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Abstract: Combustion of powders of transition metals of titanium PTS (average particle size 57 um), zirconium PCRK-1 (12 um),
tantalum Ta PM-3 (8 um), hafnium GFM-1 (4 um), niobium NBP-1a (21 um) with carbon black grade P-803 dispersion 1—2 um was
studied. The combustion process of the compressed samples (mass 2.5—6.9 g, height 1.2—1.7 cm, relative density 0.55—0.61)
was performed in aninertargon medium at a pressure of 760 mmHg in the constant pressure chamber. Combinations were studied,
Mel + Me2 + Me3 + Me4 + 4C, Mel + Me2 + Me3 + Me4 + Me5 + 5C. XRD patterns of the mixtures were recorded on a DRON-3M
diffractometer (CuK-radiation). Combustion product sections were studied using a LEO 1450 VP scanning electron microscope
(Carl Zeiss, Germany). The fractional composition and particle size distribution of the mixture were determined according to standard
procedure using a Microsizer-201C laser particle size analyzer. Combustion velocity, elongation of samples, phase composition
of products were determined. The maximum combustion temperature of the mixture (Ti + Hf + Zr + Nb + Ta) + 5C was measured
experimentally for the first time. The morphology and microstructure of the reaction products were also observed. Combustion
products of mixtures (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb + Hf) + 4C contain high entropy carbides, which are solid solutions
with the same structural type B1 (space group Fm-3m) and having different cell parameters. Product samples of mixtures (Ti + Zr +
+ Hf + Ta) + 4C and (Ti + Hf + Zr + Nb + Ta) + 5C contain high entropy and medium entropy carbides, also representing solid solutions
with the same structural type B1 (space group Fm-3m). The results of this work can be used in the production of high-entropy and
medium-entropy multicomponent carbides.
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Oco6eHHocT CBC MHOrOKOMNOHEHTHbIX KapouaoB

H.A. KouetoB, U.[l. KoBanes

WMHCTUTYT CTPYKTYPHON MaKpPOKUHETUKM M npobnem matepuanoseaeHus um. A.l. Mepxaxosa PAH (UICMAH),
r. YepHoronogka, Poccus

Crarbs noctynuna B peaakumio 14.04.22 r., gopaboraxa 14.07.22 r., noanucaxa B nevatb 18.07.22 1.

AHHOTauuma: M3y4yeHO ropeHne NopoLLKOB NEPEXOOHbLIX METaNIoB: TuTaHa mapku MNTC (cpenHnin pasmep YactTuy, 57 MkMm), Lump-
KoHus MUPK-1 (12 mkm), TaHTana Ta NM-3 (8 Mmkm), rapHusa FOM-1 (4 mkm), HUOOuma HBIM-1a (21 mkm) — ¢ caxeli mapku 1-803
aucnepcHocTbio 1—2 MkM. MpoLuecc ropeHns crnpeccoBaHHbix 06pasuoB (macca 2,5—6,9 r, BbicoTta 1,2—1,7 cM, OTHOCUTEIbHas
nnoTHocTb 0,55—0,61) ocyLecTBNSNN B MIHEPTHOW Cpeie aproHa npu aasneHnn 760 Mm pT. CT. B KaMmepe NOCTOSHHOIO AaBieHus.
Mccneposanu kombuHaumm Mel + Me2 + Me3 + Me4 + 4C n Mel + Me2 + Me3 + Me4 + Me5 + 5C. PeHTreHorpamMmmbl CMecei peru-
cTpupoBanu Ha gudpaktomeTpe «ApoH-3M» (CuK,-nanyyenne). LLUnndbl NpoaykToB ropeHns n3yvyanu Ha CKaHMpPYIoLLeM dNeKT-
poHHOM mukpockone LEO 1450 VP (Carl Zeis, lepmanus). @pakUMOHHbIA COCTaB U pacrnpefeneHne 4acTul, CMecu no pasmepy
ycTaHaB/MBaAu No CTaHAapTHON MeToAMKe Ha Na3depHOM aHanmnaaTope pasmepa Yactuuy, «<Mukpocarisep-201C» (P®P). Onpenens-
JI CKOPOCTb rOPeHUs], yanmHeHne o6pasLoB, Ga3oBbIi COCTaB NPoAyKTOB. BnepBble akcnepruMeHTanbHO n3amepeHa Makcumasb-
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Has TemnepaTypa roperus cmecu (Ti+ Hf + Zr + Nb + Ta) + 5C. Tak>xxe Habntoganm 3a Mopdonornein n MUKPOCTPYKTYPO NPOAYKTOB
peakunun. NMpoaykTel roperns cmecelt (Ti+ Zr + Nb + Ta) + 4C u (Ti + Zr + Nb + Hf) + 4C conepxat BoICOKOSHTPOMUNHbIE KapOuabl,
npeacraensowme coboit TBepable PaCTBOPbI C OAMHAKOBBLIM CTPYKTYPHbIM TUNoM B1 (npocTpaHcTBeHHas rpynna Fm-3m) v 06-
napaioume pasnmyHeiMn napameTpamm syerikn. O6pasubl npoayktToB cmecein (Ti+ Zr + Hf + Ta) + 4C u (Ti+ Hf + Zr + Nb + Ta) + 5C
cofepXaT B COCTaBe BbICOKO3HTPOMNUIHbLIE U CPEeAHEIHTPONUIAHBIE KapOuabl, TakxXe NpeacTaBnsioLwmne cobon TBepablie pacTBOPbI
C OAMHAKOBbLIM CTPYKTYPHbIM TUNoM B1 (npocTpaHcTBeHHas rpynna Fm-3m). Pe3ynstatel AaHHOM paboThl MOTYT HAATU NMPUMEHE-
HWE NPV NONYYEHNM BbICOKOSHTPOMUIAHBIX U CPEAHEIHTPONMUIAHBIX MHOTOKOMMOHEHTHbIX KApOUA0B.

Kmouesbie cnosa: CBC, ropeHue, BbICOKOSHTPOMUNHBIE MHOTOKOMMOHEHTHbIE KapOuapbl, CpeaHE3HTPONUIHbIE KapOuabl, BbICOKO-
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Introduction

The combustion of transition metals with carbon was
the subject of scientific research as recently as several
decades ago [1—35].

Self-propagating high-temperature synthesis
(SHS) in Zr + C, Ta + C and Hf + C systems was first
implemented by A.G. Merzhanov and I.P. Borovin-
skaya [1].

In work [2], it has been demonstrated that the
combustion process in Nb + C system is initiated in
a much more complicated way compared to Zr + C
system, and the combustion limit for Nb in Nb + Zr +
+ C system was 0.7 at. fr. Upon a higher content of
niobium, the samples did not flare up at any concen-
tration of carbon. It is noted by the authors [3] that the
combustion parameters of Zr + C system depend hea-
vily on the grade of powders being used. In work [4],
the substantial impact of impurity gas release on the
combustion of Ta + C system was established, which
is expressed in the dependence of the combustion rate
on the pressure of inert gas, as well as in the elonga-
tion and delamination of the sample during combus-
tion. Besides, the combustion at a sample diameter of
d > 1 cm was implemented successfully [4]. There
was no combustion in Ta + C system at d < 1 cm. The
considerable elongation of the compressed samples of
Ti + C mixture during combustion was also noted ear-
lier [5]. In work [6], it is mentioned that combustion
in Ta + C system is possible at temperatures below the
melting temperature, upon which it is necessary to
use metal powders with a submicron particle size. The
authors [7, 8] determined the influence of the particle
size of the titanium powder used on the combustion
rate of samples made from a Ti + C mixture.
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The synthesis and study of the properties of high-
entropy alloys (HEAs), which represent a new class of
metallic materials, have been a popular and promising
line of scientific research in recent times. HEAs include
compounds containing several (usually 5) metals and
forming a single-phase solid solution [9]. The works de-
voted to the production and study of medium entropy
alloys, containing 3 metals, appear [10]. The mechan-
ical properties of medium entropy alloys can exceed the
properties of HEAs [11, 12].

The works devoted to the production of high-entropy
ceramics [13, 14] and, in particular, high-entropy car-
bides (HECs) [15—21] have been published relatively re-
cently. HECs were obtained by mechanical alloying in
ball mills and spark plasma sintering.

The combustion of powders of transition metals with
carbon black in Mel + Me2 + Me3 + Me4 + 4C (4 me-
tals with carbon, 5 combinations) and Mel + Me2 +
+ Me3 + Me4 + Me5 + 5C (5 metals with carbon, 1 com-
bination) combinations, where Mei is Ti, Hf, Nb, Zr,
Ta, was studied. The objective of obtaining a high-en-
tropy metal carbide by using SHS was set.

Research methods

The powders of titanium PTS (average particle size
57 um), zirconium PCRK-1 (12 um), tantalum Ta PM-3
(8 um), hafnium GFM-1 (4 pm), niobium NBP-la
(21 um) and carbon black grade P-803 dispersion 1—
2 um were used as initial materials. The X-ray phase
analysis (XRD) of initial metals revealed that all pow-
ders are single-phase, except for Hf, which exhibits
HfH, ¢; phase impurity.

_ .
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The initial powders were thoroughly mixed in a por-
celain mortar in the required weight proportions for the
purpose of obtaining Me + C mixtures. Mel + Me2 +
+ Me3 + Me4 + 4C (4 metals with carbon, 5 combi-
nations) and Mel + Me2 + Me3 + Me4 + Me5 + 5C
(5 metals with carbon, 1 combination) mixtures, where
Mei is Ti, Hf, Nb, Zr, Ta, were mixed in a ball mill
for 2 h.

The combustion process of the compressed samples
(mass 2.5—6.9 g, height 1.2—1.7 cm, relative density
0.55—0.61) was carried out in an inert argon medium at
a pressure of 760 mmHg in a constant pressure cham-
ber [22]. The process was recorded on the camera
through a viewing glass. The combustion of samples
was initiated from the upper end with an ignite tab-
let consisting of Ti + 2B by means of heated tungsten
coil, which ensured stable ignition conditions. Upon
stop motion viewing of video records, the combustion
rate of the samples was determined. The maximum
combustion temperature was measured with a tung-
sten-rhenium thermocouple.

The measurements of combustion rate, maximum
combustion temperature and relative elongation of the
samples had an error within 10 %.

Thermodynamic calculations were performed

using THERMO software — http://www.ism.ac.ru/
thermo/.

Combustion product sections were studied using a
LEO 1450 VP scanning electron microscope (Carl Zeiss,
Germany). To obtain the sections, combustion product
powders were impregnated with epoxy resin diluted with
acetone to reduce viscosity. Metallographic sections
were made after the resin hardened.

The X-ray phase analysis (XRD) of initial pow-
ders and combustion products was performed with
DRONE-3M diffractometer (the RF) upon copper radi-
ation being in the range of angles 20 from 20 to 80°. The
obtained data were analyzed using PDF-2 database [14].

The fractional composition and particle size distri-
bution of the mixture were determined according to a
standard procedure using a Microsizer-201C laser par-
ticle size analyzer (the RF). The measurement error did
not exceed 1.2 %.

Results and discussions

The values of combustion rates, elongation of sam-
ples during the SHS, as well as the phase composition of
the products of synthesis of metal powders with carbon
black in various combinations are provided in the table.

Combustion rate, elongation of samples, phase composition of products, and adiabatic temperature of SHS

of metal powders with carbon black

CKopocTb ropexus, yaMHeHUe 06pasLioB, $hasoBkli COCTAB NPOAYKTOB U afnabaTuyeckas TeMneparypa

CBC nopoLukoB METaNoB C Caxen

Combustion .\ Elongation Adiabatic
Composition . .
System rate, of the products of the sample during combustion
cm/s p combustion, % temperature, K
Ti+C 1.3 TiC 94 3289
Ta+C 2721
Hf+ C 3899
Zr+C 1.0 ZrC 224 3777
Nb+C 2835
(Ti + Hf + Zr + Nb + Ta) + 5C 0.24 [Ti,Hf,Zr,Nb,Ta]C, 181 3290
| Ti,Hf, Zr, Ta]C, [Ti,Hf,Ta]C
(Ti+ Zr + Nb + Ta) + 4C 0.35 [Ti,Zr,Nb,Ta]C 96 3180
(Ti + Zr + Nb + Hf) + 4C 0.35 [Ti,Hf,Zr,Nb]C 331 3309
(Ta+ Hf + Zr + Nb) + 4C 3360
(Ti + Hf + Nb + Ta) + 4C 3286
(Ti + Zr + Hf + Ta) + 4C 0.55 | Ti,Hf,Zr,Ta]C, [Ti,Hf,Ta]C 213 3290

—_—
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Among Me + C systems, the SHS without preheat-
ing was initiated in samples compressed from Ti + C
and Zr + C mixtures. Samples of other mixtures
(Nb + C, Hf + C, Ta + C) did not burn at room tem-
perature under the present experimental conditions
(the component particle size and the sample size). The
values of the combustion rates of samples of Ti + C
and Zr + C mixtures appeared to be close to: 1.3 and
1.0 cm/s (see the table). Due to the release of impurity
gas, the samples often elongate during the combus-
tion [23, 24]. The samples of Zr + C mixture elongat-
ed significantly compared with the samples of Ti + C
mixture (for comparison, 224 and 94 %, respectively),
which is similar to the results obtained earlier upon
the combustion of mixtures of Zr and Ti powders with
boron [14]. According to XPhA results, the combus-
tion products of Me + C systems exhibited the reflec-
tions of the only carbide phase MeC (ZrC and TiC,
respectively).

Among the mixtures containing 4 metals with car-
bon (where Me is Ti, Hf, Nb, Zr, Ta), the combustion
process without preheating was successfully conduc-
ted (and the sample burned completely) in the systems
containing Ti and Zr, i.e. (Ti + Zr + Nb + Ta) + 4C,
(Ti+ Zr + Nb + Hf) + 4C, (Ti + Zr + Hf + Ta) + 4C.

Intensity, imp./s

The combustion of samples compressed from (Ti + Hf +
+ Nb + Ta) + 4C mixture could not be initiated without
preheating. The samples of (Ta + Hf + Zr + Nb) + 4C
mixture did not burn out completely. The design adiaba-
tic combustion temperature of the compositions varied
in the range of 3180 to 3360 K. Upon that, the samples
of (Ti + Zr + Hf + Ta) + 4C mixture appeared to be
the fastest burning ones as their combustion rate was
0.55 cm/s. The samples of (Ti + Zr + Nb + Ta) + 4C
and (Ti + Zr + Nb + Hf) + 4C mixtures had the same
combustion rate of 0.35 cm/s.

According to XRD results, the products of synthe-
sis of (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb +
+ Hf) + 4C slow burning systems contain 3 carbide
phases based on solid solutions with the same structural
type Bl (spatial group Fm-3m), having different cell pa-
rameters (Fig. 1).

Phase / is the closest to HfC, phase 2 is the closest
to ZrC, phase 3 is the closest to NbC or TaC in cell
parameter (see below). The combustion products of
the faster burning system (Ti + Zr + Hf + Ta) + 4C
already contain 4 carbide phases, are distinguished
by their cell parameters (see Fig. 1), where phase 4
is the closest to phase TaTiC, by its cell parameter.
Below are the unit cell parameters of the synthesized

7500 y
6500 -
5500 2
i 2l g ) [ )
fo 2 Ti+ Zr+Nb+Ta) +4
4500 - (AN A “M*m_.- 'k.“./\,m(“l LA A
- |.4 ‘
3500 4 4
1 I | ‘\‘ T 4
oI ' h .
as004 1] \J\\ N ) I (Ti + Hf + Zr + Ta) + 4C
1500 3 ) f I
- l,ﬂ |)3 23 2) 21 .
\ fl £ 3 (Ti+Hf+Zr+Nb)+4C
500 Fcrmimpmrmed St St ) S
T T T T T T
20 30 40 50 60 70 20, degree

Fig. 1. XR D patterns of products of synthesis of Mel + Me2
(where Me is Ti, Ta, Zr, Hf, Nb)

+ Me3 + Me4 + 4C mixtures

1—4 — FCC phases; a, A = 4.6360 (1), 4.6737 (2), 4.4748 (3), 4.4526 (4)

Puc. 1. PeHTreHOrpaMMBI IIPONYKTOB CUHTE3a

cMmeceit Mel + Me2 + Me3 + Me4 + 4C (Me — Ti, Ta, Zr, Hf, Nb)
1—4 — TUK-dassr; a, A = 4,6360 (1), 4,6737 (2), 4,4748 (3), 4,4526 (4)
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solid solutions and the cell parameters of monocarbi-
des (a), A:

NDBC i 4.4698
HEC.ooooieeeeeee e 4.6377
ZIC et 4.6930
TaC ..o 4.4547
TIC i 4.3274
Phase 7...ccccoovvinieiiiiniinicicen 4.6360
Phase 2.....coooiiiiiieeeeeee 4.6737
Phase 3...ccoovvveniiieieieieeeeen 4.4748
Phase 4......cocevvevinieinieeen 4.4526

To identify metals in carbide phases, sections were
made of product samples and local elemental analysis
was performed (Fig. 2). According to XPhA and ele-
mental analysis results, the combustion products of

Time 141429

. § . I .
Tig 06Z1,49NDg 3, Ta 5, C, \Tlo_sazru.lsNbo.lzTaoJﬁz Ti, 74ZNb, 1 HE| 5Cy g6

Ti, 53219 3,Nby 3, T 5,C,

(Ti+Zr+ Nb+Ta) +4Cand (Ti+ Zr + Nb + Hf) + 4C
slow-burning systems contain the phases of high-en-
tropy carbides ([Ti,Zr,Nb,Ta]C and [Ti,Hf,Zr,Nb]C,
respectively), differing in the ratio of components
(Fig. 2, a, b). The products of a faster burning system
(Ti + Zr + Hf + Ta) + 4C include medium entropy
carbides [Ti,Hf Ta]C, containing 3 metals (Fig. 2, ¢),
along with high-entropy carbides [Ti,Hf,Zr,Ta]C.

It appears that considerably high combustion rate of
the sample made of (Ti + Zr + Hf + Ta) + 4C mixture
(0.55 cm/s) and its small size result in a lack of time for
the homogenization of the product.

Similar to the samples of Me + C mixtures, the samp-
les made of Mel + Me2 + Me3 + Me4 + 4C mixtures
grew during combustion and dispersed into separate
fragments due to impurity gas release. Upon that, the
minimum elongation was observed during the com-
bustion of samples made of a mixture without haf-

. = —y k2
/ Ti, g,ZrNby , HI, 4,C 1 \

Ty 7215 65Dy 33 HIC, g 5 TiZry 1NOy g9 7 C

2o

Ti, ggHfTa, 15C; 75

Tig s ZrHI osTa, (C) 5
L .
Tiy; 1 21y 5 HIC,; 47

Signal A=OBSD  Date 18 Feb 2022
Time (13:12:38

Fig. 2. Microstructure of combustion products of samples of Ti + Zr + Nb + Ta + 4C (a), Ti + Hf + Zr + Nb + 4C (b)

and Ti + Zr + Hf + Ta + 4C (c¢) mixtures

Puc. 2. MukpocTpyKTypa MpoayKToB ropeHust oopasuos u3 cmeceit Ti + Zr + Nb + Ta + 4C (a),

Ti+ Hf + Zr + Nb + 4C (3) u Ti + Zr + Hf + Ta + 4C (¢)
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nium — (Ti + Zr + Nb + Ta) + 4C, i.e. 96 % (see the
table). The samples made of mixtures containing haf-
nium ((Ti + Zr + Nb + Hf) + 4C and (Ti + Zr + Hf +
+ Ta) + 4C) elongated much more, namely 331 and
213 %, respectively. This suggests that hafnium, con-
taining hydride HfH, ¢, results in an increase in impu-
rity gas release during the combustion of samples.

The photograph of the microstructure of the com-
bustion products of Ti + Hf + Zr + Nb + 4C mixture,
as well as the element distribution map are presented
in Fig. 3. One can see that all the elements contained
in the product are quite uniformly distributed over the
cross-sectional area of the section.

Combustion
of Me1 + Me2 + Me3 + Me4 + Me5 + 5C
mixture

The sample made of (Ti + Hf + Zr + Nb + Ta) +
+ 5C mixture burned out completely without preheat-
ing. Upon that, its combustion rate appeared to be lower
than the one of burned samples made of Me + C and
Mel + Me2 + Me3 + Me4 + 4C mixtures and amount-
ed to only 0.24 cm/s. The design adiabatic combustion
temperature of (Ti + Hf + Zr + Nb + Ta) + 5C mixture

amounted to 7,4 = 3290 K, which coincides with 7,4
for the fastest burning mixture of 4 metals with carbon
(Ti+ Zr + Hf + Ta) + 4C (see the table).

According to XPhA results, the composition of com-
bustion products of (Ti + Hf + Zr + Nb + Ta) + 5C
mixture, exhibit three carbide phases based on solid
solutions with the same structural type B1 (spatial group
Fm3m), having different cell parameters (Fig. 4), in the
same way as for mixtures of 4 metals with carbon. The
first phase is the closest to HfC, the second phase is the
closest to ZrC, and the third phase is the closest to NbC
or TaC in cell parameter (the same has been specified
above).

The elemental analysis of sections of combus-
tion products allowed to identify these carbide phases
(Fig. 5). They turned out to be high-entropy car-
bide [Ti,Hf,Zr,Ta]C, containing 4 metals, and me-
dium entropy carbide [Ti,Hf,Ta]C, containing 3 me-
tals, there are also the traces of high-entropy carbide
[Ti,Hf, Zr,Nb,Ta]C, including all 5 metals.

Similar to the samples of previous systems (con-
taining 1 or 4 metals), a sample made of (Ti + Hf + Zr +
+ Nb + Ta) + 5C mixture significantly elongated and
dispersed into separate fragments during combustion.
The relative elongation of the sample accounted for 181 %,

Fig. 3. Microstructure of combustion products of Ti + Hf + Zr + Nb + 4C mixture (a) and element distribution map (b—f)

b—C,c—Ti,d— Zr,e — Nb, f— Hf

Puc. 3. MuxkpoctpykTypa npoayktoB ropeHus cmecu Ti + Hf + Zr + Nb + 4C (a)

M KapTa pacrnpeaeicHus 31eMeHTOB (b—f)
b—C,c—Ti,d— Zr,e — Nb, f— Hf

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4
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Intensity, imp./s
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Fig. 4. XRD of products of synthesis

of Mel + Me2 + Me3 + Me4 + Me5 + 5C mixture
(where Me is Ti, Ta, Zr, Hf, Nb)

1—3 — FCC phases; a, A = 4.6360 (1), 4.6737 (2), 4.4748 (3)
Puc. 4. PeHTreHorpamMmma rnpoayKToB CUHTE3a

cmecu Mel + Me2 + Me3 + Me4 + Me5 + 5C

(Me — Ti, Ta, Zr, Hf, Nb)

1—3 — T'UK-da3zsi; a, A =4,6360 (1), 4,6737 (2), 4,4748 (3)

which falls within the interval between maximum and
minimum elongation values for the studied systems con-
taining 1 or 4 metals.

Considerable elongation of the sample during com-
bustion made it difficult to determine maximum com-
bustion temperature by means of a thermocouple. To
measure the maximum combustion temperature, ex-
periments were carried out on the combustion of com-
pressed samples. The sample was pre-compressed, and

Ti, 5, HtT33 01Cs.1

that limited its elongation. As a result, it decreased by an
order of magnitude (15 %) that allowed to measure the
maximum combustion temperature, the value of which
was 1950 °C. The measured maximum combustion tem-
perature appeared to be significantly lower than the de-
sign adiabatic one, probably due to the fact that the heat
loss is not taken into account during the calculation. At
such a combustion temperature, only two of five initial
metals (Tiand Zr) melt in the combustion wave. The rest
of the metals (Hf, Nb, Ta) have a melting temperature
higher than the experimentally measured maximum
combustion temperature of (Ti + Hf + Zr + Nb + Ta) +
+ 5C mixture, below are the melting temperatures of the
components of the mixture, °C:

ZT oo 1855
T 1668
Hf oo 2227
ND e 2468
Ta i 3017

Furthermore, the compression of the sample and
a decrease by an order of magnitude of its growth re-
sulted in a combustion rate increase by a several-fold
factor, namely from 2.4 to 8.8 mm/s, which correlates
well with a pioneer work on the study of the compres-
sion of samples by combustion rate [25]. As it is shown
in works [23, 24], the elongation of the sample during
combustion occurs behind the combustion front due to
impurity gas release. In the case of compression of the
sample, hindering its elongation, the pressure of these
gases, being released behind the front during combus-
tion, increases. According to the findings of the con-

: k_ﬂﬁl].2lzr."\.z."\N-bJ.‘?szTaE.-IﬁCZI.ﬁs
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Fig. 5. Microstructure of combustion products of the sample made of Ti + Zr + Nb + Ta + Hf + 5C mixture
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vective-conductive combustion model, this results in
an increase in the propagation velocity of the combus-
tion front [26].

It is further planned to obtain compact samples of
high-entropy carbides from the combustion products of
mixtures of 4 metals with carbon and 5 metals with car-
bon by SPS method.

Conclusion

The combustion and composition of the products of
Me + C, Mel + Me2 + Me3 + Me4 + 4C (4 metals with
carbon in 5 combinations) and Mel + Me2 + Me3 +
+ Me4 + Me5 + 5C (5 metals with carbon, 1 combination)
mixtures, where Mei is Ti, Hf, Nb, Zr, Ta, were studied.

Multicomponent carbides, belonging to the class of
high-entropy compounds, were synthesized in the com-
bustion mode.

Among the mixtures of 4 metals with carbon, com-
bustion was achieved in the samples containing Ti
and Zr.

The measured maximum combustion temperature of
(Ti+ Hf + Zr + Nb + Ta) + 5C mixture was 1950 °C.

The conclusions of the work can be used in obtaining
new materials such as high-entropy and medium entro-
py carbides.
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