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Abstract. This research focuses on investigating the ignition and thermal explosion behavior of (Ti, Zr, Hf, Nb, Ta) + 5C mixtures
that have been mechanically activated. First, we mechanically activated the metal powder mixtures to produce composite particles
consisting of Ti, Zr, Hf, Nb, and Ta, followed by the addition of carbon, and re-activation. An activation time of 120 min at 347 rpm
resulted in the formation of solid solutions from the metals in the mixture, while large tantalum particles were preserved. The resulting
mixtures were then pressed into pellets, which were heated in argon until ignition occurred. The ignition process involves multiple
phases, with the first being inert heating, followed by progressive heating at # = 420+450 °C, and a subsequent endothermic phase
transformation at 750—770 °C. The temperature then rises rapidly, resulting in a thermal explosion that forms complex carbides, leaving
some unreacted tantalum behind. The (Ti, Zr, Hf, Nb, Ta)C; activated mixtures and high entropy solid solution are unstable and release
titanium and zirconium carbides when heated above 1300 °C, causing changes to the composition of the (Ti, Zr, Hf, Nb, Ta)C, final
product. When diluted by adding 25 and 50 % of the final product, the effective activation energy E, for the (Ti, Zr, Hf, Nb, Ta) + 5C
reaction in the 1100-1580 °C temperature range was found to be 34 kJ/mol.
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AHHoTayms. B pabote ucciaen0BaHbl 3aKOHOMEPHOCTH BOCIUIAMEHEHHMS M TEIUIOBOTO B3PbIBA MEXaHWYECKHM aKTUBHPOBAHHBIX cMeceil
(Ti, Zr, Hf, Nb, Ta) + 5C. Vx roroBuiu B 2 3Tana — BHaYajae MPOBOIIIN MEXaHHUECKYIO aKTHBALIUIO CMECEH TTOPOIIKOB METAJIOB
JUTS TIONTyYeHUsT KOMIO3UTHBIX yactull Ti, Zr, Hf, Nb, Ta, 3aTrem 106aBnsiin yriaepoa U MpOBOAMIH JOMOJHUTEIBHYIO aKTUBAILIHIO.
[Ipu axktuBanuu B Teuenue 120 MHH IpH CKOPOCTH BpameHHus Oapadanos 347 o06/MHH (HOPMHPOBAIHCH TBEPAbIE PACTBOPHI Ha
OCHOBE BXOJSIIIMX B COCTAB METAJUIOB M OCTABAINCh KPYIHBIE YACTHI[BI TAHTANA. M3 MomydeHHBIX cMeceil mpeccoBaiy TabNeTKy,
KOTOpBIE HarpeBanu B arMoc(epe aproHa A0 BoclulaMeHeHus. [Ipomecc BoCIIaMeHEHHs BKIIOYAeT B ce0s HECKOIBKO CTaIHi.
Ha mepBoii cragum npoucxonuT MHEPTHBIA HarpeB. Ilpm ¢=420+450 °C HaymHaeTCs MPOTPECCHBHBIN pa3orpeB oOpasma
1o temmneparyp 750-770 °C, npu KOTOPBIX MPOUCXOAUT (a30BbIi MEPEX0, CONPOBOKIAAIOUINICS SHIOTCPMUUECKUM dPPEKTOM.
ITocne dazoBoro mepexona Temneparypa pe3ko MOBBIMIAETCS, M TPOUCXOANUT TETIOBOH B3PHIB, B PE3yIbTaTe 4ero (popMHUPYIOTCS
CIIOXKHBIE KapOHJIbl M OCTAETCSI HEIIPOPEArnpOBABIINI TaHTal. AKTHBUPOBAHHAS CMECh U BEICOKOIHTPOIMIHBIN TBEP/BIH PacTBOP
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(Ti, Zr, Hf, Nb, Ta)C, necTabunbHel, u npu Harpese Bbime 1300 °C u3 HUX BhUIENAIOTCS KapOumsl. [Ipu 5ToM U3MEHsETCs COCTaB
tBepaoro pactopa (Ti, Zr, Hf, Nb, Ta)C;. C ncnonb3oBanueM MOCIETHETO /Ul pa3daBieHUs aKTHBUPOBAHHON cmecH Ha 25 %
n 50 % mna peakiun (Ti, Zr, Hf, Nb, Ta) + 5C B nunrepsane temneparyp 1100-1580 °C 6bu1a onpenenena ¢ peKkTHBHAS SHEPTUs

axtusanuu E, = 34 kJlx/mMonb.

KnioueBbie c/10Ba: BBICOKOSHTPOIUHHbIC CIUIABbI, BRICOKOIHTPOINHHbIC KapOu/Ibl, KepaMHKa, MEXaHUYECKOe aKTHBHPOBAHHE, TEILIOBOM

B3PBIB

Ansa untnposanus: Baguenko C.I'., Ceneros A.C., Koaner I./1. Terutooit B3psiB B cmecsx (Ti, Zr, Hf, Nb, Ta) ¢ yrepomom. H3eec-
mus y308. Ilopowkosas memannypeus u Qynkyuonanvioie nokpoimus. 2023;17(3):14-21.
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Introduction

Since 2004, high-entropy alloys (HEA) and high-
entropy ceramics based on oxides, borides, carbides,
nitrides, and hydrides have been subject of intensive
research [1]. Among these materials, high-entropic
carbides (HEC) have received particular attention due
to their unique features [1-3]. Specifically, Ti, Zr,
Hf, Nb and Ta-based HECs form stable monophase
compound [4-7] with exceptional mechanical proper-
ties [8—11], low thermal conductivity [12], good oxida-
tion resistance [13—15] and biocompatibility [16; 17].

To date, more than 20 manufacturing processes
for high-entropy alloys have been developed [1].
Among the most common processes are mechanical
activation (MA), spark plasma sintering (SPS), reduc-
tion from oxides, and hot pressing. Additionally, self-
propagating high-temperature synthesis (SHS) can be
utilized to produced HEAs by exploiting the exother-
mic reactions between group [V—V transition metals and
carbon, boron, nitrogen or silicon [18; 19]. The SHS
product is typically processed using spark plasma sin-
tering to obtain a single-phase HEC. Although SHS is
a rapid and advantageous process, the thermal explo-
sion and combustion of HEC multicomponent mixtures
have not been extensively studied.

The aim of this study is to examine the kinetics
and product formation during a thermal explosion in
(Ti, Zr, Hf, Nb, Ta) + C, mixtures.

Materials and methods

We utilized commercially available domestic pow-
ders:

— hafnium (Hf), GFM-1 grade (TU 48-4-176-85
Specs), 99.1 % purity, 180 um average particle size;

—tantalum (Ta), TaP-1 grade (TU 1870-258-
00196109-01 Specs), 99.9 % purity, d = 4063 um;

—titanium (Ti), PTM-1 grade (TU 14-22-57-92
Specs), 99.2 % purity, d = 5+15 um;

—niobium (Nb), NbP-1a grade (GOST 26252-84),
99.7 % purity, d < 63 pm;

— zirconium (Zr), PCrK-1 grade, (TU 48-4-234-84
Specs), 99.6% purity, d = 40+63 pm;

— graphite powder, (GOST 23463-79), 99.9999 %
purity, ASC 8—4, d < 140 pm.

Activation and ignition occurred in argon of
99.998 % purity. The powder mixture was prepared
in two stages. In the first stage, an equimolar mix-
ture of Ta+Ti+ Nb+Zr+ Hf was activated in
an Activator 2S planetary mill (Activator, Novosibirsk,
Russia). The mixture was placed in pre-vacuumed steel
drums and subsequently filled with argon at 6 atm.
The ball-to-powder weight ratio was 1:18, with a ball
weight of 360 g (5—7 mm diameter) and powder weight
of 20 g. The drum rpm was 347 and the milling time
was 120 min, resulting in the production of a metallic
composite.

To prevent oxidation and self-ignition, the com-
posite powder was unloaded in an argon-filled glove
box. Graphite powder was added to the mixture
inside the glove box to create (Ti, Zr, Hf, Nb, Ta)C,.
The resulting mixture was similarly activated for
60 min and then passivated. The drum was open
for 1-2's to allow air in, then closed and held for
10-12 h. To obtain a homogeneous mixture with
the (Ti, Zr, Hf, Nb, Ta)C; high-entropy alloy made
by SHS, a portion of the composite/graphite powder
was stirred in a porcelain mortar for 30 min. The final
product concentrations in these mixtures were 25
and 50 %. Samples, measuring 3 mm in diameter
and up to 1.0-1.5 mm in height, were pressed from
the mixtures.

The procedure for the ignition temperature test
is depicted in Figure 1 [20]. The cylindrical samples
were positiond on a flat thermocouple that was 30 pm
thick, and then placed into either a boron nitride or
graphite crucible. The crucible was subsequently
placed on an electric graphite strip heater and heated
to the ignition or melting temperature. The accu-
racy of temperature measurement was validated
using the Zn, Al and Cu melting points as a refer-
ence. The margin of error at < 1100 °C was no more
than =10 °C. The thermocouple readings were recorded
at 1 kHz.
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Fig. 1. Sample ignition temperature measurements
1 — sample, 2 — crucible, 3 — thermocouple, 4 — graphite strip heater

Puc. 1. Cxema u3MepeHust TEMIIEPATyPbl
BOCIIJIAMEHEHUS 00pa3IoB
1 — obpaser, 2 — turenb, 3 — repmonapa, 4 — rpaduTOBbII JICHTOUHBII
HarpeBarenb

For XRD of the initial samples and products after
ignition, we employed a DROn 3M diffractometer with
CuK -radiation (Burevestnik, St. Petersburg, Russia).
Furthermore, we used an LEO 1450 VP microscope
(Carl Zeiss, Germany) for canning electron micros-
copy (SEM).

Results and discussion

Figure 2 depicts the thin section microstructure
of the initial Ti, Zr, Hf, Nb, and Ta composite particles.
It was not possible to produce homogeneous composite
particles from the metal powder mixture, as the par-
ticles contained both layered inclusions (/) and indi-
vidual large tantalum particles (2).

Due to insufficient probe positioning accuracy,
it was not possible to analyze smaller particles and
layers. However, the SEM analysis indicated that they
included all of the original elements. XRD analysis

Fig. 2. Microstructure of a (Ti, Zr, Hf, Nb, Ta) mixture particle
after activation and passivation
1 — layered inclusions, 2 — tantalum particles

Puc. 2. Muxpoctpykrypa yactuisl cmecu (Ti, Zr, Hf, Nb, Ta)
MOCJIe aKTHBAIMK U TTaCCUBALIMN
1 — cnoucteie BKITFOUCHUA, 2- YacCTHIIbI TaHTaJa

(Figure 3) indicated that the metal peaks had shifted
to the left, indicating the formation of solid solutions.
The tantalum and niobium peaks were nearly identi-
cal. The small peak located at approximately 40° was
close to the 100 % titanium peak. Ti was found to form
solid solutions with tantalum, niobium, hafnium and
zirconium.

The formation of solid solutions was confirmed
by the plateau observed in the thermal curves at various
heating rates (V) during the initial stage (z <450 °C),
as shown in Figure 4. A thermal curve of the hea-
ting of the titanium sample was also included for
comparison.

2500

2000
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1000

Intensity, a.u.

500

@ Ta, Nb — cubic.

m HfTHf, Ti, ...] — hex.
A Zr[Zr, Ti, ...] — hex.
v Ti[Zr, Hf, ...] — hex.

© HfH,, ZrH

20, deg

Fig. 3. XRD image of the (Ti, Zr, Hf, Nb, Ta) + 5C mixture after activation and passivation

Puc. 3. Perrrenorpamma cmecu (Ti, Zr, Hf, Nb, Ta) + 5C nocre npoiieccoB akTUBAILMY U TTACCHBALITH

16



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(3):14-21
Vadchenko S.G., Sedegov A.S., Kovalev I.D. Thermal explosions in (Ti, Zr, Hf, Nb, Ta) carbon mixtures

The ignition temperature (7,,) at high heating rates
is 1030 °C. The temperature decreases with the heating
rate downto 760 °C. The thermal curves suggest that this
decrease is due to a phase transformation with a signifi-
cant endothermic effect, resulting in an isothermal seg-
ment in thermal curves. The a—p-transformation tem-
peratures for titanium, zirconium, and hafnium in
the Group IV metals in the mixture are 1, 5= 882, 865
and 1743 °C, respectively. These temperatures are con-
siderabely higher than those indicated on the thermal
curves. It should be noted that the formation of solid
solutions during mechanical activation can lead
to a decrease in the o—f-transformation temperature
in titanium. Okamoto H. and Lyakishev N.P. [21; 22]
reported that 7, for titanium-zirconium equiatomic
solid solutions can drop to 560—600 °C. Polymorphic
transformations in Ti—-Nb metastable solid solutions
can occur at £ = 425+600 °C [23].

Polymorphic transformation generally enhances
diffusion coefficients. This, in turn, accelerates
the reaction between the solid solutions and carbon and
lyp become the critical temperature of thermal explo-
sion (¢,). The sample heating rates at the initial stage
(V,) and after ignition (V) were recorded as follows:

L, °C s 760 760 770 790 830 1000
Vi, °Cls ........ 45 47 53 68 95 240
V,, °Cls ........ 4250 5400 9400 11,300 8700 6500

It can be seen that the heating rate of the V, sample
above the critical temperature is two orders of magni-

1800

tude greater than the V| average heating rate at the ini-
tial heating stage (up to 450 °C), indicating a thermal
explosion.

Figure 5 displays the XRD image of the thermal explo-
sion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C
mixture. The ignition is triggered by the forma-
tion of carbides or solid solutions of carbon in the metals,
but it does not lead to the formation of the final product.
Due to the short holding time at high temperatures and
rapid cooling, some of the metals do not have sufficient
time to react. Comparing the XRD images in Figure 3
and 5, it can be observed that the peak intensity ratio
changes after the thermal explosion due to the forma-
tion of hafnium and niobium carbides.

To investigate the reaction kinetics in this system, we
diluted the initial mixture with the (Ta, Ti, Nb, Zr, Hf)C;
final product obtained by SHS. Figure 6 illustrates
the thermal curves for the samples containing 25 and
50 % of the final product.

Figure 7 shows the XRD images of the products
obtained by adding 25 and 50 % of the final product
to the (Ti, Zr, Hf, Nb, Ta) + 5C activated mixture, and
the XRD image of the final product.

The XRD images of the products obtained by heating
the diluted mixture are nearly identical. The main phase
formed by dilution retains its cubic lattice, but the lat-
tice parameters differ. The XRD images reveal peaks
of titanium and zirconium carbide. The XRD images
of the activated mixture (see Figure 3) exhibit weakly
pronounced titanium and zirconium peaks. When heated

1600
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@)

o

=800
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400

200

Fig. 4. Thermal curves for various heating rates of the (Ti, Zr. Hf, Nb, Ta) + 5C mixture and titanium samples
V, °C/s: 240 (1), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) and 45 (7)

Puc. 4. TepmorpamMMsI TIpH Pa3IMYHBIX CKOPOCTsIX Harpesa o0pasuos u3 cmecH (Ti, Zr. Hf, Nb, Ta) + 5C u o6pasia u3 turana
¥, °Cle: 240 (I), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) u 45 (7)
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A’I @ Ta, Nb — cubic
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Fig. 5. XRD image of the thermal explosion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture

Puc. 5. Pertrenorpamma npoayKTOB TEIIOBOTO B3pbiBa akTuBupoBanHoi cmecH (Ti, Zr, Hf, Nb, Ta) + 5C
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Fig. 6. Thermal curves for various heating rates of the (Ti, Zr, Hf, Nb, Ta) + 5C mixtures
containing 25 (a) and 50 % (b) of the (Ti, Zr, Hf, Nb, Ta)C, final product
a—V=550°C/s (1), 480 (2), 310 (3), 280 () and 140 (5)

b— V=730 °C/s (6), 340 (7), 310 (8), 295 (9) and 190 (10)

Puc. 6. TepmorpaMMBI TIpH Pa3INIHBIX CKOPOCTSIX HarpeBa oopasnos u3 cmeceil (Ti, Zr, Hf, Nb, Ta) + 5C,
conepxamux 25 (@) u 50 % (b) xoneunoro nponyxkra (Ti, Zr, Hf, Nb, Ta)C;
a— V="550°Clc (I), 480 (2), 310 (3), 280 (4) u 140 (5)
b— V=730 °Clc (6), 340 (7), 310 (8), 295 (9) 1 190 (10)
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Fig. 7. XRD images of the products obtained by heating the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture
diluted by 25 % (I) and 50 % (2) of the (Ti, Zr, Hf, Nb, Ta)C; final product (3)

Puc. 7. PeHTreHOrpaMMBbI TIPOIYKTOB Harpesa akruBupoBanuoii cmecu (Ti, Zr, Hf, Nb, Ta) + 5C,
pas6asiennoii na 25 % (1) u 50 % (2), u koneunoro npoxyxra (Ti, Zr, Hf, Nb, Ta)C (3)

above 1300 °C, the peaks of Ti and Zr carbide become
visible. We can conclude that the solid solutions formed
after activation and the dilution of high-entropy phase
are unstable at high temperatures (¢ > 1300 °C), result-
ing in the release of titanium and zirconium carbides.
The composition of the (Ti, Zr, Hf, Nb, Ta)C; high-
entropy phase also changes.

Since the compositions of the ignition products
of the diluted mixture are nearly identical, we used
the max temperature vs. heating rate curves for the two
dilutions to estimate the activation energy using
the Kissinger equation. The reaction rate in the diluted
mixtures decreased significantly, and the sample over-
heating was low. Furthermore, the temperature gra-
dient across the relatively thin samples (about 1 mm
thick) was insignificant. Considering these factors, we
estimated the activation energy for the reaction for-
ming the (Ti, Zr, Hf, Nb, Ta)C; high-entropic phase as

follows:
ln % = ln ﬁ — Ea ,
Tmax Ea RTmax

where B is the heating rate, degrees/s; E, is the activa-
tion energy, kJ/mol; R = 8.314 J/(mol-K) is the gas con-
stant; 4 is the pre-exponential factor of the Arrhenius
equation (particle collision frequency, s™'); 7 is
the max temperature, K.

Figure 8 shows the In [zi] vs. T} curve.

max

The activation energy E, for the reaction of the
(Ti, Zr, Hf, Nb, Ta) + 5C activated mixtures diluted
with the final product in the temperature range of 1100—
1580 °C, was found to be 34 kJ/mol. This value is sig-
nificantly lower, by 75-80 %, than the value estimated
from previous experimental data on gasless combus-
tion of metal-carbon systems [24]. One possible expla-
nation for this discrepancy is that the mechanical acti-
vation process resulted in an increase in the reactivity
of the metals, which may be attributed to the grinding

-84 —5
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-9.0
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J:K]'SI

max

m[

-9.4
-9.6

9.8 I R R N TR TR S B
52 54 56 58 6.0 6.2 64 66 68 7.0 7.2 7.4

101 K

max ?

Fig. 8. The reaction activation energy estimated
with Kissinger’s equation
The activated mixtures (Ti, Zr, Hf, Nb, Ta) + 5C
are diluted by adding 25 % (M) and 50 % (@) of the final product

Puc. 8. Pe3ybrarsl OLICHKH YHEPTHU aKTHBAIIUH PEAKIIMU
1o ypaBHeHHI0 Kuccunmkepa

Pas0aBiieHre KOHEYHBIM TTPOYKTOM aKTHBUPOBAHHBIX
cmeceii (Ti, Zr, Hf, Nb, Ta) + 5C na 25 % (H) u 50 % (@)
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process, the closer contacts between reactants and
the introduction of more crystal lattice defects.

Conclusions

1. The mechanical activation of (Ti, Zr, Hf,
Nb, Ta) + 5C mixtures for 120 min at 347 rpm pro-
duces composite particles and solid solutions of Ti,
Zr, Hf, Nb and Ta, while individual tantalum particles
remain in the mixture.

2. The ignition of the (Ti, Zr, Hf, Nb, Ta) + 5C
activated mixture occurs in several stages, including
inert heating, progressive heating to 420—450 °C and
phase transformation at 750—770 °C. A thermal explo-
sion occurs when the temperature raises abruptly.

3. Despite the high temperatures, the reaction pro-
duces complex carbides, and unreacted tantalum remains
due to the short duration of the thermal explosion.

4. The activated mixtures and high entropy solid
solution are unstable. When heated above 1300 °C,
they release titanium and zirconium carbides.
This process also causes a change in the composi-
tion of the (Ti, Zr, Hf, Nb, Ta)C; final product.

5. The effective activation energy estimated for
the reaction in the (Ti, Zr, Hf, Nb, Ta) + 5C mixture
(E, =34 kJ/mol) is 75-80 % lower than the values
reported for the metal + carbon combustion reac-
tions. This could be attributed to the mechanical
activation of the mixture.

References / Cnucok nutepatypbl

1. Akrami S., Edalati P., Fuji M., Edalati K. High-entropy
ceramics: Review of principles, production and applica-
tions. Materials Science and Engineering: R: Reports.
2021;146:100644.
https://doi.org/10.1016/j.mser.2021.100644

2. Ye B., Wen T., Huang K., Wang C.Z., Chu Y. First-
principles  study, fabrication, and characteriza-
tion of (Hfj ,Zr,,Ta,,Nb ,Ti ,)C high-entropy ce-

ramic. Journal of the American Ceramic Society.
2019;102(7):4344-4352. https://doi.org/10.1111/
jace.16295

3. ZhangQ.,ZhanglJ.,LiN., Chen W. Understanding the elec-
tronic structure, mechanical properties, and thermodynam-
ic stability of (TiZrHfNbTa)C combined experiments and
first-principles simulation. Journal of Applied Physics.
2019;126(2):025101. https://doi.org/10.1063/1.5094580

4. Kochetov N.A., Kovalev 1.D. Synthesis and thermal
stability of the multielement carbide (TaZrHfNbTi)C..
Inorganic Materials. 2021:57(1):8—13.
https://doi.org/10.1134/S0020168520120109

5. Kovalev D.Yu., Kochetov N.A., Chuev II. Fabrica-
tion of high-entropy carbide (TiZrHfTaNb)C by high-energy
ball milling. Ceramics International. 2021;47(23):32626—
32633. https://doi.org/10.1016/j.ceramint.2021.08.158

20

6.

10.

11.

12.

13.

14.

15.

16.

17.

Sarker P., Harrington T.J., Gild J., Sarker P., Toher C.,
Rost C.M., Dippo O.F., McElfresh C., Kaufmann K.,
Marin E., Borowski L., Hopkins P.E., Luo J., Curtarolo S.,
Brenner D.W., Vecchio K.S. Phase stability and mechani-
cal properties of novel high entropy transition metal car-
bides. Acta Materialia. 2019;166:271-280.
https://doi.org/10.1016/j.actamat.2018.12.054

Sarker P., Harrington T.J., Toher C., Oses C., Samiee M.,
Maria J.P., Brenner D.W., Vecchio K.S., Curtarolo S. High-
entropy high-hardness metal carbides discovered by ent-
ropy descriptors. Nature Communications. 2018;9:4980.
https://doi.org/10.1038/s41467-018-07160-7

Jiang S., Shao L., Fan T., Duan J.M., Chen X.T., Tang B.Y.
Mechanical behavior of high entropy carbide (HfTaZrTi)C
and (HfTaZrNb)C under high pressure: Ab initio study. /n-
ternational Journal of Quantum Chemistry. 2020;121(5):
1-11. https://doi.org/10.1002/qua.26509

Moskovskikh D.O., Vorotilo S., Sedegov A.S., Kus-
kov K.V, Bardasova K.V., Kiryukhantsev-Kor-
neev Ph.V., Zhukovskyi M., Mukasyan A.S. High-
entropy  (HfTaTiNbZr)C and  (HfTaTiNbMo)C
carbides fabricated through reactive high-energy
ball milling and spark plasma sintering. Ceramics
International. 2020;46(11B):19008-19014.
https://doi.org/10.1016/j.ceramint.2020.04.230

Wang F., Zhang X., Yan X., Lu Y., Nastasi M., Chen Y.,
Cui B. The effect of submicron grain size on thermal
stability and mechanical properties of high-entropy car-
bide ceramics. Journal of the American Ceramic Society.
2020;103(8):4463-4472. https://doi.org/10.1111/jace.17103
Feng L., Fahrenholtz W.G., Hilmas G.E. Low-tempe-
rature sintering of single-phase, high-entropy carbide
ceramics. Journal of the American Ceramic Society.
2019;102(12):7217-7224.
https://doi.org/10.1111/jace.16672

Chen H., Xiang H., Dai F.Z., Liu J.,, Lei Y., Zhang J.,
Zhou Y. High porosity and low thermal conductivity high
entropy (Zr,,Hf, ,Ti, ,Nb ,Ta,,)C. Journal of Materials
Science & Technology. 2019;35(8):1700—1705.
https://doi.org/10.1016/j.jmst.2019.04.006

Ye B.,, Wen T, Liu D, Chu Y. Oxidation behavior
of (Hf,,Zr,,Ta,,Nb,,Ti ,)C high-entropy ceramics
at 1073-1473 K in air. Corrosion Science. 2019;153:
327-332. https://doi.org/10.1016/j.corsci.2019.04.001

Ye B., Wen T., Chu Y. High-temperature oxidation be-
havior of Hf,Zr,,Ta,,Nb,,Ti,,)C high-entropy ce-
ramics in air. Journal of the American Ceramic Society.
2020;103(1):500-507. https://doi.org/10.1111/jace.16725
Wang H., Cao Y., Liu W., Wang Y. Oxidation behav-
ior of (Hf,Ta,,Zr,,Ti,,Nb ,)C-xSiC ceramics at high
temperature. Ceramics International.2020;46(8A):11160—
11168. https://doi.org/10.1016/j.ceramint.2020.01.137
Braic V., Vladescu A., Balaceanu M., Luculescu C.R.,
Braic M. Nanostructured multi-element (TiZrNbHfTa)N
and (TiZrNbHfTa)C hard coatings. Surface and Coatings
Technology. 2012;211:117-121.
https://doi.org/10.1016/j.surfcoat.2011.09.033

Braic V., Balaceanu M., Braic M., Vladescu A., Pan-
seri S., Russo A. Characterization of multiprincipal-ele-
ment (TiZrNbHfTa)N and (TiZrNbHfTa)C coatings for
biomedical applications. Journal of the Mechanical Be-


https://www.sciencedirect.com/science/article/abs/pii/S0927796X21000395?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0927796X21000395?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0927796X21000395?via%3Dihub#!
https://www.sciencedirect.com/journal/materials-science-and-engineering-r-reports/vol/146/suppl/C
https://doi.org/10.1016/j.mser.2021.100644
https://doi.org/10.1111/jace.16295
https://doi.org/10.1111/jace.16295
https://doi.org/10.1063/1.5094580
https://doi.org/10.1134/S0020168520120109
https://doi.org/10.1016/j.ceramint.2021.08.158
https://doi.org/10.1016/j.actamat.2018.12.054
https://doi.org/10.1038/s41467-018-07160-7
https://doi.org/10.1002/qua.26509
https://doi.org/10.1016/j.ceramint.2020.04.230
https://doi.org/10.1111/jace.17103
https://doi.org/10.1111/jace.16672
https://doi.org/10.1016/j.jmst.2019.04.006
https://doi.org/10.1016/j.corsci.2019.04.001
https://doi.org/10.1111/jace.16725
https://doi.org/10.1016/j.ceramint.2020.01.137
https://doi.org/10.1016/j.surfcoat.2011.09.033

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(3):14-21
Vadchenko S.G., Sedegov A.S., Kovalev I.D. Thermal explosions in (Ti, Zr, Hf, Nb, Ta) carbon mixtures

havior of Biomedical Materials. 2012;10:197-205.
https://doi.org/10.1016/j.jmbbm.2012.02.020

18. Merzhanov A.G., Borovinskaya I.P. Self-propagated high-
temperature synthesis of refractory inorganic compounds.
Doklady Chemistry Proceedings of the Academy of Scien-
ces of the USSR. Chemistry Section. 1972;204(2):429-433.

19. Tallarita G., Licheri R., Garroni S., Orru R., Cao G. Novel
processing route for the fabrication of bulk high-entropy
metal diborides. Scripta Materialia. 2019;158:100—104.
https://doi.org/10.1016/j.scriptamat.2018.08.039

20. Vadchenko S.G., Boyarchenko O.D., Shkodich N.F.,
Rogachev A.S. Thermal explosion in various Ni—Al sys-
tems: Effect of mechanical activation. International Jour-
nal of Self-Propagating High-Temperature Synthesis.
2013;22(1):60-64.
https://doi.org/10.3103/S1061386213010123

21. Okamoto H. Desk handbook: Phase diagrams for binary
alloys. 2" Ed. Edited by ASM International Materials
Park. Ohio, USA. 2010. 855 p.

22. Lyakishev N.P. (Ed.) Dual metal system state diagrams:
Reference book. In 3 volumes. Vol. 1. Moscow: Mashino-
stroenie, 1996. 992 p. (In Russ.).

JlnarpaMmbl COCTOSIHUSI JTBOWHBIX METANTHYECKUX CHC-
tem: CrpaBounuk. B 3 7. T. 1. ITox o6ur. pea. H.IT. JIsku-
mieBa. M.: MammHoctpoenue, 1996. 992 c.

23. Zhang Y., Liu H., Jin Z. Thermodynamic assessment
of the Nb-Ti system. Calphad. 2001;25(2):305-317.
https://doi.org/10.1016/S0364-5916(01)00051-7

24. Mukasyan A.S., Rogachev A.S. Discrete reaction waves:
Gasless combustion of solid powder mixtures. Progress
in Energy and Combustion Science. 2008;34(3):377—416.
https://doi.org/10.1016/j.pecs.2007.09.002

25. Egorychev K.N., Kurbatkina V.V., Levashov E.A. Pros-

pects for the use of mechanical activation of low-exo-
thermal materials for synthesis of composite materials by
SHS technology. Izvestiya vuzov. Tsvetnaya metallurgiya.
1996;(6):49-52. (In Russ.).
Eropsrue K.H., Kyp6arkuna B.B., Jleamos E.A. Ilepc-
MEKTUBBl MIPUMEHEHUS] MEXaHHMYECKOTO aKTHBHPOBAHUS
HH3KO0IK30TEPMUUCCKUX MAaTEPHAIIOB JUISl CHHTE3a KOMIIO-
3UNUOHHBIX MaTtepuaioB CBC-texuonorueit. Mzeecmus
8y308. [{eemnasn memannypeus. 1996;(6):49-52.

26. Korchagin M.A. Thermal explosion in mechanically acti-
vated low-calorie compositions. Fizika goreniya i vzryva.
2015;51(5):77-86. (In Russ.).
http://dx.doi.org/10.15372/FGV20150509
Kopuarun M.A. TerioBoii B3pbIB B MEXaHUYECKU AKTUBU-
POBAaHHBIX HU3KOKIOPHHHBIX cOCTaBax. Qusuxa eopenus
u 83pwviga. 2015;51(5):77-86.
http://dx.doi.org/10.15372/FGV20150509

Information about the Authors

Sergey G. Vadchenko - Cand. Sci. (Phys.-Math.), Leading Research-
er, Microheterogenic Process Dynamics Laboratory, Merzhanov In-
stitute of Structural Macrokinetics and Materials Science, Russian
Academy of Sciences.

ORCID: 0000-0002-2360-2114
& E-mail: vadchenko@ism.ac.ru

Aleksei S. Sedegov - Engineer, Structural Nanoceramics Research

Center, National University of Science and Technology “MISIS”
ORCID: 0000-0002-4927-8930

& E-mail: asedegov@misis.ru

Ivan D. Kovalev - Cand. Sci. (Phys.-Math.), Senior Researcher, X-Ray

Structural Research Laboratory, Merzhanov Institute of Structural

Macrokinetics and Materials Science, Russian Academy of Sciences.
ORCID: 0000-0003-4710-837X

& E-mail: i2212@yandex.ru

Contribution of the Authors
S. G. Vadchenko - problem statement, tests, text authoring.
A. S. Sedegov - mixture and sample preparation, discussion.

I D. Kovalev - XRD analysis, discussion.

@

@

CBegeHuns 06 aBTopax

Cepeeii I'eopauesuu Bad4yeHKo - K.Q.-M.H., BeJl. Hay4. COTPYAHUK

J1abopaTOPHUHU ANHAMUKY MHKPOTeTePOTeHHBIX NpoleccoB, MHCTH-

TYT CTPYKTYPHOH MaKpOKHHETHUKH U IP06JIeM MaTepHaloBeleHUs

uM. A.I. MepxkaHoBa Poccuiickoit akagemuu Hayk (MICMAH).
ORCID: 0000-0002-2360-2114

3 E-mail: vadchenko@ism.ac.ru

Anekceii Cepzeesuu Cedezos - vrxxenep HUI[ «KoHcTpyKIHoOH-
Hble KepaMH4YeCKHe HaHOMaTepHuasbl», HanmoHanbHBIN Hccaeso-
BaTeJIbCKUHM TeXHOJIoruueckuil ynupepcuteT « MUCHUC».

ORCID: 0000-0002-4927-8930
& E-mail: a.sedegov@misis.ru

Hean /Jmumpuesuu Kosaseg - K.}.-M.H., CT. HAy4. COTPYJHUK Jia-

60paTOpUM PEHTTeHOCTPYKTYPHBIX nccaepoBanuii, UCMAH.
ORCID: 0000-0003-4710-837X

& E-mail: i2212@yandex.ru

Bknapg aBTopos

C. I BadyeHko - onpeJiesieHye LieJied paboThl, IPOBe/ieHHe K Ile-
PUMEHTOB, HallMCaHUe TeKCTa CTaThbH.

A. C. Cedez08 - noJroToBKa CMeced U UCXOAHBIX 06PA3L0B, y4ac-
THe B 06CYX/IeHUH Pe3yJIbTaToB.

H. /I. Kosasees - npoBesieHre peHTreH0$a30BoOro aHaau3a, yyac-
THe B 06CY/IeHUH Pe3yJIbTaToB.

Received 22.06.2022
Revised 11.11.2022
Accepted 19.12.2022

CraTbsa noctynuia 22.06.2022 r.
Jlopa6borana 11.11.2022 1.
[lpunsTa K ny6aukanuu 19.12.2022 r.

21


https://orcid.org/0000-0002-2360-2114
mailto:vadchenko@ism.ac.ru
https://www.list-org.com/search?type=name&val=%D0%A4%D0%95%D0%94%D0%95%D0%A0%D0%90%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%93%D0%9E%D0%A1%D0%A3%D0%94%D0%90%D0%A0%D0%A1%D0%A2%D0%92%D0%95%D0%9D%D0%9D%D0%9E%D0%95 %D0%90%D0%92%D0%A2%D0%9E%D0%9D%D0%9E%D0%9C%D0%9D%D0%9E%D0%95 %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%A3%D0%A7%D0%A0%D0%95%D0%96%D0%94%D0%95%D0%9D%D0%98%D0%95 %D0%92%D0%AB%D0%A1%D0%A8%D0%95%D0%93%D0%9E %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%AF  %D0%9D%D0%90%D0%A6%D0%98%D0%9E%D0%9D%D0%90%D0%9B%D0%AC%D0%9D%D0%AB%D0%99 %D0%98%D0%A1%D0%A1%D0%9B%D0%95%D0%94%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%A1%D0%9A%D0%98%D0%99 %D0%A2%D0%95%D0%A5%D0%9D%D0%9E%D0%9B%D0%9E%D0%93%D0%98%D0%A7%D0%95%D0%A1%D0%9A%D0%98%D0%99 %D0%A3%D0%9D%D0%98%D0%92%D0%95%D0%A0%D0%A1%D0%98%D0%A2%D0%95%D0%A2  %D0%9C%D0%98%D0%A1%D0%98%D0%A1
https://www.list-org.com/search?type=name&val=%D0%A4%D0%95%D0%94%D0%95%D0%A0%D0%90%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%93%D0%9E%D0%A1%D0%A3%D0%94%D0%90%D0%A0%D0%A1%D0%A2%D0%92%D0%95%D0%9D%D0%9D%D0%9E%D0%95 %D0%90%D0%92%D0%A2%D0%9E%D0%9D%D0%9E%D0%9C%D0%9D%D0%9E%D0%95 %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%9D%D0%9E%D0%95 %D0%A3%D0%A7%D0%A0%D0%95%D0%96%D0%94%D0%95%D0%9D%D0%98%D0%95 %D0%92%D0%AB%D0%A1%D0%A8%D0%95%D0%93%D0%9E %D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%AF  %D0%9D%D0%90%D0%A6%D0%98%D0%9E%D0%9D%D0%90%D0%9B%D0%AC%D0%9D%D0%AB%D0%99 %D0%98%D0%A1%D0%A1%D0%9B%D0%95%D0%94%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%A1%D0%9A%D0%98%D0%99 %D0%A2%D0%95%D0%A5%D0%9D%D0%9E%D0%9B%D0%9E%D0%93%D0%98%D0%A7%D0%95%D0%A1%D0%9A%D0%98%D0%99 %D0%A3%D0%9D%D0%98%D0%92%D0%95%D0%A0%D0%A1%D0%98%D0%A2%D0%95%D0%A2  %D0%9C%D0%98%D0%A1%D0%98%D0%A1
https://orcid.org/0000-0002-4927-8930
https://orcid.org/0000-0003-4710-837X
mailto:i2212@yandex.ru
https://orcid.org/0000-0002-2360-2114
mailto:vadchenko@ism.ac.ru
https://orcid.org/0000-0002-4927-8930
https://orcid.org/0000-0003-4710-837X
mailto:i2212@yandex.ru
https://doi.org/10.1016/j.jmbbm.2012.02.020
https://doi.org/10.1016/j.scriptamat.2018.08.039
https://www.springer.com/journal/12003/
https://www.springer.com/journal/12003/
https://doi.org/10.3103/S1061386213010123
https://doi.org/10.1016/S0364-5916(01)00051-7
https://www.infona.pl/contributor/1@bwmeta1.element.elsevier-ff4d46d5-edf8-3124-a23f-51b4e860e702/tab/publications
https://doi.org/10.1016/j.pecs.2007.09.002
http://dx.doi.org/10.15372/FGV20150509
http://dx.doi.org/10.15372/FGV20150509

