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This article discusses the production and characterization of solid solutions based on single
diboride phases, specifically TiB,, ZrB,, HfB,, NbB,, and TaB,. These high-entropy ceramics TiB,
denoted as (Ti, Zr, H)B,, (Ti, Zr, Nb)B,, and (Ti, Zr, Ta)B,, were prepared through a meticulous
process involving wet ball milling, hot pressing, and subsequent analysis. Microstructural analy-
sis was conducted using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The
as-sintered ceramics had a complex microstructure, including solid solution — gray phase, (Hf,
Zr)B, — white phase, and a dark phase formed during the polishing procedure. Chemical analysis
using energy dispersive spectroscopy (EDS) indicated the formation of the (Tij 33Zrq 33Hfy 34)B,
solid solution in (Ti, Zr, Hf)B, ceramics. However, in the case of (Ti, Zr, Nb)B, and (Ti, Zr, Ta)B,,
inhomogeneous areas rich in Nb and Ta were observed, indicating the difficulty in achieving
complete solubility in the AIB, structure. Hardness was measured at different indentation loads,
and a decrease in hardness was revealed at higher loads. However, the high hardness observed
at lower loads (200 H) for (Ti, Zr, Hf)B, solid solutions suggested a cocktail effect, similar to that
observed in high-entropy metal alloys.
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YminbHeHHs, MIKPOCTPYKTYypa Ta TBEPAICTh CEePeaHbol EeHTPOHIiNHOI KepaMiku Ha
ocuoBi nuGopunie mepexigaux merainisw J[. Bedenw, II. Masyp, O. Ipueopves, 1. Kosark,
JI. Menax, M. Haymenro, M. Kapneup, M. Cropuk, A. 3asdoseecs

V¥ craTTi JOCITIIIMKEHO OIePIKAHHS Ta XapaKTePUCTUKN TBEPIUX PO3YMHIB HA OCHOB1 JUOOPHIIB,
sokpema TiB,, ZrB,, HfB,, NbB, i TaB,. Ili BucokoenTpomiiiai kepamikm, mosaaveni ax (Ti, Zr,
HNB,, (Ti, Zr, Nb)B, i (Ti, Zr, Ta)B,, Oysim oTpuMaHi y mpollecy, IO BKJIOYAE MOKPE KyJILOBe
TOApIOHEeHHSs, rapsAYe IIPecyBaHHs 1 IIOJAJIbIINe JOCTIIKeHH MIKPOCTPYKTYPHU T4 MEXaHIUHUX
XapaKTePHCTHUK. MleOCprKTypHI/H/I aHaJIi3 IMPOBOUIIM 34 JOIIOMOTOK CKAHYI0UOL €JIeKTPOHHOL
MleOCKOHll (CEM) Ta pentreniscpkol gudpariii (PDA). Fapﬂqe mpecoBaHa KepaMika maJsia
CEJIaTHY MlICpOCprKTypy Ta BKJIIOYAJIa TBepaui posumH — cipy daay, (Hf, ZrB, — 6imy daasy i
TeMHy (aay, YTBOpEHY i1 gac IIPOLIEe/y PH nuripyBanHsa. XiMIYHAA aHAJN3 3 BUKOPUCTAHHIM
eHepI‘OILI/ICHepCH/IHOI CIIEKTPOCKOITII IT0Ka3aB YTBOPEHHS TBEPIOT0 POIUUHY (T10 332r( 35Hf} 5 4)82
BKepaMlHl (Ti, Zr, H)B,. O,ILHaRyBI/IHaL[Ky (Ti, Zr, Nb)le(Tl Zr, Ta)B, CIIOCTEPIrasIucs HeOHOP1IH]
minsgakn, 6arati Ha Nb 1 Ta, 1o CBl,E[‘-II/ITb PO TPYIHOIIN B ,Z[OCHI‘HeHHl IIOBHOI PO3YMHHOCTI B
crpykTypi AlB,. BumipioBaHHA TBepIOCTI IIPOBOAMJIM 3a PI3HMX HABAHTAKEHb, BUABUBIIN
He3HAaYHe 3MEHIIeHHsT TBePJIOCTI 3a BeJIMKUX HaBaHTaskeHb. OHAK BUCOKA TBepL[iCTB TBEPIUX
posunsis (Ti, Zr, Hf)B,, mo crocrepiraerbea mpy MeHIITUX HaBaHTamkeHHAX (200 H), cBigauTs mpo
KOKTEMJIbHUN edeKT, MOMIOHHUNA 10 TOro, II0 CIIOCTEPIraeThbesd y BUCOKOEHTPOINMHUX MeTaIeBUX
CILIABAax.
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1. Introduction

High-entropy ceramics are a rapidly devel-
oping class of materials that have gained sig-
nificant interest in the materials science com-
munity due to their unique properties and po-
tential for a wide range of applications. These
ceramics are composed of multiple elements in
nearly equal proportions, resulting in a complex,
disordered crystal structure that contributes
to their enhanced mechanical, thermal, and
chemical properties [1]. Recent advances in
materials science have led to the discovery and
synthesis of several types of high-entropy ce-
ramics, including oxides, carbides, nitrides,
and borides. These materials have demonstrat-
ed exceptional properties, including high hard-
ness, toughness, wear resistance, and thermal
stability, making them promising candidates
for use in various fields, such as aerospace, en-
ergy, and biomedical engineering [2].

High-entropy oxides are one of the most
widely studied types of high-entropy ceram-
ics. They have shown exceptional mechanical
strength, high-temperature stability, and ex-
cellent oxidation resistance [3]. High-entropy
carbides and nitrides are another important
type of high-entropy ceramics. These materials
have demonstrated excellent wear resistance,
high hardness, and good thermal stability. Re-
search has focused on the synthesis, character-
ization, and potential applications of high-en-
tropy carbides and nitrides [4]. High-entropy
borides are a relatively new type of high-entro-
py ceramics that have recently attracted atten-
tion due to their unique properties, including
high hardness, high-temperature stability, and
excellent oxidation resistance [5]. Research has
focused on the synthesis and characterization
of high-entropy borides, including their struc-
ture, properties, and potential applications [6].

Table 1 — Characteristics of the raw powders

Research on high-entropy ceramics has pri-
marily focused on the synthesis and charac-
terization of these materials, as well as their
potential applications [7]. Various methods
have been developed to synthesize high-en-
tropy ceramics, including mechanical alloying,
spark plasma sintering, and reactive sintering,
among others. In addition, the properties of
high-entropy ceramics were investigated using
X-ray diffraction, electron microscopy and me-
chanical testing [8].

Diboride-based high-entropy ceramics have
recently emerged as a new category of ma-
terials with unique properties and potential
applications. Diborides are composed of boron
and another metal or metalloid element, have
high melting points, excellent electrical con-
ductivity, and high hardness, making them
suitable for use in various high-temperature
and high-wear applications [9]. The synthe-
sis of diboride-based high-entropy ceramics
involves the addition of multiple elements in
nearly equal proportions to create a disordered
and complex crystal structure, resulting in
materials with enhanced properties compared
to diborides alone [10]. Recent research has
focused on synthesizing diboride-based high-
entropy ceramics and investigating their prop-
erties. For example in [11], SiC-HfB,-ZrB, high-
entropy ceramic composites with high hardness
and good thermal stability were synthesized.
The microstructure and properties of high-en-
tropy ceramic coatings based on HfB, and ZrB,
for cutting tools and found that they showed ex-
cellent wear resistance and high hardness were
investigated.

The unique properties of diboride-based
high-entropy ceramics make them promising
candidates for a wide range of applications. For
instance, they could be used in aerospace, ener-
gy, and cutting tools, where high temperature
and wear resistance are crucial. The potential

: Lattice constant, nm
Powder Avel.fage grain Oxygen coontent, Factory
size, pm “a» “C” wt. %
TiB, 3.9 0.30299 0.32287 1.2 Donetsk plant, Ukraine
ZrB, 3.3 0.31680 0.35305 0.8 Eno Material Co., Ltd., China,
HfB, 6.1 0.31411 0.34751 1.5 Donetsk plant, Ukraine
NbB, 6.5 0.30998 0.33006 1.2 Donetsk plant, Ukraine
TaB, 19.3 0.30880 0.33430 1.4 Donetsk plant, Ukraine
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Table 2 — Chemical composition, temperature of HP, holding time, phase composition, average grain
size, microhardness and lattice constants of solid solutions

Temper- Hold- gé;ierf?ife . Lattice constant
Solid solution ature of | 8 of solid Microhardness, GPa Ref
HP, oC trlnnilﬁ’ solution, “a”, nm | “¢”, nm
pm Hvgo | Hvy | Hvgyg
(Ti,Zr,HfHB, 2100 30 5.5+1.8 20.8 18.5 | 0.31141 | 0.34257
(Ti,Zr,Nb)B, 2100 30 22.2 15.3 | 0.30958 | 0.33558
(Ti,Zr,Ta)B, 2100 30 25.3 19.8 | 0.30892 | 0.33406
(Ti, Zr, Hf, Ta, V)B, 2100 10 7.7£3.2 | 28.3£0.5 - - 0.30858 | 0.33464 | [13]
(Ti, Zr, Hf, Ta, Cr)B, 2000 10 3.241.3 | 32.9+2.7 - - 0.30824 | 0.33502 | [13]
(Ti, Zr, Hf, Ta, Nb)B, 2100 10 4.9+2.4 | 25.2+0.6 - - 0.31053 | 0.33779 | [13]
(Ti, Zr, Hf, Ta, Mo)B,, | 2000 10 | 15.947.0 | 30.6:3.4 | - - [ 0.30915 | 0.33779 | [13]
(Ti, Zr, Hf, Ta, W)B, | 2100 10 | 9.3+35 | 34.8:1.2 | - - 1 0.30930 | 0.33535 | [13]
(Ti, Zr, Hf, Mo, W)B,, | 2000 10 | 13.4+5.5 | 30.940.8 | - - | 0.30828 | 0.33468 | [13]
(Ti, Zr, Hf, Nb, Ta)B, 2000 5 - 17.5£1.2 - - 0.3101 0.3361 [15]
(Ti, Zr, Hf, Cr, Ta)B, 2000 5 - 19.9+2.6 - - 0.3079 0.3336 | [15]
(Ti, Zr, Hf, Cr, Ta)B, | 2000 10 - ~29 - - 0.3089 | 0.3362 | [30]
(Ti, Zr, Hf, Mo, W)B,, | 2000 10 [14.7+12.4| 26.0£15 | - - 0.3079 | 0.3338 | [31]
(Ti, Zr, Hf, Mo, W)B,, | 2000 30 | 4.3+1.8 | 29.4+1.7 | - - 0.3084 | 0.3357 | [32]
applications of diboride-based high-entropy ce- " o —— (Ti, Zr, Ta)B,
ramics have prompted further research to un- o E s — (Ti, Zr, Nb)B,|
derstand their properties and develop new syn- 2 i, Zr, HHB,
thesis techniques. J z0, R { g EN
In summary, high-entropy ceramics are a & A -
promising class of materials with unique prop- o o
erties that have attracted significant interest =
in the materials science community. Further ZrO X

research and development are required to fully
understand the potential of these materials
and to explore their diverse applications in dif-
ferent fields.

The purpose of present study was to investi-
gate the influence of hot pressing (HP) param-
eters on the structure and hardness of low, mid-
dle entropy ceramics based on transition metals
diboride (TiB,, ZrB,, HfB,, NbB, and TaB,).

2. Experimental

The single-phase diborides TiB,, ZrB,,
HfB,, NbB, and TaB, were used to produce
solid solutions with different compositions
(Table 1, Table 2). The middle entropy ceramics
(Ti, Zr, Hf)Bz, (Ti, Zr, Nb)B, (Ti, Zr, Ta)B, were
mixed by wet ball mllhng in a PET crucible
using a 1-5 mm WC-6Co grinding medium in
acetone, with rotation speed of 400 rpm for 5
h. The wet powder mixtures were dried by ro-
tary evaporator and sieved through a 60 mesh.
The powder mixtures were directly poured in
a graphite die previously coated with boron ni-
tride. The heating rate was 100°C/min to the

Functional materials, 31, 3, 2024
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Fig. 1 — XRD patterns of HP ceramics: a-(Ti, Zr,
HB,; d-(Ti, Zr, Nb)B,; c-(Ti, Zr, Ta)B,

densification temperature, followed by holding
at the temperature for 30 min and cooling at a
rate of 100-200°C/min. The consolidation was
carried out by hot pressing (HP) in a CO/CO,
atmosphere. The densification conditions and
properties of the produced ceramics are summa-
rized in Table 2.

The structure of sintered ceramics was stud-
ied by scanning electronic microscopy using a
Mira 3 instrument (Tescan Co., Czech Repub-
lic) with acceleration voltage of 10 and 20 keV
with an energy dispersive spectroscopy EDS
detector Oxford X-Max (INCA, Oxford instru-
ments, UK). A Rigaku Ultima IV, (Japan) dif-
fractometer was used to study the crystalline
phase composition.
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Fig. 2 — Microstructure of ceramics obtained by HP: a — (Ti, Zr, Hf,)B,; b — (Ti, Zr, Nb)B,, ¢ — (Ti, Zr, Ta)B,
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Fig. 3 - Microstructure of HP ceramics (Ti,
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3. Results and Discussion

Microstructures of ternary systems consist
of a solid solution-gray phase, inclusions of
(Hf, ZrB, — a white phase, and a dark phase
(Figs. 1, 2). The dark phase represented grains
that fell out during the polishing procedure.
The XRD spectra (Fig. 1 a) and SEM images
(Fig. 2 b) indicate the formation of (Ti, Zr, H)B,
solid solutions. It can be explained by simi-
lar atomic radii of the metals Ti (1.43 A), Zr
(1.59 A), Hf (1.56 A). According to EDS analy-
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Zr, Nb)B, (a) and (Ti, Zr, Ta)B, at 2100 °C

sis, the chemical formula of the solid solution
was (Tig 5571 55HE) 5B, (Fig.2).

A slightly different situation was observed
for (Ti, Zr, Nb)B, and (Ti, Zr, Ta)B, composites.
Along with the solid solution, ZrO, and W-Ta-
B phases were observed (Fig 2). According to
the EDS analysis, the chemical compositions of
the solid solutions were (Tiy 45, Zry 06, Nbg 32)B5
and (Tiy 5, Zrg 35 Tag15)By. Monteverde et al.
[12, 13] observed the Nb- and Ta- rich regions
in (Ti, Zr, Hf, Nb, Ta) B,. These regions were
observed only when the acceleration energy

Functional materials, 31, 3, 2024



D. Vedel et al. /| Densification,microstructure and hardness of ...

was more than 10 keV. At energies of 10 keV
or below, the amount of signal generated was
small, allowing the segregation of Ta or Nb to
be observed. In our case, a similar region rich
in Nb and Ta was observed for these four solid
solution compounds (Fig. 3). We assume that
the inhomogeneous regions were formed due to
incomplete solubility of metals in the metallic
sublattice of the AIB, structure.

The average grain size of solid solutions de-
pends on two major factors: (i) temperature of
HP; (i) phase composition. On the one hand,
the low temperature of HP (1900-1950 °C) re-
sulted in the formation of fine grains of solid so-
lution ~ 3-4 pm with the simultaneous presence
of HfB, in the microstructure (Table 2). On the
other hand, at the optimum HP temperature
(2000-2100 °C) for the formation of a homog-
enous solid solution, the grain size was 5-7 um
(Table 2). In terms of composition, the system
requiring low temperature to form a complete
solid solution (Ti, Zr, Hf)B,, has a finer grain size
compared to (Ti, Zr, Nb)B, and (Ti, Zr, Ta)B,.

In the preparation of the transition metal
diboride based solid solution, three main prob-
lems were considered: (i) densification; (i1) ho-
mogeneity of the solid solution; (iil) properties.

The high entropy solid solution based on di-
borides can be densified at ~ 1950°C. At lower
temperatures, complete densification of ceram-
ics and obtaining solid solution was impos-
sible. Dymirsky et al. [14] describe the forma-
tion of two solid solutions in the (Zr, Hf, Ta)B,
ceramics at the lower temperature of densifica-
tion (1800°C) or a short holding time (1 min).
Increasing the densification temperature to
1927°C and holding time to 20 min resulted in
a pure and dense solid solution. This indicates
that the HP temperature plays a major role in
the formation of the solid solution.

As we mentioned above, the inhomogeneous
regions were observed in all solid solutions.
The Ta- and Nb- rich regions were formed in the
technological process of obtaining a solid solu-
tion as a result of densification of monometallic
diboride [15] or reduction of metal oxide with
B,C, B, B+C [16-18]. Gu et al. [19] reported
that boron deficiency resulted in significant
segregation during solid solution formation. Ac-
cording to the phase diagram, this is due to the
formation of Me,B, phases based on Nb and Ta.
MeXBy phases have a different crystal structure
compared to MeB, and cannot dissolve in the
diboride solid solution. However, in our case,
the content of boron in Ta- or Nb- rich phases

Functional materials, 31, 3, 2024

was ~ 66 at.%. Zhang [20] suggested that the
segregation of Nb is due to the lower chemical
stability of Nb—B compared with other metal-bo-
ron compounds due to the enhanced hybridiza-
tion between the metal and B [21]. Fahrenholtz
et al. [22] showed that that the formation of sol-
id solutions of diborides depends significantly on
the activation energy of metal diffusion. We sug-
gest that the main reason of the segregation lays
in metallic sub-layer in AIB, lattice. Another im-
portant reason is the formation of phases Ti-W-B
and ZrO, phase. The Ti-W-B phase was formed
due to interaction between WC and TaB, during
hot pressing. ZrO, was present in the composi-
tion because ZrB, interacts with surrounding
oxygen in the nearest phases, since it has the
highest affinity to oxygen.

Hardness. Monteverde et al. [13] have
shown that hardness of high entropy ceramics
based on diborides of transition metals strongly
depends on the indentation load. At the indenta-
tion load of 10 H, the hardness was in range of ~
21.0 — 25.4 GPa. In our case, a more significant
decrease of hardness is observed at a load of 200
H (Table 2). Our composite exhibits high hard-
ness (>17 GPa) at an indentation load of 200 N.

We assume that, the high hardness of the
(Ti,Zr,Hf)B, solid solution is due to the highest
hardness of TiB, [23]. The similar cocktail ef-
fect was observed on the high entropy metal al-
loys [13].

Depending on the test conditions, the re-
ported hardness for TiB, varies from 26.6 to
38.2 GPa [13]. Riley and Niiler’s [24] measure-
ments of hardness under the same load (0.1 kg)
ranged from 17.6 to 25.6 GPa for SHS/DC TiB,
and from 24.5 to 34.3 GPa for hot-pressed TiB,.
The TiB, hardness determined by Honak [25]
under a load of 0.1 kg, was 33.3 GPa. Addition
of TiB, particles can greatly increase the micro-
hardness.

In [26], the hardness of ZrB, is reported to
be up to 23 GPa, while in [27] the hardness of
HfB, is 40.7 GPa. The hardness of NbB, [28] and
TaB, [29] were 35.8 and ~30 GPa, respectively.

The hardness of the starting materials is ~26
GPa, while for the entropic materials it reached
up to 30 GPa. Comparing the hardness of indi-
vidual materials such as TiB,, ZrB,, HfB,, NbB,,
and TaB, with the data in Table 2, it becomes
clear that the hardness increases depending on
the fifth component.
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4. Conclusions

1. The homogeneous solid solution was
formed in the (Ti, Zr, Hf)B, system.

2. The Ta- and Nb-rich regions were ob-
served in (Ti, Zr, Nb)B, and (Ti, Zr, Ta)B, solid
solutions. This segregation was associated with
boron deficiency, resulting in the formation of
MeXBy phases based on Nb and Ta. Further-
more, increased hybridization between metal
and B, low chemical stability of Nb—B, and acti-
vation energy of metal diffusion were identified
as factors influencing segregation.

3. The hot pressing influences on the phase
composition and grain size of solid solutions.
Lower HP temperatures (1900-1950°C) led to
fine grains (~3-4 um), while at the optimum HP
temperatures (2000-2100°C), the larger grains
(5-7 pm) were formed.
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