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Introduction.

Recent discussions on the constitution of the earth’s interior, es-
pecially those on the state of the earth’s core, have brought out the
scantiness of relevant experiments. Particularly, the elastic behavior
of rocks in the neighborhood of the melting point is one of the most
urgent questions. But, our knowledge concerning this is very poor
because of the lack of definite theory of fusion and experimental facts.

Theory of fusion has been advocated by many authorities such as
Brillouin®, Born®, Fiirth®, Lindemann®, Lennard-Jones and Devonshire®,
Kirkwood®. But there exists no exact theory based upon the concept
of the statistical mechanies.

On the other hand, there are a few experimental data in the litera-
ture on the behavior of the elastic moduli of solids in the neighborhood
of their melting point.

Birch and Bancroft” reported the temperature variations of the
rigidity modulus of polyerystalline Al up to 650°C i.e. 13° below the
melting point.

Siegel and Cummerov® compared the above data with other data® 0 m
such as Young’s modulus of a single crystal of Pb at temperatures up
to 325°C, 2° below the melting point. He stated that these data do

1) L. BRILLOUIN, Phys. Rev., 54 (1938).

2) M. BoRrN, Jour. Chem. Phys., 7 (1939).

3) R. FURTH, Proc. Cambr. Phil. Soc., 37 (1941).

4) F.A. LINDEMANN, Phys. Zeits., 11 (1910).

5) LENNARD-JONES and DEVONSHIRE, Proc. Roy. Soc. A, 169, 170 (1939).
6) J.G. KiIRkwooD, Jour. Chem. Phys., 9 (1941).

7) BIRCH and BANCROFT, Jour. Chem. Phys., 8 (1940).

8) SIEGEL and CUMMEROV, Jour. Chem. Phys., 8 (1940).

9) QuiMBY and SIEGEL, Phys. Rev., 54 (1938).

10) F.C. RosE, Phys. Rev., 49 (1936).
M. DURAND, Phys. Rev., 50 (1936).



272 D. SHIMOZURU. [Vol. XXXII,

not agree with Sutherland’s curve™ quoted by Brillouin, in which the
melting temperature was assumed to be that at which the rigidity
vanishes.

Hunter and Siegel™ measured the principal elastic moduli of single
erystal rods of NaCl over the temperature range from 20°C to 804°C,
that is, the melting point. According to them, the shear constants Cy
and C,~C,, decrease almost linearly with temperature, but they do not
become zero at the melting point.

Kornfeld'® has investigated the propagation of transverse vibrations
in rosin for different temperatures between 20°C and 70°C. TUsing
Maxwell’s theory, Kornfeld obtained for rigidity modulus a value of
the order of 10 dynes/em® at 20°C, which decreased by a factor of 10
as the temperature was raised to 70°C. In the case of stearin the ap-
proach to the melting point is accompanied by a ecatastrophic drop in
rigidity modulus.

Bordoni and Nuovo™ measured the frequeney of fundamental reso-
nance of a small cylinder by an electro-acoustic method for five metals
at elevated temperatures up to the vieinity of the fusion point, and the
logarithmic variation with temperature of the velocity of propagation
was compared with the behavior of cubic dilatation.

Pochapsky'®™ ' measured the variation of the velocity of propagation
of a short train of ultra high frequeney compressional acoustic waves
in liquid sodium with temperature between 371°K and 545°K. He
calculated the temperature coefficient of velocity and adiabatic com-
pressibility between the aforementioned temperatures. He stated that
no change in the temperature coeflicient of velocity was detected in the
neighborhood of the freezing point.

These experimental investigations give, however, no definite figure
of the variation of elasticity in the neighborhood of the melting point
and its relation to the variation of density, specific heat or other physical
quantities. As for the field of seismology or the research on the con-
stitution of the earth’s interior, it is very interesting to know how the
elasticity or the velocity and amplitude of elastic waves change when
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the first phase transition from solid to liquid occurs.

The ultimate object of the present study is the measurement of the
variation of the elastic moduli of rocks at elevated temperatures. As
is well known, rocks are in general composed of glass and minerals,
which in turn are solid solutions. Accordingly, phenomena of fusion of
rocks is exceedingly complex. Therefore, it will be the proper course
to take at first the chemical elements or binary or ternary eutectic
alloy as the test materials.

As a preliminarly experiment, the present paper deseribes a series
of experiments on the temperature variation of the velocity of ultrasonic
compressional wave in Wood’s metal for the range between 10°C and
90°C.

Apparatus.

The ultrasonic apparatus has been constructed for the measurement
of the velocity of elastic wave in rocks. The apparatus is similar to
that which has been described by Hughes et al.®™ The basic instrument
is composed of an electronic apparatus for generating pulses and that
for measuring the transmission time (Fig. 1).

]

Fig. 1. Functional Diagram of the Apparatus. (1) Main trigger generator.
(2) Pulse generator. (3) Driving crystal. (4) Sample. (5) Receiving erystal.
(6) Video amplifier. (7) Cathode ray oscilloscope. (8) Time mark circuit.
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This pulse generator provides pulses with a rise time of about 0.2
microsecond. These sharp pulses are impressed on a 1 MC erystal which
generates very sharp elastic pulse waves in the specimen. These waves
are received at the opposite end of the specimen by a similar erystal.
Although, X-cut quartz crystals are common as a driver and a receiver,
1MC barium-titanate of 25 mm diameter was used in the present ex-
periment. The output of the receiving crystal goes through a video-
amplifier to a cathode ray oscilloscope. It is equipped with sweeps of
two durations 100 and 10 microseconds. Time marks are indicated on
each sweep at the interval of 1/10 sweep. Two kinds of sweeps are
ultilized as follows. When the transmitted pulse appears on the sereen
of the oscilloscope, say, between 20 and 380 microseconds, units and
fractions of the transmission time in mierosecond are measured by
switching the interval on the 10 miecrosecond sweep which has the
time mark of each 1 microsecond.

Recently, Hughes and others found in their study of the veloeity
measurements of elastic waves that a plane dilatational pulse travelling
parallel to the axis of a circular cylinder gives rise at the cylindrical
boundary to rotational pulses which leave the boundary at the eritieal

angle given by

i
|
—F sin =Yz |
— lre\\“ Vo
— N where V,, is the velocity of rotational waves
k and V, the velocity of dilatational waves.
Fig. 2. This rotational pulse reaches the opposite

boundary of the cylinder and gives rise to a dilatational pulse travelling
parallel to the axis. Thus, if the cylinder has sufficient length, the
original dilatational pulse may be followed by many later phases.
Transmission time of these pulses is easily shown to be

2 2712
bnn= mi + WRM

Vo VoVz
where m: odd integers,
n ¢ integers including zero,
L : length of the cylinder,
R : diameter of the eylinder.

, mL>nRtan @ ,

For a metallic cylinder, many later phases have been observed.
With rocks, however, number of later phases is rather few. In this
case, the first and the second phases must be used to measure the velocity
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of dilatational and rotational waves. Fig. 8 shows the example of the
sereen pattern of the pulse transmitted respectively through an aluminum
rod and a sandstone rod.

Fig. 8. Examples of the screen pattern of received pulse.
(A) Aluminum. (B) Sandstone.

Specimen Material.

As a preliminary experiment, a kind of low melting point alloy,

generally called “ Wood’s Metal”, was used. It is composed of cadmium,
tin, lead and bismuth and has a eutectic point at 73°C. At this tem-
perature, the first phase transition oceurs between solid phase and liquid
phase. The density is about 9.81gr./em’® at 15°C. Wood’s metal was
casted in a thin brass pipe of 5cm in length and 2.5cm in diameter.
Generally, a substance which melts at low temperature has a large
coefficient of thermal expansion. Moreover, sudden volume expansion
oceurs at this fusion point. From these reasons the pipe has a cut
along the generating line so as not to compress the containing sample
when the latter is melted. To keep the specimen at the desired tem-
perature, a thermostat has been used.

Experimental Results.

As the barium-titanate has a Curie point at 120°C, the measuring
temperature was restricted below 90°C. As the velocity of sound in
brass is mueh larger than that in Wood’s alloy, the first arriving pulse
ought to have the direct path along the environing brass pipe.

However, the amplitude of such pulse is very small compared with
that of pulse propagated through the specimen material in question.
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Therefore, below 60°C when the gain of amplifier is not high, the phase
through brass is not distinguishable. Fig. 4 shows one of wave patterns
obtained in the present experiment. Ordinate indicates the temperature
at which the velocity was measured. In this figure, A-phase is the
arrival of pulse propagated along the container pipe. B-phase is the

°C

80—

TFig. 4. Wave patterns as the function of temperature.
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arrival of dilatational wave transmitted directly through the specimen
material. C-phase is the second arrival of dilatational wave which was
partly transmitted as rotational wave. Table I shows the tabulated
values of the velocity of dilatational Table I.

wave for wvarious temperatures as

well as the amplitudes of B-phase in  Temp. °C | Velocity m/sec.| Ampl.
arbitrary scale. At room tempera- 10.0 9785 1.0
ture, dilatational pulse gives rise 38.0 2665 91.0
easily to rotational pulse at the 48.5 2650 20.8
boundary. But as the temperature is 55.7 2620 19.0
raised, in consequence of the increase 61.5 2685 17.8
of solid viscosity of the specimen, 65.9 2556 16.2
. . . Its

the dilatational pulse shows difficulty 67.9 2520 15.5
. . s . . 69.8 2510 14.8
in giving rise to rotational pulse.

73.5 2345 18.7
Therefore, C-phase could not be o 02590 o8
detected distinetly in this experiment. 8 4'9 2190 7'0
This is the reason why we confine 90.1 1953 3.5

our study only to the nature of .
dilatational wave. Velocity of dilatational wave or amplitude versus
temperature are plotted in Fig. 5 and Fig. 6 respectively.
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Fig. 5. Velocity of dilatational wave vs. tem- Fig. 6. Amplitude of dilatational

perature. M.P. stands for melting point. wave vs. temperature.
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Discussions.

The velocity of dilatational wave decreases continuously as the tem-
perature is raised up to the melting point, where the velocity shows a
discontinuous decrease. From the melting point up to 90°C, the velocity
decreases more rapidly than at the solid state. The discontinuous jump
in the velocity from 2510 m/sec. to 2345 m/sec. at the fusion point is
the most conspicuous feature. As we must treat the test material as
a visco-elastic medium, the velocity of dilatational wave propagated
through it is given by the complex velocity. In order to calculate the
complex moduli from this velocity, the density must be known at
different temperatures. We could unfortunately find no data about the
thermal expansion of Wood’s metal nor the expansion coefficient of it.
It is a fact however that Wood’s metal shows a sudden remarkable
volumic expansion by melting, so the density must undergo a sudden
decrease. This decrease in the density must result in the increase of
the propagation velocity, if the elastic modulus is unchanged. In reality,
we have a very remarkable decrease in the propagation velocity of
elastic waves. We can therefore conclude that the complex modulus
must make a very sudden, remarkable decrease at the melting point
more than enough to compensate the density decrease. Owing to the
lack of numerical data of density variation, however, we can not, for
the present, give any quantitative result. As to the separation of the
real elastic moduli from the complex expression, frequency of the pulse
wave must be changed, and we must also measure the velocity of
rotational wave which, as cited above, is very difficult to measure at
or near the melting point.

In order to measure the velocity of rotational wave, Y-cut quartz
crystals are suitable for a driver or a receiver instead of X-cut quartz
crystals.

Amplitude decrease is monotonous as the temperature is raised and
no sudden decrease was detected in the neighborhood of the fusion point.
It is to be noticed that this decay of amplitude is not wholly due to
the inerease of solid viscosity, but partly due to the effect of decrease
in the wave energy transmitted from the erystal to the speecimen or
from the specimen to the erystal.

The cause of the velocity discontinuity of the first order at the
melting point, which was detected in the present experiment with Wood’s
metal, will be studied in near future using more simple material such
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as alkali metal, of which the density variation or other physical quantities
are well known as the function of temperatures.
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