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by mechanical alloying and spark plasma sintering
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Abstract. This study presents the synthesis of (TiZrHfTaNb)C, (TiTaNb) ,.Hf, ,,:Zr,,..C and (TiTaNb) ,Hf ,.Zr ,.C single-phase,
high-entropy carbides through mechanical alloying and plasma sintering. High-entropy carbides hold promise for applications in jet
engine components. We identified optimal mechanical alloying conditions to achieve powder homogeneity and minimize iron fouling.
The microstructure, phase, and chemical compositions of the samples were investigated. At 1600 °C, a sample with a face-centered
cubic (FCC) lattice and low content of zirconium and hafnium oxides was formed. Elevating the sintering temperature to 2000 °C facili-
tated oxide dissolution and the formation of single-phase, high-entropy carbides. The microhardness of the samples ranged from 1600
to 2000 HV, while the compressive strength varied between 600 and 800 MPa. Plasma heating tests demonstrated excellent resistance

to thermal oxidation for (TiTaNb) JHf ,.Zr, ,.C, withstanding temperatures up to 2250 °C.
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CUHTe3 BbICOKO3HTPOMNUNUHBIX Kapbuaos
(TiTaNb)XnyZrzC C BbICOKUMU TEPMOOKUCITUTESIbHBIMMU
CBOMCTBaMMU NyTEeM MeXaHUYEeCKOro JlermpoBaHu1S
N UCKPOBOIO NMa3MeHHOro CrnekaHus
A. 3. Kum, H. E. Osepckoii %, H. I. Pazymos,

E. B. Bonoxuruna, A. A. IlonmoBuyu

Cauxkr-IlerepOyprekuii nonurexunuyeckuii yausepcuret Ilerpa Besauxoro
Poccust, 195251, . Cankr-IletepOypr, ya. [lonurexandeckas, 29

B3 nikolaiozerskoi@yandex.ru

AnHoTaums. Ilpenctapien cuHTEe3 OMHO(A3HBIX BbICOKOHTponuiHbIX kapounos (TiZrHfTaNb)C, (TiTaNb),, Hf;

275270,275C
u (TiTaNb)wawSZrmsC MEXaHMYECKUM JIETMPOBAaHMEM M HCKPOBBIM IUIA3MEHHBIM CHEKaHHEM. BrlcokosHTponmiiHble KapOH-
161 (BOK) mepcneKTHBHBI B KadecTBE MaTepHaia ISl IeTaleil peakTUBHBIX ABHTaTeNel. [1orydeH pexiuM MEeXaHHIeCKOTO JIETHPO-
BaHUS, TP KOTOPOM JIOCTHIAIOTCS OJHOPOIHOCTD MOPOIIKA U HU3KHI TeXHHUeckuit Hamon. [IpoBenen aHaau3 MUKPOCTPYKTYPHI,
(ha30BOT0 M XMMHUYECKOTO COCTABOB MOy4eHHbIX 00pa3noB. BOK ¢ I'[K-cTpykTypoii n HeGOIBIINM COfepkKaHHEM OKCHIOB IIUPKO-
HUs 1 rapHusA oopazyetcs npu temrepatype 1600 °C. [Toseimenne Temneparypsl ciekanus 10 2000 °C criocoOcTByeT pacTBOPEHHIO
OKCHJIOB U (hopmupoBaHHio ogHodazHoro BOK. Mukpotsepaocts 06pasuos koiedanacs ot 1600 no 2000 HV. ITpouHocTs 00pa3sios

Ha cxatue coctasiisia or 600 go 800 MITa. CortacHo pesynbraTaM ra3oMHaMHYeCckuX ucnbitanuii, cras (TiTaNb), Hf ;. Zr, ,.C

MOKa3aJl OTIUYHYI0 TEPMOOKHCIUTEIBHYIO CTORKOCTB 710 Temmeparypsl 2250 °C.

KnroueBble csioBa: BBICOKO3HTpOHHﬁHBIe CIIJIaBBbI, BLICOKOQHTpOHPII)‘IHBIe Kap6I/I,HI>I, MEXaHUYECKOC JISTUPOBAHUE, UCKPOBOEC IJIIa3MEHHOE

CIIEKaHUEC, TCPMOOKHUCIUTECIIBHBIC CBOMCTBa

BbnaropgapHocTy: lccnenoBanue BHIIOTHEHO pH (MHAHCOBOH TOAEepKKe MHUHHCTEpCTBA HAyKH U BEICIIEro oOpa3oBanus Poccuiickoit
Deneparuu (Cormamenue o npegoctasieHnn cyocunun Ne 075-03-2023-004).

Ans untuposanma: Kum A.D., Ozepckoit H.E., Pazymo H.I'., Bonokutuna E.B., [TomoBiu A.A. CuHTE3 BEICOKOIHTPOIUIHBIX KapOu-
JI0B (TiTaNb)fo} Zr C ¢ BBICOKMMH TEPMOOKHCIIMTEILHBIMU CBOMCTBAMH IMyTEM MEXAHMYECKOTO JIETHPOBAHMS M MCKPOBOTO ILJIa3-
MEHHOTO CTieKaHust. M3zeecmus 8y306. [lopowkosas memannypeus u yynkyuonaivhoie nokpoimus. 2024;18(1):41-51.
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Introduction

High Entropy Ceramics (HEC) represent a novel
class of materials that has garnered significant interest
from the global scientific community. These multicom-
ponent ceramics exhibit superior hardness, wear resis-
tance, and oxidation resistance compared to pure metal
carbides [1-9].

Most research focuses on high-entropy carbides con-
taining metals from Group 4 (Ti, Zr, Hf) and Group 5
(V, Nb, Ta) of the Periodic Table. These compounds
form monocarbides with a cubic NaCl-type structure,
wherein the metals share a common cationic FCC
(face-centered cubic) sublattice while carbon occupies
the anionic sublattice [10].

To date, numerous high-entropy carbides have been
synthesized and investigated. primarily utilizing pow-
der-based methods. The significant distinction lies in
the manufacturing processes of high-entropy carbides,
with most studies commencing with wet milling and
mixing of precursors [4—11].

Metal oxides undergo a carbothermal reaction followed
by compaction, spark plasma sintering, or hot isostatic
pressing at temperatures ranging from 1600 to 2200 °C.
Through this process, (Ti,,Zr,,Nb;,Ta,,W)C [4] and
(Ti, ,Ta, ,Nb ,Hf ;W)C [5] were synthesized, along
with the high-entropy carbide (CrNbMoWV)C [12].
These powders may contain impurities such as oxides,
amorphous carbon, and graphite, indicating potential
incompleteness of the carbothermal reaction or varia-
tions in carbon content.

The following materials were derived from metal
monocarbides: (TiZrNbHfTa)C [13], (HfTaZrNb)C[14],
and (Ta,,Zr,,,Nb ,.Ti,,,)C [10]. However, the
resulting ceramic materials exhibit inconsistent
phase and chemical compositions and contain inclu-
sions similar to the initial carbides in terms of chemi-

cal composition.

In certain studies, elemental metal powders and
carbon serve as initial components, following a pro-
cess similar to the aforementioned works. The fol-
lowing materials were synthesized from elemental
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powders of metals and carbon: (TiZrHfNbV)C; [15],
(Hf, ,Ta, ,Zr, ,Nb, ,Tiy ,)C and (Hf, ,Ta, ,Ti, ,Mo, ,Nb)C
[16], (TiVZrHIND)C,, (TiVZrHfTa)C,, (TiZrNbHfTa)C,,
(TiZINbVTa)C,, (TiHINbVTa)Cy, (ZrHINbVTa)C, [17],
(Ti,,Zr,,Ta ,Nb, W ,)C [11], (VNbMoTaW)C [18].
However, this process also entails certain drawbacks.
Carbides of different metals are formed sequentially,
resulting in regions with varying contents of the origi-
nal elements.

In our papers [19; 20], we demonstrated that spark
plasma sintering of CrNbMoWYV powder, obtained
through mechanical alloying (MA) produces a single-
phase coating approximately 100 um thick on the sur-
face. This coating exhibits enhanced corrosion and
wear resistance, surpassing conventional materials in
these properties. For instance, the wear rate difference
between the carbide layers of a high entropy alloy
(0.001 cm?) and WC—8Ni carbide (0.003 ¢cm?) amounts
to 300 % [19]. Subsequent research revealed that single-
phase, chemically homogeneous high-entropy ceramics
can be synthesized from a mixture of high-entropy
alloy and carbon MA powders, with the high-entropy
carbide (CrNbMoWV)C being the first product of this
process [12].

The objective of this study is to explore the produc-
tion of single-phase, high-entropy ceramic materials
with high chemical homogeneity using mechanically
alloyed powders of TiZrHfNbTa HEA system and
to evaluate their properties.

Materials and methods

We used elemental powders of metals Ti, Nb,
Hf, Zr, and Ta (99.5 % purity) as initial components
for synthesizing TiZrHfNbTa. Three materials were

synthesized: TiZrHfTaNb, (TiTaNb), ,Hf, . Zr, ..
and (TiTaNb) ,Hf,,.Zr, .., with their compositions

listed in the table. MFG-7 graphite powder served as
the carbon source, introduced alongside the elemental
metal powders.

For mechanical alloying, we employed a Pulve-
risette 4 planetary mill (Fritsch, Germany) under
an argon atmosphere. Mechanical alloying occurred
over a duration of 5 to 10 h at drive/bowl rpm ranging

from 200 to 400. The 500 ml grinding bowls and 12 mm
diameter grinding balls were constructed from high-
strength carbon steel. Each sample weighed 50 g, and
the ball-to-powder weight ratio was maintained at 1:20.

We conducted particle size distribution analysis
of the powders using an Analysette 22 NanoTec plus par-
ticle sizer (Fritsch, Germany), applying the Fraunhofer
diffraction method for calculation.

For sintering, we employed an HPD 25 spark plasma
sintering furnace (FCT Systeme GmbH, Germany) with
a diameter 20 mm graphite mold, operating at tem-
peratures of 1600, 1800 and 2000 °C, with a pressure
of 50 MPa and a holding time of 5 min at the maximum
temperature.

For a layer-by-layer examination of phase com-
position followed plasma heating tests, a SmartLab
X-ray diffractometer (Rigaku Corp., Japan) was uti-
lized, employing CuK radiation (A =1.5406 A) and
the CBO-p Cross Beam Optics system for grazing
incidence X-ray diffraction (o =10°). The incidence
angle range was 20 to 80°, and the acquisition rate was
set at 0.2 deg/min. Morphological and microstructural
analysis of the powder particles was conducted using
a Mira 3 scanning electron microscope (Tescan, Czech
Republic). The chemical composition of the powder
particles was determined through polished samples and
X-ray microanalysis, employing an INCA Wave 500
microanalysis system (Oxford Instruments Analytical,
UK) integrated with the scanning electron microscope.

We conducted microhardness measurements using
a Buehler microhardness tester (USA) with loads of 300
and 500 g applied to ground and polished samples
along the section parallel to the height of the cylind-
rical sample. Measurements were taken in a straight
line with a 330 pum increment from the top to the bot-
tom of the sample. Compressive strength testing was
performed using a Zwick/Roell Z050 universal testing
machine (Germany).

For plasma heating tests, we employed a UPIM-
200 electric arc plasma generator (Composite,
Korolev), with plasma generated in the air. Transient
heat flow was measured using a cold copper barrier
(calorimeter). Initially, the heat flux density was set

Initial alloy compositions after MA

Hcxoanble KOMIO3UIMHU CILIABOB nmocJe MJI

Sample weight, g
Alloy ;
Ti Zr Nb Hf Ta Total
TiZrHfTaNb 4450 | 7.710 | 7.855 | 15.090 | 15.295 50
(TiTaNb), , Hf) ,,sZr) 5,5 | 2.932 | 10.246 | 5.691 | 20.046 | 11.085 50
(TiTaNb), ,Hf .. Zr, .. 1.891 | 12.613 | 3.670 | 24.678 | 7.148 50
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at 3.1 Mw/m?, and subsequently increased incremen-
tally. The heat flux density increased by 0.4 MW/m?
at each step. Throughout the test, we recorded the sur-
face temperature of the sample using a pyrometer and
monitored the surface temperature distribution using
a thermal imaging camera.

Results and discussion

The dissolution of alloying elements in the early
stages of mechanical alloying (MA) exhibits similarities
across all systems studied. At the onset of MA, intense
plastic deformation flattens the initial powder particles,
leading to their fusion and the formation of a compo-
site. After 5 h of MA, the composite particles develop
a characteristic layered structure consisting of different
combinations of the initial components. With further
prolongation of MA duration up to 7.5 h, the primary
processes involve homogenization of chemical compo-
sition and interaction between the initial components
aimed at reducing the system’s free energy (Fig. 1).

When the MA period extends to 10 h, the iron fou-
ling content increases. Specifically, the average
iron content in the powder rises from 0.12 % after 7.5 h
of MA to 0.59 % after 10 h of MA. The measured par-
ticle size distribution (in micrometers, average values)
is as follows: at 7,,,=5h — d,= 193, d,,=47.5,
dy,=87.9;1,,=7.5h-d ,=82,d,,=18.6,d,, = 33.8;
Tya = 10h—d  =17.1,d,,=33.6,d,,=59.3.

Fig. 2 depicts the XRD patterns of the initial pow-
der mixture and the powder after mechanical alloying
for 5, 7.5 and 10 h. The observed peak broadening after
MA arises from a reduction in the size of coherent scat-
tering regions and increased micro stresses. After 5 h
of MA, titanium is entirely dissolved in the VCCL lat-
tice of niobium and tantalum. This dissolution can be

Fig. 1. Elemental distribution in TiZrHfTaNb alloy powder
aftert,, =7.5h

Puc. 1. PactipeienieHre 3JIEMEHTOB B IIOPOIIKE CILIaBa
TiZrHfTaNb nocne t,,; = 7,5 4

attributed to the similar atomic radii of these elements
(Ti=145A, Nb=143 A, Ta=1.43A). However,
after 10 h of MA, small peaks of zirconium and haf-
nium are still present due to the relatively large size
of their atoms. The mass fraction of the hexagonal
phase (P6,/mmc) is 17 %, with a cubic lattice parameter
(Im-3m) is 3.387 A. The deviation from the cubic lattice

18,000 - —
> P6/mmc
15,000 —‘_,JL . « CR—
=
2 12,000 | J\ - 3
=
8 —
=] L m7r vTa
= 6,000 . oHf oNb
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Fig. 2. Phase composition in TiZrHfTaNb powder during various MA stages

TMA’

h: 1-0;2-5,3-75,4-10

Puc. 2. ®azossrii coctaB BOC-mopomika TiZrHfTaNb na pasubix cragusx MJT

Ty

4.1-0;2-5,3-75,4-10
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[a]

Fig. 3. Photos of (TiZrHfTaNb)C samples sintered
at 2000 °C (20 mm in diameter)

a — after sandblasting; b—c — after grinding

Puc. 3. ®otorpadun obpasuos (TiZrHfTaNb)C
nuaMeTpoM 20 MM, criedeHHbIX IpH Temmneparype 2000 °C

@ — TI0CIe NIeCKOCTPYHHOM 00paboTKH;
b—c — nocite mumQoBKu

parameter calculated by Vegard’s law (a = 3.416 A) for
the equiatomic TiZrHfTaNb material can be attributed
to the incomplete dissolution of Hf and Zr.

Based on the analysis of the microstructure, phase
composition, elemental distributions, and particle size
distributions of the MA samples obtained in the plan-
etary mill, we selected t,,, = 7.5 h, with a drive speed
of 200 rpm and a bowl speed of 400 rpm, for the syn-
thesis of high-entropy carbides.

High-entropy carbides were then produced
from the MA powders using an FCT HPD 25 spark
plasma sintering furnace. Fig. 3 displays photographs
of 20 mm diameter (TiZrHfTaNb)C samples sintered
at 2000 °C after undergoing sandblasting and grinding.
Throughout the sintering process, we recorded various
process variables including time, temperature, com-
pression stroke, shrinkage rate, current, voltage, power,
and compression force.

The experimental data obtained during the synthe-
sis of (TiZrHfTaNb)C (Fig. 4) suggest that the process
can be divided into four main stages: / — degassing
and vacuumization, 2 — preheating; 3 — metal-car-
bon chemical reaction and carbide formation; 4 — com-
paction under 50 MPa pressure and homogenization for
5 min exposure time. These findings align with tem-
perature profiles utilized in the solid-phase synthesis
of TiC, ZrC, HfC, NbC, and TaC metal carbides [13],
as well as with data obtained from spark plasma sin-
tering of the (TiZrNbTaW)C alloy using various
precursors [11].

The  microstructure and  phase  composi-
tion of the (TiZrHfTaNb)C samples sintered at 1600
and 1800 °C reveal the presence of high-entropy
HCC MeC carbide (Me = Ti, Zr, Hf, Ta, Nb), mixed
zirconium-hafnium oxide, and a transition zone from
the high-entropy carbide to oxide inclusions. Elevating
the sintering temperature of (TiZrHfTaNb)C to 2000 °C
results in increased crystal growth capacity (Fig. 5).
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The microstructure and elemental distribu- tion and microstructure analysis. The samples sin-

tion of the sample sintered at # = 2000 °C (Fig. 6) indi-
cate the formation of a homogeneous, single-phase,
high-entropy carbide. The interface between zirconium-
hafnium oxide and high-entropy carbide appears clear,
without a zirconium-hafnium-depleted transition zone.
The absence of this transition zone and the limited
number of oxide inclusions, in comparison to samples
sintered at lower temperatures, may suggest the com-
pletion of redox reactions and the formation of high-
entropy carbides.

From the comparison of the phase composi-
tion, microstructure, and chemical homogeneity
of the (TiZrHfTaNb)C samples with the thermomecha-
nical data (Fig.4) obtained during the synthesis, it
can be inferred that the stage of chemical interaction and
redox reactions (Fig. 4, stage 3) is either completed
or nearing completion when the temperature reaches
2000 °C. Stage 4 involves the densification and homo-
genization of the phase and chemical compositions.
The formation of metal carbides is primarily driven by
diffusion in the metal and carbon sublattices, with metal
and carbon diffusion occurring independently [21; 22].
The diffusion rate of metals is several orders of magni-
tude lower than that of carbon [23]. As a result, metal
diffusion significantly influences the formation of high
entropy carbides and restricts the formation of secon-
dary phases. Comparing our results with the synthesis
of (TiZrNbTaW)C using a mixture of pure components
and a mixture of pure carbides [11] confirms that when
the starting material is a high entropy carbide, the kinet-
ics of its formation is linear, resulting in the synthesis
product being a single phase (TiZrHfTaNb)C high
entropy carbide with high chemical homogeneity.

The microhardness measurements (Fig.7) of the
(TiZrHfTaNb)C samples sintered at different tempera-
tures validate the findings from the phase composi-

6000
5000

e TiZrHfTaNbC

‘ - l . .
£ 4000 —‘__J R . -3;
£ 3000 I .
&2 2000 _JL_JL_JLW . 2
1000 . .
0 ) Lﬁ | L A2 1 | o1
30 40 50 60 70 8 90 100
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Fig. 5. Phase diagrams of (TiZrHfTaNb)C
high-entropy carbides sintered at

1600 °C (1), 1800 °C (2), 2000 °C (3)
Puc. 5. ®azoBble AuarpaMMbl BEICOKOSHTPOIHITHBIX KapOUI0B
(TiZrHfTaNDb)C, ciedeHHBIX IPU TEMIIEpaTypax
1600 °C (1), 1800 °C (2), 2000 °C (3)

tered at = 1600 and 1800 °C demonstrate high hard-
ness levels attributed to microscopic stresses induced
by the presence of non-equilibrium oxide, carbide, and
transition phases. Upon increasing the sintering temper-
ature to 2000 °C, a single-phase, high-entropy carbide
is formed. The average hardness values of the samples
are 1940, 1917 and 1653 HV, respectively.

We successfully synthesized (TiTaNb), ,.Hf ..Zr, ,..
and (TiTaNb) ,Hf ,.Zr .. under the same sinter-
ing conditions as TiZrHfTaNb)C) (z=2000 °C).
These efforts resulted in obtaining single-phase
(TiTaNb)OASHfO,er C and (TiTaNb) Hf, Zr0’35C

‘ 0,35
carbides.

7r

0,275

Fig. 6. Microstructure and elemental distribution
of (TiZrHfTaNb)C sintered at 2000 °C

Puc. 6. MEKpOCTPYKTypa 1 pacrpe/ielieHue HIeMEHTOB
obpasua BOK (TiZrHfTaNb)C,
cnedeHHoro mpu Temneparype 2000 °C
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Fig. 7. Cross-sectional microhardness
of the sintered (TiZrHfTaNb)C samples

, °C: 1600 (@), 1800 (W), 2000 (A)

Puc. 7. MUKpOTBEPIOCTE 110 CEYCHHIO
crieueHHbIX 00pa3noB (TiZrHfTaNb)C

t,°C: 1600 (@), 1800 (m), 2000 (A)

Compression strength tests conducted on the syn-
thesized ceramics (Fig. 8) revealed that the equiatomic
(TiZrHfTaNb)C composition exhibited the highest
ultimate strength of 795 MPa. As the content of Hf
and Zr increased, the ultimate strength decreased
to 690 for (TiTaNb), ,.Hf ,,.Zr, ,,;C and 600 MPa for

_ 275410275
(TiTaNb), ,Hf, ;Zr, ;,C, respectively.

The plasma heating tests conducted on the equi-
atomic (TiZrHfTaNb)C yielded unsatisfactory results
(Fig. 9). Upon heating to ¢= 1940 °C, the substance
melted with intense entrainment of the reaction pro-
ducts and base material.

The surface of the (TiZrHfTaNb)C sample following
plasma heating tests exhibits regions with varying con-

900
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700 -
600 |- ]
500 |
400 |
300 | 3
200 |
100 |

Force, MPa

0 2.5 5.0 7.5 10.0

12.5

Compression strain, %

Fig. 8. Compressive strength of samples at room temperature

1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , HF, ,.Zr, 1,:C

: 27540275
3 — (TiTaNb), ,Hf .. Zr, ..C

Puc. 8. TIpounocTth 00pa3IioB Ha CKAaTHE
MIpY KOMHATHOM TeMneparype
1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , Hf,
3~ (TiTaNb), Hf, , 71, . .C

Zr, ,..C

,275770,275
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are three main types of elemental distribution observed:
regions enriched in titanium, zirconium, and niobium;
regions enriched in hafnium; and regions enriched
in tantalum. The heterophase structure of the oxida-
tion products is attributed to the differing free ener-
gies of metal oxide formation at various temperatures.
During intense melting, oxidation, and entrainment
of reaction products, metals with the lowest free energy
of oxide formation are oxidized initially. Consequently,
the resulting oxides possess different melting and evap-
oration temperatures, ultimately influencing the final
phase composition of the reaction products.

The results of the phase composition analysis
of the (TiZrHfTaNb)C sample surface after plasma heat-
ing tests (Fig. 11) validate the formation of three main
phases identified through elemental distribution analy-
sis. The hafnium-enriched phase corresponds to a mixed
metal dioxide exhibiting a monoclinic lattice structure
(HfO, prototype). The second phase, enriched in tita-
nium, zirconium, and niobium, is characterized by
the presence of mixed oxide (TiNbZr)O, with an ortho-
rhombic lattice. This phase formation is attributed
to high supercooling rates during the process, preventing
the separation of the mixed oxide based on the higher
niobium oxide Nb,O;. A similar appearance of this phase
was observed during plasma heating tests of equiatomic
high entropy carbide with a comparable composition.
The third phase identified is the unstable TaO, oxide
featuring a cubic lattice structure.

During testing, the (TiTaNb), ,Hf;

and (TiTaNb), Hf

2752T0.275C
Zr,,sC samples were subjected
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Fig. 9. Surface temperature vs. duration
of plasma heating test
1 — (TiTaNbH{Zr)C, 2 — (TiTaNb), , Hf,
3 — (TiTaNb), ,Hf, , Zr,

0.35 ()A35C

Zr, ,..C
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Puc. 9. 3aBUCHMOCTD TeMIIeparypbl MOBepxXHOCTH 0OpasioB BOK
OT JUTHTENHHOCTH Ta30ANHAMIIECKOTO HCITBITAHHUS
1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , Hf, ,, Zr, ,..C,
3~ (TiTaNb), Hf, | Zr, ,.C
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Fig. 10. Surface morphology and elemental distribution of (TiZrHfTaNb)C sample after plasma heating tests

Puc. 10. Mopdomnorus moBepxXHOCTH H pactpeaenenue snementoB obpasia (TiZrHfTaNb)C mocre ra3oquHaMHYeCKUX UCTIBITAHUIA

® TaO,
° | ] Hf()2
+ HITiO,

Intensity
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20, deg

Fig. 11. XRD pattern of the oxidation products on the surface
of (TiZrHfTaNb)C sample after plasma heating tests

Puc. 11. ludpakrorpaMma npoayKTOB OKHCICHUS
Ha noBepxHocTH obOpasna (TiZrHfTaNb)C
MOCIIC Ta30IMHAMUYECKUX MCITBITAHUN

to an initial heat flux density of 3.1 MW/m?, which
was increased by 0.4 MW/m? at subsequent stages.
The appearance of the samples before and after testing
is illustrated in Figs. 12, a and 13, a respectively.

In the case of the (TiTaNb), ,.Hf ,,.Zr, ,,C sample,
the transition to 3.9 MW/m? (t = 170 s) resulted in
burst boiling and subsequent destruction, as depicted in
Fig. 12. The test was terminated after a cumulative time
of 175 s, with the maximum temperature reached before
sample failure being 2000 °C.

The (TiTaNb) ,Hf .. Zr ,.C sample underwent
testing for 400 s. This demonstrated high resistance
to thermal oxidation, with the surface temperature rea-
ching 2250 °C. Subsequently, a liquid phase appeared

(Fig. 13).

The layer-by-layer phase analysis of the oxi-
dation products of the (TiTaNb),,Hf ,,.Zr,,C
and (TiTaNb) .Hf ,.Zr ,.C samples revealed the seg-
regation of layers based on the phase components
(Figs. 14-16). On the surface, MeO, (a precursor
of ZrO, with ¢ =2715°C); a high-melting mixed
dioxide, was formed as the first layer. The second

n t,°C
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300

t,°C
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300

Fig. 12. (TiTaNb), ,HF, ,,.Zr

C sample
before/after plasma heating tests (a)
and thermal images (b—e)

T,8:5-30,¢-90,d—-150,e—170

0.275

21y 75

Puc. 12. Buemmuit Bun obpasua (TiTaNb), , Hf ,. C
JI0/TIOCTIC Ta30ITMHAMUYECKUX UCTIBITAHHUN (@)
1 TepMOIpaMMbl UCTIBITaHUs oOpa3ua (b—e)

17,¢:b—-30,¢-90,d-150,e—170
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t,°C

2400
2300
2200
2100
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1700
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1500
1400
Fig. 13. (TiTaNb) ;Hf, , . Zr

0.35% 035
sample before/after plasma heating tests (a)

and thermal images (b—f)
T, s: b — 8 (crack), ¢ — 100, d — 150, e — 250, f— 350

Puc. 13. Buemnuii Bun o6pasua (TiTaNb), ,Hf ;. Zr, ..C
JI0/TIOCTIC Ta30IHHAMHYUECKUX UCIIBITAHUN (@)
U TEPMOTPaMMBbI UCTIBITAHUS 00pasia (b—f)

T, ¢: b— 8 (tpemmna), ¢ — 100, d — 150, e — 250, f— 350

Fig. 15. Elemental distribution along the cross-section of (TiTaNb), ,Hf; ,.Zr

layer predominantly consists of Me,Me O, (a precur-
sor of Nb,Zr,O,, with ¢z, = 1670 °C); a low-melting
mixed oxide. The third layer comprises Me,O, (a pre-
cursor of Nb,O, with ¢ =1512°C), another low-
melting mixed oxide. The analysis confirms the for-
mation of layers enriched in Zr and Hf, as well as Nb
and Ta.

It is noteworthy that the (TiTaNb), Hf ,.Zr,,.C

sample exhibited high resistance to thermal oxidation,

Intensity

20 25 30 35 40 45 50 55 60 65 70 75
26, deg

Fig. 14. Layer-by-layer phase composition analysis

of (TiTaNb), ,Hf; ,,Zr, ,,C sample cross-section

Areas 1—4: reaction products (1, 2), transition (3),
and base material (4)

Puc. 14. TlocnoitHoe uccnenoBanue $pa3oBoro cocraBa

B ronepeuHoM ceuenun odpasua (TiTaNb), Hfj 1 Zr . .C

1—4 — 30HbL: TpoAyKTOB peakuut (1, 2), nepexoquoi (3)
¥ OCHOBHOTO Matepuaia (4)

700 pm
—

03521 35C sample

Puc. 15. Pacipeniencrne s1eMeHTOB B nonepeunoM ceuetnn oOpasua (TiTaNb), HE ;. Zr, .
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Scanning areas

Scanning Elemental content, at %

area C O | Ti | Fe | Zr | Nb | Hf | Ta
22.54|56.38| 3.64 | 0.13 | 5.11 [ 1.96 | 7.54 | 2.71
18.79|58.23|1 241 | 0 |4.36|6.83|4.70 | 4.69
62.69|9.56 | 2.71 | 0.23 | 8.38 | 3.11 |10.61]| 2.70
58.4519.08 | 3.10 | 0.17 |10.07| 3.65 |12.41| 3.09
59.83| 8.44 | 3.14 | 0.53 | 9.66 | 3.50 | 11.88] 3.03
62.81]8.38|2.74 | 0.59 | 8.77 | 3.17 |10.80| 2.74
68.22|7.37 234|041 |7.26 | 2.66 | 9.38 | 2.36

62.93| 839 (2.71 | 0.41 | 8.77 | 3.17 |10.85| 2.76

SO N[ | | N |[w o]~

Fig. 16. Elemental content in the reaction products (1),
transition zone (2), and base material (3—8)
in (TiTaNb), ,Hf ;.Zr, ,.C sample

Puc. 16. Coneprxanue 21eMEHTOB B poayKTax peakunu (1),
nepexonHoH 30He (2) 1 0cHOBHOM Matepuaie (3—8)
obpasua (TiTaNb), ,Hf .. Zr, ..C

which can be attributed to the formation of a high-melt-
ing oxide layer.

Conclusion

In summary, we have successfully synthesized
single-phase, high-entropy (TiZrHfTaNb)C ceramic
materials with high chemical homogeneity through
mechanical alloying. This homogeneity results from
the mixing of metals at the atomic level, leading
to the formation of a single-phase solid solution.

Our investigation revealed that the optimal MA
period is 10 h, irrespective of the initial composition.
During MA, a solid solution with a face-centered
cubic (FCC) lattice structure is formed, a process occur-
ring in stages dependent on the atomic radii of the initial
components. Specifically, elements with smaller atomic
radii, such as Nb (0.145 nm), Ti (0.146 nm), and Ta

(0.146 nm), dissolve first, followed by Hf (0.159 nm)
and Zr (0.160 nm).

We have developed a process for obtaining sing-
le-phase, multicomponent ceramic materials from
mechanically alloyed TiZrHfTaNb. Spark plasma
sintering was utilized to investigate the physical and
chemical properties of these materials. Through this
process, we have successfully fabricated single-phase,
equiatomic, and modified high-entropy carbides based
on TiZrHfTaNb, which demonstrate resistance to high-
temperature oxidation.

Furthermore, plasma heating tests revealed that resis-
tance to thermal oxidation increases with higher Hf
and Zr content. The equiatomic high-entropy carbide
exhibited satisfactory results at 1900 °C. Additionally,
the (TiTaNb), ,Hf, ,.Zr, ;,C high-entropy ceramic mate-
rial endured testing for 400 s at a surface temperature
of 2250 °C.
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