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(Ta, Hf, Nb, Zr) at elevated temperatures
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Abstract
The thermal and electrical properties were measured for a high entropy carbide

ceramic, consisting of (Hf, Ta, Zr, Nb)C. The ceramic was produced by spark
2School of Engineering and Materials

Science, Queen Mary University of
London, London, UK

plasma sintering a mixture of the monocarbides and had a relative density of
more than 97.6%. The resulting ceramic was chemically homogeneous as a single-
phase solid solution formed from the constituent carbides. The thermal diffusiv-
ity (0.045-0.087 cm?/s) and heat capacity (0.23-0.44 J/g+K) were measured from
room temperature up to 2000°C. The thermal conductivity increased from 10.7
W/meK at room temperature to 39.9 W/meK at 2000°C. The phonon and elec-
tron contributions to the thermal conductivity were investigated, which showed
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that the increase in thermal conductivity was predominantly due to the electron
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contribution, while the phonon contribution was independent of temperature.
The electrical resistivity increased from 80.9 uQe«cm at room temperature to 114.1
uQecm at 800°C.
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1 | INTRODUCTION

as alloys composed of five or more principal elements in
equimolar ratios, although later papers expanded the def-

Ultra-high temperature ceramics are a class of materials
with melting temperatures greater than 3000°C.! Among
these materials are several transition metal carbides and, of
specific interest recently, high entropy carbides (HECs).>
These materials have the potential to be used in extreme
environments such as those associated with aerospace
and nuclear applications. HECs have unusual properties
including hardness, strength, and elastic modulus values
that can be higher than predicted from the properties of
the constituent monocarbides.”

While the interest in HECs is recent, the initial inter-
est in high entropy materials started with high entropy
alloys (HEAs).°~° Some of the first papers to mention HEAs
were published in 2004 by Yeh et al.*!%!! These papers
introduced the “high entropy” concept and defined HEAs

inition to consider nonequimolar concentrations.'> Yeh
et al. used Equation 1 as a way to describe the stabiliz-
ing effect of multiprincipal element materials, where N is
the number of components present in equimolar amounts,
and R is the ideal gas constant. As N increases, the entropy
of mixing (ASyix) also increases. This increase in entropy
was proposed to stabilize single-phase solid solutions, and
the effect increases as temperature increases as the over-
all Gibbs’ free energy of a system includes the factor -TAS.
They explain that while HEAs and systems may be difficult
to process, HEAs are stable due to the high mixing entropy
brought about by multiple components.
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Interest in HEAs stems from advantageous proper-
ties that have been reported, including increased wear
resistance,"” strength, and hardness.'* Along with the
entropy stabilization effect, the term “cocktail effect” was
applied to describe unexpected properties or effects caused
by the mixing of multiple elements. In some cases, the
cocktail effect can result in a property that is much greater
than suggested based on the amounts of the constituents
and their reported properties. For example, the hardness
of some HEAs has been reported to be much greater than
predicted by a linear rule of mixtures (ROMs) and the hard-
ness values of the constituent metals." Likewise, improved
oxidation resistance has been reported for high entropy
borides and HECs.!®!”

Another defining characteristic of high entropy materi-
als is lattice distortion, which has been reported in both
HEAs and high entropy ceramics.'®!"” Lattice distortion
is proposed to occur because of the different sizes of the
elements that constitute these materials. Because of the
size difference, both the unit cell and the individual bonds
can be strained. This phenomenon can affect the thermal
and electrical conductivities of materials due to increased
phonon scattering caused by strained bonds.'**"

Several high entropy ceramic systems have been
investigated.”’>* These materials have the same defining
characteristics as HEAs, including increased stability at
elevated temperatures, lattice distortion, and the cocktail
effect. The ability of these ceramics to form high entropy
materials is due to the propensity for solid solution for-
mation in these systems. Initial studies were conducted
on HECs and nitrides as coatings.”>?® This has since
been expanded to bulk materials and multiple systems
including oxides, diborides, and more.

Castle et al. were the first to report the synthesis of a
bulk HEC, which was a (Ta, Hf, Zr, Nb)C ceramic pro-
duced by Spark Plasma Sintering (SPS) at 2300°C.? They
showed that the hardness measured by nanoindentation
was ~5 GPa greater than any of the individual carbide com-
ponents. The high hardness was attributed to a cocktail
effect solid solution strengthening, and, possibly, lattice
distortion. Feng at al. reported synthesis and densification
of an HEC at much lower temperatures (1600 and 1900°C,
respectively) than had previously reported.>?’ By taking
advantage of nanoscale powders they were able to carboth-
ermally reduce multiple oxide precursors into a dense sin-
gle phase HEC. Recently Feng et al. measured the flexure
strength of (Ta, Hf, Zr, Nb, Ti)C. They observed a strength
of ~421 MPa at room temperature. This was maintained
up to 1800°C, and then a drop in strength was observed up
to 2300°C (~93 MPa), which was attributed to an increase
in dislocation movement that was restricted at lower
temperatures due to the random elements in the cation
sublattice.”®
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Lattice distortion has also been shown to affect the
thermal conductivity of high entropy ceramics. Liu et al.
utilized modeling and experimental analysis to identify
the effect of multicomponent thermoelectric materials on
the phonon contribution to thermal conductivity.”” They
found that in multicomponent systems K, is lowered as
the number of components increases due to local “mass
and strain fluctuations.” Yan et al." synthesized an HEC
containing Hf, Zr, Ta, Nb, and Ti. They measured the ther-
mal conductivity of this material at multiple temperatures
below 100°C and determined the thermal conductivity at
~30°C to be ~5.5 W/ m«K. The thermal conductivity was
lower than the thermal conductivity values reported for
most of the constituents, except for NbC. The reduction in
thermal conductivity was thought to be due to lattice strain
and subsequently scattering of phonons. Similar thermal
conductivity behavior has been reported for other HECs
and ceramics.*’~*?

Rost et al. investigated the effect of carbon content on
the electron and phonon contributions to the thermal con-
ductivity of HEC thin films.** They found that substoi-
chiometric films exhibited metallic behavior, and electrons
played a large role in the thermal conductivity. As car-
bon is added into the system, the contribution of phonons
to thermal conductivity increased. Rost et al. utilized the
Wiedemann-Franz law to perform this analysis and thus
measured the electrical resistivity, although they did not
explicitly report these measurements. They did, however,
mention measuring electrical resistivities that were higher
than for “typical metal carbides” and HEAs, which agrees
with other reports of higher electrical resistivity in HECs.>*

The goal of this paper was to analyze the thermal con-
ductivity of (Ta, Hf, Nb, Zr)C at elevated temperatures. This
paper is the first report of thermal diffusivity, heat capac-
ity, electrical resistivity, and thermal conductivity of (Ta,
Hf, Nb, Zr)C at elevated temperatures.

2 | EXPERIMENTAL DETAILS

2.1 | Processing

The processing of the specimens used in this study is the
same as that described in detail in Castle et al.? and is sum-
marized here. Commercially available powders of TaC (HC
Stark, <44 um), HfC (HC Stark, ~45 um), ZrC (American
Elements, <149 um), and NbC (American Elements, <10
um) were weighed out in equimolar amounts. The pow-
der mixture was then ball milled for 24 h at 200 rpm in
tungsten (W) and carbon (C) pots containing SiC milling
media (5:1 ball:powder mass ratio) in an argon atmosphere.
The milling cycle included steps of 5 min of milling fol-
lowed by 5 min of resting to reduce heating of the mixed
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powders. In addition, stearic acid was used as a mixing
aid. The powder was initially subjected to a pressure-
less degassing step at 1800°C in flowing argon in a spark
plasma sintering machine (FCT HPD 25; FCT Systeme
GmbH, Rauenstein, Germany), which removed any oxide
phases. The powder was then loaded into a graphite die
and sintered at 2300°C under a pressure of 40 MPa for
7 min.

A similar processing procedure to the one described
above was applied to the tantalum and hafnium carbide
powders to produce bulk tantalum carbide and hafnium
carbide for comparison to the properties of the HEC. The
TaC and HfC were densified to 97.6% and 98.7% of their
theoretical densities, respectively.

2.2 | Characterization

The bulk density of the sintered HEC ceramics was mea-
sured using Archimedes method (modified American Soci-
ety for Testing and Materials (ASTM) C373). Ceramics were
placed in boiling water for >2 h and then held under vac-
uum while still submerged.

The microstructure and the chemical composition were
investigated using scanning electron microscopy (SEM;
FEI Helios NanoLab 600, FEI, Hillsboro, OR) and energy
dispersive spectroscopy (EDS; Oxford EDS, Oxford Instru-
ments, Abingdon, UK). SEM and EDS were performed
using an accelerating voltage of 20.0 kV, a current of 11
nA, and a working distance of 6 mm. Prior to characteri-
zation, specimens were ground so that their sides were flat
and parallel. The specimens were polished starting with a
series of diamond abrasives to a final finish using 0.25 um
diamond paste.

X-ray diffraction (XRD; X’Pert Pro, PANalytical, Almelo,
Netherlands) was used to perform phase and crystallo-
graphic analysis. The ceramic was crushed and passed
through a #200 mesh sieve prior to characterization. Rutile
was used as an internal standard for calculation of lattice
parameters. XRD was performed using Cu-Ka radiation
(4 =1.5406) from 5 to 138 °260 with a step size of 0.026 °26
and an effective counting time of 172.89 s per step. X Pert
highscore software was used for phase analysis. The lat-
tice parameters of the HEC were measured by Rietveld
refinement (RIQAS software) of the XRD data. The lattice
parameters (a) were used, along with the average molecu-
lar weight (M) of the constituents in Equation 2 to calcu-
late the theoretical density. Four atoms per unit cell were
assumed (z), and N, is Avogadro’s number.

Mz
_a3NA

2

Electrical resistivity was measured in a tube furnace
(Lindberg Blue M HTF55322A, Asheville NC) using the
4-point van der Pauw method (ASTM F76) from room
temperature to 800°C. The measured electrical resistivity
exhibited a linear relationship with temperature, thus it
was deemed acceptable to extrapolate the data to 1600°C.
Measurements were made every 100°C on specimens that
were ground flat and parallel. The specimens were equi-
librated for ~10 min at each temperature prior to testing.
All of the tests were conducted under flowing argon except
for the ambient temperature measurements, which were
conducted in air. Prior to the measurements, four annealed
Inconel wires were attached to each of the specimens. Data
were analyzed using the methodology described in ASTM
F76 to calculate electrical resistivity.

Thermal diffusivity (D) and heat capacity (Cp) were
measured using the laser flash method (ASTM E1461)
from ambient temperatures to 200°C in intervals of 50°C
(Cryo2000; Anter Corp., Pittsburgh, PA) and from 200 to
2000°C in intervals 0of 100°C (Flashline 5000; Anter Corp.).
Specimens were right circular cylinders that were ~12 mm
in diameter and 2-3 mm thick. The specimen faces were
coated using graphite spray prior to testing to ensure uni-
form adsorption of the laser light. All of the tests were
run in flowing argon. The thermal diffusivity was calcu-
lated using the Clark and Taylor method (ASTM E1461).%
The temperature was monitored at each hold, and tests
were not conducted until the measured temperature had
stopped changing to ensure that thermal equilibrium had
been reached.

Measured values of thermal diffusivity and heat capac-
ity were combined with the temperature adjusted den-
sity (~4%-6% change in density from room temperature
to 2000°C for constituent carbides) to calculate thermal
conductivity (k) using Equation 3. The adjusted density
values were approximated using the coefficient of thermal
expansion data reported by Singh and Weidemeier.*° The
thermal conductivity was then corrected to account for the
porosity present in the sample using the Maxwell equation
where P is the volume fraction of porosity (Equation 4),
and ky,, is the corrected thermal conductivity.”’

k=DpC, 3)
(1 + 05P)
Kpor = k(l——P) )

The electron contribution to thermal conductivity was
estimated using the Weidemann-Franz law>® (Equation 5),
where k. is the electronic contribution to the thermal
conductivity, o is electrical conductivity, L is the Lorenz
number, and T is absolute temperature.
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TABLE 1 Lattice parameters of (Hf, Ta, Zr, Nb)C and its carbide constituents*’
TaC NbC HfC ZrC ROM (Hf, Ta, Zr, Nb)C
Lattice parameter (A) 4.455 4.475 4.639 4.694 4.566 4.559

Abbreviation: ROMs, rule of mixtures.

Ke
— LT
. )

The phonon contribution to thermal conductivity (k)
was estimated by subtraction using Equation 6.

ke+ k= k ()

The Lorentz number used for the calculations was esti-
mated based on a calculated value. Using the theoretical
Lorenz number (L, = 2.44 X 10~8 WQK~?) gave negative
values for kp. Based on these results, the Lorenz num-
ber was estimated to be 2.33 x 1078 WQK~? by finding
the smallest number that resulted in non-negative values
for the phonon contributions at all temperatures. Previous
studies have presented further justification for use of an
experimentally determined Lorenz number compared to
the theoretical value.*

3 | RESULTS AND DISCUSSION

3.1 | Microstructure/phase analysis

A single-phase (Hf, Ta, Zr, Nb)C ceramic was produced by
the SPS process. Analysis of the XRD pattern (Figure 1)
revealed the presence of a single cubic phase with the rock
salt structure. This demonstrates that the processing con-
ditions produced a single phase solid solution HEC.

The HEC was nearly fully dense. The bulk density mea-
sured by Archimedes method was 10.12 g/cm?. The theo-
retical density for the HEC was estimated to be 10.37 g/cm?
based on the lattice parameters obtained from XRD and

(111)

;: (200)

<

o

2 (220)  (311)

L

£

(222)
(400)
) \ A
20 30 40 50 60 70 80 90
20 (degrees)

FIGURE 1 X-ray diffraction (XRD) pattern for (Hf, Ta, Zr,

Nb)C indexed to the rock salt crystal structure

the average molecular weight of the constituent metals.
The different metals were assumed to be randomly dis-
tributed on the sites in the rock salt lattice for this calcula-
tion. Table 1 shows the lattice parameters calculated for the
HEC compared to its constituents and the lattice parame-
ter predicted by a linear ROMs.*® Comparing the measured
bulk density to the calculated theoretical density gives a
relative density of ~97.6%.

The HEC appeared to be chemically homogenous based
on area EDS analysis (Figure 2) that indicated a uni-
form distribution of Hf, Ta, Zr, Nb, and C throughout the
microstructure. Complementary SEM imaging (Image A)
showed a uniform structure with an average grain size of
6.6 + 3.6 um (Feret diameter) and a porosity of ~0.24 vol%
(assuming area% was equal to volume %). The density mea-
sured via Archimedes method, which was lower than the
density estimated fromSEM image analysis, was consid-
ered more reliable because it measures the density of a
bulk specimen as opposed to several small sections. The
HEC was determined to be a single phase solid solution
and appropriate for a detailed analysis of the intrinsic ther-
mal and electrical properties based on its relative density,
phase purity, and chemical homogeneity.

Multiple factors have been shown to affect the ther-
mal and electrical properties of refractory metal carbides
including point defects such as carbon vacancies and rela-
tive density (i.e., porosity). Williams studied the effect of
vacancies on the electrical resistivity of some refractory
metal carbides.*! He noted that as the number of carbon
vacancies in TiC and TaC increased, the electrical resistiv-
ity increased.*” Williams noted that this is due to the abil-
ity of carbon vacancies to scatter conduction electrons. The
electron scattering mechanism was confirmed through the
residual resistivity exhibited by substoichiometric NbC,
TaC, and HfC at low temperatures but not by fully stoichio-
metric WC. Storms and Paul investigated the thermal con-
ductivity of ZrC and NbC as a function of carbon vacancy
content.”* They observed an increase in thermal conduc-
tivity as the number of carbon vacancies decreased, and
the carbides approached a 1:1 carbon to metal stoichiom-
etry. Yan et al. investigated the effect of porosity on the
properties of ZrC, including thermal conductivity.** They
showed that as porosity increased, the thermal conductiv-
ity decreased. The following sections contain data from the
technical literature for the thermal and electrical proper-
ties of ZrC, NbC, HfC, and TaC. The values were taken
from published reports; however, the values may not be
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FIGURE 2 (Hf, Ta, Zr, Nb)C high entropy carbide showing (A) polished cross section, and energy dispersive spectroscopy (EDS) maps

for (B) Hf, (C) Ta, (D) C, (E) Nb, and (F) Zr

the intrinsic values for these carbides due to a number of
factors including variations in relative density and carbon
stoichiometry. While some authors commented on these
aspects of their specimens, others did not.

3.2 | Thermal diffusivity

The thermal diffusivity of the HEC increased from ~0.045
cm?/s at 25°C to 0.087 cm?/s at 2000°C. The thermal dif-
fusivity of the HEC was ~27% lower than the average
of the monocarbides across the entire temperature range
measured. The measured diffusivity is significantly lower
than the values for the individual carbides and the average
predicted by a linear molar ROMs calculation (Figure 3).
This phenomenon may be explained through the work of

0.13
0.12
0.11

0.1
= 0.09
0.08
0.07

m?/s)

Diffusivity

aaas 4 o ®
0.06 o ®

0.05 P

@ HEC A TaC m HfC
L

500 1000 1500 2000
Temperature (°C)

7rC0.92 A NbC0.98 —ROM
I I

0.04
0

FIGURE 3 Thermal diffusivity of (Hf, Ta, Zr, Nb)C compared
to TaC, and HfC (present work) and reported values for ZrC,,
NbC, g5 ** along with an average predicted by a molar rule of
mixtures calculation

McClane et al. who showed that ZrB, containing 3 at%
of transition metal solid solution additions had a lowered
thermal diffusivity.*>*® Each additional transition metal
added into the HEC could act as further imperfections (i.e.,
acting as point defects similar to the vacancies mentioned
above) in the lattice and lower the thermal diffusivity fur-
ther. This is supported by Yan et al. who also reported the
thermal diffusivity of a (Hf, Zr, Ta, Nb, Ti)C at ~30°C to be
0.036 cm?/s."” This is lower than the diffusivity reported
for (Hf, Ta, Zr, Nb)C in this work. The difference is most
likely due to the addition of a 5th metallic element (Ti) into
the HEC but may also be attributed to the lower density
(93% of theoretical) of the HEC they measured. Yan et al.
also showed that an ROMs was not followed and that the
HEC had a lower thermal diffusivity than any of the com-
ponents, similar to the results reported here.

3.3 | Heat capacity

The heat capacity was measured for the HEC from room
temperature up to 2000°C using the laser flash method
(Figure 4) and was found to increase from ~0.23 J/g+K at
25°C to ~0.44 J/g+K at 2000°C. Reported heat capacities
for TaC, ZrC, NbC ¢g,*” and HfC,*® along with an average
value predicted by a linear molar ROMs calculation, are
also included in Figure 4 for comparison to the HEC.
The heat capacity of the HEC was similar to the value
predicted by a linear molar ROMs calculation for the
constituent monocarbides, differing by only about 2.4%
across the entire temperature range investigated. Heat
capacity scales with the mass of a material, so it would
follow that the HEC has a heat capacity that is similar to
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FIGURE 4 Heat capacity of (Hf, Ta, Zr, Nb)C compared to
reported values for ZrC, NbC, 45, TaC,*” HfC*® and the value
predicted by a linear molar rule of mixtures

the average of the individual carbides. This is the basis
behind the Kopp-Neumann law that predicts the specific
heat capacity of a compound.*’” The heat capacity of
the HEC deviated from the average by ~12.3% at room
temperature and ~0.54% at 2000°C. This observation,
however, contradicts results reported by Yan et al.'” who
found that the heat capacity of their HEC was similar to
the constituents with the lowest heat capacities.

3.4 | Electrical resistivity

The electrical resistivity of the HEC increased from 80.9
+ 0.1 uQecm at 25°C to 114.1 + 3.9 uQecm at 800°C
as shown in Figure 5. This was extrapolated to 1600°C
(152.3 uQe+cm) based on an assumed linear trend, which
has been reported for the electrical resistivity of carbide
ceramics.”’! The reported electrical resistivities for TaC,
HfC (present work), and reported values for ZrC and
NbC>? along with an average electrical resistivity as a func-
tion of temperature, predicted by a linear molar ROMs

A

Electrical Resistivity (uQecm)

60 A A HEC Extrapolation Equation
A Y = 0.0466x + 77.763
0 A
2 A ‘ | @HEC ATaC WHC ®ZC A NbCOSS —ROM
0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)
FIGURE 5 Electrical resistivity of high entropy carbide (HEC)

measured from room temperature to 800°C (open data point is
extrapolated to 1600°C) compared to TaC, HfC (present work), ZrC,
and NbC>°

rican Ceramic Society

Thermal Conductivity (W/meK)

10 Q.. ) ® HEC A Ta‘C HfC ZrC0.92‘ A NbC0.98 —ROI\III
0 500 1000 1500 2000
Temperature (°C)
FIGURE 6 Thermal conductivity of the high entropy carbide

(HEC) up to 2000°C compared to reported values for TaC, HfC
(present work), ZrC, and NbC>? along with an average value
predicted by a linear molar rule of mixtures

calculation, are also included in Figure 5 for comparison
to the HEC. The electrical resistivity of the HEC is lower
than for HfC (~10.2% difference) and ZrC (~27% differ-
ence), but higher than the values for NbC (~45% differ-
ence), and TaC (~52.9% difference) across the temperature
range investigated. The HEC does not follow an ROM for
either thermal diffusivity or electrical resistivity as both
thermal (Ke component of thermal conductivity) and elec-
trical transport are influenced by electron transport. Ele-
ments of different atomic mass placed randomly through-
out the crystal structure act as point scattering sources and
may slow the movement of electrons, similar to carbon
vacancies as studied by Williams.*' The electrical resistiv-
ity does approach the average of the carbide constituents as
temperature increases. This can be attributed to the resis-
tivity of ZrC, which has a higher reported temperature
coefficient (0.09 uQ+cm/°C) than the other carbide mate-
rials (between 0.04 and 0.057 uQecm/°C).

The electrical resistivity has only been reported for one
other HEC ceramic, which had a composition of (Hf, Zr, Ta,
Nb, Ti)C.** The resistivity was 91.3 £Qecm at room temper-
ature (Table 2), which is higher than the value measured in
the present study. The higher resistivity may be due to the
additional metal element present in the ceramic in the pre-
vious study, but other factors such as porosity and carbon
stoichiometry may contribute as well.

3.5 | Thermal conductivity

Figure 6 shows the thermal conductivity of the HEC com-
pared to HfC, TaC (calculated from data gathered in this
study), and NbC ¢g and ZrC,,>* along with the average
value predicted using a linear molar ROMs calculation.
The thermal conductivity of the HEC (10.7 W/m+K at room
temperature and 39.9 + 2.3 W/m«K at 2000°C) was notice-
ably lower than all of the constituent carbides except for
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TABLE 2 Thermal conductivity and electrical resistivity of HEC materials

19,30,31,34,53

Thermal conductivity/ Electrical resistiv-
Author HEC temperature ity/temperature
Yan et al.”’ (Hf, Zr, TaTi, Nb)C 5.5 W/me+K, 30°C N/A
Ye et al.>° (Zr, Nb, Ti, V)C 15.3 W/m«K, RT N/A
Liu et al.*! (V, Nb, Ta, Mo, W)C 9.2 W/meK, RT N/A
Wei et al.> (Ti, Zr, Hf, Nb, Ta)C 12.3 W/m-K, 50°C-19.2 W/m+K, 500°C N/A
Ye et al.** (Hf, Zr, Ta, Nb, Ti)C N/A 91.3 uQscm, RT

Abbreviation: HEC, high entropy carbide; N/A, not available; RT, room temperature.
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FIGURE 7 Thermal conductivity of the high entropy carbide
(HEC), along with the phonon and electron contributions, up to
1600°C

ZrCy 9y, which had similar values, although the thermal
conductivity was most likely lowered due to its substoi-
chiometry. Presumably, the presence of metals, with dif-
ferent sizes and masses, disrupted phonon transport in
the HEC,*® causing decreases in both thermal diffusivity
and thus thermal conductivity. The lattice strain described
in previous reports of HECs could also contribute to the
increased phonon scattering.’

A few reports measured the thermal conductivity of both
four and five constituent HECs (Table 2).19-30-31:53 The val-
ues indicate that more elements result in a lower thermal
conductivity, although other factors such as porosity and
carbon content may also affect the reported thermal con-
ductivity.

To further analyze thermal transport, the phonon contri-
bution to the thermal conductivity was estimated by sub-
tracting the estimated electron contribution from the total
thermal conductivity. The phonon contribution remained
constant at ~2.7 W/meK (this should be seen as a lower
limit because Kp can vary depending on the value chosen
for L) at all temperatures (Figure 7). Further, the phonon
contribution was much lower than the electron contribu-
tion at all temperatures as shown in Figure 8. Interest-
ingly, the increase in the electron contribution to ther-
mal conductivity (8.6 W/m«K at 25°C to 28.7 W/m+K at
2000°C) led to an increase in thermal conductivity with
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FIGURE 8 Phonon and electron contribution to thermal

conductivity as percentage, up to 1600°C

temperature, similar to previous reports for rock salt
carbides.”*>® Hence, the thermal conductivity of HECs
appears to be controlled by the same phenomena as for the
constituent carbides (i.e., electron contribution). The ther-
mal conductivity of the HEC was lower than the individual
carbides due to lower phonon and electron contributions
that result from the presence of multiple transition metal
species with different ionic radii and mass.

4 | CONCLUSION

The thermal and electrical properties were studied for a
(Hf, Ta, Zr, Nb)C ceramic. The HEC was a single-phase
solid solution and was nearly fully dense. The thermal dif-
fusivity (0.045-0.087 cm?/s) was lower than all of the con-
stituent carbides. The heat capacity of the HEC matched
closely with the value obtained from an ROMs approxima-
tion from room temperature to 2000°C (~2.5% difference).
The values for heat capacity were also higher than those
of prior reports for HECs. The electrical resistivity (80.9
uQecm at 25°C to 114.1 uQecm at 800°C) of the HEC was
higher than predicted by ROM.

The thermal conductivity of the HEC (10.7 W/me«K
at 25°C and 39.9 W/m+K at 2000°C) was much lower
than all of the individual carbide constituents (except
ZrCy ¢y, Which was similar) and did not exhibit behavior
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consistent with a linear ROMs.>” This is most likely due
to the presence of the metal atoms of differing ionic radii
and mass causing scattering of phonons and electrons.
The phonon contribution to the thermal conductivity was
constant across the entire temperature regime tested at
~2.7 W/m+K, while the electron contribution increased
from 8.6 W/m«K at room temperature to 28.7 W/m-K at
2000°C. This behavior is similar to that exhibited by other
rock salt carbides in previous studies.
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