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INTRODUCTION.

Omne of the most interesting applications of ultragonics is the determination of
elastic constants of solids and determination of the velocity of the two types of
elastic waves in them. It is also possible now to study the phenomenon of inter-
ference in solid plates and to use the results for determining refractive indices of
solids for ultrasonic waves. Some fifty years ago Prof. C. G. Knott (1899) had
shown that whenever a wave—say a plane longitudinal one—is incident upon the
interface of a liquid and an isotropic solid, it gives rise to three waves, viz. (i) a
reflected longitudinal wave in the liquid itself, (ii) a refracted longitudinal wave in
the solid, and (iii) a refracted shear wave in the solid; all of them travelling with
different velocities. The situation is shown diagrammatically in Fig. 1 where 8 is
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the angle of reflection of (i), , is the angle of refraction for (i) and 8, is the angle
of refraction for (iii). He has developed the theory of propagation of these waves
and has further calculated the energies of the reflected and refracted waves for
various angles of incidence. A short summary of Knott’s (1899) theory applicable
to the case of ‘longitudinal wave incident from a fluid and falling upon an elastic
solid’, is appended here for ready reference.

The equations of motion for plane waves in an elastic solid are expressible in the

form
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where the plane XY is taken perpendicular to the wave front, the displacement in
directions X, ¥, Z are

fL 0%y

%Y = .. .. . 4
ox ' oy’ "“ay oz’ {=t )

and p is the density, » the rigidity and m—4n = k called the bulk modulus.
The stress components are
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The waves of the ¢ type are longitudinal travelling with the velocity
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Where F is the Young’s modulus of elasticity and p is the Poisson’s ratio given by
the expression

| k-2 W
p—-[i(kz—_])],wherek_?:, .o .. . (7)

the waves of the  type are shear waves travelling with the velocity

V,=J£. N )|

Let us now consider a specific case of plane waves travelling in a fluid medium
and incident upon a solid surface. The surface of separation being defined by the
plane z = 0. It can be easily seen that (assuming that no s waves exist in the
liquid ; and taking ¢ of the form Aef(==+¥+1) the solution is of the form

¢ = Aeiblex+y+ut) +Ale£b(—cx+y+wt)

in the liquid medium characterized by the constants mj, n, and p,
¢ = A'eitlertytu ot 9)
' = B'elVs+y+u

refracted waves in the solid medium having constants ms, s and pe
where A is the amplitude of incident longitudinal wave
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Now the following boundary conditions have to be satisfied at the interface :—

(1) The displacement normal to the surface must be same in both the media.
(2) The tangential displacement must be the same in both the media.

(3) The normal stresses must be equal in both the media.

(4) The tangential stresses must be equal in both the media.
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Condition (1) wants
op _ 94" oy

dx~ ox Oy
which on substitution from (9) gives
c(d—A4y) = A'c'+ B
or cY =4'c’+B .. . o .. (10)
where Y=A4-4,.

Since it has been assumed that no shear waves exist in liquid, condition (2) need not
be considered.
Condition (3) gives in substitution from (5)

%(y'2+l)X = A'(y2=1)+2B% .. .. .. (1)
H
where X =A+A4,.
Condition (4) gives on substitution from (5)
By2—1)—24'¢' =0. .. .. .. .. (12)
Equations (10), (11), and (12) give on simplification
_ ¢! ‘y12+] ,
Y=t
21 4c’ ’
x_f 47 Y
pl [y12+1+yl4—1 Y .. . (13)
4 26, ’
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We can easily see that knowledge of the velocities of the various types of elastic
waves can enable us to evaluate the elastic constants of solids by equations (6),
(7) and (8) and that amplitudes of the reflected and refracted waves of the two
types can be predicted by equations (13). The energy fractions of different waves
can be subsequently calculated from the Knott’s energy equation

’ 12 ? 12
1 Af+PzCA +P2)'B }
p1e PIC .
or 1= El +E2 +E3

(13)

where E,, E3, Eg denote energies of reflected, refracted longitudinal and refracted
shear waves taking the incident energy as unity.

Methods for finding ¥, and ¥, for opaque solids were first suggested by Bar
and Walti (1934) and Bez Bardilli (1935). They have been recently used by Schneider
and Burton (1949) for studying the elastic constants of aluminium, copper and several
types of resins. The method is based on the phenomenon of total reflection. A
longitudinal ultrasonic wave is incident on a plane parallel plate of a solid suspended
in a liquid bath. The angle of incidence of the beam is changed by rotating the
plate about the vertical axis. The energy transmitted through the plate is noted
for increasing angle of incidence. Since the velocity of the waves in the solid is
normally greater than in the liquid the waves are refracted away from the normal
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{Fig. 1) and therefore at a critical angle of incidence 6, the longitudinal wave is
totally reflected showing a pronounced msinintum in the transmnritted energy. Again
at another angle 8, the shear wave is also totally reflected showing zero transmission
of sound energy. At these angles the following well-known relations hold good :

14
l_sinels (14)
_ ¥
and Vo= N

where V is the velocity of the longitudinal wave in the liquid. Thus by experi-
mentally finding the values of 6, and 6, we can know ¥, and V; and using them
calculate the values of the elastic constants of the solid.

The possibilities and importance of ultrasonic methods have been greatly
enhanced by the use of pulse technique developed largely during the last War. The
pulse technique is the latest and most powerful method. The results obtained by
this method may be regarded as physically equivalent to those obtained by conti-
nuous methods, since it may be shown that differences in behaviour between pulsed
sound and continuous sound in liquids should produce negligible effects. Pellam
and Galt (1946) have used this technique for measurement of velocity and attenuation
of ultrasonic waves in liquids. This paper is divided into two sections; first giving
an account of the measurement of the elastic constants of aluminium, brass, iron
and & specimen of black stone from Malabar (South India); the second section gives
the calculated energies of reflected and refracted waves based on equations (13)
and (13)" for the cases of water-iron and water-malabar stone using the results
obtained in the first section. We have, however, postponed the consideration of
absorption coefficient and the experimental verification of the results calculated in
the second section of this paper for another occasion.

Srcrion 1.

Apparatus and method.

Fig. 2 shows the block diagram of the apparatus used. An accurately controlled
linear saw-tooth oscillator is used to trigger an electronic radio-frequency pulse
generator (1948). The transmitter generates a short radio-frequency pulse of 25
me./sec, repeated at the frequency of the saw-tooth time base oscillator. The
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electrical energy is converted to ultrasonic energy by applying the electrical pulse
across a 2'5 mo./sec. X-cut quartz disc contained in a special mount. The trans-
mitter disc is fitted into a specially constructed tank (shown in Fig. 3) which contains
the liquid. On the other side of the tank a similar quartz disc is placed which acts
as the receiver, i.e., voltage is developed across it when ultrasonic energy falls on it.
In the middle of the tank the solid plate is suspended by a specially designed holder.
It can be rotated about the vertical axis and the rotation can be measured on the
graduated circular dial. Special care is taken to keep the faces of the transmitting
and receiving crystal and the solid plate parallel. The output of the receiving
crystal is fed to a pulse receiver and amplifier. The equipment is used in conjunction
with a cathode ray oscillograph which enables visual or photographic observation.
The output of the receiver is applied to the vertical deflection plates of the C.R.O.
A portion of the transmitter output is also applied to the same set of plates. To the
horizontal plates is applied the saw-tooth time base voltage. When the equipment
is switched on we see a pattern as shown in Fig. 4, on the screen. The first vertical
pip is due to the transmitter pulse and the second is due to the pulse received by the
receiving crystal, the pulse having travelled through the liquid and the solid plate.

The general procedure is to note the height of the second pip or the voltage as
the solid plate is rotated, i.e., the angle of incidence is changed. Graphs of amplitude
of the pulse passed through the plate and the angle of incidence is plotted for various
substances. Photographs of the oscillograph screen is also taken at various angles
of incidence.

Observations and Results.

Figures 4, 5 and 6 are photographs showing the pip height for the case of alu-
minium at zero incidence, when longitudinal wave is totally reflected and when
shear wave is totally reflected respectively. Note the complete absence of the
second pip in Fig. 6. Figures 7 to 10 are photographs for the case of iron plate at
four angles of incidence. Fig. 8 is for the case when longitudinal wave is totally
reflected whereas Fig. 10 is for the case when shear wave is also reflected. Figs. 7
and 9 show the interesting phenomenon of multiple reflection between the plate
and the receiving electrode. Note the decreasing height of the successive pulses.
This will be studied later on and will be utilized to find the attenuation coefficient.

Figures 11 to 16 show the graphs of amplitude of the pulse passed through
the plate vs. angle of incidence for various substances. The graphs are self-explana-
tory. The tank liquid in all the cases was distilled dust-free water.
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Tt is seen that as expected results obtained from thin plates are low whereas thicker

plates (at least a few wavelengths thick) give correct results.
from these graphs are tabulated in Table 1.

The results obtained
It is to be noted that in the case of the

specimen of black stone from Malabar the shear velocity is larger than in metal.

Tasie I
No. | Substance Density I?:gﬁ?d V em.[sec.| V; cm.fsec. | V cm.fsec. | g dynesfem.? | E dynesfecm.2| 4
T Aluminium 2:70 Water | 1:5x 108 | 7-12 x 105 2:83 x 108 2'16 x 1011 6:09 x 1011 | 0-406
~—2-— Brass 854 ' ’s 4-5 x 105 2-33 x 106 464 x 1011 1-22x 1012 10-317
-3— Iron 786 » s 6:1x 106 2:85 x 105 638 x 1011 178 x 1032 1(-361
—:1__ Black stone
from Malabar | 2:99 » ’s 7-23x 108 | 3-84x 108 441 > 1011 1-15 x 1012 1 0303

Sromon I1.

This section gives the calculated values of the energies of the reflected and re-
Table IT shows the data for the case of water
and iron and the Table ITI shows the data for the case of water and malabar stone,

fracted waves based on equations (13).
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Tapre II,
Water to Iron.

[ By a E, 05 By
0° 0-8928 0° 0-1004 0° 0-0000

5° 0-8728 20°44’ 0-1313 9°32’ 0-0059
10° 0-8868 44°48’ 0-0925 19°15° 0-0207
12¢ 0-8953 57°35° 0-0804 23°17’ 0-0245
14° 0-9239 79°5’ 0-0587 27°227 0-0124
16° 0-8485 Does not exist 31°39/ 0-1507
18° 0-8165 Y 35°57 0-2008
20° 0-8550 . 40°32° 0-1410
30° 0-8041 ' 71°48° 0-1959

TasrLe III.
Water to Malabar Stone.

9 E, (] E, s Eq

0° 0-7586 0° 0-2421 0° 0-0000

5° 0-7566 24°51’ 0-2180 12°54* 0-0254
10° 0-7636 56°477 0-1514 26°23/ 0-0849
12° 0-9759 Does not exist 32°9’ 0-0151
14° 0-6451 ' 38°157 0-3549
16° 0-6802 2 44°527 0-3198
18° 0-7104 . 52°17 0-2991
22° 0-7989 » 73°32/ 0-1986
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The experimental verification to these data will be undertaken shortly.
In conclusion 1 wish to express my sincere thanks to Dr. R. N. Ghosh, D.Sc.,
F.N.L, F.AS., under whose careful guidance this work has been conducted.
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