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ARTICLE INFO ABSTRACT

Four high-entropy metal diborides have been synthesized and densified by borocarbothermal reduction of metal
oxides with boron carbide and graphite and subsequent spark plasma sintering. Three of them,
(Hfp 2Zro 5Tip.oTag.oNbg 2)Ba, (Hfp 2Zr¢ 2Tig 2Tag 2M0g 2)Bs, and (Hfy 2Zr¢ 2Tip 2Tag 2Cro 2)B2, possess single high-
entropy phases and have been sintered to >99% of the theoretical densities. The fourth
(Hfy.2Zr0.2Tip 2M0g 2Wo.2)B> specimen contained a Ti-Mo-W rich secondary phase in addition to the primary
metal diboride phase. The specimens made by borocarbothermal reduction exhibit improved hardnesses in
comparison with those samples previously fabricated via high energy ball milling and spark plasma sintering.
Interestingly, the single-phase (Hf, 2Zro >Tip.2Tag.2M0g 2)Bo and (Hfy 2Zrg »Tig 2Tag 2Cro 2)B> (both of which have
Vickers hardness values of ~25 GPa) are substantially harder than (Hfy »Zrg 2Tig 2Tag 2Nbg2)B, (20.5 GPa),
despite MoB, and CrB, being typically considered as softer components. These single-phase high-entropy metal
diborides were found to have low thermal conductivities of 12-25 W/mK, which are ~1/10 to ~1/5 of the
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reported values of HfB, and ZrB,.

1. Introduction

High-entropy alloys typically refer to metallic alloys with five or
more elements of equimolar or near equimolar concentrations and a
molar configurational entropy of > ~1.6R, where R is the gas constant
[1-3]. Since 2015, the field has expanded to include various high-en-
tropy ceramics that have been fabricated in the bulk form, including
high-entropy metal diborides [4,5], carbides [6-8], nitrides [9,10], sul-
fides [11], silicides [12,13], as well as fluorite [14,15], spinel [16,17],
rocksalt [18], magnetoplumbite [19], and silicate oxides [20]. Among
these high-entropy materials, a few of them have been proven to be true
entropy-stabilized materials [6,18]. In particular, high-entropy metal
diborides, a new class of ultrahigh temperature ceramics (UHTCs) first
reported in 2016 [9], proved to be difficult to sinter to high densities
with minimum native oxide contamination. In the initial work, six single-

phase, high-entropy metal diborides were synthesized via high energy
ball milling of commercial powders and spark plasma sintering [9].
While this procedure allowed for the rapid testing of multiple high-en-
tropy compositions, it left undesirable oxide inclusions and resulted in
low relative densities of ~91-93%. The difficulty in producing fully
dense metal diboride specimens can be attributed to two reasons: (1) the
strong chemical bonds that leads to slow diffusion and (2) oxygen con-
tamination that promote coarsening at the expense of densification.

To mitigate these issues, fine powders with little oxygen con-
tamination and/or novel sintering routes are needed. To pursue this,
Tallartia et al. achieved similar densities without the oxide inclusions
via self-propagating synthesis of metal and boron powder [21]. Gild
et al. achieved > 99% density via reactive flash spark plasma sintering
with addition of carbon [22]. Moreover, a substantial body of work on
the direct synthesis of individual diboride powders, especially ZrB,
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Table 1
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Summary of the measured lattice parameters, grain size, and Vickers hardness of four specimens. Excess B4C amounts needed in the borocarbothermal reduction
synthesis for making single-phase samples are also listed for each case. Noting that these are not the remaining B4C phase in the final sintered specimens, which

are < 1 vol% in all cases.

Compositions Excess B4C Needed/ Lattice Parameters Measured/Theoretical Density ~ Vickers Hardness Grain Size Thermal Conductivity
Added in Synthesis [wt [g/cm3] (Relative Density) [GPa] [um] [W/mK]
%] a [A] c [A]
(Hfo 2Zro 2Tip 2Tag oNbg 2)B, 15 3.097 3.372 8.25/8.29 (99.5%) 205 = 1.0 34 + 1.3 248 * 5.1
(Hfg 2Zro 5Tig.2Tag oMog 2)By 14 3.092 3.366 8.35/8.37 (99.9%) 249 = 1.0 6.8 £ 4.0 15.2 = 35
(Hfo 2Zro 2Tip 2Tag 2Cro2)B2 5 3.086 3.356 7.83/7.90 (99.1%) 249 + 1.0 45 + 1.9 12.6 + 2.5
(Hfo.2Zr »Tip 2M0g 2Wo 2)B2 15 3.084 3.357 - 294 + 1.7 43 £ 1.8 -

[23-27], motivated several groups to apply similar methods to fabricate
high-entropy metal diborides. In this regard, Zhang et al. fabricated
high-entropy powder via borothermal synthesis but significant oxide
inclusions still remained in the final sintered specimen [28]. Similarly,
Shen et al. fabricated (Hfy 5Zrg 5Tig2Tag2Nbg 2)B, powder and densi-
fied it with silicon carbide via spark plasma sintering (SPS) [29].
Moreover, Liu et al. fabricated (Hfy 5Zry,Tig2TagoNbg2)B, and
(Hfy »TigoTagoNby2)B, powders via borothermal and bor-
ocarbothermal reductions utilizing boron and boron carbide plus
carbon, respectively, as reducing agents. While they produced fine,
single-phase powders, they did not investigate their sinterability or
subsequent properties [30,31]. During the preparation of the current
manuscript, we noticed that Gu et al. reported the successful fabrication
of fully-dense and oxide-free (Hfy 5Zrg »Tip.2Tag 2Nbg 2)Bs via a similar
borocarbothermal synthesis route [26] concurrently with our study.

In this work, we examined a borocarbothermal reduction
synthesis plus SPS route to successfully fabricate fully-dense
(>99%), oxide-free, high-entropy metal diborides of four

compositions: (Hfy 2Zro 2Tig 2Tag 2Nbg 2)Ba, (Hfg 2Zro 2Tip.2Tag2Mog 2)B2,
(Hfo.2Zro 2Tig 2Tag.2Cro 2)Bs, and (Hfp 2Zro 2Tip.2M0g 2Wo.2)Bo. The first
three of them were successfully made into single-phase.

In addition to the borocarbothermal reduction synthesis method,
our study also revealed two new findings. First, we made a surprising
observation of enhanced hardness for high-entropy compositions con-
taining Mo and Cr, which are typically considered to be softening
components [32]. Second, we report (and confirm) the substantially
reduced thermal conductivities of the single-phase high-entropy metal
diborides, for the first time to our knowledge, albeit similar trends are
known for other high-entropy ceramics [12,14,33-35].

2. Materials and methods
2.1. Borocarbothermal reduction synthesis

The raw materials for borocarbothermal synthesis were powders of
HfOZ, ZrOQ, Nb205, Ta205, TiOZ, MOOg, W03, Cr203 (299% purlty;
=45 pym purchased from Alfa Aesar, MA, USA), B4C, C (=99.9% purity;
1-3 pum, 0.4-1.2 pm, respectively, purchased from US Research
Nanomaterials, TX, USA). Appropriate amounts of five individual metal
diboride powders were weighed according to the targeted stoichiometries
(calculated on a metals basis): (Hfp2ZrgTig2TagoNbg2)Bo,
(Hfo.2Zro 2Tip 2Tag 2M0g 2)Ba, (Hfp.2Zro 2Tio 2Tao 2Cro.2)Bo, and
(Hfo 2Zro 2 Tip 2M0g 2Wq 2)Bo. The nominal chemical reactions are:

2Hf02 + 221'02 + 2T102 + Ta205 + szOs
2(Hfo'zzro'zTio_zTaO.szo'g)BQ + 4B203 + 10CO

+ 3C + 7B, —
@®

12HfO, +127rO, +12TiO, + 6Ta,05 + 12MoOs + 31C + 41B,C —
1Z(Hfo,2Zro,2Ti0_2Ta0,2M00,2)B2 + 22B203 + 72CO (2)

24HfO, +24ZrO, +24TiO, + 12Tay0s + 12Cr,03 + 33C + 81B4,C —
24(Hf0'22r0.2Ti0_2Tao'2CI'0_2)B2 + 42B203 + 114CO (3)

7HfO, +7ZrO, +7Ti0O, + 7MoO; + 7WO; + 27B,C —
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7(Hfy 2710 2Tip 2M0g 2Wo 2)B2 + 19B,03 + 27CO (C))

Due to the possible residual oxide present in boron carbide, the pos-
sible carbon deficiencies in boron carbide (nominally B4C) [36], and the
possible formation of volatile boron suboxide such as B,O, (instead of
B,05) [37], the addition of an excess amount of boron carbide or carbon is
typically necessary [24,27,36,38-40]. We acknowledge that Liu et al. have
investigated the possible origins of oxygen impurities in high-entropy
metal diboride made by via borocarbothermal reduction, including pos-
sible other reactions that consume the excess amounts of B,C [30]. We
have optimized the excess amounts of B4C used for each composition to
ensure the formation of dense metal diborides with both minimum oxide
and minimum remaining B,C (< 1 vol%) in the final sintered specimens;
these optimal amounts are given in Table 1 for each of the four cases. We
note that in Eq. (4) that carbon was not used as a precursor in the tungsten
containing sample due to the high stability of WC relative to the diboride
structure. The amount of excess B,C needed, 5-15 wt%, is similar to the
amount needed for the borocarbothermal synthesis of HfB, [24] and ZrB,
[38,41], which were attributed to the loss of boron oxide due to high
vapor pressure under vacuum at elevated temperatures. The addition of
excess carbon in these studies increased the probability of forming a car-
bide phase; therefore, carbon was not added in the current study.

For borocarbothermal synthesis, the mixture of five metal oxide
powders were initially milled for 48 h in zirconia jars at 200 rpm in
acetone with YSZ media. Subsequently, the milled oxides, boron carbide,
and graphite were planetary milled for 2 h at 200 rpm in acetone in
polytetrafluoroethylene (PTFE) jars with YSZ media. The powder was then
dried in a rotary evaporator after both milling steps. The powder mixture
was lightly pressed into 25 mm pellets to ensure good contact of the
particles in the powder. The pellets were loaded into a graphite furnace
(Red Devil, RDWebb, Natick, MA, USA) that was pumped down to
1 x 107! bar and backfilled with argon twice before a turbomolecular
pump was engaged to pump the chamber down to 1 x 10~ * bar. The
furnace, while under vacuum, was heated to 1475 °C at a rate of 10 °C/
min, held at 1475 °C for 15 min to allow for calibration of the pyrometer,
and heated to 1550 °C at a rate of 5 °C/min. It was held at 1550 °C for
90 min to allow for the evaporation of boron oxide and then cooled
naturally. Upon removal from the furnace, the powder was immediately
quenched in liquid nitrogen to prevent oxygen contamination and moved
into an argon glovebox. All dies with this powder were assembled in a
glovebox to prevent oxidation.

The powders were densified into 20-mm diameter disks via spark
plasma sintering (SPS, Thermal Technologies, CA, USA) at 2000 °C for
30 min under an initial uniaxial pressure of 80 MPa, which was lowered
to 30 MPa after 5 min at 2000 °C to prevent creep of the graphite
tooling, with a heating ramping rate of 100 °C/min. The chamber was
initially pumped down to vacuum of at least 2 X 10~ 2 Torr prior to the
SPS experiments and backfilled with argon gas twice to minimize
oxygen contamination from the chamber. The run was performed under
vacuum until 2000 °C when argon was introduced. The graphite die was
lined with 125 pm thick graphite paper to prevent reaction of the
specimen with the die. Upon completion, the samples cooled naturally
in the SPS machine.
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2.2. Characterization

Densities were calculated via the Archimedes method. The relative
densities were calculated utilizing theoretical densities computed based
on an ideal stoichiometry and the lattice parameter measured by X-ray
diffraction (XRD).

All sintered specimens were characterized by X-ray diffraction (XRD)
utilizing a Rigaku diffractometer with Cu Ka radiation. Field emission
scanning electron microscopy (FE SEM) images, electron dispersive X-ray
spectroscopy (EDS), and electron backscatter diffraction (EBSD) data were
collected from specimens utilizing a FEI Apreo microscope equipped with
an Oxford N-Max" EDS detector and Oxford Symmetry EBSD detector.

Vickers hardness measurements were performed on specimens of all
four compositions. Hardness measurements were performed with a
Vickers’ diamond indenter at 200 gf/mm? with a hold time of 15 s. The
indentations were examined for conformation with the standard ASTM
C1327. The indentations averaged 20-25 pm in width during the
testing. Twenty-five measurements were performed at different loca-
tions of each specimen; the mean and standard deviation are reported.

Thermal conductivities were measured using time-domain

Ceramics International 46 (2020) 6906-6913

thermoreflectance (TDTR) [42-44] on three single-phase samples with
composition (Hfy »Zrg 2Tip 2Tag 2Xo.2)B2, where X is Nb, Mo, or Cr. The
HEB specimens subjected to TDTR testing were selected in order to elu-
cidate the change in thermal conductivity while varying a single element
in the composition. A thin Al transducer (84 = 4 nm) is electron beam
deposited onto the sample, which acts as an optical transducer. Using a
Ti:Sapphire laser emitting a train of < 200 fs pulses at a central wave-
length of 800 nm and a repetition rate of 80 MHz, the output is divided
into a pump and probe path. The pump is modulated at 8.4 MHz to heat
the sample, while the probe is used to measure the resulting change in
temperature as a function of delay time out to 5.5 ns after pump absorp-
tion. The pump and probe 1/e* diameters are 24 and 11 pm, respectively.
The volumetric heat capacity was taken to be 2.5 = 0.3 J cm 3 K™ !
based on the rule of mixtures average of constituent heat capacities [45].

3. Results and discussion
3.1. Borocarbothermal reduction synthesis powders

The XRD of a diboride powder after the borocarbothermal reduction

Intensity (Arb. Units)
)

20
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Two Theta (Degrees)

curr det mag ® mode

13pA T1 50000x A+B

5.00 kv

ND
3.406

8 mm 2.54 ym

Fig. 1. (a) XRD pattern of as-synthesized powder, showing multiple phases after the borocarbothermal reduction. Noting that the XRD intensity is plotted in a

logarithmical scale. (b) SEM image of the as-synthesized powder.
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synthesis shows the presence of multiple diboride phases with broad
peaks (Fig. 1a). This is to be expected as the temperatures of the
synthesis were not sufficiently high to allow for the formation of a
single high-entropy diboride phase. The lattice parameters of the in-
dividual diborides are similar so that multiple phases can manifest as
peak broadening for polydisperse particle size powder. No refractory
metal oxide peaks nor boron carbide peaks were observed in XRD. SEM
characterization of the powder showed the particle sizes to be between
200 and 500 nm, as shown in Fig. 1b.

3.2. Phase formation and compositional uniformity

On the one hand, XRD patterns of  sintered
(Hf.2Zr¢.2Tig.2Tag 2Nbg 2)Bo, (Hf.2Zr¢.2Tip.2Tag 2M0g.2)Ba, and
(Hfp 2710 2Tip.2Tag.2Cro.2)B2 (after SPS) showed single, hexagonal, metal
diboride phase (Fig. 2). The lattice parameters of the specimens are
given in Table 1. EDS confirms elemental uniformity of these three
compositions (Fig. 3), which are notably more homogenous than the
first high-entropy fabrication work utilizing high-energy ball milling
[4] as well as the recent borothermal reduction synthesis work by
Zhang et al. [28]. Moreover, we did not observe any residual hafnium
or zirconium oxide secondary phases which were prevalent in Zhang
et al. recent borothermal reduction synthesis work [28]. Similar results
were observed by Tallarita et al. with powder produced via self-heating
synthesis and subsequent densification via spark plasma sintering, al-
though they only achieved 92.5% relative density [21]. The
(Hfo 2710 2Tip.2Tag.2Nbg »)B, and its composites with SiC made by Shen
et al. also contained residual hafnium and zirconium oxide, though
their samples were otherwise chemically homogenous [29]. In the work
conducted concurrently by Gu et al. [26], borocarbothermal reduction
synthesized (Hfy 2Zrg 2Tip.2Tag2Nbg2)B> showed comparable phase
formation, chemical homogeneity, density, and lattice parameters to
ours for (HfpZrg2Tig2Tag2Nbg2)Bs (albeit they only reported one
composition).

On the other hand, (Hfy 5Zry oTig sM0g 2Wo 2)B- formed a mixture of
a primary high-entropy diboride phase and a secondary molybdenum
and tungsten rich phase.

The composition was mesaured by EDS point analysis (Fig. 4). This
secondary phase is mostly rich in Mo and W, with a significant amount
of Ti.

3.3. Density

Samples sintered from borocarbothermal reduction synthesized
powders possessed high relative density; e.g., the
(Hfg.2Zro 5Tig 2Tag osNbg 2)Bs achieved a relative density of 99.4%,
versus 93% in the first fabricated high-entropy boride of the identical
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composition made by high-energy ball milling and SPS [4]. Similar high
relative densities have been achieved for (Hfy 5Zrg »Tig 2Tag 2Mo0g.2)Bo,
997%, and (Hf()Azzl‘()‘gTiolgTaoAzcro_z)Bz, 99.1%.

Due to the presence of a secondary phase in
(Hf.2Zrg.2Tip 2M0g 2Wo.2)Bs, the theoretical density, and therefore the
relative density, could not be accurately determined. From image
analysis, the relative density also appears to be greater than 99% (i.e.,
with less than 1 vol% of pores and residual B,C/C phase in total).

3.4. Vickers hardness

The measured Vickers hardness values of the metal diborides spe-
cimens are given in Table 1. (Hfy 2Zrg 5Tig2Tag 2Nbg 2)B, possesses a
hardness of 20.5 + 1.0 GPa. Notably, Vickers hardness values of both
(Hfp.2Z10.2Tip.2Tag 2M0g.2)B2  and  (Hfp 2Zrg 2Tig2Tag 2Cro.2)By  were
measured to be ~24.9 * 1.0 GPa. These values are in the same range
of those of dense individual metal diborides reported in literature: ZrB,
(23.0 GPa) [48], HfB, (28 GPa) [49], TaB, (25.6 GPa) [50], and TiB,
(19-26 GPa) [51], but substantially higher to that of CrB, (15.9 GPa)
[52], albeit vastly different fabrication methods and microstructures.
For more direct comparisons within high-entropy metal diborides, the
measured Vickers hardness of these specimens are notably higher than
those of the first fabricated high-entropy metal diborides via mechan-
ical alloying and spark plasma sintering (17.5-19.9 GPa) [4] but are
comparable with the most recent report of a (Hfy 2Zrg 5Tig 2Tag 2Nbg 2)
B, fabricated by a similar borocarbothermal reduction route (22.5 GPa)

[26].
In particular, it is interesting to note that both
(Hf.2Z10.2Tip.2Tag 2M0g.2)B2  and  (Hfg.2Zrg.2Tig.2Tag 2Cro.2)B2  (con-

taining 20 mol% MoB, and CrB,, respectively) are substantially
(~4.4 GPa) harder than (Hfj 2Zrg 5Tig 2Tag2Nbg 2)B> (all made by the
same route with > 99% density and are oxide free) because MoB, and
CrB, are expected to possess substantially lower hardness than all the
Group IV diborides [32]. At least one experiment measured the Vickers
hardness of a CrB, specimen to be 15.9 GPa [52]. Noting that MoB, is
not a stable phase at room temperature (so that there is no experimental
data of hardness), but lower hardness was predicted by DFT calcula-
tions [32].

The two-phase (Hfp »Zr¢ »2Tip.2M0g oWy 2)B2 showed a higher hard-
ness of 29.4 *= 1.7 GPa. The observed increased hardness is not sur-
prising for a composition containing a tungsten rich boride phase, as
some boride phases can be harder, e.g., tungsten tetraboride is an ultra-
hard ceramic [46,47]. The presence of a (perhaps harder) secondary
phase can increase the hardness of this two-phase composite via com-
posite and/or microstructural effects.

Fig. 2. XRD patterns (with the intensities plotted in
logarithmical scales) of the four high-entropy diboride
specimens after ~ SPS. Three of  them,
(Hfo.2Zr0 2Tip.2Tag 2Nbo.2)B, (Hfp.2Zro.2Tip 2Tag 2Mog.2)
B,, and (Hf 2Zrg 2Tip 2Tag 2Cro.2)Bo, exhibit single high

Ii Ta

0.2

entropy phases. The fourth specimen,
00?)“03) (210) ) -
(003 A (Hfy 5710 »Tip 2M0p.2Wo.2)Bo, has a minor amount of a
y (202) secondary phase.

Ti
0

Ta),

90

Nb,,)B,
100
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Ti Mo w

Fig. 3. Cross-sectional SEM images and the corresponding EDS elemental maps of the sintered (a) (Hfy »Zro 2Tip 2Tag 2Nbg 2)Bo, (b) (Hfy 2Zr¢ 2Tig 2Tag 2Mog 2)Ba, ()

(Hfy. 2Zr¢.2Tio.2Tag.2Cro.2)B2, and (d) (Hfy 2Zro.2Tip.2M0o.2Wo.2)B2 specimens.

Hf Zr Ti Mo w Ir
Point 1 4.9 0.0 10.0 22.3 60.7 2.2
Point 2 254 17.9 25.1 7.6 20.2 3.9

Fig. 4. Point EDS analysis of the sintered (Hfy Zrg2Tip2M0g2Wo.2)Bs spe-
cimen, showing a tungsten and molybdenum rich secondary phase. The iridium
detected was from the sputtered conductive coating in SEM specimen pre-
paration.

3.5. Electron backscatter diffraction

EBSD was utilized to measure the grain size and examine the texture
of the sintered specimens. EBSD maps and their distributions are shown
in Fig. 5. No significant texturing was evident in any samples.

The measured average grain sizes ( + one standard deviations) are
34 = 1.3 Hm for (Hfovzzrov2Ti0.2Tao_2Nb0.2)B2, 6.8 = 4.0 Hm for
(Hfo.zzroizTio.zTao.2M00_2)B2, and 4.5 + Hm for

* 1.9
(Hfy 2Zrg 5Tip 2Tag 2Cro2)Bs, respectively, for three single-phase

6910

specimens. Specifically, the grain size of (Hfy 2Zrg 2Tip 2Tag.oNbg 2)B> is
also similar to that observed by Gu et al. for the same composition after
SPS at 2000 °C [26].

The measured average grain size is 4.3 1.8 um for the (primary)
high-entropy = metal diboride phase in the two-phase
(Hf.2Zrg.2Tip 2M0g 2Wo.2)Bo. The secondary phase was measured to be
approximately 10 vol% of the sample by EBSD.

+

3.6. Thermal conductivity

The measured thermal conductivities are listed in Table 1. The
thermal conductivities were measured to be 24.8 + 51 Wm 'K !
for (HfyoZrooTipoTag2Nbg2)Bs, 152 * 35 W m™! K™ ! for
(Hfo.2Zr0 5Tio 2Ta02M0o 2)Bs, 126 += 25 W m~' K ' for
(Hfp 2Zro 5Tig.2Tag2Cro 2)Bs for the three single-phase samples. The
uncertainties in these measured values of thermal conductivity arise
from a combination of sources, including the uncertainty in our Al
transducer thickness, uncertainty in our assumed heat capacity (dis-
cussed in Section 2.2), and the standard deviation about the mean value
determined from multiple TDTR measurements on different locations
on the sample.

These values are significantly lower than those observed in mono-
lithic diborides. Specifically, HfB, and ZrB, have reported thermal
conductivities values of over 100 W m~! K~!, though the actual
numbers can heavily depend on the processing conditions and micro-
structure (where the values are lower in cases with porosity and im-
purities) [49,53,54]. TiB, possesses a thermal conductivity up to
96 Wm~ ! K~! [51,55]. CrB, has a conductivity of 22.3 Wm ™! K™},
though the density and microstructure of the specimen is not mentioned
in the paper [56]. Thus, the thermal conductivities of the high-entropy
systems are substantially lower than most monolithic metal diborides
and only ~1/5 to ~1/10 of that of HfB, or ZrB,, depending on the
specific composition. This is similar to the observed reduction in
thermal conductivities in (MOO'2Nbo_2TaO'2Ti0'2W0_2)Si2 [12], high-en-
tropy rocksalt oxides [33,34], and high-entropy carbides, e.g.,
(Hf.2Z10.2Tip.2Tag 2Nbg 2)C and (Zrg.2Nby 2Tip.2Vo.2)C [35,57].

While reduced thermal conductivity is expected for high-entropy
ceramics due to the increased phonon scattering, it is first confirmed
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Fig. 5. EBSD maps of (a) (Hfp 2Zro 2Tio.2Tao.2Nbo 2)Ba, (b) (Hf 2Zro 2Tio 2Tao.2M0g.2)B2, (€) (Hfo 2210 2Tip 2Tap 2Cro.2)B2, and (c) (Hfp 2Zro »2Tip.2M0o 2Wo.2)B2, along

with (e) the grain size distributions.

experimentally for high-entropy metal diborides in this study.

We further note that (Hfy 2Zrg 2Tip 2Tag 2Nbg2)B2 has the highest
thermal conductivity of these three compositions, which agrees with
the DFT predictions by Wang et al. [58].

4. Conclusions

Four high-entropy metal diborides, (Hfy2Zrg 2Tip2Tag 2Nbg 2)Bo,
(Hfo.2Zr0.2Tig 2Tao 2M0g 2)B2, (Hfo.2Zr0 2 Tig 2Tag 2Cro.2)Ba, and
(Hfo.2Zr0 2Tip 2M0g 2Wo2)B, have been synthesized via bor-
ocarbothermal reduction of metal oxide powders and densified via
subsequent spark plasma sintering. The samples show high density
(> 99%) and hardness, and they are essentially free of observable oxide
inclusions. Three of them exhibit single high-entropy phases.

The three single-phase high-entropy metal diborides are measured
to have significantly lower thermal conductivity compared to mono-
lithic metal diborides. While reduced thermal conductivity is well ex-
pected for high-entropy ceramics, it is confirmed experimentally for
high-entropy metal diborides for the first time in this study.

Another scientifically interesting observation is that the single-
phase (Hfy 2Zrg 2Tip 2Tap.2M0g 2)B2 and  (Hfp.2Zr¢.2Tip.2Tag 2Cro.2)B2
(both of which have Vickers hardness values of ~25 GPa) are harder
than (Hfo.zzro.zTio.zTao‘szo.z)Bz (20.5 GPa), despite MoB, and CrB,
are considered as softer components.
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