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Abstract. The dependence of the ignition temperature, combustion rate and composition of the resulting products on the
concentration of Ti+ C in mixtures with powder of a high-entropy alloy (HEA) FeNiCoCrCu and the initial mixture
of metals forming it (MIX) has been studied. HEA was obtained by mechanical activation (MA) of a mixture of metal
powders in argon. At the melting temperature, the high-entropy FeNiCoCrCu alloy decomposes into several phases, but
the basis of the HEA alloy, as well as the alloy obtained by melting and crystallizing MIX, is a 5-component phase with an
average formula Cu,,Fe \Ni, ,Co, ,Cr. In addition, 5, 4, and 3-component phases with averaged formulas Cu,Ni,Co,Fe,Cr,
Cu;Ni,Co, Fe, .Cr, Cu,,Ni, .Co, Fe,,Cr, Cu,FeNi,Co,C, Cr,Fe, Co, Ni and Co,,Fe, .Cr are present in small
amounts in the binder. Experiments on the ignition and combustion of mixtures of MIX and HEA with Ti + C were carried
out in argon at atmospheric pressure. The combustion rate, ignition temperature, and maximum temperature reached in the
thermal explosion of MIX and HEA mixtures with Ti+ C increase with increasing Ti + C concentration. Due to the low
exothermicity of the mixtures, the experiments were carried out at an initial temperature of 500 °C. At this initial temperature,
the combustion limit of the samples occurs when the Ti + C concentration in the HEA and MIX mixtures is less than 30 %.
Based on the results of scanning electron microscopy, the volume concentration of the number of titanium carbide (TiC)
particles in molten samples was calculated. In an alloy with a HEA binder, the number of TiC particles per unit volume is
1.5-3.0 times greater than in an alloy with a MIX binder, and their size is correspondingly smaller. With an increase in the
concentration of Ti+ C from 30 to 40 % in a mixture with HEA, the number of TiC particles per unit volume decreases.
In a mixture with MIX, the number of TiC particles per unit volume passes through a minimum. This is due to two opposite
processes: on the one hand, the probability of the generation of TiC particles increases, on the other hand, their coagulation occurs.

Keywords: high-entropy alloys, mechanical activation, cermets, titanium carbide, ignition, combustion, melting, energy-releasing
additive Ti + C
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AHHoTayms. ViccnenoBaHa 3aBHCHMOCTh TEMIIEPATYpbl BOCIUIAMEHEHHUS, CKOPOCTH TOPEHHsI M COCTaBa (POPMHUPYIOLIMXCS

MPOIYKTOB OT KoHIeHTpanuu Ti + C B cMecsix ¢ mopomkoM BeicokosHTpomnuitHoro cruiaBa (BOC) FeNiCoCrCu u ncxomHou
cMmechio oOpasyromux ero MetayuioB (MIX). BOC nomyuanu meronom MexaHudeckoi aktusanuu (MA) cMecH MOpPOIIKOB
MeTaJIoB B cpene aprosa. IIpum temmeparype masieHust BblcokodHTponuiiHbli cmiaB FeNiCoCrCu pacmamaercss Ha
HECKOJIBKO (ha3, HO 0cCHOBY 3Toro BOC, a Takke cruiaBa, MOJy4YeHHOTO MPH TUIABJICHUH U KpucTaum3aiuu MIX, cocrasisier
5-KOMIIOHeHTHas (asa ¢ ycpeanenHo# popmynoit Cu, ,Fe, ,Nij ,Co, ,Cr. Kpome Toro, B HEOONBIIMX KOIMYECTBAX B CBA3KE
NPUCYTCTBYIOT 5-, 4- M 3-KOMIOHEHTHbIC (Dasbl C YCPEAHEHHBIMH (OPMyIaMH Cu,Ni,Co,Fe, Cr, Cu;Ni,Co,,Fe, Cr,
Cu,¢Ni, ,Co, [Fe, ,Cr, Cu,Fe Ni,Co,C, Cr, Fe, Co, Niu Co,,Fe, Cr. DKCrepuMEHTHI 110 BOCIUIAMEHEHHIO H TOPCHHIO
cmeceit MIX u BOC ¢ Ti + C nmpoBogmmu B aproHe mpu arMoc(epHoM gaBieHHH. CKOPOCTb TOpEHHS, TeMIeparypa
BOCIUIAMEHEHUs U MaKCHUMallbHas TeMIleparypa, JocTUraemas Ipu TemioBoM B3peise cmeceit MIX u BOC ¢ Ti + C, pactyT
¢ yBenuueHueM koHreHTpauuu Ti + C. M3-3a Maioi SK30TepMUYHOCTH CMECEH SKCIIEPUMEHTBI IPOBOAMIIN TP HAYaIbHOU
temneparype 500 °C — B 3TOM cirydae Ipeelt FopeHHs 00pa3ioB HacTynaeT pu koHneHTpanun Ti+ C B cmecsax BOC n MIX
<30 %. ITo pesynbTaramMm CKaHUPYIOLICH AIEKTPOHHON MUKPOCKOIIUK paccuuTaHa 00beMHasi KOHLIEHTpallMs YacTHIl KapOuia
tutana (TiC) B pacmiiaBineHHbIX 00pasiax. B cruase co ces3koit u3 BOC konmuectso yactuil TiC B eaunuie oobema B 1,5—
3,0 pasa Oonblie, ueM B cIlIaBe co cBs3Koi u3 MIX, a ux pazmep cOOTBETCTBEHHO MeHblle. C MOBBIIEHUEM KOHLIEHTPALUU
Ti + C or 30 1o 40 % B cmecu ¢ BOC konmuectBo ymcna yactui TiC B eaunuiie oobema ymenbiaercsi. B cmecu ¢ MIX
obObemHast koHIeHTpanus 9acTrl] TiC mpoXomuT uepe3 MUHIMYM. DTO CBSI3aHO C BYMsI TPOTUBOIOJIOKHBIMH HPOLIECCAMH —

C OI[HOI71 CTOPOHBI, YBCIIMIUBACTCS BEPOATHOCTD 3aPOKACHUS HaCTULL TIC, ac ,prl"OfI — [IPOUCXOAUT UX KOATyJISIHs.

KnioueBble cnoBa: BI)ICOKOZ)HTPOHI/IﬁHI)IG CIIJIaBbl, MEXaHWYCCKasA aKTUBallUs, KEPMCTHI, Kap6I/IZ[ TUTAaHa, BOCINIAaMEHCHUEC, TOpe-

HHUe, [JIaBJICHKE, SHEeproBulaestomas nooaska Ti + C

bnarogapHocTyu: paboTa BBITIOIHEHA 3a cueT rpanTta Poccuiickoro Hay4qrHoro ¢pouma (mpoekt Ne 20-13-00277).
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IIPU BOCIUIAMEHEHHUH, TOPCHUH U TUIABJICHUH cMecel BhicOKodHTpomuitHoro criaBa FeNiCoCrCu ¢ TUTAaHOM U yIJICPOIOM.
Hzeecmus 8y306. [lopowkosas memannypeust u (pynkyuonaiviole nokpvimust. 2023;17(1):28-38.
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Introduction

High-entropy alloys (HEAs) are a new class of metal-
lic compounds consisting of at least 5 major elements
whose concentration varies between 5 and 35 at.%.
HEAs generally demonstrate the formation of a simple
solid solution structure — VCC, FCC, HCP, or their com-
binations — instead of intermetallic phases stabilized due
to the high configuration entropy of their mixing [1; 2].
Due to the alloys structure peculiarities, they can be used
to create new materials with unique properties [3-9].

Recently, HEAs have been considered as a new
metallic binder to improve the HEA-based materials
performance properties:

— WC-CoCrFeNiMn [10],

— SiC—CoCrFeMnNi [11],

— TiC-FeCrNiCoAlCu [12; 13],

— TiC—FeMnCrNiCo [14],

— TiCN-AICoCrFeNi [15],

— TiCN—CoCrFeNiCu [16],

— Ti(C,N)-HEA based on (Co, Fe, Ni) [17],
— TiCN-CrMnFeCoNi [18],

— TiC—CoCrFeNiMe (Me = Mn, Ti, Al) [19].

The work [13] showed that the FeCoCrAICu HEA-
based coatings reinforced with TiC (50 %) obtained by
laser surface doping (LSD) have a maximum micro-
hardness of 10.82 GPa, whereas without the reinforcing
additive the microhardness was 6.29 GPa. In addition,
the TiC inclusions located along the grain boundaries of
the HEA prevented their growth and improved the wear
resistance. In particular, for the FeCoCrAlCu + 50 % TiC
composite coating, the microhardness, wear volume
and specific wear rate were 10.78 GPa, 5.2:10° um?* and
9.6-107° mm?/(N-m), respectively.

The authors [16] investigated the mechanical
activation effect (MA) on the resulting CoCrFeNiCu
HEA-powder properties used as a binder in the
Ti(C,N) cermets manufacturing by vacuum sinter-
ing. The CoCrFeNiCu HEA-powders were obtained
by mechanical fusion in a planetary ball mill. With
increasing grinding time (t,,,), the diffraction peaks
gradually broaden and their intensities decrease. The
face-centered cubic (FCC) phase (111) formation
with lattice parameter a = 3.537 A and the secondary
volume-centered cubic (VCC) phase (110) release at
a=2.905 A occurred after Tya = 90 h, and a diffrac-
tion peaks slight broadening was observed when t,,,
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was increased to 120 h. In the work [16], MA HEA-
powders were mixed with Ti(C, N, ;) (1.2 um), WC
(2.3 um), Mo,C (1.75 um), TaC (1.25 um) in a ball
mill at v= 56 rpm and t,,, = 72 h. Despite this two-
stage long MA time, the authors [16] conclude that the
CoCrFeNiCu HEA is a good variant to use as a new
binder in Ti(C,N) based cermets as it has higher frac-
ture strength (8.8 MPa-m~"?) and hardness (1726 HV)
compared to conventional nickel-based cermets.

The other authors [17] also used the same methodo-
logy: the formation of a single-phase solid solution
with a FCC structure and lattice parameter 0.3601 A of
composition CoCrCuFeNi occurred during t,,, = 10 h.

Despite the MA method frequent use for obtaining
alloys, its disadvantages are: the long preparation time
(10-120 h) and small amounts of obtained materials.
At the same time, in the work [20], a single-phase
solid solution with an FCC structure and the lattice
parameter 3.597 A with a uniform distribution of all
elements was already obtained at t,;, = 120 min.

Earlier [19] the possibility of obtaining cermet
based on a high-entropic binder (CoCrFeNiMn,
CoCrFeNiTi and CoCrFeNiAl) and an additive mix-
ture of Ti+ C by self-propagating high-temperature
synthesis (SHS), which is realized due to heat released
during the titanium with carbon exothermic reaction,
was investigated. In the combustion wave the melting
of 5 elements occurs with the multicomponent melt
CoCrFeNiMe (Me = Mn, Ti, Al) formation, which is
crystallized in the HEA as a binding phase. The com-
bustion rate and temperature gradually decrease with
increasing amount of binder. According to scanning
electron microscopy (SEM) and energy dispersive
spectroscopy (EDXA) results, all synthesized mate-
rials consist of TiC grains and a two-phase (FCC and
VCC) metal binder. The Vickers microhardness of the
pressed metal-ceramic materials with 30 % binder is in
the range of 10—17 GPa, rising with the VCC to FCC
ratio increase.

The present work studies for the first time the possi-
bility of obtaining TiC—FeNiCoCrCu cermets with dif-
ferent contents of high-entropic FeNiCoCrCu binder
by SHS. The dependence of the ignition temperature,
combustion rate and composition of the products
formed on the concentration of Ti + C in mixtures with
FeNiCoCrCu HEA powder and the initial mixture of
the metals forming them was investigated.

Materials and methodology

Titanium powders (PTS-1, 99.6 %, average particle
size d =50 pm, production of JSC “Polema”, Tula) and
carbon (P803, d=0.1 um, production of LLC PCC
“Ekopolza”, Astrakhan) in equiatomic ratio were mixed

30

in a porcelain mortar to get a homogeneous mass. Also
prepared the equiatomic mixture of iron (R-10, 99.96 %,
d=10+20 pum, JSC “Polema”, Tula), nickel (PNE-I,
99.5 %, d =45+60 um, LLC PME “Ural Atomization”,
Chelyabinsk), cobalt (PC1-U, 99.7 %, d =71 pm, CCM
“Ekotek”, Moscow), chromium (PKh1, TU 14-1-1474-75,
d <125 pm, MC “Atom”, Ekaterinburg) and copper
(PMS-1,d =45+100 um, LLC PME “Ural Atomization”,
Chelyabinsk). All metals of this MIX mixture (Fe + Ni +
+ Co + Cr + Cu) retained their individuality.

Part of this mixture MIX was subjected to mechani-
cal activation in a planetary mill Activator 2S (CJSC
“Activator”, Novosibirsk). The processing was carried
out in steel drums in an argon atmosphere at a pressure
of 4 bar. The ratio of the mixture mass to the balls mass
was 1:20, the drums rotational speed was 694 min!,
the processing time — 120 min. As a result, the MA pro-
duced particles consisting of the FeNiCoCrCu HEA,
which is a solid solution with a face-centered cubic lat-
tice. The particle size distribution was studied with a
laser particle analyzer “Microsizer-201C” (VA Instalt,
St. Petersburg). Grinding and polishing samples were
carried out according to the standard method on a DP-U4
(Struers, Denmark) grinding and polishing machine.
Scanning electron microscopy (SEM) was performed
on a LEO 1450 VP microscope (Carl-Zeiss SMT AG,
Germany). X-ray phase analysis (XRD) was performed
on diffractometer DRON-3 (Scientific and Production
Enterprise “Burevestnik”, St. Petersburg) on FekK -
radiation. MIX and HEA powders were sintered by the
spark plasma sintering (SPI) method in a vacuum in the
“Labox 650 facility” installation (Sinter Land, Japan)
at a load of 50 MPa for 20 min. Microhardness of
samples was measured on installation PMT-3 (LOMO,
St. Petersburg).

Previously prepared mixtures in the ratio x(Ti + C)
and (100 — x)MIX, where x = 10, 20, 30, 40, 50, 60, 70,
80 and 90 %, were again mixed in a porcelain mortar
until a homogeneous mass was obtained. To obtain rela-
tively homogeneous samples from mixtures of Ti+ C
with HEA particles with a ratio of x(Ti + C) to (100 — x)
HEA, where x = 30, 40, 50, 60 and 70 %, pellets con-
taining 2 to 5 HEA particles surrounded by Ti + C mix-
ture were made using a 2 % butyral resin solution in
alcohol. It is difficult to obtain homogeneous mixtures
with more Ti + C mixture due to the large difference in
the HEAs and titanium particles sizes (Fig. 1).

To study the obtained mixtures ignition parameters
the samples with diameter D =3 and 5 mm and height
up to 1D were pressed. The scheme of the experiments
to determine the ignition temperature is shown in
Fig. 2, a [21]. Cylindrical samples were placed on a flat
thermocouple 30 um thick in a crucible made of boron
nitride or graphite. The crucible rested on a graphite
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Fig. 1. Titanium (1) and HEA (2) particle size
distribution histogram

Puc. 1. TuctorpamMmMa pacrpeeseHus Mo pasmMepam
yactun thutada (1) u BOC (2)

strip heated by an electric current to the sample ignition
or melting temperature.

To study combustion, the samples were pressed in the
form of 6x30 mm plates with a thickness of 2.5-3.0 mm.
The relative density of the samples was 0.45—0.5. They
were placed between two graphite blocks with heaters

PN T Nt e e
ot i R e

o

W R AR
-l

T1 T2 T3
b

Fig. 2. Samples (a) and the combustion rate (b)
measuring the ignition temperature schemes
1 —sample, 2 — crucible, 3 — thermocouple, 4 — graphite heater strip,
5 — initiating coil, 6 — graphite plate with heaters, 7 — Al O, tubes,
8 — heater, F —load, T1-T3 — thermocouples

Puc. 2. CxeMbl U3MEpEeHHs TEMIEPaTypbl BOCIUIAMEHEHHS
00pasnoB (a) u ckopoctu ropenust (b)

I — obpasen, 2 — Tureins, 3 — Tepmonapa, 4 — rpadUTOBBII JICHTOYHBIN
Harpesaresib, 5 — MHULMUPYIOIIAs CIUpallb, 6 — rpaduToBas IIacTUHA
¢ HarpeBatelnsimu, 7 —TpyOku u3 Al,O,, 8 — HarpeBarens,

F —narpyska, T1-T3 — Tepmomnapbl

inside. Combustion was initiated by a coil heated by
an electric current. The samples combustion rate was
determined as the ratio of the distance between the
thermocouples T1-T2-T3 to the time of the combus-
tion wave passing between them. The experiments were
performed in argon at atmospheric pressure.

Results and discussion

Ignition

Figure 3 shows characteristic thermograms of the
ignition of samples pressed from the initial powders
at different concentrations in the mixture Ti + C. The
Ti + C mixture samples ignition temperature is about
1200 °C. When the concentration of Ti + C is reduced
to 80 %, the metal mixtures ignition temperature is
t=1080 + 30 °C. The lowering of the ignition tempera-
ture of mixtures containing copper may be due to its
melting (¢, = 1083 °C). The copper melting increases
its volume by 6 vol.% [22], which leads to better con-
tacts between the particles, and also starts the reac-
tion of titanium with copper, which, despite the weak
exothermicity (calculated values of formation CuTi
enthalpy — 79 kJ/mol [23]), can initiate the titanium
with carbon interaction.

The ignition temperatures of samples from mixtures
based on HEA-powders at the Ti + C concentration in
the mixture equal to 30-70 % are close to the ignition
temperature of the initial mixture Ti + C, since due to
the large size of HEA-particles they play the role of an
inert diluent.

2800

2400

2000

1600

t,°C

1200

800

400

Fig. 3. Initial mixtures (Ti + C) + MIX ignition (I-5)
and cooling (6—8) thermograms characteristic view
Ti+ C, %: 30 (1), 40 (2), 60 (3), 80 (4), 100 (5), 20 (6-8)

Puc. 3. XapakTepHsblil BUI TEPMOTrpaMM BocIIaMeHeHus (1-5)
n oxyakaeHus (6—8) ucxomusix cmeceit (Ti + C) + MIX
Ti+ C, %: 30 (1), 40 (2), 60 (3), 80 (4), 100 (5), 20 (6-8)
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When cooling the compositions ignition products
with Ti + C concentration equal to 30—40 %, two inflec-
tions (plateaus) around 1360 and 1200 °C are observed
in the thermograms associated with crystallization of
the melt of polymetallic binder. The temperature of the
first plateau is close to the temperature of endothermic
peaks observed in differential scanning calorimetry
(DSC) Fe + Ni+ Co + Cr + Cu (1359 °C) mixture and
FeNiCoCrCu (1365 °C) HEA in the work [20], and
caused in the first case, apparently, the resulting com-
pound melting. At Ti+ C higher contents, the used
method does not allow to register this effect. At the
Ti+ C content of 10-20 % in the mixture, a plateau
near 1200 °C (Fig. 3, curves 6-8) and an inflection near
1100 °C are also observed during cooling.

Combustion

During the samples combustion, size and density
practically did not change, since they were under load
(compression pressure £ =0.1 MPa). Figure 4 shows
the combustion products surface structure. Large pores
up to 0.5 mm in the sample 0.4(Ti + C) + 0.6HEA were
formed as a result of HEA-particles melting and TiC
framework melt spreading.

The initial samples density, calculated as the measured
mass to the geometric volume ratio is shown in Table 1.
Since the experiments were carried out under load, the
samples size changes after combustion were insignificant.

Combustion thermograms characteristic view is
shown in Fig. 5. Since at less than 60 % Ti + C in the

mixture at room temperature the samples did not burn
or burn unstably, all experiments were conducted at
an initial temperature of 500 + 10 °C. Samples with
[Ti + C] concentrations <30 % did not burn at this ini-
tial temperature.

Figure 6 shows the dependence on the Ti+ C
concentration of the mixtures with MIX and HEA com-
bustion rate and the mixtures Ti + C and MIX differ-
ence At=1 . —1, between the maximum temperature
reached at ignition and the ignition temperature. At a
small difference Az, the self-propagating combustion

mode is not realized in this system.

The main contribution to heat release during mix-
tures ignition and combustion is made by the titanium
carbide formation reaction. Titanium can also react with
the heat emission with all metals included in the HEA-
mixture, and chromium can interact with carbon to form
carbide Cr,C, . The formation enthalpy of all these com-
pounds is much less than for the Ti + C reaction, and
these compounds are not detected on the X-rays. But
the reaction mechanisms of composite formation when
using MIX and HEA as a binder are different, which is
due to the difference in the Ti + C mixtures structure. In
the former case, the contact surface between titanium
and carbon particles is much smaller because the unit
cell of the mixture consists of metal particles and car-
bon distributed between them. Assuming that the metal
particles are close in size, then per titanium particle in
the cell, depending on Ti + C concentration, there are
approximately from 1 (when x=90% Ti+ C) to 20

Fig. 4. 0.4(Ti+ C) + 0.6MIX (a) and 0,4(Ti + C) + 0,6MIX (b) mixtures combustion products surface structure

Puc. 4. Crpykrypa noBepxHocTH npoayktos ropenus cmeceii 0,4(Ti + C) + 0,6MIX (a) u 0,4(Ti + C) + 0,6BDC (b)

Table 1. Samples density, g/cm?, from Ti + C with MIX and HEA mixtures

Ta6numya 1. Il1oTHOCTDL 00pa3uoB, r/em’, u3 emeceii Ti + C ¢ MIX u BOC

Binder Ti+C,%
composition 30 40 50 60 70 80 90 100
MIX 323 | 3.02 | 251 | 251 | 250 | 2.04 | 1.88 | 1.85
HEA 320 | 3.01 | 279 | 278 | 248 - - 1.85
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Fig. 5. Mixture 70(Ti + C) + 30MIX sample
combustion thermogram

Puc. 5. Tepmorpamma ropeHust oopasima U3 CMecH
70(Ti + C) + 30MIX

(when x=10% Ti+ C) particles of other metals. In
the latter case, the titanium particle is surrounded by a
small portion of carbon, i.e., the Ti + C mixture appears
diluted in both thermal and concentration (Ti/C) terms.
As the Ti + C concentration decreases, the mechanism
of propagation of the combustion wave changes from
frontal to percolation. The HEA-powder particles case
whose are several times larger than those of the parent
metals, only thermal dilution takes place, and the transi-
tion from the frontal to percolation combustion mecha-
nism occurs at lower Ti + C concentrations [24].

Figure 7 shows the combustion products change in
the phase composition from FeNiCoCrCu to TiC alloys
when the Ti + C concentration in the mixture increases
from 0 to 100 %.

Mixtures ignition
and melting products

At high concentrations in titanium and carbon mix-
tures high temperatures developed during the samples
ignition and combustion, leading to melting of the high-
entropic binder or mixture of metals forming it and car-
bide grains formation. To compare the changes occurring
in the MIX and HEA metal mixture binder structure, the
powders were heated to the melting temperature. Figure 8
shows characteristic heating and cooling thermograms.

When a metals Fe + Ni+ Co + Cr+ Cu and HEA
mixture is heated to the melting temperature and sub-
sequently crystallized, several plateaus appear on the
thermograms. The plateau at heating near 1100 °C
occurs due to copper melting. Endothermic peak at
close temperatures was observed at DSC of this mix-
ture (1083 °C) and the alloy (1115 °C) in work [20].
Endothermic peaks associated with the melting of the

1000
140 |- ) - 900
1201 a 800
100 | 4700 &
2 80t 4600 &
E ol - 500 ‘é
T o T L
N <
201 - 200
or ~ 100
_20 1 1 1 1 1 1 1 O
20 30 40 50 60 70 80 90 100 110

[Ti+C], %

Fig. 6. Dependence of the combustion rate on the concentration
of Ti + C in mixtures with MIX (1) and with HPS (2)
3 — difference between the maximum temperature reached
at ignition and the ignition temperature
4 — combustion limit

Puc. 6. 3aBUCHMOCTE CKOPOCTH TOPESHUS
ot xoxneHtpanun Ti + C B cmecsx ¢ MIX (1) u ¢ BOC (2)
3 — pa3HOCTh MEKy MaKCUMAIIBHOM TeMIIepaTypoH,
Z[OCTI/II‘aCMOf/‘I IIpU BOCINIAMCHEHUH, U TCMHepaTypOﬁ BOCIUTAaMCHCHHA
4 — ipezien TopeHus

whole composition — metal mixture (1359 °C) and the
alloy (1365 °C) — were also observed there.

When cooling the samples after melting the first pla-
teau appears at about 1200 °C and is associated with the
crystallization of a more refractory phase — apparently,
the main 5-component high-entropic phase. The sec-
ond plateau at about 1000 °C is due to copper-enriched
phase crystallization.

While melting the samples pressed from MIX and
HEA powders, several phases are released from the
melt (Fig. 9). The basis of the molten MIX and HEA
samples is a S-component phase with the averaged for-
mula of Cu, ,Fe ,Ni, ,Co, Cr. In addition, the 5-com-
ponent phases Cu,Ni,Co,Fe,Cr, Cu,Ni,Co,Fe, Cr,
Cu, Ni, .Co, [Fe, ,Cr, Cu,Fe Ni,Co,Cr, Cu,Fe,Ni,Co,Cr,
4-component with the averaged formula Cr, ;Fe, ,Co, Ni,
and 3-component with the averaged formula Co, ,Fe, .Cr.
During MIX and HEA melting, as well as during igni-
tion and combustion of their mixtures with Ti + C, some
of the copper evaporates and precipitates on the sight
glass and cold reactor parts.

It is possible that the MIX and HEA melts (Fig. 9) rep-
resent the same FCC solid solution but not quite homoge-
neous in its chemical composition. Part of the chromium
is consumed to form ternary and quaternary phases with
high chromium concentration, containing no copper and
crystallizing in the form of hexagonal tubes filled with
the main phase. Concentrations of phases enriched with
copper (Fig. 9, la, 2a) or chromium (Fig. 9, 15, 2b) are
relatively low and do not show up on the X-ray diffrac-
tion patterns (Fig. 10, diffractograms /, 2). Figure 10 also
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Fig. 7. Mixtures melting products (1, 2) and combustion products (3—8) X-ray patterns

1—-MIX, 2—-HEA, 3 -40TiC-60MIX, 4 — 40TiC-60HEA, 5 —

60TiC40MIX, 6 — 60TiC40HEA, 7—80TiC-20MIX, 8 — TiC

Puc. 7. PentreHorpammbl poaykToB uiasienust (1, 2) u ropenus (3—8) cmeceit

1-MIX, 2-BDOC, 3 -40TiC-60MIX, 4 — 40TiC-60BOC, 5 —

shows X-ray diffraction patterns of products obtained by
sintering using the SPS method [19]. The peaks shift
to the left on the samples X-ray patterns after the MIX
and HEA powders melting, as compared to the sintered
samples. The chemical composition heterogeneity is evi-
dent during sintering at £ = 800 and 900 °C. At these tem-
peratures the second phase emerges and the peaks split
(Fig. 10, diffractograms 3, 4). Both phases formed have
a FCC structure. At sintering temperature of 1000 °C
composition homogenization occurs.

1400

1200
1000
o 800
o

~ 600
400

200

Fig. 8. MIX (I) and HEA (2) heating thermograms
Puc. 8. Tepmorpammst Harpesa MIX (1) u BOC (2)
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60TiC40MIX, 6 — 60TiC—40BDC, 7 - 80TiC-20MIX, 8 — TiC

Figure 11 shows photographs of microstructures
formed during melt crystallization as a result of Ti + C
mixtures with MIX and HEA reactions. The dark par-
ticles are titanium carbide (TiC). The binder is hetero-
geneous and includes the same constituents that are
released during HEA or MIX melting.

The results of counting the TiC particles number (7)
in the molten samples were carried out on the area of the
polished section § = 2,500+10,500 um? and the volume
concentration of particles was calculated by the formula
N = (n/S)*?. Table 2 shows the average values from the
results of measurements on several polished sections. In
the HEA-bonded alloy the number of titanium carbide
particles per unit volume was 1.5-3.0 times higher than
in the MIX-bonded alloy, and the particle size was corre-
spondingly smaller. As the Ti + C concentration increases
from 30 to 40 % in the mixture with HEA, the number of
titanium carbide particles per unit volume decreases. In
the mixture with MIX the number of particles per unit
volume passes through the minimum. This may be due to
two processes — on the one hand, the particles nucleation
probability increases, and on the other hand, titanium
carbide particles coagulation occurs.

Figure 11 also shows that as the concentration of
titanium carbide increases, the size of the phases that
make up the bond decreases. The basis of the binder,
as in the case of the molten MIX and HEA samples,
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Range | Cr | Fe | Co | Ni | Cu
la 24 1 84 | 7.7 | 99 | 715
2a 124 | 23.8 249|205 | 183
3a 80.1 | 11.3 | 8.6 - -
1b 14 | 41 | 35 | 65 | 846
2b 14.8 | 21.2 | 22.5 | 21.5 | 20.0
3b 784 | 112 78 | 2.6 | —

Fig. 9. MIX (@) and HEA (b) melts phases structure and composition (at. %)
Puc. 9. Crpykrypa 1 coctas (ar. %) ¢a3 pacrnasos MIX (a) u BOC (b)

111 | ® [y-Fe, Ni, Cr, Co, Cu] |

200 220
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Fig. 10. SPS method melting and sintering products X-ray patterns
1 HEA melt, 2 - MIX melt, 3 — HEA SPS (800 °C), 4 — HEA SPS (900 °C), 5 — HEA SPS (1000 °C)

Puc. 10. PertrenorpaMmbl MPOAYKTOB IUIaBIeHus U criekanust meromom UIIC
1 —pacmnas BOC, 2 — pacrimas MIX, 3 — BOC UIIC (800 °C), 4 — BOC UIIC (900 °C), 5§ — BOC UIIC (1000 °C)

is a 5-component phase with the averaged formula
Cu, ,Fe, Ni, ,Co, ,Cr with small additions of the above
5-, 4- and 3-component phases.

The microhardness of samples MIX and HEA with-
out carbide grains is in the range of 2.4-6.9 GPa. Its

minimum value corresponds to areas with high copper
content, maximum — with high chromium concentra-
tion. Microhardness of MIX and HEA samples with
30-70 % Ti+ C in the initial mixture is 3.6-10.0 GPa
and partially depends on copper and chrome concentra-

35



/OI'IM u dr U3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANBHLIE MOKPbITUA. 2023;17(1):28-38
' wssecunsvsos  Badyenko C.I, BepayHosa F0.C. u dp. PopMMUpOBaHMe NPOAYKTOB NPW BOCMIAMEHEHUM, TOPEHUM W MNABAEHUM CMECei ...

Fig. 11. The alloys microstructure after melt crystallization
a—30(Ti + C) + 7TOMIX; b — 30(Ti + C) + 70HEA; ¢ — 40(Ti + C) + 60MIX;
d—40(Ti + C) + 60HEA; e — 60(Ti + C) + 40MIX; f— 70(Ti + C) + 30MIX

Puc. 11. MukpocTpyKTypa CIUTaBOB MOCIIE KPHUCTAIUTU3AINH PacIiiaBa
a—30(Ti + C) + 70MIX; b — 30(Ti + C) + 70BDC; ¢ — 40(Ti + C) + 60MIX;
d—40(Ti + C) + 60BDC; e — 60(Ti + C) + 40MIX; f— 70(Ti + C) + 30MIX

tion, but the main contribution to microhardness values Table 2. Alloys TiC particles volume concentration
is made by the TiC particles closeness to each other and Ta6nuya 2. O6bemuas konuenTpawust yactun TiC
their even distribution throughout the cermet volume. B CILIABAX
The TiC particles microhardness is 25-35 GPa and cor-
responds to the known data [25]. No. Composition N, 10° mm3
I | 30(Ti+C)+70HEA 200
Conclusion 2 | 40(Ti+ C)+ 60HEA 112
o o . . 3| 30(Ti+C)+ 70MIX 117
The.: p0§51b111ty of gbtalnlng cermets v.v1th. a high- 4 | 40(Ti + C) + 60MIX 37
entropic binder by using a mixture of titanium and -
carbon forming TiC particles as an energy additive 5 | 60(Ti+C) + 40MIX >4
was shown. This makes it possible to reduce the cer- 6 | 70(Ti+ C) + 30MIX 105
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met production energy costs by carrying out the pro-
cess in combustion or thermal explosion mode. At the
initial temperature of 500 °C, the combustion limit of
the samples comes at the Ti + C concentration less than
30 %. During the cermet synthesis the high-entropic
alloy FeNiCoCrCu binder splits into several phases, but
the basis of the alloy is formed by a 5-component phase
with the averaged formula Cu, ,Fe ,Ni ,Co, Cr.

Preliminary HEA production by mechanical alloy-
ing is not a necessary stage of initial powders prepara-
tion process, since the high-entropic binder is formed
from a mixture of initial metals during the high-tem-
perature cermet synthesis. The number of TiC particles
in the volume unit in cermet with a binder from a pre-
prepared HEA is 1.5-3.0 times higher than in an alloy
with a binder from a mixture of metals.
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