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(54) METHOD FOR PRODUCING A HIGH‑TEMPERATURE REFRACTORY COMPOSITE FROM
BORON CARBIDE AND AN INTERMETALLIC PHASE OF THE TI‑AL SYSTEM

(57) The subject matter of the invention is a method
for producing a high-temperature refractory composite
from boron carbide B4C and an intermetallic phase of the
Ti-Al system, which is characterized in that a powder of
the intermetallic phase of the Ti-Al system and optionally
boron B is added to the boron carbide B4C powder, and
then the whole is mixed in an isopropyl alcohol environ-
ment for 1 to 60minutes and dried until complete alcohol
evaporation for 20 to 120 minutes, after which the ob-
tained powder is granulated, and then the shaped pieces
arepre-formedand subjected to an isostatic pressingat a
pressure of 100 to 200 MPa, and the obtained compacts
are subjected to a free sintering process in an argon or
nitrogen atmosphere, at a temperature of 1050 to
1750°C, with a temperature increase of 2 to 10°C/minute
andaholding timeat themaximum temperature of 5 to 30
minutes, to obtain the high-temperature refractory com-
posite,
wherein as the intermetallic phase of the Ti-Al system is
used:
a) TiAl in a B4C:TiAl:B molar ratio of 1:2:1, to obtain a
high-temperature refractory composite TiB2‑AlC-
AlB2‑TiAl consisting of 40 to 70% TiB2, 2 to 25% AlC, 5
to 40% AlB2 and 0.2 to 1.0% TiAl by weight, or

b) Ti3Al in a B4C:Ti3Al molar ratio of 4:3, to obtain a high-
temperature refractory composite TiB2‑TiC-AlB2‑Ti3Al
consisting of 30 to 70% TiB2, 10 to 30% TiC, 5 to 40%
AlB2 and 0.1 to 1.0% Ti3Al by weight, or
c) TiAl3 in a B4C:TiAl3 molar ratio of 6:5, to obtain a high-
temperature refractory composite TiB2‑Al4C3‑AlB2‑TiAl3
consisting of 30 to 70% TiB2, 5 to 30% Al4C3, 5 to 40%
AlB2 and 0.1 to 1.5% TiAl3 by weight,

and the process efficiency is at least 99%.
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Description

Field of invention

[0001] The subject matter of the invention is a method
for producing a high-temperature refractory composite
fromboron carbide andan intermetallic phaseof theTi-Al
system, intended for components of gas turbines, com-
ponents of rocket engines and structural components of
flying vehicles operated at high temperatures. Such a
composite, belonging to a group of Ultra High Tempera-
tureCeramics (UHTC), is characterized byhigh chemical
resistance, corrosion resistance and thermal shock. Due
to high thermal diffusion, it is possible to use high-tem-
perature refractory composites as elements of aircraft
coveringsor protective layers of tools andparts operating
at high temperatures. The characteristic high corrosion
resistance and thermal shock also enables their use for
cutting elements of cutting tools, parts of machines re-
sistant to abrasion, electrodes for electro-erosion ma-
chining, or materials for armour.

Background of the invention

[0002] Ultra High Temperature Ceramic Composites
(UHTC composites) are a class of materials with a low
density and a high melting point, close to 3000°C or
higher, which can be used for a long time at temperatures
above 1650°C, while maintaining high hardness and
stiffness, andaboveall, chemical resistance.Chemically,
UHTC composites are materials comprising two or more
phases in which boron B, carbon C or nitrogen N are
combined with one of the transition metals, such as
zirconium Zr, hafnium Hf, titanium Ti, niobium Nb and
tantalum Ta, (e.g. phases: HfB2, ZrB2, TiB2, NbB2, TaB2,
TiC, SiC, B4C, BN).
[0003] The most commonly used techniques for pro-
ducing UHTC composites are well known techniques:
Hot-pressing and Spark Plasma Sintering (SPS).
[0004] Currently, materials from UHTC group are
usually synthesized by joint sintering of a mixture of
powders of phases constituting a composite with the
possible addition of carbon in various forms (graphite,
carbon black, nanotubes) as a phase that intensifies
diffusion processes during sintering. The limitation of this
method of synthesis is the necessity to use high tem-
peratures, which cause grain growth in the sintered
composite.

Description of the state of the art

[0005] Fromapatent applicationPL425041A1 there is
known a ceramic composite from the group of UHTC
materials based on hafnium diboride HfB2 and a method
of its production, wherein additives in the form of silicon
carbide SiC and/or boron carbide B4C in an amount of 8
vol.% to 20 vol.% and graphene nanoflakes with an
average grain size <4 nm in an amount of 2 vol.% to 4

vol.% are added to a powder with hafnium diboride HfB2
in an amount of 76 vol.% to 92 vol.% and the starting
mixture is subjected to high-pressure sintering by the
HPHT (High Pressure, High Temperature)method under
a pressure of 7.2 GPa at a temperature of 1700±50°C.
[0006] From a patent description EP2021302 B1 there
is known a method for producing high-density UHTC
composites in the ZrB2‑SiC-ZrC system, wherein zirco-
nium powders having a purity higher than 98.5% and a
grain size smaller than 44 µm are dry mixed with boron
carbide powder having a purity higher than 99.0% and a
grain size smaller than 44 µm and then mixed with
graphite powder having a grain size in the range of 1 -
2 µm. A mixture thus obtained is synthesized using the
Self-propagating High-temperature Synthesis (SHS)
method and then sintered using the Electric Current
Activated Sintering (ECAS)method at temperatures ran-
ging from 1600°C to 1900°C and held at the maximum
temperature for 10 to 20 minutes.
[0007] Apatent description CN108484171B describes
a method for producing UHTC composites of B4C-ZrB2
system,wherein thecompositepowder is produced in the
process of sintering a mixture of B4C, ZrB2 powders,
carbonblack andmetallic silicon. Themixture of powders
is isostatically pressed in the pressure range from 100 to
500 MPa, and then is freely sintered in the temperature
range from 1900 to 2300°C with holding at the maximum
temperature for 0.5 to 3 hours.
[0008] A patent description PL243571 B1 describes a
method for obtaining a high-temperature refractory com-
posite fromboron carbide andan intermetallic compound
of the Ti-Si system, wherein titanium silicide Ti5Si3 and
carbon C are added to boron carbide B4C powder in a
molar ratio of B4C:Ti5Si3:C of 5:2:1, and the whole is
mixed in an isopropyl alcohol environment for 20 to 60
minutes and dried until complete alcohol evaporation for
20 to 120minutes, afterwhich the shapedpieces are pre-
formed and subjected to an isostatic pressing under a
pressure of 100 to 200 MPa, and the obtained compacts
are subjected to a free sintering process in an argon
atmosphere, at a temperature of 1650 to 1750 °C, with
a temperature increaseof 2 to10 °C/minuteandaholding
time at the maximum temperature of 5 to 30 minutes, to
obtain the TiB2‑TiC-SiC-Ti5Si3 composite consisting of
70.0 to 75.0% TiB2, 0.5 to 2.5% TiC, 20.0 to 27.5% SiC
and 0.2 to 1.0% Ti5Si3 by weight, and the process effi-
ciency is at least 99%. The obtained composite is char-
acterized by a high content of TiB2 and SiC in its compo-
sition, however the temperature of the composite synth-
esis is high, i.e. from 1650 to 1750°C. In the presented
solution, only the TiB2 phase was responsible for the
increased thermal resistance of the obtained composite.
[0009] A promising group of high-temperature refrac-
tory composites are materials of the B4C-Ti-Al system,
which show a very favorable combination of low density
with very high hardness and refractoriness.
[0010] Methods for producingUHTCcomposites of the
TiAl/B4C system have been described in scientific pub-
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lications. For example, a publication by Zhang, W; Gao,
L; Lei, Y. et al. TiAl/B4C composite fabricated by high
energy ball milling and hot press. Mater. Sci. Eng. 2010,
527 (27‑28), 7436‑7441, doi:
10.1016/j.msea.2010.08.041, describes a method for
the synthesis of a composite of the B4C-Ti-Al system,
wherein thestartingmaterialswerealuminumAl, titanium
Ti and boron carbide B4C powders. The powders were
mixed in the ratio of 10 to 40 wt.% Ti and Al and 90 to 40
wt.%B4C.Themixedpowdersweredrymilled forup to30
hat the rate of 380 rpm in ahigh-energy planetary ballmill
with 1.2 wt.% of stearic acid as a process control agent.
The powders obtained by grinding in a planetarymill with
a variable weight ratio of titanium and aluminum were
sieved and sintered in a graphite matrix.
[0011] In turn, in a publication byShu, S.; Qiu, F.; Lin, Y.
et al. Effect of B4C size on the fabrication and compres-
sion properties of in situ TiB2 ‑Ti2AlC/TiAl composites. J.
Alloys Compd. 2013, 551, 88‑91, doi: 10.1016/j.jall-
com.2012.09.123, a method for the synthesis of
TiB2‑Ti2AlC/TiAl composite, wherein the starting materi-
alswerepowdersof titanium (Ti, purity 99.5%), aluminum
(Al, purity 99%) and three types of boron carbide (B C,
purity 99.5%) is described. The furnace heating rate was
about 30 K/min, and a temperature was measured using
a Ni-Cr/Ni-Si thermocouple.
[0012] In a publication by Dong, L.; Zhang, W.; Li, J. et
al. Fabrication of TiAl/B4C Composites from an Al-Ti-
B4C System Reinforced by TiC, TiB2 In-situ. Adv. Mate-
rial. Res. (Durnten-Zurich, Switz.) 2009, 79‑82, 477‑480,
doi: 10.4028/www.scientific.net/AMR.79‑82.477, there is
presented a method for producing TiAl/B4C composites,
wherein titanium (Ti, purity 99.5%) and aluminum (Al,
purity 99.5%) powderswere used as startingmaterials. A
synthesis of powders was carried out by mechanical
fusion in a planetary mill using zirconium grinding media
with a ball-to-powder mass ratio of 10:1 at room tem-
perature. The inner lining of the vessel and the balls (8
mm in diameter) were made of zirconium oxide. After
grinding for 30 h, B4C powder was added and further
grinded using ZrO2 balls for 12 h. The dried powder
mixtures were hot pressed and sintered at 1700 ~
1750°C for 1 hour under a pressure of 20 MPa in a
vacuum atmosphere.
[0013] In turn, in the above-mentioned article by Shu,
S.;Qiu,F.; Lin,Y. et al. EffectofB4Csizeon the fabrication
and compression properties of in situ TiB2‑Ti2AlC/TiAl
composites, it was determined that a particle size of B4C
plays an important role in the in situ producing process of
TiB2‑Ti2AlC/TiAl composites and significantly influences
compressive properties and hardness.
[0014] In an article by Song, Q.; Zhang, Z.; Yin, S. et al.
Microstructure and mechanical properties of B4C matrix
composites sintered with (TiB2+Al). J. Phys.: Conf. Ser.
2020, 1676, 012046, doi:
10.1088/1742‑6596/1676/1/012046, there is presented
a synthesis of TiB2‑Al-B4C composites, where commer-
cial powders of B4C with an average size of 1 µm, TiB2

with an average size of 1µm, andAl with an average size
of 50 nmwere used for the synthesis. The powders were
mixed in a proportion of 73.5 wt.% B4C, 24.5 wt.% TiB2,
and 2 wt.% Al and milled for 3 h at a rotational speed of
300 rpm. The obtained suspension was evaporated and
driedata temperature70°C.SPS technologywasused to
sinter theB4C-TiB2‑Al composite to 1650°Cat apressure
of 80 MPa in a vacuum chamber of 0.5 Pa for 5 minutes.
Commercially pure boron carbide prepared and sintered
in the same way as the composite was used to compare
the results of the proposed composite. The average
heating rate was about 100°C/min in both cases.

The objective of the invention

[0015] As can be seen from the state of the art pre-
sented above, a high temperature, usually exceeding
2000°C is often required for complete reaction and sub-
sequent concentration of the solid components of the
reaction system, as well as the use of specialized equip-
ment for firing, i.e. vacuum furnaces or furnaces with a
protective atmosphere, and control and measurement
equipment, which generates high costs that determine
the economics of technological processes.
[0016] In the previously known solutions for the synth-
esis of high-temperature refractory composites from bor-
on carbide andan intermetallic phaseof theTi-Al system,
metallic powders of titanium and aluminum are used,
whichadversely affect both the temperatureof composite
synthesis, which is high, and the homogenization of the
powders used and the presence, in the produced com-
posite, free carbon, which lowers the strength of the
composites. Therefore, the problem to be solved by
the invention was to develop a method for producing a
high-temperature refractory composite from boron car-
bide and the intermetallic phase of the Ti-Al system,
ensuring, in the produced composites, an increase of
phases, which simultaneously increase the possibility of
capturing free carbon during synthesis, enable the for-
mation of more amount of phaseswith increased thermal
resistance and allow for a significant temperature low-
ering of the composites synthesis.
[0017] Therefore, the objective of the method accord-
ing to the present inventionwas to eliminate from the final
composition of the composite unreacted carbonC,which
is formed as a result of decomposition of boron carbide
B4C and negatively affects the strength of the obtained
materials. Moreover, the objective of the proposed solu-
tionwas to obtain the highest possible content of the TiB2
phase with the highest melting temperature (T=3325°C)
among the composite components, which improves the
refractoriness of the produced composite. Additionally,
the objective of the invention was to lower the tempera-
ture of the process for producing a high-temperature
refractory composite from boron carbide and an inter-
metallic phase of the Ti-Al system, which will reduce the
production costs thereof, which are high in currently
known methods.
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[0018] The above-mentioned objectives were
achievedby the solution presented in theattachedpatent
claims. The use of specific intermetallic phases from the
Ti-Al system in the form of TiAl, Ti3Al and TiAl3 and their
proper proportions in accordance with the invention al-
lows for the temperature lowering in the composite synth-
esis and increasing in the liquid phase during sintering,
which simultaneously increases the homogeneity of the
resulting composites.

The essence of the invention

[0019] The subject matter of the present invention is a
method for producingahigh-temperature refractory com-
posite fromboron carbideB4Candan intermetallic phase
of the Ti-Al system, which is characterized in that a
powder of the intermetallic phase of the Ti-Al system
and optionally boron B is added to the boron carbide
B4C powder, and then the whole is mixed in an isopropyl
alcohol environment for 1 to 60 minutes and dried until
complete alcohol evaporation for 20 to 120minutes, after
which the obtained powder is granulated, and then the
shaped pieces are pre-formed and subjected to an iso-
static pressing at a pressure of 100 to 200 MPa, and the
obtained compacts are subjected to a free sintering
process in an argon or nitrogen atmosphere, at a tem-
perature of 1050 to 1750°C, with a temperature increase
of 2 to 10°C/minute and a holding time at the maximum
temperature of 5 to 30 minutes, to obtain the high-tem-
perature refractory composite,
wherein as the intermetallic phase of the Ti-Al system is
used:

a) TiAl in a B4C:TiAl:Bmolar ratio of 1:2:1, to obtain a
high-temperature refractory composite TiB2‑AlC-
AlB2‑TiAl consisting of 40 to 70% TiB2, 2 to 25%
AlC, 5 to 40%AlB2 and 0.2 to 1.0%TiAl by weight, or
b) Ti3Al in a B4C:Ti3Al molar ratio of 4:3, to obtain a
high-temperature refractory composite TiB2‑TiC-
AlB2‑Ti3Al consisting of 30 to 70% TiB2, 10 to 30%
TiC, 5 to 40%AlB2 and0.1 to 1.0%Ti3Al byweight, or
c) TiAl3 in a B4C:TiAl3 molar ratio of 6:5, to obtain a
high-temperature refractory composite Ti-
B2‑Al4C3‑AlB2‑TiAl3 consisting of 30 to 70% TiB2,
5 to 30% Al4C3, 5 to 40% AlB2 and 0.1 to 1.5% TiAl3
by weight,

and the process efficiency is at least 99%.
[0020] Preferably, the mixing of the powders is carried
out for 20 to 60minutes in a rotary-vibratorymill or for 1 to
40 minutes in a planetary mill.

Beneficial effects and advantages of the invention

[0021] The method for producing a high-temperature
refractory composite from boron carbide B4C and an
intermetallic phase of the Ti-Al system, developed by
the inventors of the present invention, which consists

in mixing starting powders in the form of boron carbide
B4C, the intermetallic phase of the Ti-Al system selected
from TiAl, Ti3Al and TiAl3 and optionally boron B in an
alcohol environment, forming shaped pieces from the
powder mixture and sintering them, enables, depending
on the type of the intermetallic phase used, i.e. TiAl, Ti3Al
and TiAl3, to control the phase composition of the ob-
tained composites, their thermal parameters,microstruc-
ture and thermal properties.
[0022] The use, in the method according to the inven-
tion, of a set of substrates comprising the boron carbide
B4C powder in combination with the intermetallic phase
of the Ti-Al system,made it possible to apply a lower than
previously sintering temperature, namely in the range of
1050 to 1750°C. It is also not required to use energy-
consuming sintering methods that require specialized
equipment, such as SPS or hot pressing. This is due to
a chemical reaction that takes place between the sub-
strates facilitating concentration during sintering. In prac-
tice, there are possible methods for producing UHTC
composites comprising B4C powder in combination with
an intermetallic phase selected from the Ti-Al system,
with theuseof various intermetallic phases, i.e. TiAl, Ti3Al
and TiAl3. The reaction mechanism is related to the
intermetallic phase type used and it unexpectedly turned
out that the simple and lower-temperature method ac-
cording to the invention is possible only due to the use of
phases in the form of TiAl, Ti3Al and TiAl3 in combination
with the appropriate molar proportions of the substrates
used. The process leads to the formation of new phases,
such as AlC and AlB2 and the elimination of carbon from
the composition of the obtained composite. This is an
unexpected effect, especially in the case of using a
commercial boron carbide B4C as a substrate, which
usually contains an addition of carbon in the form of
graphite. As a result, the obtained high-temperature re-
fractory compositeshows thehighermechanical strength
and resistance to brittle fracture, and is characterized by
better mechanical parameters, what was proved in tests
conducted by the inventors, in which the composites
obtained inaccordancewith the inventionweresubjected
to a thermal ablation test in an acetylene-oxygen flameat
a temperature of 1750 to 1800°C.
[0023] The high-temperature refractory composite ob-
tained by the method according to the invention is also
characterized by a very good homogeneity of the dis-
tribution of component phases in the microstructure,
which makes it possible to obtain a high density and
chemical purity of the composite, in which the amount
of unreacted phase from the starting reactants is below
1%. A great advantage is that, depending on the inter-
metallic phase used and the occurrence of reactive sin-
tering during synthesis, the composite synthesis tem-
perature can be lowered to 1000°C.
[0024] The advantage of the high-temperature refrac-
tory composite produced according to the invention is
also a low density of the material. The advantageous
phase composition of the composite, i.e. the high content
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of the TiB2 phase compared to the composites known
from the prior art produced from boron carbide and an
intermetallic phase of the Ti-Al system, enables the ob-
tained composite to operate at high temperatures for a
longer time while maintaining advantageousmechanical
properties.

Brief description of the drawings

[0025] The method for producing a high-temperature
refractory composite from boron carbide and an inter-
metallic phase of the Ti-Al system according to the in-
vention is explained below in practical embodiments and
in drawings, in which:

FIG. 1 shows a diffraction pattern of the phase com-
position of the high-temperature refractory compo-
site produced according to the invention with the
addition of the TiAl intermetallic phase,

FIG. 2 shows a scanning microscope image (mag-
nification 500x) of the surface microstructure of the
sintered high-temperature refractory composite pro-
duced according to the invention with the addition of
the TiAl intermetallic phase,

FIG.3 shows a scanning microscope image (magni-
fication 10,000x) of the fracturemicrostructure of the
high-temperature refractorycompositeproducedac-
cording to the invention with the addition of the TiAl
intermetallic phase,

FIG. 4 shows a surface of a sample obtained by
thermal ablation of the high-temperature refractory
composite produced according to the invention at a
temperature of 1750°C in an acetylene-oxygen
flame for 10 s,

FIG. 5 shows a surface of a sample obtained by
thermal ablation of the high-temperature refractory
composite produced according to the invention at a
temperature of 1800°C in an acetylene-oxygen
flame for 5 minutes.

Embodiments of the invention

[0026] Thepresent inventionwill be described below in
detail with reference to the accompanying figures and
embodiments. The present invention is not limited to the
specific embodiments described therein.

Example 1

[0027] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.

The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis
reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0028] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10mm and subjected to an isostatic pressing at
a pressure of 200 MPa. The obtained compacts were
subjected to the process of free sintering in an argon
atmosphere at a temperature of 1750°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0029] TiB2‑AlC-AlB2‑TiAl composite consisting of
63.2% TiB2, 11.6% AlC, 24.9% AlB2 and 0.4% TiAl by
weight was obtained. The process efficiency was 99.6%.
[0030] As it results from the diffraction pattern of the
phase composition of the produced high-temperature
refractory composite (Fig. 1), the obtained composite
is characterized by a high content of the TiB2 phase,
and moreover, it does not contain free carbon C. The
apparent density of the TiB2‑AlC-AlB2‑TiAl composite is
3.0 g/cm3, which corresponds to 90% of the theoretical
density of the material with such a phase composition.
The obtained composite is characterized by a homoge-
neous distribution of phases and grain sizes in the com-
posite, as evidenced by the images of the surface (Fig. 2)
and fracture (Fig. 3) of the composite.

Example 2

[0031] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.
The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis
reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0032] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
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for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10 mm and subjected to an isostatic pressing
under a pressure of 200 MPa. The obtained compacts
weresubjected to theprocessof freesintering inanargon
atmosphere at a temperature of 1100°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0033] TiB2‑AlC-AlB2‑TiAl composite consisting of
40% TiB2, 25% AlC, 34% AlB2 and 1% TiAl by weight
was obtained. The process efficiency was 99.0%.

Example 3

[0034] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.
The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis
reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0035] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10 mm and subjected to an isostatic pressing
under a pressure of 200 MPa. The obtained compacts
weresubjected to theprocessof freesintering inanargon
atmosphere at a temperature of 1400°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0036] TiB2‑AlC-AlB2‑TiAl composite consisting of
59.2% TiB2, 25%AlC, 15%AlB2 and 0.8% TiAl by weight
was obtained. The process efficiency was 99.0%.

Example 4

[0037] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.
The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis

reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0038] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10mm and subjected to an isostatic pressing at
a pressure of 200 MPa. The obtained compacts were
subjected to the process of free sintering in an argon
atmosphere at a temperature of 1600°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0039] TiB2‑AlC-AlB2‑TiAl composite consisting of
70% TiB2, 2% AlC, 14.8% AlB2 and 0.2% TiAl by weight
was obtained. The process efficiency was 99.0%.

Example 5

[0040] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.
The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis
reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0041] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10mm and subjected to an isostatic pressing at
a pressure of 200 MPa. The obtained compacts were
subjected to the process of free sintering in an argon
atmosphere at a temperature of 1050°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0042] TiB2‑AlC-AlB2‑TiAl composite consisting of
70% TiB2, 2% AlC, 27% AlB2 and 1% TiAl by weight
was obtained. The process efficiency was 99.0%.

Example 6

[0043] The following powders were prepared: boron
carbide B4C, TiAl intermetallic phase and boron B. Com-
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mercial boron carbide B4C powder (Boron carbide B4C
GRADE HS from Höganäs) comprising the following
phases: B13C2 (99%) and graphite (1%) was used.
The self-propagating high-temperature synthesis SHS
process was used to produce TiAl powder. Ti and Al
powders were used in a molar ratio of 1:1.2. The mixture
of powders was placed in a reactor with an argon atmo-
sphere at anoverpressure of 1.5 atm. TheSHSsynthesis
reaction was initiated locally by heat released during the
flowof current throughagraphite foil placed in themixture
of powders. The current intensity was 200 A and the flow
time was 1 minute.
[0044] The TiAl intermetallic phase and boron B were
added to the boron carbide B4C powder in a B4C:TiAl:B
molar ratio of 1:2:1, and then the whole was mixed in a
rotary-vibratory mill in an isopropyl alcohol environment
for 30minutes, thendrieduntil completealcohol evapora-
tion for 30 minutes. The obtained powders were pre-
formed into disks having a diameter of 20 mm and a
height of 10mm and subjected to an isostatic pressing at
a pressure of 200 MPa. The obtained compacts were
subjected to the process of free sintering in an argon
atmosphere at a temperature of 1700°C, with a tempera-
ture increase of 10°/minute and a holding time at the
maximum temperature of 5 minutes.
[0045] TiB2‑AlC-AlB2‑TiAl composite consisting of
57.8% TiB2, 2% AlC, 40% AlB2 and 0.2% TiAl by weight
was obtained. The process efficiency was 99.0%.

Example 7

[0046] The following powders were prepared: boron
carbide B4C, Ti3Al intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce Ti3Al powder. Ti and Al powders were used in a
molar ratio of 3:1.05. Themixture of powders was placed
in a reactorwith anargonatmosphere at an overpressure
of 1.5 atm. The SHS synthesis reaction was initiated
locally by heat released during the flowof current through
a graphite foil placed in the mixture of powders. The
current intensity was 200 A and the flow time was 1
minute.
[0047] The Ti3Al intermetallic phase was added to the
boron carbide B4C powder in a B4C:Ti3Al molar ratio of
4:3, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1750°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.

[0048] TiB2‑TiC-AlB2‑Ti3Al composite consisting of
70%TiB2, 10%TiC, 19.2%AlB2 and0.4%Ti3Al byweight
was obtained. The process efficiency was 99.6%.

Example 8

[0049] The following powders were prepared: boron
carbide B4C, Ti3Al intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce Ti3Al powder. Ti and Al powders were used in a
molar ratio of 3:1.05. Themixture of powders was placed
in a reactorwith anargonatmosphere at an overpressure
of 1.5 atm. The SHS synthesis reaction was initiated
locally by heat released during the flowof current through
a graphite foil placed in the mixture of powders. The
current intensity was 200 A and the flow time was 1
minute.
[0050] The Ti3Al intermetallic phase was added to the
boron carbide B4C powder in a B4C:Ti3Al molar ratio of
4:3, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1100°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0051] TiB2‑TiC-AlB2‑Ti3Al composite consisting of
30%TiB2, 30%TiC, 39.4%AlB2 and0.6%Ti3Al byweight
was obtained. The process efficiency was 99.2%.

Example 9

[0052] The following powders were prepared: boron
carbide B4C, Ti3Al intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce Ti3Al powder. Ti and Al powders were used in a
molar ratio of 3:1.05. Themixture of powders was placed
in a reactorwith anargonatmosphere at an overpressure
of 1.5 atm. The SHS synthesis reaction was initiated
locally by heat released during the flowof current through
a graphite foil placed in the mixture of powders. The
current intensity was 200 A and the flow time was 1
minute.
[0053] The intermetallic phase Ti3Al was added to the
boron carbide B4C powder in a B4C:Ti3Al molar ratio of
4:3, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
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minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1700°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0054] TiB2‑TiC-AlB2‑Ti3Al composite consisting of
35%TiB2, 25%TiC, 39.6%AlB2 and0.4%Ti3Al byweight
was obtained. The process efficiency was 99.2%.

Example 10

[0055] The following powders were prepared: boron
carbide B4C, Ti3Al intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce Ti3Al powder. Ti and Al powders were used in a
molar ratio of 3:1.05. Themixture of powders was placed
in a reactorwith anargonatmosphere at an overpressure
of 1.5 atm. The SHS synthesis reaction was initiated
locally by heat released during the flowof current through
a graphite foil placed in the mixture of powders. The
current intensity was 200 A and the flow time was 1
minute.
[0056] The Ti3Al intermetallic phase was added to the
boron carbide B4C powder in a B4C:Ti3Al molar ratio of
4:3, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1300°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0057] TiB2‑TiC-AlB2‑Ti3Al composite consisting of
30% TiB2, 10% TiC, 40% AlB2 and 0.1% Ti3Al by weight
was obtained. The process efficiency was 99.2%.

Example 11

[0058] The following powders were prepared: boron
carbide B4C, Ti3Al intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce Ti3Al powder. Ti and Al powders were used in a
molar ratio of 3:1.05. Themixture of powders was placed
in a reactorwith anargonatmosphere at an overpressure
of 1.5 atm. The SHS synthesis reaction was initiated
locally by heat released during the flowof current through

a graphite foil placed in the mixture of powders. The
current intensity was 200 A and the flow time was 1
minute.
[0059] The intermetallic phase Ti3Al was added to the
boron carbide B4C powder in a B4C:Ti3Al molar ratio of
4:3, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
theprocessof free sintering in anitrogenatmosphereat a
temperature of 1400°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0060] TiB2‑TiC-AlB2‑Ti3Al composite consisting of
50%TiB2, 25.4%TiC, 23.6%AlB2and1%Ti3Al byweight
was obtained. The process efficiency was 99.2%.

Example 12

[0061] The following powders were prepared: boron
carbide B4C, TiAl3 intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce TiAl3 powder. Ti and Al powders were used in a
molar ratio of 1:3. Themixture of powderswasplaced in a
reactor with an argon atmosphere at an overpressure of
1.5 atm. The SHS synthesis reaction was initiated locally
by heat released during the flow of current through a
graphite foil placed in themixtureof powders. Thecurrent
intensity was 200 A and the flow time was 1 minute.
[0062] The TiAl3 intermetallic phase was added to the
boron carbide B4C powder in a B4C:TiAl3 molar ratio of
6:5, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1750°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0063] TiB2‑Al4C3‑AlB2‑TiAl3 composite consisting of
40% TiB2, 30% Al4C3, 19.2% AlB2 and 0.1% TiAl3 by
weight was obtained. The process efficiency was 99.9%.

Example 13

[0064] The following powders were prepared: boron
carbide B4C, TiAl3 intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
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(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce TiAl3 powder. Ti and Al powders were used in a
molar ratio of 1:3. Themixture of powderswasplaced in a
reactor with an argon atmosphere at an overpressure of
1.5 atm. The SHS synthesis reaction was initiated locally
by heat released during the flow of current through a
graphite foil placed in themixtureof powders. Thecurrent
intensity was 200 A and the flow time was 1 minute.
[0065] The TiAl3 intermetallic phase was added to the
boron carbide B4C powder in a B4C:TiAl3 molar ratio of
6:5, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
the process of free sintering in an argon atmosphere at a
temperature of 1050°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0066] TiB2‑Al4C3‑AlB2‑TiAl3 composite consisting of
30% TiB2, 29.9% Al4C3, 40% AlB2 and 0.1% TiAl3 by
weight was obtained. The process efficiency was 99.9%.

Example 14

[0067] The following powders were prepared: boron
carbide B4C, TiAl3 intermetallic phase. Commercial bor-
on carbide B4C powder (Boron carbide B4C GRADE HS
from Höganäs) comprising the following phases: B13C2
(99%) and graphite (1%)was used. The self-propagating
high-temperature synthesis SHS process was used to
produce TiAl3 powder. Ti and Al powders were used in a
molar ratio of 1:3. Themixture of powderswasplaced in a
reactor with an argon atmosphere at an overpressure of
1.5 atm. The SHS synthesis reaction was initiated locally
by heat released during the flow of current through a
graphite foil placed in themixtureof powders. Thecurrent
intensity was 200 A and the flow time was 1 minute.
[0068] The TiAl3 intermetallic phase was added to the
boron carbide B4C powder in a B4C:TiAl3 molar ratio of
6:5, and then the whole was mixed in a rotary-vibratory
mill in an isopropyl alcohol environment for 30 minutes,
then dried until complete alcohol evaporation for 30
minutes. The obtained powders were pre-formed into
disks having a diameter of 20 mm and a height of 10
mm and subjected to an isostatic pressing at a pressure
of 200 MPa. The obtained compacts were subjected to
theprocessof free sintering in anitrogenatmosphereat a
temperature of 1400°C, with a temperature increase of
10°/minute and a holding time at the maximum tempera-
ture of 5 minutes.
[0069] TiB2‑Al4C3‑AlB2‑TiAl3 composite consisting of
60% TiB2, 30% Al4C3, 8.5% AlB2 and 1.5% TiAl3 by
weight was obtained. The process efficiency was 99.9%.

Example 15

[0070] The obtained composites (from Examples 1 to
14) were subjected to a thermal ablation test in an acet-
ylene-oxygen flame at temperatures of 1750 and
1800°C, with various holding time ranging from 1 s to 5
minutes. In the conducted test, the surface change of the
tested composite samples was determined in order to
establish the effect of temperature on the structure and
mechanical parameters of the composites produced in
accordance with the invention. As a result of the test, it
was found that the composites producedaccording to the
invention are characterized by high thermal resistance,
i.e. they do not crack as in the case of commercial
materials based on boron carbide, which, as a result of
high temperatures and poor heat dissipation, crack in the
temperature range from 1400 to 1600°C and no longer
retain their shape. In the case of using composites pro-
duced according to the invention, the mechanical para-
meters do not deteriorate with the temperature increase
and remain the sameaswithout the thermal ablation. The
results of the ablation performed at 1750 and 1800°C are
shown on Fig. 4 and Fig. 5, respectively.
[0071] The composites obtained in accordance with
the invention (at various synthesis temperatures) were
subjected to mechanical processing to obtain compo-
nents for gas turbines.

Claims

1. A method for producing a high-temperature refrac-
tory composite from boron carbide B4C and an inter-
metallic phase of the Ti-Al system, characterized in
that a powder of the intermetallic phase of the Ti-Al
system and optionally boron B is added to the boron
carbide B4C powder, and then the whole is mixed in
an isopropyl alcohol environment for 1 to 60minutes
anddrieduntil complete alcohol evaporation for 20 to
120 minutes, after which the obtained powder is
granulated, and then the shaped pieces are pre-
formed and subjected to an isostatic pressing at a
pressure of 100 to 200 MPa, and the obtained com-
pacts are subjected to a free sintering process in an
argon or nitrogen atmosphere, at a temperature of
1050 to 1750°C, with a temperature increase of 2 to
10°C/minute and a holding time at the maximum
temperature of 5 to 30 minutes, to obtain the high-
temperature refractory composite,

wherein as the intermetallic phase of the Ti-Al
system is used:

a) TiAl in aB4C:TiAl:Bmolar ratio of 1:2:1, to
obtain a high-temperature refractory com-
posite TiB2‑AlC-AlB2‑TiAl consisting of 40
to 70% TiB2, 2 to 25% AlC, 5 to 40% AlB2
and 0.2 to 1.0% TiAl by weight, or
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b) Ti3Al in a B4C:Ti3Al molar ratio of 4:3, to
obtain a high-temperature refractory com-
posite TiB2‑TiC-AlB2‑Ti3Al consisting of 30
to 70% TiB2, 10 to 30% TiC, 5 to 40% AlB2
and 0.1 to 1.0% Ti3Al by weight, or
c) TiAl3 in a B4C:TiAl3 molar ratio of 6:5, to
obtain a high-temperature refractory com-
posite TiB2‑Al4C3‑AlB2‑TiAl3 consisting of
30 to 70% TiB2, 5 to 30% Al4C3, 5 to 40%
AlB2 and 0.1 to 1.5% TiAl3 by weight,

and the process efficiency is at least 99%.

2. The method according to claim 1, characterized in
thatmixing of the powders is carried out for 20 to 60
minutes ina rotary-vibratorymill or for1 to40minutes
in a planetary mill.
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