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Abstract. A method for studying the thermophysical properties
of refractory carbides under pulsed electric heating for 5—
10 microseconds is considered. Results are presented for (ZrC;
Zr + C; TaC + HfC; HfC) as a function of the temperature
measured from ~ 2000 K to 5000 K. Data on enthalpy, specific
heat C,, heat of melting, and electrical resistance are given. For
all the studied carbides, a sharp increase in the specific heat of
the solid phase is observed at ~ 300 K before melting. This may
be due to the formation of paired Frenkel defects under condi-
tions of a short heating time. Comparative data on the results
obtained for all carbides are presented, and the choice of car-
bides for creating thermal protection is discussed.

Keywords: pulse heating, refractory carbides, melting tem-
perature, liquid state, thermophysical properties, electrical
resistance

1. Introduction

Carbides of metals of groups IV and V of the periodic system
of elements — Zr, Hf, Ta— have a unique set of properties:
very high melting points (above 3400 K), metallic conductiv-
ity, high thermal conductivity, high hardness, high elastic and
shear moduli, and chemical inertia. These carbides belong to
the group of super-fusible substances, which is commonly
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referred to in the literature as Ultra-High-Temperature
Ceramics (UHTCs) [1]. UHTCs also include borides,
nitrides, and oxides of substances with high melting points.
Itisnoted in [1] that the combination of the properties of these
carbides makes them promising materials for the develop-
ment of high-temperature devices, including rocket engines,
hypersonic aircraft, thermal protection elements, and high-
temperature nuclear reactors. Carbides are considered to be
the most refractory compounds. Recently, new composite
materials (based on UHTCs) have been developed that have a
higher resistance in the oxidizing air environment or in the
environment of combustion products than UHTCs [2]. For
the same purpose, various multicomponent ceramics are
being developed. For example, in [3], a composition of a
mixed carbide based on ZrC is proposed that is resistant to
ablation at temperatures up to 3300 K.

New approaches to the development of refractory
compounds, including nanostructured ones, are presented in
[4, 5]. To evaluate the behavior of these materials at high
temperatures, it is necessary to know the properties of the
initial two-component solutions (carbides, nitrides, borides),
both in the solid and in the liquid states.

Zirconium and hafnium, interacting with carbon, form
only ZrC and HfC monocarbides. Tantalum forms carbides
Ta,C and TaC, of which TaC monocarbide is more stable and
has a higher melting point (4223 K, [4]). These monocarbides
have wide regions of homogeneity, i.e., they are compounds
of variable composition, which are described by the formula
MC,, where M is ametal, Cis carbon, and x varies widely, for
example, 0.55 < x < 1 for ZrC,.. The compounds have a face-
centered cubic lattice. Carbon atoms are located in octahedral
internodes, some of which remain unoccupied at x < 1.

There is an extensive literature, including references,
devoted to the study of the properties of carbides. However,
it should be noted that studies of properties at high
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temperatures, especially near melting, are few and often
contradictory. The properties of the liquid phase of refrac-
tory carbides have remained unexplored until recently. Only
estimates of the enthalpy and specific heat, as well as the heat
of melting, have been calculated. The main properties of
carbides at different temperatures are given in [6—11].

Information on the temperature dependences of proper-
ties obtained both experimentally and by calculation is
collected in [12]. Modern experimental data on the thermo-
physical properties and radiative characteristics of carbides
are presented in [13], and recommended temperature depend-
ences of these properties are given. The results of classical
measurements are also presented in [14].

Studies of the enthalpy, specific heat, electrical resistance
of the solid and liquid phases of carbides in the temperature
range from 2000 to 5000 K and measurements of the
temperature and heat of melting were performed by heating
an electric current pulse with a duration of 5-10 ps, which
corresponds to a heating rate of ~ 103—-10° K s~! or
(10°—10°> K ps~!'). Note that these heating rates look
unusually large, but it is known that the time of electron-ion
relaxation in a solid is several picoseconds (10-12 s). This is
not only an estimate, for example [15], but also an experi-
mental fact [16]. Thus, during microsecond heating, the
electron and ion subsystems are in equilibrium with each
other, giving grounds for applying the concept of local
thermodynamic equilibrium to the description of the speci-
men state.

The question of the possible ‘overheating’ of a solid body
above the melting point at a high heating rate is closely related
to this problem. A possible increase in the melting tempera-
ture of pure metal was not confirmed in our direct measure-
ment of the melting temperature of pure Ta [17], heated at a
rate of 108 K s™!'. A successful experiment was performed in
[18], where a diamond plate (500 pm thick) was melted when
it was heated by a laser pulse with a duration of 1 ns, under
conditions of megabar pressures. The melting point of the
diamond (9000 K) corresponded to the measured pressure.
The heating rate was ~ 10'! K s~!. An analysis of literary
publications of recent years has shown that the alleged
overheating of pure substances with rapid heating is unlikely.

At the same time, rapid current heating has a number of
features — a sharp increase in the specific heat capacity of the
solid phase is observed at ~ 300 K before melting, which is
common to all the studied carbides. The same effect was
observed earlier when studying the properties of metals [19]
and graphite [20] under rapid heating by current, i.e., perhaps
this effect has a general nature with rapid heating of
substances. The authors of these studies suggest that this
effect may be associated with the formation of paired Frenkel
defects under conditions of a short heating time.

Recent theoretical estimates by the molecular dynamics
method at 7= 3200 K for zirconium carbide [21] show the
possibility of an increase in the specific heat due to the
formation of Frenkel pairs even before the melting of the
solid. In the same study, the contribution of Frenkel defects to
the measured physical properties of ZrC is estimated.

It should be noted that, due to very high melting
temperatures, it is almost impossible to perform such studies
using traditional stationary methods. It is necessary to use
rapid current heating, which has a number of advantages [22,
23] over standard stationary methods:

— the highest temperatures (above the boiling point of
the material) are easily reached;

— the short duration of the heating process leads to small
thermal losses of all types, amounting to a fraction of one
percent of the Joule heating energy scattered in the sample,
which makes it possible to measure thermal properties with
acceptable accuracy;

— volumetric heating of the sample takes place under
current action, and this allows its volumetric properties (such
as enthalpy, specific heat, and resistivity) to be measured,
which is impossible with laser heating;

— digital oscillography allows measuring several thermo-
physical properties simultaneously for the solid and liquid
states of a substance in each individual experiment;

— the short duration of the heating process allows the
stoichiometry of the sample composition to be preserved
during heating and to be ignored the interaction of the
sample with the environment.

The main results of studying the physical properties of
refractory carbides in solid and liquid states when heated by a
current pulse for 5-10 ps (d7/ds ~ 5 x 10% K s7!) are given
in [24-31]. As noted in these publications, the method allows
us to study the temperature dependences of the enthalpy,
specific heat, and electrical resistance of a conducting
substance in the solid phase during melting and in a wide
range of the liquid state, as well as the temperature and
enthalpy of phase transitions. The methods of powder
metallurgy and coating methods were used for the produc-
tion of specimens. Pulsed methods of current heating allowed
us to reach a new level of temperature research of the
properties of substances (up to 5000-8000 K). This is
significantly higher than the capabilities of stationary stud-
ies. Apparently, the temperature of 3800 K can be considered
the limit of the capacity of stationary studies [32].

2. Features of the study of the properties
of carbides by the method of heating
by a current pulse

The studies were performed with specimens in the form of
thin plates (more massive samples) and of thin layers
deposited on a dielectric substrate (optical glass K8 or silica
glass). In the first case, the initial blanks were obtained by
Spark Plasma Sintering (SPS method) of carbide powder.
These blanks were cut by a diamond disk into plates with a
thickness of 100—150 pm. In the second case, specimens in the
form of a coating with a thickness of 1-10 pm were obtained
by magnetron sputtering of a target also manufactured by the
SPS method. The final specimens (plates and coatings) had
different structures, porosities, and grain sizes. The plates had
a grain size of about 1015 pm, and the coatings had a grain
size of about 1 pm or less.

The test specimen was placed in a cell between two glass
plates (without the use of side glued glasses!) to prevent the
occurrence of a surface discharge at high voltage along the
specimen. During pulsed heating, a small pulsed pressure
(about 5-10 MPa) appeared in the specimens, the influence of
which can be ignored, and the Joule heat scattered in the
sample can be considered equal to the enthalpy, while the
measured specific heat is that at constant pressure. It should
be noted here that the gluing of additional glasses along both
sides of the cell leads to a significant increase in the pulse
pressure, on the order of tens of kbar at short heating times
(~ 1 ps;dT/dt ~ 5x 10° K s7!); theissue s considered in [20].

In our case of coating, two cell variants were used: the first
cell consisted only of a substrate on which the coating was
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applied (experiments were carried out in water); in the second
case, the coated substrate was covered from above with a glass
plate (experiments were carried out in the air). The tempera-
ture was measured by the optical method using a high-speed
pyrometer based on fast PDA-10A photodetectors (Thor-
labs). In this case, we used the literature data on the emissivity
of the studied substances. In their absence, a wedge-shaped
model of a blackbody consisting of two glass plates covered
with a thin layers of the studied carbide were used [24].

It should be noted that, with the exception of publications
[24-31], there are no experimental data in the literature on the
specific properties (for example, the specific heat) of refrac-
tory carbides in the liquid phase, which is associated with the
very high melting temperatures of these substances. The
behavior of the specific heat of all the carbides considered
below has features previously discovered for metals [22, 23].
With rapid heating, 200-300 K before melting, the specific
heat of these carbides increases abnormally. After melting,
approximately in the same temperature range, it quickly falls,
approaching the estimates obtained for equilibrium condi-
tions.

It can be assumed that the anomalous increase in the
specific heat of the solid phase of carbides (as well as of
metals) in the melting region is associated with the rapid
formation of nonequilibrium Frenkel defects and with an
increase in the energy of the crystal lattice before melting.
Immediately after the melting is completed, a sharp drop in
the specific heat is observed, presumably due to the annihila-
tion of excess defects. This leads to a drop in the specific heat
to values close to equilibrium.

The development of the method of rapid pulsed heating
by a current pulse has led to a wide application of the method
for obtaining data on the physical properties of substances
(metals, alloys, carbides, nitrides, and carbon) at high
temperatures. The study temperatures reached 5000 K and
higher (for example, up to 8000-12,000 K for liquid carbon).
Indeed, such studies in stationary conditions are impossible.
The method of fast heating, including temperature measure-
ment using a high-speed pyrometer, is described in [33].
Temperature measurements were carried out at a wavelength
of 856 nm. Errors in measuring the properties of the speci-
mens were as follows: Joule heating energy (enthalpy)—
5-6%; electrical resistance related to the initial dimensions —
5-8%; specific heat— 15-20%; temperature —2-3% at the
level of 4000 K.

An uncontrolled change in the initial composition of
carbides occurs during stationary heating of carbides due to
evaporation of the components (especially intense at high
temperatures). This does not allow interpreting the results
obtained at stationary conditions unambiguously.

A peculiarity of heating by a microsecond current pulse is
its short duration and high heating speeds. The short heating
time allows preserving the initial composition of the sample,
which is an advantage of this method. However, at high
heating rates, a number of questions arise:

— what pressures arise in the sample?

— is it possible to consider the state of the sample
homogeneous in temperature and pressure during heating?

— how will the pressure affect the measurement of the
enthalpy and heat capacity of the sample?

Let’s consider these questions.

Volumetric heat release occurs in each section of the
specimen. Experiments performed under the same condi-
tions on the same specimen, with analyses of different

sections of the specimen surface, did not reveal a significant
difference in the temperature of these sections, i.e., the
temperature differences along the length of the samples did
not exceed the measurement error (about 100 K at the level of
4000 K). The decrease in the temperature of the specimen
surface compared to the temperature inside the sample, due to
radiation losses, is negligible [33]. All this allows us to assert
that the temperature distribution of the specimen along its
length and cross section is homogeneous.

Experiments have shown that the most efficient design of
a cell with a specimen is one in which the specimen is placed
symmetrically between two dielectric plates. Due to the
inertia of the plates, the heating and expansion of the
specimen is accompanied by an increase in pressure in it. In
addition, pressure occurs in the specimen due to the action of
ponderomotor forces. Depending on the cell design, the
amplitude and duration of the current pulse, and the
expansion rate of the specimen, the sum of these pressures
can reach tens of kilobars [20]. It is necessary to assess the
level of pressures arising in experiments with carbides.

To fix the specimen in the cell, glue was used, which, after
curing, formed a layer of polymethylmethacrylate (PMMA,
~ 10 pm), separating the specimen surfaces from the dielec-
tric plates (K8 glass or silica glass). To simplify the problem,
we may disregard the PMMA layer and assume that the
specimen is in direct contact with the glass plates of the cell.
To estimate the dynamic pressure Py that occurs during the
expansion of the specimen (in a closed volume), we use the
ratio [34]

Py =7,0U, (1

where y, and ¢; are the density of the medium and the speed of
sound in the medium in which the specimen is expanding, and
U is the speed of movement for the specimen boundary during
its expansion. We estimate this speed for a plate specimen.
Assuming a specimen thickness of 0.14 mm, an average
coefficient of linear expansion of zirconium carbide
~ 7.6 x 1076 K~! for the temperature range of 300-3300 K
[12], and the heating time up to 3300 K is 3 ps (d7/ds ~ 5 x
108 Ks7), we get U ~ 0.5 ms~!. Then, given the options for
glass (y, = 2.6 x 103 kg m~3, ¢ ~ 5.8 x 103 m s~! [35]), we
obtain P4 ~ 8 MPa.

The distribution of this dynamic pressure in the specimen
can be considered homogeneous if the time of propagation of
the disturbance through the thickness of the specimen is
sufficiently small compared to the heating time. According
to calculations [36], the velocity of longitudinal waves in
zirconium carbide at room temperature is ~ 8000 m s~!. At
1000 K, it decreases to ~ 7000 m s~'. With a specimen
thickness of 140 pum, the propagation time of the disturbance
will be 0.02 ps, which is significantly less than the heating time
of the specimen before melting, about 3 ps, i.e., the distribu-
tion of dynamic pressure over the thickness of the specimen
during heating can be considered homogeneous.

In the experiments of the authors, specimens of carbides
were used in the form of thin plates with a thickness-to-width
ratio of 20/h ~ 0.04 and in the form of coatings with
28/h ~ (1—6) x 10~*. The length of the specimens was 2—
4 times greater than the width. To estimate the electromag-
netic pressure, such specimens can be considered infinite in
two directions and the pressure change considered only along
the thickness of the specimen. The distribution of the
electromagnetic pressure P. (pinch effect) over the thickness
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of an infinite plate with a stationary current is described by
the formula [37]

P) = g 257~ 22), )
where j is the current density, u is the magnetic permeability
(for carbides p ~ 1), u, is the magnetic constant, J is half the
thickness of the sample, and z is the distance from the
specimen axis. For samples of carbides in the form of plates
(ZrC, HfC), the amplitude of the current pulse was ~ 25 kA,
the thickness of the plates was 0.14 mm, the maximum current
density was ~ 5 x 10! A m™2, and the maximum pinch
pressure on the specimen axis was ~ 4 MPa. The thickness
of thin coatings is about 100 times less than the thickness of
plate specimens, i.e., at the same current density, the pressure
in these specimens is negligible (~ 10* times less than in the
case of plates).

Summing up, we see that, in our experiments with plate
specimens, the pressure on the specimen surface was
~ 8 MPa, and the maximum pressure on the specimen axis
reached ~ 12 MPa (for thin coatings, the total pressure is
negligible).

These estimates are consistent with those obtained by
another method for plate specimens of zirconium nitride [37].
Itis also shown that the difference between the enthalpy of the
specimen H from the energy E Joule heating at different
pressures P can be calculated according to the formula

H—-—E WP P
T—?[lJrﬁ(T*TO)](]*ﬁ)a 3)
where ¥} is the specific volume of the specimen at the initial
(room) conditions, f is the coefficient of the average
volumetric thermal expansion for the temperature range of
T — Ty, and Ky is the isothermal bulk modulus. The energy of
Joule heating is equal to

t
E:lj 1Udr, (4)
m)o

where m is the mass of the specimen, and 7, U are the current
through the specimen and the active component of the voltage
in the specimen: U=u— L d/dt, where u is the voltage on the
specimen, and L is the inductance of the specimen. For
zirconium carbide at 3300 K, energy E ~ 2.2 x 10° J kg~!.
According to [13], for carbide zirconium, V=~ 1.5Xx
10~* m? kg~! (density ~ 6.6 x 10’ kg m~3) and, at a tem-
perature of 3300 K, f=3u~3x(7.6x107%) K!;
Kt ~ 170 GPa; (o« — coefficient of linear thermal expansion).

An estimation using formula (3) shows that, at our
pressures (11 MPa), the difference between the enthalpy and
the input energy F is negligible, ~ 0.1%, i.e., energy E in our
experiments (with the specified specimen sizes and a heating
duration of 3-5 us) is equal to the enthalpy, provided that the
thermal losses of the specimen are small.

Under our conditions, the specific heat is measured at
constant pressure Cp, because, according to estimates [28], a
change in pressure within 1-100 MPa leads to a change in the
specific heat within 1%, which is significantly less than the
error of measuring the specific heat.

It is also necessary to consider what happens to the
layers of glue covering the specimen. During heating,
PMMA melts at the boundary of the specimen (at about
200 K), and its decomposition and evaporation occur at

~ 1000 K [38]. During the heating of the specimen, 7t ~ 3 ps,
the depth of the heated PMMA layer is / ~ y/at = 0.5 um,
(a = 1077 m? s~! is the thermal conductivity estimated from
the data [35] on the thermal conductivity, specific heat, and
density of PMMA). Thus, during heating, the specimen is
separated from the main PMMA layer by low-heat conduct-
ing thin gaseous layers. The thickness of the PMMA layer
varies slightly. The preservation of this layer is observed on
fragments of cells after the experiment.

For our specimens, the ratio of the specimen thickness to
the grain size was at least 10. Here, we assume that the results
of the study will not change with increasing specimen
thickness if this ratio is ~ 10 or higher.

3. Study of zirconium carbide ZrC

The thermodynamic properties of carbides of transition
metals of group IV (Ti, Zr, Hf) are due to the nature of the
elements forming them and clearly reflect the change in the
nature and strength of the chemical bonds in the studied
compounds. Monocarbides of the listed metals, the most
interesting in practical terms, are referred to as metal-like
(covalent-metallic) carbides. The chemical bond in them is
due to the interactions of M—C and M— M, reflecting the
mutual influence of covalent and metallic contributions.

In [39], special attention is paid to the analysis of
experimental and theoretical studies devoted to the nature of
chemical bonds and structural defects that directly affect the
thermophysical, electrical, mechanical, and other properties
of zirconium carbide. The stronger the bond in a chemical
compound, the lower its specific heat should be. An analysis
of the specific heat isotherms for five zirconium carbides ZrC,
(x = 0.65—0.99) in the homogeneity region showed that, with
a decrease in the defectiveness of the carbon sublattice, the
specific heat decreases almost linearly. This can be considered
a consequence of the increase in the total strength of the
chemical bond (M — C) in zirconium carbide from the lower to
the upper boundary of the homogeneity region.

The observed regularity is confirmed by the change in the
strength of the M—C bond (M = Ti, Zr, Hf) during the
transition from titanium carbide to hafnium carbide. An
increase in the number of binding electrons enhances the
interaction of M —C, which leads to a decrease in the specific
heat in the series titanium carbide-zirconium carbide—
hafnium carbide.

The most studied carbide among refractory carbides of
metals of groups IV and V (Zr, Hf, Ta) is zirconium carbide.
A large number of original and review papers have been
devoted to the study of the thermodynamic properties of
ZrC, in the field of homogeneity, as well as the Zr—C system.
The results of numerous measurements of the specific heat
and enthalpy increments of crystalline zirconium carbide are
presented in [40-51].

The thermodynamic properties of the liquid phase, such
as the temperature dependences of the enthalpy and specific
heat, and the melting enthalpy have been studied relatively
recently. Prior to the appearance of experimental data, either
the liquid phase of ZrC, was not considered, or the estimated
characteristics were given. The specific heat of ZrCy g5 in the
solid phase near the melting point and in the liquid state up to
5000 K was studied in [25, 26, 28].

As a result of numerical processing of experimental data,
an equation approximating the temperature dependence of
the specific heat of liquid zirconium carbide ZrCygs on the
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melting temperature of 3850 K to 5000 K was presented for
the first time [31].

Based on a critical analysis of the entire array of
experimental data on the thermodynamic properties of solid
and liquid zirconium carbide, with a composition close to
stoichiometric, equations are obtained and thermodynamic
functions (specific heat, entropy, enthalpy increments and
reduced Gibbs energy) for ZrCpos 999 in the temperature
range of 100-5000 K are calculated [39, 52]. The obtained
results are included in the database of the IVTANTERMO
software package.

The processing of high-temperature experimental data on
specific heat and enthalpy, performed in [39, 52], indicates a
smooth but more intensive increase in the specific heat of
ZrC, above ~ 2200 K. The authors of the above calorimetric
studies themselves explain this phenomenon by the formation
and increase in the concentration of equilibrium vacancies.
On the basis of these data alone, it is difficult to draw a final
conclusion about which sublattice (metal or carbon) forms
thermal vacancies. The authors of study [53], comparing
experimental data on the enthalpy of titanium, zirconium,
and niobium carbides of various compositions in the field of
homogeneity, came to the conclusion that the formation of
vacancies occurs in the carbon sublattice. This is confirmed
by the following facts: (1) with a change in the carbon
concentration in the carbide, the heat of vacancy formation
also changes, although the metal concentration remains
constant; (2) the heat of vacancy formation for carbides of
different transition metals (Ti, Zr, Nb) with equal defects are
close to each other, that is, they do not depend on the nature
of the metal.

In review [39], special attention is paid to the analysis of
experimental and theoretical studies [53—-64] devoted to the
nature of structural defects and chemical bonds that directly
affect the thermophysical, electrical, mechanical, and other
properties of transition metal carbides for group IV (Ti, Zr,
Hf). It is concluded that the thermodynamic properties of
these carbides are due to the nature of the elements forming
them and clearly reflect the change in the nature and strength
of the chemical bond in the studied compounds.

The violation of the ideal crystal structure of transition
metal carbides due to the formation of equilibrium thermal
vacancies correlates with the temperature dependences of
specific heat, enthalpy, and electrical and thermal conductiv-
ity. As numerous studies of the temperature dependence of
the electrical resistance of carbides have shown, the resistance
increases with an increase in the vacancy concentration, since
defects in the crystal lattice lead to additional scattering of
conduction electrons [60]. The influence of structural defects
of zirconium, titanium, and silicon carbides on their thermo-
physical properties, in particular, on thermal conductivity,
was studied in [64]. Theoretical calculations of the formation
energies of various defects have confirmed that vacancies in
the carbon sublattice are the dominant defects in ZrC, and
TiC, carbides. Analyses of the contributions made by
different scattering mechanisms at high temperatures,
according to [49], allows us to assume that the main
contribution is due to the scattering of electrons on the
defects of the crystal lattice.

It should be noted that, in addition to structural defects,
the properties of transition metal carbides, in particular,
mechanical properties, are affected by such imperfections of
the crystal lattice as dislocations, texture, and porosity of the
specimens.

Despite numerous studies of zirconium carbide, the phase
diagram for it continues to be refined [31]. In particular, there
is no generally accepted value of the liquidus temperature.
There are no experimental data for the region of the phase
diagram with a high carbon content (for hypereutectic
compositions). Until recently, data on its thermophysical
properties in the solid phase before melting and in the liquid
phase were obtained only by calculations. The use of the
current pulse heating method made it possible to advance in
solving these problems and obtain experimental data in
previously inaccessible areas [25].

This method allows us to obtain a thermogram of heating
and temperature dependences of various properties
(enthalpy, specificheat, electrical resistance), which together
allow us to clearly record the beginning and end of melting, to
obtain a melting plateau (area). Thus, it becomes possible to
determine the solidus, liquidus, and eutectic temperatures and
to measure the heat of melting, i.e., obtain data on the phase
diagram of a binary system.

In this connection, a question arises about the applic-
ability of the data obtained by the microseconds heating
method to phase diagrams, which are constructed on the basis
of experimental data obtained under equilibrium conditions
by stationary methods. We are talking about determining the
values of Tl Tiiq, Teur. Previously, it was experimentally
shown for metals (for tantalum) [17] that, when a sample is
heated at a rate of ~ 108 K s~!, the melting point remains the
same as in the case of stationary heating. In [24], the
experimentally obtained eutectic temperature T, in the
ZrC—C system coincided with the value of this temperature
measured by stationary methods. It is also shown that, during
the melting of the eutectic under conditions of rapid heating,
the system was in local thermodynamic equilibrium. The
coincidence of the measured temperatures To1, Tiiq, Teur fOr
various specimens of zirconium carbide with the data given in
the literature indicates the applicability of the microsecond
heating method for the study of phase diagrams of carbides.

Specimens of zirconium carbide ZrC + C (C/Zr =~ 3.8)
with a large excess of free carbon [24] and specimens of
ZrCpos [25] were studied. The ZrC+ C specimens
(C/Zr =~ 3.8) were made in the form of a mirror thin layer
deposited on a silica glass substrate by magnetron sputtering.
The ZrCj 95 specimens (designated as ZrC) were cut off from a
block sintered from carbide powder by spark plasma sintering
(SPS). Table 1 shows the compositions of the studied speci-
mens. The analysis showed that, in both cases, the specimens
consist of zirconium carbide with a cubic lattice. The
thickness of the sprayed specimens was 4.9 um, and the
sintered one was 50-100 um. The width and length of the
first were 8 x 15 mm and the density was 4.3 g cm™3; for the
second, 5 x 15 mm and 6.57 gcm 3.

To measure the temperature of the sprayed specimens, the
radiation of a flat surface of the specimen and the radiation of
a wedge-shaped blackbody model (MST) composed of flat
specimens were used (Fig. la). The estimated effective
emissivity of such a model was 0.9-0.95 [33].

The use of the blackbody model (BBM) made it possible
to measure the true temperature of the specimens, as well as to
measure the spectral emissivity of carbide at a wavelength of
856 nm in the solid phase at high temperatures. The black-
body model, shown in Fig. la, consisted of two substrates
with sprayed layers forming a mirror inner surface of a wedge-
shaped cavity. An electric current was passed along the plates
along their entire width. The pyrometer focused on the upper
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Table 1. Composition of specimens.

Carbide Zr C N (6] Al As Hf Summary, at.%
ZrC + C, at.% 17.88 67.69 8.13 5.98 0.16 0.17 — 100.01
ZrC, at.% 47.4 45.0 34 3 — — 0.4 99.2

Figure 1. (a) Wedge-shaped model of a blackbody model (BBM) consisting
of two glass plates (on a stand) with conductive carbide (ZrC + C) sprayed
on the inner flat surfaces. (b) Focusing of the radiation spot on the BBM.
Light spot (offset relative to the slit) shows the size of the emitting region.
Cell is clamped at the ends by current-carrying electrodes through thin
indium gaskets.

part of the cavity (Fig. 1b). It should be noted that, to rule out
a shunt discharge along the inner surface of the BBM, we were
forced to fill the model cavity with degassed (boiled) water. As
it turned out, the absorption in the water layer was small, and
we were able to reliably fix the beginning of the melting
region.

In the case of using specimens in the form of plates
clamped between glasses, the occurrence of a discharge is
completely excluded. But, at the same time, to determine the
temperature of flat ZrC specimens, we had to use known data
on the normal spectral emissivity of zirconium carbide.

The experimental results are the temperatures of the
beginning and end of melting, the heat of melting, as well as
the temperature dependences of the specific energy dissipated
in the specimen (enthalpy), the specific heat, and the electrical
resistance related to the initial dimensions of the specimen.

Note here that, for ZrC, the specific heat from 1600 K to
2400 K was measured in [50] under stationary heating, but
followed by pulse heating. A more detailed comparison of
the obtained results with data in the literature is presented
in [24, 25].

The heat of melting AE during pulsed current heating was
determined as the energy difference at the end and beginning
of melting. In the case of sprayed specimens, this difference
was taken into account in that the thermal losses for heating
the substrate are approximately the same for the beginning
and the end of melting (this is the main type of loss). We
obtained AE = 3.2 kJ g~! for (ZrC + C). For sintered speci-
mens, the Joule energy difference was also taken into account,
and we obtained AE = 1.1 kJ g~!, a value consistent with
data in the literature for sintered carbide.

Taking into account the smallness of heat losses, the
specific heat is determined from the dependence E(T) as
Co(T) = AE/AT (AT ~ 150—250 K) [28]. The temperature
dependences of the specific heat are shown in Fig. 2a and 2b.
The arrows in the figures show the beginning and end of
melting, while the sections of the curves between the arrows
are illustrative — they show the result of applying calculation
algorithm [28] to the melting region for which the specific heat
is infinite.

The specific heat for ZrC+ C specimens is
~ 0.8 J g7! K7! in the temperature range of 2200-2800 K.
The estimate according to the Kopp—Neumann rule for this
composition assumes that the specimen consists of 75 mol.%
stoichiometric ZrC, and 25 mol.% C gives a close value of the
specific heat of ~ 1 J g=! K~! (data for ZrC and C are taken
from [65]). The specific heat for ZrC specimens (sintered) is
~1.0J g7! K7! in the temperature range of 2500-3000 K,
which is 25-30% higher than the literature data (this is
possible due to the presence of initial impurities and
defects). The values of the specific heat of these two types of
specimens in the liquid phase approximately coincide with
each other and coincide with the calculated literature data.
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Figure 2. (a) Specific heat of ZrC + C specimens. Curve / is obtained with a clamped specimen, and curve 2 is obtained with a blackbody model (BBM).
Arrows show the beginning (3150 K —left arrow) and the end (3640 K — right arrow) of the phase transition according to radiation registration [24].
(b) Specific heat for ZrC specimen (sintered). Arrows indicate the beginning (3450 K) and the end (3850 K) of melting. Measurement errors are shown by
horizontal and vertical dashes [25]. Specific heat peaks are the result of a formal calculation of Cj, in the melting temperature region close to a constant

value [28].
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A characteristic feature of the C,(7") dependences is a
sharp increase in the specific heat (300-400 K before melting)
and a sharp decrease after melting. The same change in the
specific heat during rapid heating is observed during the
melting of refractory metals [19, 22]. A possible explanation
for this behavior for C,(7') is the assumption that none-
quilibrium paired Frenkel defects are formed immediately
before melting [66] (due to the impossibility of saturation of
the lattice with equilibrium vacancies for a short experimental
time) and then quickly disappear after melting.

It should be noted that almost all stationary data on the
specific heat for carbides are obtained as a result of
differentiation of the temperature dependence of the
enthalpy measured by the mixing method. Since it is difficult
to estimate the error value of these data, additional pulse
heating is sometimes used.

3.1 Experiments with sprayed ZrC + C carbide

A carbide coating was applied to substrates made of K-8 glass
by magnetron sputtering. The dimensions of the coating were
0.0049 x 8 x 15 mm. The surface of the coating had a silver-
gray color and a mirror reflection. Microstructural analysis
indicates that the surface is composed of grains 15-60 nm in
dimensions, combined into agglomerates with a size of 100—
500 nm. X-ray diffraction analysis showed that the coating
consists of ZrC, and the peaks on the diffractogram
corresponding to the ZrC structure were greatly widened,
which indicated the presence of mechanical stresses in the
film. Elemental analysis determined that the specimens
consist of carbon and zirconium in the ratio C/Zr ~ 3.8 and
also found the presence of nitrogen admixture—8.1 at.% —
and oxygen—6 at.% The nitride and oxide phases of
zirconium were not detected separately in the specimens.
The presence of excess carbon in the specimens led to a
decrease in its density compared to the density of stoichio-
metric monocarbide ZrC: 4.3 g cm 3 instead of 6.6 g cm .

The studies were carried out with three types of speci-
mens: flat ones with a free surface, flat ones covered with a
transparent substrate (‘sandwich’ type specimens, clamped
specimens), and those in the form of a wedge-shaped black-
body model BBM (Fig. 1a). To rule out a shunt discharge on
the specimen surface, in the first and last cases, the
experiments were carried out in water, and in the second
case, in air.

To measure the temperature, the thermal radiation of the
specimens at a wavelength of 1 =856 nm was used. To
measure the true temperature, a wedge-shaped blackbody
model was used. It consisted of two substrates that were
folded together, forming a wedge with an angle of 0 = 14°
between the sprayed layers (Fig. 1a). The blackbody model
was clamped to the electrodes with insulating plates using
connecting screws (Fig. 1b). Such a model withstands rapid
heating and continues to exist without changing its shape in
the liquid phase for a time (several microseconds) sufficient to
measure the temperature. The measurement of the specimen
temperature in the form of a wedge-shaped blackbody model
is described in detail in [33].

The effective emissivity .y, ; of such a model with a mirror
reflection of its walls can be calculated by the formula

>, (5)

geff, s =1 — (1 —&n s

where &, ; is the normal spectral emissivity of the walls and
0 is the angle of the wedge.

According to [67], &, ; for zirconium carbide is 0.562 for a
wavelength of 856 nm at a temperature of 2900 K (obtained
by interpolation of tabular data [67]).

We assumed ¢, ; = 0.6 for the solid and liquid phases of
the specimens (see below). In this case, formula (5) gives a
value greater than 0.99. In the other extreme case of diffuse
reflection of walls, &y ; can be estimated using the expression

en,1+ (1 — ang) sin (0/2)° (6)

Eeff, ) =

which gives ¢, = 0.92 for ¢, , = 0.6.

To calculate the true temperature, the value e, = 0.95
(average value between 0.92 and 0.99) was taken. When the
specimen turns into a liquid, its reflection becomes only a
mirror, but in this case, the value & ; = 0.95 was used.

In measuring the temperature of specimens covered with
glass, the absorption of the upper cover glass was taken into
account, and for all specimens (including the blackbody
model), the absorption of the protective glass, located in
front of the pyrometer lens, was taken into account. In
calculating the temperature of flat specimens and the black-
body model, the reflection of radiation from the water—air
boundary was taken into account. The absorption of
radiation at a wavelength of 856 nm in a water layer (equal
to the depth of the blackbody cavity of 8 mm) was estimated
as insignificant.

The wedge-shaped blackbody model was successfully
used to measure the true temperature in experimental studies
[68, 69] for the metals Zr, Hf and in [70] for carbon. The
application of such a model is also described in detail in book
[22]. Experimental waveforms for one of the ZrC + C speci-
mens are shown in Fig. 3a.

During pulsed heating, the specific Joule energy released
in the sample at time t will be equal to

E:l[ri(I)U(t)dt, (7)

where m is the mass of the ZrC + C; i (¢) layer, the current
through the specimen, and U(¢) is the voltage drop along the
specimen, taking into account the correction for its induc-
tance. To calculate E(t), the waveforms shown in Fig. 3a,
presented in digital form, are used.

To understand the heating features of thin-film sprayed
specimens, it is of interest to compare the results obtained
with specimens in the form of the BBM and with clamped
specimens. Figure 3b shows the dependences of the tempera-
ture for specimens in these two cases against the energy
introduced.

The obtained dependences show that the melting start
temperatures of 3120 K (clamped specimen) and 3150 K
(blackbody construction) correspond to the joule energy
E=265k] g!. Taking into account the losses to the
substrate, the enthalpy of the specimen is 2.35 kJ g~!. The
Joule energy of the beginning of the phase transition for the
blackbody model coincides with the data for a clamped flat
specimen (sandwich). But at the end of the melting, these
values do not match. For a sandwich specimen, a higher
specific joule energy is recorded at the end of the phase
transition (5.85 kJ g! instead of 5.2 kJ g~' for a black-
body). Taking into account the losses to the substrate, the
corresponding enthalpy is 5.55 and 4.9 kJ g~!. This indicates
that the blackbody model (without limiting the specimen
from the surface with a solid insulating wall) begins to break



604

A 1 Savvatimskiy, S V Onufriev, N M Aristova

Physics— Uspekhi 65 (6)

il

Sa

4700

4200

3700

2 3200

2700

2200

1700 | | | | | |
0 1 2 3 4 5 6 7

Specific energy, kJ g~!

Figure 3. (a) Waveforms for the blackbody model (ZrC + C). Melting region looks like an inclined plateau in curve 3. / — voltage; 2— current pulse; 3 —
radiation from a wedge-shaped blackbody model (high sensitivity); 4—the same as in 3, but with less sensitivity. Full-screen sweep— 10 ps.
(b) Comparison of the results of measuring the temperature for ZrC + C, depending on the energy introduced, using the blackbody (curve /) and the

clamped specimen (curve 2).

away from the glass and collapse even before the end of the
phase transition. Therefore, a specimen in a ‘sandwich’ type
cell, that is, in a limited volume, allows one to study the
substance in the melting region and in the liquid state at
significantly higher temperatures. In this regard, measure-
ments of the temperature of ZrC + C at the time of
completion of the phase transition were carried out using
clamped specimens instead of a blackbody model. The
blackbody model was used only to determine the tempera-
ture of the beginning of the phase transition and to obtain the
spectral emissivity of ZrC + C in the solid phase for the phase
transition region.

Thus, for ZrC + C film specimens, experiments show the
following results. The phase transition (melting) begins at
3150 K with an enthalpy of 2.35 kJ g~!. The resistivity at this
point is 700 pQ cm. The temperature at the end of the phase
transition is 3640 K at the enthalpy of 5.55 kJ g~!, and the
resistivity is slightly higher —900 pQ cm. The phase transi-
tion occurs in the temperature range of 3150-3640 K. The
heat of the phase transition is 5.55—2.35 = 3.2 kJ g~ L.

As a result of the experiments conducted, it can be
concluded that the method of rapid current heating allows
us to study the phase diagram, not only to fix the lines of the
eutectic isotherm, solidus, and liquidus during the phase
transition for the ZrC + C system, but also to measure other
thermophysical properties. Judging by the published litera-
ture, the region of the phase diagram with high carbon
content is the least studied. It is known in [71-73] that, at
low external pressure (below 120 bar), carbon sublimates at
high temperatures not only from the surface but also into
internal pores.

This creates additional difficulties in the study of carbon
and ZrC + C specimens (with a high C content). It was shown
in [23] that a thin film of ZrC + C (not covered with glass
from above) breaks off from the substrate immediately before
the end of melting. The use of a cell with a specimen clamped
between the plates is a way to measure the properties of
carbides with a high carbon content at the highest tempera-
tures. This design also prevents a loss of carbon by the
specimen, i.e., conditions are created under which the
composition of the specimen does not change during heating.

Laser pulse heating is also used for the study of ZrC + C
at high temperatures. In particular, the liquid phase of

the eutectic was studied in [74] for the composition of the
compound 0.7 < C/Zr <2.61. A high-speed spectro-
pyrometer was developed for the spectral range
0.550 < 4 < 0.900 pm. The normal spectral emissivity (e, ;)
in the solid state turned out to be equal to 0.6 at a wavelength
of 650 nm, which corresponds to other literature data. For the
first time, the radiation characteristics in the near-infrared
zone for the liquid state at an increased carbon concentration
were studied. A significant increase in &, ; was observed with
an increase in the carbon content in the compound.

3.2 Experiments with sintered ZrC carbide (C/Zr=0.95)
A target made of zirconium carbide in the form of a disk with
a diameter of about 40 mm and a thickness of 5 mm was made
by the spark plasma sintering method (SPS method) at the
All-Russian Institute of Aviation Materials (VIAM). ZrC
powder with an initial grain size of less than 40 um was used.
Sintering mode: temperature — 2300 K; pressure — 35 MPa;
holding time — 30 min. The target was cut into plates (width
of 5 mm, length of 15 mm, thickness of about 250 pm) using a
diamond disc. Then, the obtained plates were polished
manually on diamond bars until a thickness of 50-100 pm
was obtained. The specimen surface was processed on a
diamond bar with a grain size of 7 um. Similar methods were
used by us earlier [75]. The carbide density was determined by
weighing a part of the initial disk on a GR-202 electronic scale
(A&D Corporation, Tokyo, Japan) and determining its
geometric dimensions. The density was found to be equal to
6.57 g cm 3. The formula for calculating the ZrC, density is
given in review [61]:

d=6.05+024x+0.32x> (gem™). (8)
For our case, x = C/Zr = 0.95 (ZrCyygs), which gives a
density equal to 6.567 g cm™3. The coincidence of the
measured and calculated density indicates a very low
porosity of the specimens. The specimens had the following
composition: (average data for three points, at.%): C —
45.0; Zr—47.4; Hf—0.4; N—3.4; O—3. The remaining
impurities were Fe, Ni, Na, Al

The phase composition of the specimen was studied by
X-ray diffraction analysis using the DRON-2 apparatus
(CuK, —radiation) according to the standard method. The
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analysis showed that the dominant phase in the material is
zirconium carbide ZrC, which has a crystal lattice parameter
0f 0.4694 £+ 0.0001 nm.

The specimen was placed between two dielectric plates
(glass, silica-glass), the length of which was equal to the length
of the specimen, and glued to one of them. Radiation from the
free surface of the specimen was recorded through the second
plate. On the side surfaces of these plates, plates made of
insulating materials were glued — textolite, glass— which
serve to fix such a cell with a specimen. The cell was clamped
in the current leads through soft indium pads, which provided
electrical contact with the fragile specimen. The experiments
were carried out in the air.

The pressure in the heated sample increases due to the
inertia of the outer plates. In addition, there is a pressure in
the specimen caused by the action of ponderomotive forces
and the inertia of the material of the specimen itself. The sum
of these pressures can reach several ten kilobars [20],
depending on the cell design, the amplitude and duration of
the current pulse, and the expansion rate of the specimen.

However, in experiments with ZrC plates, the pressure
was much lower. An estimate of its value (7-11 MPa) is given
in Section 2. It is shown in [76] that, at such a pressure level,
the introduced energy is almost equal to the enthalpy, and an
estimate of the pressure level at which this ratio is violated is
given.

The inertial effect in the substance itself and the pinch
effect give an inhomogeneous pressure distribution over the
specimen. It was also shown in [76] that only the inertial
effect in the environment (when the expanding plate is
limited by the outer wall) provides a uniform pressure in
the specimen.

The temperature was measured by radiation from the flat
surface of the specimen using a high-speed pyrometer based
on the PDA-10A photodetector (Thorlabs). The relatively
large thickness of the specimens did not allow the use of a
wedge-shaped blackbody model made up of carbide plates,
since the installation power was insufficient to heat such a
model to melting. The optical schematic of the pyrometer is
shown in Fig. 4. Before the pulse experiment, the pyrometer
was calibrated using an SI-10-300 temperature tungsten lamp
at a temperature of 2515 K. The measurements were carried
out at a wavelength of 856 nm. The surface temperature of the
carbide specimen was calculated using formula (9):

G
T—
Aln [Ugen ;7 (exp (C2/ATo) — 1)/ Ue ;20 + 1]

n, A"

©)

where C, is the constant in the Planck formula; Uy, U are the
pyrometer signal during calibration and the signal from the
sample; &, j, 83_ , are the normal spectral emissivity of the
surface for carbide and for a tungsten strip of the Si-10-300
lamp; 7, = Iz, is the total transmittance of the top plate of
the cell (t1;) and safety glass (tp;) elements, which are
removed during calibration of the pyrometer; 7 ~ 0.92 is
the transmittance of the window for a temperature lamp; and
To = 2515 K is the temperature of the tungsten ribbon for SI-
10-300. The transmission coefficient 7;; was measured with a
Shimadzu UV-240 spectrophotometer (Shimadzu) at a
wavelength of 856 nm.

Measuring the temperature of specimens requires knowl-
edge of the emissivity of carbide in the solid and liquid phases.
The normal spectral emissivity for the wavelength
A = 856 nm was chosen after reviewing the literature data in

e—

Figure 4. Radiation detection schematic [75]: / — substrate; 2— specimen;
3—focusing lens; 4—light guide; 5—collimating lens; 6 — LED (intro-
duced at the time of focusing on the specimen surface); 7— interference
filter (A =856 nm; AL = 11.5 nm); 8—focusing lens; 9— high-speed
PDA-10A photodetector (Thorlabs).
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Figure 5. Dependence of Joule heating energy (enthalpy) on the tempera-
ture for ZrC. Comparison of experimental results with calculated enthalpy
data. /—Calculated data [65]; 2— Calculated data [78]. No phase
transition is shown; 3 — this experimental study; 4 —temperature at the
beginning for the phase transition Ty ~ 3450 K (E; =2.2 kJ g7'); 5—
temperature at the end for the phase transition Tjq ~ 3850 K
(E; =3.3kJ g7!). Heat of melting is equal to E, — E; = 1.1 kJ g'.
Temperature measurement error in the melting region is +£80 K.

[24, 67,77, 74]. For the solid phase of ZrC, obtained were 0.5
for 3000 K [24, 77]; 0.563 for 2900 K [67]; 0.581 for 3155 K
[74]. In a study of sintered zirconium carbide ZrC, we used the
value ¢, ; = 0.6 for both the solid and liquid phases.

The result of an experiment with one of the specimens and
a comparison with the calculated data are shown in Fig. 5. In
the calculations in [65], it is assumed that the melting of
carbide occurs at a strictly defined temperature of 3693 K.
The phase transition is not taken into account in [78]. It
follows from Fig. 5 that the experimental specific heat of the
solid phase of ZrC is higher than the calculated value near the
melting region (the experimental enthalpy curve is steeper).
As aresult, the experimental dependence in the melting region
and in the liquid phase is shifted relative to the calculated
curve towards higher values. However, the measured melting
heat approximately coincides with the calculated value [65].

It was established in [25] that the melting of zirconium
carbide ZrC (C/Zr = 0.95) occurs in the temperature range of
~ 3450-3850 K. Figure 6a shows the temperature depend-
ence of the specific heat of this carbide in the solid and liquid
phases. Our data for the solid phase, which is a direct
measurement of C,, for a temperature step of 150-250 K, are
approximately 25% higher than those from other studies
(Fig. 6a, black squares—data from [43]). The specific heat of
zirconium carbide in the solid phase was studied in a number
of papers [43, 44, 46, 48, 50, 79]. The data obtained in these
studies are consistent with each other in the range of 10-20%,
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Figure 6. (a) Specific heat of sintered ZrC carbide for solid and liquid states. / — beginning of melting; 2— end of melting; 3 — pulse experiment; 4 — [65];
5—solid state [81]. Liquid state [78]. (b) Dependence of the specific heat on temperature for liquid zirconium carbide ZrCy 9s: / —experimental values

[25]; 2— approximating values [31].

although they differ in the slope of temperature dependences.
Among these studies, the specific heat was directly measured
only in [48] and in [50]. In other studies, the specific heat was
obtained by differentiating the temperature dependences of
the enthalpy measured by the mixing method.

We present the result of the specific heat for zirconium
carbide by the stationary pulse method. The authors of [50]
give the results of measuring the specific heat of zirconium,
niobium, and tantalum carbides of stoichiometric composi-
tion in the temperature range of 1600-2300 K. The test
specimen was placed in a vacuum or an inert gas medium
and heated to a certain constant temperature in a resistance
furnace. The temperature of the specimen in the stationary
state was measured by the VIMP-015 M optical pyrometer.
Then, a DC electrical pulse was passed through the sample.
The magnitude of this current and its duration were such
that the radiant losses from the sample for the entire pulse
time were a small amount (~ 1%) of the input energy. At the
same time, the specimen temperature increased by only 50 K
(the rate of increase in the sample temperature was
500 K s!). The temperature rise was measured by a
pyrometer based on an FEU-51 photomultiplier. The error
in calculating the specific heat data [50] in the studied
temperature range for ZrC was 3.4%. The discrepancy
between the ZrC results [50] and the majority of the
literature data did not exceed 17%.

It was found in [79] and [80] that the excess of the enthalpy
of zirconium carbide at temperatures above 2200 K over the
values obtained by extrapolating lower-temperature data (up
to 2200 K) is associated with the formation of thermal
vacancies. This excess was used to calculate the energy of
vacancy formation in [79, 80].

In our case of microsecond heating, the mechanism of
formation of thermal equilibrium vacancies associated with
their stationary diffusion in the specimen does not take place;
the relaxation time of such point defects is estimated to be
longer than the heating time. However, in our experiments, an
increase in enthalpy is also observed, and a sharp increase in
the specific heat is observed when approaching the melting
point. A consistent explanation for this phenomenon is the
assumption that the formation of nonequilibrium Frenkel
defects (vacancy + interstitial atom) requires additional
energy.

According to Fig. 6a, approximately 300 K before the
start of melting (3450 K) [25], an abnormal increase in the
specific heat begins. For the studied zirconium carbide in the
solid phase, this effect is probably associated with the
appearance of paired Frenkel defects under conditions of
insufficient time for the diffusion of equilibrium vacancies. By
the time of the end of melting, 3850 K, the specific heat of
liquid zirconium carbide remains high (Fig. 6a,b). After the
completion of melting, the specific heat decreases rapidly
(within ~ 1—2 ps) to equilibrium values at temperatures of
4200-5000 K (Fig. 6b) [31].

The temperature dependence of the experimental values
of the specific heat of ZrCy s in the liquid phase obtained in
[25] was approximated in [31]. Figure 6b shows the approx-
imating curve Cp(7) of liquid ZrCygs in the temperature
range of 3850-5000 K:

Cp(T) = —4250.0 +- 1.16787T — 9.0 x 10772
+1.7887 x 10172 (Jmol™' K™1).

In [31], also provided is a brief overview of studies on the
refinement of the Zr—C phase diagram: parameters of the
solidus and liquidus lines, the temperature and composition
of congruently melting carbide, and the eutectic temperature
of ZrC—-C.

The authors’ result (71q ~ 3850 K) agrees with the data
obtained by M A Sheindlin and co-authors during milli-
second pulsed laser heating of zirconium carbide with a
heating time of 200 ms [82]: “The congruent melting
temperature is close to 3800, which is 150 K higher than the
previously obtained one.”

The thermophysical properties of zirconium carbide, such
as enthalpy (specific energy of Joule heating), heat of melting,
specific heat, and electrical resistance, were first measured in
the temperature range of 2500-5000 K by the method of rapid
heating by a current pulse [25]. It is established that the
melting of carbide occurs in the following temperature range:
solidus — 3450 K, and liquidus— 3850 K, which is close to
the values presented in some equilibrium phase diagrams of
the Zr—C system. This means that there is no shift of the phase
transition points at heating rates up to 108—-10° K s~! and
that this method can be used to study the high-temperature
behavior of complex substances.
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4. Study of hafnium carbide HfC

Stationary studies of the thermophysical properties of
HfC — specific heat and enthalpy — were performed in a
number of papers: in [45], in the temperature range of 298—
2500 K (for ZrC and HfC); in [83], enthalpy in the range of
1300-2800 K. The high-temperature enthalpy of HfC was
also measured in [84] in the range of 1300-2500 K.

Recall that the first serious attempt to study in detail the
properties of refractory carbides under pulsed heating was
made in [85]. Temperature measurements had not yet been
established, so the melting region was fixed according to the
dependence of the electrical resistance on the enthalpy for
ZrC and TaC carbides.

To perform a new pulse experiment, hafnium carbide
specimens in the form of plates with dimensions of
0.14 x 4 x 15 mm were obtained using the same technol-
ogy as sintered zirconium carbide specimens. HfC powder
(TU 6-09-03-361-78) with an average grain size of 40 um was
used, which was crushed to obtain a powder with an average
grain size of 15 pm. The initial target in the form of a disk with
a diameter of 50 and a thickness of 4 mm was made using this
powder by the SPS method. Powder sintering mode:
temperature rise— 100 K min~'; sintering temperature —
2373 K; pressure—45 MPa; cooling without pressure;
medium-vacuum; pressure—~ 50 Pa. The surfaces of the
HfC disk in contact with the graphite crucible during
sintering were protected with molybdenum foil. After the
disk was made, these surfaces were sanded to remove layers
contaminated with an impurity of molybdenum. The result-
ing disk was cut into plates with a thickness of 0.5-0.6 mm by
means of electric erosion cutting. They were then subjected to
grinding to obtain a thickness of ~ 140 um. Finally, the
surface of the specimen was ground on a diamond bar with
a grain size of 5 pm. Sample thickness was ~ 130 um. A view
of the hafnium carbide specimen in the fracture (electron
microscope) is shown in Fig. 7.

The density of the sintered disk was 12.45 g cm™3.
According to the reference data, the X-ray density of HfC is
12.6-12.7 gcm™3, which gives a porosity of HfC specimens of
~ 1.6%.

Qualitative X-ray diffraction analysis performed in
CuK,, radiation showed that only one phase is present in the
specimens: HfC. It is known that the HfC lattice parameter
varies from 4.606 to 4.641 A depending on the stoichiometry.

Figure 7. View of a sample of hafnium carbide (in a fracture). Thickness of
the sample is ~ 130 pm.

The measured lattice parameter was 4.63451 A for the
specimens studied.

X-ray spectral analysis showed that, in addition to
hafnium and carbon, oxygen is included in the composition
of the specimens in the form of an impurity. The specimens
had a composition (at.%) of 42% C, 49% HIf, and 7% O,
corresponding to the conditional formula HfCy gs.

Views of the specimen in a glass cell and a cell mounting in
current leads are shown in Fig. 8a and 8b. The carbide plate
was clamped between two plates of K-8 optical glass to
prevent evaporation of the carbide and to prevent surface
discharge at high voltage along the specimen (the voltage on
the capacitor bank is ~ 17 kV).

Figure 9a shows oscillograms from the experiment with a
specimen of hafnium carbide. The smooth bend on curve 3 is
the melting region (the beginning is for 5.6 ps, the end is for
6.4 ps). Figure 9b shows the dependence of current and
voltage on time for this specimen.

Let’s estimate the pressure that occurs in the specimen
when it is heated. We note the similarity of the properties of
zirconium carbide and hafnium, the same method of obtain-
ing specimens, and approximately the same sizes of specimens
and cells with specimens. All this makes it possible to use the
estimates obtained earlier in Section 2 for zirconium carbide
specimens for estimates in the case of HfC specimens. For
example, for HfC, the amplitude of the current pulse was
~ 30 kA, and the pressure on the surface and in the axis of the
specimen was ~ 5 and ~ 12 MPa, respectively.

To measure the temperature from the radiation of a flat
surface for a carbide plate, it is necessary to know the normal
spectral emissivity of &, ;. In this experiment, the value
én,, = 0.6 was assumed for HfC carbide for the solid and
liquid phases in the entire temperature range. Such a value of
&n,, for a wavelength of 0.8 um and for a temperature of
2900 K was obtained in [86] as a result of a carefully
performed experiment for a wide range of wavelengths
(0.65—6 um) in the temperature range of 2400-2900 K.

It is difficult to determine the beginning of HfC melting
(as well as its end) due to smooth bends of the glow curve
at the beginning and at the end of the melting region
(Fig. 9a).

Figure 8. (a) Flat HfC specimen clamped between two plates of K8 optical
glass. /—surface of the carbide (not covered with glue); 2— upper and
lower glasses with a thickness of 3.7 mm (their gluing did not affect the
upper surface of the carbide plate). Ends of the finished cell (with glue)
were polished. To eliminate shunt discharge, the slotted gaps along the
specimen are filled with glue and mica strips. (b) Cell with an HfC
specimen placed between the current leads (brass). /—carbide plate.
Temperature was measured from the center of the upper plate (diameter of
the radiating spot is about 1.5 mm); 2— thick insulation plates; 3— metal
plate; 4— thin indium foils placed between the ends of the specimen and
the electrodes, which provided good electrical contact after tightening the
screws; 5 — lead electrodes (brass).
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Figure 9. (a) Waveforms of a pulse experiment with one of the HfC specimens. Full screen sweep— 10 ps: / — current; 2— voltage on the sample; 3 —
surface radiation at a wavelength of 856 nm (high sensitivity). 4 — the same as in 3, but with less sensitivity. (b) Current (/) and voltage (2) during pulse
heating of the HfC specimen. Specimen: width 4.0 mm, length 14.64 mm, thickness 153 pum. Voltage of the capacitor bank is 17 kV (capacity — 15 pF).

The melting begins with the most defective areas—along
the grain boundaries—and extends deep into the grain.
Recall that the studied hafnium carbide had very large
crystallites (up to 20 um, Fig. 7). It is possible that smooth
changes in the region of the phase transition (curve 3, Fig. 9a)
are associated with the large sizes of crystallites in the
specimen.

The temperature of the beginning of melting was
determined using a thermogram of specimen heating. The
start of melting T, =~ 4000 K was found in the thermogram
of the specimen using geometric constructions [24, 23]. These
constructions were usually performed to determine the
characteristic temperatures (eutectic, the beginning of melt-
ing, etc.). Indirect confirmation that this value is the melting
point can be a sharp increase in fluctuations in the
dependence of the electrical resistance of the specimen on
time, starting from the time corresponding to this tempera-
ture, and then in the entire region of the liquid phase [30].

The difficulty of determining the moment of melting
completion by the thermogram, for the dependence of the
enthalpy on the temperature, was overcome as follows. The
moment of completion of melting at Tjq is clearly visible on
the dependence of the electrical resistance on time and
temperature. And since the oscilloscope sweep is the same
for all channels, you can easily transfer this moment to all
dependences. The electrical resistance of the HfC specimen
under study is shown in Fig. 10.

Now we can confidently talk about the melting range of
HfC carbide: from 4000 K to 4200 K. This result can be final
in the question of which carbide is more refractory: mixed
carbide TaC+HfC (Tiiq = 4300 K) or hafnium carbide HfC
(Tiiq = 4200 K). It should be noted that, for hafnium carbide,
the value of ¢, ; was assumed to be equal 0.6 [86], where it was
measured only for the solid phase. We also used &, ; = 0.6 for
the liquid state. For the liquid phase of HfC, the emissivity
value is unknown.

It should be noted that the melting temperature of
hafnium carbide was also studied under surface laser heating
[87]. In this publication, its authors obtained the melting
point of HfC carbide (at a carbon content of about 48 at.%):
4255 £+ 30 K. In our experiment, the carbon content is 46 at. %
(the melting completion temperature is 4200 £ 80 K).

Measurements of the solidus and liquidus temperatures
are consistent with the phase diagram of the Hf—C system
given in [10], and, as shown in [25], with the results of [87]. The
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Figure 10. Electrical resistivity (referring to initial dimensions) for an HfC
specimen with a thickness of 153 um, depending on the measured
temperature. /—solid state (including melting); 2—Iliquid state. The
arrow indicates the transition of the entire volume of the specimen to the
liquid state, i.e., Tjiq = 4200 K.

specific heat C, for hafnium carbide (indicated for two
specimens) is shown in Fig. 11.

Before the start of melting (above 3500 K), an accelerated
increase in the specific heat occurs, which, in our opinion, is
associated with the formation of Frenkel defects. The specific
heat for rapid heating is slightly higher than for stationary
heating from 2500 to 3500 K. Impurities and initial defects
remain in the specimen during rapid heating. Unlike sta-
tionary heating, in which these defects and impurities can
migrate and leave the specimen, in a fast process they
remain in the specimen until melting. The Frenkel defects
(which appeared immediately before melting) and the initial
defects disappear after melting. The specific heat decreases
in the liquid state to the equilibrium value for the liquid
phase.

We obtain a phase transition energy (heat of melting) in
our experiment of 3.4-2.6 = 0.8 kJ g~! for HfC (with an
admixture of oxygen of 7 at.%). In our experiment, the
carbon content is 46 at.% . For this content, we measured
Tiiq = 4200 K. According to our measurements in this study,
Tsoi = 4000 £+ 80 K. Unlike current heating, the solidus
temperature during laser heating from the surface is more
difficult to determine than the liquidus temperature.
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Fig. 11. Dependence of specific heat C, of the solid and liquid states for
two HfCygs specimens on the temperature: /—solid phase; 2— melting
region; 3—Iliquid phase. Dotted lines show the boundaries of the
temperature intervals in which the specific heat was calculated. This was
done in order not to capture the melting region when calculating the
steeply increasing specific heat.

It was found in this study that the melting point of
hafnium carbide (4200 + 80 K) is slightly less than the
melting point of mixed TaC-HfC carbide (4300 + 80 K
[29]). This result (obtained in [30]) for HfC (C/Hf = 0.85)
coincides with the stationary measurements [88] performed
using the blackbody model. In a well-known study on laser
melting of carbides [89], the opposite was stated, that the
melting temperature of hafnium carbide (C/Hf = 0.98,
melting temperature Ty, = 4232 £ 84 K) is slightly higher
than for TaC (C/Ta=1.00, melting temperature
Tm =4041 77 K) or for mixed carbide (Tag7sHfy25C,
T = 4178 £ 82 K). Note that these comparisons lie in the
area of overlapping temperature measurement errors, that
is, the comparison, in this case, does not make much sense.
In addition, the melting temperatures of carbides obtained
in various experiments (including our experiments) are
mainly associated with the choice of the emissivity value,
measurements of which for high temperatures are often
absent.

It is necessary to note the features of fast (microseconds)
electrical heating, which have become clearer after many
years of using this method.

e Due to the short duration of heating (heating rate
dT/dt ~ 5 x 108 K s7!), impurities and starting defects of
the material (including defects of various types) are stored in
the heated specimen until the transition to the liquid state.
This leads to an increase in the specific heat of the solid phase
in a wide temperature range before melting. Such an increase
in the specific heat is absent if the source material did not
contain the initial defects and impurities (for example, a
quasi-monocrystal of graphite [71]);

e The short duration of the heating process limits the
possibility of diffusion of equilibrium vacancies, which
usually saturates the specimen volume, providing melting.
Therefore, it is logical to assume that, under rapid heating,
paired Frenkel defects occur (200-300 K before melting) in
the entire volume, which is reflected in a sharp increase in the
specific heat of the solid immediately before melting. This
effect was observed for all the substances studied: metals and
carbides, including quasi-crystalline graphite [71];

e The transition of the material to the liquid phase is
accompanied by a sharp drop in the specific heat in the liquid
phase (in the time interval of &~ 1—2 us). During this time, the
main defects disappear, and the specific heat of the liquid
phase decreases to its equilibrium value.

Note that, for all their advantages, pure carbide ceramics,
due to their high fragility, are not able to withstand thermal
shock. Asindicated in [90], when hafnium carbide HfC is used
as a heat-protective coating in a high-temperature oxidizing
flow, an oxide film is formed on the surface of the hafnium
carbide. The high evaporation temperature of the hafnium
oxide film makes it possible to significantly increase the heat
resistance of the material as a whole. Of particular interest is
the HfC 4 HfO, system (hafnium carbide + hafnium diox-
ide). Such a composition, which includes from 50% to 75%
hafnium carbide HfC by volume, has a particularly high heat
resistance (at more than 2300 K) with a relatively low thermal
conductivity [90].

5. Physical properties of the most refractory
mixed carbide Tay gHf, ,C

Study [91] is devoted to the development of methods for
obtaining TaggHfy,C and other carbides and borides for
extreme application conditions. This paper contains a
significant number of references to original studies on the
preparation and analysis of initial carbides and their
compounds. However, there are no significant papers with
the results of the study of carbides at high temperatures.

In this chapter, we present the authors’ experimental
studies for mixed carbide up to temperatures above the
melting point.

Carbide TaggHf(,C (the conditional formula describing
the composition of the studied specimen is Tagg; Hfy.19Co.94)
in the form of a thin sprayed layer (= 1 um) was studied
under rapid heating (5 ps, heatingrate d7/dt~5 x 103 Ks™)
by an electric current pulse. All the properties of this
carbide — specific heat, specific input energy, heat of melt-
ing—were obtained in the solid phase (from 2000 K and
above); in the melting region (7T}, = 4300 K); and in the liquid
state (up to 5000 K). The temperature was measured from the
radiation of the specimen surface by a high-speed pyrometer
based on a high-speed photodetector PDA-10A (Thorlabs)
calibrated using a temperature tungsten lamp.

The previously obtained experimental data on the max-
imum melting temperature of this compound (4300 K)
relative to other refractory carbides (TaC and HfC) are
confirmed. The specific heat of the carbide TaygHf,C at
high temperature begins to rise sharply for == 400 K before
precisely fixed melting starts. This confirms the assumption
about the appearance of nonstationary Frenkel point defects
in the lattice of a rapidly heated solid body in which the
equilibrium concentration of vacancies does not have time to
be established.

A target sintered by the SPS method was used to spray a
carbide layer with a thickness of 1 um on a K8 optical glass
substrate with dimensions of 3.5 x 8§ x 15 mm. This layer
adheres firmly to the surface of the substrate. K8 glass was
chosen as a substrate due to the proximity of the coefficients
of linear thermal expansion a: for K8 glass a=7.1x107¢ K~';
for tantalum carbide o = (6.6—7.09) x 107 K~!; and for
hafnium carbide « = 6.1 x 107% K~! (under normal conditions).

Formations with a diameter from 35 to 170 nm are visible
on the mirror surface of the sprayed layer. They can be the
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Figure 12. Columnar structure (in a fracture) of sprayed mixed TaC + HfC
carbide, about 1 pm thick.

tops of a columnar structure (Fig. 12). The appearance of
the assembled cell is shown in Fig. 13a. The side insulating
plates are glued only for the initial retention of the cell. It
should be noted that the value of the pulse pressure during
the heating process depends on the material of the side plates
and the quality of bonding. For example, if the side plates are
made of glass, silica-glass, or sapphire, then their maximum
impact strength increases by an order of magnitude (relative
to stationary data). This makes it possible to study the
thermophysical properties of conducting substances at high
pressure [23]. That is why it is so important to show the cell
design and its assembly in publications.

The result of an experiment with a sandwich-type speci-
men is shown in Fig. 13b. The decrease in radiation after the
melting moment (arrow in Fig. 13b) is due to the fact that the
molten surface of the carbide plate becomes more of a ‘mirror’
than it was before, the emissivity of the surface decreases, and
then a melting plateau appears. The melting point (according
to Fig. 13b) is = 4300 K (that is, Tso1 =~ Tiiq).

Figure 14a shows the temperature dependence of the
enthalpy H(T) obtained by subtracting the energy losses
spent on heating the substrate from the specific Joule heating

energy FE scattered in the specimen. We estimate this
correction and heat losses in [24] for similar film specimens
(composition ZrC + C) deposited on similar glass substrates
(the specimen design was the same) for a temperature level of
3000 K and at the same heating time. Taking into account the
similarity of the experimental conditions in [25] and in [24], we
assume that the thermal losses for heating the substrate here
are approximately the same as in [24], that is, 10% of the input
energy. Taking into account this correction, the error of
measuring input energy is ~ 7%. Note that the input energy
is actually the enthalpy H of the test specimen, since we may
ignore a small increase in pressure when the specimen is
heated and assume that heating occurs under quasi-isobaric
conditions.

The error of measuring the heat of melting is 12%. The
error of measuring the specific heat in this study is &~ 15% for
the solid phase and =~ 20% for the liquid phase, except for the
region of steep rise and fall of the specific heat before and after
melting (Fig. 14b). The method of measuring the specific heat
and the estimation of its error are described in detail in [28].

To calculate the true temperatures, we used the literature
data on the normal spectral emissivity &, , (the selection
procedure is described in [29]). The temperature measure-
ment error without taking into account the error &, ; was
+50 K at a temperature of 3000 K and £80 K at 4700 K.

The temperature at the melting region (Fig. 14b) is close to
4300 K. The thermogram and temperature dependences of
the properties differ from all the presented carbides—it can
be recognized that the difference between T and Tj;q cannot
be reliably measured for TaygHfy,C by the method under
consideration.

A pseudobinar diagram of the TaC-HfC system,
published by Gusev [92] in 1985, shows that, in the region
of the maximum temperature of this compound
(80 mol.% TaC + 20 mol.% HfC), the distance between the
solidus and the liquidus of this compound is insignificant,
which implies a small phase transition energy. Indeed, in our
experiment, this energy is ~ 0.54 kJ g~!, which is close to the
calculated value of the phase transition for TaC [65, 78].

The specific heat of solid carbide under pulsed heating in
Fig. 14bissmall (0.4 J g~! K~!)and coincides with previously
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Figure 13. (a) Cell (sandwich type) to hold the carbide Tag g Hf ,C between plates (8 x 15 mm): / — top plate (silica-glass, 4 mm thick); 2— bottom plate
(K8 glass, 3.5 mm thick) with sprayed carbide; 3 —free belt for a contact of the specimen with electrode supply current (upper silica-glass is slightly
shorter than the lower K8 plate); 4 —side plate (PCB) glued to initially hold the two glass plates. (b) Thermogram for one of the experiments. / —
beginning of melting, solidus for carbide TaggHfo,C (Tso1 = 4300 K); 2—melting finish (T34 = 4300 K). Decrease in temperature after the start of
melting (arrow /) is due to the fact that the surface of the liquid phase of the specimen becomes perfectly smooth, which leads to a drop in its emissivity and

radiation brightness.
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Figure 14. (a) Enthalpy of Tag gHf(»C for one of the studied specimens is used to demonstrate a complex melting region. / — beginning of melting; 2—
end; 3— melting area. Arrow shows the beginning of melting and a decrease in emissivity (the surface becomes more mirror-like), but this is not a drop in
temperature. (b) Specific heat (close to Cp,) depending on the temperature for TaggHfy>C. Melting point is = 4300 K (vertical line). Arrow indicates the
temperature (= 3900 K) at which the specific heat in the solid phase begins to increase sharply, and it takes place clearly long before melting. /— red line
up to 3000 K — dependence of the specific heat of Tay g Hfy »C on temperature (calculation based on data on the specific heat of TaC and HfC [6]; 2— data
for TaC [78] (above 2843 K-extrapolation); 3— data for TaC [65] (above 2761 K-extrapolation); 4 —data of our pulse experiment.

established data. It begins to increase long before melting (ata
temperature of about 3500 K).

A faster increase in the specific heat is recorded at a
temperature of 3900 K, that is, ~ 300400 K degrees before
the melting begins (arrow in Fig. 14b). After melting, the
specific heat of liquid carbide decreases faster than the
previous growth in the solid phase and reaches close to the
previous value at ~ 300 K degrees after melting.

As arule, the properties obtained by heating with a pulsed
current are close to the equilibrium data. However, we
observe a sharp increase in the specific heat in a narrow
temperature range (=400 K before melting) for the
TaygHfy»C carbide under study (Fig. 14b). As a hypothesis,
it can be assumed that, with rapid heating, the formation of
nonstationary defects occurs before melting. We assume that
the reason for the observed increase in the specific heat
before melting of rapidly heated substances is the occurrence
of nonequilibrium defects in the lattice volume, leading to a
loss of long-range order in the absence of a sufficient number
of equilibrium vacancies. Saturation of the carbide with
equilibrium vacancies along the diffusion path before
melting is unlikely due to the slow steady state diffusion
process. In the presence of Frenkel defects, the diffusion time
may not be considered for the appearance of equilibrium
vacancies, since, in the short time of the experiment,
vacancies appear simultancously with the appearance of
interstitial atoms.

According to the experiment, relaxation of C, in the
liquid phase to its equilibrium values occurs within 1-2 ps.
Thus, it can be concluded that the nonstationary defects
under consideration are characterized by a ‘lifetime’ of about
1-2 ps.

We measured the melting point of this carbide and
obtained 4300 £+ 80 K, which, within the measurement
error, coincides with the data for this composition obtained
by the most reliable temperature measurement method based
on the blackbody model [88]: T, = 4263 K. Itisimpossible to
agree with the remark made in [93] that these measurements
may be erroneous due to the use of a correction during the
transition from the observed temperature to the true one,
since in [88] the true temperature was directly measured using
the blackbody model. According to [88], the carbide

TaygHf»C has the highest melting point among (Ta, Hf)C
carbides. Recognizing the reliability of the temperature
measurements in [88], we confirm the result with our
measurements (4300 K). At the same time, our measure-
ments do not confirm the assumption in [88] that the highest
melting point for TaygHfy,C is associated with the loss of
carbon due to evaporation, since in our study evaporation
was suppressed by the placement of mixed carbide between
silica-glass plates and the short duration of the experiment.
An indirect confirmation that this composition has the
highest melting point is that, according to [94], it has the
lowest evaporation rate at 2498-2998 K (it has the greatest
stability) and, according to [91], the highest hardness among
the carbides of the (Ta, Hf)C system (at 1873 K).

It should be noted that recently, in connection with the
development of materials for extreme operating conditions, it
has become of interest to search for substances with a
maximum melting point. It is known in [20] that graphite is
the most refractory substance (7, = 4900—5000 K at not
high pressures); however, graphite can be converted to the
liquid phase only at a pressure above 120 bar [95]. In [96],
based on the modeling of the properties of a substance by the
method of molecular dynamics, a prediction was made that,
among the known substances, hafnium carbonitride
Hf(53Co27Np» will have the highest melting point at atmo-
spheric pressure. In [97], the first experiments were performed
(without measuring the Ty, itself), confirming an increase in
the melting temperature for this composition compared to
hafnium carbide.

A separate group of substances consists of so-called high-
entropy carbides, which are mixed carbides based on several
metals (usually more than 5) that are included in the alloy in
approximately equal proportions by analogy with high-
entropy alloys [98]. These carbides have a high melting point
and unique new properties.

High-entropy carbides based on 5-7 metals of the IV—
V groups of the periodic system of elements were produced in
[98] by three different methods of SPS sintering at a
temperature of 1900-2000 °C and a pressure of 60 MPa.
The density of the resulting mixed carbides in some cases
reached 100%. The resulting carbides had, in general, a
single-phase cubic structure. The hardness measurements
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showed that the composition including hafnium Hf (smaller
grain size) has a higher hardness than the one including
tungsten W. Apparently, the only method of studying their
physical properties at high temperatures is pulsed current
heating.

6. Electrical resistivity of carbides ZrC,
ZrC+ C, HfC, Tao'st(]_zC
in solid and liquid states

It should be noted that, by resistivity, the authors understand
the electrical resistance of a sample related to its initial
dimensions (since the thermal expansion of carbides in this
study was not measured). In the same experiment, both the
thermophysical properties and the electrical resistance of the
sample were measured. We applied the measurement tech-
nique described in [23]. The sample was heated to 5000 K for
~ 5—10 ps by passing a current pulse through it. The current
1(1), the voltage drop along the sample U(¢), and the signal
from a high-speed pyrometer recording the radiance of the
sample surface were measured using a Tektronix-3034 digital
oscilloscope. The resistivity was calculated from the measured
resistance of the sample R = (U — LdI/d¢)/I (L—induc-
tance of the sample) and its initial geometric dimensions.
Thermal losses of all types, chemical reactions with the
environment, and changes in the composition of the sample
can be disregarded due to the short time of the experiment.
The temperature of a flat sample was measured by the
radiation of its surface based on the literature data on the
normal spectral emissivity of the material under study or by
the radiation of a blackbody model made of this material [99].
In this study, all measurements were carried out using flat
samples.

Two types of samples were studied (sintered, obtained by
the SPS method, and one obtained by the magnetron
sputtering method). The first method was used to obtain
ZrC [25] and HfC samples; TayggHfy,C samples were
obtained by the second method [29]. The electrical resistance
of mixed carbide TagHf,,C was studied in [100]. Methods
for obtaining samples, as well as their characteristics, the cell
designs, and the experimental conditions, are given in the
previous sections of the review.

Table 2 shows the main characteristics of the carbides
studied.

The dependence of the resistivity p for three carbides
under study, including Tag gy Hfy.19Co.94 is shown in Fig. 15a.
In contrast to HfC and ZrC (large crystallites), mixed carbide
(small crystallites) demonstrates a positive increase in p to a
clearly visible end of melting (Fig. 15a, horizontal arrow) [99].

The beginning of melting (7o) for ZrC was determined by
the temperature dependence of the specific joule energy

Table 2. Initial characteristics of the investigated carbides.

(enthalpy) and was 3440 K. The final melting point (7jq) is
3850 K. The resistivity at these temperatures is p =
290 £20 pQ cm at the beginning of melting and
250 + 20 pQ cm at the end of melting. The resistivity of
sintered ZrC at 3000 K is 320 pQ cm (Fig. 15a), which is
consistent with the data in [60] for sintered ZrC.

A comparison of the data in [24] for ZrC + C and in [25]
for ZrC demonstrates the difference in the resistivity jump in
the melting region of carbides: 700 and ~ 900 uQ cm for
ZrC + C [24] and 290-250 uQ cm for ZrC [25]. The higher
resistivity in [24] can be explained by the presence of an excess
of carbon in the ZrC + C samples (Table 1). Note that the
resistivity of liquid carbon directly at the end of melting is
~ 700 pQ cm [20]. Recall that in all cases we are talking about
the electrical resistivity related to the initial dimensions of the
samples.

The electrical resistance of carbides with large crystallites
(HfC and ZrC) under pulsed heating in the solid phase
initially increases (up to 7= 0.80 Ty,) and then decreases
(Fig. 15a). It only grows in the liquid phase. The following
Figure 15b shows the result of stationary heating of ZrC with
large crystallites (heating and cooling). The dependence of
electrical resistance versus temperature has the same form as
with rapid heating. The reason in both cases (Fig. 15a and
15b) is the same—additional sintering during heating
(improvement of the structure) due to incomplete initial
sintering in the presence of large crystallites.

The temperature dependence of the resistivity in Fig. 15a
and 15b can be explained by the fact that the sintering process
of samples at 2100 K was not completed during their
preparation and continued during the experiment at tempera-
tures above 2100 K [101]. This results in a reduction in
resistivity at higher temperatures.

An estimate of the time required for diffusion processes at
grain boundaries gives t ~ 107>—1073 us [99], i.e., at the
heating durations under consideration (~ 5 ps, heating rate
dT/dt ~5x 108 K s7'), this time is sufficient for the
diffusion rearrangement of grain boundaries.

The resistivity of the liquid phase of sintered carbides at
the liquidus temperature is lower than or equal to that of the
solid phase at the sintering temperature. Only for carbide
obtained by magnetron sputtering does the dependence of
p(T) in the melting region change as it does for metals: it
increases during melting compared to the solid-phase resis-
tivity. Figure 16 shows the same electrical resistances, but
depending on the specific input energy of joule heating F (in
this case equal to enthalpy H).

Figure 16 even more definitely indicates the need to use
samples of carbides with crystallites of a small initial size and
more perfect structure, which show a continuous increase in
electrical resistance over the entire heating range for both

Carbide Initial density, g cm > Porosity, % Lattice parameter, nm Grain size, pm Manufacturing
technology
ZrC + C[24] ~ 6.6 ~ 1.5 0.4691 0.1 Magnetron
sputtering
ZrCy s [25] 6.57 ~24 0.4694 2-15 SPS
HfCy 35 [30] 12.45 ~2.0 0.463451 15-20 SPS
T’do_g] Hfo‘lg C0_94 13.5 ~4 0.450893 0.03—-0.07 Magnetron
[29, 100] sputtering
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Figure 15. (a) Temperature dependences of resistivity for three carbides: HfC, ZrC, and TaC + HfC. Arrows indicate the end of melting (beginning of
liquid state). In the liquid state, p for all carbides begins to increase linearly, like a metal-like substance [20]. (b) Change in resistivity for a ZrCg ¢4 sample
during a stationary experiment (porosity 42.5%, initial resistance 439 pQ cm, lattice parameter 0.4691 nm): / — heating; 2—cooling [101].
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Figure 16. Dependence of electrical resistance on specific input energy E
(enthalpy H) for three carbides: (/) HfC, (2) ZrC, and (3) TaC + HfC.
Down arrows indicate the end of melting (beginning of liquid phase). Up
arrow indicates the beginning of melting. (4) Linear extrapolation of the
experimental values of electrical resistance to the initial conditions [99].

solid and liquid state of the carbide. Such resistance behavior
ensures uniformity of energy input during pulse heating. Only
for carbides with a small crystallite size (the curve for
TaC + HfC carbide in Fig. 15a and curve 3 in Fig. 16) do
the dependences of p(7') and p(E) in the melting region
change as they do for metals: they increase during melting
compared to the resistivity in the solid state.

A final conclusion may be as follows. In the pulsed heating
process, it is desirable to use samples of carbides with a
minimum size of the initial crystallites and with the most
perfect structure. This will ensure uniform heating over a wide
range of heating speeds (from tens of nanoseconds to
hundreds of microseconds), while maintaining the metal-like
solid and liquid phases. In connection with the above, we note
that sol—gel synthesis when creating samples with a very small
crystallite size [102] may be in demand for further experiments
with pulsed heating. In the case of experiments with sintered
samples of a large crystallite structure, it is desirable to sinter
the samples at the highest possible temperature.

7. Properties of refractory carbides
in the melting region

Comparative results for all carbides studied are shown in
Table 3. The specific heat of C, for the solid state is slightly
higher than in stationary studies due to the presence of initial
defects in the heated volume (samples were not annealed
before the experiments).

We can draw the main conclusions from the consideration
of the data in Table 3.

(1) The melting point of mixed carbide TaggHfy,C is
slightly higher than for HfC (Table 3). However, the enthalpy
of HfC carbide in the solid phase before melting and at the
beginning of the liquid state is significantly higher than the
enthalpy of mixed carbide in the same states, respectively: for
HfC,2.6kJ g 'and3.4kJ g~ !, and for TagsHfy,C, 1.88kJ g~!
and 2.42 kJ g~!. This means that the HfC-based coating at
close melting temperatures, all other things being equal, will
begin to melt and break down at higher specific loads.

(2) Attention is drawn to the high enthalpy of the liquid
phase of carbide (ZrC + C) 5.55 kJ g~! and its high melting
heat (3.2 kJ g~!), which indicates the ability of such a coating
to absorb significantly more energy during melting of equal
mass than that of other carbides under consideration. This
coating has additional advantages. First, the presence of an
excess of carbon and its sublimation at relatively low
pressures (of the order of atmospheric pressure) leads to the
removal of part of the input energy and, accordingly, leads to
cooling of the surface. At the moment, additional assessments
are needed. Second, the relatively low density of the coating
gives an advantage when using massive protective layers. In
addition, as noted in [60], the presence of free carbon in the
ZrC—C system improves the heat resistance and increases the
erosion resistance of zirconium carbide when it is used in the
nozzles of solid-fuel rockets.

(3) According to Table 3, mixed carbide TaygHfy,C has
the highest molar enthalpy for solid and liquid states (as well
as the highest melting point, 4300 K).

8. Conclusion

In addition to the advantages of the method of rapid electric
heating, noted at the beginning of the review, we will point out
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Table 3. Comparative experimental results for all carbides investigated.

Carbide, Density, Enthalpy Hy, Enthalpy Hyq, |AH = Hiq—Hsol. | Tsol/ Tiig, K Cp, (solid.), Cp (liq.),
manufacturing, gem—3/mol (g) | kJ g~'/kImol~" | kI g~!/kI mol~! | kJ g~!/kJ mol~! Jg'K-Y Jg 'Kl
content, at.% Jmol™! K! Jmol! K!
ZrC+C 4.3/103 2.35/242 5.55/572 3.2/330 3150/3640 ~0.85/~ 88 ~ 0.6/~ 62
sputtering at 3150 K at 3640 K at 2700 K at 5000 K
Zr—17.88;
C—67.69;
N—8.13;0—6.0
ZrC sintered 6.57/103 2.2/227 3.3/340 1.1/113 3440/3850 ~ 1.0/~ 103 ~0.7/~72
Zr —47.4;C—45.0; at 3450 K at 3850 K at 3000 K at 4500-5000 K
Hf —0.4;N— 3.4
0—3
Tayg Hfy, C 13.5/360 1.88/677 2.42/871 0.54/194 ~ 4300/4300| ~ 0.4/~ 144 ~ 0.5/~ 180
sputtering at 4300 K at ~ 4400 K at 3000 K at 5000 K
Ta—41.23;
Hf —9.42; C—48.83
HfC sintered 12.45/191 2.6/497 3.4/649 0.8/152 4100/4200 ~ 0.7/~ 134 <0.5/<96
Hf—49; C—42; at 4000 K at 4200 K at 3000 K at 5000 K
o—7

the features of this method (which became clear only after
practical experience of its application).

1. It is established that the specific heat of carbides in the
solid state (in a wide temperature range) may be slightly
higher than the data obtained in stationary experiments. With
rapid heating, the initial lattice defects and impurities remain
in the unburned sample until the liquid state is reached. This
leads to a slightly higher specific heat of the solid sample.
(Sometimes, the additional energy associated with an increase
in the specific heat is within the uncertainty of the enthalpy
measurements: from 5 to 7%).

The validity of this statement is supported by the fact that
rapid current heating of quasi-crystalline anisotropic graphite
with a purity of 99.99% (i.e, with a small number of impurities
and defects) gives the specific heat of the solid phase, which
coincides with the specific heat during stationary heating [20].
It can be expected that preliminary annealing of carbide
samples before experiments with rapid heating will lead to a
decrease in the difference in the values of the specific heat of
the solid phase obtained by the methods of rapid and
stationary heating.

2. A sharp increase in the specific heat is observed with
rapid heating of all the substances under study —metals,
alloys, graphite, and carbides —immediately before melting.
This steep increase in the specific heat, according to our
assumption, is caused by the appearance of point defects (for
example, paired Frenkel defects). With rapid heating, it is
impossible to saturate the lattice with equilibrium vacancies
in order to ensure the loss of long-range order during melting.
Our approach to understanding the physics of the solid and
liquid state of matter is based on the work of J I Frenkel [66].

Despite the fact that we have been talking about this
physical effect for 30 years, we have not seen contemporary
studies by theorists who pay attention to it. Recently, similar
papers have begun to appear. Note the computational work
[21], in which molecular dynamic modeling of ZrC was
carried out using the density functional theory, which
showed the spontaneous formation of Frenkel pair defects
at a temperature of 3200 K, about 500 K below the melting
point of ZrC. The conclusions of [21] indicate that a high
concentration of Frenkel defects changes the properties of

ZrC in several important ways. According to [21], the
formation of one defect for every 64 atoms of a ZrC cell
approximately doubles the electron density of states at the
Fermi level, reduces the bulk modulus of elasticity by 8-
18 GPa, and expands the lattice by 0.1-0.15%. The contribu-
tion of Frenkel defects to the specific heat is relatively small
for moderate temperatures 7' < 2000 K, butitis assumed that
it will be much larger near the melting point [21].

3. In this regard, it is also necessary to point out another
effect observed with rapid heating of a conductor (in
particular, metal). Simultaneously with an increase in the
specific heat, abnormally large electron emission occurs
before melting [19, 103]. First, it should be noted that the
melting point of the substance does not depend on the high
heating rate. With rapid heating, an excessive increase in the
input energy of joule heating before melting is recorded.
However, the excess of the input energy by the beginning of
melting does not go to increase the temperature, but is
absorbed by the lattice, changing its properties [30]. Second,
an increase in the specific heat before melting of the metal
occurs simultaneously with the appearance of abnormally
large electron emission from a solid metal [19, 103]. It can be
assumed that the same effect of anomalous electron emission
occurs during rapid heating of carbides with metallic
conductivity. The appearance of these two physical effects
(abnormally high specific heat and increased electron emis-
sion) occurring before the melting of a rapidly heated
substance should attract the attention of both experimenters
and theorists.

4. In recent years, there have been studied on the proper-
ties of refractory systems using joint computational and
experimental techniques. In review [104], phase equilibria of
complex Hf-Zr—-C-N-O systems are considered, with an
emphasis on carbides and carbonitrides of Zr and Hf, in
order to predict the most refractory compounds.

In [97], it was possible in a stationary experiment to obtain
a comparative estimate of the melting temperature of the
created carbonitride ceramics HfCN and the melting tem-
perature of carbide HfC. With simultaneous (quasi-station-
ary) heating of two compounds, it was noticed that HfC
began to melt earlier than the synthesized carbonitride
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HfC( 5Ny 35. This allowed the authors of [97] to conclude that
the carbonitride they created had a higher melting point than
HfC.

Note that the computational approaches still do not allow
us to obtain the thermophysical properties of these com-
pounds in the liquid state, especially their dependence on
temperature. In experiments with stationary heating, the
measurement of such properties is very difficult or impos-
sible. Only pulsed current heating can be used here. It should
be noted that the use of laser pulse heating is successfully used
to study the temperature parameters of phase diagrams of
carbides in their melting region [87].

Itis obvious that further experiments involving heating by
a current pulse with temperature measurements (up to
6000 K) can be planned with the composition of the samples
recommended in [104, 97]. At the same time, the main
problem is to create targets and further magnetron sputter-
ing of thin coatings (about 5-15 um) for their use in creating
samples in the form of a blackbody model. This is due to the
fact that, for all new compounds, the emissivity values are not
available in the literature, and pulsed heating of samples in
the form of a blackbody model makes it possible to measure
their true temperature using an estimation of this value [33].

Not so long ago, research was started on a new class of
alloys called high-entropy alloys [98, 105, 106]. Unlike
classical alloys having a base element and alloying elements,
high-entropy alloys contain a significant number of elements
(from 5 to 12-15) introduced in equal or close to equal
proportions. In these alloys, due to a large degree of disorder
and a large amount of configuration entropy, there is a
predominant formation of a solid solution based on crystal
lattices of bce or hec. It is the entropy contribution that
determines the properties of these alloys. We expect that
pulsed current heating can provide new knowledge in the
study of highly entropic substances based on mixed com-
pounds of several metals, including several carbides [107-109].
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support of the Russian Foundation for Basic Research
(RFBR), grant no. 19-08-00093.
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