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a b s t r a c t
Due to their diverse bonding character and corresponding property repertoire, carbides are an important

as thermal barrier coatings. We show that ESOs, whose elastic
moduli are measured with contact resonance AFM (CR-AFM),
represent a step towards filling this void. In fact, in Figure 2b,
we quantify the ratio of elastic modulus to thermal conductivity (E/κ) to show that ESOs fall in line with the highest E/κ
crystals at room temperature, surpassing prominent thermal

Thermal conductivity – the “mechanical” perspective

E
/
Mavg

Adv. Mat. 30, 1805004 (2018)

3

as thermal barrier coatings. We show that ESOs, whose elastic
Information for details). However, if we assume that the heat
crystals
moduli arecapacity
measured
with
contact
resonance
AFM
(CR-AFM),
is that of J14, the thermal conductivity of p-J14 is, within
represent auncertainty,
step towards
thisThis
void.
In fact,
in Figure
equal tofilling
that of J14.
indicates
that phonon
scat- 2b,
tering
negligibly
affects to
the thermal
conducwe quantify
theat grain
ratioboundaries
of elastic
modulus
thermal
conductivity, suggesting that the phonons contributing most strongly to
tivity (E/κ)thermal
to show
that ESOs fall in line with the highest E/κ
transport in J14 have mean-free paths smaller than this
crystals ataverage
roomgrain
temperature,
prominent
thermal
size. Moreover,surpassing
this result indicates
that even with

at room temperature, surpassing prominent thermal

Thermal conductivity of high entropy oxides
additional extrinsic scattering mechanisms, the thermal conductivity of J14 does not reduce to those of the six-cation oxides. To
understand the significance of this reduction in thermal conductivity, we measure a 78 nm amorphous J14 (a-J14) film grown
on a-SiO2. Again assuming the same heat capacity as J14, the
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that
of J14, and within 20% of the thermal conductivity of J31. This
amorphous thermal conductivity is typically assumed to be the
minimum limit to the intrinsic thermal conductivity of a solid.[19]
Reduced crystalline thermal conductivity approaching the
amorphous limit is an attractive property to several applications,
including thermoelectric power generation[20] and thermal barrier coatings,[21] where crystalline materials allow for the desirable electronic properties and temperature stability necessary
for extreme environments. Such reduction is often achieved
via nanostructuring with defects and/or interfaces, the latter of
which resulted in the lowest thermal conductivity measured in a
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane
direction,[22] a 30 × reduction over the c-axis thermal conductivity
of single-crystal WSe2. For macroscale applications in which films
inevitably become large enough that grains of varying orientations form, thermal conductivity reduction in one crystallographic
direction does not have significant benefit. Thus, for isotropic
crystals, such reduction is typically achieved via increasing compositional disorder,[23] which can lead to mass mismatch, atomic
radii mismatch, and local atomic strain that results in additional
phonon scattering. For example, mixed crystals with controlled
disorder were shown to have thermal conductivities that approach

Figure 2. Thermal and elastic properties of crystals. a) Thermal conductivity (κ) versus elastic modulus (E) for a wide range of isotropic crystals at room temperature. Materials are grouped into metals (squares)
and non-metals (triangles), the former having the subset of HEAs (open
squares) and the latter having the subset of ESOs (circles). b) Ratio of E
to κ for the highest-ratio crystals from (a). A table of data and references
can be found in the Supporting Information.
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Electron vs. phonon heat conduction in HE ceramics

• Phonon conduction reduced in HE-ceramics due to
increased phonon scattering from chemical disorder
• Prior work focused on oxides with no free carriers to
contribute to thermal conduction
• What is interplay between electrons and phonons on
heat conduction? Study in HE-carbides
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HE carbide thin films (JP Maria - PSU)
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Thermal conductivity measurements – TDTR
Thin film or “near surface” measurements
(a) TDTR

TDTR Reviews and Analyses
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Our recent TDTR measurements of the thermal conductivity
of HE ceramics: bulk and thin films
Journal of Materiomics 5 (2019) 337e343
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a b s t r a c t
A high-entropy metal disilicide, (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2, has been successfully synthesized. X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), and electron backscatter diffraction
(EBSD) collectively show the formation of a single high-entropy silicide phase. This high-entropy
(Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 possesses a hexagonal C40 crystal structure with ABC stacking sequence
and a space
grouplists
of P6
discovery
expands the known families of high-entropy materials from
222. Thisat
Contents
available
ScienceDirect
metals, oxides, borides, carbides, and nitrides to a silicide, for the ﬁrst time to our knowledge, as well as
demonstrating that a new, non-cubic, crystal structure (with lower symmetry) can be made into highentropy phase. This (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 exhibits high nanohardness of 16.7 ± 1.9 GPa and
Vickers hardness of 11.6 ± 0.5 GPa. Moreover, it has a low thermal conductivity of 6.9 ± 1.1 W m!1 K!1,
which is approximately one order of magnitude lower than that of the widely-used tetragonal MoSi2 and
of those reported
values for the hexagonal NbSi2 and TaSi2 with the same crystal structure.
journal~1/3
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www.elsevier.com/locate/jeurceramsoc
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Phonon and electron contributions to the thermal conductivity of VN x epitaxial layers

(Received 25 June 2017; revised manuscript received 9 October 2017; published 20 November 2017)
Thermal conductivities of VNx /MgO(001) (0.76 ! x ! 1.00) epitaxial layers, grown by reactive magnetron

065002-7 sputter deposition, are measured in the temperature range 300 < T < 1000 K using time-domain thermore-
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flectance (TDTR). Data for the total thermal conductivity are compared to the electronic contribution to
the thermal conductivity calculated from the measured electrical conductivity, the Wiedemann-Franz law,
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Does assumption of L change our conclusion about HECs? No
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Fig. 3. Same as Fig. 2 only with κ e calculated with the Lorentz number that accounts for inelastic electron-phonon scattering and electron-impurity scattering originally
derived by Makinson [29] and given in Eq. (1), and thus κ e ∝Lth . Similar trends are observed here in κ e and κ p as in Fig. 2, in that we observe a cross-over from electrondominated thermal conductivity to phonon-dominated thermal conductivity as the primary bonding character in the HEC films transition from metallic to covalent. The
assumption of L = L0 in the Wiedemann-Franz Law calculations of κ e in Fig. 2 implies disorder scattering makes the electronic thermal response behave more like a pure
disordered metal, while the use of L = Lth calculated via Eq. (1) implies that the electronic thermal response will behave more like a single metal carbide. The trends in
thermal conductivity and this observed crossover from electron to phonon dominated thermal transport as the bonding character transitions from primarily metallic to
covalent holds regardless of our assumption of L in the calculation of κ e and subsequent κ p .
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thermal conductivity in high entropy ceramics through both
electron thermal conductivity changes and modulus changes
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a b s t r a c t
Due to their diverse bonding character and corresponding property repertoire, carbides are an important
class of materials regularly used in modern technologies, including aerospace applications and extreme
environments, catalysis, fuel cells, power electronics, and solar cells. The recent push for novel materials has increased interest in high entropy carbides (HECs) for such applications. The extreme level of
tunability alone makes HECs a significant materials platform for a variety of fundamental studies and
functional applications. We investigate the thermal conductivity of high entropy carbide thin films as
carbon stoichiometry is varied. The thermal conductivity of the HEC decreases with an increase in carbon stoichiometry, while the respective phonon contribution scales with elastic modulus as the excess
carbon content increases. Based on the carbon content, the HECs transition from an electrically conducting metal-like material with primarily metallic bonding to a primarily covalently-bonded crystal with
thermal conductivities largely dominated by the phononic sub-system. When the carbon stoichiometry is
increased above this critical transition threshold dictating bonding character, the electronic contribution
to thermal conductivity is minimized, and a combination of changes in microstructure, defect concentration and secondary phase formation, and stiffness influence the phononic contribution to thermal conductivity. Our results demonstrate the ability to tune the thermal functionality of high entropy materials
through stoichiometries that dictate the type of bonding environment.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Somewhat analogous to medium and high entropy metallic
alloys (HEAs) [1,2], the high entropy [3–6] and entropy-stabilized
[7–9] family of ceramics contain four or more binary metal oxides
(HEOs and ESOs), carbides (HECs), nitrides (HENs), or diborides

several multicomponent and high entropy carbide systems have
been successfully synthesized using spark plasma sintering (SPS)
of component carbide powders [4,10–12]. Feng et al. [13] demonstrated the ability to synthesize HECs though carbothermal
reduction of binary oxide precursors. Subsequent property studies
have found increased oxidation resistance [14] and mechanical

Fig. 4. Derived phonon thermal conductivity, κ p , and elastic modulus, E, ver
via orig
eit
methane
content
for the thick HEC
film series.
We show κ p calculated
Fig. 3. Same as Fig. 2 only with κ e calculated with the Lorentz number that accounts
for inelastic
electron-phonon
scattering
and electron-impurity
scattering
κ e ∝inL0κ (c.f.,
Fig. 2) or κ e ∝L , where L is determined via Eq. (1) (
assuming
here
derived by Makinson [29] and given in Eq. (1), and thus κ e ∝Lth . Similar trends are observed
e and κ p as in Fig. 2,thin that wethobserve a cross-over from ele
Fig. 3). Regardless
of Lorentz
number
assumption,
wefrom
observe
a reduction
in
dominated thermal conductivity to phonon-dominated thermal conductivity as the primary
bonding character
in the
HEC films
transition
metallic
to covalen
with
reduction
in elastic
modulus
in the primarily
bonded more
regime
in a
disorder
scattering
makes
the electronic
thermalcovalently
response behave
like
assumption of L = L0 in the Wiedemann-Franz Law calculations of κ e in Fig. 2 implies
thick HEC
films. response will behave more like a single metal carbide. The tren
thermal
disordered metal, while the use of L = Lth calculated via Eq. (1) implies that the electronic
thermal conductivity and this observed crossover from electron to phonon dominated thermal transport as the bonding character transitions from primarily meta
covalent holds regardless of our assumption of L in the calculation of κ e and subsequent κ p .

films with the highest κ p after the bonding becomes prim
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Crystal quality has been shown to directly impact thermal
ductivity [42,43], and can be driven by several factors inc
ing point or line defects, and grain or phase boundaries. In
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