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ULTRASONIC ATTENUATION IN ICE CRYSTALS NEAR THE MELTING TEMPERATURE

Y. Hiki and J. Tamura

Tokyo Institute of Technology, Oh-okayama, Meguro—ku, Tokye 152, Japan

Abstract.~ Ultrasonic attenuation in crystals of ice Th has been
measured as functions of frequency (15 4 85 MHz) and temperature
(- 8°C ~ -~ 0.1°C). Data were analyzed on the basis of vibrating
string model of dislocation, and the following results have been
obtained: Density of dislocations is on the order of 10° cm™?%;

pinning of dislocations may be due to impurity ions; dislocation
density severely fluctuates with time near the melting point.

1. Introduction.-~ The purpose of the present investigation is twofold:
to study the origin of the mechanical vibrational loss at high frequen-
cies in ice crystals and to study the dynamical properties of crystals
near. to the melting temperature. Ice is one of the most interesting
materials in regard to its structure and physical and chemical proper-
ties (1). BAbout the dynamical properties of ice, internal friction of
the crystal at low fregquencies (2) and medium freguencies (1) has been
studied by many investigators with reasonable success. However, still
controversial are the studies at higher frequencies (3 -~ 5). On the
other hand, the phenomenon of melting of crystalline solids seems to be
still not well understood in spite of many theoretical propositions.
One can study the dynamical aspect of the melting transformation by
using the acoustic method. Ice is convenient to be used for such a
purpose since the experiment is rather easily arranged due to the low
melting temperature of the material.

2. Experimental method.- Ultrasonic attenuation at sound frequencies of

15 ~ 85 MHz has been measured by the pulse reflection method. The elec-
tronic apparatus used are an ultrasonic generator and receiver (Matec
model 6000 + 760) and an exponential generator (Matec model 1204A).

The sample cell for growing ice crystal by the Bridgman method and for
measuring the attenuation in the crystal is as shown in Fig. 1. The
main body is a fused-guartz optical cell (A). Boiled commercial pure
water filled in the cell is frozen in a refrigerator and then is re-
nmelted with leaving a samll seed crystal at the bottom of B. Ice crys-
tal is grown from the seed upward through the contracted part C with a
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growth rate of about 1.4 mm/h. A gold-plated
X-cut 5 MHz quartz transducer 1/4 inch in diam-
eter (E) is bonded to the outer wall of the
cell with phenyl salicylate. Temperature of
the specimen crystal is measured by a chromel-
alumel thermocouple of 0.3 mm in diameter at-
tached to the inner wall of the cell. 1In usual

ice crystals>of good quality, number of observ-
able ultrasonic pulse echoes is 30 v 5 for

A sound fregquencies 15 &~ 85 MHz. The accuracy

]E of the attenuation measurement is 0.005 ~ 0.01
dB/usec. The sound velocity in the crystal is

c determined from the pulse-echo intervals by us-
ing a calibrated delayed time marker. The ve-
locity value can be used to determine the crys-
tallographic orientation of the specimen (6).
Fig. 1 : Sample cell. Possible sources of error in the attenua-
tion measurement will be considered in the fol-
lowing (7). The apparent attenuvation caused from the diffraction loss
is calculated as oy = 1.7(c/a2f) [dB/cm] , where ¢ is the sound velocity
in cm/sed, f is the sound frequency in Hz, and a is the radius of ultra-

sonic transducer in cm. The values converted into decrement A(= oac/f;

where o is the attenuation in Np/cm) are on the order of 10~3 and 10—5
at 15 and 85 MHz. The effect is fairly large at lower frequencies.
Effect of nonparallelism of the transducer and the reflector (the op-
10 T T Y T ] posite wall of the specimen cell) is very
o . E small. The decrement values are on the
08 ° } up 4 } dwn | | order of 107° and 107> at 15 and 85 MHz.
° * é This is due to the good quality of the
—~06 t=25MHz %- specimen cell having the wall parallelism
e s better than 10 um/45 mm.
%04 specimen 5 -
§' % 3. Results and analysis.- A preliminary
;01 3rd run ? ] study was made on temperature change of
o no 8 8 cot i <, ultrasonic attenuation a in a specimen,
0.2 fw;m; L h 8 gﬂaﬂﬁ? 4 and the results are shown in Fig. 2. The
0E<r attenuation value 1is stabilized when tem~
02 ls“:"g 3 g 322229:: 1 perature is raised and lowered repeatedly.
5 This seems to be a kind of annealing ef-
0 -ia .js ;%o) .&B 6 fect. It is noted that the attenuation
(°c

always increases very rapidly at tempera-~
Fig. 2 : Attenuation vs

Temperature. tures near to the melting point. These
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behaviors are studied more clearly by measuring the attenuation at var-
ious sound frequencies. Frequency dependence of decrement A was deter-
mined at various temperatures for a large number of specimens, and ex-
amples are shown in Fig. 3. The data points represent the values ob-
tained by subtracting the decrement arising from the diffraction effect
from the measured decrement. A broad peak always appears in the A-vs-f
relation, and the peak height increases and the peak position moves to-
ward the lower frequencies as the temperature is raised. The character-
istics of the peak are thus not of relaxation type. We anticipate that
these peaks are due to the overdamped resonance of vibrating disloca-
tions in crystals (8), and we will proceed to analyze experimental data

on this basis.

T 1 T T R DL I B
4 Teo7.4% 4+ 1osc For the overdamped resonance, decre-
specimen 23 specimen 22 ment A can be represented as
2 T 1
= o A= Bwt/(1 + wit?); (1)
e . y&ﬁb}J /)/ovbwﬂ
e 4 0 A = snacb’ar?/ric, (2)
05 + 1
e t = n'BLé/v%C, (3)
T“Qrcza :;3;:,7 and here w is the angular frequency of the
"o specimen 4 , X . . .
I o 1 sound, A is the dislocation density, L is
x 200 oo T o ] the pinning length, B is the damping con-
o vl TON0 B i R .
- ‘d/p mﬂq_ \ﬁk\_ stant,  is the orientation factor, G is
% the shear modulus, b is the Burgers vector,
& i T W Y B U B W T
° 20 40 6080 20 46080 c [= 2Gb2/’lT(l - v)] is the line tension,
f (MHz) t(MHz) . .
v is the Poisson's ratio, and n = 4.4,
Fig. 3 : Decrement vs . . . . .
Frequency. n 11.9 for exponential distribution of

pinning points. Two parameters A and T
are determined by fitting the above formula (1) to the experimental
data. 8olid curves in Fig. 3 represent the fitted ones, and the fit-
ting is reasonably good. We further tentatively adopt the expression
for the damping constant,

B = bE/10c, (4)

given by Leibfried (9) derived from the theory of phonon scattering by
moving dislocation. Here E is the lattice energy and Cy is the veloc-
ity of transverse sound. Calculated value of the damping constant is,
for example, B = 4.6 X 10_5 dyn-sec/cm2 at 0°C. One can thus determine
the pinning length L and the dislocation density A in crystals by using
the values of A and T obtained from the experiment.

Concentration of pinning points on dislocations is calculated by
C = v3 b/L. Logarithm of C is plotted against inverse of temperature T

in Fig. 4. Except the data at temperatures near to the melting point,
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£ 4OF "“:\-L~_Lﬁ,:/g/’ 1 point concentration and
< :J dislocation density with time.
= L [
< |\ / o
20F ——>e—— Ji C-vs-T relation is well expressed
=] O H
* oy ! as
! C = Cgexp(U/KT). (5)
0 1 L L i 1 i F 1 1 .
-80 -60 Tvcfo -20 o The obtained values of the con-
stants are: Cy (concentration of
Fig. 5 : Dislocation density vs pinning agents in bulk of crys-

temperature.

tal) =

energy between pinning point and dislocation line) =

0.25 ppm, and U (binding

(0.19 + 0.03) ev,
5.
The value of A gradually decreases with increasing T at lower tempera-

Change of dislocation density A with temperature T is shown in Fig.

The behavior of A at tempera-~
Then,
measured the variations of L and A with time as the temperature is held
6.
that both quantities, and especially the dislocation density, are se-~

tures, indicating an annealing effect.

tures near the melting point seems to be not reproducible. we

constant, and the results are as shown in Fig. It is clearly seen

verely fluctuating when temperature is raised near to the melting point.

4. Discussion.~ In regard to mechanical vibrational loss in crystals of
7.
ation peak was found at lower frequencies (10), which was attributed

ice, frequency spectrum of decrement is to be as Fig. A large relax-

to the energy loss arising from reorientation of water molecules (11).
As common crystals, a thermoelastic damping peak (7) should appear at
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higher frequencies. The peak ob-

served in the present experiment is T=-10°C
. specimen 10
just between these two peaks above 1
their lower slopes. We considered ]
this peak as due to dislocation /ﬂﬁ\
damping and analyzed the experimen- damping T damping |
tal data. Some discussions will be ey,

2 4 6 8 10 12

made on the results of the analysis. log f
Density of dislocations A in Fig. 7 : Frequency spectrum

our crystals was estimated to be on of decrement.

the order of 10° cm™?. we have

paid not much care to grow crystals of high perfection and the growth

rate was rather large. It was found that A in artificial ice crystals

=2 in Czochralski-

was proportional to growth rate (12), and A = 105 cm
grown crystals at the same growth rate as ours. Generally speaking, A
in crystal grown by the usual Bridgman method is even higher because of
the effect of walls of container. We have used specimen cell of square
shape, which is not so good if the purpose of experiment is to grow low-
A crystals. Thus the above value of A in our ice crystals seems to be
not so unreasonable.

Dislocations were shown to be pinned by some pinning agents with
concentration of 0.25 ppm in crystals. This value is larger than the
concentraﬁion of intrinsic point defects in ice, namely, ionic defects
and orientational defects (1). Ion chromatographic analysis of the ice
crystals used in our experiments has been made, and detected impurity
ions were F ; 0.04 ppm, C1 ; 0.29 ppm, SOZ_; 0.06 ppm. We imagine that
Cl 1ions are the main pinning agencies in the present case. Calculated
elastic interaction energy of Cl atom and dislocation line is, however,
only about 0.08 eV. It is very possible that interactions other than
elastic one mainly contribute to the binding between the two defects.

In the analysis of our experiments, we assumed that the vibration
of a dislocation line was damped by an elementary process against the
motion, namely, the impingement of phonons on dislocation, and we used
the value of damping constant B = 10—5 dyn-sec/cmz. On the other hand,
X~ray topographic studies of individual dislocation motion (13, 14)
showed that B = 103 dyn-sec/cmz. If this value is used in our analysis,
calculated dislocation density becomes extremely large. We consider
that the mechanisms of the damping of dislocation motion are different
in the two cases. In large-scale motion of dislocation in ice crystal,
there may be reorientation and recombination of the broken 0-0 bonds
and redistribution of protons around them. These processes should

produce large forces against the dislocation motion. In the present
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case of ultrasonic experiment, however, the displacement of dislocation
loop is as small as a lattice parameter or less. Under such condition,
the above damping mechanism is not likely to be effective.

Near the melting temperature, ultrasonic attenuation increases
rapidly, which is interpreted as mainly due to increase of density of
dislocations. This increase of dislocation density and also its fluctu-
ation with time are both tentatively considered to be connected with an
idea of spontaneous generation of dislocations in melting crystals (15).

Pinally, it must be said that there are models of dislocation damp-
ing other than the vibrating string model we adopted. XKink model can be
adaptable at lower temperatures for materials with high Peierls stresses
(16). Non-crystalline dislocation core model was also proposed in deal-
ing with the damping of dislocations in ice crystals (17). We do not
say at present which is truly most convenient for ice crystals, and we

regard our present report as a preliminary and not the final one.
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