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Abstract. Tantalum-zirconium carbide Ta,ZrC, was synthesized by the method of self-propagating high-temperature synthesis (SHS)
in the thermal explosion mode. The mechanism of its formation was investigated, including processes occurring during the heating
of precursor mixtures to the ignition temperature, which proceed in the solid phase. The interaction of molten bimetallic Ta,Zr particles
with carbon was also studied. The initial powder mixtures were prepared in two stages. In the first stage, high-energy ball milling (HEBM)
in an AGO-2 mill under an argon atmosphere was employed to carry out mechanical alloying (MA) of tantalum with zirconium, resulting in
the formation of bimetallic Ta,Zr particles representing a solid solution of zirconium in tantalum. Upon heating, ordering of the solid solu-
tion occurred, accompanied by a small exothermic effect depending on the MA duration. In the second stage, the obtained Ta,Zr powder
was mixed with carbon black and heated to the thermal explosion temperature (900-1250 °C), leading to the formation of Ta,ZrC,. For
the first time, to study the mechanism of high-temperature interaction of Ta,Zr bimetallic particles with carbon, the particles were deposited
onto a graphite substrate and heated in vacuum at a residual pressure of 10~ Pa, with the substrate temperature reaching up to 3000 °C.
Depending on particle size, two modes of interaction of molten Ta,Zr particles with the graphite substrate were observed. Particles smaller
than 10 pum, due to surface tension forces, did not spread on the substrate upon melting; instead, they absorbed carbon and sank into it.
Larger particles spread over the substrate, with the melt being depleted in zirconium, which more actively interacted with carbon.
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MexaHuU3M cuHTe3a ynbTpaTyronnaskoro kapbupa Ta,ZrC,
B PeXWUMe TEMJIOBOro B3pbiBa C NpeABapUTesIbHbIM
MeXaHWYeCKUM CrnJiaBNeHUeM MeTalJioB
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AHHOTayms. MeTooM caMopacIipoCTpaHsIoIerocs: Bbicokoremmeparypaoro cuure3a (CBC) B pexuMe TEIIOBOrO B3pbIBa MOJIy4YeH
xap6uy Ta,ZrC, . M3yuen MexaHu3M ero popMUpOBAHUs, BKIIOYAIOIIMI MPOIECCHI B X0/Ie HATpeBa cMecel IPeKypcopoB 10 TeMITe-
paTypbl BOCIIIAMEHEHHUS, IPOTEKAIOLIME B TBEpoH (ase. MccieioBaHO B3aNMOCHCTBYE PACILIABICHHBIX OMMETAIINYECKUX YaCTUL]
cocrasa Ta,Zr ¢ yrmeponom. Mexoanbie cMecu NOPOIIKOB TOTOBUIIM B JIBE CTaauu. Ha nepBoii — METOIOM BBICOKOOHEPTETUIECKOH
MexaHu4eckoii oopaborku (BOMO) B akruBatope AI'O-2 B armocdepe aproHa mpoucxoamio Mexanudeckoe crutaBienue (MC)
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CMECH TaHTaja ¢ HUPKOHUEM M (OpMHpPOBAIMCh OMMETAJIMYECKHE YacTHIbI cocTaBa Ta,Zr, npeacTapisomue co0oi TBepabli
pacTBOp IUpKOHMS B TaHTane. [Ipy MX HarpeBe IMPOMCXOAWIO YIOPSAOUYEHHE TBEPIOTO PAacTBOpAa M HAOMIONAIOCh HeOONbIIOe
TEIUIOBBIIENEHHUE, 3aBucsuiee oT Bpemenn MC. Ha Bropoii craauu nosydeHHbli nopowok Ta,Zr cMemmBanm ¢ caxei u Harpe-
BaJIM JI0 TEMIIEPATYPhI TEMIoBOTo B3pbiBa (900-1250 °C), B pe3ymnbTate KOTOPOro 00pasosbBanock coenunenue Ta,ZrC,. Brnepsrie
JUISL MCCIIEIOBAHMS. MEXaHU3Ma BBICOKOTEMIIEPATYPHOTO B3aUMOIEHCTBHS OMMETaIIMIeCKUX YacTul Ta,Zr ¢ yIIeposoM MX HaHO-
CHIIM Ha MOIOKKY U3 rpaduTa U HArpeBaiu B BAKyyMe npu ocrarounom nasienuu 107 [Ta u remneparype nomuoxku 10 3000 °C.
B 3aBuCHMOCTH OT pa3Mepa JacTUL HaOJIIONAINCh JIBa PEKMMa B3aMMOJEHCTBUS pacIuaBieHHbIX JacTull Ta,Zr ¢ MOMI0KKOH 13
rpadura. Yactunsl pasmepom Meree 10 MKM H3-3a CHII HOBEPXHOCTHOTO HATSHKEHMS IIPH TUIABJICHHH HE PACTEKAJIHCH I10 TTOIJIOKKE,
a, pacTBOPAs B ceOe yIIIepos, B Hee MOTpyKaauch. HacTHIIBI GOIIBIIET0 pa3Mepa pacTeKalInch 110 MOUI0XKKE, IPHYEM pacIiaB 00ex-
HSUICS IIUPKOHKEM, KOTOPBIH 0ojiee aKTHBHO B3aUMOJICHCTBOBAI C YIJICPOIOM.

KniroueBbie croBa: TyromiaBkue COSIMHEHHs, BBICOKOIHEpreTHyeckas Mmexanudeckas obpaborka (BOMO), MexaHHYeCKOe CIUIaBIie-

uue (MC), kapOupt

Ans untnposanus: Banuenxo C.I, Poraues A.C., Anbivos M.M. Mexanusm cunTe3a yisTparyromiaskoro kapouna Ta,ZrCs B pexume
TEIUIOBOTO B3pbIBA C IPEIBAPUTEILHBIM MEXAHUYECKUM CIUIABICHUEM METaJUIOB. M3secmus 6y306. Ilopowikosas memannypeus u
@yuryuonanvuvie nokpvimusi. 2025;19(4):40-49. https://doi.org/10.17073/1997-308X-2025-4-40-49

Introduction

Binary carbides of the Ta—Zr—C system are con-
sidered promising candidates for the development
of ultra-high temperature ceramics (UHTCs) [1-8].
Despite extensive research on this system, the available
literature data remain contradictory, with the central
question concerning the possibility of forming a single-
phase carbide Ta; Zr C. Calculation of the phase dia-
gram of the binary Ta—Zr system has shown that below
800 °C these two metals are practically immiscible [6].
In this temperature range, a mixture of two solid solu-
tions is formed: one based on a-zirconium with an HCP
structure and the other based on tantalum with a BCC
structure. The solubility of tantalum in zirconium does
not exceed 2 at. %, while that of zirconium in tanta-
lum is less than 9 at. %. A continuous series of solid
solutions with a BCC structure is formed only near
1700 °C [6].

Thermodynamic investigation of the Ta—Zr-C
system using the CALPHAD method led to the para-
doxical conclusion that no ternary phases exist within
the temperature range of 200-3600 °C [7]. This conclu-
sion contradicts the results obtained using the CASTEP
(Cambridge Serial Total Energy Package) code, which
demonstrated the stability of Ta, Zr C and its struc-
tural similarity to the ultra-high temperature carbide
Ta,HfC, [8]. The stability of the Ta, Zr C phase was
also demonstrated by first-principles calculations
and confirmed experimentally in [9]. In particular,
binary carbides with x = 0.9, 0.8, 0.6, and 0.3, synthe-
sized by self-propagating high-temperature synthesis
(SHS) from mechanically activated Ta—Zr—C mixtures
and consolidated by hot pressing, showed no signs
of decomposition into simple carbides after annealing
at 800 °C for 40 h. Preliminary mechanical activation
promotes the formation of a more homogeneous reac-
tive mixture, enabling the synthesis of binary carbide

under SHS conditions [10—12]. Along with hot press-
ing, a highly promising method for consolidating
complex UHTCs is spark plasma sintering (SPS), in
which synthesis and densification occur simulta-
neously [13-18]. Samples of Ta, Zr C UHTCs have
also been produced using an original electrothermal
explosion technique [19].

In studies devoted to the synthesis of Ta, Zr C
by SHS, the primary focus has been placed on igni-
tion and combustion parameters. The processes occur-
ring during the preheating stage prior to ignition and
the mechanism of molten metal interaction with carbon
remain largely unexplored.

The aim of this work was to experimentally inves-
tigate the macrokinetic characteristics of mechanical
alloying, thermal explosion, and heating of the result-
ing Ta,Zr bimetallic particles, as well as the high-tem-
perature interactions in the Ta—Zr—C system leading
to the formation of Ta; Zr C carbide.

Materials and methods

Commercially produced powders manufactured in
the Russian Federation were used in this study:

—tantalum powder, grade TaP-1 (TU 1870-
258-00196109-01), 99.9 wt. % purity, particle size
d =40-63 pum;

— zirconium powder, grade PTsRK (TU 48-4-234-
84), 99.6 wt. % purity, particle size d = 40—63 um;

—carbon black, grade P804T, particle size

d<2.2 pum.

High-energy ball milling (HEBM) of tantalum and
zirconium powder mixtures in a molar ratio of 4Ta:Zr
was carried out in an AGO-2 planetary ball mill under
an argon atmosphere. The rotational speed of the steel
vials was 2220 rpm, the mass of powder mixtures was
10 g, and the mass of steel balls was 200 g. The mill-
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ing time varied from 2 to 30 min. After processing
and removal of the vials from the mill, their surface
was heated to above 100 °C; therefore, the vials were
opened only after several hours of cooling to room
temperature.

As a result of HEBM, a Ta,Zr alloy powder was
obtained, a significant portion of which (up to 50 wt. %)
adhered to the balls and vial walls. To grind and recover
more of the alloy powder, 30 ml of hexane was added
to the vials, followed by additional HEBM for 3 min.
After drying, carbon black was added to the Ta,Zr alloy
powder in stoichiometric proportion to obtain Ta,ZrCy,
and the mixture was homogenized in the AGO-2 plan-
etary ball mill for 3—5 min.

The processes occurring during heating of Ta,Zr
alloy and during thermal explosion in the Ta,Zr + 5C
and 4Ta+ Zr+ 5C mixtures were studied using
the setup described in [20]. Cylindrical samples, 3 mm
in diameter and up to 1.5 mm in height, were pressed
from the powder mixtures and placed in a boron nitride
crucible on a WRe 5/20 thermocouple rolled to a thick-
ness of 30 um. The crucible was positioned on a graph-
ite strip heated by electric current. The samples were
heated under constant electrical power supplied
to the graphite strip, in argon at atmospheric pressure.
The heating rate and maximum temperature were con-
trolled by adjusting the electrical power. After igni-
tion of the pellets, heating of the strip was stopped.
The accuracy of temperature measurement, determined

using the melting points of Zn, Al, and Cu as reference
standards, was +10 °C.

Melting and reaction of Ta,Zr alloy powders with
carbon were investigated in a VUP-5 vacuum system
at a pressure of 1.3-1073 Pa. The powders were placed
on substrates (25x5x1 mm) of fine-pored graphite
(GMP) or glassy carbon (SU-2500), which were heated
by direct current with a power of 1-4 kW [21]. The sub-
strate had a fillet-like shape, allowing the narrow sec-
tion to reach temperatures above 3000 °C. Before
the reaction, the substrate was degassed by heating in
vacuum to ~3000 °C. After cooling, bimetallic pow-
ders were deposited on its surface.

Results and discussion

Mechanical alloying

During high-energy ball milling (HEBM)
of the 4Ta + Zr powder mixture, the combined effects
of friction, rolling, and impacts result in mechanical
alloying (MA) of tantalum and zirconium particles.
Adhesion of the powder mixture to the milling balls
allows observation of alloy formation in their cross-
sections (Fig. 1, @). Initially, bimetallic layers form
on the balls, which, after repeated cycles of defor-
mation, detachment, and fracture, produce particles
with a structure similar to that shown in Fig. 1, b—d.
With increasing milling time, both the coating and
the alloy particles formed upon its fracture become

Fig. 1. Cross-section of a ball after MA of the 4Ta + Zr mixture (a) and fragments of the cross-section
of the coating layer after HEBM for 2 (b), 3 (c¢) and 5 min (d)

1 — pore, 2 — tantalum particle. The light regions correspond to a higher tantalum concentration

Puc. 1. Ceuenne mapa nocine MC cmecu 4Ta + Zr (a) u pparMeHThbI CEYCHUS CIIOST CMECH
nociie BOMO B teuenwe 2 (b), 3 (¢) u 5 mun (d)

1 —nopa, 2 — yactuna TanTana. CBETIbIe CIION CoJepsKaT Oosee BEICOKYH KOHLICHTPAIMIO TAHTAIa
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Fig. 2. Elemental distribution maps after MA of the 4Ta + Zr mixture for 10 min

Puc. 2. Kapts pactipenenenust snementoB nmocie MC cmecu 4Ta + Zr B Teuenue 10 mun

more homogeneous (Fig.2). Elemental distribution
maps across particle cross-sections reveal that after
10 min of HEBM, large zirconium particles and steel
fragments abraded from the milling balls are not fully
broken down. Iron contamination originating from
the abrasion of the steel balls and vials is an undesirable
characteristic of HEBM, as it contaminates the pro-
duct. The processes of particle fragmentation and iron
contamination become especially pronounced during
HEBM in hexane, due to the wedge action of the liquid
(Rebinder effect).

At mechanical alloying times up to 5 min, com-
plete homogenization of the alloy was not achieved;
therefore, the duration was increased to 10-30 min.
However, even in this case, the elemental distribution
remained insufficiently uniform (see Fig. 2). Further
prolongation of milling time led to significant contami-
nation of the Ta,Zr alloy with iron, and thus the MA
time was limited to 30 min.

Results of X-ray diffraction analysis
of the bimetallic powders

Fig. 3 shows the diffraction patterns of powders
at different stages of mechanical alloying. The zirco-
nium powder used contains some zirconium hydride,
originating from the hydride—calcium reduction pro-
cess by which it was produced. During MA, zirconium
hydride decomposes with the release of hydrogen, and
its diffraction peaks, along with those of zirconium,
disappear after only 3 min of MA. This disappearance
may be associated both with the refinement of zirco-
nium crystallites and with its dissolution in tantalum.

As shown in Fig. 2, complete dissolution of zir-
conium does not occur even after 10 min of milling,
and moreover, the mutual solubility of Zr and Ta is
quite limited [6]. Therefore, the most likely reason
for the disappearance of the peaks is intensive plastic
deformation of zirconium, which results in crystallite
refinement (reduction of coherent scattering domain
size) and peak broadening. After 30 min of MA, the dif-

Ta

Zr 7r Zr Zr
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Fig. 3. XRD patterns of powders after different durations of MA
min: 0 (7), 3 (2), 10 (3), 20 (4) and 30 (5)

Thia
Puc. 3. ludpaxrorpaMMbl MOPOIIKOB MOCIE Pa3TUIHON
mrensHocTd MC

T 0 (1), 3 (2), 10 (3), 20 (4) 1 30 (5)

MC?
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fraction pattern exhibits three strongly broadened peaks
characteristic of the BCC structure. The asymmetric
shape of the most intense peak suggests the presence
of two phases with closely spaced interplanar distances.
Such a diffraction pattern may indicate the coexistence
of two BCC solid solutions based on Ta.

Heating of bimetallic powders
and ignition of their mixtures
with carbon black

Fig. 4 shows the thermograms of primary and
repeated heating of samples prepared from the initial
4Ta + Zr mixtures (curves /a and /b), Ta,Zr bimetallic
particles obtained by MA for 10 and 30 min (curves 2a,
2b and 3a, 3b, respectively), and the Ta,Zr + 5C mix-
ture (curves 4a, 4b). The inflections in the thermograms
in the temperature range of 700-900 °C (curve 3) are
associated with the o — [ phase transition in zirco-
nium. Tantalum lowers the transition temperature from
863 to 800-785 °C [22; 23]. According to the phase
diagram of the Zr—Fe system, dissolution of more
than 4 at. % Fe in tantalum also reduces the o — B
transition temperature in zirconium to 785 °C [22].
Increasing the MA time to 30 min leads to a clearer
manifestation of this phase transition during pow-
der heating. Above the phase transition temperature,
an exothermic effect is observed. Heat release is pro-
portional to the area under the Az curve, which repre-

2400
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laf 1b 2a// 2b  3a//3b 4a// 4b

800
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Fig. 4. Thermograms of heating of the initial 4Ta + Zr
mixture (1a), Ta,Zr bimetallic particles after 10 min of MA (2a)
and 30 min of MA (3a), and the Ta,Zr + 5C mixture (4a)

1b—4b — repeated heating; 1c—4c — temperature difference (A7)

Puc. 4. Tepmorpammsl Harpesa ucxoauoi cmecu 4Ta + Zr (1a),
Oumeranmmyeckux gactuil Ta,Zr mocne 10 mun MC (2a)
n 30 mun MC (3a), a Taxoke cmecn Ta, Zr + 5C (4a)

1b—4b — noBropHbIii HarpeB; 1c—4c — pa3HOCTh Temreparyp (Af)
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sents the temperature difference between the primary
and repeated heating of the mixtures (curves /c—4c).
The exothermic effect increases with milling time and
is most likely caused by the interaction of Ta,Zr alloy
with the abraded iron. During ignition and combustion,
however, this reaction contributes only a small fraction
of the heat release. For example, the enthalpy of for-
mation of Zr,Fe (AH(298.15) =—13.51 kJ/mol) [6] is
an order of magnitude smaller than that for the car-
bides ZrC (AH(298.15)=-207.1 kJ/mol) and TaC
(AH(298.15) = —141.8 kJ/mol) [24]. This is confirmed
by the heating curves of the Ta,Zr + 5C mixture (see
Fig. 4, curves 4a, 4b, 4c).

Fig. 5 presents the results of studying the effect
of heating and thermal explosion on the phase compo-
sition of powders. Curves / and 2 correspond to a BCC
solid solution, while curve 3 represents the Ta,ZrC,
compound with an FCC structure. During heating
of Ta,Zr+ 5C mixtures to the ignition temperature,
ordering of the alloy structure occurs. This is evident
from the reduced peak broadening and peak shifts in
the diffraction pattern of Ta,Zr bimetallic particles after
short-term heating in argon (curve 2 in Fig. 5). Their
reaction with carbon leads to the formation of an alloy
close in composition to Ta,ZrC,, although in some
experiments traces of Ta and its carbide Ta,C were
observed at the background level in the diffraction pat-
terns. This can be attributed to incomplete homogeni-

(111

(200

Intencity

20 30 40 50 60 70 80
20, deg

Fig. 5. XRD patterns of bimetallic powder after 30 min
of MA (1), heating to 1400 °C for 10 s (2),
and thermal explosion products (3)

Puc. 5. ludpaxrorpaMmMbl GHMETATITHIECKOTO TOPOIIKA
nocine 30 mun MC (I), marpeBa o 1400 °C B teuenne 10 ¢ (2)
¥ TIPOAYKTOB TEIIOBOTO B3phIBa (3)
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Fig. 6. Thermograms of ignition of Ta,Zr + 5C mixtures
at different average initial heating rates
v, °C/s: 277 (I), 275 (2), 260 (3), 205 (4), 195 (5),
190 (6), 185 (7), 180 (8)

Puc. 6. TepmorpamMMbl BOCILIAMEHEHHUS 00pa3IoB
n3 cvmecu Ta,Zr + 5C npu M3MEHEHNH CpeIHel HavYaIbHOMH
CKOPOCTH Harpesa

v, °Cle: 277 (1), 275 (2), 260 (3), 205 (4), 195 (5),
190 (6), 185 (7), 180 (8)

zation of the Ta,Zr alloy at HEBM times shorter than
60 min.

Fig. 6 shows the thermograms of Ta,Zr bimetallic par-
ticles (1, = 5 min) mixed with carbon black and heated
at different heating rates (v). Below 1100 °C, heating
does not lead to ignition (Fig. 6, curve §8). The critical
ignition temperature (,) corresponds to the intersection
of tangents drawn to the heating section of the sample
and to the steep temperature rise. The value of tc depends
on the duration of MA and the mixing time of bimetal-
lic powders with carbon black, and may vary within
900-1250 °C. With increasing heating rate, the ignition
temperature ¢, also increases (Fig. 7).

Experimental results show that the ignition tempera-
ture of the mixture is significantly lower than the melt-
ing points of zirconium (1852 °C) and Ta,Zr alloy
(1855-2600 °C, depending on the degree of homoge-
neity) [14]. Thermodynamic calculations for the ter-
nary system [7] also indicate that a liquid phase appears
only above 1800 °C. The heating of Ta,Zr + 5C powder
mixtures observed in the 900-1100 °C range, followed
by their ignition, demonstrates that the reaction initi-
ates in the solid state. The calculated adiabatic com-
bustion temperatures using the Thermo software [25]
for the reaction 4Ta + Zr + 5C = 4TaC + ZrC are 2640
and 3180 °C at initial temperatures of 25 and 900 °C,

v, °C/s

Fig. 7. Dependence of the critical ignition temperature
of Ta,Zr + 5C 5C mixtures on the heating rate

Puc. 7. 3aBUCUMOCTh KPUTHIECCKOU TEMIIEpaTyphbl
Bocruiamenenus cmeceit Ta,Zr + SC oT cKOpOCTH Harpesa
00pa3os

respectively. Thus, during thermal explosion and in
the combustion wave, the melting point of the bimetal-
lic particles is reached, and the reaction proceeds via
mass transport through the liquid phase.

X-ray diffraction analysis of the thermal explosion
products shows the formation of a single-phase double
carbide with a face-centered cubic (FCC) structure
(curve 3 in Fig. 5).

High-temperature interaction
of Ta,Zr melt with carbon

The study of high-temperature reaction mecha-
nisms is complicated by the rapid processes occurring
in the combustion wave. To investigate the interac-
tion of Ta,Zr melt with carbon, model experiments
were conducted. In these, Ta,Zr and Ta particles were
placed on graphite or glassy carbon substrates, heated
to the melting point of tantalum, and held for 10-30 s.
The melting of Ta (99.9 % purity, melting point
2996 °C) served as a reference for estimating substrate
temperature. Energy-dispersive X-ray analysis showed
that iron impurities present in the initial particles were
absent after heating, explained by their evaporation.

The interaction of particles with the substrate
depends on particle size. Small particles (d < 10 um)
did not spread under the action of surface tension forces
but instead dissolved carbon and sank into the sub-
strate (Fig. 8). This behavior is governed by the ratio
between the spreading time (t,) and the carburization
time (t,). For small particles, T >t , for large partic-
les, . <t,. The critical spreading time is determined
by the relation T ~ R?/D, where R is particle radius and
D is the diffusion coefficient of carbon in the melt [26].

Melting begins at the contact point between the par-
ticle and the hot substrate. Therefore, during melting
and spreading of particles larger than 10 um, the reac-
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Fig. 8. Photograph of a Ta,Zr particle that penetrated
into a glassy carbon substrate upon melting

Puc. 8. dotorpadus yactuip: Ta,Zr, morpysusuieics
[PH PACIUIABICHNUH B TIOMTOKKY M3 CTEKIIOYTIIepoaa

tion initiates in the central region of the contact spot,
producing a crater-like ring structure (Fig. 9).

The resulting droplets typically move along the sub-
strate surface, leaving a trace. A characteristic feature
of these structures is a reduced zirconium concentration
on the surface of the spread droplet and an increased
zirconium concentration in the imprint. This structure
is most likely associated with the higher diffusivity
of zirconium atoms in the melt and their strong affinity
for carbon. In some cases, nearly all zirconium diffuses
into the substrate (Fig. 10). In such cases, regions with
zirconium concentrations close to the initial composi-
tion coexist with zirconium-depleted regions, which
differ significantly in structure. The crater edges also
exhibit high carbon content.

S Content, at. %
C Zr Ta 2
1 9.6 33 87.1 | 100.0
2 35.7 1.7 62.6 | 100.0
3 156 | 16.6 | 67.8 | 100.0
4 11.3 10.4 | 78.3 | 100.0
5 98.1 1.2 0.7 | 100.0

Fig. 9. Photograph of a molten Ta,Zr particle
and results of its elemental analysis

Puc. 9. dotorpadus pacnnasienHol yactuipsl Ta,Zr
¥ PE3yJIBTATHI €€ YIEMEHTHOTO aHAIN3a

Conclusions

An experimental study was conducted on the for-
mation of the ultra-high temperature carbide Ta,ZrC;
by mechanical alloying in a planetary ball mill, fol-

Fig. 10. Elemental distribution map of a molten particle

Puc. 10. KapTsl pacripesie/ieHust JIeMEHTOB B PACILIABICHHON YacTHIE

46



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(4):40-49
Vadchenko S.G., Rogachev A.S., Alymov M.I. Mechanism of synthesis of ultra-high temperature ...

lowed by synthesis in the thermal explosion mode.
Model experiments simulating the processes of igni-
tion and combustion in the high-temperature zone were
also performed. The data obtained on the formation
of bimetallic particles, ignition of their mixtures with
carbon black, and high-temperature interaction with
carbon provide new insights into the synthesis mecha-
nism of ultra-high temperature carbides and their
ceramic materials for high-temperature applications.
The following conclusions can be drawn.

1. High-energy ball milling of 4Ta+ Zr powder
mixtures in a planetary mill yields BCC solid solutions
that serve as initial reactants for subsequent synthesis.
The mechanically alloyed powder consists of bimetal-
lic particles with a characteristic layered (“composi-
tional”) structure.

2. Mixtures of bimetallic powders with carbon
black undergo self-ignition upon heating in argon
at 900-1250 °C, depending on heating conditions.
Since these temperatures are below the melting point
of the bimetallic particles, the self-sustaining reaction
is initiated by solid-phase interaction.

3. As aresult of the exothermic reaction of the bime-
tallic particles with carbon, the temperature rapidly
increases beyond the melting point of the metals.
The final product is formed through the interaction
of the metallic melt with carbon.

4. The product of synthesis in the thermal explosion
mode is the ultra-high temperature carbide Ta, ZrC..

5. Model high-temperature experiments in the
“molten Ta,Zr bimetallic particles—carbon” system
revealed two size-dependent interaction mechanisms:
large particles spread across the carbon substrate sur-
face with preferential zirconium diffusion into the sub-
strate, whereas small particles predominantly absorbed
carbon.
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