consequence,
the difference of the formed crystalline ceramic phases.
During the laser radiation exposure, powerful convective
movements related to the surface tension gradient providing
for complete stirring of the liquid alloy are implemented.
Further cooling of the liquid alloy is determined by the energy
flow to the lower layers of the built-up sample. That is why the
solidification starts from the lower layer surface without nu-
cleation. Thus, the lower zone of the liquid alloy (zone 1, Fig.
5) had the minimum temperature, and this is the area where
the remaining nondissolved particles of the initial B4C ce-
ramics are recorded. The upper zone (zone 2; Fig. 5) having
the maximum temperature is characterized by formation of
whiskers in the form of fine needles. The recent work [24]
when studying the effect of the energy contribution on the
microstructure showed that the TiB crystalline formation in
the form of the needle whiskers was observed at high arc
currents, 60 A, and more, i.e., at higher temperatures.
Simultaneously, the application of small currents 50 A (Fig.
8a in work [24]), i.e., lower temperatures of the liquid alloy,
provides for the formation of the cubic and hexagonal TiB,
crystallines. In our case, such crystalline structures are formed
in medium zone 3 at the intermediate temperature.

The detailed discussion of the coating microstructure
along its depth was provided in work [26], for example.
It is noted that after complete melting and respective
mixing of the coating material and liquid material of the
subsurface template during solidification, various coating
morphology types appear from the melted bath depending
on the rate of solidification. At first, TiC solidifies (melting
point of 3160 °C) and appears in the round-shaped parti-
cles or dendritic structure. With further cooling-down, the
liquid alloy TiB, (melting point of 2970 °C) starts nucle-
ating and solidifies in the form of hexagonal or rhombohe-
dral structures that fully corresponded to the formation of
intermediate zone 3, in our case.

5 Conclusion

Using continuous laser radiation, optimization of the laser
effect on powder mixture Ti-6A1-4V + B4C with mass

concentration ratios of 1:0, 9:1, 8:2, and 7:3 was conducted.
It was shown that the use of powder mixture Ti-6A1-4V + B,C
with ceramic concentration of more than 20% is not desired as
it leads to formation of cracks. The optimization resulted in the
formation of metal ceramic crack-free 3D structure with ce-
ramic concentration of 10% wt.

1. The roughness values of the high-quality single tracks
(flaw-free) were determined (R, varies within 25...
35 um depending on the ceramic concentration).
Significant change in microhardness is shown (for sample
without ceramics—372 HVO0.3, for sample 10% B4C +
90% Ti-6Al-4V—from 548... to 4214 HV0.3).

2. It was shown that the wear loss of B,C-free sample is
approximately 4.2 times than that of the sample with
10 wt% B4C.

3. The coating microstructure was studied by optical and
electron microscopy. It was established that new chemical
compounds (TiB, TiB,, TiC) absent in the initial powder
mixture were formed in the built-up structure.

4. It was shown that the heterogeneous structure had a reg-
ular allocation of zones formed inside each cladding layer.
And each zone is characterized by its set of phases, struc-
tures of ceramic crystalline structures, and respective mi-
crohardness value.
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