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HERZFE LD, K. F.,and LITOVITZ, T. A., Absorption and Dispersion of
Ultrasonics, Academic Press, New York | 1959) (deals with liquids
and gases only}

MASON, W. P., Physical Acoustics and the Properties of Solids, van
Mostrand, Princeton (1958)

MaSON, W. P. (Ed.}, Physical Acoustics — Principles and Methods,
Academic Press, New York (a series of volumes containing contri-
buted articles by specialists on various aspects of the subject; the
first volume appeared in 1964 and subseguent ones are published
from time to time)

NOZDREV, V. F., Applications of Ultrasonics in Molecular Physics,
Gordon & Breach, New York [1963)

ROZENBERG, L. D. (Ed.), Sources of High Intensity Ultrasound, Vols 1
and 2, Plenum Press, New York { 1969)

TRUELL, R., ELBRAUM, C., and CHICK, B. B., Ultrasonic Methods in Solid
State Physics, Academic Press, New York (1989)

1.2.4 Practical applications

BANKS, B, OLDFIELD, G. E., and RAWDINGS, H., Wrasonic Flaw
Detection in Metals, [liffe, London (1962)

BROCKELSBY, C. F., PALFREEMAN, J. 5., and GIBSON, R. w., UWtrasanic
Deiay Lines, |liffe, London (1963)

BROWN, B., and GOODMAN, J. E., High-Intensity Ultrasonics — Industris!
Applications, lliffe, London {1965)

BROWN, B,, and GORDON, D, (Eds), Wtrasonic Technigues in Biology
and Medicine, lliffe, London (1967)

CRAWFORD, A. E., Utrasonic Engineering, Butterworths, London (1955}

FILIPCZYNEKI, L., PAWLOWSKI, Z., and WEHR, J., Ultrasonic Methods of
Testing Materials, Butterworths, London (1966)

GORDON, D. (Ed.}, Ultrasonics as a Diagnostic and Surgical Tool,
Livingstone, Edinburgh {1964)

KRAUTKRAMER, J, and H,, Ultrasonic Testing of Materials, Allen &
Unwin, London {1969)

WELLS, P. N. T., Physical Principles of Ultrasonic Diagnosis, Academic
Press, London (1969)

1.2.5 Current developments in ultrasonics

The following journals are recommended for up-to-date information on
the subject.

4

Acustica, Germany (articles in English, French, and German)
IEEE Transactions on Sonics and Ultrasonics, LUSA

Journal of the Acoustical Society of America, USA

Saviet Physics: Acoustics (English translation), USA
Ultrasonics (Great Britain)




































1. Receivers terminating acoustic beams: here the cross-section of

the receiver embraces the whole or a large proportion of that of the
beam and its dimensions may extend from several to a large number

of wavelengths. The presence of the receiver materially affects the
configuration of the acoustic field, e.g. to give rise to regular
reflections of the beam.

2. Receivers acting as probes: ultrasonic probe receivers (not to be
confused with the probes used for ultrasonic testing, which come
under the category of receivers terminating acoustic beams) are
employed for mapping out acoustic Tields and for local intensity
measurements. Their dimensions should be small enough not to
upset the characteristics of the field, i.e. to be less than about one-
tenth of a wavelength. For this reason, the use of probe receivers
15 generally restricted to lower frequencies (e.g. in the kilo-hertz
range).

3.2 Piezoelectric transducers

3.2 1 General considerations

Fiezoelectric transducers are made from materials displaying the
piezoelectric effect, which was discovered by the brothers Pierre and
Jacques Curie in 1880. The effect occurs naturally in certain single
crystals possessing polar axes, such as quartz, tourmaline, lithium
sulphate, cadmium sulphide, and zinc oxide.

Suppose that a material of this nature is cut in the form of a disc or
slab, and an opposite pair of plane surfaces, orientated at right angles
to a given axis, is coated with thin metallic films (e.g. of silver, gold, or
aluminium} to form electrodes. If mechanical stresses are applied to the
coated surfaces, equal and opposite electric charges will be induced on
them and a voltage will be observed, This is the direct piezoelectric
effect, and the crystalline axis perpendicular to the coated faces is the
relevant polar axis. The converse effect is observed when a voltage is
applied across the electrodes to produce an electric field. The crystal
then suffers a mechanical strain,

These effects are associated with both compressions and shears,

depending on the identity of the palar axis perpendicular 1o the electrodes.

In quartz, for example, the principal polar axes are called the X- and Y-
axes, of which there are three of each. The X-axes are orientated at
angles of 120° apart, and for each X-axis there isa corresponding Y-axis
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perpendicular to it. X-cut quartz crystals, for which the electrodes lie at
right angles to an X-axis, are associated with compressions, and ¥Y-cut
guartz crystals with shears, The Z-axis, known as the optic axis and
lying in the direction perpendicular to the planes containing the X- and
Y -axes, is a non-polar axis for which the piezoelectric effect is not
observed.

Figure 3.1 shows a part of a typical quartz crystal specimen. The
Z-axis and one of the X-axes, with the corresponding Y-axis, are .

Figure 3.1 Axes of a quartz crystal, indicating 1 p=
M-cut rectangufar and circular
fransducers

v

N,

indicated, and outlines of X-cut transducers of rectangular and circular
sections are given. Figures 3.2 and 3.3 illustrate the actions of the direct
and converse effects for both compressional and shear types of trans-
ducers.

When an alternating voltage is applied across its electrodes, a
piezoelectric transducer oscillates at the applied frequency with an
amplitude of the arder of 107 times its thickness. If, however, the
transducer is excited at one of its resonance frequencies (see Section
2.9), the amplitude is considerably increased, e.g. to about 107 times
the thickness at the fundamental frequency. The ascillations will be of
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either a compressional or 3 shear type, depending on the nature and the
method of cut of the crystal. Thus longitudinal waves are generated by
X-cut quartz crystals and transverse waves by Y-cut quartz crystals (but
seg Sections 2,12 and 5.5],

A piezoelectric transducer may also be used as a detector. Vibrations
induced in it by the sound waves give rise to alternating charges appear-
ing on the electrodes at the frequency of the vibrations. Maximum
. sensitivity occurs at a resonance frequency. In many applications, a
la)  Campression 6}  Tension single transducer can act simultaneously as both transmitter and receiver.

= @ The piezoelectric effect can be induced artificially in certain materials
- "'g* T §> which display a phenomenon known as electrostriction, which is
////////////% —E W | = analogous to magnetostriction (see Section 3.3). This effect may be
- | = observed in all dielectric materials, but its magnitude is negligible except
€] Expansion - |d) Contraction - in certain substances called ferroelectrics, which include barium titanate,
lead zirconate titanate, lead meta-niobate, and sodium meta-niobate. If a
Figure 3.2 fﬁﬁﬁ:ﬁ;‘:ﬁf}‘dﬁ;’,?gﬂ’;ﬂ;ﬂ;ﬂﬁﬁﬁﬁ’m"ﬂﬁ;gji.f:fﬂ"’g;j slab of one of these materials is coated with electrodes on two opposite
on alectrodes by a tensile stress, (e) expansion ﬁmguﬁd'by a voltage faces and a voltage applied, a mechanical strain, the magnitude of which
:;ﬂ:j’::;:_fn’:’;" d) contraction produced when the voltage is is proportional to the square of the applied voltage, is produced. Because

of the square-law relationship, the sense of the strain is independent of
that of the field. Consequently, for example, an increase in thickness
will remain an increase when the applied voltage is reversed in polarity.

When an alternating voltage of sinusoidal form is applied to the
¥+ + + + + + - - - —— - -

= " electrodes, the frequency of vibrations is double the frequency of the
Q’:j;%s'}jffﬁff*%. voltage and the form of the oscillations is similar to that of a rectified

+ ok ok oh oo

(a] Shear stress (clockwisel Ib) Shear stress [anti- but unsmoothed alternating current, To obtain a pure sinusoidal vibra-
clockwise] tion, as shown in Figure 2.1, at the frequency of the applied voltage as
5 & obtained with naturally occurring piezoelectric materials, the transducer
@ "é, must be polarised by providing the electrodes with steady equal and
; T, a % - - opposite charges of a sufficiently high magnitude (cf. magnetostrictive
W : "'*‘”f% E ‘5/—/ / % s transducers) .
¢} Shear strain (anti- @ id) Shear strain (Elu{kwfsef‘) A permanent polarisation can be aobtained by heating the material to

clackwise) a temperature above the Curig point, where the electrostrictive effect

disappears, and then allowing it to cool in a strong direct electric field,
Figure 3.3 Pelzoelectric effect for a shear wave transducer: (a) charges induced on

eloctrodes by a shear stress in a given direction; (&) charges ind o t',rpmtal:ll-,f Df. several hur.idred m“.s per: millimetre. The mjnentatmn af this
plectrodes when the shear stress is reversed in direction; (¢) shesr polarising field determines the direction of the polar axis. Thus, for
strain produced by a voltage in a given direction; [d) reverzed shaar . . . . P ;

strain produced by voitage in the opposite direction longitudinal strains, the field is directed at right angles 1o the electrodes,

and, for transverse strains, parallel with the electrodes. Provided that the
exciting voltage is small compared with the initial polarising voltage, the
oscillations will take place in a purely sinusoidal manner and the trans-
ducer is effectively piezoelectric.
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Artificially induced piezoelectric transducers generally are not single
cwsials but of polyerystalline structure, They are made up of very large
numbers of minute crystallites of the material bonded together, moulded
to the required shape and size, and then baked in an oven. The final
product is in the form of a ceramic. Because, prior to polarisation, these
ceramic transducers are isotropic, they do not require to be eut with
reference to any partic—.uiar axis, Thus it is possible to shape them in any
convenient form, e.g. a concave transducer capable of focusing ultra-
sound can be produced without difficulty. The piezoelectric properties
of these transducers may be improved or otherwise adjusted by the
additions of small quantities of other materials.

The piezoelectric effect is usually measured by what is called the
d coefficient. Because the effect is reversible, this quantity may be
expressed in one of two equivalent ways. For the first definition,
suppose that the crystal is subjected to a mechanical stress whilst, at the
-same time, the electrodes are short-circuited by a wire. Charges induced
on the electrodes by the stress will flow through the wire until the
potential difference across the crystal is reduced to zero. If g is the value
of the total charge flowing and F the force producing the stress, the d
coefficient is given by the expression

o = %mulumbs per newton (C N7 (3.1)

Table 3.1 PRINCIPAL CHARACTERISTICS OF PIEZOELECTRIC MATERIALS
LSED AS LONGITUDINAL WAVE TRANSDLCERS®

Eilsctromechanical

SBuhstance o coofficient r:m{.r:.' _.I'J'ngr r::ﬁi Z:PEE:;? T,
coefficient, k
-1 1 3

ICN " = 10°7) [%6) { Cl
Qluarty | X-cut) 23 11 550
Barium titanate B0 — 190 20— 650 120 — 140
Lead zirconate titanate Bl — 320 23— 76 A0 — 490
Lead meta-niabate BhR 432 Lty
Sodium meta-niobhate 20 — 160 Bl — 63 200 — 420
Lithium niohate G 18 1210
Lirhium tantalate B 31 BE0
Cedmium sulphide 10 34
Zinc oxide 12 65

* The values quoted in this table are appreximate and those of d and & apply to
room temperatures. The author is indebted to Mr R. F. Mitchell of the Mullard
Research Laboratories for some of the informaton.
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For the second definition, let a voltage V be applied across the crystal
on which there is no applied load, eq. if supported freely in a vacuum,
If the resultant strain produces a displacement / of the surface, then

d = }—H volts per metre (V m™ ) (3.2)

It is not difficult to show that the coulomb per newton is equivalent to
the volt per metre,

Values of d coefficients for a number of commaonly used piezoélectric
materials are given in Table 3.1, The table also gives values of the
electromechanical coupling coefficients k& and the upper Curie tempera-
tures T,. The electromechanical coupling coefficient is defined, by
convention, as the sguare-root of the ratio of the mechanical energy
stored in the transducer to the electrical energy supplied 1o it. Both o

Screw - DCrewW Feg
{or peq) 4

Side wviaw Fromt wiew Side wiew

{grooved plate) (bevelled plate)
Figure 3.4 Nodal mountings for pleroslectric transducars, after Bechmann!

and & vary with temperature and reduce to zero at the Curie temperature,
i.e. the temperature at which the piezoelectric effect vanishes. For
single-crystal transducers thera is usually only a single Curie temperature,
but there may be more than one of these for ceramics. One form of
barium titanate, for example, has Curie points at 120°C and 0°C and

the piezoelectric effect is observed between these two temperatures.

The frequency response of a transducer depends on its O factor {see
Section 2.10). This may be expressed in relation to the characteristic
impedances A; and As of the material of the transducer and the medium
of propagation, respectively, as follows:

o - KRy
Ay
Here K is a dimensionless number having a value which depends on the
absorption coefficient of the transducer material and the method by
which the transducer is mounted. For the ideal case of a transducer
made of a material having a negligible absorption coefficient le.g. quartz)

(3.3}
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and clamped accurately at its nodes (see Figure 3.4}, K is equal to n/2,
For & quartz transducer (R, = 1.6 x 107 kg m ?s™! ) mounted nodally
in hydrogen at standard pressure and temperature (A = 110 kgm ™57},
the value of Q is approximately equal to 2 x 107, On the other hand,
a ceramic transducer (e.q. barium titanate} which has a high absorption
coefficient and is held in position by a heavy spring (see Figure 3.5) has
a very low value of K. If it were coupled to a solid, the Q factor would
be nearly equal to unity.

Equation 2.18 shows how the @ factor of a resonator is related to its
frequency bandwidth. At a frequency of 1 MHz, the bandwidth of the

=y
B
x:‘a }F \__-{)il-fi ed
\“‘x:;_—': housing
o ——= ——Spring
E — Shielded
—— lead
|———""1
N e T e | Block
N IR ey (conducting}
\\\H\:\\\_\\_\:\ "; _?%:_ ~-Transducer
.

N //////////AH"TEJ%E:“

~—Plastic cowver

Figurg 3.5 MHeavily damped mounting of a ceramic transducer for pulsed operation
in ultrazonic Haw detection

nodally mounted quartz crystal in hydrogen is only.5 kHz whereas that
for the ceramic transducer coupled to a solid may be as high as 300 kHz.
Thus ceramic transducers are especially suitable for the generation of
short pulses, whereas quartz crystals are ideal for the propagation of
continuous waves or long pulses for which frequency stability is an
important consideration. The high absorption coefficients of the ceramic
transducers also render them liable to overheating, with the consequent
variation or even disappearance of the piezoelectric characteristics. Hence

pulsed operation may be an essential requirement for the efficient
working of these transducers, especially at high intensities.

Ceramic transducers generally have much higher o coefficients and
electromechanical coupling coefficients than quartz crystals. Because,
in addition, the ceramics have considerably lower electrical impedances
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than quartz, they can be operated at much lower voltages. Quartz is an
expensive material compared with the ceramics, but it has the advantage
in that its chemical and physical properties are highly stable,

In most cases, piezoelectric transducers are operated as half-
wavelength resonators (see Section 2.9), for which the thickness t is
related to the resonance frequency 7 as follows:

C
r= InF, _ 13.4)
where n is an integer describing the order of the excited harmonic and ¢
is the velocity of sound in the transducer material. For most piezo-
electric materials, the velocity of longitudinal waves is of the order of
5000 ms ", and a transducer of thickness 10 mm will have a funda-
mental resonance frequency of about 250 kHz for compressional
vibrations. Equation 3.4 shows that an increase in operating frequency
is obtained by either decreasing the thickness, operating at a higher
harmonic, or both,

High-frequency operation is limited to the thickness to which a
transducer material can be cut without causing damage or giving rise to
electrical breakdown across the electrodes. For quartz, the upper
practicable fundamental frequency is in the region of 20 MHz, for which
the crystal thickness is only about 0-14 mm. With ceramic transducers,
the upper frequency limit is only about 10 MHz. The granular nature of
the material inhibits the cutting of very thin slices of ceramics.

The excitement of the upper harmonics enables one to generate, in
quartz, natural frequencies of several hundreds of mega-hertz, Because
of the nature of the piezoelectric effect, only odd harmaonics can be
produced (see Blitz?). At very high frequencies, the wavelengths are
extremely short and great care must be taken to ensure that the
opposite surfaces of the transducer are accurately parallel with one
another. For example, to produce waves at a frequency of 270 MHz
with the 27th harmonic of a quartz crystal 0.28 mm thick, the corres-
ponding wavelength is only about 2 um. For the propagation of
accurately plane waves, it is essential that the opposite surfaces are
plane and parallel to a tolerance of around 0-2 um, which is not
feasible with ceramic transducers. In Section 3.2.3 it is shown how
ultrasound of very high frequencies can be generated and received with
the use of piezoelectric devices.

In theary, there is no lower frequency limit for the operation of
piezoelectric transducers, but several practical difficulties occur, As
mentioned earlier, quartz is expensive; the cost of a slab of this material
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suitable for generating in its thickness mode at a fundamental frequency
of 100 kHz {about 25 mm thick) may be several hundred pounds
sterling (i.e. one thousand or so American dallars). If the propagation
of a wide acoustic beam i5 not an important consideration, a quartz rod
vibrating axially may suffice. However, ceramic transducer slabs capable
of working at frequencies in the tens of kilo-hertz range are easily made
and are relatively cheap, Unfortunately, because of their high absorp-

tion, they are somewhat inefficient in their use, This drawback, however,
has been overcome by the use of sandwich transducers (see Section 3.2.4).

a2 2 Coupling of piezoelectric transducers

For efficient coupling of ultrasound between the transducer and a solid,
a suitable liquid must be provided to avoid an air gap which would give
rise to a very high attenuation or even zero transmission {see Section
2.8)_ In the generation of longitudinal waves at normal temperaturas,

a filmn of oil or other suitable liguid is usually sufficient but, at low
temperatures where most liguids solidify, it may be necessary to use a
high-vacuum grease to prevent loss of continuity of characteristic
impedance. For work at high temperatures, care must be taken to
choose a couplant which does not evaporate,

For transverse wave propagation, the couplant should have enough
strength to withstand the application of the shear stresses without
collapsing. Sometimes a thin film of heavy oil or grease may serve this
purpose, but it may be necessary to use an adhesive such as an epoxy
resin. On some occasions Canada balsam or even nail varnish may
provide good coupling for shear waves, depending on the temperature at
which the measurements are to be made.

3.2.3 Ultra-high frequency (w.h.f.) piezoclectric transducers

The use of thin resonating piezoelectric slab transducers is no longer
feasible at frequencies much above 500 MHz. However, with specially
designed transducers it is possible to generate and receive ultrasound
having frequencies exceeding 100 GHz. Furthermore, at such high
frequencies, microwave technigues must be used for coupling the
electrical signal to the transducer.

An early methaod of generating u.h.f, {or microwave) ultrasonics was
to place one end of a single-crystal quartz rod inside an electromagnetic
cavity resonator C; {see Figure 3.6). Its surface was excited at the
required {non-resonance) frequency, e.g. 1 GHz, and waves were propa-
gated along the rod. At first, the method could be used only for
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producing ultrasound in single-crystal quartz because of the immense
difficulty of coupling other materials to the free end of the rod. A
similar electromagnetic cavity resonator C, at the other end of the rod
acted as a receiver, Alternatively, a single cavity resonator would act as
both transmitter and receiver of the waves reflected at the far end of
the rod.

The method was later extended to measurements in other solids after
an effective coupling technigque was discovered. It then consisted of coating
the free ends of the quartz rod and the solid specimen with thin films of
indium, using a special high-vacuum technique. On placing the coated

|
7 Wﬁz
§ [ L ?
r \ )
% Guartz z
:.: c, rod C, g
A A

Figure 3.6 Location of quartz rod in electromagnetic cavity rasonators far u. b f
aparation (L = variable electrical coupling), after Bémme! and Dranstisld”

ends in contact under pressure in a vacuum at a temperature just below
that of the melting point of indium, the surfaces fused together to
provide a coupling with a transmission loss of not more than a few
decibels.

Other technigues of generating and receiving microwave ultrasound
involve sophisticated methods using piezoelectric semiconducting
materials such as cadmium sulphide, zine oxide, gallium arsenide, and
gallium phosphide. A detailed description of these technigues is beyond
the scope of a book of this nature and a summary of them is given
glsewhera (Blitz* ). One of the methods which has met with a consider-
able degree of success is to deposit, in a vacuum, a thin film of cadmium
sulphide or other suitable piezoelectric material of thickness correspond-
ing to the desired frequency of propagation to the surface of the
medium, The deposition is carried out in such a way that the polar
axis of the transducer material is properly lined up.

324 Pigzoelectric sandwich transducers

High-intensity applications are often made at frequencies ranging from
40 kHz down to 20 kHz. To generate waves at the latter frequency with
8 piezoelectric ceramic requires that its thickness should exceed 100 mm.
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producing surface waves is to place an ordinary longitudinal wave
transducer in contact with the edge of the material and inclined at an
angle of 45" in the manner shown on Figure 3.8. The waves may be
received in a similar manner. This method has been found to be highly
satisfactory in, for example, the detection of surface flaws in materials.

A recently developed method of generating and recewing surface
waves is ta coat two electrades in the form of interleaved combs on
the surface of a piezoelectric material and to apply the exciting voltage
at the required frequency across them (see Figure 3.9). In a typical
case, for a frequency of 19 MHz with quartz, each comb had 11 teeth
40 pm in width, separated by the same distance apart. The distance of
separation of the teeth of any one comb was equal to 160 pm, represent-
ing the wavelength for guartz at this frequency. This technigue was
developed for delay line applications, in which surface waves have the
advantages of having low velocities and attenuations.

An account of the propagation of surface waves has been given by
Viktorov”,

3 2.6 Operation of piezoelectric transducers

For prnpagating continuous waves over a narrow freguency band, a
quartz crystal mounted at its nodes (see Figure 3.4) provides an ideal
source, However, electrical connections must be made to the electrodes
and care must be taken to ensure that any additional damping caused

by them is minimal. Nodal mounting is not always practicable, especially
for very thin transducers or where contact with a solid medium has to
be maintained. In these cases, the transducer is held in position by means
of a light spring against a solid surface (the surface of the medium for a
solid or the surface of a supporting platform for a fluid). In this
instance, the solid surface (coated, if necessary, with a conducting sub-
stance) provides one electrical contact with the transducer electrode; the
ather is provided by the spring, which should be as light as possible to
minimise damping. The impedances of the exciting and receiving electri-
cal circuits should be correctly matched to the electrical impedance of
the transducer to provide maximum efficiency.

For pulsed wave operation it is essential that the pulses are kept
sufficiently short to prevent their overlapping and to ensure that
stationary waves are not set up in the material of the medium, As stated
garlier, where it is required to produce very short pulses and where a
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narrow frequency band is not needed, it is best to use a transducer
material, such as a ceramic, which provides high internal darh ping and
to mount it to give high external damping. Figure 3.5 illustrates a
typical method of housing a longitudinal wave ceramic transducer. The
transducer is backed by a block of a material having a very high acoustic
absorption coefficient but, at the same time, of sufficiently large electrical
conductivity to provide contact with that transducer surface remote
from the material of propagation. A mixture of tungsten powder and
Araldite is ideal for this purpose. Further damping is provided by a
heavy spring which also ensures good mechanical contact with the test
material. A fairly high direct voltage (typically from 300 V to 600 V)
of instantaneous duration is applied periodically to the transducer
electrodes at the required pulse repetition frequency (usually between
505! and 100057 ). At each electrical impulse, the transducer
experiences a high initial strain after which it oscillates over about two
or three cycles during which time the amplitude dies down rapidly (see
Figure 2.11). Thus, for a transducer operating at a frequency of 6 MHz
to produce pulses each of three wavelengths, the pulse duration is about
only 0.5 ys for propagation into most metals. The pulse-length (PL) in
seconds is approximately related to the frequency bandwidth as follows:
1-3
Frequency bandwidth
For certain applications, usually in research laboratories, where it is
important for the bandwidth to be as narrow as possible, e.g. for the
measurement of attenuation, which varies with frequency, the use of
much longer pulses is necessary. In this case, the transducer is excited
by a radiofrequency oscillator at the required resonance frequency of
the transducer and the pulsa length is controlled electronically. Crystal
transducers, having much lower absorption coefficients, are then
employed.

PL =

(3.5)

a3.2.7 Piezoelectric probe receivers

Piezoelectric probe receivers are used principally for measuring
intensities in different parts of ultrasonic beams in fluids, mainly in
investigating the configurations of acoustic fields, e.g. for determining
the intensity distributions in front of transmitting transducers. The
requirements of their design are that the dimensions of the sensitive
element should be small compared with the wavelength (typically less
than one-tenth], that the frequency response be constant over the
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There is a converse magnetostrictive effect, known as the Villari
effect, for which a mechanical stress applied to a ferromagnetic rod lying
in a magnetic field gives rise to a change in the magnetic flux density.

Magnetostrictive transducers are often made in the forms of rods
surrounded by coil windings (see Figure 3.12}. An alternating current
through the coil induces an alternating magnetic field of the same
frequency; this gives rise 1o longitudinal oscillations of the rod.

F.-l*-l-::-::!.:ll. clamp

R
( l __Magnetostrictive
m ll.:. mr ] rﬂd
[ A | il
Energising Folarising
conl cail

~ e i[#--- - if—

Figure 3,12 Method of exciting 8 magnetostrictive transducer in the form of a rod

Because the value of the strain in the rod depends only on the magnitude
of the applied magnetic field and is independent of its sense, these
oscillations take place at a frequency twice that of the field and take on
the form of an unsmoothed rectified alternating current, i.e. the vibra-
tions are of low amplitude and contain many unwanted frequencies. As
in the case of ceramic transducers (see Section 3.2.1), this disadvantage
is overcome by polarisation. It is not usually possible to obtain a high
polarising field by permanent magnetisation, and a steady direct field of
suitable magnitude is provided by passing a direct current through
another coil wound round the transducer, Thus, instead of the oscilla-
tions taking place about the origin of the curve of Figure 3.11, they
occur about some other point, say D. Provided that the amplitude of
the applied alternating field is low enough for changes to take place
along an approximately linear portion of the curve between, say, A and
B and, in any case, is less than the value of the polarising field, the
oscillations are purely sinusoidal and occur at the applied frequency,

As with piezoelectric transducers, maximum efficiency of the
oscillations is obtained at the fundamental resonance frequency . (see
Section 2.9). The effects of harmonics are minimised by nodal mount-
ing (see Figure 3,12},
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The resonance frequency varies inversely with the length of the
transducer rod. For example, a nickel rod 125 mm in length has a
fundamental resonance frequency of 20 kHz, at which high intensities
are possible. The frequency i5 increased by decreasing the length, but,
at the same time, there is a lowering of intensity for a rod of given cross-
sectional dirmensions resulting from the reduction in size of the vibrating
mass. The output from this type of transducer becomes vanishingly
small at frequencies much higher than 100 kHz. However, magneto-
strictive transducers are used mainly for high-intensity applications and
the use of frequencies higher than about 20 kHz is not common.

A disadvantage of using rod-shaped oscillators lies in the fact that
there is a considerable leakage of magnetic flux. For high-intensity

Laminated

.~ core

Hodal clamp

L _Ia - B

Figure 3.13 Window-type trangducer Figure 3.14 Ring-type transducer

applications, it is common to use transducers designed to form closed
magnetic circuits (see Figures 3,13 and 3.14). The window-type trans-
ducer illustrated in Figure 3.13 is clamped nodally, and its vibrations
are longitudinal. The ring-type transducer, however, vibrates in a radial
manner (see Figure 3.14) so that ultrasonic energy is focused at the
centre where, consequently, the acoustic intensity may be very high.,
In Section 4.6.3 it is explained that ferromagnetic materials absorb
ultrasound as a result of hysteresis and also of the induction of eddy
currents, Both these phenomena give rise to a considerable amount of
heating. There are a number of ferromagnetic materials having low
hysteresis losses, but, unfortunately, their magnetostrictive properties
are poor. However, eddy current losses may be reduced by using
laminated stacks consisting of alternating sheets of the metal and of
some insulating material such as mica, It is important to cool the trans-
ducer during its operation, otherwise the rise in temperature brought
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about by hysteresis and eddy currents may produce a reduction, or even
disappearance, of the magnetostrictive properties.

An increased intensity, distributed over a smaller area, can also be
obtained with both rod and window types of transducers by using what
is known as a vefocity transformer. This consists of a tapered coupling
rod (see Figure 3.15) and provides an increase in the value of the
particle velocity at the end remote from the transducer, For maximum
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nickel
fransducer
Wodal
support

T Figure 3.15 Use of tapered coupling rod
with the ultrasonic drill

efficiency, the transformer is designed to resonate by making it one
wavelength long and supporting it at a nodal point, i.e, at a distance of a
guarter-wavelength from the transducer. The diagram illustrates the
application of the velocity transformer to the construction of the
ultrasonic drill {see Section 7.7).

A method of coupling magnetostrictive transducers to liquids is
described in Section 7.6 in connection with ultrasonic cleaning applica-
tions, The section also contains a brief comparison of the properties of
magnetostrictive and ceramic transducers as used for this type of work.

Magnetostrictive oscillators are reversible and thus can be usad as
receivers. An example of a magnetostrictive probe receiver is illustrated
in Figure 3.16. It consists of a nickel rod held vertically in a fluid in
which ultrasound is radiated in an upward direction. The rod is con-
tained in a plastic tube so that only the free end is exposed to the waves
which are then transmitted along its length. A current is induced by the
Villari effect in the pick-up coil placed near the upper end of the rod.
Another coil carrying a direct current provides the polarising field, The
formation of stationary waves is prevented by placing an absorbent
material at the top of the rod.
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Mention should be made of the use of nickel film transducers for
producing and receiving ultrasound of very high frequencies ranging
from 100 MHz to 100 GHz in solids. A thin film of nickel, of thickness
corresponding to one half-wavelength at the resonant frequency, is

Sound-absorbent
material

Pick-up
coil

Polarisin
Figure 3.16 Magnetostrictive probe coil
miicraphone for liguwids

Sound waves

deposited on the end-surface of the specimen into which sound is to be
passed, The rod is located with its plated end inside a microwave
electromagnetic cavity resonator, excited at the required frequency.

The receiver may consist of a similar film coated on the opposite surface
of the specimen and also located in a cavity resonator. Alternatively,
using a reflection method, a single nickel film can act as both source and
receiver. The method is similar to that used with u.h.f. piezoelectric
transducers (see Figure 3.6) except that a polarising magnetic field is
necessary. On the other hand, no coupling material is required and no
special technique is necessary for coating the nickel film.

3.4 Mechanical transducers
Mechanical ultrasonic generators are now used almost exclusively for

high-intensity propagation in liguids and gases at fregquencies of up 1o
about 25 kHz and exist mainly in the forms of whistles and sirens. They
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the device can be used for measuring intensities at mega-hertz frequen-
cies in liguids {see Figure 3.25) if reflections at the interface are allowed
for.

3.7 Miscellanaous transducers

Other methods of generating and receiving ultrasound involve the uses
of thermal, chemical, and optical devices, and a short account of them
is given elsewhere'*. The observations of chemical changes in materials
irradiated with ultrasound have sometimes provided a means of detec-

tion. Also it is possible to generate ultrasonic waves in a transparent
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Figure 326 Device for measuring ultrasanic energy absorbed by a liguid, after
Mikhallov and Shutifor!®

medium by the crossing of two laser beams originating from a common
source, In general, however, chemical and optical transducers are not
often used,

On the other hand, there are a number of applications which make
use of thermal transducers, One thermal type of transmitter is the spark-
gap generator, which radiates ultrasound as a result of periodic tempera-
ture changes taking place when a high alternating voltage of a given
frequency is discharged across a gap in a circuit.

The hot-wire microphone, originally developed during the 1914—-1918

war, is a receiving thermal transducer. It consists of a thin wire, of
the order of 25 um (0-001 in) diameter, usually made from platinum and
heated to just below redness, When sound waves strike the wire, it cools
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down by an amount directly dependent on the intensity. This is indicated
by a decrease in its electrical resistance. The hot-wire microphone has
been used successfully for gases at frequencies of up to 600 kHz but has
not proved suitable for liquids because of its low sensitivity due to con-
vection losses.

Ultrasonic intensities can also be measured from the rise in tempera-
ture within the beam. An instrument designed for this purpose and
applied to high-intensity measurements is illustrated in Figure 3.26. The
heat produced by the ultrasound is absorbed by the liguid in the flask,
which is thermally insulated. The liguid consequently expands, and
there is a rise in the level of the liguid in the graduated capillary tube,
which is calibrated by supplying a measured amount of heat from the
Jheating coil. The shape of the flask is designed to prevent waves reflected
at the walls passing back into the acoustic field. The waves transmitted
through the liquid are finally absorbed by the glass wool placed at the
end of the vessel. Acoustic powers of from 50 mW to 30 W can be
measured to an accuracy of better than 10 per cent with this device.
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CHAPTER FOUR
THE PROPAGATION OF ULTRASOUND IN MATERIALS

4.1 General considerations

Ultrasound travels through a uniform material at a constant speed pro-
vided that the deformations produced in it by the action of the waves
are purely elastic, i.e. the acoustic intensity is low. The velocity ¢ of the
sound depends on the density p and the modulus £ of elasticity
appropriate to the type of deformation produced by the waves, i.e.

c=£ (4.1)

The elastic modulus £ used in the above equation does not have the
same value as the one determined by ordinary statical measurements.
In the latter case, the body is deformed relatively slowly with the
temperature remaining constant and it is the jsothermal elastic modulus
which is measured. When sound passes through a substance, the resulting
detarmations alternate at a rapid rate, even at low frequencies, During
the compression phase of a cycle, the temperature rises, and, during
the expansion phase, it falls, Heat should flow from the regions of com-
pression to those of rarefaction, but, before enough time has elapsed for
this to happen, the sound waves will have moved a sufficient distance for
a reversal in phase to have occurred, i.e. compressions will have become
rarefactions and vice versa. Thus no time would become available for
heat exchanges to occur across any temperature gradients set up by the
waves and it can be said that these exchanges are adiabatic, The symbol
£ in equation 4.1 then represents the adiabatic elastic modulus. This
has a higher value than that of the corresponding isothermal modulus,
For liquids and solids, the difference between the two quantities is
usually very small, but, for gases, this difference is considerable (see
Section 4.2).

At high intensities, the velocity of sound may be somewhat greater
than that predicted by equation 4.1 and its value, which depends on
the wave amplitude, is given by a more complicated expression. However,
when one measures the speed of sound in order to determine the value of
the elastic modulus, the intensity is kept sufficiently low for equation
4.1 to be applicable. The study of the acoustical properties of 2 material
stressed beyond its elastic limit is a highly specialised one and is not
likely to concern the reader,
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Also of importance is the absorption of sound waves by a material.
There are a number of different ways in which this can occur, and they
will be dealt with briefly in this chapter,

4.2 Propagation in gases

Gases will support only compressional and tensile stresses but not shear
stresses, and it is thus possible to pass only longitudinal waves through
them. The applications of these types of stresses give rise to a change in
volume, and the appropriate elastic modulus is the bulk modulus . For
the so-called permanent gases, e.g. oxygen, hydrogen, and nitrogen, which
condense at very low temperatures and obey Boyle's law to a high degree
of precision, K is equal to the hydrostatic pressure P for isothermal
conditions and the product v for adiabatic conditions. Here ¥ represents
the ratio, for the gas, of the specific heat at constant pressure to the
specific heat at constant volume, It has a value which usually lies
between 1.3 and 1.7, depending on the nature and physical state of the
gas. Equation 4.1 can thus be rewritten as

c-V/I,—F (4.2)

This equation applies to a high degree of approximation to most gases,
except for some heavy organic vapours, for which the speed of sound
may be somewhat higher, It can be shown that, for an ideal gas, i.e. one
obeying Boyle's law, the speed of sound varies with the temperature ¢
{in degrees Celsius) as follows:

.r,%\/{‘ 4o (4.3)

¢ and g represent the acoustic velocities at temperatures ¢ and IIIG'EI,
respectively. Thus, if one measures the velocity at a given temperature,
its value at 0°C can be easily calculated. Acoustic velocity measurements
can thus provide a method of temperature determination. Values of ¢
for a number of gases are given in Table 4.1,

Except at very high or very low pressures, the velocity of sound in a
gas remains constant when the pressure is changed.

The acoustic velocity in @ mixture of two gases varies linearly with
the degree of concentration, by weight, of each component. Thus, for a
mixture of oxygen {cg = 330 ms™' )} and nitrogen (cy = 310 ms™")
present in equal masses, the velocity at 0°Cis320ms", ie.
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required relaxation frequency at atmaospheric pressure, However, the
relaxation frequency varies linearly with pressure, as follows:

oA

R
where f; and £, are the relaxation frequencies corresponding to gas
pressures Pp and P, Thus, if the pressure is reduced to a suitable value,
a relaxation peak may be observed and the relaxation frequency
corresponding to atmospheric pressure can easily be deduced from
equation 4.4. Another advantage of the application of this equation is
that a continuous variation of both absorption and acoustic velocity
with pressure can be investigated. Curves similar to those shown in
Figure 4,1 can be obtained without the necessity of varying frequency,
This is important with the use of high-Q quartz crystal transducers
which can be operated only at single frequencies.

Absorption coefficients and relaxation frequencies can change
dramatically when impurities, even in minute quantities, are introduced
into a gas. For example, the introduction of 1 per cent by weight of
water vapour into carbon dioxide will increase one of the relaxation
frequencies from about 15 kHz to more than 2 MHz, with a correspond-
ing change of absorption coefficient. In suitable cases, the measurement
of relaxation frequency can be a highly sensitive method of determining

(4.4)

the degree of concentration of impurities present in small quantities {e.q.

parts per million),

4.3 Propagation of longitudinal waves in liguids

In commaon with gases, liguids collapse under the action of shear stresses.

With heavy liquids, the time taken for the collapse to take place may be
somewhat longer and it may be possible to pass shear waves through
them for limited distances (see Section 4.4), However, the passage of
shear waves through hguids is an exceptional phenomenon and, in
general, it may be taken here that only longitudinal wave propagation
is possible in liquids,

For longitudinal wave propagation, the relevant elastic modulus
applicable to equation 4.1 is the bulk modulus K and the difference
between its isothermal and adiabatic values is usually negligible. The
velocity ¢ of sound is given by the expression

c =v/§ (4.5]
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where o is the density of the liguid. Values of ¢ for a number of
commaonly used liguids are given in Table 4.2, The velocity of sound
varies with temperature but not in the simple manner as with gases; in
most cases, it decreases as the temperature rises, but, for water under
normal conditions, there is tirst an increass with temperature, rising to
a peak at 73°C at atmospheric pressure, then a decrease. In general, the
velocity of sound in a liguid rises when there is an increase in pressure.

Table 4.2 VELOQCITIES OF 30UND FOR
SOME COMMON LIQUIDS AT 20°C AND
ATMOSPHERIC PRESSURE

Liguid Velocity, ©

s 1)
Acetones 1200
Benrena 1 520
Carbon tetrachloride 950
Castor ail 1 500
Chiorobenzene 1320
Ethyl alcohal 1 200
Glyeeral (pure) 1940
Methyl aleahaol 1120
Mitrobenzens 1480
Olive il 1440
Toluene 1320
Water 1450

When two liquids are mixed together, the variation of the acoustic
velocity with the degree of concentration is not always a simple one,
even when no chemical reaction takes place between the components.
When two unassociated liquids are mixed together, the variation is
linear, as occurring with gases, but, if one or both of the liguids are
associated, there is, in most cases, first a decrease in velocity with con-
centration until a minimum is reached and then a linear increase. If,
however, one of the liguids is water, which is associated, the curve shows
a maximurm, Figure 4.2 illustrates variations of the velocity of sound
with concentration for ethy| alcohol—carbon tetrachloride and ethyl

alcohol—water mixtures at different temperatures. 1t will be seen from

this figure that the velocity in a 17 per cent concentration of ethyl
alcohol in carbon tetrachloride remaing constant for all temperatures.
This is a useful consideration in the design of liquid delay lines.

Classical absorption due to viscosity and thermal conduction takes
place in liguids as well as in gases, but the thermal conduction effects
arg usually negligible. In some liquids, especially organic ones, thermal
relaxation may be observed. In other liquids, including water, absorption
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is generally true for unstressed polycrystalline and amorphous solids but
not so for materials existing in the forms of single crystals. Furthermore,
the equations are not necessarily applicable to pre-stressed materials,
such as rolled or extruded metals, where anisotropy is introduced by

the pre-stressing process. The velocities of sound in anisotropic materials
vary with direction, and the expressions for them are somewhat compli-
cated. For further details, the reader is referred to Mason® .

Table 4.3 VELOCITIES OF SOUND FOR SOME METALS IN
POLYCRYSTALLINE FORM AT 20°C AND ATMOSPHERIC PRESSURE

Velocity
Metal Lung':r'wd."naf waves  Longitudinal waves in ﬂﬁ;ﬁgﬁ
in rods, op bulk materials, o

Wwaves, e
(ms™!) ims1) {ms)
Aluminium (worked) 5100 6400 3100
Copper 3700 4 700 2280
Gold 2000 3200 1200
lron & 200 5400 3200
Lead 1200 2300 790
Mickel 4 800 G GO0 2900
Platinum 2800 3900 1 7040
Silver 2 700 3700 1 600
Steel {mild) 5200 6000 2800
Tin 2700 3300 1 700

Alzo of importance is the propagation of acoustic waves across the
surfaces of solids, i.e. surface waves, the theory of which is somewhat
invalved. In the study of ultrasonics, one is usually interested in the
Rayleigh type of surface waves, for which the particle vibrations take
place in those planes at right angles to the surface and orientated in the
direction of propagation, in @ manner to some extent similar to that
occurring with waves on liquid surfaces. The vibrations have two com-
ponents of mation, one transverse and the other longitudinal. The
phase of each of these modes of vibration varies at different rates, and a
given particle, in its vibration, will generally follow an elliptical path.
The equation for the velocity of Rayleigh waves is a complex one (see,
for example, Blitz®); the value of this velocity can be shown to be
approximately 0-9 times that for shear waves in the material concerned.
The depth of penetration of Rayleigh waves below the surface is very
srnall, and the geometry of the beam can be considered to be two
dimensional. The attenuation is consequently much lower than that
experienced by bulk waves in the same material, Rayleigh waves are
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reflected at discontinuities on the surface, e.g. corners and cracks, and,
for this reason, they are sometimes used for surface flaw detection.
Another type of surface waves, in which the vibrations take place in

the plane of the surface but in the direction perpendicular to that of

the beam, is known as Love waves. Love waves are employed extensively
by sersmologists but have little application in the study of ultrasonics.

It was stated previously that Rayleigh waves penetrate only a short
distance below the surface. If, however, the solid is in the form of a thin
plate, there is complete penetration and flexural vibrations take place
1o give rise to what are known as Lamb waves (see, for example,
Filipczynski, Pawlowski, and Wehr® ). Lamb waves provide a useful tool
for the detection of laminar defects just below the surfaces of solid
materials.

A detailed account of Rayleigh and Lamb waves has been given by
Viktorow”,

4.6 Attenuation in solids

Attenuation of sound waves in solids may be caused by a number of
factors, the most important of which are as follows:

1. Losses characteristic of polycrystalline and non-homogeneous
matarials,

2. Absorption due to imperfections of the crystalline lattices,

3. Absorption resulting from ferromagnetic and ferroelectric
phenomena,

4. Absorption caused by interactions of sound waves with free
glectrons,

5 Absorption caused by interactions of sound waves with thermal
lattice vibrations.

These phenomena are discussed briefly below, but, for a more detailed
account, the reader is referred elsewhere (Blitz” ).

4.6,1 Losses characteristic of polyerystaliine and non-homogeneous
materials

Practically all metals used in the construction of the commaodities of
everyday life are polyerystalling in their structure. Polycrystalline
solids are made up of very large numbers of grains, having microscopic
dimensions, of the material. Each of these grains is itself a single crystal
and thus, in general, anisotropic. However, because the grains are
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orientated at random and because they exist in very large numbers, the
solid as a whole, from statistical considerations, displays isotropic prop-
erties. Now if a straight line is drawn through the material, the physical
properties, e.g. elastic moduli, of the material change abruptly at ach
grain boundary owing to the variations of orientation of the crystalline
axes of the grains. Thus sound waves travelling along that line will suffer
abrupt changes in their velocities, often by more than 20 per cent, with
corresponding changes in their characteristic impedances, and reflections
will take place at each grain boundary. Where, as is usual, the wave-
length is large compared with the mean dimension of the grains,
reflection will not be regular but will take the form of scattering equally
in all directions, i.e. Rayleigh scattering as described in Section 2.15.
The waves will thus be attenuated in accordance with equation 2,27 for
which the value of K will depend on the degree of anisotropy of the
individual grains.

For most polycrystalline metals, the value of the mean grain size is
sufficiently low for no appreciable degree of attenuation to appear at
frequencies much less than 1 MHz. However, the attenuation coefficient
then increases very rapidly with frequency, because of the fourth-power
law, and, except for extremely fine-grained materials, it is practically
impossible to pass ultrasound through polycrystalline metals at fraquen-
cies above 10 MHz. For coarse-grained metals, the upper limit may be
only 1 MHz. Thus, if a beam of ultrasound of frequency 2 MHz is
attenuated by 10 dB as a result of Rayleigh scattering, the attenuation
15 increased to 160 dB when the frequency is raised to 4 MHz. With
most commercial ultrasonic equipment, this is sufficient to render the
waves undetectable, In Section 6.7 it is shown how Rayleigh scattering
provides a means of estimating grain sizes in metals.

In non-homogeneous materials, such as concrete, Rayleigh scattering
takes place because of the presence of aggregate. The velocities of sound
in concretes are generally much lower than those in metals, typically by
a factor of one-half, and the sizes of the aggregates are considerably
larger than those of metallic grains. For this reason, measurements on
concretes are made at frequencies of around 100 kHz, Attenuation
measurements provide a means of determining aggregate sizes in con-
cretes and, together with velocity measurements, provide valuable
information about the quality of the product.

Another cause of attenuation in palycrystalline materials is friction
occurring at the grain boundaries. In this case, the attenuation coef-
ficient can be shown to be proportional to the first power of the
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frequency but independent of the grain size. Provided that the other
causes of attenuation are negligible, the total attenuation coefficient a
for a polycrystalline metal may be expressed as follows:

a = Af + Bf° (4.13)

where f is the frequency and A and B are constants for a given sample
of material and type of waves, i.e. longitudinal or transverse.

Attenuation in polycrystalline substances may also be caused by
thermal conduction effects. Because of the abrupt changes in elastic
madulus along the direction of the sound waves at the grain boundaries,
the strain suffered by each grain is different from that suffered by its
neighbour, for a given stress. Conseqguently, the temperature variations
per cycle differ from grain to grain and temperature gradients are set up
in addition to those associated with the wave motion. The regular
cooling—heating cycles are thus upset, and a general rise in temperature,
perhaps very small, takes place. The energy required to supply this rise
in temperature is taken from the sound waves which consequently suffer
attenuation.

This phenomenon is called the thermoelastic effect and is not
generally observed in polycrystalline metals at frequencies above 100
kHz. It should be noted that a similar effect has been attributed to
absorption in single-crystal dielectric materials at freguencies in the
upper mega-hertz and giga-hertz range.

4.6.2 Absarption due to imperfections of the crystalline lattice

Under normal circumstances, most solids, which includes all metals, are
crystalline in nature. The atoms inside the crystals are arranged in a
regular pattern called a lattice, each atom being located at defined
distances from its neighbours, corresponding to specified physical
conditions, e.g. constant temperature and pressure. For a perfect crystal,
the regular lattice structure is broken only at the boundary, However,
most crystals contain defects in the forms of impurity atoms, vacancies
in the lattice structure, and dislocations, i.e. discontinuities in the
lattice structure. Each of these defects may be responsible for ultrasonic
absorption as a result of their taking energy from the waves.

Of greatest interest is the absorption resulting from the interaction
of sound waves with dislocations. Dislocations can be introduced into a
material by fatigue, cold-working, or rough treatment, and, in general,
the higher the density of the dislocations, the greater the hardness of
the material. Ultrasonic attenuation measu rements may, in s0me cases,
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provide a means of studying these dislocations. Figure 4.3 illustrates
the results of experiments carried out by Bordoni® on attenuation in
copper samples at a frequency of 30 kHz at different temperatures,
using the internal friction method {see Section 5.4). In its original state,
the attenuation in the sample was small {curve A}, but, after cold-
working, there was a considerable increase (curve B}, and, on annealing,
a marked decrease in attenuation was observed {curve C). The peaks
indicate that the absorption process is a relaxation one similar to that
caused by thermal relaxation in gases. The value of the absorption
coefficient at the peak depands on the dislocation density, but the
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Figure 4.3 Attenuation in copper at 30 MMz as a function of lemperature,
after Bordoni”

position of the peak depends on the nature of the dislocations. There
are a number of ways in which dislocations can give rise to ultrasonic
absorption, and the reader is referred to Mason” for a detailed account.

4.6.3 Absorption resulting from ferromagnetic and ferroelectric
phenomens

In Sections 3.2 and 3.3 it was stated that ferroelectric and ferromagnetic
materials display, respectively, the phenomena of electrostriction and
magnetostriction. These materials are made up of large numbers of what
are called "domains’, i.e. elementary regions each behaving as an electri-
fied or magnetised body having a unigue polarisation. When ultrasonic
waves pass, for example, through a domain of a ferromagnetic material,
the domain suffers periodic stresses and, because of the converse
magnetostrictive {Villari) effect, changes take place in its intensity of
magnetisation. The domains thus suffer magnetic hysteresis during each
cycle, and energy taken from the acoustic beam is converted into heat,
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S0 giving rise to attenuation. A similar phenomenon takes place with
ferroelectric materials, in the domains of which electric hysteresis takes
placa.

An additional loss of energy occurring in ferromagnetic materials 1s
the induction of minute eddy currents in the domains, as a result of the
hysteresis.

The losses discussed above provide important considerations in the
designs of magnetostrictive and electrostrictive (e, piezoelectric
ceramic) transducers in which much energy is converted into heat during
their oparation.

4 6.4 Absorption caused by the interactions of u/trasound with free
electrons

If ultrasound of a sufficiently high frequency is passed through a single
crystal of a pure metal at a very low temperature, e.g. less than—253°C
(20 K), attenuation resulting from interactions with free (conduction)
electrons may take place. This attenuation increases when the tempera-
ture is reduced still further. Frequencies at which the phenomenon can
be observed lie usually in the middle and upper mega-hertz range, where
the acoustic wavelength is of the same order of magnitude as the mean
free path of the electrons at the temperature concerned. The absorption
coefficient can be varied by the application of a suitable magnetic field,

An interesting phenomenon occurs with certain metals known as
superconductors (e.g. lead, tin, and niobium) for which the electrical
resistance is abruptly reduced to zero at the transition temperature,
usually within a few degrees of the absolute zera (—273°C). The
attenuation is sharply reduced to zero at the onset of superconductivity
but can be made to reappear by the application of a magnetic field of
sufficiently high value, which destroys the superconductivity.

Electronic attenuation has also been shown to ocour at low tempera-
tures in heavily doped single crystals of semiconductors such as
germanium and silicon.

4.6.5 Absorption caused by interactions of ultrasonic waves with
thermal lattice wibrations

If high-frequency ultrasound [e.g. above 100 MHz] is passed through a
single crystal of a pure insulating or intrinsic semiconducting material,
free from lattice defects, at room temperature, a high attenuation may
be observed. This would result from the interaction of the sound waves
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CHAPTER FIVE
LOW-INTENSITY TECHNIQUES

5.1 Introduction

A 1.1 General considerations

Ultrasound is regarded as being of low intensity when no permanent
changes take place in the properties of the material of propagation, an
essential condition for any non-destructive testing technigue. The
acoustic powers are generally very low and rarely exceed a few tens of
milliwatts,

The principal methods used for low-intensity applications are as
follows:

1. Pulse methods,

Progressive continuous wave methods,

Stationary wave or resonance methods (including acoustic inter-
ferometry and damping capacity techniques),

Mode conversion and total reflection methods,

Optical methods {including Schlieren and diffraction technigques),
Reverberation methods,

Impedance mathods.

RN
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The methods involve, either directly or indirectly, measurements of
acoustic velocities and attenuations. In many instances, a single instru-
ment provides both these measurements, often simultaneously.,

The choice of frequency is determined, for example, by the size of
the sample of the material, by the kind of information required from
the measurements, and by the optimum reguirements for sensitivity.
In practice, most low-intensity applications are made within the
frequency range from 0-5 MHz to 10 MHz.

5.1.2 Measurements in gases

Gases are characterised by their relatively high absorption coefficients
and low characteristic impedances, Their absorption coefficients increase
considerably with frequency and become very high at mega-hertz
frequencies (see Section 4.2}, For this reason and also because of the
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poor mismatch of characteristic impedance with solid transducer
materials, it is virtually impossible to pass ultrasound through gases at
frequencies higher than about 5 MHz.

Until the 1950s the only feasible method of measuring the acoustic
velocities and absorption coefficients in gasas at mega-hertz frequencies
was the acoustic interférume‘ter, using a quartz crystal transducer. This
is an exacting instrument requiring careful mounting and adjusting of
the transducers and reflector, because of the very short wavelengths and
poor transmission from the source to the gas, even under conditions of
resonance. With the development of ceramic transducers, higher
acoustic outputs have become possible and the less exacting pulse
technigue can be used.

The disadvantage of using piezoelectric transducers for gases is that
the frequency is fixed, because only resonance operation is practicable
owing to their high O factors. However, as discussed in Section 4.2, in
the investigation of relaxational phenomena, a variation in pressure
produces the same effect as a variation in frequency. With the use of
electrostatic transducers (see Section 3.6}, continuous frequency changes
are possible but, unfortunately, there is an upper frequency limit of less
than 300 kHz,

For applications to large quantities of gases, e.g. control types of
experiments in free air, for which the use of a parallel beam 15 not
important, it is feasible to work at frequencies in the lower kilo-hertz
range. In this case, use can be made of mechanical, magnetostrictive,
and ceramic transducers, from which comparatively high acoustic out-
puts can be obtained.

Further difficulties with measurements in gases arise from the
introduction of impurities, which can affect the results seriously. For
example, in certain circumstances (see Section 4.2), the introduction of
1 per cent water vapour to a gas might increase the measured value of
the attenuation by as much as 400 per cent. It is thus essential that the
interferometer chamber be leak-proof and also that the gas under
gxamination is not contaminated by any of the materials used in the
equipment, e.g. vacuum grease and mercury. This is not a very easy aim
to achieve because some means must be found for moving the reflector
relative to the source. Any mechanical connection to the reflector might
have to pass through a gas-tight gland, itself a serious source of leakage,
but the difficulty has been overcome by the skilful use of expanding
bellows, On the other hand, the problern does not arise with the use of
the multiple echo pulse technigue for which the source and reflector can
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be kept stationary. This last method may not, however, be suitable
for measurements with highly attenuating gases,

5.1.3 Measurerments in liguids

Because the mismatch of characteristic impedances is not serious, the
transmission of ultrasound from a solid transducer to a liquid medium
presents little difficulty, Furthermore, absorption coefficients in
liguids are generally somewhat lower than those in gases and work at
higher frequencies is possible, e.q. up to several hundred mega-hertz.
Difficulties can arise with measurements in electrically conducting
liquids, such as tap-water, and extreme care must be taken to ensure
that the liguid does not provide a short circuit across the electrodes of
the transducer. One way of doing this is to mount the transducer on to
the outside of the containing vessel so that the sound enters the liquid
through the walls, This method may suffer from transmission losses at
the liquid—container boundary and from the possibility that the walls
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of the vessel may not be exactly parallel or homogeneous in structure.
Another way is to contain the transducer in an insulating oil separated
from the conducting liguid by a rubber diaphragm (see Figure 5.1). The
characteristic impedance of the type of rubber used for this purpose
(known as pc rubber] is very close to that of water and of many other
liquids, so that transmission losses are minimised. In practice, the water-
tight probe of a commercial ultrasonic flaw detector can often serve the
same purpose (see Figure 3.5). The protecting cover is made from a
material, such as FVC, which also has a characteristic impedance close
to that of water. A third method is to separate the transducer and
liquid by an almost non-absorbent solid bufier, such as fused quartz.
Figure 5.8 shows how this method is applied to the phase comparison

78

technique, which is particularly suitable for highly attenuating liquids
where acoustic path lengths are short,

A large choice of measurements over a wide frequency range is
available for both contained ligquids and free liguids (e.q. sea-water}.

5 1.4 Measurernents in solids

Measurements can be made in solids over a wide range of frequencies,
extending to more than 100 GHz. However, the majority of them are
made on polycrystalline materials for which there is an upper frequency
limit of about 10 MHz, as determined by the effects of Rayleigh
scattering. This limit may be exceeded for amorphous materials, such
as fused silica and other kinds of glasses. The most widely used
measuring technique for solids is the pulse method.

In nearly all cases, a vibrating resonance type of transducer is used
for transmitting and receiving, and a satisfactory means of coupling it
to the solid sample must be achieved for good matching of character-
istic impedances. As discussed in Section 2.8, when a transducer or
transducer assembly (i.e. probe) is placed in contact with a solid, there
15 always a thin air-gap between the neighbouring surfaces unless they
are ground to optical flatness {an expensive and time-consuming
process). The air-gap must therefore be filled with a suitable liquid.

If moderate transmission losses are not important, the immersion
technigue, for which the transducer and solid sample are immersed

in some liquid and separated by a fixed distance, is highly suitable (ses
Figure 6.2).

5.2 Pulse methods

Basically, the pulse method consists of the generation of short regular
pulses of ultrasonic waves in the test sample, the time taken for them to
pass through a measured distance being measured. This method is
limited in scope by the accuracy of measuring very short periods of
time, and, until comparatively recently, it could be used only for field
work, e.g. measuring acoustic velocities in atmospheric air and sea-water.
However, with the advancement of modern electronic technigues, in
which time intervals of less than 107'* s can be measured accurately,
the pulse method can now be used for determining acoustic velocities
and attenuations in very short samples of material; the shortness of the
sample is determined by the lowest limit of wavelength and, hence, by
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It is sometimes advantageous, e.g. for highly attenuating materials or
for certain flaw-detection applications, to use separate transmitting and
receiving transducers (see Figure 5.4), i.e. the double-probe method as
opposed to the single-probe method just described. The peak A will
thus not appear on the oscilloscope screen, but, if an initial peak is
required, e.g. 1o act as a zero time mark, the circuit should be modified
to allow for a signal to be fed to the Y plates at the instant of excitation
of the transmitting transcucer,

For some applications, e.g. measurements of absorption and
velocity dispersion, which are frequency dependent, a long pulse of
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Figure 5.5 Wavelorms of pulses axcited by [al the application of & high-amplitude
d.c. signal to 2 heswily damped piezaelectric aseillator, and [b) a
radiofrequency signal applied to 8 transducer Tor a finite time at the
reguired freqoency

constant amplitude is required. In this case, the vibrations of the
transducer are controlled by a radiofrequency oscillator and the pulse
length is controlled by an electronic pulse generator or a gating device
connected to the circuit, Figure 5.5 shows a comparison between the
waveform of the long pulse resulting from this kind of excitation and
the short pulse characteristic of a heavily damped ceramic tr-ansdu cer
excited by a high-amplitude d.c. signal of short duration.

The basic pulse echo method described above, if carefully applied,
can measure the velocity of sound with an accuracy of about 1 part in

10°. However, a device used by Williams and Lamb' provides an accuracy

of better than 1 part in 10° . This makes use of a null method in which
two identical quartz crystal transducers T and R are located at opposite
ends of the sample [Figure 5.6). The transducers are damped sufficiently
to provide a flat response over a required limited range of frequencies.
The pulse repetition frequency is adjusted for the second pulse to leave
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the transmitter T when the first arrives back from the receiver R after a
single reflection. Interference takes place between the two pulses, and
the wave frequency is adjusted until the combined signal amplitude is a
minimum. In order to observe this phenomenon, the signals fed to the
Y plates of the oscilloscope are not rectified. The pulse repetition
frequency is then equal to the reciprocal of the time taken for the
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Figure 5.6 Method used by Williams and Lamb ! for velocity measurements

pulses to complete one return passage through the sample, and the

velocity can be calculated if the thickness of the sample is known,
Another technique, described by McSkimin®? is the ‘sing-around’

method devised by Holbrook (see Figure 5.7). This is a pulse transmission
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Figure 5.7 Block diagram for the Sing-around” method, after M.l:'S.i:;'m.l'nz":}

device for which short pulses from the transmitter T pass through the
material and are picked up by the receiver R. The receipt of each pulse
by R activates the pulse generator to cause another pulse to be trans-
mitted by T. The pulse repetition frequency is thus determined by the
time taken for the pulses to pass through the material. The velocity is
again determined if the thickness of the sample is known, after due
allowance has been made for any time delays characteristic of the
electronic circuitry. The accuracy of this method is comparable with
that attained by Williams and Lamb.
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the receiving transducer are converted to an alternating voltage of the
same frequency and waveform and are fed to the Y5 plates of the oscillo-
scope Lo provide a second trace. When the receiver is moved away from
or towards the source, this second trace moves relatively to the

reference trace. The wavelength is determined by measuring the displace-
ment of the receiver which gives a phase difference of 360° between the
two traces, and the frequency may be obtained from the calibration of
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the time-base. The attenuation is measured from the decrease in ampli-
tude ot the second trace as the receiver is moved away from the source.,

The method can also be used for materials having a low absorption
coefficient at low frequencies, where the application of 3 probe receiver
is feasible (see, for example, Section 3.2.7). For fluids, the containing
vessel should be designed in such a way that there is no interference due
to reflections at the walls or far end. This can be achieved by the use of
a suitable absorbent material or by shaping the vessel in such a way that
the waves suffer multiple lateral reflections and are absorbed finally by
the walls (see Figure 5.10}. For solid rods and wires, the receiver may be
located at the side of the specimen and the position varied by sliding it
The far end of the rod may be damped by using plasticene or some other
suitable absorbent,
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5.4 Stationary wave or resonance methods (the acousticlinterferometer)

With resonance methods, stationary waves are set up in the sample and
gither the acoustic path length or the frequency is varied until resonance
takes place in the material, i.e. the thickness is either an exact number of
half-wavelengths or an odd number of guarter-wavelengths, depending
on the type of resonance occurring (see Section 2.9).

For measurements in liquids and gases, a single reversible transducer
and a parallel solid reflecting surface are immersed in the medium (see
Figure 5.11}. The reflector, controlled in position by some kind of
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Figure 5.11 Basic design of acovstic intarferometer used for fluids, showing three
consacutive positions far resonance

micrometric device, is moved until a state of resonance is obtained. The
transducer is mounted for minimum damping (see, for example,

Figure 3.4}, and an electronic detector connected to it will indicate the
amplitude of its vibrations, The signal received by the detector is
observed for different positions of the reflector and peaks will indicate
resonance. The peaks decrease in amplitude as the distance from the
source is increased, and they are separated from one another by a
distance of one half-wavelangth. For low attenuation, the resonance
peaks are sharp and the decrease in amplitude with distance is small,
but, with high attenuation, the peaks are broad and die down rapidly.
The method of measuring attenuation is somewhat involved, but, where
this is low, an approximate value is given by the peak decrement,
Figure 5.12 shows a plot of the root mean square current through the
transducer against the position of the reflector for a liquid sample.
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A similar device originated by Giacomini using electromagnetic
excitation is described in Section 3.5. Figure 5.13(b) shows how the
damping capacity method is used for testing the properties of concrete
samples.

5.5 Mode conversion and total reflection methods

The total reflection method [i.e. the ultrasonic goniometer) may be used
for measuring the velocities of both longitudinal and transverse waves

in isotropic solid specimens when only a single plane surface is accessible.

It emnploys the principles of the reflection and refraction of ultrasound
at a plane boundary, as discussed in Section 2.12. For this method, the
solid is immersed with its plane boundary uppermost in a liquid. Material
A in Figure 2.12 represents the liquid and material B the solid. Pulsed
ultrasonic waves are transmitted from a piezoelectric transducer
immersed in the liquid along the direction AQ at an angle 7/ to the
normal and the reflected waves following the path OB are picked up by
a similar transducer, suitably placed, acting as a receiver. A peak repre-
senting the received reflected pulse is displayed on the screen of an
oscilloscope.

The two transducers are rotated simultaneously in such a way that
both the equal incident and reflected angless to the normal, for longi-
tudinal waves, remain the same. The angle of incidence is increased until
there is an abrupt increase in the height of the received trace. This
indicates that the incident angle has reached the first critical value iz,
The velocity c2 of longitudinal waves in the solid is related to the
velocity cq of longitudinal waves in the liquid by equation 2.22. If ¢q
is known, &9 can thus be calculated from the measurement of i;q. To
determine the velocity cor of transverse waves in the solid, the angle 7 is
increased still further until it has reached its second critical value iz, for

which there is another abrupt increase in the height of the observed trace.

The value of £o1 15 then given by equation 2.23.

Best results are obtained if the observed acoustic path length remains
entirely within the near field (see Section 2.14). For this reason one
should work at frequencies exceeding 2 MHz, with transducer diameters
of at least 10 mm.

A sensitive method, devised by Rollins”, for measuring shear wave
velocities with a single transducer consists of immersing the material
in water with a vertical stainless steel reflecting surface in contact with
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it at right angles (Figure 5.14). The transducer s rotated about the
axis formed by the vertical line of intersection of the surfaces of the
sample and the reflector until the second critical angle is reached, as
indicated by a sharp increase in the signal strength. When this happens,

Incident and
reflected beams

Stainless stesl
reflector

Transducer

Figure 5.14 Diagrammatic represgntation of Rollin‘s goniometer

surface waves refracted along the surface of the sample are immediately
reflected back by the stainless steel surface and reconverted into
longitudinal waves which travel back to the transducer.

5.6 Optical methods

5.6.1 The optical diffraction method

The optical diffraction method may be used for measurements in
transparent liquids and solids, When sound waves pass through a trans-
parent material, periodic variations take place in the refractive index,
this being a maximum in the regions of compression and a minimum in
the regions of expansion. These variations produce a coarse optical
diffraction grating having a spacing equal to the ultrasonic wavelength.
The grating moves with the velocity of sound, but, because this is
negligible compared with the velocity of light in the material (typically
1.8 % 10° ms™' as compared with 2 x 10* ms™!), the grating may he
considered to be stationary with respect to the light passing through it.
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A proper explanation of the phenomenon of optical diffraction is to
be found in texthooks dealing with physical optics (see, for example,
Longhurst® ).

8.6.2 The Schiieren method

The Schlieren method provides an effective way of visualising ultrasonic
beams, but it is not normally regarded as a means of measuring sound
velocities or attenuations. A typical arrangement for this method is
illustrated in Figure .18, A slit 5 is illuminated by a source of mono-
chromatic light, and its image is focused on to a wire W, parallel to the
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Figure 5.18 Use of the Schiferen technigue for ultrasonic waves in a liguid

slit, by means of a lens. The acoustic field is located, as shown, between
the lens and the wire, and the telescope is focused on to the wire. In the
absence of ultrasound, the wire completely obscures the image of the
slit. When the waves are propagated, the medium suffers local periodic
variations in refractive index as mentioned in Section 5.6.1 and the
optical beam is diverted to avoid the wire. Conseguently, a series of light
and dark parallel optical fringes, corresponding to the regions of com-
pression and expansion, respectively, may be observed. With progressive
waves, it is necessary for the source of light to be flashed on and off at
the ultrasonic frequency, i.e. to act as a stroboscope, for a stationary
pattern 1o be observed. With standing waves, however, the stationary
pattern is already present and stroboscopic illumination is unnecessary.
Any distortion of the acoustic field, e.q. diffraction, gives rise to a
corresponding distortion of the observed pattern.

An easily assembled and inexpensive Schlieren system suitable for
visualising ultrasound in liquids has been described by Bronson® .

5.7 Reverberation methods

The usae of the reverberation method at audible frequencies in the
application of acoustics to the design of buildings is well known. |t has
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now been extended to the upper kilo-hertz range for measurements of
absorption coefficients in liquids.

In an application by Karpovich®, the liquid under test is contained in
a spherical or eylindrical vessel (see Figure 5.19). A transmitting
transducer T and a receiving transducer R are cemented to the outer
surface of the wall of the vessel. Ultrasonic waves from the transmitter
undergo multiple reflections in all directions at the walls of the container,
and the sound field rapidly becomes diffuse. A steady state is reached
for which the same quantity of sound energy enters the liguid as is
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Flgure 5.189 Reverberation method, after Karpovich™

dissipated as a result of absorption. When the transmitting signal is
switched off, the amplitude of the signal picked up by the receiver
decays exponentially and the absorption coefficient can be calculated
from the logarithmic decrement of this decay (see equation 2.2b). A
preliminary measurement must be made with the vessel empty to allow
for any absorption by the material of its walls. The transmitter is, in
practice, excited at regular intervals by means of square-shaped pulses,
and the output of the receiver is amplified logarithmically and fed to
the ¥ plates of a storage oscilloscope, the time-base of which is synchro-
nised with the pulse trigger. A straight line having a negative gradient,
from which the attenuation coefficient can be calculated, appears on the
SCreen.

5.8 Impedance methods

It was stated in Section 4.4 that, when a shear stress is applied to a
liquid, a finite time elapses, quite often of the order of 107%s, before it
collapses and, during this short time, it is possible for the resulting
disturbance to be propagated for a short distance, say 0-1 mm, through
the liquid.

Velocities and absorption coefficients for shear waves in liquids
cannot be measured in the conventional manner, but it is possible to
determine these quantities by means of the impedance method which
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involves the measurements of the real and imaginary components of the
impedance of the transducer, often a Y-cut quartz crystal. The impe-
dance is affected by the loading of the transducer by the material of
propagation. Fuller details of the method are given elsewhere (Blitz®).
Mason and McSkimin (see Hueter and Bolt”) used an impedance
method, suitable for mega-hertz frequencies, which employs shear wave
reflections. The apparatus consists of two identical fused quartz bars
(Figure 5,20} with their end-faces inclined at an angle 0 to the horizontal
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Figure 8 20 Shear wave refiection method of Mason and McSkimin

Similar ¥-cut quartz crystals are mounted on these end-faces so that
shear waves polarised in a direction parallel with the upper surface are
totally reflected, as shown. The magnitude of the angle of incidence
to this surface is sufficiently high that no longitudinal waves can be
trarismitted as a result of mode conversion. The magnitudes of the
received signals for each bar are compared, and balance is obtained by
adjustment of an attenuator and a phase shifter. A thick layer of the
viscous liquid under test is placed on the top surface of one of the bars,
and the balance is restored by further adjustments of the attenuator and
phase shifter. From these adjustments and a knowledge of the character-
istic impedance of the fused quartz for shear waves, the shear wave
propagation constants for the liquid can be calculated.
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CHAPTER SIX
LOW-INTENSITY ULTRASONIC APPLICATIONS

6.1 General considerations

Applications of low-intensity ultrasound are generally based on the
technigues of measuring velocities and attenuations described in the
previous chapter. In most cases, it is essential that the method employed
is a non-destructive one, i.e. no permanent changes must take place in
the properties of the material of propagation, Low-intensity ultrasonic
techniques have now been developed to a stage at which there are
thousands of different applications, but it is possible here only to
describe briefly some of the more important ones, For further informa-
tion, the reader is recommended to consult the hibliography given in
Chapter 1 and the references provided at the end of this chapter.

6. 1.1 Applications involving velocity measurements

The velocity of sound in a material depends on the elastic constants
and density of that material, as shown in equation 4,1, Thus direct
measurements of velocity determine the elastic constants provided that
the density can be evaluated by another method, e.g. by measuring the
volume and weighing or by using a hydrometer,

Both the elastic constants and the density vary with temperature,
concentration, nature of alloy, structure, and so on, and & measurement
of the velocity may vield information about one of these quantities
provided that the others remain constant or can be measurad
independently.

The most important of the applications of velocity measurements
are flaw detection, thickness gauging, and various types of control
devices. In these applications, the acoustic velocity in the material is
already known and it is the acoustic path length which is determined
by timing the passage of ultrasound.

6. 1.2 Applications involving attenuation measurements

Applications involving attenuation measurements usually employ the
resonance and pulse technigues. The resonance technigue is often applied
to the measurement of absorption in a solid bar using Bordoni's internal
friction method, described in Section 5.4, at frequencies of up to about
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50 kHz; this procedure enables one to investigate the dislocation
density, which governs the degree of hardness of the material. When a
specimen is annealed, the dislocation density is low, but it may be
increased by work-hardening, i.e. the specimen becomes harder but
more brittle when the number of dislocations is increased (see Section
4.6.2),

Attenuation measurements with the pulse technigue are often used
for determining grain sizes in metals, usually at lower mega-heriz
frequencies. Scattering at grain boundaries in a polycrystalline specimen
causes the ultrasound to be attenuated (see Section 4.6.1), and, at a
given frequency, the attenuation coefficient is proportional to the
average volume of the grains in that specimen. Thus a coarse-grained
material will attenuate ultrasound to a higher degree than a fine-grained
material. The attenuation also varies with the fourth power of the
frequency, and this sets an upper limit to the frequency range for which
the method 15 usable. This limit varies from 2 MHz for coarse-grained
materials to 10 MHz for fine-grained materials, The lower limit is set by
the fact that this type of scattering, known as Rayleigh scattering,
becomes negligible at frequencies of much less than 0.5 MHz. The
scallering technigue can also be used at lower frequencies, e.g. 200~
500 kHz for investigating the structures of fine concrete mixtures.

Attenuation measurements also indicate the presence of gross defects
and the existence of distributed porosity in materials. In these cases, it is
usial, because of the high value of attenuation, to use a transmission
mathod.

6.2 Ultrazonic flaw detection

The idea of using ultrasound to detect flaws in materials was put
forward by Sokolov in the USSR as early as 1934, However, the method
he used consisted of a crude image converter and it did not prove to be
of great value. Mot much progress was made in this field until the
development of the ultrasonic pulse technigue.

In general, the basic pulse method described in Section 5.2, with
longitudinal wave propagation at mega-hertz frequencies, is used. 11 is
customary to employ the single-probe pulse echo method, making use of
a reversible transducer. This method is feasible when the opposite
surfaces of the material under test are reasonably parallel with one
another and the line of the defect is roughly parallel with these surfaces,
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pravided that it is not too near a surface or another defect. In the
absence of any defect, two peaks A and B (see Figure 6.1) appear on the
screen of the oscilloscope. The peak A indicates the time of trans-
mission of the pulse and the peak B the time of its receipt after a single
reflection at the opposite surface of the specimen, i.e. the bottom echo.

Figure 6.1 Appearance of peaks on the oscilloscope screen of an ultrasonic
fiaw detector

The presence of a defect gives rise 1o a discontinuity of characteristic
impedance in the material, and reflection of part or all of the incident
waves takes place, resulting in the appearance of another peak, C. The
horizontal distance AC across the screen indicates the position of the
defect, and the height of the peak C is determined by the intensity of
the ultrasound reflected back to the transducer, i.e, it indicates, to some
extent, the size of the defect, As one would expect, the peak B
diminishes in height when a defect is present, and this diminution can
sometimes serve as a better indication of the nature of the defect than
the height of the peak C. For example, when the defect is orientated at
an angle to the top surface of the sample, much of the sound reflected
by it is lost.

Defects in various parts of the material are located by moving the
transducer probe (see Section 3.2.6 and Figure 3.5) over the top of the
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surface, a method known as scanning. 1t is customary to slide the probe
over the surface, using an il couplant which also acts as a lubricant. For
aytomatic scanning, it is usually more desirable to use an immersion
technique in which there is no direct contact of the probe with the
surface and which has the advantage that there is no variation in the
loading on the transducer as a result of manual pressure. Heights of the
peaks, corresponding to reflections, are thus constant for a given
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Figure 6.2 Arrangement of probe and fest sample for immersion scanning

intensity, The sample and the probe are both immersed in a liquid,
usually water, and separated from one another by a fixed vertical
distance (see Figure 6.2). The probe, or the sample, is moved mechani-
cally with the vertical distance of separation remaining constant until

a complete scan 15 made. In the observation of the oscilloscope trace,
allowance must be made for signals reflected from the top surface of the
test sample, To take fullest advantage of the time-scale of the oscillo-
scope, the time-base is delayed to such an extent that the only peaks
appearing on the screen are those corresponding to pulses reflected at
points located between the upper and lower surfaces of the sample, i.e.
referring to Figure 6.1, the peak A will now represent reflections from
the upper surface, B reflections from the lower surface, and C reflections
from a defect.

The degree of resolution of a signal from a defect may be reduced for
two main reasons, First, it is not possible with a single probe to locate
any defect in what is called the dead zone, which may extend to several
millimetres distance from that surface in contact with the transducer,
Its existence arises from the fact that the high direct voltage, often of
the order of 300V or more, required to excite the transducer, provides,
when fed to the ¥ plates of the oscilloscope, a very large peak at the
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commencement of the trace which appears on the screen. It may take
as long as 1 s, during which time the pulse will have travelled about
56 mm {about % in), before the amplitude of this peak has virtually
decreased to zero. The dead zone can be eliminated by using the
immersion technique.

Another cause of decrease in resolution is the fact that it is not
possible to distinguish two defects from one another or a single defect
from a surface when the distance of separation 15 less than one pulse
length. This second difficulty becomes lass seripus as the distance from
the source increases, because the peak amplitudes and widths decrease
as a result of attenuation.

However, both these troubles may be overcome by the use of the two-
probe technigue, requiring separate transmission and receiving probes
which can be placed side by side [see Figure 5.4(b}]. Care must be taken

~Angle probe

~Crack

Figure 6.3 Use of a single probe of sultable angle to locate an awkwardly
placed defect

to avoid any direct pick-up from the transmitting probe by the receiving
probe as a result of electrical coupling or acoustical coupling (e.q.
through the generationpf surface waves).

When the defect does not lie in a direction parallel with the surface,
it is better to use an angle probe, consisting of a transducer mounted on
a plastic wedge. If the wedge has a suitable angle, the beam is incident
normally to the surface of the defect and a taller peak representing the
flaw echo is observed. Figure 6.3 shows how the position of an
awkwardly situated crack can be detected with the use of a single probe
of suitable angle.

There are certain applications, such as the detection of defects
orientated at right angles 1o the surface, e.g. flaws in butt welds, for
which a technique known as forward scanning is employed, Using an
angle probe with a wedge of suitable angle, it is possible by the method
of mode conversion (see Section 2.12] to propagate transverse waves at
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Mention should be made of the pulse transmission (or shadow)
technique of flaw detection for which two probes are located opposite
one another, as shown in Figure 5.4(a). |1 is often used for testing
highly attenuating materials, for which the echo method would be
unsuitable because of the doubling of the acoustic path length. The
transmission technigue does not indicate the position of a defect but
only whether or not it is present. It will however, give some idea of the
magnitude of the defect from the degree of attenuation of the received
signal.

Preston® has shown how the transmission method has been used in
the study of defects in rubber—metal bonds by measuring the attenuation
and relating this to the transmission coefficient for a perfect rubber—steel
bond immersed in water. The value of this coefficient would be reduced
by &n air-gap caused by the lack of bonding between the rubber and the
steel, and an observation of this reduction from the decrease in height
of the oscilloscope trace would indicate the extent of this defect .

When ultrasonic flaw detection techniques are applied, a considerable
amount of skill is required on the part of the operator. He must be
suitably trained in order to be able to identify various types of defects
from the shapes and sizes of the traces observed on the screen. Care
must be taken to ensure that a particular peak corresponds to a defect
and is not a spurious indication such as one obtained, for example,
from the spreading of the beam and subsequent reflection at the sides of
the sample, possibly with mode conversion (see Section 2,12 and
Figure 2.14).

In many cases, the nature of the detected flaw can be interpreted
from a previous history of the material, e.q. the existence of blow-holes
and slag inclusions in steel, resulting from the technigue used in the
foundry, or the production of cracks due to a faulty rolling process.
Depending on the future use of the material, certain defects may be
tolerated, e.g. in regions where negligible stresses are likely to be exerted,
whilst others are sufficiently important for rejection. & minor crack in a
given region in a sample may be harmless whereas a larger crack cannot
be tolerated. Test-blocks have been made to assist the operator in his
decision whether or not 1o pass a component for service, These blocks
are drilled with flat-bottomed holes of different diameters, and, in the
designer’s specification for a component, the height of a peak observed
on the oscilloscope screen, resulting from reflections from a crack of a
given size, is compared with that due to reflections at the remote end of
a flat-bottomed hole drilled in a test-block made from the same material,
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Thus a crack of the largest tolerable size may be stated to reflect a signal
of the same amplitude as that from the bottom of a hole of, say, 1-5mm
diameter located at the same depth. Alternatively, it may be stated
that the amplitude of the signal must not be greater than a given
number of decibels compared with that reflected from a specified hole.
Figure 6.7 illustrates a typical test-block with holes of a given diameter
but of different depths.

Ultrasonic flaw detection is a technigque which can be rapidly carried
out and does not involve the use of dangerous ionizing radiations such
as those produced from x-ray tubes and radioactive isotopes. Sometimes,

/ hnttnme
/ sholes

=

Figure 6.7 Dasign of a test-block for longitudinal waves, showing flar-bortomed
holes of different depths

Testing
surface

however, ultrasonic testing is carried out in addition to other forms of
testing. For example, x-rays may be used on a component to indicate
whether or not defects are present and to give an indication as to their
location. Ultrasonic testing is then applied to investigate the exact
positions of the flaws and, perhaps, to present fuller details of their
nature.

6.3 Scanning techniques in ultrasonic testing

Three different methods of scanning are employed in altrasonic tasting,
namely the &, B-, and C-scans.

.37 A-gean method

With the A-scan, a time-base is connected to the X plates of the
oscilloscope and the output from the probe fed to the ¥ plates. The
probe is moved over the surface in a systematic manner as shown, for
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6.3.3 C-scan method The degree of resolution of an ultrasonic imaging system will increase
as the wavelength is decreasad, i.e. as the frequency is increased. However,
there is an upper limit of about 10 MHz which is determined by the
increass in the ahsorption coefficient with frequency for water.

The earliest ultrasonic imaging methods were devised in about 1934
by Sokolov. The object was immersed in water in the path of a vertical
ultrasonic beam. An acoustic lens was located above the object in such a
position that the image was formed on the liquid surface. This image

With the C-scan, the position of the spot on the screen of the oscilloscope
corresponds to that of the probe. The probe, sometimes mounted on 3
carriage, can be moved along two directions at right angles to one
another. The motion along one direction controls the voltage across the
X plates of the oscilloscope, and the motion along the other direction
controls the voltage across the Y plates. The amplitude of the reflected

signal governs the intensity of the electron beam and, hen , ) . . .
. 1'r. - hence, the spot appeared in the form of surface disturbances which were visualised by
on the oscilloscope screen in the same manner as for the B-scan, The . s -
obligue illummation.

position of any defect ar discontinuity which gives rise to reflection is During World War 11, Pohlmann, in Germany, devised a method

not indicated by this method. T if - i .
¥ od. Thus, if one uses a storage oscilloscope for the inspection of shell cases: an ultrasonic image of an object was

or if the screen of an ordinary oscilloscope is photographed for the
._.__F'EFEFIE'I lerns

duration of the scan, an image of the internal structure of the sample, ]
similar in appearance to an x-radiograph, is obsarved, Figure 6.10 shows wf”"ff R
an arrangement for a C-scan, using a storage oscilloscope, which permits Ohipet T T 'En?ge

: _ . ] ject R,
the image U_i* bE E'h:EF-r‘ded urlsa..-al_hr during the exposure of the photographic O Water Water 0
plate; the viewing is best done in a darkened room. H”’“HH -""f

-\__\__\_-\_\_\-L\-\- _'__,.,-r"-'-.-'-'-'-r
-\__\_\_\_-‘--\- -F_F_'__o—"--'-
—

Figure 8,17 Degign of a converging witrasonsc fens
6.4 Ultrasonic im aging

formed in a thin cell which contained a large number of minute

An imaging technique which, by now, has become well established is the aluminium discs of diameters small compared with the wavelength (see
C-scan n'lle1:hc:d discussed in the previous section. In this section, other Hueter and Bolt® ). In the absence of any sound waves, the discs were
ultrasonic imaging methods are briefly described. orientated with their surfaces parallel to the direction of sound.

Orne method of imaging is to immerse the solid sample in a liquid, to When the ultrasound was radiated, they behaved as Rayleigh discs {see
achieve the most efficient degree of coupling, and to irradiate it with Section 3.4), each having rotated by an amount dependent on the
ultrasound. Using an acoustic lens, an image is formed in the same way acoustic intensity. On the cell being illuminated, a visual image of any
as a visual image with an optical lens. Internal structures of optically internal defects appeared.
opague objects can thus be examined. With the method of Smyth, Poynton, and Sayers™* {see Figure 6.12),

Basically, an acoustic lens is designed in a simuar 1asnion to an the object O is immersed in a tank of water and irradiated by the quartz
optical lens. However, it must be remembered that, in optics, a beam s crystal C at a given frequency. Images of points forming the object are
refracted towards the normal when it passes from an optically less dense focused by the acoustic lens L 1o the corresponding points on the
to an optically denser medium. In acoustics, the converse is applicabla quartz plate Q which forms the end-surface of the cathode ray tube T,
and a converging lens must have either ane or two concave surfaces if it replacing the usual fluorescent screen, Waves incident at points on Q
is placed in an acoustically less dense medium {i.e. 2 medium having a induce, piezoelectrically, localised electrical charges of magnitude pro-
lower velocity of sound]. Figure 6.11 illustrates the action of a portional to the amplitude of the beam., At the same time, Q is bomn-
typical ultrasonic converging lens made, say, of Perspex and placed in barded by a narrow beam of cathode rays which moves over the surface,
water, in the same way as a television scanner, and secondary electrons are
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velocity of sound was plotted as a function of the applied stress. The
curves in the figure apply where a stress is exerted in, say, the z direction
and longitudinal waves and two separate beams of shear waves are
propagated in the x direction. The shear waves are polarised in the y and
z directions, respectively. For isotropic materials, the two beams of

shear waves would normally travel at the same velocity, but the introduc-

tion of any anisotropy may cause them to move at different velocities.
To determine the stress, the phase difference ¢ between the two shear
wave components of the received pulse and the value of the

03
Shear mode
02| polarised | stress
o Shear mode
& polarised [/ stress
s
- 0O Siress
01 Longitudinal
- mode
-2

Figure & 16 Variations of acoustic velocity with spplied stress, after Shahbender?

longitudinal wave velocity (to determine the acoustic path length) are
measured. The value of the stress is obtained from the calibration curve

using the relationship
il [ { Ac ‘Ac
p= (—] {—”:l (6.1)
cﬂ ) ED_. n _Cfr.. 1]
where &2 is the angular frequency and [ the acoustic path length; ¢y is
the shear wave velocity in the unstrained medium (the same for all
polarisations} and the suffices n and p represent polarisations in the

directions normal and parallel, respectively, to the direction of stress
in the strained medium; Ac is the velocity chanoe.

6.5.2 Acoustic emission

Another phenomenon observed in a solid under the action of externally
applied loads is the plastic deformations which take place at discon-
tinuities in its structure. They may give rise to a pile-up and final
breaking away of dislocations. This mechanical disturbance may be
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sufficiently intense for the propagation of acoustic waves, having a
frequency range which depends on the nature of the discontinuities but
which could lie within the limits from, say, 30 kHz to 1 MHz. Dunegan
and Harris'® have described experiments carried out within the frequency
range 30— 150 kHz to detect interior cracks and to investigate how dis
locations and cracks grow in size as the loading increases.

6.6 Ultrasonic thickness gauging

Ultrasonic thickness measuring can be achieved with the use of either
the pulse or the resonance technique, as described below.

With the pulse technique, equipment similar to that used for flaw
detection is employed, in conjunction with a variable delay line (see
Section 5.2). Simultaneous propagation of pulses is made through the
sample and the delay line, which may be, for example, either a length
of nickel wire on which the position of a magnetostrictive exciting coil
can be adjusted or a liguid terminated by a reflector (single-probe
method) or by another transducer (double-probe method). Two separate
traces corresponding to the received signals are observed on the screen,
and the delay line is then adjusted in length until the peaks coincide in
position. The thickness of the specimen is obtained by noting the
length of the delay line, usually with some micrometer device, when
coincidence is ohserved. The delay line is calibrated by measurements
in materials of known thicknesses for which the acoustic velocities are
known.

With the resonance technique (see Section 5.4) a single wide-band
frequency transducer may be used. Thiscan be a piezoalectric crystal
mounted for heavy damping and operated well below its fundamental
resonance frequency. The frequency of the exciting oscillator is
adjusted until the sample resonates, as indicated by a sharp increase of
the current through the transducer. Alternatively, the oscillator exciting
the transducer can be made to sweep through the whole of the required
frequency range at regular intervals and the ocutput from the transducer
fed to the Y plates of an oscilloscope, the X plates of which are con-
trolled by the frequency sweep. Peaks appearing on the oscilloscope
screen can give direct indications of thicknesses, by taking into account
the fact that the material has a thickness of an integral number of half-
wavelengths for each position of resonance.

An important advantage of the ultrasonic method of thickness
gauging is that access to only one of the surfaces is necessary. This is

117



advantageous for the assessment of the internal corrosion of pipes. The
thickness of a ship's hull can be measured as a test for external corrosion
from inside the ship whilst it is at sea, thus avoiding the expensive, time-
consuming, and less reliable process of taking sample borings of the hull
whilst the ship is in dry dock. Measurements of the depths of fat on
bodies of live animals is another profitable application of ultrasonic

thickness gauging; this has proved to be extremely valuable in the rear-
ing of pigs for bacon.

6.7 Estimation of grain sizes in polycrystalline materials

In Section 4.6.1 it was stated that ultrasound is scattered in a poly-
crystalline material by the individual grains forming its structure and
that, if the wavelength is large compared with the mean grain diameter,

5 Transducer L Transducer
1Y 1F
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Tube under test
Water Water
Side view End view

Figure 6,17 Location of transducer and tube in water tank for grain size
investigations, after Aldridgel !

the resulting attenuation at a given frequency is proportional to the cube
of the diameter {see also equation 2.27). It was also stated that this
phenomenon may be used to determine or compare mean grain sizes in
different samples of material,

Aldridge”! has devised a method by which not only the mean grain
sizes but also the grain size distribution may be determined rapidly in
thin stainless steel tubes. He used the pulse method in which a concave
ceramic transducer of frequency 10 MHz was focused on to the tube
surface over an area of 0+3 mm diameter at a distance of about 10 mm
from it. The tube was immersed in water with the transducer fixed in
position, and a helical scan was made over the whole of its surface by
rotating the tube as it moved in an axial direction {see Figure 6.17). The
Tube was plugged at each end to keep its inside free from liquid and
thus to prevent any penetration of ultrasound. The point of focus of
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the transducer was positioned in such a way that waves reflected in a
regular manner did not arrive back at the transducer and that only
scattered radiation was received.

Because the grain size distribution was not uniform, the amplitude
of the received pulses varied with position of the tube. The signals from
these pulses were fed to a 100-channel analyser, and scatter distribution
curves were obtained (see Figure 6.18). The peak heights and shapes of
the curves indicated, respectively, the mean grain sizes and grain size
distribution. Calibration was made from samples having their grain siZes
and distributions determined by conventional visual methods.

Wumber of grains

v
fny (]
III|||II Ploagygyprppannin 8008 iy
i
TN -

Size of grains

Figure 6. 18 Grain size distributions for two different samples of stainless steel
tubes of similar dimensions ebtained fram witrasanic scatter
measurgments, after Aldridge

6.8 Ultrasonic sensing

Ultrasound has been used in air, in other gases, and in liquids for the
sensing of objects. An obstacle placed between transmitting and receiv-
ing transducers or between a reversible transducer and a reflector
interrupts the beam, with the result that there is & change in the
amplitude of the received signal. |n gases, most applications are made

at the lower frequencies where attenuation is small. The frequency used
should not be too low otherwise audible sound is emitted and, further
more, a reduction in the directivity of the beam will be experienced (see
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beam when the concentration is a little too weak, in accordance with the
laid-down tolerance. Photocells are placed behind the slits, and relays are
operated in such a way that a valve admitting one of the components of
the solution is opened when slit 1 is illuminated and a valve admitting
the other component is opened when slit 2 is illuminated. The valves
close when the photocells are no longer excited. In this way, the con
centration is maintained at a constant value.

By measuring the acoustic velocity with a suitable method (see
Chapter 5}, the temperature of a hody or enclosure can be determined
provided that the manner of variation of velocity with temperature for
the material is known. An accuracy of better than 1 per cent can often
be attained.

Bell'® has shown how the temperature of a furnace, molten metal,
or nuclear reactor core can be determined by measuring the resonance
frequency of a solid rod acting as & sensing element. This sensor, in the
form of a rod or wire, is made from a refractory material either one or

Sensing element
AL or (2Zn 1) A0

Mognetostrictive long :

.ff transducer \
(o ! T T ’_'—gl
=1 Y 7

Exciting Lead-in Mé coupler
Isalator and and Lire
reflectar detecting

coil

Figure .21 Solid acoustic thermometer, after Bell 18

three guarter-wavelengths long. 1t is joined to a quarter-wavelength
coupling rod of larger diameter to provide a mismatch of mechanical
impedance (i.e. the product of the acoustic characteristic impedance and
area of cross-section) at the node. This gives the sensor a higher Q factar
so that it vibrates with high amplitude only over a narrow band at the
resonance trequency (see Figure 6.21), Where possible, the sensing
element and coupling rod can be machined from the same piece of
material. The coupling rod is connected by a long rod or wire to a
magnetastrictive transducer, to the far end of which are fitted wider-
diameter rods to isolate reflected waves.

Pulses of, say, 40 oscillations are propagated with a frequency which
can be varied within suitable limits. The pulses are long enough for the
formation of standing waves in the sensing element. Resonances at the
natural frequency can be abserved on the screen of a cathode ray
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oscilloscope. These resonance pulses can be distinguished without
difficulty from those reflected from other discontinuities in the acoustic
line, because of the high Q factor of the sensing element,

Mobsby'” used this device with a quarter-wavelength sensing element
made of ruthenium, which has a melting point of 7310°C. The element
was 10 mm long and resonated at a frequency of 136 kHz, which fell
to 120 kHz at 1700°C, giving an average sensitivity of 20 Hz °C™"
at the higher temperature limit, The accuracy of the thermometer
depends on the Q factor of the sensing element and may be as good as
0-1 per cent.

Of recent innovation is the w/trasonic leak detector, which has been
used for both pressure and vacuum systems. When a gas passes through
asmall aorifice, sound waves are propagated by the resulting disturbance,
It has been found that virtually all small leaks emit ultrasound having
frequencies close to 40 kHz. A small portable detector consisting of a
ceramic transducer with a horn connected to a transistorised amplifier
and detecting meter, having a frequency response covering the rangs
36—44 kHz, is now commercially available’®.

6.10 Ultrasonic delay lines

Delay lines are devices for storing electrical signals for finite lengths of
time, e.q. in computers to store information to be extracted at a later
stage of a calculation. Much success has been achieved by applying

Transmitier Feceiver

lrll. -

Fused quartz rod

Figure 622 Ultrasonic delay line using shear waves after mode conversion,
aftar May 17

ultrasound for this purpose. Electrical signals are fed 1o a transducer
and converted to ultrasonic waves which travel a given distance through
the material acting as a delay line, the length of which depends on the
velocity of sound in it and the required time of delay. At the end of the
acoustic path, a transducer converts the sound back o an electrical
signal,

The simplest form of ultrasonic delay line consists of a crystal
transducer radiating into a column of liquid (e.g. mercury contained in
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a tube) and terminated at the opposite end by a reflector. The delay
time depends on the length of the liquid column, e.9. the position of
the reflector relative to the transducer. Solid delay lines are often more
convenient to use. For short delay times, e.q. of the order of a micro-
second, the transducers may be placed at opposite ends of a solid block
or rod, a few centimetres in length. The delay time can be increased by
the use of shear waves, which have velocities of the order of one-half
those of longitudinal waves in the same material. Figure 6.22 shows how
shear waves are produced by mode conversion, propagated along a fused
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Figure 6.23 Polygan delay iine, after Arenberg?®
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Figure 8 .24 Magnetastrictive delay line

que_nrf:z or silica rod, and reconverted back into longitudinal waves before
arriving at the receiving transducer. Longer delay paths, of the order of
a few milliseconds, can be obtained by multiple reflections in polygons
rnallcle of low-loss materials such as fused quartz (see Figure 6.23). By
using a magnetostrictive delay line, such as a nickel rod with coils, the
delay time can be made continuously variable by altering the relative
positions of the coils {Figure 6.24),

Latest developments in ultrasonic delay lines involve the use of
surface waves for which both velocities and absorption coefficients are
rpu{:h less than for bulk waves for a given material, A surface wave delay
line may consist of a piezoelectric material medium with comb-type
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transducers [see Section 3.2.5 and Figure 3.9). The line can be mads
variable in length if the receiving comb assembly is coated to the under-
side of a thin piece of suitable material which can be slid along the
surface either towards or away from the fixed transmitting comb.

Useful accounts of ultrasonic delay lines have been given by
Eveleth® and by Roderigue®?. The account by the latter author is of
interest because it concerns the use of microwave frequencies at room
fernperatires.

6.11 Applications of ultrasonics to fluid flow

In Section 4.4 it was shown that the attenuation of shear waves in a
viscous liguid at a given frequency decreases with increasing viscosity.
The damping of the vibrations of a shear wave transducer placed in such
a liquid is thus related 10 the coefficient of viscosity n of that liquid.
One method of measuring 17 consists of the periodic application of
pulses to a Y-cut crystal or, at a lower frequency, a torsionally vibrating
rod immersed in the liquid. The pulse repetition frequency is governed
by the degree of damping in the following manner. When, after excitation
of the first pulse, the amplitude of the transducer falls to a predetermined
level, another pulse is triggered off. Hence the pulse repetition frequency
increases with damping and, if the device is calibrated with a liquid
having a known coefficient of viscosity, provides a measure of viscosity.
The velocity of flow of a liguid in a pipe can be measured by the
application of the Doppler principle (Section 2.16). In the simplest
application, using the pulse technique, two reversible transducers
operating typically at a mega-hertz frequency are placed in the liguid
s0 that the line joining them is parallel with the direction of flow.
Initially one of these transducers acts as a transmitter and the other as
a receiver, but, at regular short intervals, they are switched over to
reverse their functions. The acoustic velocities are ¢ + w along the
direction of flow and ¢ — w in the opposite direction, where ¢ represents
the velocity of sound and w the velocity of the flow of liquid. The
received signals are fed to an oscilloscope, on the screen of which two
peaks are observed, corresponding to the velocities o + w and ¢ — w.
Because the frequency of switching from one transducer to the other is
high, the peaks are observed simultaneously. The distance between the
peaks depends on the difference between the times t; and t; for the
waves to travel in their respective directions. Thus, if d represents the
distance of separation of the transducers, it can easily be seen that
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where w is small compared with c.

This does not apply when the bore of the tube is narrow, because of
the interruption of the liquid flow by the transducers. The flow becomes
unimpeded if the transducers are located on plastic wedges bonded to
the outer wall of the pipe, as shown in Figure 6.25. The ultrasound then
travels along a line inclined at some angle § to the axis of the tube. The
relative positions of the transducers depend on the velocity of flow, and
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Figure 6.25 Arrangement of transducers for messuring the velocity of a liguid
flowing through a narrow tube, using the Dopplar effect

w in equation 6.2 is then replaced by w cos @, the component of the
velocity of the liquid in the direction of the sound, i.e.

d d

h—tyg= — - &
c=wceosfl ¢+ wcosl

(6.4)

wé‘:’_;g' —tal (6.5)
cos
where w15 small compared with ¢.

The angle of the wedge should not be too great otherwise total
reflection may occur at the interface of the inner surface of the tube
and the liquid. This difficulty may be overcome where the tube is made
either of the same material as the wedge or of a thin metal of thick ness
less than one-tenth of a wavelength (see Section 2.8). In the latter case,
the nature of the material of the tube has no effect on the transmission
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of the waves. Alternatively, a short length of this kind of tube having
the same diameter as that of the parent tube may be interposad withouwt
disturbing the flow of the liquid.

6.12 Applications of ultrasonics to medical diagnosis

The technigques used in flaw detection have been extended with much
success to medical diagnosis. The characteristic impedances and absorp-
tion coefficients of different parts of the human body, such as muscles,
bones, layers of fat, ete., vary sufficiently to enable reflections and
attenuations to be observed using the methods described in Sections
6.2, 6.3, and 6.4. The acoustic properties of healthy and malignant
tissues have been found to differ by a sufficient extent to make possible,
in a number of cases, an early diagnosis of cancer. The uses of miniature
transducers have enabled practitioners to conduct certain ophthalmic
and dental examinations ultrasonically. In all diagnoses, care must be
taken Lo ensure that the intensities are sufficiently low to prevent harm-
ful effects to the body occurring as a result of overheating and cavitation.
Frequencies used for medical examinations range from 1 MHz to 10 MHz

Spectacular advances in medical diagnosis have been made with the
use of the C-scan technigue described in Section 6.3.3, and clear
‘pictures’ have been obtained of the foetus in an expectant mather at
different stages of pregnancy, and of malignant growths, damage, and
inflammations for various organs such as the breast, the liver, and the
brain, Thickness measurement technigues have been used for measuring
dimensions in foetal, bladder, and liver examinations.

Doppler methods have been used for the measurement of the
velocity of blood flow and of the motion of the mitral valve of the
heart, The latter can be determined by the frequency shift caused by a
moving reflector, as explained in Section 2.16.

The developments of the use of ultrasound in medical diagnosis are
far-reaching, and lack of space prevents the further discussion of their
details in this chapter. An excellent account of the subject has been
given by Wells™ .
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CHAPTER SEVEN
HIGH-INTENSITY ULTRASONICS

7.1 General considerations

In general, it may be said that ultrasound has a high intensity when the
applied acoustic stress is sufficiently great for it to be no longer linear
with the resultant strain, in contradiction to Hooke's law. The corres-
ponding acoustic power may be of the order of watts and, in some cases,
may be as high as several kilowatts, as compared with powers of the
arder of milliwatts or microwatts for low intensities, The changes
brought about by high-intensity ultrasound zre often permanent.

In this chapter, the principles of the various high-intensity phenomena
and devices are explained and an account of their applications is given.
Fuller details, together with a comprehensive list of references, have
been provided by Brown and Goodman'.

7.2 Cavitation

Many of the applications of high-intensity ultrasonics concerning liquids
often involve the use of cavitation. This phenomenon may be observed
in boiling water and also in sea-water in the vicinity of the rotating
propeller of a ship. Cavitation takes place in a liquid when it is subjected
to rapidly alternating pressures of high amplitude. It can thus be brought
about by the use of sound of sufficiently high intensity,

Imagine that sound travels through a small region in a liguid. During
the positive half-cycle of the waves, the liguid in the region is compressed,
and, during the negative half-cycle, it expands. When the acoustic
pressure amplitude is greater than the hydrostatic pressure, the mole-
cules of the liguid are wranched apart and voids are created. The voids,
which contain only the vapour of the liguid, expand during the
negative part of the pressure cycle and then collapse abruptly. This
collapse takes place almost instantaneously with the release of energy
at an enormous rate, giving rise to the propagation of shock waves.

Local temperature increases of some tens or hundreds of thousands of
degrees are consequently attained for very short periods at the
frequency of the wave propagation. The action just described 15 called
true or vapour cavitation, which is observed in liguids free from bubbles.
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effects in a given liquid, one should operate at a temperature correspond-
ing to the peak on the curve. This is not always feasible because the
piezoelectric or magnetostrictive effect of the transducer may decrease
considerably if the temperature is raised too high.

Water, because of its comparatively high surface tension, is a very
effective medium for cavitation. It can be made still more effective by
the addition of about 10 per cent alcohol, which results in a considerable
increase in the saturated vapour pressure but a decrease in surface
tension. However, the beneficial effect caused by the rise in vapour
pressure more than compensates for any losses due to the fall in surface
tension.

Cavitation may be accompanied by a weak emission of light, a
phenomenon known as sonoluminescence, from which a continuous
spectrum can be observed. This probably arises from the incandescence
of the vapour in the bubbles as a result of local increases in temperature
of thousands of degrees. Another possible cause of the phenomenon is
the production of electrical discharges across the bubbles as a result of
lonisation produced by cavitation.

The various effects of cavitation and their applications are discussed
in some of the following sections of this chapter. One chooses a low
operating frequency to obtain the maximum effect, but the lowest
practicable limit is about 18 kHz. Below this frequency, the sound is
audible, and, because of the very high intensity required to produce
cavitation, conditions for the operator and others in the vicinity are both
unpleasant and harmful.

7.3 Emulsification

An important application of ultrasonic ally induced cavitation is the
emulsification of two immiscible liquids such as oil and water. Oil is
injected into the water, which is then excited ultrasonically to produce
cavitation. As a result, very fine droplets of il are forced with high
energies into the body of the water and the minute particles of oil
rapidly disperse to form a highly stable emulsion. The name homogenis-
ation is often applied to this process.

Emulsification can also occur as a direct consequence of agitation
alone, even in the absence of cavitation. An example of this is the mixing
together of two liquids having widely differing densities, e.g. water and
mercury. However, the emulsion so formed is not very stable and the
liquids separate after a very short time.
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The production of emulsions by ultrasonically induced cavitation
has extensive application in industry, where it is often found to be
maore effective than by the method of mechanical agitation or stirring.
Uitrasonic technigues are advantageous because there is less mechanical
wear of the equipment and no unwanted air bubbles are introduced.
There is no need to raise the temperature, an advantage where heating
might otherwise affect the quality of the product, and no time is
wasted in waiting for the emulsion to cool down, .
Applications of ultrasonically induced homoagenisation are numerous,
In the food industry, the method is used in the preparation of dairy
products, sauces and gravies, mayonnaises and salad creams, and syntheti
creams. In the frozen-foods industry, the sauces prepared by ultrasonic
homogenisation will withstand repeated freezing and thawing because
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Figure 7.3 Production of emulsions using the resonant wedge whistie, after
Crawford®: (a) initial stage; (b final stage

of the high stability of the emulsion. The phenomenon is applied also
to the preparation of pharmaceutical products, including antibiotic
preparations, and to cosmetics, paints, and polishes.

The resonant wedge whistle, described in Section 2.4, is often used
for the production of emulsions. Figure 7.3 illustrates a method of
preparing an oil—water emulsion with this device. First of all, an
emulsion is formed ultrasonically as the oil is introduced into the water
[Figure 7.3(a}], and then the mixture is refined by circulation. Finally,
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the oil supply is disconnected and the emulsion is forced through the
whistle into the second container to produce an even fine suspension.
The diameters of the suspended particles may be as little as 2 um.

1.4 Ultrasonic atomisation

As early as 1927, Wood and Loomis showed that when a beam of
intense ultrasound emerging from a transducer immersed in a liquid is
directed upwards, a fine mist appears above the surface. The den sity of
the mist depends on the intensity of the waves, and the size of the
droplets is reiated to the frequency and to the surface tension of the
liquid. Surface waves are propagated as a result of the disturbance, and
their wavelength is determined by these quantities. |t has been shown
that the diameters of the droplets are approximately equal to a little
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Yelocity |
transtormer
Fuel input
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Figure 7.4 Egquipment for ultrasonic atomisation, after Brown and Goodman!

less than the half-wavelength of the surface waves. This suggests that
the droplets are formed by the ejection of the wave peaks.

Frequencies used for ultrasonic atomisation range from about 40 kHz
to several mega-hertz, depending on the required size of the droplets,
which may extend from 100 um to 10 um. Applications have been made
to inhalation therapy and also to the design of oil burners. In the latter
case, one can dispense with the small, easily blocked, orifices which are

136

required for conventional oil burners. In any case, blockages which do
occur can be cleared by the action of the ultrasound. Figure 7.4
illustrates the properties of a device used by Mullard Equipment Ltd for
ultrasonic atomisation.

7.5 Effects of ultrasound on suspensions

When ultrasound passes through a fluid in which particles are suspended,
the pressure of radiation (see Section 2.6} pushes the particles along the
direction of propagation. |n a stationary wave system, however, the
motion takes place from the antinodes to the nodes of acoustic

pressure, where the particles coagulate and fall, when heavy enough to
overcome both the viscosity and the hydrostatic upthrust of the fluid.
When the particles are in the form of a gas, the bubbles coalesce at the
nodes and then rise to the surface,

Applications of these etfects include the dispersion of fog and smoke
and also the degassing of molten glass, molten metals, liguid foodstuffs
(prior to vacuum packingl, and beer (prior to bottling). For the degassing
of bottled liquids, ultrasound at a frequency of about 20 kHz is
generated to produce stationary waves, The coalesced bubbles rise to the
neck of the bottle and into the air, after which the stopper is fitted.

The effects just described are caused by agitation alone and, in no
way, are due to cavitation. It so happens that, if the intensity is high
enough in a liguid for cavitation to take place, the particles may break
up and form an emulsion.

7.6 Ultrasonic cleaning

Ultrasonic cleaning is a process which can involve both agitation and
cavitation. Maost applications, including the cleaning of large components,
are carried out in the low frequency range, from 18 kHz to 40 kHz, in
which cavitation is most active. However, with delicate articles, which
are easily damaged, higher frequencies within the range from 100 kHz
to 1 MHz, where cavitation is virtually absent, are used.

The transducer is often attached to the outside of the cleaning tank
to prevent any damage to itself by cavitation erosion.

Cleaning at low frequencies is normally carried out with ceramic and
magnetostrictive transducers, the former, nowadays, being included in a
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temperature of solidification. The crystals grow to sizes which depend
on the rate of cooling and the types of impurities, if any, present in the
metal. Ultrasonic cavitation causes the breaking up of the crystals, and
the solid which is finally formed has then a much finer grain structure
than it would have if cooling were to take place with the melt undis
turbed.

The ultrasonic soldering of metals can be effected without the use of
any flux, and troubles arising from the introduction of corrosive sub-
stances are thus eliminated. An ultrasonic soldering iron somewhat
similar in design to the ultrasonic drill was introduced some years ago
and is illustrated in Figure 7.9, The essential difference between the two
instruments is that the soldering iron has an electrically heated bit in the
position occupied by the tool at the end of the ultrasonic drill. The
vibrations of the bit produce cavitation in the solder, thus cleaning the
surface of the work and removing oxide coatings. An excellent adhesion
of the solder to the metal surface will then take place.

Anather instrument for soldering is the ultrasonic tinning bath, which
is used for small parts and wires. It consists of a metal bath containing
molten solder in which ultrasonic cavitation is produced by the
action of a high-power transducer.
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Mass J‘ oree
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Figure 7,10 Ultrasonic weiding method, after Jones and Powers?

Until the discovery of fluxes suitable for aluminium, the use of
ultrasonics provided the only really effective way of soldering this metal,
Ultrasonic soldering has proved itself to be highly efficient for ‘micro-
joints’, and soldered joints have been made with 0:0% mm (0-002 in)

diameter gold wire on gold-plated silicon and also on aluminium foil
0-15 mm (0-008 in) thick.
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Another application of high-intensity ultrasonics is that of welding.
The ultrasonic welding of metals can be performed at room temperatures
withaout the need for any special surface preparation, and practically no
defarmation of the work takes place. The physical mechanisms
invaolved in this process are not fully understood, but it is probable that
molecular diffusion takes place across the surfaces in contact with one
another. When the technique was first developed in about 1955, it was
thought that it would embrace a wide range of applications, but, _Ec_':r
metals, its scope has been limited 1o the welding of thin metal sheets
and foils. Figure 7,10 illustrates a typical arrangement using a magneto-
strictive transducer working at a frequency of 25 kHz. It can be seen
that the process takes place under the action of transverse waves. This
is in contrast to the vibrations acting normally to the contacting surfaces
for the welding of plastics materials (see Section 7.11), Devices of this
kind have proved to be useful for spot and seam welding.

7.9 Chemical effects

One of the effects of cavitation in a liguid is the promotion of chemical
reactions. This is caused by the electrolytic action brought about by
the appearance of equal and opposite free electrical charges at opposite
ends of the bubbles, the enarmous local increases of pressure and
temperature when the bubbles collapse, and the release of energy from
the bubbles when resonating with the ultrasonic waves.

Ordinary tap-water electrolyses as a result of cavitation, and, if
certain substances are dissolved in it, either oxidation ar reduction may
occur, depending on the nature of the dissolved substance. A well-
known example is the electrolytic separation of the K and 1 ions when
crystals of potassium iodide (K1) are dissolved in water. The K ions are
then oxidised, and free iodine is produced.

Because of the very slow rates of reaction, the chemnical changes
brought about by ultrasound have very little practical application. H o
ever, it has been found that ultrasonics have accelerated by 3 considerable
extent those chemical changes initiated by other means. Ultrasonics has
also been applied with success 1o polymerisation processes and malecular
rearrangements.

A successful application of ultrasonics to chemical actions has been
made to alkylation processes, which require vigorous agitation during
the reactions. Figure 7.11 illustrates one type of arrangement where the
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The quality is actually improved because the process does not reguire any
beiling, which is essential for the older methods of hop extraction.

High-intensity ultrasound is often used for sterilisation, Applications
have been made to the sterilisation of milk, but, unfortunately, the
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Figure 713 Arrangement of transducer and acoustic fens for wlirasonic
meurasurgery, after Crawford (see Brown and Gordon3)

flavour is somewhat impaired, probably owing to some chemical reaction
taking place. Another use of ultrasonics is the tenderising of meat by
the breaking down of its fibres.

Mention should be made of the adverse effects of ultrasound on
human beings. Care must be taken in ultrasonic medical diagnosis to
restrict the intensity level to well below the limit ahave which cellular
damage to and disruptive effects on chromosomes may occur. Airborne
ultrasound of high intensity can also have a harmful effect on life. For
example, persons operating high-power ultrasonic equipment for long
periods have been subjected to fatigue and nausea, even at frequencies far
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removed from the audible range. In fact, high-intensity ultrasound has
been successfully employed in the scaring away of birds.

Medical applications of high-intensity ultrasound are somewhat
limited, For quite a long time, the heating effects have been utilised for
the treatment of muscular ailments such as lumbago. Because of the
necessity of focusing the waves into selected zones, 10 avoid damage 1o
sensitive tissues, frequencies in the mega-hertz range are often used.
Recent advances have been made in ultrasonic surgery, especially in the
fields of neurology and otology, and a considerable degree of sUCCEess in
the treatment of Méniére's disease, an affliction of the ear, has been
achieved.

Figure 7.13 illustrates a transducer, described by Crawford {see
Brown and Gordon®) designed for neurosurgery. A piezoelectric trans-
ducer operating at a lower mega-hertz frequency is coupled to a tuned
metal plate and then to a focusing polystyrene lens. A cone filled with
degassed water and mounted over the lens couples the converging beam
through a membrane and coupling fluid to the patiént’s scalp.

The ultrasonic drill, working in a reciprocal manner (see Section 7.7),
has been applied to dentistry, 11s principal advantages are simplicity in
cutting and the fact that the action is painless. On the other hand, how-
ever, a continuous supply of slurry 1% required, much heat is generated,
and it is found that the cutting action is not wholly satisfactory for soft
material such as decay. When first introduced, the device was considered
to have a promising future, but interest in it then diminished. Recently,
howeaver, improvements have taken place and the interest has since been
rengwed in view of the possibility of applying ultrasound to the actuatior
of high-speed rotary drills.

Fuller accounts of ultrasonic applications to biology and medicine
are given by Brown and Gordon®.

7.11 Ultrasonic welding of plastics and fibres

Following the discovery of the possibility of welding metals by ultrasonic
methods, extensive developments have been made in the welding
together of plastics materials. Success has been achieved with orientated
polyesters, polyethylenes, polystyrenes, polyamides, vinyls, poly-
propenes, polycarbonates, and a number of fluorocarbons, On the other
hand, some plastics, including Teflon, do not lend themselves to this
treatment. The physical properties of the welding process, although not
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yet fully understood, are evidently not the same as those governing the
welding together of metals. The welding of plastics takes place under
the action of longitudinal vibwations, as opposed to shear vibrations for
the welding of metals. The effect of ultrasound is probably to clean the
touching surfaces, flatten them to provide a more efficient means of
contact, and then give rise to diffusion from one material to the other.
Provided that this can be allowed by the molecular structures of the
two materials, bonding then occurs,

The welding process is achieved by the direct application of the tip
of a velocity transformer connected at its broad end to a high-power
and low-frequency {e.g. 20 kHz) transducer, an arrangement used in the
ultrasonic drili [see Section 7.7), The time taken for the process is con-
siderably longer than that required for metals, but the joint strengths
are very high, usually much higher than those which can be achieved, if
at all, by other methods.

This method has been extended to the welding together of man-made
tibres, including nylon, acrylic, and polypropylene, as well as mixtures
of man-made and natural fibres, e.g. nylon and wool, Tensile strengths
of the joints have been considerably higher than those obtainable by
other methods. Furthermore, a much better joint can be achieved

ultrasonically, An account of the ultrasonic welding of threads has been
given by Crawford” .
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Absarption, 23, 60, 65, 59
Absorption coefficient, 24
maeasurements of, 75, 99
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Aonplitude
acoustic pressure, 11
displacement, 8
particle displacement, 9
particle velocity, 11
Antinodes, 1/
Atomisation, 136
Attenuation, 23, 60, 65, 69
Attenuation coeflicient, 24
rmeasuraments of, 75, 99

Berium titanate, 32

Biological effects, 744

Bling persons, guidance of, 121
Bonding, defects in, 106

Cadmium sulphide, 32, 37, 74
Cavitation, 137

Cavity resonator, 8

Chermical effects, 743

Cleaning, ultrasonic, 137
Commaon balance radiometer, B
Concentration measurement, 122
Condenser microphone, 54
Continuous wave methods, 88
Control, ultrasonic, 722
Crystals, piezoelectric, 28

Curie ternperature, 31, 32, 33, 138

d coefficient, 32, 33
Damping capacity method, 20, 89
Damping coefficient, 20, 24
Dead zone, 102
Decibel, 13, 24
Decrement, logarithmic, 20, 24
Defacts
detection of, 700
resolution of, 702
Degassing, 137, 741
Delay lines, 82, 125
Diffraction, 22, 24
Dislocation damping, 77, 100

Druspersion
ultrasonic, 137
velocity, 61

Doppler effect, 25, 7127

Cirill, ultrasonic, 46, 740
dental, 147

Eddy currents, 45, 73

Elastic constants, measurement of, 99

Electromechanical coupling coefficient,
32, 33

Electronic attenuation, 73

Electrostriction, 31, 72

Emission, acoustic, TT6

Emulsification, 7.34

Far field, 23, 24
Fatigue testimg, 140
Ferroelactric materials, absorption in,
T2
Ferromagnetic materials, absorption
in, 72
Fibres, welding of, 147
Flaarsg
detection of, JOO, 17&
resolution of, 702
Fluid flow applications, 127
Fog, dispersion of, 137
Fraunhofer zone, 23, 24
Frequency, 7
Frequency bandwidth, 19
Frequency response curves, 19
Fresnel zone, 23, 24

Galton whistle, 1, 48
Gases
measurements in, &
propagation in, 59
Generators, ultrasonic, 27
Goniomeater, ultrasonic, 92
Grain boundary friction, 65
Grain sizes, estimation of, 118

Harmonics, 6, 18, 36

Hartmanmn geneeator, 48
Hertz, 7
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FIgN INTensimies, 757
Holography, ultrasonic, 7112
Homogenisation, 134

Heop extraction, 145
Hot-wire microphone, 56
Hysteresis, magnetic, 45, 72

Imaging, ultrasaonic, §10
Immersion technigues, 102
Impeadance
characteristic, 12, 15, 33
specific acoustic, 77
Impedance methods, 97
Impurity atoms, 77
I ntensity, acoustic, 13

Interferometer, acoustic, 89, 117

Internal friction, 52
Internal friction method, 90, 99
Intruder detection, 121

Joule effect, 43

Laminations, detection of, 704
Lattice defacts, 77
Lead meta-niohate, 32
Lead zirconate titamate, 32
Leak detecting, 125
Lens, acoustic, 777
Level detecting, 121
Liguids
measurements in, 78
propagation in, 52
Lithium niobate, 32
Lithium tantalate, 32
Low-intensity applications, 88

Magnetostriction, 43, 72
Medical applications, 129, 744
Melts, irradiation of, 137, 7471
Microwave ultrasonics, 36
Mixtures of fluids, 59, 62, 63
Mode conversion, 27, 125
Mode conversion methods, 92

Mear field, 23, 24

Meper, 24

Mickel, 43, 47

Modes, 17

Mon-Mewtonian liquids, 66

Optical diffraction meathod, 33
Dptical methods, 3.3

Particle displacement, 9
Particle velocity, 11
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Feriod, /
Phase angle, 8
FPhase camparison method, 36
Pigzoelectric effect, 28
Plastics, welding of, 747
FPolycrystalline materials, propagation
in, 69, 718
Pressure, acoustic, 11
Fressure measurement, 122
Pressure of radiation, 13
Frobe
angle, 703
design of, 34
shear wawve, 104
Progressive continuous wave methodds,
86
Pulse length, 41
Pulse methods, 79, 100

Quality (Q) factor, 19, 20, 24, 33
Quartz, 28 32

Radiation, pressyre of, 13
Radiometer, #9
Raylaigh disc, 49
Receivers, ultrasonic, 27, 41, 47,49,
B3, 54 56
Reflection at normal incidence, 74
Reflection at oblique incidence, 27
Reflection coefficient, 74
Reflection methods, 92, 98
Refraction, 27
Relaxation frequency, 60
Relaxation time, 66
Resonance, 16, 35
half-wavelength, 77
guality of, 18
quarter-wavalangth, 18
Resonance methods, 89, 717
Revarberation methods, 95
Rods, propagation in, 65
Root mean square (r.m.s.) values, 13, 14

Scanning, 102

farward, 703
Scanning technigues, 707
Scattering, 23, 25, 70, 79, 100
Schlierean method, 96
Sensing, ultrasonic, 719
'Sing around” method, 85
smoke, dispersion of, 137
Sodium meta-niobate, 32
Soldering, ultrasonic, 142

Solids
rneasurements in, 70
polycrystalline, 69, 178
propagation in, &6
Sonar, 121
Sonoluminescence, 134
Stationary wave methods, 89, 1717
Sterilisation, 146
Stressed materials, propagation in, 173
Stresses, measurements of, 715
Suspensions, effect of ultrasound on,
137

Temperature measurement, 724
Test blocks, TO&
Thermal conduction, B0, 63
Thermal lattice attenuation, 7.3
Thermal relaxation, 80, 74
Thermoelastic effect, 71
Thermometer, ultrasonic, 724
Thickness gauging, 7117
Toarsion balance radiometer, 50
Total reflection methods, 82, 98
Transducers, 27
ceramic, 32, 34, 38, 471, 138
coupling of, 36, 46, 78
electromagnetic, 517
electrostatic, 53
magnetostrictive, 43, 138
laminated, 45
ring-type, 45
window-type, 45
mechanical, 47
pigzoelectric, 28
operation of, 40
revarsible, 27
sandwich, 37
shear wave, 28
surface wave, 39
thermal, 58
wh.f., 35, 36 47
wedge type, 135

Transmission at norrmal incidence, T4
Transmission at chlique incidence, 27
Transmission coefficent, 15

Underwater measurements, 121

Valocity, 58, 62
gffect of pressure on, 539, 63
affect of temperature on, 59, 63
ghaar wava, 5
values of, B0, 63, 62
Velocity measurements, 76, 95
Velocity of flow, messurement of, 727
Velocity transformer, 46
vibrations, free, 20
Willari effect, 43, 72
Wiscoglastic liquids, 66
Viscosity, 60, 63, 65
rreasuremeant af, 127

Waves
compressional, 10
Lamb, 69, 104
longitudinal, 10
Love, B8
plane, 9
pulsed, 40
Rayleigh, 22, 39, 68, 75, 104,
126
gshear, 10, 27, 28, 65, &6
spherical, 11
standing, 16
stationary, T8
surface, 22, 39, 68 75, 104, 126
torsional, &6
transverse, 10, 27, 29, 36, 65
Wedge resonator, 48
Welding, ultrasonic, 143, 747
Welds, defects in, 104
Whistles, ultrasonic, 47
Wires, propagation in, 55

Zinc oxide, 32, 37
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