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The elastic, mechanical, thermophysical and
ultrasonic properties of platinum group metal (pgm)
carbides XC (X = rhodium, palladium, iridium)
have been investigated at room temperature. The
Coulomb and Born-Mayer potential model was
used to compute second- and third-order elastic
constants (SOECs and TOECs) at 0 Kand 300 K. The
obtained values of SOECs were used to evaluate
mechanical properties such as Young’s modulus,
bulk modulus, shear modulus, Pugh’s indicator,
Zener anisotropic constant and Poisson’s ratio
at room temperature. The materials show brittle
nature as the value of Pugh’s indicator for pgm
carbides is <1.75. The values of SOECs were used
to compute the ultrasonic velocities along <100>,
<110> and <111> directions for the longitudinal
and shear modes of wave propagation. Further, the
values of Debye temperature, thermal conductivity,
specific heat per unit volume, energy density,
average value of ultrasonic Griineisen parameter,

thermal relaxation time and non-linear parameter
were calculated with the help of SOECs, TOECs,
ultrasonic velocities, density and molecular weight.
Finally, the ultrasonic attenuation due to phonon-
phonon interaction and due to thermoelastic
relaxation mechanisms were calculated with the
use of all associated parameters. The calculated
values of elastic, mechanical, thermophysical and
ultrasonic properties are compared with available
literature and discussed.

1. Introduction

During the past few years, much attention has been
given to the study of different properties of pgms
and their alloys, especially the carbides, due to
their applications in science and engineering (1-5).
The pgm carbides have excellent mechanical
and thermophysical properties such as hardness,
strength, wear resistance and high melting point.
Many theoretical and experimental studies have
been carried out on the structural, mechanical,
dynamical, electronic and optical properties of
the pgm carbides (6-14). Li et al. synthesised
platinum carbide under extreme conditions and
considered it a potential candidate for super hard
materials (1). Ono et al. reported the synthesis
of platinum carbide by the synchrotron X-ray
diffraction method at pressure greater than 75 GPa
at high temperature (2). Jyoti et al. presented a
comprehensive study of elastic, mechanical,
thermophysical and ultrasonic properties of novel
platinum carbides in rock-salt and wurtzite structural
phases at room temperature (3). Iridium carbides
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with various stoichiometries were investigated by

Li et al. using the first principles method (4). Rabah
et al. investigated the stabilities and mechanical
properties of ideal stoichiometric palladium
monocarbides in five different phases (5). A study
of the cohesive energies of 4d-transition metal
carbides was performed by Guillermet et al. (6).
Bugaev et al. focused on the formation of carbide
phase in the bulk region and on the surface of
supported palladium nanoparticles (7). They also
used X-ray absorption spectroscopy to study carbide
formation. The structural, electronic, vibrational
and thermodynamical properties of transition
metal carbides ruthenium carbide, rhodium
carbide, palladium carbide and silver carbide were
investigated by Soni et al. using the plane wave
pseudopotentials method with the generalised
gradient approximation (GGA) in the frame of
density functional theory (8). Ateser et al. studied
structural, mechanical and dynamic properties
of palladium carbide to predict the most stable
structure using a GGA approximation based on
Perdew-Burke-Ernharf function synthesis (9).
Properties and simulation of pgm carbides were
studied by Ivanovski (10). The first principles
computation method was performed to understand
the peculiarities of mechanical stability, elastic and
electronic properties and chemical bonding for
rhodium carbide, palladium carbide and iridium
carbide by Bannikov et al. (11). Li investigated the
structural and electronic properties of palladium
carbide using local density approximation and
GGA (12). Tan et al. studied potential energy
curves and spectroscopic constants of 23 states of
rhodium carbide using complete active space multi
configuration self-consistent field followed by first
order configuration interaction calculation (13).
A new method to synthesise rhodium carbide was
presented by Wakisaka et al. (14). Ksouri et al.
investigated structural, elastic and thermodynamic
properties of metal carbides MC (M = iridium,
rhodium and ruthenium) (15). Spectroscopic
characterisation  of  chain-to-ring  structural
evolution in platinum carbide clusters was studied
by Zhang et al. (16).

In view of these circumstances and taking into
account that there is no precise and complete
analysis available from elastic properties to
ultrasonic properties of pgm carbides, we have
investigated temperature dependent elastic,
mechanical, thermodynamical and ultrasonic
properties of pgm carbides XC (X: rhodium,
palladium and iridium) along <100>, <110>,
<111> crystallographic directions.

Thelayout of this paperis as follows: the theoretical
background in Section 2; the results are presented
and discussed in Section 3; Section 4 includes the
concluding remarks of the investigation.

2. Theoretical Background

The Coulomb and Born-Mayer potentials were
applied to compute the SOECs and TOECs for the
pgm carbides at temperatures 0 K and 300 K.
The theoretical calculation of elastic constants is
based upon the stress-strain method expressed by
Hooke’s law (17). Hooke’s law for an anisotropic
medium can be given as:

Oij = CijkiMkl (i )

where /i, j, k, | = 1, 2, 3 and Cjj is a fourth rank
tensor called elastic stiffness constant; oj; is second
rank stress tensor for the anisotropic material; and
n, is the Lagrangian strain tensor:

w4

where a and x are initial and final position of a
material point and §;; is the Kronecker’s delta.

To deform any solid elastically, work is stored in
the form of potential energy. The elastic energy
density is defined as the energy per unit volume of
a cubic structure. The elastic energy density for a
deformed solid can be expanded as a power series
of strains. The coefficients of terms higher than
quadratic in strains are defined as higher-order
elastic constants. The elastic constant of nth order
defined by (17) is:
anF] (iii)

=0

0n;;0n;;0j5....

Cijklmn =[
The tensor notation can be written as:

F ] -

C e = P = |
DK ijklmn [377/ja’7ija’7ij"" y=0

The indices are contracted as ij = I, jk = J, 111,
222, 333, 234, 315, 12—-6. Here, F is the
free energy density of the undeformed material.

The free energy density of the material at
temperature T is given as:

FTotal _ () 4 FVib (v)

where U stands for internal energy per unit volume
of the crystal when all ions are at rest on their
lattice point, which is given by:

1
U=—— Zq&;m(r)

2V, (vi)
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where r is the distance between the pt and vt ions;
ou(r) is the interaction potential between u™ and v
ions. It is the sum of long-range Coulomb potential ¢,
(C) and the short-range Born Mayer repulsive potential
ou(B). V¢ is the volume of the elementary cell. The
interaction potential ¢, (r) can be expressed as:

d)‘uu(r) = ¢;417(C) + d)w)(B) (V“)
¢o(C) and ¢(B) may be expressed as:

2
(/)m(c) =+ [i] and (/)u\v (B) :Aexp(‘ %J (V|||)

o

+ sign is used for like and unlike ions. Here, e is
the electronic charge; ry is the nearest neighbour
distance; A is strength parameter; and b is
hardness parameter, respectively.

Strength parameter A is defined as:

1
6 exp [_g"j

+12\/§exp [_bzr(J] (|X)

A= —3b{e§J(—0.5825)

rO
Vibrational free energy FV® is given by:

FYP = kB—Tz?jg In2sinh(ha,/2k,T) (x)
nv,
where n is the number of the cells in the crystal; s
is the number of ions per unit cell; w; is vibrational
frequency corresponding to /™ mode of atomic
vibration; and kg is the Boltzmann constant.
Elastic constants of second and third order at
temperature T from Equations (iv), (v) and (vi) are
written as:

_ 0 Vib _ 0 Vib :
Cy=Cp+ Cp and Cpx = Cp + Crik (xi)

The SOECs and TOECs are obtained as the sum of
static elastic constants at absolute zero temperature
and vibrational energy contribution at a particular
temperature; the superscript 0 indicates the static
constant at 0 K and superscript ‘vib’ indicates the
vibrational portion of elastic constant at a certain
temperature. The expressions to compute SOECs
and TOECs are given in the literature (18).

The SOECs are applied to compute the mechanical
properties of pgm carbides such as bulk modulus
(B), shear modulus (G), Young’'s modulus (Y),
Poisson’s ratio (o), Zener anisotropy (A,) and
Pugh’s ratio (B/G) at room temperature (17, 18).
The expressions for B, Y, G, 0 and A, are:

B (o +32C12) (xii)

(C11 = Cip + 3Cy4) 2.5(Cy1 = C13)Caq
10 (4C44 + 3(Cy1 - Cy2)

(xiii)

G-=

_ 9GB _
(G + 3B) (xiv)

_ (3B-26)
°= (68726 xv)
__ 2Ca .
" (Cyy - Cr2) Oxvi)

Further SOECs of pgm carbides were used to
compute the ultrasonic velocities along different
directions. When an acoustic wave propagates
through pgm carbides, it diffuses into one
longitudinal and two shear acoustic waves. There
are three modes of acoustic velocity: V|, Vs; and Vs,
along <100>, <110> and <111> crystallographic
directions. The acoustic velocity depends on SOECs
and mass density in the following ways:
along <100> direction:

V= \/m Vsi = Vs = \/m (xvii)

along <111> direction:

V= \/(Cn + 2Co + 4C44)/3p;

Vsy = Vsp = \/(Cn = Cio+ C44)/3p;

(xviii)

along <110> direction:

V= \/(Cn + Cio + 2C44)/ 2p;
(xix)
Vs1 = 4/Caalp; Vsa =4/(C11 = C12)/p;

From ultrasonic velocities the Debye average
velocity (Vp) can be calculated in the following
way:
along <100> and <111> direction

-7
VD{IJIJF 2 H (xx)
along <110> direction
e .
%{Wz+z+zq3 (xxi)
3 VL VSI VSZI

The Debye average velocity is used to calculate
the Debye temperature (8p) (17) as follows:

1/3
h ( 3nNp .
0 = — V, XXI1I
b7 kg [ 4nM ] b Oxxit

where kg is Boltzmann’s constant; N is Avogadro’s
number; h is Planck’s constant; M is the molecular
weight; p is the density; and n is number of
atoms per unit cell. The Debye temperature is
used to compute the thermal conductivity (k). The
expression for K is:

AM,503 n1/3

K= ———— (xxiii)
2T
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where & (in A) is the cube root of volume
per atom; A = 3.04 x 1078, M  is defined as
average atomic mass in amu; y is defined as
the Grineisen parameter. Griineisen parameter
along different directions was computed using
SOECs and TOECs (19). k is defined as thermal
conductivity which was calculated by Morelli and
Slack’s approach (20). When ultrasonic waves pass
through pgm carbides, the energy is dissipated.
The loss in the material occurs for different reasons,
for example electron-phonon interaction, phonon-
phonon interaction, thermoelastic relaxation,
grain boundaries and magnon-phonon interaction.
At temperature =100 K the most conspicuous
causes of ultrasonic losses in the pgm carbides
are Akhieser loss (phonon-phonon interaction)
and loss due to thermal relaxation mechanisms.
The computation of ultrasonic attenuation in the
chosen pgm carbides was done using Mason’s
approach (19). The ultrasonic attenuation due to
Akhieser loss is given by:

L 4’7 EoDy (xxiv)
V2 L 6/)VL3

o _ 47[2‘651E0D51

| =03 (xxv)
Vo Js1 6oV,

2 ) 4n’15EDs; )
5 = PRY: (xxvi)
VT Js2 PVs2

where a is the ultrasonic attenuation constant; v is
the frequency of ultrasonic wave; V| is the ultrasonic
velocity for longitudinal wave; E, energy density
which is computed by (6p/T) (21). The required
time in which thermal phonons regain their original
shape distorted by ultrasonic waves for exchange
of acoustic and thermal energy is known as thermal
relaxation time (1) and is given as:

T _ 3k -
Tth=Ts= 5 = CV2 (xxvii)

where Cy is specific heat capacity at constant volume
computed using data from the AIP handbook (21);
D is non-linearity parameter (acoustic coupling
constant) given by:

3(<y)>)20,T

, (xxviii)

D=9 <("",-j)2 >—

The thermoelastic attenuation caused by
thermoelastic relaxation is given by (21):

[x} - 4r2]? kT (xxix)
v2 th 2,0VL5

3. Results and Discussion

The computed values of SOECs and TOECs for
the chosen pgm carbides were obtained using
Coulomb and Born-Mayer potential model. The
two parameters, nearest neighbour distance
and hardness parameter, play important roles in
evaluating SOECs and TOECs for the pgm carbides.
The nearest neighbour distance (r,) for rhodium
carbide, palladium carbide and iridium carbide are
2.1724,2.215R and 2.20/3\respectively(11).These
values are assumed to be constant at temperatures
0 Kand 300 K and hardness parameter b is selected
0.303 A for all materials (22).

The computed values of SOECs and TOECs
using Equations (i)—(xi) for the pgm carbides are
presented in Table I at 0 K and 300 K with existing
comparable SOECs (3, 9, 11, 23-26). There are
some variations in the obtained results and existing
results as we have neglected the polarisability of
the ions, van der Waal’s forces and many body
forces. It is obvious from Table I that values of
elastic constants are highest for rhodium carbide
and lowest for palladium carbide, which shows
that rhodium carbide has better intrinsic properties
among the chosen pgm carbides. Table I depicts
that the values of C;; and C,44 increase while
C;, decreases with increase in temperature for
the chosen materials. The TOECs Cji1, Ciia,
Ci16 are negative and decrease with increase in
temperature; C;,3 decreases with temperature
while Cj44 increases with temperature and the
value of Cy456¢ remains constant due to absence of
vibrational energy. Cii, Ci2, C44, Ci23, Ci4q have
positive temperature coefficients and Ciy1, Ciio,
Ci66 have negative temperature coefficients while
C456 remains constant irrespective of temperature
change. Because there is no contribution of
vibrational energy, Cauchy’s relations defined by
Cousin at 0 K are satisfied: C., = CJ,; CJ,= C%,;
C), = C,= CJ,, in present case (27). Cauchy’s
relation holds good at 0 K but does not hold good
at higher temperatures because on increasing
temperature the nature of the interacting forces
becomes more ionic. The orders of the elastic
constants of the investigated materials are
comparable with platinum carbide (3). The SOECs
obeyed the Born stability criterion (C;;+2Cy, > 0,
C44 > 0, C1;-C4, > 0) which proves that the chosen
materials are elastically stable at room temperature
in B1 phase (28). The TOECs are higher for rhodium
carbide and lower for palladium carbide. TOEC
values are not available for direct comparison for
pgm carbides, so the results of TOEC calculations
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Table I Second-Order and Third-Order Elastic Constants of Platinum Group Metal Carbides at

0 K and 300 K

Elastic constants, 10 Nm~2

. Temperature,
Material K
Ci1 Ci> Caa Ci1a Cii12 Ciz3 Cias Cies Case
0 7.39 4.67 4.67 -106.67 -19.04 7.03 7.03 -19.04 7.03
8.39 4.58 4.73 -114.46 -19.76 5.6 7.09 -19.34 7.03
RhC 2.927% 1.8192 0.454% - - - - - -
300
4,25b 2.51° 0430 - - - - - -
4.39¢  2.56¢ - - - - - - -
0 7.27 4.29 4.29 -105.85 -17.5 6.5 6.5 -17.5 6.5
8.24 4.19 4.34 -113.64 -18.2 5.06 6.56 -17.79 6.5
PdC 3.76> 1.73b 0.56°> -114.67¢ -12.59¢ 4.099 4.75¢ -13.12¢ 4.67d
300
2.76 1.81¢ 0.49¢ - - - - - -
3.72¢  3.07¢ - - - - - - -
3.21¢  2.44¢  1.11°® - - - - - -
Pd 300
1,94 1.50° o0.72f - - - - - -
0 7.31 4.41 4.42 -106.16 -18.02 6.68 6.68 -18.02 6.68
IrC 8.29 4.32 4.47 -113.9 -18.72 5.24 6.74 -18.31 6.68
300
4.39¢  2.57° - - - - - _ _
Ir 300 5.809 2.429 2,569 - - - - - -

aSee (9); PSee (11); See (23); 9See (3); ®See (25); fSee (26); 9See (24)

Table ITI Mechanical Properties of Platinum Group Metal Carbides at Room Temperature

11 11

Material ;'n}_‘; B, 101 Nm™2 ﬁ'm Hy B/G s A,

8.31 5.85 3.29 1.78 0.26 2.48
RhC 1.232 2.844b - - 0.43° -

- 3.092 - - - -

- 2.82¢ - - - -
Rh 3.86¢ 2.80¢ 1.53¢ 1.83¢ 0.26¢ -

8.05 5.54 3.2 1.73 0.26 2.14

1.56¢ 2.68P 0.492 4.4562 0.3962 3.2¢
pdC 1.17¢ 2.188° 0.42¢ - 0.39¢ -

- 2.78f - - - -

- 2.41¢ - - - -

- 2.13¢ - - - -
pd - 2.709 - - - -

1.284 1.904 0.46¢ 4.13¢ 0.39d -

8.14 5.64 3.23 1.75 0.26 2.25
Irc - 3.18¢ - - - -
Ir 5.38¢ 3.78¢ 2.144 1.78¢ 0.264 -

aSee (9); PSee (32); ‘See (23); YSee (33); See (11); fSee (12); 9See (25)
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for the chosen pgm carbides are compared with our
recent publication on platinum carbide. The order
of the TOECs has the same quantum (3). SOECs of
pgm carbides were found to be higher than those
for pgm pure metals. These elastic constants were
further applied to compute various mechanical
constants like Young’s modulus (Y), bulk modulus
(B), shear modulus (G), Pugh’s ratio (B/G),
Poisson’s ratio (o) and Zener anisotropic ratio (A,)
using Equations (xii)-(xvi) and are presented in
Table II.

From Table II it is clear that bulk modulus and
Young’'s modulus for rhodium carbide are highest
and those for palladium carbide are lowest which
predicts that rhodium carbide is stiffer and less
compressible than other pgm carbides. The higher
value of shear modulus for rhodium carbide shows
that it is much harder than palladium carbide and
iridium carbide. The calculated Pugh'’s ratios for the
chosen materials are <1.75 which shows that the
chosen pgm carbides are brittle in nature (29, 30).
The Poisson’s ratio limit for non-central nature of
interatomic forces is given by 0.2<0<0.5. In the
present case, the calculated value of Poisson’s ratio
is 0.26 which shows that applied forces are non-
central in pgm carbide materials (31). For covalent
materials Poisson’s ratio is almost 0.1 while it is
0.25 for an ionic bond. The calculated Poisson’s
ratio is greater than 0.25 which shows that ionic
contributions in interatomic bonding are dominant
for the chosen materials. With the help of Poisson’s
ratio (o) and Cauchy pressure (Ci;—-Cy44), the
intrinsic ductility and brittleness can be predicted for
the pgm carbides. For ductile materials, Poisson’s
ratio 0>0.3 and Cauchy pressure (C;,-Cy44)>0,
while for brittle materials Poisson’s ratio 0<0.3 and
Cauchy pressure (C;,-C44)<0. From Table II, the
values of Poisson’s ratio for pgm carbides are less
than 0.3 (0<0.3) and Cauchy’s pressure is less
than zero (C;,-C44<0) for all chosen pgm carbides.
This confirms the chosen pgm carbides are brittle
in nature.

For isotropic materials A, should be equal to
one but in our case A, is greater than one which
indicates the chosen materials are anisotropic in
nature. The obtained values are compared with
existing values in available literatures (9, 11,
12, 23, 26, 32, 33). The variations in the results
are due to different computational methods. Our
calculations are based on MATLAB® and manual
calculation which gives precise results.

To study changes in elastic, mechanical,
thermophysical and ultrasonic properties exhibited
by pgm carbides we have compared the properties

of the pgm carbides with the known properties of
pgms as shown in Tables I and II. If we compare
mechanical properties of pgm carbides (rhodum
carbide, palladium carbide and iridium carbide) to
existing values of pure pgms (rhodium, palladium
and iridium) we find that values of Young’s modulus,
bulk modulus and shear modulus of pgms are lower
than those of pgm carbides. Pugh’s ratio for pgms
is >1.75 which shows the ductile nature of pgms.
Thus pgms are softer and more ductile while pgm
carbides are harder and brittle in nature.

The values of ultrasonic velocity for any material
depends on SOECs and density along <100>,
<110> and <111> directions for longitudinal and
shear modes of wave propagation. The ultrasonic
velocities (V. and V) were computed using
Equations (xvii)-(xix). The Debye average velocity
Vp was computed using Equations (xx)—(xxi) along
different directions. The computed values of V|, Vs
and Vp are presented in Table III.

The Debye average velocity is highest for
rhodium carbide along <100> direction and lowest
for iridium carbide along <110> direction. The
calculated values are compared with the values
obtained by Ateser et al. (9) which is in approximate
agreement with the values of palladium carbide
along <100> direction. The decreasing value of
ultrasonic velocity from rhodium carbide to iridium
carbide is due to an increase in density. The
Debye temperature (8p) is the temperature of a
crystal’s highest normal mode of vibration and it
correlates elastic properties with thermodynamic
properties such as phonons, thermal expansion,
thermal conductivity, specific heat and lattice
enthalpy (32, 34). 6p was computed using Equation
(xxii). The computed values of By along different
directions are presented in Figure 1.

Figure 1 shows that the value of 6p is lowest
along <110> direction for all materials. It is also
mentionable here that the value of 8p is smallest
for iridium carbide, because 6p is proportional to
the cube root of the molecular weight. The value of
Bp along <100> direction for palladium carbide is
319 K in our case while Ateser et al. presented 6
353 K. Standard values of Debye temperature for
rhodium, palladium and iridium are 275 K, 150 K
and 228 K respectively (9). Average Griineisen
parameter <y/> was evaluated with the help of
SOECs and TOECs. Further, 8p and <y/> were
applied to compute thermal conductivity («x) using
Equation (xxiii). The specific heat per unit volume
(Cy) and energy density (Ep) were calculated using
(6p/T) tables (19). The computed values of <y/>,
x, Cyand Eq are presented in Table IV.
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Table III Orientation-Dependent
Ultrasonic Velocities of Platinum

Group Metal Carbides at Room
Temperature

Ultrasonic Velocities,

3 -1
Material Direction EORE

Vi Vsi Vs Vp

<100> 3.00 2.25 2.25 242

RhC <110> 3.47 2.25 1.43 1.88

<111> 3.61 1.75 1.75 1.97

3.02 2.19 2.19 2.37

<100>
5.852 1.982 1.982 2.25°
3.42 2.19 1.50 1.93
<110>
PdC 5.60% 1.982 2.882 2.34°

3.54 1.76 1.76 1.98

<111> 5.593° 2.324P 1,752 2.63P

250

X
£
a 150
@
100 —@— RhC
—e— PdC
50 —o— IrC
0
<100> <110> <111>

Direction

Fig. 1. Direction-dependent Debye temperature of
pgm carbides

5.65% 1.75° 1.99°

<100> 4.743¢

Pd <110> 2.436° - - -

<111> 1.456°¢

<110> 2.28 1.68 1.68 1.81

IrC <111> 2.6 1.68 1.12 1.45

<111> 2.7 1.33 1.33 1.49

aSee (3); PSee (9); See (35)

It is obvious from Table IV that the ultrasonic
Grineisen parameters calculated using Mason’s
approach are highest along <111> direction. The
thermal conductivity directly depends on atomic
weight and Debye temperature. It can be seen in
Table IV that the thermal conductivity increases
with increasing atomic weight and Debye
temperature. The values of thermal conductivity
for pgm carbides are highest along <100>
direction. The value of thermal conductivity is
highest for rhodium carbide and lowest for iridium
carbide because the thermal conductivity is
directly proportional to the Debye temperature.
The existing values of k for rhodium, palladium
and iridium are 150 Wm™ K%, 72 Wm™ K and
150 Wm™! K™! respectively which indicates that
pure pgms are thermally stronger than pgm

carbides. The values of specific heat capacity (Cy)
and energy density (Ep) are highest for iridium
carbide along <110> direction and lowest for
rhodium carbide along <100> direction. The
values of Cy for rhodium carbide and palladium
carbide materials are approximately equal.

The thermal relaxation times (t,) were calculated
using Equation (xxvii). The values of acoustic
coupling constants (D, and Dg) for longitudinal
and shear waves were computed using average
Gruneisen parameter <y/> and average of the
square of the Grineisen parameter, specific heat
per unit volume and energy density from Equations
(xxviii)=(xxix).

All obtained thermal parameters were applied
to compute the ultrasonic attenuation due to
thermoelastic mechanism (o/v?)y, and due to
phonon-phonon interaction  mechanism  for
longitudinal and shear waves [(o/v?), and (o/v?)s]
using Equations (xxiv)—(xxvi). The computed
values of 1, Dy, Ds, (0/V®)wn, (a/v?), and (a/v?)s
are presented in Table V.

Table V shows that the value of the thermal
relaxation time (1) is of the order of 107! s
which confirms the metallic character of pgm
carbides (36). The value of (ty,) is highest along
<100> direction and lowest along <111> direction
for rhodium carbide, palladium carbide and iridium
carbide and it plays a crucial role in the computation
of ultrasonic attenuation.

It is obvious from Table V that the value of
acoustic coupling constant for shear wave is
highest along <110> direction and polarisation
along <110> direction of the chosen B1 structured
rhodium carbide, palladium carbide and iridium
carbide single crystals, which indicates maximum
conversion of ultrasonic energy into thermal energy
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Table IV Direction-Dependent Average Griineisen Parameter, Thermal Conductivity, Specific

Heat Per Unit Volume and Energy Density for Platinum Group Metal Carbides at
300K

Cy, J mole™?

Material Direction <yi> kK, Wm™1 K K-1 Eo, 3 mol™!
<100> 1.38 15.29 2.356 4.856
RhC <110> 1.47 6.31 2.402 5.361
<111> 1.60 6.09 2.402 5.274
14.80
<100> 1.35 2.356 4.936
9.08°
7.10
PdC <110> 1.43 2.402 5.339
9.49°
6.41
<111> 1.56 2.402 5.295
8.782
<100> 1.36 11.34 2.432 5.448
IrC <110> 1.45 5.17 2.440 5.831
<111> 1.58 4.77 2.440 5.785
aSee (3)
2000 Fig. 2. Direction-dependent total
- 1800 ultrasonic attenuation of pgm
= 1600 % RhC carbides
o
[%2] —_—
£ 1400 pdc
—o—1IrC
2 1200
= 1000
X 800
§ 600
> 400
< 200
0
<100> <110> <111>

Direction

or vice versa. The values of acoustic coupling
constants are not available for direct comparison,
therefore a comparison is made of the results of D,
and Dg with platinum carbide which shows a similar

loss is significantly lower than loss due to phonon-
phonon interaction. Computed values of Akhieser
damping for the chosen materials are highest along
<110> direction and lowest along <100> direction.

trend (3). It is also shown in Figure 2 that total ultrasonic
The ultrasonic attenuation for the chosen pgm attenuation is highest along <110> direction
carbides, i.e. (a/V)iotal = (/V)i + (o/V?) + at room temperature. Uncertainty in ultrasonic

(0/V?)g1 +(0/V?)sa, is shown in Figure 2.

From Table V it is clear that values of thermal
attenuation loss (o/v?)y, for XC (X = rhodium,
palladium, iridium) is highest along <100> direction
and lowest along <111> direction. The thermal
attenuation is highest for iridium carbide which
indicates that time for conversion of acoustic to
thermal energy is longest for iridium carbide. From
Table V it is also clear that thermal attenuation

attenuation depends on several parameters
including SOECs, TOECs, material density,
heat capacity, thermal energy density, thermal
relaxation time, frequency and acoustic coupling
constants. Results on ultrasonic attenuation for
rhodium carbide, palladium carbide and iridium
carbide are not available, so comparison was done
with platinum carbide (3) and good agreement was
found.
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Table V Direction-Dependent Thermal Relaxation Time, Acoustic Coupling Constants and

Ultrasonic Attenuation of Platinum Group Metal Carbides
Acoustic coupling

Ultrasonic attenuation,

-16 2 -1
Material Direction ;‘;’ constants LT b e O
Dy Dg; Ds; (/v  (a/Vv*)L (a/v¥)s1 (a/V?)s
<100> 33.25 26.51 32.97 32.97 0.76 22.37 32.86 32.86
RhC <110> 22.34 26.74 44 .56 324.82 0.17 10.83 32.93 937.93
<1l11> 19.68 33.55 196.13 196.13 0.16 10.44 268.90 268.90
25.67 29.50 29.50 0.70 22.48 33.79 33.79
<100> 33.58
105.50¢° 43.802 - 0.582 7.93° 34.782 34.782
25.00 39.91 338.03 0.21 11.57 35.02 93.02
PdC <110> 23.79
78.21@ 72.30° - 0.422 5.00° 52.254 134.80"
31.41 204.07 204.07 0.18 11.18 29.59 29.59
<1l11> 20.51
129.50° 269.30° - 0.312 11.47° 40.20° 40.20°
<100> 43.00 26.51 30.60 30.60 1.26 43.19 62.90 62.90
IrC <110> 30.30 26.13 41.34 333.63 0.34 21.66 64.09 1748.40
<111> 26.31 32.81 201.45 201.45 0.31 20.96 538.76 538.76

aSee (3)

4. Concluding Remarks

In this work, the temperature- and orientation-
dependent elastic, mechanical, thermal and
ultrasonic properties of rock-salt structured pgm
carbides were analysed. The behaviour of SOECs
and TOECs were found to be like other rock-salt
structured materials of B1 type. Cauchy’s relation
is satisfied at 0 K and the values deviate at higher
temperatures for the chosen pgm carbides. The Born
stability criterion for mechanical stability is satisfied
by rhodium carbide, palladium carbide and iridium
carbide. Pugh’s ratio and Cauchy’s pressure confirms
the brittle nature of the investigated materials. The
ultrasonic velocities are dependent on direction
rather than temperature and the most suitable
direction of ultrasonic wave propagation is <100>
for all pgm carbides. Direction-dependent Debye
temperature at which all the vibrational modes
are excited is highest along <100> direction for all
materials. The highest value of thermal conductivity
is for rhodium carbide and lowest for iridium
carbide because the thermal conductivity is directly
proportional to the Debye temperature. Order of
thermal relaxation time confirms the metallic nature
of pgm carbides. The value of ultrasonic attenuation
is lowest along <100> direction for all chosen

materials, which indicates that <100> direction
is most suitable for wave propagation for pgm
carbides. The achieved results provide the base for
further studies of these materials as well as for their
engineering applications in industry.
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