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Abstract. Ceramic-metal composites (cermets) based on multicomponent phases are the newest research direction in the field of high-
entropy and medium-entropy materials. Like traditional cermets, they consist of ceramic grains and a metal binder, with at least one
of these phases being a high- or medium-entropy solid solution of three or more components in comparable concentrations. In this
work, the possibility of producing (100 — x)TiC + xCoCrNi cermet in the range of x = 060 wt. % by self-propagating high-temper-
ature synthesis (SHS) is investigated for the first time. It is shown that the size of the CoCrNi binder particles added to the powder
reaction mixture significantly affects the combustion patterns and the structure formation of the material. When using large granules
(~1.5 mm), the combustion rate is higher compared to the combustion of mixtures with a fine binder, while the chemical composi-
tions and combustion temperatures are similar. The relative difference in the average combustion rate increases from 30 % to two
times with an increase in the binder content from 10 to 40 wt. %. This effect occurs due to the combustion wave “slippage” between
the granules and is explained by the assumption of thermal micro-heterogeneity of the reacting medium. The use of a finer CoCrNi
powder (~0.2+0.5 mm) allows obtaining homogeneous macrostructure of SHS products without large cracks and chips, and a finer-
grained microstructure. In this case, the interaction of the binder with the TiC ceramic phase that is forming in the SHS wave is
observed, which is expressed in the dependence of the crystal cell parameter of the carbide phase on the binder content. The results
can be used to control the microstructure and phase composition of multicomponent cermets obtained by the SHS method.
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AHHOTBHMH. KepaMHKO-MeTaJ’IJ’II/I‘IeCKI/Ie KOMITO3HUThI (KepMeTBI) Ha OCHOBC MHOI'OKOMITOHCHTHBIX (1)33 SIBJISIFOTCSI HOBEUIITUM HarpaBs-

JICHUEM HCCIIEIOBAaHUIT B 00JaCTH BBICOKO- M CPEAHEIHTPONNIHBIX MaTepraioB. Kak u TpaanuIMOHHbIE KEPMETHI, OHH COCTOST U3
KepaMUYECKHX 3epEeH U CBSI3KH (Yallle BCET0 METaJUIMYECKOM ), IPU 3TOM XOTsl ObI OflHa M3 9THX (a3 SIBISIETCS BBICOKO- HIIH CPEe-
HEOHTPOIUIHEIM TBEPIBIM PAcTBOPOM 3 U O0jIee KOMIOHEHTOB B COITOCTAaBHMBIX KOHIIEHTpanusiX. B Hacrosimieit pabore BriepBbIe
nccienoBana Bo3MoxHocTh nomydenus: kepmera (100 —x)TiC + xCoCrNi B nuanazone x = 060 mac. % MeTomoM camopacmpo-
cTpasstonerocs Beicokoremneparypaoro cunresa (CBC). ITokaszano, uro pasmep vactur cBsizku CoCrNi, KoTopble J0OaBIISIOTCS
B IIOPOUIKOBYIO PEAKIMOHHYIO CMECh, CYIIECTBEHHO BIMSCT Ha 3aKOHOMEPHOCTH TOPEHUS M CTPYKTYpOOOpa30BaHHE MaTepHala.
[pu ycnonp30BaHUH KPYHHBIX TpaHyd (~1,5 MM) CKOPOCTh TOPEHUS BBIIIE [0 CPABHEHUIO C TOPEHUEM CMeceil C MENKOH CBS3KOM
IIPU OJMHAKOBBIX XUMHUECKOM COCTaBE U TeMIieparype roperus. OTHocUTeNIbHAs pa3HULA B CPEAHEH CKOPOCTU TOPEHHUS BO3PACTAET
ot 30 1o 100 % c yBenmmuenueM conepkanus cBsi3ku oT 10 1o 40 mac. %. O1oT addhext Bo3HHKaeT 61aroaaps MpOX0xkKICHUIO BOJIHBI
ropenus 1o peakunoHHoi cmecu Ti + C Mexay rpaHylIaMi U HAXOAUT OOBSICHEHHE B TIPETIOIOKEHHN TEIIOBOH MUKPOHEOTHOPO/I-
HOCTH pearupyloe cpesl. Mcnons3oBanue 6omnee menkoro nopomrka CoCrNi (~0,2+0,5 MM) O3BOJISIET HOIYYHTH OJHOPOIHYIO
MakpoCTpyKTypy npoaykroB CBC 6e3 KpyHmHBIX TPEIHH U CKOJIOB M 00JIee MEIKO3EpHHUCTYI0 MUKPOCTPYKTYpY. I1pu oTOoM Habmona-
eTcsl B3aUMOJIeHCTBHE CBSI3KY ¢ popmupyroreiics B Bonae CBC kepamunueckoii dazoii TiC, uto BeIpaskaeTcs B 3aBUCHMOCTH Hapa-
MeTpa KPUCTAUIMYECKOH sueKn KapOuIHOH (asbl OT copepkaHus CBs3KH. [1oirydeHHbBIe pe3ysbTaThl MOTYT OBITH HCIIOIb30BAaHBI
JUISL YIIPABIIGHHSI MUKPOCTPYKTYPOH M (pa30BBIM COCTaBOM MHOTOKOMIIOHEHTHBIX KEPMETOB, Iory4daeMbIx MerogoMm CBC.

KnroueBbie cnoBa: camopacnpocTpaHsionuiics Boicokoremneparypubiii cuare3 (CBC), kepMmert, kapOu/ THTaHa, CPEIHEIHTPOIUIHBINA
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Introduction

Over the past two decades, high-entropy materials
have attracted considerable attention from materials
scientists worldwide due to their unique combination
of mechanical, electrical, magnetic, and other pro-
perties [1-3]. High-entropy materials are generally
defined as single-phase disordered solid solutions
containing five or more elements in equal or near-
equal atomic concentrations [1]. Such a configuration
provides high configurational (mixing) entropy, which
is believed to stabilize the solid solution phase [1; 2].
Although the stabilizing effect of entropy has not
been strictly proven — leading to some criticism
of the term “high-entropy” — it remains a convenient
designation for this new class of materials [1; 3]. The
term distinguishes them from conventional multicom-
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ponent alloys, which are typically based on one or
two principal elements, with the rest acting as minor
alloying additions. Recent studies have revealed that
alloys containing three or four principal elements
(for example, CoCrFeNi or CoCrNi) can exhibit
mechanical properties superior to those of five-
component or more complex systems [4; 5]. Such
compositions, which follow the same design prin-
ciple as high-entropy materials — namely, comparable
atomic concentrations of several elements in a single
phase — but contain only three to four elements,
are referred to as medium-entropy alloys (MEAs).
Among these, the CoCrNi alloy has attracted special
interest because it possesses the highest cryogenic
impact toughness among all known materials [5-7].
At room temperature, its ultimate tensile strength
reaches 1000 MPa with an elongation at fracture
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of 70 %, and the crack-initiation fracture toughness
(K,,.) exceeds 200 MPa-m'?2. At cryogenic tempera-
tures, the mechanical performance further improves,
with tensile strength exceeding 1.3 GPa, elongation
0f 90 %, and K, =275 MPa-m'? [5].

Cermets (powder composite materials) based on
multicomponent phases have recently emerged as
a novel subclass within the family of high-entropy
materials. Similar to conventional cermets, they
consist of ceramic grains embedded in a metallic
binder; however, in these systems, either the ceramic
phase, the metallic binder, or both microstruc-
tural constituents can be high- or medium-entropy
solid solutions. An example of the first approach is
the (Ti,,Zr,,Nb ,Ta,,Mo,,)C,Co, cermet, where
the ceramic phase represents a high-entropy carbide —
an equimolar solid solution of five transition-metal car-
bides [8]. The single-component metallic binder (Co),
introduced in amounts of 7.7-15.0 vol. %, increased
the fracture toughness (K, ) up to 5.35 MPa-m'? while
maintaining high hardness (21.05 + 0.72 GPa), mak-
ing this material suitable for cutting tool applications.
Theinfluence of differentmetallic binders (Co, Ni, FeNi)
on the properties of (Ta,Nb,Ti,V,W)C-based cermets
has also been investigated, demonstrating that these
materials can compete with WC-based cemented car-
bides in performance [9].

An example of the second approach is the SHS-
derived TiC—CoCrFeNiMe cermet, where Me = Mn, Ti,
or Al [10]. The content of the ductile high-entropy
binder phase reached up to 50 wt. %!, while hard-
ness varied from 10 to 17 GPa. Using powder
metallurgy techniques, other cermets with high-
entropy alloy binders have been produced, such as
WC-CoCrFeNiMn[11],Ti(C,N)-CoCrFeNiAl[12; 13],
TiB,~CoCrFeNiTiAl [14; 15], TiB,~CoCrFeNiAl [16],
TiB,~TiC-CoCrFeNiTiAl [17] and other. Such mate-
rials are now recognized as a new class of cermets [18].

Finally, according to the third approach, a material
of the composition (TiTaNbZr)C-TiTaNbZr as been
obtained, in which both the ceramic phase (carbide)
and the metallic binder are multicomponent. This
material exhibits an excellent combination of mechani-
cal properties, including a room-temperature flexu-
ral strength of 541 MPa, a compressive strength
of 275 MPa at 1300 °C, and a fracture toughness
of 6.93 MPa-m'? [19].

The aim of the present study was to investigate
the feasibility of synthesizing TiC—CoCrNi cermet
by the self-propagating high-temperature synthesis
method.

! Unless otherwise specified, all compositions are given in wt. %.

Materials and methods

Powder mixtures of the composition (100 —x)
(Ti + C) + x(CoCrNi) with different binder contents
(x=0, 10, 20, 30, 40, 50, and 60 %) were prepared
for the study. The following commercial powders
were used: titanium grade PTM-1 (mean particle size
d =55 pm), carbon black P-804 (d = 1-2 um), nickel
NPE-1 (d =150 um), cobalt PK-1u (d <71 um), and
chromium PKh-1M (d <125 um). The binder phase
was introduced in the form of a CoCrNi alloy powder.
To produce the alloy, an equiatomic mixture of pow-
ders (34.7 % Co + 30.7 % Cr + 34.6 % Ni) was loaded
into steel vials of an Activator-2S planetary ball mill
(Russia) together with steel grinding balls (6 mm in
diameter) in a mass ratio of 20:1 (200 g of balls per 10 g
of mixture). The vials were hermetically sealed and
equipped with valves for vacuum pumping and gas fill-
ing. After evacuation to a residual pressure of 0.01 Pa,
the vials were filled with argon to 0.6 MPa. Mechanical
alloying was carried out for 60 min at a rotation speed
of 694 rpm in an argon atmosphere with a rotational
speed ratio between the vial and the supporting disk
of K=2. As a result of mechanical alloying, a single-
phase face-centered cubic (FCC) CoCrNi alloy pow-
der was obtained (Fig. 1, @) with a lattice parameter
of @ =3.5697 +0.0017 A. Its appearance is shown in
Fig. 1, b.

The medium-entropy alloy powder was granu-
lated by mixing it with a liquid binding agent — 4 %
solution of polyvinyl butyral (PVB) in ethanol. The
resulting paste was forced through a laboratory sieve
with 1.6 mm mesh openings, dried in air for 10-12 h,
and then sieved using a vibrating screen. Two frac-
tions of granulated powder were used in the experi-
ments. The coarse fraction (0.6—1.6 mm) was used as
obtained (Fig. 1, ¢), while the fine fraction (<0.6 mm)
was additionally ground in a mortar until its morpho-
logy matched that of the powder obtained directly
after mechanical alloying (Fig. 1, ). This procedure
provided two powders with markedly different particle
sizes but identical phase composition (CoCrNi) and
gasifying additive content (0.6-0.7 % PVB).

The reactive mixtures were prepared by mechanical
mixing of Ti, C, and CoCrNi powders (fine or coarse
fraction) without grinding to preserve the granule
size. Cylindrical compacts (height 1.4-1.8 cm, dia-
meter 1 cm, mass 2.5-4.0 g, porosity 40—45 %) were
produced by double-sided cold pressing in detachable
steel dies under a pressure of 120 kg/cm?.

Combustion was performed in a constant-pres-
sure chamber under argon atmosphere at P =1 atm.
The compact was placed on a boron nitride (BN)
ceramic support and fixed on top with a BN ring

7



DM v on

W3BECTUA BY30B

W3BECTUSA BY30B. [TOPOLWKOBAA METANNYPTUA U OYHKLLMOHANBHBIE NOKPbITUA. 2025;19(6):5-15
Pozaues A.C., boboxcaHos A.P. u 0p. CamopacnpoCcTpaHALWMIICA BbICOKOTEMNEPATYPHbIN cnHTe3 KepmeTa TiC—CoCrNi ...

1000

111 a

(0]

S

S
T

D

(=]

S
T

AN

(=)

S
T

Intensity, arb. units

200 220

N

S

S
T

0 | | | | | | | | | |

25 30 35 40 45 50 55 60 65 70 75 80 |

20, deg

Fig. 1. X-ray diffraction pattern of the CoCrNi powder after mechanical alloying (a), its macroimage (b),
and the appearance of the coarse granulated fraction (c)

Puc. 1. PertrenorpaMma mopoIrika nocjie MeXaHnuecKoro CIuiaBieHus (a), ero makpodororpadus (b)
Y BHEUIHUH BUJ KPYIHOI (hpaKkuny rpaHyJTUpOBaHHOTO MOPOIIKA (C)

to prevent elongation during combustion. The SHS
process was initiated at the upper surface of the com-
pact using a heated tungsten coil through an ignition
pellet of Ti + 2B composition to ensure stable ignition
conditions. The process was recorded on video through
a viewing window, and the average linear combustion
velocity was determined frame-by-frame. The com-
bustion temperature (7,) was measured with a W-Re
thermocouple (WR5/WR20) with a junction diameter
of 0.2 mm, inserted 5 mm deep along the axis from
the bottom of the compact.

Phase composition and crystal structure were
analyzed using a DRON-3M X-ray diffractometer
(Burevestnik, Russia). Microstructural observations
were performed on an Ultra+ scanning electron micros-
cope (Carl Zeiss, Germany) in secondary- and back-
scattered-electron modes.

Results

Fig. 2 shows the TiC samples before and after SHS.
Samples produced from mixtures containing the fine
CoCrNi powder binder underwent slight deformation
during combustion but retained relatively homogeneous
surface morphology (Fig. 2, b—g). The only exception
was the sample with 10 % binder, which exhibited
large surface cavities. A spiral pattern characteristic
of the so-called spin combustion mode [20] appeared
on the sample containing 60 % binder [20]. In con-
trast, all samples with coarse granulated binder pow-
der exhibited severe cracking, with large cavities and
cracks up to several millimeters long oriented along
the compact axis (Fig. 2, i—n). The sample containing
60 % coarse binder burned only halfway and the reac-

8

tion ceased. The differences in surface macrostructure
became more evident at higher magnification (Fig. 3).

The dependences of the average linear combus-
tion velocity on the binder content (Fig. 4, a) were
markedly different for the fine and coarse CoCrNi
powders. Compositions containing coarse granules
burned significantly faster, with the relative differ-
ence in mean combustion velocity increasing from
30 to 100 % as the binder content increased from 10
to 40 %. The experimentally measured maximum
temperature of the combustion products depended
on the binder content but was nearly independent
of the initial binder particle size introduced into
the reactive mixture prior to combustion. This tem-
perature was slightly below the calculated adiabatic
value, which can be ascribed to heat losses from
the compact to the fixture and the chamber environ-
ment, given the small specimen size. The combustion
limit with respect to the concentration of the ther-
mally inert binder was 50 % for the coarse granules
and 60 % for the finer powder; beyond these levels,
the reaction either extinguished or failed be initiated.
The dependences of combustion velocity on maximum
temperature deviated significantly from the theoreti-
cally predicted exponential behavior (Fig. 4, b). A for-
mal estimation of the apparent activation energy from
the logarithmic velocity—inverse temperature relation
yielded £, = 106 + 14 kJ/mol for the fine CoCrNi pow-
der and 23 £ 8 kJ/mol for the coarse powder.

The combustion front in mixtures containing
the coarsely dispersed binder powder exhibited a more
curved shape compared with that in mixtures contain-
ing the fine binder (Fig. 5). However, it should be noted
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Fig. 2. Photographs of TiC samples before (a) and after SHS (b—n): TiC without binder (h);
compositions with fine (b—g) and coarse (i—#) binder powders

Puc. 2. ®ororpadun obpasuos TiC — ucxoxHoro () u nocne cropanus (b—n): TiC 6e3 cszku (h),
COCTaBHI C MEITKOJUCIEPCHOH (h—g) 1 KPYIMHOAUCIIEPCHOMH (i—#) CBA3KOM

0.5 mm

Fig. 3. Surface morphology of TiC samples before (a) and after SHS (b-1):
TiC without binder (g), compositions with fine (b—f) and coarse (h—/) binder powders

Puc. 3. ®ororpadun nosepxuoctu obpasios TiC — ucxoauoro (a) u nocie cropanwust (b—1):
TiC 6e3 cBsA3KH (g), COCTaBHI ¢ MeTKoAUcTiepcHOH (b—f) u kpynmHoaucniepcHoit (h—/) cBa3Koi

that front distortions and bright localized reaction (FCC) and a solid solution with FCC structure cor-
zones were observed in all compositions. responding to the metallic binder (Fig. 6). In samples
synthesized from mixtures with fine CoCrNi powder,
the relative intensity of the binder peaks increased

9

X-ray diffraction analysis of the combustion pro-
ducts revealed two main phases: titanium carbide
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Fig 4. Dependences of combustion velocity and temperature on
binder content (a) and combustion velocity
on combustion temperature (b)

1 — calculated adiabatic combustion temperature;
2 and 4 — measured combustion temperatures for fine (2)
and coarse (4) binders; 3 and 5 — combustion velocities for fine (3)
and coarse (5) binders; 6 and 7 — combustion velocity of mixture
with fine binder as a function of temperature; (7) — combustion velocities
for fine (6) and coarse (7) binders as a function of temperature

Puc. 4. 3aBUCHUMOCTH CKOPOCTH U TEMIIePaTypbl TOPEHHUS
OT COZIEPXKAHUS CBA3KHU (@) U CKOPOCTH TOPEHHUS
0T TeMneparypsl nporecca (b)

I — pacueTHas annabaTHyUecKasi TEMIIepaTypa FrOPEeHHs;
2 1 4 — U3MEpPEHHbBIE TEPMOIIAPON TEMIIEPATypbl TOPEHUS CMECU
¢ Menkoi (2) n kpynHoii (4) cBA3Koi; 3 U 5 — CKOPOCTH FOPEHUS CMECH
¢ Menkoi (3) u kpynHoii (5) cBA3Koi; 6 U 7 — CKOPOCTH F'OPEHUS CMECH
¢ MeIKoi (6)  KpyIHOii (7) CBsI3KOM Kak (hyHKIHS TEMIIEpaTyphl

monotonically with binder content. At high binder con-
centrations, weak reflections corresponding to a third
phase — presumably chromium carbide — were detected
in the samples (Fig. 6, @). In samples prepared with
coarse granules, the diffraction results varied greatly:
some showed almost no binder reflections, while others
exhibited strong peaks from this phase. Unexpectedly,
the lattice parameter of the titanium carbide phase was
found to depend on the particle size of the CoCrNi
powder added to the mixture (fine or coarse) (Fig. 7, a).
This clearly indicates an interaction between the metal-
lic binder and the ceramic TiC phase during SHS. For
the metallic phase itself, despite some scatter, no sig-
nificant dependence of lattice parameter on binder con-
tent was observed (Fig. 7, b).
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Fig. 5. Video frames of the combustion front for mixtures
containing fine (@) and coarse (b) binder

Puc. 5. Buneokapbl BOJHBI TOPEHHS CMECH C MEITKOH (a)
U KpynHoH (b) cBsI3KoH

Microstructures of the synthesized cermets (frac-
ture surfaces) are shown in Fig. 8 for the composition
60 % TiC + 40 % CoCrNi. Samples produced using
fine medium-entropy alloy powder consisted of TiC
grains 2-3 pm in size. The intergranular regions were
filled with the binder phase (appearing bright in back-
scattered electron images, while TiC grains appeared
dark due to atomic number contrast). Overall, these
samples exhibited a uniform structure. In contrast,
samples obtained using coarse granules contained
areas with strongly varying TiC grain sizes: along
with fine-grained regions, isolated areas with coarser
grains (5-10 pm) were observed. The binder layers in
these regions were thinner — the larger the TiC grains,
the thinner the metallic binder layers, and in some
cases, they were nearly absent. Since the compositions
of both cermets were identical, the observed micro-
structural differences evidently arise from distinct
combustion dynamics and structure formation mecha-
nisms occurring behind the combustion front.

Discussion

All experimental results obtained in this study
can be explained by assuming thermal micro-inho-
mogeneity of the reacting medium under SHS condi-
tions. This medium consists of the exothermic Ti + C
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Fig. 6. X-ray diffraction patterns of SHS products with different binder contents introduced as fine («) and coarse (b) granules
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Fig. 7. Dependence of lattice parameters on binder content for titanium carbide (a) and metallic binder (b)

1 — TiC without binder; 2—5 — compositions with fine (2, 4) and coarse (3, 5) binder powders

Puc. 7. 3aBUCHMOCTh IAPAMETPOB KPUCTAJLTMYECKOI PEIIETKU OT COMCPIKAHUSI CBSI3KH JUTs KapOua turana (a)
U METaJUTHYEeCKOU CBs3KY (b)

1 —TiC 6e3 cBsi3KM; 2—5 — cBS3Ka BBOAMIIACH B BUJIC MEJIKOTO MopoIka (2, 4) u KpynHbIX rpanyi (3, 5)

mixture and the thermally inert diluent — the CoCrNi
binder. The dependence of the combustion behavior on
the particle size of the inert diluent was theoretically
predicted in [21] and experimentally confirmed in [22].
The explanation of these dependencies can be summa-
rized as follows. Fine diluent particles are completely
heated within the combustion wave (in both the pre-
heating and reaction zones) and therefore exert a strong
influence on the propagation velocity of the wave. In this
case, combustion proceeds under thermal homogeniza-
tion conditions. In contrast, coarse diluent particles
do not fully heat up within the combustion wave and
thus exert a relatively weak effect on the reaction zone.
The combustion wave propagates between the large
particles, practically “ignoring” their presence, and
the average combustion velocity in such systems is
therefore higher. For example, in [22] the combus-
tion of a Ti + C mixture diluted with chemically inert
TiC particles (50 pm to 2.5 mm) was investigated. For

the composition 70 % (Ti + C) + 30 % TiC, two dis-
tinct combustion modes were observed depending on
the TiC particle size: at d <240 um the combustion
velocity was 0.75 cm/s, then it increased and reached
a new constant value of 2.4 cm/s for d > 750-800 pum.
The dependencies obtained in the present study (Fig. 4)
are consistent with these results. The main difference
is that in our case, the diluent particles melt within
the combustion wave and can infiltrate the pores
between the TiC grains.

The effect of granulation on the combustion velo-
city of Ti+ C and (Ti+ C)+ 20 % Cu compositions
was studied in [23]. It was shown that the combustion
velocity of granulated mixtures with a granule size
of 0.6 mm was higher than that of ungranulated powder
mixtures, and mixtures with 1.7 mm granules burned
even faster. The explanation proposed in [23] was that
impurity gases slow down combustion-front propaga-

il
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Fig. 8. Microstructures of cermets produced by SHS from reactive mixtures (60 % TiC + 40 % CoCrNi)
with fine (a—e) and coarse (f~j) CoCrNi binder powder

a, b, d, f, g, i —secondary electron images; c, e, h, j — backscattered electron images with atomic number contrast

Puc. 8. MUKpOCTpPYKTYpbI KEPMETOB, NostyyeHHbIX MeTogoM CBC n3 peakunonnbsix coctaBos (60 % TiC + 40 % CoCrNi)
¢ MeJIKUM (@—e) 1 KPYITHBIM (f—f) HOPOIIKOM CBSI3KH

a, b, d, f, g, i — n300paxxeHus: BO BTOPUYHEIX JIEKTPOHAX, C, €, l1, j — B 00paTHOPACCEsIHHBIX IEKTPOHAX ¢ KOHTPACTOM II0 aTOMHOMY HOMEpY

tion. In the present work, however, only the inert dilu-
ent — not the entire reactive mixture — was granulated.
Therefore, the increased combustion velocity in mix-
tures with coarse-grained diluent is more accurately
explained in terms of the thermal micro-inhomoge-
neity model proposed in [21; 22]. It should also be
noted that, in our experiments, the addition of the inert
diluent led to a monotonic decrease in both combustion
temperature and velocity (Fig. 4), in contrast to [23],
where introducing 20 % Cu increased the combustion
velocity relative to the undiluted Ti + C mixture.

Melting of particles and spreading of the resulting
melts largely determine the macro- and microstructure
of SHS products. Elongation of compacts and the for-
mation of macroscopic cracks during combustion occur
under the pressure of impurity gases — mainly hydro-
gen —released even in the combustion of nominally gas-
free systems such as Ti+ C [24-26]. Surface-tension
(capillary) forces can counterbalance the gas pressure;
in this case, the sample does not expand or crack, and
in some cases may even shrink after SHS. During com-

12

bustion of the Ti+ C mixture, only titanium melts;
the melt exists in a narrow region at the combustion
front and is rapidly consumed in the reaction, form-
ing solid TiC grains [26]. The expansion of the solid
product leads to cracking (Figs. 2, # and 3, g). When
fine metallic binder powder is added, it also melts
in the combustion front, but the melt persists behind
the front long enough for impurity gases to escape
through fine pores. As a result, no cracking occurs
(Figs. 2, b—e and 3, b—e). When the binder is added as
coarse granules, however, they do not have time to melt
and spread in the combustion zone, so the combustion
wave propagates mainly through the Ti + C composi-
tion between the granules, leading to the formation
of cracks (Figs. 2, i—n and 3, i—m).

The dependence of the microstructure and crys-
tal structure of the SHS products on the particle size
of the diluent is also related to the melting and spread-
ing behavior of the metallic components. In cermet
systems, the TiC grain size is determined by rapid
growth behind the combustion wave, i.e., in the secon-
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dary structure-formation zone [27-29]. In the undi-
luted Ti+ C system, TiC grains grow faster than in
Ti + C + metal-binder systems, since carbon diffusion
in liquid Ti is faster than in Ti—Ni or similar melts
(see, e.g., [27], Fig. 2.20, p. 80). Because the melt-
ing of coarse binder granules proceeds slowly, some
regions between them allow the Ti+ C composition
to react and form relatively coarse TiC grains before
the CoCrNi melt penetrates these regions. These
coarse-grained areas are visible in the microstructure
of the products synthesized from mixtures containing
coarse binder granules (Figs. 8, e—k).

The TiC grains formed in these regions interact
weakly with the binder; therefore, the lattice parameter
of TiC remains nearly constant (4.3276 + 0.0008 A)
when up to 30-40 % of coarse binder granules are
added, being close to that of TiC synthesized without
binder. When the binder is introduced as fine particles
that melt directly in the reaction zone, the nucleation
and growth of carbide grains occur in the Ti—-Co—Cr—Ni
molten bath. This results not only in a finer micro-
structure (Figs. 8, a—d) but also in the formation
of a (Ti,Cr)C solid solution with a modified lattice
parameter (Fig. 7, a). In addition, part of the car-
bon may react with chromium (see traces of Cr,C, in
Fig. 6, a), which decreases the carbon concentration in
the main carbide phase and correspondingly reduces its
lattice parameter.

Conclusion

The combustion and microstructure-forma-
tion behavior of (100 —x)TiC + xCoCrNi cermets
(x = 0-60 %) synthesized by the self-propagating high-
temperature synthesis method were investigated for
the first time. It was demonstrated that the particle size
of the CoCrNi binder strongly affects both the combus-
tion process and the resulting structure. When coarse
granules (~1.5 mm) were used, the combustion velo-
city was higher due to the “slip” of the combustion
wave between the granules, and the ceramic grains
were larger as a result of faster growth behind the com-
bustion front.

The use of fine powder (~0.2-0.5 mm) produced
SHS products with a more uniform macrostruc-
ture free of large cracks and chips, and with a finer
microstructure. Interaction between the binder and
the ceramic TiC phase formed in the SHS wave was
observed. The experimentally observed regularities
were explained in terms of the thermal micro-inhomo-
geneity of the reacting medium. The results obtained
can be used to control the microstructure and phase
composition of multicomponent cermets synthesized
by the SHS method.
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Bknaa asTopos

A. C. Pozauee - onpejie/ieHHe LeI U KOHILENUU paboThl, aHAJIU3
HMCTOYHUKOB, HAallUCaHHE U KOPPEKTUPOBKA TEKCTA CTAThbH.

A. P. Bo6031caHo08 - ouCK JIUTepaTypPHbIX UCTOUHUKOB 110 TEME, UX
aHaJIu3, y4acTHe B NI0JIy4YeHUH CIJIaBa, HalMCaHUe YacTH TeKCTa.
H. A. Kouemoe - mupoBefienue 3kcnepuMeHToB mno CBC cmecu
Ti+ C+ (CoCrNi), nosy4eHue npoAyKTOB ropeHus], U3MePEHHUE CKO-
POCTH U MAaKCUMaJIbHbIX TEMIIEPATYp CUHTE3A.

/. I0. Kosasieg - BbINOJIHEHHE PEHTTeHOCTPYKTYPHOIO aHaJIU3a,
06paboTKa pe3yIbTaTOB, pelaKTHPOBAHHE TEKCTa.

C. I BadueHko - pacyeT TepMOAWNHAMUYECKUX MMapaMeTPOB MpPoO-
1ecca ropeHHs U cocTaBa MPOAYKTOB.

0. /1. bosipueHKo - aHanu3 MUKPOCTPYKTyphl (CIM) u aneMeHT-
Horo cocTaBa (3/]A) 06pasLoB cIJIaBa, y4acTHe B IPaBKax TEKCTa
CTaThbH.

P. A. Kouemkoe - noAroToBKa U rpaHyJIMpoBaHHe UCXOAHbIX MeXa-
HOAKTHBHUPOBAHHbBIX CMecel.
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