
Journal of the European Ceramic Society 43 (2023) 4581–4587

A
0

n

a
(
s

h
R

Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Original article

Thermal and ablation properties of a high-entropymetal diboride:
(Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2
Md Shafkat Bin Hoque a, Milena Milich a, Md Sabbir Akhanda b, Sashank Shivakumar c,
Eric R. Hoglund d, Dragos Staicu e, Mingde Qin c, Kathleen F. Quiambao-Tomko d,
John A. Tomko a, Jeffrey L. Braun f, Joshua Gild c, David H. Olson f, Kiumars Aryana a,
Yee Rui Koh a, Roisul Galib a, Luka Vlahovic e, Davide Robba e, John T. Gaskins f,
Mona Zebarjadi b, Jian Luo c, Patrick E. Hopkins a,d,g,∗
a Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, VA 22904, USA
b Department of Electrical Engineering, University of Virginia, Charlottesville, VA 22904, USA
cMaterials Science and Engineering Program, University of California San Diego, La Jolla, CA, 92093, USA
d Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA 22904, USA
e European Commission, Joint Research Centre, Institute for Transuranium Elements, P.O. Box 2340, D-76125 Karlsruhe, Germany
f Laser Thermal Analysis, Charlottesville, VA 22902, USA
g Department of Physics, University of Virginia, Charlottesville, VA 22904, USA

A R T I C L E I N F O

Keywords:
High-entropy metal diboride
Thermal properties
Ablation resistance

A B S T R A C T

The fabrication of high-entropy ceramics has recently expanded the pool of ultra-high temperature ceramics
(UHTCs). To properly assess the suitability of these new types of ceramics for advanced aerospace applications,
it is of vital interest to extend the characterizations beyond ambient conditions. Here, we have studied the
thermal and ablation properties of a high-entropy diboride (HEB): (Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2. The thermal
conductivity of the HEB increases as a function of temperature and becomes comparable to that of other
UHTCs at high temperatures. The electron dominated thermal conductivity of HEB is also nearly isotropic
along different crystallographic orientations. The temperature-dependent volumetric heat capacity of HEB is
measured and found to remain in agreement with that of ZrB2. Additionally, both material systems possess
nearly the same ablation resistance. The multitudes of characterizations performed in this study establishes

the suitability of HEB for high thermal load applications in extreme environments.
1. Introduction

High-entropy ceramics have garnered a lot of attention in recent
years due to their unique mechanical, physical, and thermal char-
acteristics [1–3]. Typically in a high-entropy ceramic, five or more
components are mixed in equimolar or near-equimolar concentrations
to maximize the configuration entropy and minimize the Gibbs free
energy [4–8]. The minimization of Gibbs free energy leads to higher
thermodynamic stability, making high-entropy ceramics promising for
a wide array of applications. To date, different types of high-entropy
ceramics, such as metal diborides [9,10], metal carbides [11–16],
itrides [6,17], sulfides [18], silicides [19,20], fluorites [21,22] and
oxides [23–29], have been successfully fabricated.

Among different classes of high-entropy ceramics, metal diborides
nd carbides fall into the category of ultra-high temperature ceramics
UHTCs), i.e., materials suitable for extreme environment applications
uch as next generation gas turbines, rocket nozzles, and scramjet
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propulsion [30]. Prior to the successful fabrication of high-entropy
metal diborides and carbides, the pool of UHTCs were mostly limited
to monolithic binary borides and carbides. Several of them, such as
ZrB2, ZrC, HfB2, and HfC, have been studied for decades for advanced
aerospace applications [31,32]. However, the diverse demands of the
aerospace, energy, and nuclear industries have made it a necessity to
expand the pool of UHTCs and characterize their properties [33].

Thus far, the vast majority of the characterizations performed on
high-entropy metal diborides and carbides have focused on room-
temperature thermal and mechanical properties [34,35]. To properly
assess the suitability of high-entropy metal diborides and carbides for
extreme environment applications, it is necessary to extend the charac-
terizations beyond ambient conditions. Towards this goal, we have per-
formed a series of thermal and ablation characterizations on a single-
phase high-entropy diboride (HEB) in this work. The composition of
the studied HEB is (Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2.
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Fig. 1. Schematic diagram of the crystal structure of (Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2.
Source: Taken and modified from Gild et al. [9].

We provide the first detailed thermal characterizations of a HEB.
ur four-point probe characterization reveals that the thermal con-
uctivity of the HEB is electron dominated. We next measure the
hermal conductivity of HEB up to 1267 ◦C. Due to electron-dominated
hermal transport, the thermal conductivity of HEB increases as a
unction of temperature. Such increasing thermal conductivity trend
s highly promising for avoiding failure due to thermal shock at high
emperatures. We additionally measured room temperature thermal
onductivity maps on HEB and found that the HEB possesses a nearly
sotropic thermal conductivity contrary to that of monolithic metal
iborides, such as ZrB2 [36,37]. The temperature-dependent volumetric
eat capacity of HEB is measured and found to remain in agreement
ith that of ZrB2.
Along with the thermal properties of the HEB, we study its ab-

ation resistance. At high temperatures, materials can also erode via
blation, which is controlled by a combination of thermomechanical,
hermochemical, and thermophysical processes [38–41]. Therefore, the
blation resistance characterization provides a suitable gauge for de-
ermining the onset of any high thermal-load induced failure in a
aterial. Our ablation threshold measurements reveal that the ablation
esistance of the HEB is nearly the same as that of ZrB2. The thermal
nd ablation characterizations performed in this study are beneficial for
ssessing the suitability of HEB for extreme structural and hypersonic
pplications.

. Microstructural details of the HEB specimen

The HEB studied in this work possesses a single-phase, hexagonal
rystal structure (AlB2) [42] with high symmetry [9,19]. Fig. 1 shows
he highly anisotropic layered crystal structure of the HEB consisting
f alternating rigid two-dimensional (2D) boron nets and 2D layers
f five metal cations (Hf, Zr, Ti, Ta, and Nb) [9]. The polycrystalline
EB sample for this study was fabricated by reactive spark plasma
intering of ball milled elemental powders [43]. During spark plasma
intering, the powders were first held at temperatures of 1400 and
600 ◦C for 80 min each to allow for sufficient outgassing and native
xide reduction. The temperature was then raised at 30 ◦C/min to the
inal sintering temperature of 2200 ◦C and held for 30 min, prior to
4582

ooling to room temperature in 15–20 min. A pressure of 80 MPa was d
Table 1
Thermal conductivity, relative density, and volumetric heat capacity of the HEB
specimen measured in this study. For comparison, we also include the relevant prop-
erties of the constituent metal diborides from the literature. The thermal conductivity
of high-quality TaB2 has not been previously reported in the literature.
Materials Thermal

conductivity
Relative
density

Volumetric heat
capacity

(W m−1 K−1) (MJ m−3 K−1)

(Hf0.2Zr0.2Ti0.2
Ta0.2Nb0.2)B2

27.8 ± 2.9 > 98 2.84 ± 0.34

HfB2 107 [60] 96 2.81 [61,62]
ZrB2 127 [37] 99.5 2.95 [37]
TiB2 96 [63] 99.5 2.84 [61]
TaB2 – – 3.05 [61]
NbB2 102 [64] > 97 2.91 [61,65]

applied at the maximum temperature to enable full densification. The
prepared specimen was highly dense (> 98% of theoretical density)
and contained negligible amount of native oxide contaminants. The
composition of the sample was measured by energy dispersive X-ray
spectroscopy (EDS) to be 98% (Hf0.19Zr0.19Ti0.22Ta0.19Nb0.18W0.03)B2
with residual amount of carbide phase [43]. The average grain size of
the HEB specimen was 15±9.5 μm, as measured by electron backscatter
diffraction (EBSD). A detailed description of the HEB sample fabrication
and characterization can be found in Qin et al. [43] The HEB specimen
of this study and that of Ref. [43] were prepared following the same
methodology.

3. Results and discussion

3.1. Thermal conductivity of the HEB

To measure the thermal conductivity of the HEB, we employed three
different thermal characterization techniques: steady-state thermore-
flectance (SSTR) [44], time-domain thermoreflectance (TDTR) [45–48],
and laser flash analysis (LFA) [49]. SSTR and TDTR are used to measure
the thermal conductivity up to 290 and 600 ◦C, respectively. LFA
is used to measure thermal diffusivity up to 1267 ◦C from which
we extract the thermal conductivity. Although SSTR can measure the
thermal conductivity independent of heat capacity, TDTR and LFA
measurements require knowledge of HEB heat capacity [50–52]. To
this end, we assumed that the heat capacity of the HEB and ZrB2 is the
ame. This assumption is later verified in subsequent sections. Details of
he thermal characterization techniques can be found in the Supporting
nformation.
The room-temperature thermal conductivity of the HEB sample

s 27.8 ± 2.9 W m−1 K−1. This is in agreement with our previous
publications [10,43]. As exhibited in Table 1, the thermal conduc-
tivity of the HEB is significantly lower compared to the monolithic
diborides of similar relative densities. Both electrons and phonons
contribute to the thermal conductivity of these diborides [42,53–55]. A
small amount of impurities can reduce the thermal conductivity of the
monolithic diborides significantly [56,57]. However, we attribute the
thermal conductivity reduction in HEB to the significant electron and
phonon scattering caused by the lattice distortions and compositional
disorder [3,58]. The localized mass and interatomic bond strength
differences among the five metal cations in the HEB cause lattice
distortions as evident by the changes in lattice parameters compared to
the single diboride counterparts [3,9,11,19]. In addition, the 2D rigid
oron nets highly strain the metal–metal bonding within the 2D cation
ayers leading to further electron and phonon scattering [9]. Due to
uch extensive nature of electron and phonon scattering, the presence
f small impurities (i.e., tungsten or the carbide phase) is not expected
o cause a significant reduction in HEB thermal conductivity [43,59].
To approximate the electron contribution (𝜅𝑒) to the thermal con-
uctivity of the HEB, we use the Wiedemann–Franz law: 𝜅𝑒 = 𝜎𝑒𝐿𝑇 ,
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Fig. 2. (a) Temperature-dependent thermal conductivity of HEB measured via three different techniques: SSTR (21–290 ◦C), TDTR (400–600 ◦C), and LFA (787–1267 ◦C). For
omparison, we also include the thermal conductivity of ZrB2 [37], ZrB2-30 vol% SiC [55], and HfB2-20 vol% SiC [60] from literature. (b) Temperature-dependent heat capacity
f HEB along with that of ZrB2 [37].
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here 𝜎𝑒, L, and T represent electrical conductivity, Lorentz number,
nd temperature, respectively [55]. For this purpose, we measure the
lectrical conductivity via the four-point probe method and use a
orentz number of 2.45 × 10−8 W Ω K−2. This ideal Lorentz number has
een previously used to estimate the 𝜅𝑒 values of ZrB2 [66], HfB2 [67],
rB2-TiB2 [66], and ZrB2-SiC [55] ceramics. The measured electrical
onductivity of the HEB specimen is (2.42 ± 0.12) × 106 S/m. This
alue corresponds to an electron contribution of 18.1 ± 0.9 W m−1

−1, nearly 65% of the total thermal conductivity of HEB. Thus, our
easurement provides the first empirical evidence that the thermal
onductivity of HEB is electron dominated.
The temperature-dependent thermal conductivity of the HEB spec-

men is presented in Fig. 2(a). For comparison, we also include the
hermal conductivity of several traditional UHTCs such as ZrB2 [37],
rB2-30 vol% SiC [55], and HfB2-20 vol% SiC [60]. As evident here,
t room temperature, the thermal conductivity of these ceramics is
ignificantly higher than that of the HEB. However, as temperature
ncreases, the thermal conductivity of HEB, ZrB2, ZrB2-30 vol% SiC,
nd HfB2-20 vol% SiC ceramics starts to converge. The increase in
hermal conductivity of the HEB with temperature can be attributed
o its electron dominated thermal transport [66]. This trend provides
ptimism that at elevated temperatures (i.e., > 2000 ◦C), the thermal
onductivity of HEB can become comparable to or even higher than
hat of other UHTCs. At such temperatures, high thermal conductivity
s desired of UHTCs to avoid failure due to thermal shock [30,57,60].
herefore, the thermal conductivity measurements show that the HEB
s a promising material for extreme environment applications such as
ypersonic aerospace vehicles.

.2. Volumetric heat capacity of the HEB

Using the SSTR-measured thermal conductivity as an input pa-
ameter, we extract the volumetric heat capacity of HEB from TDTR
easurements up to 290 ◦C. The room-temperature heat capacity of
he HEB specimen is presented in Table 1. As exhibited here, the
eat capacity of HEB is nearly the same as that of the constituent
iborides. Furthermore, this value is in agreement with the rule of mix-
ure [68] prediction (2.91 MJ m−3 K−1). The temperature-dependent
eat capacity of the HEB specimen is presented in Fig. 2(b). The
xcellent agreement shown between HEB and ZrB2 supports our earlier
ssumption that the volumetric heat capacities of the two materials are
4583

early identical.
.3. Spatial thermal conductivity mapping of HEB and ZrB2

To investigate the presence of any anisotropy in the thermal con-
uctivity of HEB, we spatially mapped the HEB specimen using TDTR.
or comparison, we also spatially mapped the thermal conductivity of
reference ZrB2 system. The ZrB2 specimen used for this purpose was
repared by reactive hot pressing and had a relative density > 96% [37,
7]. EDS technique reveals the presence of 92–93 wt% zirconium in the
rB2 specimen. The sample also contains oxygen, magnesium, titanium,
nd strontium impurities, and has an average grain size of 7.3±4.2 μm.
herefore, we used a probe spot size (1/e2 diameter) of 6 μm or less and
modulation frequency of 8.4 MHz for TDTR mapping to ensure that
he thermal penetration depth (< 1.5 μm) remains lower than the HEB
nd ZrB2 grain sizes [51]. At such low thermal penetration depth, TDTR
apping is a good indicator of the cross-plane thermal conductivity of
ndividual grains. To correlate TDTR mapping with grain orientations,
e performed EBSD characterization of the samples. Details of our
DTR mapping, EDS, and EBSD characterizations have been provided
n the Supporting Information and previous works [69,70].
Fig. 3(a1) and (a2) show the EBSD micrographs of the HEB and

rB2 specimens, respectively. The HEB grains are randomly oriented
ithout any significant texturing. In contrast, the ZrB2 grains are pref-
rentially oriented along the 001 direction. The difference in texturing
etween the HEB and ZrB2 can be attributed to the different fabrication
echniques of the two specimens [71,72].
As TDTR measures the thermal conductivity along the cross-plane

irection, we used the pole figures to confirm the distribution of 001
riented grains along the 𝑍-axis. Fig. 3(b1) indicates that the 001
riented grains are randomly distributed along the 𝑍-axis in the HEB.
n contrast, Fig. 3(b2) shows that the intensity of 001 oriented grains
s highest along the 𝑍-axis in ZrB2.
Fig. 3(c1) and (c2) show the disorientation angle distributions of

EB and ZrB2, respectively. For comparison, we also show the corre-
ponding Mackenzie distribution, i.e., the theoretical distribution of a
andomly oriented polycrystalline material of hexagonal crystal struc-
ure. The disorientation angle distribution for HEB largely follows the
deal Mackenzie distribution, confirming that the grains are randomly
riented. For ZrB2, there is an increased proportion of smaller disori-
ntation angles compared to that of a random distribution, indicating
he presence of texturing.
The cross-plane thermal conductivity distributions of HEB and ZrB2

re presented in Fig. 3(d1) and (d2), respectively. The thermal con-

ductivity maps used to extract the distributions are provided in the
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Fig. 3. [a1, a2] EBSD micrographs exhibiting the grain orientations in HEB and ZrB2. [b1, b2] Pole figures exhibiting the distribution of 001 oriented grains along the 𝑍-axis. [c1,
2] Disorientation angle distributions extracted from the EBSD data. [d1, d2] Thermal conductivity distributions extracted from TDTR mapping. Subscript 1 and 2 denote HEB and
rB2, respectively.
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upporting Information. As exhibited in Fig. 3(d1), the thermal conduc-
ivity of HEB is relatively symmetric around the mean value. Nearly
9% of the pixel counts can be found within just ∼15% of the mean
alue. The results are confirmed in multiple thermal conductivity maps
n different regions of the HEB specimen. The lower thermal conduc-
ivity pixel counts of Fig. 3(d ) likely stem from impurities such as
4584

1

he carbide phase. Due to the presence of such impurities, the HEB
hermal conductivity distribution has a skewness value less than −1.
or comparison, the thermal conductivity distribution of ZrB2 is nearly
4 times more skewed. This can be attributed to the higher impurity
oncentrations of the ZrB2 specimen. The 001 oriented grains of ZrB2
can possess thermal conductivities ranging from 95 to 102 W m−1
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Fig. 4. (a) SEM, STEM, and EDS images of the ablation areas on the HEB sample surface. The left and right panels represent the left and right half of the near-symmetric holes,
espectively. (b) Ablation areas as a function of incident laser fluences for the HEB and ZrB2 specimens.
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K−1, whereas grains oriented along other crystallographic directions
can have a thermal conductivity above 120 W m−1 K−1 [36,37]. The ab-
sence of pixel counts with thermal conductivities above 120 W m−1 K−1
shows that the mean thermal conductivity of Fig. 3(d2) is representative
of ZrB2 textured along the 001 crystallographic direction.

The relatively symmetric distribution and similar thermal conduc-
tivity maps on multiple regions of the HEB specimen reveal that the
thermal conductivity of HEB is nearly isotropic across different crystal-
lographic orientations. Therefore, the temperature-dependent thermal
conductivity values exhibited in Fig. 2(a) is representative of HEB tex-
tured in any orientation. However, we note that even for materials with
anisotropic thermal conductivity, such as ZrB2, the effect of anisotropy
is likely to be very small at high temperatures [37,57].

3.4. Ablation resistance of HEB and ZrB2

The thermal characterizations of the HEB suggests that it could
be used as a suitable material in extreme environments in lieu of
metal diborides. Therefore, to assess the performance of the HEB under
extreme thermal loads, we studied the ablation resistance of the HEB
and ZrB2 specimens. For this purpose, we performed laser ablation
threshold measurements on both materials. In our laser ablation setup,
a sub-picosecond, 520 nm laser is focused onto the sample surface with
varying pulsed fluences. We report the threshold for 1200 pulses inci-
dent upon the sample to eliminate the role of surface inhomogeneities
that may alter the optical absorption of single pulse measurements [73,
74]. Additional details regarding the ablation setup are provided in the
Supporting Information.

The central panel of Fig. 4(a) shows a secondary electron image of
a series of ablated regions on the HEB sample surface corresponding to
varying laser fluences. The diameter of each area is measured using a
standard optical microscope as well as a scanning electron microscope
(SEM); the two methods are found to be in good agreement. A small and
a medium size hole are selected from the ablated regions for higher
resolution analysis using scanning transmission electron microscopy
(STEM). The diffraction contrast images show a clear difference in de-
fect microstructures induced by variable laser fluences. When the laser
fluence is low and hole size is small, no noticeable plastic deformation
is noticed in the right panel figure. The bright grain boundary with the
BN precipitate may have been present prior to ablation. On the other
hand, when the hole size is medium, planar defects propagate from the
ablated region into the bulk as shown in the left panel figure. The dif-
ference between the left and right panel figures shows how the material
transitions to accommodate the absorbed energy. EDS maps reveal that
the boron composition is uniform when the laser fluence is low, but
when laser fluence is medium, there is boron enrichment and titanium
4585

c

depletion in plastically deformed region. Supporting Information Figure
S5 shows that the intensity in the atomic number contrast images is
relatively flat, thus indicating that the mass density is well balanced
between elemental species and the sample is uniform in thickness.
Additional EDS maps further indicate that the plastically deformed
region is rich in boron and niobium while depleted in zirconium,
titanium, tantalum, and hafnium.

In Fig. 4(b), the ablation areas as a function of incident laser
fluences for both the HEB and ZrB2 samples are reported. To extract
the onset of material failure, i.e., the ablation threshold, F𝑡ℎ, we fit the
following equation [75,76] to our experimental data

𝐷2 = 2𝜔2
𝑜𝑙𝑛

𝐹
𝐹𝑡ℎ

(1)

where D is the diameter of the ablation region, 𝜔𝑜 is the beam waist
of the laser, and F is the incident fluence. Due to the short pulse
duration used here (∼200 fs), the ablation threshold is dictated by the
atomic bonding energy of the material with minimal contributions from
thermal diffusion into the surrounding region [76,77].

As exhibited in Fig. 4(b), the ablation thresholds of HEB and ZrB2
are measured to be 0.018 ± 0.005 and 0.023 ± 0.009 J cm−2, re-
spectively; nearly the same within uncertainty. This indicates that
the HEB and ZrB2 possess very similar bond strengths and hence,
nearly-identical thermal ablation resistances. To further verify this,
we compare the elastic modulus of the two materials as it is also an
indicator of bond strength [3,78]. Qin et al. [43] recently reported
the elastic modulus of the HEB to be ∼525 GPa. Using nanoindenta-
tion [79,80], we measure the elastic modulus of the ZrB2 specimen
to be 502 ± 30 GPa. In short, through a combination of laser-induced
ablation measurements and nanoindentation, our results strongly sug-
gest that the HEB studied in this work has very similar mechanical
properties to those of ZrB2. We note that this conclusion may change
based on the relative density and purity level of the HEB or ZrB2
specimen [81]. As ZrB2 is widely regarded as a promising material for
high temperature structural applications [42,66,82], our measurements
otentially suggest that highly dense HEB may be a strong competing
aterial candidate for similar applications.

. Conclusions

The thermal and ablation properties of a HEB are presented in this
ork. Our study reveals that the electrons contribute to nearly 65%
f the total thermal conductivity of HEB. We used multiple thermal
haracterization techniques to measure the HEB thermal conductivity
p to 1267 ◦C. The comparable thermal conductivity of HEB with that
f other UHTCs at such temperatures provides evidence that the HEB

an be a promising material for use in hypersonic aerospace vehicles
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and advanced rocket nozzles. The HEB also possesses a nearly isotropic
thermal conductivity along all crystallographic directions, contrary to
that of other binary diborides, such as ZrB2. The volumetric heat
capacities of HEB and ZrB2 remain nearly the same as a function of
emperature. We further found that the HEB and ZrB2 possess nearly
identical ablation resistance. The characterizations performed in this
study mark a significant advancement towards employing of HEB for
ultra-high temperature applications.
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