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ULTRASONIC ATTENUATION IN ALLOYS
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Ultrasonic attenuation was evaluated in metallic alloys, Ni.Cui—; (z =
1.00, 0.70, 0.60, 0.45 and 0) due to phonon-phonon (p-p) interaction and
thermoelastic loss in a wide temperature region along (110) crystallographic
direction for longitudinal and shear waves. Ultrasonic Griineisen parame-
ters, nonlinearity constants and ultrasonic attenuation due to p-p interac-
tion and thermoelastic loss were determined from 50 K to 500 K using the
Born-Mayer and electrostatic potentials. The resulls were compared with
available experimental results.

PACS numbers: 62.20.Dc, 62.65.+k

1. Introduction

Ultrasonic attenuation studies have been recently made in metals [1-3], semi-
conductors [4, 5] and dielectric materials [6, 7] as a function of temperature, [re-
quency and direction of propagation. From all these studies it is well established
that at higher temperatures, i.e. 50 K and above, phonon—phonon interaction is
the dominant cause of the ultrasonic attenuation in all types of solids. In metals,
due to higher thermal conductivity, a part of total ultrasonic attenuation arises
due to thermoelastic loss, too. In the present investigation we made theoretical
evaluation of the ultrasonic absorption coefficient (upon frequency square) in Ni,
NizgCugzg, NiggCuso, NigsCuss and Cu as a function of temperature along (110)
direction for longitudinal and shear waves, and shear waves polarized along (001)
and (110) directions. A model potential consisting of electrostatic and Born-Mayer
[8] type potentials was used to evaluate second- and third-order elastic constants
(SOEC and TOEC) of these alloys and metals, using nearest-neighbour distance
and hardness parameter of the substance as input data.

2. Theory

2.1. Theory of elastic conslants
The potential used for evaluation of SOEC and TOEC is

¢ = ¢c + &, (1)

(751)
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Expressions for SOEC and TOEC at absolute zero.
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TABLE I

0
Cn

0
Ciy

0
c’111

c'112
C'123

—0.87378(e?/73) + (1/pro)(1/ro + 1/p)é(r0)

+(2/pro)(V2/2r0 + 1/p)$(v/270)

C34 = 0.347775(3/2)(e?/rd) + (1/pro)(v2/2r0 + 1/ p)$(v/2r0)
10.2639(e2/rg) — (1/p)(3/73 + 3/pro + 1/p*)é(r0)

—(1/2p)(3V2/73 + 6/pro + 2v/2/p?)$(V/270)

Cles = 1.209625(e?/rd) + (1/4p)(3v2/r} + 6/P"o +2v2/p?)$(v2r0)
9,4 = Cl%¢ = 0.678375(e2/rl)

TABLE II

Vibrational energy contribution to elastic constants.

vib
v1b

aji
afi
afly
al’fy
ayihy

vib
G456

Il

Go(G2 — G3/6); aff = Go(G1,1 — G1/6); af = GoG1a/4
Go(Ga - GzG1/2 +G8 /18)

Go(Ga,1 — G1,1G1/3 — G2G1 /6 + G3/18)

Go(G1,1,1 — G1,1G1/2 + G3/18)

Go(G1,11 = G1,1G1/2)

Go(G1,1,1 — G1,1/2+ Ga,1)

GoG11,1; Gi111=0, Go=k/8r

TABLE III

Expressions for various Gy,.

Gs
Ga,1
Go
Gi,1
G
G

2p0(r0)(30 + 30p0 + 998 — p§ — p3)/G + 2Ga,1
V2po8(rov/2)(30 + 30v/2p0 + 183 — 2v/303 — 4p8)/4C
2p06(ro)(—6 — 6po — p + p3)/G + 2G1,1

V2P0 (roV'2)(—6 — 6v/2p0 — 26} + 2v/2p3)/G

2p0d(70)(2 + 200 — 23) + 2v2p0(rov/2)(2 + 2v/2p0 — 23)/G
Pod(r0)(po — 2) + vV2pod(rov2)(po V2 — 2)

where po = ro/p, ¢(ro) = Bexp(~r/p), $(rov2) = Aexp(-roV'2/p)

and k is Boltzmann constant.

where ¢ is electrostatic potential and ¢, is repulsive potential given as
b= 2%e2/r and ¢ = Aexp(—r/p). ¢)
Following Brugger’s [9] definition of elastic constants, and starting from
nearest-neighbour distance and hardness parameter of the substance and taking
interactions effective up to second nearest-neighbour distance, SOEC and TOEC
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were obtained at absolute zero as shown in Table I. According to the lattice dy-
namics developed by Leibfried et al. [10}, lattice energy changes with temperature,
hence adding vibrational energy contribution to elastic constants at absolute zero
one gets Cj; and Cijx (SOEC and TOEC) at required temperature as

Cij(T) = C + 45T, (3)

Cijk(T) = Cy, + aijxT, @
where superscript 0 has been used to denote SOEC and TOEC at absolute zero.
a;; and a;;i are defined as -

aij = 11k(0Cs;/07)r=r, + al® (5a)

ij

aijr = L1k(0Cijk [O0r)r=r, + a}’}z, (5b)

where a}® and a}}? are various constants as given in TableII, various G, appearing
in Table II have been given in Table III. {; is a function of nearest-neighbour
distance and hardness parameter and for face centred cubic crystals given as

I = —pl(2 + 2p0 — pB)$(r0) + 2V2(L + 2p0 — p)$(raV2)]/ls, (6a)
where

Iz = 2[(po — 2)é(ro) + 2(po — V2)$(roV'2)]
x[(po — 2)é(ro) + 4(po — V2)$(roV2)). (6b)

2.2. Ultrasonic atlenuation due to phonon—phonon interaction

Ultrasonic attenuation due to ‘phonon—viscosity mechanism (p—p interaction)
[11] is given as
w2rnEol
- 7
%= 3d0(1 + wird) | (7)
The above expression in Akhiezer regime [12] (Tshw < 1) reduces to
_ (27’ NiEomn

(a/f2)l = —W’ (8)
2m2IsEgt:
(a/fz)s = —gz)s—o-—h (9)

for longitudinal and shear waves respectively. I" is nonlinearity coupling constant
(subscripts 1 and s denote longitudinal and shear waves respectively), Eo is energy
density of the crystal, d is density, v} being longitudinal wave velocity and vs shear
wave velocity and 7 is thermal relaxation time given as

(1/2)n = 1n = 75 = 3k/Cy(v)?, (10)
where k is thermal conductivity, C, is specific heat per unit volume and (v) is the
Debye average velocity obtained as

(v) = [(1/3)(2/v3 + 1/o])) /2. (11)
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I' is obtained as

I'=9(+*) - —————3("‘13;00"71, (12)

where (7]) and (7}?) are average and square average Griineisen numbers [11].
Ultrasonic attenuation due to thermoelastic loss (a/f?)sh is obtained as

(a/f*)n = % (13)

For shear waves (y]) becomes zero, hence there is no thermoelastic loss due to
propagation of shear waves.

3. Evaluation

Taking nearest-neighbour distance [13] (Ni = 2.489, NizCuzy = 2.516,
NigoCuygp = 2.516, NigsCuss = 2.526 and Cu = 2.558, all in A) and hardness
parameter [14] of the substances, SOEC and TOEC were obtained at different
temperatures using the theory developed above. SOEC and TOEC thus obtained
were used to obtain (]} and (y] ?) along (110) direction for longitudinal wave over
39 pure modes and for shear waves polarized along (001) direction over 20 modes
and for polarization along (110) over 18 modes using Mason’s Griineisen table
(11, 15]). Cv and Ep have been obtained [16] as a function of ©p/T, at dillerent
temperatures (@p is the Debye temperature) as shown in Table IV.

TABLE IV
Specific heat per unit volume, Cy (107 erg/cm?3 K)
and thermal energy density, Eg (10° erg/em?) at dif-
ferent temperatures for different NiCu alloys.

% of Cu Temperature [K]
in NiCu 50| 100 ( 200 | 300} 400} 500
0 Cv [0.38]1.643.06[3.40]| 3.55| 3.62
Ep 1 0.03]0.56 |3.006.22; 9.89]13.25
30 Cv]047]1.7713.00|349| 3.54| 3.54
Ey | 0.0310.62(3.25(6.35( 9.77 | 13.76
40 Cv|049]1.82(3.01|336| 346 3.52.
Ep [0.03]0.65]3.1916.29 | 9.97 | 14.09
55 Cv|053(1.88]3.02]334| 345 3.49
Eo | 0.0610.693.26 | 6.47 | 9.83 | 14.10
100 Cv |0.70|2.09 |3.04 [ 3.29| 3.37| 3.41
Eo 1 0.25]0.82 [ 3.25 | 6.69 | 10.00 | 12.81

Nonlinearity constants (I} and I3) were obtained using Eq. (12). Thermal
relaxation time was obtained taking thermal conductivity [16-18] with the help
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TABLE V
Thermal relaxation time (10-!! s) and nonlinearity con-
stant ratio at different temperatures for different NiCu al-

loys.
% of Cu Temperature [K]
in NiCu 50 | 100 | 200 300 400 500

0 Tth 5.30 [ 2.08 | 0.56 | 0.57 |1 0.50 { = 0.46
n/ry 1116142 1.49(1.51|1.55| 1.54
I/ry*0.28036( 0.39(0.38]|0.37| 0.37
30 Tth 6.24 [ 5.11 | 2.406 | 2.07 | 2.09 2.07
n/re o075 (115 150|179 1.84] 2.14
n/ry* 10311044 0.57(0.70|0.73 0.86
40 Tth 532 )14.52| 2.20 198 1.87 1.87
n/ry 1090122 1.55]1.77]1.94| 21.14
n/ry* (035047 | 0.60}0.68]0.77( 0.86
55 Tth 5.8613.90| 1.82]1.69|1.59 1.87
n/ry 10981122 158 {1.77{1.90{ 2.14
n/ry* 10311046 0.60|0.68)|0.74| 0.85
100 Tth 7.85|5.56| 3.22|2.88|0.68 0.63
n/ry [(1.041120] 134138137 1.16
n/ry*10421046} 052054054 | 0.49
* For shear wave polarised along (001) direction.

** For shear wave polarised along (110) direction.

of Eq. (10). Thermal relaxation time and nonlinearity constant ratio at differ-
ent temperatures have been shown in Table V. Ulirasonic attenuation due to
phonon-phonon interaction and thermoelastic loss was obtained at different tem-
peratures using Egs. (8), (9), and (13).

4. Results and discussion

Values of nonlinearity constant ratio IN/I al different temperatures have
been shown in Table V for different atomic concentrations of Cu in Ni. The ra-
tio lies between 1 to 2 for shear wave polarized along the (001) direction and is
less than 1 for the polarization along the (110) direction, like other substances
[6]. Thermal relaxation time 7, (Table V) first increases with temperature and at
higher temperatures it attains the saturation value as in the case of other metals
[1]. From the magnitude of thermal relaxation time one can check the validity of
the condition wr, < 1 in the ultrasonic frequency range. (a/f?) at different tem-
peratures has been shown for longitudinal and shear waves in Figs. 1-5. From the
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Tig. 1. Ultrasonic attenuation due to p-p interaction in Ni for shear wave (—o ~ - in
10717 dB s? cm™!) polarised along (001) direction and for shear wave (- - A - — in
1071% dB s® cm™!) polarised along (110) direction. Inset: experimental and theoretical
values of ultrasonic attenuation for longitudinal wave in Ni.
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Tig. 2. Ultrasonic attenuation due to p-p interaction in NizoCuso for longitudinal wave
(—o— in 107'° dB s? cm™*), for shear wave (- - 0 - - in 107 dB s? cm™?) polarised
along (001) direction and for shear wave (~ — A - - in 107*® dB s? cm™') polarised
along (110) direction.

Fig. 3.  Ultrasonic attenuation due to p-p interaction in NigoCuso for longitudinal
wave (—o— in 107! dB s? cm™!), for shear wave (- - 0 — — in 1076 dB s? cm™1)
polarised along (001) direction and for shear wave (- — A — - in 107'® 'dB s? cm™)
polarised along (110) direction.
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Fig. 4. Ultrasonic attenuation due to p-p interaction in NigsCuss for longitudinal wave
(—o—in 10~'¢ dB s® cm™!), for shear wave (--o0--in 107 dB s? cm™?) polarised
along (001) direction and for shear wave (- ~ A - ~ in 10~ dB s? cm™!) polarised
along (110} direction.

Fig. 5. Ultrasonic attenuation due to p-p interaction in Cu for longitudinal wave
(—o—in 107 dB s? cm™!), for shear wave (-~ 0 — — in 10716 dB s2 cm™") polarised
along (001) direction and for shear wave (- — A -— - in 107'®* dB s® em™!) polarised
along (110) direction.
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Iig. 6. Ultrasonic attenuation due to thermoelastic loss.

figures it is evident that the ultrasonic attenuation increases with temperature due
to phonon-phonon interaction for all the alloys and metals studied. Experimental
results are available for Ni along (110) direction for longitudinal wave at different
temperatures at 15 MHz. We compared our results with the observed valucs of
Basu [19] as shown in Fig. 1. From the figure one can see that the variation of
the ultrasonic attenuation is the same as observed by Basu at lower temperaturcs.
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Though no experimental results have been available for these alloys yet, we expect
our values to be correct, seeing the agreement between theoretical and experimen-
tal values for Ni. The magnitude of the attenuation in the case of these metallic
alloys is of the same order as observed in metals [1]. Ultrasonic attenuation due
to thermoelastic loss has been shown in Fig. 6 at diflerent temperatures. (a/f2)us
for alloys and metals studied increases with temperature like in metals [1].

Thus, it can be concluded that the metallic alloys behave more or less like
metals as far as their ultrasonic attenuation properties are concerned.
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