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Abstract: Ultra-high temperature ceramics (UHTC) are a class of ceramics that possess melting
points greater than 3000 °C and can withstand temperatures higher than 2000 °C without structural
failure. The need to increase the performance inherently leads to the implementation of extreme
temperatures, leading to the search for a new class of materials with better thermal properties.
Compositionally complex ultra-high temperature ceramics with the inclusion of additional elements,
whether resulting in an equimolar or non-equimolar site occupation in the respective sublattices, can
improve properties due to the contributions of the configurational entropy. The term compositional
complexity can be used as an umbrella term for the class of compositions with 3 or more elements and
also their non-equimolar parts. The current review paper is based on the classification of the different
compositionally complex ultrahigh temperature ceramics as borides, carbides, nitrides, etc., and
reviews the different procedures employed for the bulk or powder synthesis thereof.
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1. Introduction

Ultra-high-temperature ceramics (UHTC) are materials that have melting points greater than
3000 'C and may provide structural stability during operation at temperatures up to 2000 °C [58].
These ceramics are mainly based on the non-oxides of the transitional metal from group IV (Ti, Zr,
Hf), and V (V, Nb Ta), among those being (di)borides, carbides, nitrides, or silicides. The high-
temperature stability of these compounds is mainly due to the covalent bonds between B, C, and N
with any of the group 1V, and V elements. The presence of covalent bonds is the reason for high
melting points, outstanding mechanical properties, and oxidation resistance. Additionally, UHTCs
possess better electrical and thermal properties than oxides due to their metallic character [58].
Compositionally complex ceramics is the coinage for the group of ceramics that consist of medium,
high entropy ceramics along with non-equimolar quaternary ceramics. Although the high entropy
concept was introduced initially with the alloys, the use of the high entropy concept accelerated the
ceramic property development. The compositional complexity is based on the Gibbs energy and the
Boltzmann formula of entropy.

AGrix = AHpi — TASpix €]
S=kgho 2

AGnhix: Gibbs free energy of mixing, 4Hx: Enthalpy of mixing, 4Syx: configurational entropy, S:
entropy, Ky,: Boltzmann constant, w: number of possible configurations.

At sufficiently high temperatures, the TAS,,;, term in eq. (1), with the entropy S being given by eq.
(2), dominates the Gibbs energy and thus significantly contributes to a thermodynamic stabilization of
the phase.
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Along with the entropy, many other parameters such as VEC (Valance Electron
Concentration), mixing enthalpy, and rules similar to Hume-Rothery were introduced and considered
to be highly correlated to the thermodynamic stability of single-phase compositionally complex
ceramics. Although the above-mentioned criteria are not definite for the formation of the high entropy
material, a trend for the formation of a high entropic phase can be expected. In the case of the
ceramics, additional contribution from the anionic sublattice can be expected, leading to the increase
of the mixing entropy.

Substitution of the multiple transitional elements in the cationic sublattice of compositionally
complex UHTCs can result in lattice distortions resulting in the hindrance of phonon propagation and
increased electron scattering resulting in lower thermal and electrical conductivities over the binary
UHTC themselves. The case can also be justified with substitution with an anionic sublattice or both.

The UHTC is generally used in aerospace applications involving high temperatures, resulting
in their need for powder, bulk, and coatings. Traditional techniques for densification such as spark
plasma sintering (SPS) and hot pressing are used. Additionally, non-traditional methods such as
molten-salt-assisted methods were also employed to obtain compositionally complex powders,
especially in the case of borides and carbides.

The current review paper will focus on the various compositionally complex borides,
carbides, (carbo)nitrides, silicides, etc. of transitional metals of groups IV, V, and VI, summarizing
the various procedures employed for their synthesis.

2. Brief consideration of compositional complexity in ceramics

In a multi-element compositional space for an alloy considering the various possible
combinations, the compositions corresponding to the center region of the phase diagrams are
generally considered as high entropy materials, with a preset of at least 5 or more elements, as the
mixing entropy would be sufficiently large enough to overcome the effects of enthalpy. The entropy
of mixing 4Spix can be derived using Stirling’s approximation, eg. (3). Assuming anionic and cationic
sublattice contributions, eg. (4) can be obtained.

ASpix = =R * XL x;Inx; ©)
ASpix = —R(Z?=1 cilnc; + Z}’;l a;In a]-) 4

R: Ideal gas constant, x: mole fraction, c: cationic site occupancy, a: anionic site occupancy.
In the case of the medium entropy, the number of elements is between 3 and 5 (see Figure 1).

Due to the entropic part of the Gibbs energy being able to overcome the enthalpy, a single-
phase solid solution may be favored against the other possible outcomes. As the number of elements
increase, due to difference in size, and chemical properties, many unexpected properties can be seen.

Based on the concept of high and medium entropy, compositionally complex ceramics are
developed, where (a) the mixing entropy has a contribution from either the cationic and the anionic
site (b) the number of elements inclusive of the cationic and anionic sublattices can be greater than or
equal to 5.
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Figure 1. Configurational entropy vs number of elements in case of alloys.

Although a lot of element combinations are possible, other parameters such as the deviation
parameter ¢, given by eq. (5), corresponding to atomic lattice parameter mismatch were also
introduced. In the case of the ceramics, it was stated that ¢ should have a deviation of less than 4% in
order to obtain a single phase; however, various compositions with ¢ being greater than 4% were also
observed as single-phase materials.

N2
6= JZhia(1-%) ®)
o0: deviation parameter, a: lattice constant, a: mean lattice parameter, c: concentration.

To avoid the discrepancy, Gild et.al [77] suggested considering the lattice parameter instead
of atomic size to better represent the single-phase formability. In the case of boride systems, the
change in the c direction was observed to be more useful in predicting single-phase formability [77].

Other properties such as entropy forming ability (EFA) were computed theoretically by
Sarker et.al [30] and were also considered during the design of high-entropy ceramics, EFA being a
measure of the likelihood of a material system to form a single phase, obtained by observing possible
unit cell configurations and evaluating their energies.

Although the high-entropy ceramics are observed and found to be promising materials, the
non-equimolar combinations and ternary compositions of the high entropy compositional space were
also found to exhibit similar to or better mechanical and thermal properties, thus the term
compositionally complex ceramics has come into existence by grouping up the medium, non-
equimolar and high entropy ceramics.
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3. Synthesis Methods for Ultra-High Temperature Compositionally Complex Ceramics

As these materials need to withstand application temperatures higher than 2000 °C, a
prerequisite of the present phases is a substantially high melting point (i.e., beyond 3000 °C), making
high temperatures necessary to yield dense and structurally rigid materials. Thus, the fabrication of
the ceramics seems difficult. Many methods are currently being employed for the synthesis to
overcome these complications, and these can be majorly classified as solid-state synthesis
[71.[18].,[24],[26].[29].[40],[59],[60].[69].

Thus, various classes of UHTCs (see Figure 2) were preparatively accessed by using
synthesis methods such as carbo- and borothermal reduction [3], [65], [85], [90], [91], reactive
sintering of the elements [2], [7], [8], [16], [43], [50], [70], [72], [74], [75], [77], [87], molten salt
synthesis [61], [64], [88], [89], sol-gel synthesis [29], [31], [63], [69], [96], arc melting [62], [92],
[93] and high pressure [19], [94], [97]. The processing can also involve multiple steps consisting of
combinations of these methods to favor the random distribution of constituents in cationic and anionic
sublattices. -

°® e o .
(]
" : .}’.zg °g0g0

.. .o 9% X@I .’.

:o:.:::::‘.. "\?‘ ..:0

Cmcm (Monoborides) |mmm (M,B,) P6/mmm (Diborides)

F(Jsr2§|2 é)[r)(i)?(i)lr;i;)j:)S) Pm-3m (Hexaborides)
2

- L Fm- odecaborides)

P6 Jmem (Carbides, Nitrides,Carbonitrides,BCN) e o ®

(Mn,S prototype)

3m (Do
® o

OH® @
) ¢ ) {

L@@

oN-igse ®
Figure 2. Various classes of compositionally complex UHTCs synthesized so far and their
experimentally observed crystalline structures.
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3.1 Solid State Synthesis

Solid state synthesis is a straightforward reaction, suitable for solid reactants. This
process involves the reaction of the individual constituents. Tallarita et al. [7] have synthesized
(Hfy2Mog,Tag2Nbg 2 Tig2)B, by reacting a ball-milled mixture of Hf, Mo, Ta, Nb, and Ti metal
powders along with boron to obtain a high entropy diboride, according to the following eg. (6).

0.2Hf + 0.2Mo + 0.2Ta + 0.2Nb + 0.2Ti + (2 + x)B = (Hfy, ;M0y 2T ag sNbo,Tio)B; (6)

The self-propagated reaction of the mixture occurred with W filament as the heating
source. Excess boron was used to reduce the oxide impurities. However, a small contribution of
additional phases such as HfO,, (Hf, Ti)B,, (Ti, Ta)B,, and HfB, were found through XRD
investigations.

Recently Zhao et. al [59], [60] SyntheSized (V0.2M00.2W0.2Nb0_2Nio_g)B,
(V0.2Cro2Mo0g2Nig,Wo,)B, (V02M0g 2 Tag 2Nig Wy 2)B, (V0.2Cro2M0g,Wo,Tig,)B and
(Crg.2Mog,Tag,Nig,Wo2)B via reactive hot pressing of ball milled mixtures of the compositions
mentioned above. Although there were oxide and diboride phases, the sintering of these
compositions at 2000°C resulted in high entropic monoborides except for
(V0.2CrgoMog ;W5 Tig2)B as significant TiB, was observed even at 2000 °C. However, Ye et al.
[65] used ball mill-assisted hot pressing for (Tip333Zr0.333H0.333) B> at 1900 °C

Chicardi et al. [26], [40] used a simple mechanochemical method for
(Tig2Zro2Hfo2Vo2Nbg ,)C, (Tig2Zro2Hfo2Vo2Tag,)C, (Tig2ZroHfg 2Nbg 2 Tag 2)C,
(Tio2Zro2Vo2Nbg2Tag2)C, (Tip2Hfo2Vo2Nbo2Tap2)C and (Zro.Hfo2Vo2Nbo,Tag)C, via a long
duration (/extended) ball milling at room temperature. In the case of (Tig2Zrq2Vo2Nby2Tag2)C, the
metallic powders were mixed with carbon and ball milled for 70 h under 5 atm of Ar, with an
interval of 5h of ball milling and 1h of pause to avoid a temperature increment, thereby
obtaining the high entropy carbide without any involvement of heating.

In the case of nitrides, Jin et al. [29] synthesized (Vo2Nbg.Cro,M0g22Zr,)N by reacting
chlorides of V, Cr, Nb, Mo, and Zr with urea. The chlorides were reacted with urea under the
mechanical influences of ball milling for 30 min which resulted in gelation. The gel was later
pyrolyzed at 800 °C under N resulting in (Vo2Nbg2Crg2M0g 22Zrg2)N.

Similar steps were followed for (Hfy,Nbg,Tag,Tig2Vo2)N by Xing et. al,[69] however
ethanol was used during milling and the pyrolysis temperature was 1300 °C.

However, Guan et al. [18] have applied this method to obtain borocarbonitrides with a
simple two-step mechanical alloying. (Tag2Nbg »Zrg ,Hfs 2Wo 2)BCN,
(Tag2Nbg»Zrg ,Hf 2 Tig2)BCN, and (Tag,Nbg 22, TigWo,)BCN were synthesized by mechanical
alloying of amorphous BCN with the respective metallic powders. The amorphous BCN was
prepared by 10 h of milling of h-BN and graphite. The respective metallic powders were added in
the second step of mechanical alloying, which continued for 24 hours.

Zhao et al. [24] have involved Al to obtain (Tip25Vo.25Nbg25Tag25)C. The elements were
mixed in a composition similar to 20 at% of HEC and 80 at% Al. The respective powders were
ball milled using ZrO, and were calcinated at different temperatures leading to a high entropy
carbide in the Al matrix. The aluminum formed intermetallics at low temperatures, but when
pyrolyzed at high temperatures, it resulted in a single-phase carbide because Al was acting as a
solvent, facilitating diffusion (see Figure 3).
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Figure 3. (A)-(C) SEM images of (TiTaNbV)C alloyed with Al, (TiTaVNb)C alloyed with Al
and (TiTaVNb)C without Al. (E)-(F) displays the XRD of the compositions obtained at different
temperatures and clearly shows the effect of Al on obtaining a single phase. Reprinted from Zhao

et. al. [24]

3.2 Carbo-/ Borothermal Reductions

These methods are usually employed when the preparative access to the UHTCs is
anticipated from oxidic precursors. A thorough mixing or milling of the respective oxides along
with a reactant source forms the compositionally complex ceramic.

Zhang et al. [3] prepared (Hfo2Zro2TagoNbg,Tig2)B,, (Hfp2Zro2M0g2Nbg,Tig,)B, and
(Hfy2Mo0g 2 Tag 2Nbg 2 Tig2)B, (Hfg2Zre,Tag2Cro2Tig2)B, — hexagonal diboride compositions. The
appropriate amounts of the oxides for the target compositions were thoroughly roll-milled (for
24 h with SisN, milling balls along with B,C, acting as a source for both carbon and boron. The
compositions were heated under vacuum at 1600 °C resulting in compositionally complex
diborides and small amounts of polymorphs of HfO.,.

Zhang et al. [91] synthesized a quaternary diboride, (Hfo25Zr025Ta0.255C025)B2, by ball
milling the respective oxides and B4C in ethanol, with zirconia as milling balls, then pressing
cylindrical pellets to ensure contact during pyrolysis at 1700 °C under vacuum for 2 h, leading to
the formation of a single phase compositionally complex ceramic.
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Cui et. al [100] synthesized the first high-entropy dodecaboride (Dyg,H0gEro,Tmg 2L Ug-)B1, and
SUbsequently (Dyol165H00.165Ero.lsﬁTmo.lsﬁLUOI]_ﬁstx)Blz by reaCting Dy203, H0203, Er203, Tm203
and Lu,O; with excess boron (see Figure 4). In the case of the latter composition, HfO, was
included in the reaction. The powders were thoroughly ground in a pot for 24 h with ethanol and
ZrO, balls, then pressed as cylindrical pellets and subsequently pyrolyzed in a vacuum at 1600 °C
for 1 h. The obtained powders were either densified by spark plasma sintering (SPS) with a
pressure of 30 MPa at 1500 °C, 1600 °C, 1700 °C, and 1800 °C for 5 min or high-pressure
sintering at 5 GPa at 1700 °C for 30 min. This exact synthesis procedure was also followed for

the hexanary composition.

(a) = (D 6Ho Er s TmyLuy gHE)B
* HfB,
V Si standard
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Figure 4. (a) XRD of the dodecaboride with HfB, impurity. (b) SEM image of the obtalned
powders. Reprinted with permission from Cui et al. [100]

The EDS mappings and TEM characterization were performed and the particles were segregated
as Hf-rich, rare earth-rich, and B-rich, layered, phases (see Figure 5).

e 3

[310]

(d)

Flgure 5 (a) BF-TEM |mage of grains with FFT in right inset. (b1), (c1), (d), (e) atomic resolved
HAADF images, (f) HAADF and EDS. Reprinted with permission from Cui et al. [100]
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Zhang et al. [90] have used a sol-gel assisted carbothermal reduction in the case of
(Hfo2Zr02Tig2Cegolag2)C. This method resulted initially a high entropy oxide and later the
carbide phase. Hafnium(lV) acetylacetonate, zirconium(lV) acetylacetonate, titanium(lV)
isopropoxide, cerium(lll) acetylacetonate, and lanthanum(lll) acetylacetonate were mixed in
benzyl alcohol. The mixture was loaded into an autoclave and was heated to 220 °C for 48 h
resulting in a metal oxide precursor, after ethyl ether was used as a gelation agent. The metal
oxide precursor was heated to 220 °C for 5 h, resulting in a high entropy oxide which then was
mixed with glucose (as a carbon source) and dispersed in water. After pyrolysis at temperatures
higher than 1300 °C, it resulted in single-phase high entropy carbides.

The oxides that were synthesized by the sol-gel method were observed to be amorphous
up to 400 °C. The sol-gel technique was used to synthesize the compositions (HfZrTi)O,,
(HfZrTiCe)Oy, (HfZrTiLa)Ox and (HfZrTiCeLa)Oy. The similarity in the diffractograms of the
synthesized compositions suggests that the mixing entropy had a low effect on nucleation [90]. At
higher temperatures, the (Hfy,Zro,Tig.Ceq,La,,)Oy is found to be of fluorite structure and the
elements Hf, Zr, Ti, Ce, and La are homogenously distributed with a lattice spacing d;i; of
0.273 nm.

The presence of glucose as a carbon source resulted in (HfoZrg,Tip2Ceg2lag2)C only
after pyrolysis at 1600 °C and as the amount of glucose was increased, the secondary phase
shifted from La,0O; to LaC,. After carbothermal reduction, both (Hfy,Zry,Tig.Ceqolag2)C and
(Hfo2Zr02Tig2Ceg2Lag2)C with an amorphous layer of (Hfy 221, Tip2Ceg2lag2)(O)C formed.

(NbgosTag s Tigos Zrgos)C composition [85] was prepared directly via carbothermal
reduction of Nb205, Ta205, TiO2 and ZrO2 at 2000 °C (see Figure 6).

Log Intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

Figure 6. (i) SEM-EDS of coral-shaped (Nbg,sTag25Tig25 Zrg25)C. (i) TEM -EDS and SAED (iii)
XRD of the synthesized (Nby,sTagsTig2s Zry,5)C at 2000 °C and 2200°C. Reprinted from Ye et
al. [85]
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Interestingly, (Mo0g2Nbg,Tag,Tip,Zrp2)C  was synthesized by magnesiothermic
carbothermal reduction of ball-milled MoOs;, Nb,Os, Ta,Os, TiO,, and ZrO, along with graphite
and Mg at 1350 °C — the obtained mixture consisting of the high-entropy carbide and magnesium
oxide was rinsed with HCI to obtain MgO-free carbide powders (see Figure 6) [67].

3.3 Pressure and Pressureless Sintering or Densification

Generally, the sintering involves two steps, the first step being the mechanical mixing of
the respective precursors and the second step being the simultaneous compaction and heating, i.e.
reactive sintering. These precursors can either be oxides, metals, or even the binary ceramics

themselves.
Gild et al. [77] have synthesized several diboride ceramics, namely
(Hfo2Zro 2 TagaNbo 2 Tig2)Bo, (Hfo 2Zro,Tag2Mog 2 Tig 2)Ba, (Hfo.2Zro M09 2Nby 2 Tig2)Bo,

(Hfp,Mog,Tag,Nby,Tig2)B,,  (Mog,Zrg2TagoNbg,Tig2)Bs, and  (Hifg,Zrg,Tag ,Cro2Tig2)B, by
combined sintering of individual binary metal borides. The metal borides were ball-milled under
Argon. The obtained ball-milled mixture was sintered at 2000 °C for 5 min with 30 MPa resulting
in a single-phase phase AIB,.type structure (see Figure 7). A Mo foil was used as an intermittent
to prohibit the reaction between the powders and the graphite crucible. Also, Qin et al. [74] have
synthesized (Tig,Zro2Hfy M0 2Wo2)Ba, (Tig2Tag2Cro2Mog2Wo2)Ba, (Zro2Hf ,Nbg2Tag,Wo2)Bs,
and (Zrg1sHfy205Tag205M0g225Wo.1)B, from elements through reactive sintering. The individual
elements were ball milled with boron, using stearic acid as a lubricant, and were sintered in two
steps, similar to the method reported by Tallarita et al. [7] The die was held at 1400 °C and
1600 °C to promote the reactions of boron with oxides as well as simultaneously occurring
outgassing. Later, they were sintered at 2000 °C, resulting in a complete single phase with W and
Mo being stabilized without segregations at high temperatures.

Kavak et al. [75] have synthesized quaternary diboride (Hfy,5Tig25Wo25Z1025)B, in
mechanochemistry-assisted SPS. The HfO,, TiO,, ZrO,, and WO; were reacted individually with
boron using magnesiothermic reactions. The obtained binary diborides were then milled along
with boron under Ar with a pause of 5 min after each finished 60 min of a total milling time of 4-
10 h. The obtained milled powder was sintered at 1800 °C-2050 °C to obtain a single-phase
diboride with minor oxide impurities.

Qin et al. [8], [70], [72], [74] have synthesized various tetraboride compositions, i.c.,
(Yo0.17Ndo.18Smg21Gdo22Er0.22)Ba,  (Y0.21Sm0.10Gdo21Ero.18Ybo21)Ba, (Yo.22La0.18Pr020Dy0.23Er0.17)Ba,
(Y0.22Ndo.18Gdo.20Dy0.21Ero.10) B4, (Y0.22Ndg.20Sm0.20Gdo.19Tby.19) By and
(Ndg.18Smyg 19Gdy23Tbo 21 Ybo 19)Bs as well as hexaborides with lanthanides, obtaining relative
densities of at least 98% for the compositions (Y(23Ndg21Smg20Gdo15Ybg.15)Bs,
(Yo.190Lao.10Pr0.22Dy0.19Ybo.21)Bs, (Lag.19Nd21Smy23Gdy.19Y bo.15) Be,
(Yo.22Lag20Ndo.19Smg 20Gdg.17)Be, (Yo21Lag.17Ndo.18Smg 2, Ty 23)Bs and
(Lag.18Pro21Ndg 19Smg 5, Tbg»1)Bs. [8] Compared to the procedure of Gild et al. [77], who
performed SPS of the ball-milled mixture of metallic powders and boron, the parameters differ, as
1700 °C with a pressure of 50 MPa and a holding time of 10 min were used by Qin et al. The
compacted powders were then sintered to obtain single-phase ceramics. Through this process,
M;B;-based high entropy borides of compositions (V,Cry>Nbg,Mog,Tag,);Bs  and
(V02CrgoNbg,Tag,Wy,);B4 were synthesized, which showed minor impurities in form of M:Bg
phase [71]. Also, various high-entropy monoboride compositions, i.e., (V,Cry2Nby,Tag>2W2)B,
(V02CrgoNby M0y ,W2)B and (V,Cro,Nbg,Mog,Tag,)B, were synthesized via reactive sintering
with similar conditions [2].
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Figure 7. Structural characterization of (Hf,,Zr,Ta, 2Moo 2 Tig2)B,. (a), (b) ABF and HAADF,
(c), (d) ABF and HAADF at higher magnification showing the cations (in red) and boron (in
green) (e) XRD of (Hfy,Zrq,Tag,Mog,Tig2)B; at different stages of synthesis (f), (g) SEM EDS
and STEM EDS of (Hfy,Zry,Tag,Mog,Tip,)B,. Reprinted from Gild et al. [77]

In the case of some carbide-based UHTC compositions [43], a unique route of non-
reactive sintering was found. The cold-pressed green bodies of carbides were placed in an electro-
resistively heated graphite felt in an argon atmosphere. Rapid heating of the cold-pressed green
body leads to sintering. Although the current and heating are prone to be uneven, the process
proved to be a fast and energy-efficient way to obtain dense ceramic pellets.

Dippo et al. [16] prepared several bulk high entropy (carbo)nitrides by performing SPS of
milled binary nitrides and carbides under vacuum at 2000 °C. Further, Moskovskikh et al. [50]
have synthesized high entropy nitrides with combustion synthesis-assisted SPS. The high energy
ball milled metallic powders were combusted under N, of 8 atm pressure. The obtained nitride
powders were then sintered at 1800 °C for 20 min with a pressure of 30 MPa under 0.8 atm N,

(see Figure 8).
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Figure 8. (a) HRTEM of (Hf;,Tag,TigsNbg,Zry,)N, (b) SAED pattern from [001] zone axis, (c)
EDS mapping (d), (e), (f) XRD of the precursors at different stages of the synthesis. Reprinted
from Moskovskikh et al. [50]

High-entropy silicides of (V2CrgaNbg,Tag,Wo2)sSis and (Tig,Zrg,Nbg Moo ,Hfy,)sS13
have been prepared by Sivakumar et al. [87] in ball-milled assisted SPS at 1900 °C and 1800 °C
respectively, with a holding time of 20 min at 50 MPa. Interestingly, these phases were found to
be of Mn;sSis-type hexagonal D8y structure, although the binary V, Cr, Nb, Ta, and W silicides
exhibit rather tetragonal CrsSi; (D8;) or W;sSi; (D8,,).

Composition (Zro_196Hf0_02V0_196Nb0'|96M00‘196W0‘196)Cx was SyntheSized by the HOt'
pressing route by Zhang et al. [110] by ball milling the oxides with carbon for 20 h and
subsequent carbothermal reduction at 1600 °C for 1 hr in a vacuum and hot pressed at 2100 °C for
60 min with the pressure of 30 MPa resulting in single phase carbide at x = 0.7 and 0.8 and the
rest compositions had either spinodal decomposition or discontinuous precipitation.
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3.4 Molten Salt

Molten salt synthesis was employed recently by Ning et al. for a medium entropic
ceramic (Tag,sTip25Nbo25Vo2s)C [64]. The elements Ta, Ti, V, and Nb along with carbon were
mixed in KCl and resulted in (Tag»5Tig25Vo25Nbg25)C ceramic without any oxidic impurities after
pyrolysis under argon at 1300 °C (see Figure 9).

(Tag »sHfy25Tig 25Nbg 25)Si, was prepared via the molten salt method using transition metal
oxides. Thus, Ta,0s, HfO,, TiO,, and Nb,Os were mixed along with 200 wt% excess SiO, as well
as 350-400 wt% excess Mg and NaCl+KCl. The mixture was pyrolyzed under argon at 800 °C for
6 h, resulting in fine disilicide powders [88].

Ye [89] used metal oxides, B,O3;, MgCl, and Mg for the magnesio-thermic synthesis of
(Zr25Tag 2sNbg 25Tl 25)Bo, (Hf25Tag »sNbg 25T 25)Bo, (Hfy25Zr0 25 Tag 25Nbg 25) B> and
(Tag25sNby 25Tig25Cro.25)Bs. As the compositionally complex ceramics supersaturate the molten salt,
the fine-grained ceramics with a particle size well below 100 nm can be obtained (see Figure 9).

The underlying mechanism in a molten salt-assisted synthesis is the dissolution of cation
precursors into the molten salt, causing an intermediate state where cations and delocalized
electrons are present. These delocalized electrons then are accepted by the dissolved anionic
precursor, resulting in delocalized anions. The recombination of the ions at the anionic surface
leads to the formation of a high-entropy ceramic [64].
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Figure 9. i) (A), (C) TEM, (B) particle size distribution, (D) SAED, (E) EDS mapping, (F) XRD of
(Tag25Tig25Vo25Nbg25)C. Reprinted from Ning et al. [64]. ii) (A)-(C) TEM with SAED and EDS and
(D) XRD of (Zr0,25Ta0_25Nb0_25Ti0,25)B2. Reprinted from Ye et al. [89]
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3.5 Sol-Gel

The sol-gel process is a wet chemical synthesis route starting from a solution in either
water, organic solvents, or a combination thereof, that is, through condensation and hydrolysis,
forming a network with an enclosed solvent, a gel, depicted in Figure 10. It mostly is
straightforward, without any complicated setup or processing involved — with some exceptions
being supercritical drying to obtain aerogels or oxygen-free syntheses. This process can be
applied to a good number of ceramic classes, such as borides, carbides, oxides, and many more.
Yang et al. [63] have prOduced (Crolefo.zMO().zNbo_zTaolz)Bg for which HfC|4, NbC|5, CrC|3.6H20,
Mo(ll)acetylacetonate and TaCls were dissolved in ethanol. Further, sorbitol and boric acid were
mixed along with citric acid and ethylene glycol into the solution, which was heated and dried to
obtain a xerogel. It was later pyrolyzed under argon resulting in a high entropy diboride powder.
The sol-gel route was further used by [31] to obtain a high entropy carbide sample. [31] used the
respective chlorides with the furfuryl alcohol as the gel former with butanol as the solvent,
obtaining a gel which later, upon pyrolysis, resulted in a single-phase high entropy carbide.
Usually, the precursor needs to feature carbon-rich functional groups, e.g., alcohol. Other
precursors such as citric acid, glucose, and PEG along with water-soluble salts can be considered
to obtain the target compositionally complex ceramics at high temperatures. Interestingly, this
method was modified by [96] by substituting alcohols with acetyl methane and butanol and then
reacting the mixture in a hydrothermal autoclave chamber to obtain the gel which after pyrolysis
results in carbide.

For nitrides, however, the reaction only involved one step in which the chlorides react
with urea to form metal urea gels, which later are pyrolyzed to obtain the nitride ceramics (see
Figure 11). [29],[69]

Polymenzat‘on

u*

W |
Figure 10. Schematic diagram of the sol-gel process in the case of high entropy carbides.
Reprinted from Du et al. [56]
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Flgure 11. (a) SEM, (b-k) TEM with EDS and SAED and (1) XRD of (Cry,Mo0¢,V2Z1,Nbg,)N.
Reprinted from Jin et al. [29]
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3.6 Arc-Melting

The arc melting method involves the melting of the respective individual ceramics into a
homogenized solution and later cooling to obtain homogenous high entropy ceramics. However,
this method cannot be used for nitrides and other materials with high vapor pressure. As carbides
and borides possess significantly lower vapor pressure, there are many studies involving these
material classes. In [92], a quinary and four quaternary compositions of the (Hf, Ta, Ti, Zr, Cr)B,
family, were obtained as single-phase compounds in all the compositions. However, the
chromium-containing samples showed a decreased amount of chromium due to its relatively low
melting point and high vapor pressure when compared to other borides.

For carbides, Ya et al. [62] used oxides and graphite as precursors to react them under DC
arc discharge and subsequently used the resulting binary carbides to form a high entropy carbide
solid solution through a further arc-melting step

In the case of Xia et al. [93], ball-milled binary carbides were directly arc melted to
obtain the ceramic (Nb0_25M00_25Tao.25W0.25)C and (Nbole00_2T30.2W0.2Hf0.2)c.

3.7 High Pressure and High-Temperature Compaction/Sintering

Recently, the synthesis of high-entropy ceramics has also been realized through high-
pressure high-temperature techniques. Guan et al. [14], [94], prepared the well-known
(Tig2Zre2Nbg,Tag,Mog,)C and (Hfy,Nbg,Tag,Tig,Zr02)C and phases by pressurizing the powder
mixtures of the binary carbides to 5.5 GPa and simultaneously heating them to 1600-2000 °C,
resulting in single-phase high entropy carbides.

Iwan et al. [97,99] synthesized (Hf,,Tig>Zro2Tag,Mog,)B, via high-pressure high-
temperature reactions (see Figure 12). The materials used were the oxides of the respective
metals, i.e. HfO,, TiO,, ZrO,, Ta,0Os and MoO;, as well as slightly excess B,C and C to diminish
the retention of oxides at the synthesis conditions, compensating the loss of B and C as B,0O; and
CO respectively. All powders were thoroughly milled before loading them into the high-pressure
cell.

(Hf;,Mo0,Nbg,Tag,Tip2)B,  and  (Hfy2Mog2Nbg 2 Tig2Z1,)B; were synthesized
analogously, the setup is schematically shown in Figure 13.[97] The high entropy borides formed
at a pressure of 0.9 GPa at temperatures above 1100 °C and were measured up to 9.5 GPa and
2000 °C (see Figure 14).

]

I 00 um 5.0 kV TaM ————— 200 pm

Figure 12. SEM micrographs of (Hfy,;Mo0¢,Zry,Nbg,Tay,)B,. Reprinted from Iwan et el. [99]
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Figure 13. Schematic of a general HP-HT used by Iwan et al. up to 7.6 GPa and 1600 °C. [97]
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Figure 14. XRD of (Hfy,Mo0(,Nbg,Tag,Tig,)B,. Reprinted from Iwan et el. [99].
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All compositions up to date that were successfully synthesized as single phase including
minor oxidic impurities are listed below in Table 1. The borides, especially diborides triggered
the motivation of looking for UHTCs with improved ultrahigh temperature capability. The
number of synthesized compositionally complex carbides is markedly high, indicating that their
preparative access is less difficult- this possibly relies on their robust process (typically
carbothermal reactions of oxides) as well as the high thermodynamic stability in this class of
materials. The nitrogen fugacity in the materials at the temperatures of synthesis and processing
results in difficulties during the preparations, due to which the number of synthesized
carbonitrides and nitrides is less.
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Table 1. Synthesized compositions of UHT-CCC and their crystal structures

Ceramic | Synthesized compositions Crystal Reference
structure
Mono- (Crg,Moy2Nby, Vo, W2)B (2]
borides (Cro'zMOO.zNio,z V0.2W0'2)B [59]
(Cro2 Mg 2Nbg 2 Tag2Vo.2)B (2]
(Cr,Moy 2 Tag2Nig, Wy 2)B Cmcm [59],[60]
(Cro2Nbg2Tag, Vo, Wy ,)B (2]
(Vo2Moy2W(2Nby 2Nig,)B [59]
(V0.2Cr9 oMoy, W2 Tij2)B [59]
(Vo2Moy,Tag,Nip,Wo.2)B [59]
Di- (Hfo.333Ti0.333Z10.333) B, [65]
borides (Crg.25sNbg 25Tag 25 Tig 25) B [89]
(Hfy25Nbyg 25Tag 25 Tig 25) B, [89]
(Hfp25Nbg 25Tag 25210 25) B2 [89]
(Hf25S¢0.25Tag 25210 25) B> [91]
(Hfo25Tig25V0.25Z10.25) B [109]
(Hfo25Ti925Wo.25Z1025) B2 [75]
(Nby.25Tag25Tig.25Z10.25) B2 [89]
(Hfy25Tag 25 Tig 25210 25) B, P6/mmm [92]
(Cro.2sHf 25Tig 25210 25)B, [92]
(Cro.25H1g 25Tag 25710 25) B [92]
(Cro.sHf) 25Tag 25Tig25)Ba [92]
(Cro.25Tag25Tig 25710 25) B [92]
(Hf 28710 28Tag 2sWo.15) B [103]
(Cro2Hfy,Mo,2Nby 2Ty ,)B, [63]
(Cro,Hfy,Tag ,Tig 2Zry2)B, [74],[92]
(Crg,Moy2Tag > Tip 2 Wy 2)B: [74]
(Ero,Hfy,Tag,Tig2Zr9,)Bs [108]
(Hfy,Mo,Nby,Tag,Ti»)B, [71,[771,[99]
(Hfy Mo ,Nby 2 Tig»Zr) ) B> [77]
(Hfy,Mo,Nbg ,Tag»2Zr),)B; [99]
(Hfy,Mog,Tag»Tig2Zry2)Bs [771,[97]
(Hfp,Mog,Tig, W 2Zrg,)B, [74]
(Hfo,Nbg ,Tag 2 Tig2Zr ) B> [77]
(Hfo,Nbg,Tag2V2Zr02)B, [10]
(Hfy,Nby 2 Tag >, W »Zr),)B> [74]
(Mo ,Nbg,Tag,Tig,Zr2)B, [77]
(Zry.205H1.555Tag225M0g.205Wo.1)Bs [74]
Tetra- (Y0.17Ndg.18Smg 1 Gdg 2:Er¢ 2,) B4 [72]
borides | (Yo.21Smg 190Gdg2iErg 15Ybg21)Bs [72]
(Yo.22Lag,15Pro20Dy0.23Er).17)B4 P4/mbm [72]
(Y022Ndg.18Gdg 20Dy0.21Er0.19) B4 [72]
Y 0.22Ndg 20Smg 20Gdy, 19Ty 19) B4 [72]
(Ndy.18Smy 19Gdy.23Tbo.21 Yby.19) By [72]
Hexa- (Y0.23Ndg21Smg20Gdg.15Yby.15)Bs (8]
borides (Yo.19Lag,19Pr92:Dy0.10Ybg 21)Bg (8]
(Lag.1o0Ndg21Smy 23Gdy.19Ybg.15)Bs Pm-3m (8]
(Yo.22La20Ndo,.19Smy 2,Gdyg.17)Bsg (8]
(Yo.21Lag,17Ndg 18Smy 5 Tby 23)Bs (8]
(Lag.18Pro.21Ndo.190Smyg .21 Tby1)Bs (8]
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Ceramic | Synthesized compositions Crystal Reference
structure
M;B, (V0.2Cry2Nbg ;M0 2Tag,):B4 Immm [71]
(V0.2Cry2Nbg ,Tag ;W 2)3B4 [71]
Dodeca- | (Dyo.166H00.166E10.166 Tmo.166L00.166HE) B 12 Fm-3m(UB)5) [100]
borides (DyoAzHOoQEI‘o,szOQLUOAz)B12 [101]
Carbides (HfoA333Ti0A333ZI'0.333)C [105]
(Nby 333Tag 3332r0.333)C [95],[106]
(Tag 333Tig 333210 333)C [86]
(Hfo25sNbg 25 Tag 2521 25)C [39],[47]
(Hfo.25Tag25Tig 25219 25)C [44]
(Moyg 25sNbg 25Tag 25 Wo.25)C [93]
(Nby.25Tag25Tig s Zrgzs) C [13],[57],[85].[96]
(Nby.25 Tag 25Ti25Vo.25)C [24],[64]
(Nby.25Ti925V.25Z10.5)C [80]
(Ceo . Hfy,Lag,Tig2Zry2)C [90]
(Cro2Nbyg 2 Tag,Tig,Vo2)C [43]
(Crg,Nbg,Tag,Tig,Zr2)C [43]
(Crg2Nby,Ti92 Vo 2Zr19,)C [43]
(Hfp,Mo,Nbg,Tag,Tig»)C [41]
(Hfy,Mo¢,Nbg,Tag, Wy ,)C [93]
(Hfy,Moy,Tag,Tig,Zry,)C [41]
(Hfo'ng0'2Tao,2Ti0'2V0'2)C Fm-3m [26],[30]
(Hfo,Nbg ,Tag2Tig, W ,)C [41]
(Hfy,Nby ;Tay 2 Tig »Zr,)C [301,[57]
(Hfy,Nby,Tag >V 2Zr,,)C [26]
(Hfo,Nbg 2 Tig»V2Zr0,)C [26]
(Hfy,Tag,Tig2Vo2Zr0,)C [26]
(Hfy,Tag,Tig,Wo2Zrg,)C [30]
(Moy2Nby 2 Tag,Tig,V,)C [41]
(Moy2Nby > Tag , Tig ,Zr,)C [57]
(Mo ,Nbg,Tay,V¢2Wo,)C [30],[45]
(Nbg2Tag,Tip2V2Wo.2)C [30]
(Nbg,Tag,Tip2V2Z102)C [30]
(Nby2Tag,Tig2Wo 2219 ,)C [96]
(Zr0.196H£0.02V0.106Nbg. 196M0g. 196 W.196)Cyc [110]
(Cro.16Nbg 16 Tag,16Ti0.16Vo.16Z10.16)C [43]
(Hfo.16Nby.16Tag.16Tig.16Wo.16Z10.16)C [96]
(Tig.16Zr0.16Hf0.16Nby 16 Tag.16M0g,.16)C [19]
(Cro.143 M0g.143 Nby 143Tag 143Ti0.143V0.143 Z10.143)C [43]
(Hfo,143Nbyg.143Ta0,143Ti0.143V0.143W0.143210 143)C [96]
(Cro.125 M0g.125Nby 125Tag.125 Tig.125Vo.12sWo.125 ZI0.125)C [43]
(Hf.12sM0y.125Nby 125Tag, 125 Ti0.125V0.125Wo.125Z10.125)C [96]
(Tig.11 Zro.11 Hfg.11 Vo1 Nbg 1y Tag 11 Cro.n Moy 1W0.11)C [111]
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structure
(Tig 333210 333H1) 333)CN [102]
(Tig25Zr9 25Hf) 25Nbg 25) CN [102]
(Carbo)- | (Hfy,Nbg,Tag,Tig2Zrg,)N [50]
nitrides (Cro_zMOO_zTao,QV(),zWo‘Q)CN [16]
(Cro,Hfy ,Tag ,Nbg , Tip,)CN [16]
(Cro2aNby 2 Tag,Tip,Vo2)CN Fm-3m [16]
(V92Nbg2Crg2Mog 221 )N [29]
(Crg,Nby,Tip,Tag,Vo2)N [16]
(Cro2Hfy,Nbg ,Tag ,Tig2)N [16]
(Hfy,Tag2Nbg2Zry 2V 2)N [69]
(Tig2Zr ,Hf 2Nby ;Tag ;) CN [102]
(Tip25Wo25Vo2sTagos)N [107]
S|||C|des (V()'zcro'szo.zTao'2W0.2)5Si3 P63/mcm [87]
(Tig2Zro ,Nbg Moy ,Hf 5)sS13 [87]
(Cr92Mog,Tag,V2Nby2)Si, [61]
(Moy,Nby > Tag , Tig »Zr.)Si, [61]
(Tig2Zro 2Nby Moy , W 2)S1, P6,22 [61]
(Mo ,Nbg,Tag,Tig2Wo.2)Siz [61]
(M0 2WCrg,Tag,Nby,)S1, [61]
(Nby .25 Tag.,sHfy 25 Tig.25)Sin [88]
Boro- (Ta()'szo.zZI'O_sz()_zW()‘z)BCN [18]
Carbo— (Ta()'2Nb0'22r0'2HfO'2Ti0_Q)BCN Fm-3m [1 8]
nitrides (Tao'szo'zzro'QTio_QWO_Q)BCN [18]

4. Conclusion

Recent studies on the various synthesis technigques have aroused an interest in the UHTC area.
The UHTCs in combination with compositional complexity have been proven to be high-potential
candidates for applications involving extreme conditions. The thermodynamics of high entropy
ceramics is not yet completely understood; however, many computational predictions and approaches
are being performed to understand the behavior of the compositionally complex ceramics. All
compositionally complex UHTCs consist of borides, carbides, nitrides, carbonitrides, and silicides.
These were usually synthesized either as bulk samples or as powders depending on the used synthesis
route. In the case of powders, mechanochemical methods such as ball milling, self-propagation high
temperature, molten salt-assisted reductions, boro/carbothermal reductions, and sol-gel were used. To
ensure homogenous reactions, usually mechanochemically milled samples were preferred for further
process except for molten salt assisted. So far, the only compositions synthesized at room temperature
are (TaolzNbo_zZl’o,szo,zWo_z)BCN, (TaolgNbo_zzrolngolzTiolz)BCN, and (Tao_zNbolgzrolgTiO.QWOIZ)BCN,
those were prepared using a ball milling approach. Most of the carbides, nitrides, and silicides were
prepared by employing spark plasma sintering as dense monoliths. Sol-gel methods have resulted in
obtaining borides, carbides, and nitrides as powders which in turn can be used as prerequisites for
spark plasma sintering or hot pressing to obtain dense samples.

In the case of borides, various borides have been synthesized such as mono, di, tetra, hexa,
dodeca borides and M3B,. These borides were obtained as single-phase compounds during
densification. The trend in the properties caused by the anisotropy in the crystal structure suggested to
consider the lattice mismatch over atomic size mismatch for the determination of the deviation
parameter J.

In the case of carbides, the reactions were straightforward with carbothermal reductions either as
powders or reactive densification. Also, the sintering of mixtures of binary carbides was also
performed to obtain a dense sample. The nitrides proved to be a problem due to the intrinsically high

95 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



er«m\ @Q Journal of Innovative Materials in Extreme | 2023
Conditions | Youme*

Issue 2

N, fugacity of nitrogen. This problem can be overcome by the sol-gel process. Although borides and
carbides were also synthesized by using high-pressure high-temperature techniques, due to the air-
tight conditions, the above process seems like a viable alternative for the nitrides.

Although significant work has been performed in the field of synthesis of compositionally
complex UHTCs, most of the literature can be found on borides and carbides, with less focus on
nitrides and silicides. The mechanical properties such as elastic moduli, density, and hardness were
measured, but the other properties such as fracture toughness and high-temperature properties are yet
to be investigated.
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