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Ultrasonic attenuation coefficients are calculated due to phonon–phonon interaction and ther-
moelastic mechanism in Ni–Pd alloys at 100–500 K along 〈100〉 direction. Second and third order
elastic constants (SOEC and TOEC), Grüneisen numbers and ultrasonic velocities are also calculat-
ed. The ultrasonic attenuation is determined utilizing these parameters. In the present investigation
Ni and Pd metals are found stiffer than the Ni–Pd alloys. Behavior of ultrasonic attenuation at
high temperatures reveals some disordering in the alloys.
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I. INTRODUCTION

Ultrasonics offer the possibility to detect and charac-
terize microstructural properties as well as flaws in ma-
terials controlling materials behaviour based on physical
mechanism to predict future performance of the mate-
rials. Various investigators have shown considerable in-
terest on ultrasonic properties of metals and alloys. Be-
havior of Ultrasonic attenuation, velocity and other re-
lated parameters at different physical conditions of the
materials are well related to structural inhomogeneties,
elastic parameters, dislocation, grains, phase transforma-
tion, electrical resistivity, and thermal conductivity [1–4].
Palladium alloys are used in jewelry trades. In view of
innumerable applications of palladium alloys in metallur-
gy, engineering and industry, the authors have choosen to
study the behaviour of ultrasonic absorption and related
parameters in Ni–Pd alloys along 〈100〉 direction at high
temperatures. Evaluation of ultrasonic absorption and a
complete description of the non-linear acoustic proper-
ties of the material requires knowledge of all the inde-
pendent second and third order elastic constants (SOEC
and TOEC). Therefore we have calculated second and
third order elastic constants of Ni–Pd alloys at different
temperatures.

II. THEORETICAL APPROACH

The total attenuation of an ultrasonic wave propagat-
ing in a solid at any temperature can be written as

αTotal = αe−p(T ) + αp−p(T ) + αbg (1)

where αe−p is the attenuation resulting from the interac-
tion of wave with the charge carriers in the solid, αp−p is
the attenuation due to interaction of the acoustic wave
with the thermal phonons in the crystal, and αbg is the
background attenuation due to variations in the bond-
ing of the transducer with the crystal, impedance match-

ing throughout the measuring system and also diffraction
and interference effects. The latter contribution is usu-
ally assumed to be temperature independent and this
can simply be subtracted from the measured attenua-
tion. It is a well established fact that αe−p is important
for metals or metallic alloys at low temperatures (less
than 100 K). At high temperatures, αp−p is the promi-
nent attenuation. We have calculated αp−p in Ni–Pd al-
loys at 100–500 K. The mechanism involving the inter-
action of the thermal phonons and acoustical phonon is
the Akhieser mechanism [5]. This mechanism was devel-
oped basically for the absorption of the ultrasonic waves
in dielectrics and semiconductors. Two modifications of
Akhieser’s mechanism have been given by Mason [6–7],
Woodruff and Ehrenreich [8] for the region ωτ � 1,
where ω (2πf) is the angular frequency of the sound
wave and τ is the relaxation time usually identified with
the thermal relaxation time given by,

τth =
3K

CV V
2 (2)

where K, CV , V are the thermal conductivity, specific
heat per unit volume and the Debye average velocity,
respectively. The Mason theory gives the absorption co-
efficient ‘α’ as:

α =
nω2DE0τ

6ρV 3
(3)

where n=2 for longitudinal waves and n=1 for shear
waves. E0 is the internal energy per unit volume; τ is
the relaxation time, V is the velocity of sound wave, ρ
is the density of the material and D is the non-linearity
constant defined as:

D = 9〈(rj
i )

2〉 − 3〈rj
i 〉2CV T

E0
. (4)
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Here i, j refer to the direction of propagation and
polarization of the sound wave. rj

i are the generalized
Grüneisen parameters. Mason and Bateman also intro-
duced a scheme to calculate D by determining the aver-
age of generalized Grüneisen parameters for the number
of pure thermal modes for longitudinal and shear waves.
Also they relate the Grüneisen parameter with the sec-
ond order and third order elastic constants.

On the otherhand, Woodruff and Ehrenreich [8] for-
mulated α (in Np/m) as:

α =
ω2KTν2

av

ρV 5
(5)

where T is the temperature and νav is the general average
Grüneisen parameter originally taken to be an adjustable
but temperature independent parameter. Since the prod-
uct (KT) is nearly constant for a large number of sub-
stances over a large range of temperature, Woodruff and
Ehrenreich’s theory failed to explain the observed tem-
perature dependence of the attenuation in many cases.
Nava et al. [9] have modified Akhieser’s original theory by
introducing a new effective ultrasonic Grüneisen param-
eter (UGP), which is temperature dependent. Except for
this, Nava et al.’s relation for α is very similar to that of
Woodruff and Ehrenreich. Nava succeded in to explain-
ing the observed attenuation in the materials as GaAs
by his modification. Calculation of UGP involves many
complications and many experimental parameters. Al-
though the Mason theory has been criticized by Barrett
and Holland [10], the scheme introduced by Mason for
averaging the Grüneisen numbers, as mentioned earlier,
is still widely used [11]. This scheme directly involves the
second and third order elastic constants. Therefore avoid-
ing complications in the calculation of UGP and to cal-
culate temperature dependence of ‘α’ directly from the
values of second and third order elastic constants (SOEC
and TOEC), the Mason theory is still good and estab-
lished to understand the temperature dependence of ul-
trasonic attenuation in pure Ni and Pd metals [12,13].
In the present investigation, this theory is established
for the ultrasonic attenuation in Ni–Pd alloys at differ-
ent temperatures. Many of the characteristic features are
discussed in this paper.

We have calculated second and third order elastic con-
stants for the evaluation of ultrasonic attenuation in Ni–
Pd alloys using the method developed by Leibfried and
Haln, Ludwig, Hiki and Ghate as employed in our previ-
ous paper [14].

III. RESULTS AND DISCUSSION

The calculated values of second and third order elastic
constants of Ni–Pd alloys at 100–500 K are presented in
Table 1. The values of thermal conductivity (K), specific
heat per unit volume (CV ), internal energy per unit vol-
ume (E0) and density (ρ) are calculated with the help
of the required data available in the literature [15–17].
Temperature variation of the thermal conductivity (K)

is shown in Fig. 1. The calculated values of ultrason-
ic velocities (VL) for longitudinal waves and (VS) that
for sheer waves along 〈100〉 crystallographic direction are
shown in Fig. 2. Temperature variation of thermal relax-
ation time (τth), non-linearity parameters (acoustic cou-
pling constants) DL and DS for longitudinal and sheer
waves, respectively, are shown in Figs. 3–5. Tempera-
ture variation of ultrasonic absorption (α/f2)Akh.Long.

and (α/f2)Akh.Shear in Ni–Pd alloys along 〈100〉 direction
and (α/f2)Th. (attenuation due to thermoelastic loss)
are shown in Figs. 6–8. Experimental values of SOEC
and TOEC of Ni at 300 K and the values of SOEC of Pd
and Ni–Pd alloy at 300 K calculated by previous workers
are presented in Table 2. Experimental values of (α/f2)
in Ni along 〈100〉, calculated values of (α/f2)Akh. and
(α/f2)Th. in Ni along 〈100〉 and calculated values of ther-
mal relaxation time (τth) for Ni are presented in Table 3
for comparison.
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Fig. 1. Thermal conductivity (K) vs. temperature.

1.8

2.3

2.8

3.3

3.8

4.3

4.8

0 100 200 300 400 500
Temperature [K]

 U
lt
ra

s
o
n
ic

 v
e
lo

c
it
y

(1
0

3
m

/s
e

c
)

VL [Ni50Pd50]
VL [Ni31Pd69]
VL [Ni21Pd79]
VL [Ni6Pd94]

VS [Ni50Pd50]
VS [Ni31Pd69]
VS [Ni21Pd79]
VS [Ni6Pd94]
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Fig. 3. Thermal relaxation time (τth) vs. temperature.
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In calculation of SOEC and TOEC, we have taken
nearest neighbour distances

r0(Ni50Pd50)=2.615×10−10 m,
r0(Ni31Pd69)=2.663×10−10 m,
r0(Ni21Pd79)=2.688×10−10 m,
r0(Ni6Pd94)=2.725×10−10 m

for Ni–Pd alloys. Born parameter b = 0.313× 10−10 m is
taken as constant for each composition of alloys. This
Born parameter (hardness parameter) ‘b’ satisfies the
condition that the total free energy of the alloys in equi-
librium should be minimal. It is further assumed that
Born parameter is independent of temperature and can
be taken empirically b = 0.313 × 10−10 m nearly equal
for all the compositions of alloys.
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temperature.

Fig.5 Acoustic coupling constants (DS for 

shear wave) Vs. Temperature
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Fig. 5. Acoustic coupling constants (DS for shear wave)
vs. temperature.
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Fig. 6. (α/f2)Akh.Long. vs. temperature along 〈100〉 direc-
tion.

The present values of elastic constants of Ni–Pd alloys
are compared with the values calculated by S. C. Upad-
hyaya [18]. Temperature dependence of SOEC and
TOEC of the alloys is not available in literature. There-
fore the comparison could be made at 300 K only. Elas-
tic constants of Ni–Pd alloys are also compared with
those of pure components calculated by D. K. Hsu
and R. G. Leisure [19] and experimentally observed by
V. P. N. Sharma and P. J. Reddy [20]. At 300 K the
present values of C11, C12 and C44 for Ni50Pd50 are
2.026 × 1011 N/m2, 1.254 × 1011 N/m2 and 0.611 ×
1011 N/m2. S. C. Upadhyaya et al. calculated C11 =
2.245 × 1011 N/m2, C12 = 1.943 × 1011 N/m2 and
C44 = 0.748× 1011 N/m2 for Ni0.55Pd0.45 at 300 K [18].
Thus there is good agreement between the present values
and the values calculated by S. C. Upadhyaya et al. It
is obvious from Tables 1 and 2 that second order elastic
constants (Cij) (experimental and theoretical) of Ni and
Pd metals are slightly greater than the present values of
Ni50Pd50 alloys at 300 K. Thus the pure components Ni
and Pd are stiffer than the Ni–Pd alloys at high temper-
atures. The present method of calculation for SOEC and
TOEC of Ni–Pd alloys at high temperatures is justified.
However, full account of many interactions and van der
Waal’s interactions between ions and also consideration
of the non-linearity of the materials up to some extent
may further improve the calculated results of TOEC [21].
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Fig. 7. (α/f2)Akh.shear vs. temperature along 〈100〉 direc-
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Fig. 8. (α/f2)Th. vs. temperature along 〈100〉 direction.

Since ordering is normally brought in alloys by the
tight binding among unlike neighbours [22]. Therefore,
Ni–Pd alloys are expected to be stiffer than pure com-
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ponents. But as described above, this behaviour is not
found in these compounds. Therefore some disordering
is present in the alloying of Ni and Pd components. It
may be explained as follows. One method of evaluating
the structure of conducting materials is to measure the
electrical resistivity (R) as a function of temperature. It
is a measure of the extent to which electrons are scat-
tered in a lattice as they move through an external elec-
tric field. The resistivity originates from perturbations in
the movement of electrons produced by the pressure of
crystal imperfections. For most metals nearly at room
temperature, R depends mainly on the interaction of

electrons with phonons. Point defects, such as intertitial
atoms and substitutional impurities, are lattice features
that contribute to R of a material. At higher temper-
atures vacancies begin to form in the lattice, and, for
ordered alloys, the structure becomes disordered. There-
fore the increase in R with temperature corresponds to
some disordering in the lattice [23]. The resistivity value
of Ni–Pd alloys at room temperature is larger than the
values of Ni and Pd components [15]. Therefore some
disordering in the lattice of Ni–Pd alloys is present and
due to that Ni and Pd components are more stiffer than
Ni–Pd alloys at high temperatures.

Alloys Temp. [K] C11 C12 C44 C111 C112 C123 C144 C166 C456

Ni50Pd50 100 1.917 1.361 0.606 −19.569 −13.084 0.819 1.330 −6.107 0.420
200 1.967 1.307 0.608 −19.684 −12.666 0.704 1.340 −6.127 0.420
300 2.026 1.254 0.611 −19.854 −12.239 0.590 1.350 −6.150 0.420
400 2.088 1.200 0.613 −20.040 −11.813 0.476 1.360 −6.175 0.420
500 2.151 1.147 0.616 −20.234 −11.388 0.361 1.370 −6.201 0.420

Ni31Pd69 100 1.869 1.252 0.560 −19.239 −12.026 0.752 1.237 −5.637 0.391
200 1.915 1.200 0.562 −19.336 −11.614 0.637 1.246 −5.654 0.391
300 1.972 1.147 0.564 −19.498 −11.184 0.521 1.255 −5.676 0.391
400 2.033 1.094 0.566 −19.680 −10.755 0.405 1.265 −5.699 0.391
500 2.094 1.041 0.569 −19.871 −10.326 0.290 1.274 −5.723 0.391

Ni21Pd79 100 1.852 1.199 0.537 −19.110 −11.503 0.720 1.192 −5.413 0.376
200 1.893 1.148 0.539 −19.182 −11.105 0.604 1.201 −5.428 0.376
300 1.948 1.095 0.541 −19.331 −10.675 0.487 1.209 −5.448 0.376
400 2.006 1.043 0.543 −19.506 −10.244 0.371 1.218 −5.469 0.376
500 2.067 0.990 0.546 −19.692 −9.813 0.255 1.227 −5.492 0.376

Ni6Pd94 100 1.882 1.116 0.508 −19.235 −10.613 0.666 1.131 −5.123 0.356
200 1.901 1.075 0.509 −19.210 −10.370 0.557 1.137 −5.128 0.356
300 1.941 1.025 0.511 −19.277 −9.970 0.441 1.145 −5.142 0.356
400 1.991 0.973 0.512 −19.399 −9.543 0.323 1.154 −5.159 0.356
500 2.045 0.921 0.514 −19.551 −9.111 0.206 1.162 −5.178 0.356

Table 1. Second and Third order elastic constans (SOEC & TOEC) in 1011 N/m2 of the Ni–Pd metallic alloys at temperature
100–500 K.

SOEC/TOEC → C11 C12 C44 C111 C112 C123 C144 C166 C456

Metall/Alloy ↓

Ni (a) (exp.) 2.500 1.510 1.220 −21.04 −13.45 0.59 −3.80 −7.57 −0.42

Pd (b) 2.2378 1.7312 0.7125

Ni0.55Pd0.45 (c) 2.245 1.943 0.748

(a) Work of V. P. N. Sharma et al. [20]; (b) Work of M. Kass et al. [23]; (c) Work of S. C. Upadhyaya et al. [18].

Table 2. Second and third order elastic constans (SOEC & TOEC) in 1011 N/m2 at 300 K for Ni and Pd metals and Ni–Pd
alloy.
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Metal (α/f2)Akh.long (α/f2)Akh.Shear (α/f2)Th. (α/f2)Expt. τth(×10−12 sec)

Ni(d) 3.005 3.005 0.368 3.799 (e) 3.300

(a) Work of V. P. N. Sharma et al. [20]; (e) Work of W. P. Messon [24].

Table 3. Ultrasonic attenuation (α/f2) for longitudinal and sheer acoustic waves, thermoelastic attenuation (α/f2)Th. along
〈100〉 in 10−17 NpS2/m and thermal relaxation time (τth) for Ni at 300 K.

The ratio of longitudinal ultrasonic velocity to sheer
wave velocity at 300 K for Pd becomes 1.527 [19] and
1.434 that for Ni at 300 K [12]. For Ni50Pd50 alloys at
300 K this ratio becomes 1.676. Thus the order of ratio
of longitudinal to sheer wave velocity for Ni–Pd alloys
remains the same as pure components.

Thermal relaxation time (τth) is also an important
acoustical parameter, which affects the ultrasonic ab-
sorption in the materials. It is obvious from Fig. 3 and
Table 3 that the present values of thermal relaxation time
for Ni–Pd alloys are greater in comparison with that of
pure components. Due to these greater values, the ultra-
sonic absorption in Ni–Pd alloys is expected to be greater
than the pure components (Eq. 3). At room temperature,
it is clear from Figs. 6–8 and Table 3 that the ultrasonic
absorption (α/f2) is greater for Ni–Pd alloys in compar-
ison the those of Ni pure metal. These greater values of
(α/f2) for the alloys also support some disordering in the
alloys as discussed earlier. Ultrasonic absorption (α/f2)
in Ni–Pd alloys along 〈100〉 increases with temperature
(Figs. 6–8). This behaviour implies that disordering in
Ni–Pd alloys increases with temperature. However, the
trend of temperature dependence of the ultrasonic ab-
sorption along 〈100〉 in the alloys at high temperatures

is the same as found in pure components. Ultrasonic ab-
sorption (α/f2) in these alloys in every case becomes
maximum at 500 K. We conclude the investigation with
the following important observations:

The theory for calculation of second and third order
elastic constants of Ni and Pd seems to be valid for the
Ni–Pd alloys at high temperatures.

Pure components of Ni and Pd metals are stiffer than
the Ni–Pd alloys at high temperatures.

Resistivity values of pure components and Ni–Pd al-
loys are important to explain disordering.

Behaviour of the ultrasonic absorption (α/f2) in Ni–
Pd alloys at high temperatures reveals some disordering
in the alloys and this disordering increases with temper-
ature.

Temperature dependence of the ultrasonic absorption
in Ni–Pd alloys at high temperatures has a similar trend
as in the case of pure components.

The present theory of ultrasonic absorption which was
originally formulated for pure metals seems to be valid
for these alloys.

The concentration of components in the alloys may be
estimated by the concentration variation of the ultrason-
ic absorption.
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НАДЗВУКОВЕ РОЗСIЮВАННЯ У СПЛАВАХ Ni–Pd
У ВИСОКОТЕМПЕРАТУРНIЙ ФАЗI

Р. Р. Ядав, A. K. Ґупта, Д. Сiнґх
Фiзичний факультет, Аллахабадський унiверситет, Аллахабад-211002, Iндiя

Обчислено коефiцiєнти надзвукового розсiювання фонон-фононної взаємодiї та термоеластичний меха-
нiзм у сплавах Ni–Pd при 100–500 К вздовж напрямку 〈100〉.

Обчислено також еластичнi константи другого та третього порядку (SOEC i TOEC вiдповiдно), числа
Ґрюнайзена та надзвуковi швидкостi. Використовуючи цi параметри, визначено надзвукове розсiювання.
Знайдено, що метали Ni i Pd є жорсткiшими, нiж сплави Ni–Pd. Поведiнка надзвукового розсiювання при
високих температурах указує на деяку невпорядкованiсть у сплавах.
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