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Abstract

Some properties of dislocations in aluminium and
sodium chloride single crystals have been investigated
by observing the generation of harmonics in an ultrasonic
pulse travelling through a crystal. Pulses of 10 MHz
longitudinal waves were generated at one end of a crystal
with a quartz transducer and either 20 MHz or 30 MHz
waves were detected at the opposite end of the crystal.
The harmonic waves were detected either with a quartz

transducer or a capacitative detector.

Experiments on the generation of second harmonics
due to dislocations were carried out on aluminium crystals.
No dislocation contribution to the second harmonic was
detected in NaCl crystals, and this was attributed to a
lack of purity in the crystals. However, experiments
on third harmonic géneration due to dislocations were
performed on both aluminium and NaCl crystals. The
amplitude of the third harmonics and the attenuation of
the fundamental wave were measured as a function of
impurity content, static bias stress, plastic deformation,
temperature, the amplitude of the fundamental wave &and,
in the case of NaCl, X-irradiation also. The results of
these experiments are compared with the behaviour predicted
by the theory of Hikata and Elbaum (1966). Many of the
results are found to be in good qualitative agreement
with this theory.

During the course of some third harmonic measure=-

ments in NaCl evidence was found of internal stresses



remaining after plastic deformation. Compressive
internal stresses were found after a plastic deformation
in tension, and tensile internal stresses were found

after further plastic deformation in compression.

A previously unreported time dependence of the
second harmonic and third harmonic amplitudes was noted
in some crystals after a bias stress was applied.
Thermal activation energies associated with the time
dependent behaviour were measured. Such measurements
provide a useful method of studying strain-ageing

properties in crystals.
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CHAPTER 1.

Introduction

The anharmonicity of interatomic forces is a well
known characteristic of all solids. One consequence of
this anharmonicity is that a sinusoidal ultrasonic wave
of given frequency distorts as 1t propagates so that
the second, third and higher harmonics of the fundamental
frequency are generated. Much of the recent interest in
harmonic generation arises because it 1is possible to
determine third order elastic constants from measure-
ments of the amplitude of a second harmonic wave. In
practice, the second harmonic wave is normally expected

to have a much larger amplitude than the higher harmonics.

The generation of harmonics in an ultrasonic stress
vave will take place even in a perfectly ordered lattice.
However, in an imperfect lattice there may be a contri-
bution to the harmonic generation from the imperfections
themselves. The purpose of the present work is the
study of harmonic generation due to dislocations in the
lattice. This harmonic generation arises because the
nonlinear nature of the stress-strain relation governing
dislocation motion leads to an equation of particle
motion in the lattice which does not permit a simple
harmonic solution. Since both the lattice and dislocations
give rise to harmonic generation, a way cf separating
these two contributions is needed before dislocation

properties may be studied in terms of harmonic generation,.



In the case of the second harmonic an external
static stress i1s found to influence the dislocation
contribution. The magnitude of the dislocation contri-
bution to the second harmonic in fact increases as the
rest position of a dislocation deviates further from
the straight line configuration in a stress-free crystal.
However, a theoretical analysis of second harmonic
generation shows that in general it is difficult to

separate the two contributions to the harmonic generation.

In the case of the third harmonic it is found that
the lattice contribution may be sufficiently small té be
negligible in comparison with the dislocation contribution.
Thus dislocation properties are more easily studied in
terms of third harmonics than second harmonics. The
dislocation third harmonic amplitude is also sensitive
to a static bilas stress. However,; this stress must be
sufficient to cause changes in dislocation loop length
rather than changes in the degree of bowing out of

dislocations as for the second harmonic.

The procedure adopted in the present work was first
to repeat some published measurements of second and
third harmonic generation due to dislocations in aluminium
single crystals. This was done primarily to check that
the experimental set-up was functioning correctly. 1In
fact these measurcments not only confirmed many of the
already published results, but also léd to the discovery
of hitherto unreported effects (see below). Secondly,
experiments were performed using NaCl crystals. Detailed
studies of dislocation harmonic generation had previously

been reported in metallic crystals but not in ionic
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crystals. HNaCl was chosen because dislocation pinning

~ points in the form of colour centres may easily be
produced by X-irradiation. This provides aAconvenient
way of studying dislocation-point defect interactions.

A disadvantage of using NaCl was that crystals could

not be obtained with the high purity possible with metal
crystals. This meant that dislocation loop lengths

were short in comparison with those possible in metal

crystals.

Fundamental waves were observed which contained
typically 1% of the second harmonic and 1/3% of the
third harmonic. The experimental technique used for
the observation of second and third harmonic generation
was similar to that used by, for example, Hikata,
Sewell and Elbaum (1966). This was & modification of
the well known ultrasonic pulse=-echo technique. An
ultrasonic pulse was generated at one end of a crysteal
specimen using a guartz transducer. At the other end
of the sample was either a second quartz transducer or
a capacitative detector (see Section 4.L0) with which
the ultrasonic pulse could be monitored each time it
was reflected at this end of the specimen. Using a
filter and amplifying system the harmonic content of
a pulse could be observed. Static bias stresses were
normally applied to a specimen simply by attaching
weights to one end of a specimen and suspending it
from the other. A slight modification of this arrange-

ment enabled compressive stresses to be applied instead.

An estimate of the relative purity of the aluminium

single crystals used was obtained by measuring the ratio



11

of the electrical resistivity of the crystals at room
temperature to that at 4.2°K, (see Section 5.1). These
measurements also permitted a comparison of the purities
of the crystals used in the present work with those of
the crystals used by Hikata, Sewell and Elbaum (1966).

The results of the experiments with aluminium
crystals were generally in good agreement with the
measurements reported by Hikata, Chick and Elbaum (1965)
and Hikata, Sewell and Elbaum (1966). Many of the
results were also in agreement with the predictions of
the Hikata and Elbaum (1966) theory of dislocation

harmonic generation.

It has alfeady been remarked that some previously
unreported effects were also found. In particular, a
time dependence of the second harmonic amplitude in an
aluminium crystal after applying a static stress was
found. A thermal activation energy has been calculated
from measurements of this time dependence, and a model
of dislocation-point defect behaviour is proposed to
account for this. A rather similar time dependence
was also found with the third harmonic amplitude in a
sodium chloride crystal. A thermal activation energy
was again determined and a model of dislocation=point

defect behaviour proposed.

Some other messurements of the third harmonic in
an NaCl crystal revealed the presence of internal stresses
remaining after plastic deformation. Compressive internal
stresses were found after a plastic deformation in tension,

and tensile internal stresses after o plastic deformation
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in compression. Internal stresses after plastic
deformation have also been reported by Hikata, Chick
and Elbaum (1965) in mecasurements of the second
harmoniec in an aluminium crystal. However, whereas
these measurements in aluminium reguire the internal
stresses to produce a bowing out of dislocations only,
it is argued that the present measurements reguire an
actual unpinning of dislocations by the internal

stresses.

In Chapter 2 of this work a brief summary of
lattice harmonic generation is given. Then, in
Chapter 3, the theory of Hikata and Elbaum (1966) for
dislocation harmonic generation is discussed in some
detail. Chapters 4 and 5 are concerned with the
experimental techniques and the preparation of the
specimens used in this work. The experimental
measurements which were made and an interpretation of
the results are presented in Chapters 6,7,8 and 9.
Finally, Chapter 10 contains a conclusion to the

present work.
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CIAPTER 2.

Harmonic Generation due to Lattice Anharmonicity

2.1. Theoretical Considerations

The purpose of the present work is to investigate the
effect of dislocations on the generation of harmonics when
an ultrasonic wave propagates in a crystal. However, the
lattice itself also contributes to the harmonic generation
and in the present chapter a brief discussion of the way
in which this arises is given. This discussion is not
detailed but is included so that the importance of lattice
harmonic generation in relation to the dislocation harmonic

generation discussed in succeeding chapters may be appreciated.

In a dissipationless solid for small displacements
stress is & linear function of strain, i1.e. Hooke's Law
applies. 1In such a solid a sinusoidal stress wave of small
amplitude may propagate without loss of energy or change in
waveform. When large displacements are considered, the
interatomic forces are such that stress is no longer linearly
related to strain and linear elasticity theory no longer
applies. In order to discover what effect this non~linearity
has on a finite amplitude sinusoidal stress wave we consider
the general equation of motion of a particle in a three
dimensional configuration, following the treatment of
Thurston and Shapiro (1967).

If Xs denotes the cgrtesian coordinates of a particle
in the unstressed reference configuration and v the
coordinates of the same particle in the stressed configuration,

then the equation of particle motion may be written as

v d AV, U
ol © 3x, [Bxﬁ_[an?%]s}’ (2.1)
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where wuj; are the displacement components and ni; the
Lagrangian strain components, o, is the mass density in the
unstressed state, s is the entropy and U the internal energy
per unit volume. Summation is understood to be carried out
over repeated subscripts. When the configuration is stressed
at constant entropy, the internal energy change (or strain
energy) per unit of original unstressed volume can be

expressed as

AU = 3 + 1/6c¢.

®i5km M3 Mkm ijkmpq "33 Mkm Mpq - (2.2)

where c, . and are respectively second and third

1jkm €ijkmpq
order adiabatic elastic coefficients, in full tensor notation.

(See Brugger (l96hﬂ

Considering the special case of one dimensional motion
in a solid, the equation of motion (2.1), reduces upon

substitution of expression (2.2), to the form

. _ 32y oy du)?

Q

where x 1s the coordinate in the direction of particle motion
and U 1is the particle displacement. M2 is a linear
combination of second order elastic coeffiecients, M3 is a
linecar combination of second and third order coefficients,
and Mh is a linear combination of second, third and fourth

order coefficients,

It will be seen that, when only the term in M2 is
retained on the R.H.S. of equation (2.3), the equation of
motion reduces to that for a linear solid for which Hooke's
Law applies. In this case the velocity of a stress wave is

dependent on M, only. However when the term in M, is

included also,zas it must be when large particle 3isplacements
are considered, then the equation of motion becomes non—linear.
Solution of this non=-linear equation reveals that, as a

finite amplitude sinusoidal stress wave with pulsatance g

proragetes, a2 second harmonic wave with pulsatance 2w 1is
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generated. The amount of energy transferred to this second
hermonic wave depends on the second and third order elastic
coefficients. Similarly a solution of equation (2.3) when
terms up to Mh are included shows that both a second and
third harnmonic wave are gencrated. The amplitude of the
third harmonic wave depends on elastic coefficients of second,
third and fourth order. In general the greater the particle
displacement of the fundamental wave, the more terms must be

considered in equation (2.3)

We now consider analytical expressions for the amplitude
of seccond and third harmonic waves, starting with the second
harmonic. Several authors have analysed the growth of the
second harmonic in an initially sinusoidal wave; a partial
list of references follows. Gedroits and Krasil'nikov(1963);
Melngailis, Maradudin and Seeger (1963); Buck and Thompson
(1966); Thurston and Shapiro (1967); Holt and Ford (1967):
Stanford and Zehner (1967): Gauster and Breazeale (1968);
Carr (1968). For example, Buck and Thompson (1966) consider
& longitudinal wave propagating in a <100> direction in a
cubic material. This cese is perticularly interesting since
it represents the situotion in the experiments with aluminiun
and NaCl crystals which are discussed in Chapters 6-9 of the
present work. A second harmonic wave is found with & stress

amplitude of the form

2 2
o Cpppy ©
A = 3 [¢] [T A il
2 = gzl # 3o, K X Al0 (2.4)
where p_ is the density of the unstressed medium, ¢, 1is

a second order elastic coefficient, T is a third order
elastic coefficient (in contracted tensor notation), o is
the pulsatance of the fundamental wave, k is the wave
constant, x is the distance the wave has propagated, and

AlO is the stress amplitude of the fundamentel wave at x = O.
Expression (2.4), which applies to a dissipationless medium,

shows that the amplitude of the second harmonic wave
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increases linearly with distance of propagation. The second
harmonic amplitude is also seen to be proportional to the
square of the fundamental wave amplitude and proportional to

the square of the pulsatance of the fundamental wave.

Considering next the case of third harmonic generation,
an expression for the amplitude of a third harmonic wave has
been derived by Peters and Breazeale (1968) using the theory
developed by Thurston and Shapiro (1967). This expression

for the stress amplitude of the third harmonic is of the

form
1
= 6}(2){2 3 Ce + 3cu 2 16 c“(%cuu + 3Cyy + 3/2017)]2 )
Ay = 7 - M) D gt (cpy T 35)7 13
(2.5)
where c,,, is a fourth order elestic coefficient, in

contracted tensor notation.

The third harmonic amplitude is seen to be proportional
to the cube of the fundamental wave amplitude. For the
frequencies used in the present measurements on aluminium
and NaCl the second term in expression (2.5) is expected to
be much smaller than the first. The third harmonic amplitude
will therefore be influenced only slightly by the fourth

order elastic coefficient.

The third harmonic amplitude is expected, for normally
encountered fundaomental wave amplitudes, to be very mnuch
smaller than the corresponding second harmonic amplitude.
Since the second and third hermonic wave amplitudes, due to
dislocations, are expected to be of similer magnitude (see

§ 3.1), it follows that a study of dislocation third
harmonic generation will be less influenced by lattice
harmonic generation than will be the case with the second

harmonie.
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The interest in lattice harmonic generation arises
mainly because higher order elastic coefficients may be
Zetermined from harmonic measurenments. Similar experimental
techniques (see § 2.2) are used in such measurements as are
used in the present work on dislocation harmonic generation.
In particular, the pulse~echo technique is used. The use
of this technique raises certeain points which have been
discussed in the literature for lattice harmonic generation.
These points will be mentioned here also, because of their
relevance to dislocation harmonic generation in the sane

experimental situation.

It is of interest to consider the effect of successive
reflections alu the boundary of a medium upon the relative
emnlitudes of the fundamental and hernonic waves; for
exarple, the effect of (2) phase changes of the fundamental
end hermonic wave on reflection, (b) overlap of a foreward
travelling wave and a reflected wave near the reflecting
bouvndary, and (c) generation of harmonics at the reflecting

suvrface.

The analysis of second harmonic generation by Buck and
Thompson (1966) considers reflection from a stress~free
boundary. lieglecting surface generation of harmonics and
the effect of pulse overlap, the displacement of the second
harmonic wave during reflection from & surface at a distance L

from the driving face at x = 0 is found to be

3"! + 304 2
Uy = Liiﬁ?—g—*}k? vigx{cos 2(wt - kx) + cos 2[@t - k(2L - x)]}, (2.6)
"

where v;; 1is the displacement of the fundamental wave at
x = 0. The displacement at x =L 1s seen to be consistent
wvith the condition of a free boundary. After reflection

the second harmonic displacement is
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1 - (3C.. + Cuny

) .
Uy = 8o k2 Ujp X COS 2[:w‘c - k(2L - X)] . (2.7)
)

This is the equation of a wave travelling in the =x
direction with an amplitude proportional to x. Thus as

the wave returns to the driven face at x = 0 energy 1is
transferred back from the second harmonic wave to the
fundamental, and at x = O the amplitude of the second
harmonic wave becomes zero. After reflection at the driven
face of the fundamental wave, a new second harmonic wave is

generated as x + L, and the cycle repeats.

Thompson, Tennison and Buck (1968) have observed the
reflection of second harmonic pulses from a stress free
boundary using a capacitative detector (see § 2.2) and found
agreement with the above predictions. Some similar
experiments have been carried out by Carr (1968) in which
the effect of transducer thickness on the reflection of
harmonic waves 1s investigated. The measurements were
mede at frequencies of about 9 GHz using CdS transducers.
These measurements show that the energy flow from the
fundamentel to the second harmonic wave is reversed after
lorngitudinal waves are reflected from a stress free surface
or from a half wave-length thick transducer whose outer
surface 1is stress free. It is also shown that for transverse
waves (in AC-cut quartz) there is no phase shift of the
fundamental with respect to the second hermonic and the
energy flow is not reversed. These results are strictly true

only in a dissipationless material (see § 3.2).

Buck and Thompson (1966) also consider effects (b) and
(c) above. It is shown that a harmonic wave is generated

2t a stress free boundary during reflection, but that this



19

wave has an amplitude of typically only 10"3 that of the

main harmoniec component. In addition, Buck and Thompson
(1966) consider the effect of pulse overlap during reflection.
- The importance of pulse overlap effects in the present work

is minimised by using specimens which are as long as possible

and pulses which are as short as possible (see § L.L).

Several zuthors have pointed out that the emount of
energy transferred from a fundamental wave to a second
harmonic wave owing to lattice anharmonicity may be minimised
by suitable choice of wave polarisation and propagation
direction [ Buck and Thompson (1966); Kreasil'nikov and
Zarembo (1967)] . TFor example, a transverse wave propagating
in a < 100> direction in & cubic lattice is not expected to
generate a transverse second harmonic. This result may be
attributed physically to the lack of dilation associated with
a transverse wave, since it is the anharmonicity of the
lattice forces which leeds to the generation of harmonics.,

It also provides a way of studying dislocation harmonics
without a large lattice harmonic being present. In the

present work only longitudinal waves have been used.

2.2. Experimental Studies of Lattice Second Harmonic
Generation.

It is seen from expression (2.4) that, if the absolute
values of the fundamental and second harmonic wave amplitudes
are measured at a particular distance of propagation, then
the third order elastic constant Y may be calculated very
casily. ©Similar measurements with waves travelling in other
crystal directions would give values for other third order

elastic constents.
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Absolute strain amplitudes of ultrasonic waves may be
determined using & capacitative detector, after Gauster and
Breazeale (1966). This type of detector is used in the
present work also (see § 4.40). To determine strain
amplitudes in this way a sinusoidal stress wave is generated
at one end of & semple of the material to be investigated
and the displacement of the opposite end of the sacmple when
the wave undergoes reflection is measured with the ceapacita-
tive detector. The displacement amplitude of the end surface
of the sample is twice the displacement amplitude of the

stress wave as seen from expressions (2.6) and (2.7).

With experiments such as these third order elastic
constents have been measured in KCl and NaCl [Stanford and
Zehner (1967); Gedroits and Krasil'nikov (1963)] , copper
[Gauster and Breazeale (1968)] , quartz and s%@hire [Carr
(1968) ] .

The analyses of harmonic generzstion mentioned in § 2.1
from which the elastic constants are calculated assume &
non~dissipative medium for wave propagetion i.e. no energy
is lost from the fundamental wave, except that transferred
to the second harmonic. However, Gauster and Breazeale(1968)
show that in prectice when, for example, thermal attenuation
end dislocation attenuation are present, the effect of this
attenuation on the fundamental and second harmonic waves nay
be neglected when other experimental errors are considered.
These authors irradiate their samples with fast neutrons to

reduce the dislocetion contribution to the attenuation.
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CHAPTER 3

Second and Third Harmonic Generation due to Dislocations

3.0. Introduction

In this chapter a review is first given of a theory of
dislocation second and third harmonic generation due to
Hikata and Elbaum (1966). Some important features of the
dislocation second and third harmonics predicted by this
theory are then discussed. Finally, a brief review of some
published measurements of dislocation second and third

harmonic generation 1s presented.

3.1. Review of Theoretical Anslyses

An anal&sis of the generation of ultrasonic second
harmoﬁics due to dislocations has been given by Suzuki,
Hikata and Elbaum (1964). This theory assumed the harmonic
generation to result from nonlinearities in the stress-strain
relation governing the displacement of a dislocation loop
length under the influence of an applied stress under ‘
conditions in which the stress is considered insufficient -

to produce unpinning of dislocations.

In a later paper [Hikata3 Chick and Elbaum (1965)] .
experimental results were compared with predictions of a
simplified theory in which the damping due to dislocation
motion was not directly taken into account. The agreement

between experiment and theory was good in many respects.

The analysis of Suzuki; Hikata and Elbaum (196&) has
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been further refined and extended to include the genersation
of dislocation third harmonies by Hikata and Elbaum (1966).
The analysis of Hikata and Elbaum will be considered here

in some detail.

(i) The Equation of Motion

The analysis considers the simplified case of one
dimensional wave propagation. Let v be the longitudinal
displacement of an infinitesimal element of a solid in the

x~direction when a stress wave 1s propagated, then

v = UQ t Yy . (3.1)
where vg is the lattice displacement and vy the dislocation

displacement. The one-dimensionel equation of motion for

the displacement # in the x-direction is

32y 52 20
P35z = 003¥7(U1 + Ud) 3% o (3.2)

where G is the density of the undeformed material, o is
the applied stress and t represents time. Differentiating
with respect to x, equation (3.2) becones

32 ,dvg . dud, _ 920
O ATl Pl (3.3)

When a sinusoidal wave of frequency w 1is introduced at one
end of a specimen at x = 0, the problem is to solve equation
(3.3) for o at some distance x. In terms of the harmonics

of the fundamental wave ¢ should be of the fornm

o= A+ cos(wt - kx) + Ay cos 2(wt - kx - 653)

+ A3 cos 3(wt - kx = 83) + ... (3.4)
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where A is a static bias stress, A;, Ao and A3 are the
stress amplitudes of respectively the fundamental, second
harmonic and third harmonic, 2§, and 33 are the phase
angles of the second and third harmonics, respectively, to
the fundamental wave, and k is the wave vector. It is
assumed that dispersion is negligible and one value of k

is used. The first step in the calculation is to find

. 3Ju v . ‘
expressions for =% ang ud as a function of stress.

ox ox

(ii) The Expression forégf

The one-dimensional relation between stress, o , and

displacement gradient v of a so0lid correct to the second
X

order terms in displacement gradient is [Landau and
Lifshitz (1959) ]
o= E %, a(-a-R&)2 (3.5)
l ax ax *\\~ .
where E; represents éecond order elastic constants and a

is a combination of second and third order elastic constants.

The case of longitudinal wave propagation in a <100>
direction of a cubic lattice is of particular interest since
it applies to the measurements which have been made in the
present work with aluminium and NaCl. In this case E;

becomes ¢,, and a takes the form SCut Cue
. 2

3

Neglecting terms in a3, expression (3.5) may be written

SUQ_ o _ a 2
e -El E1—3-0' + ... (3-5)
Substitution of equation (3.4) in expression (3.6) then

yields an expression for gﬁ& as required.
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A; £(n): dislocation

Fig. 3.1, A bowed out dislocation g = f(r])' '
The 17 axis coincides with the straight
line configuration of the dislocation before

i

bowing out. b is the Burgers vector.
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. 3
(iii) The Expression for 3%1

In order to calculate an expression for %ﬁd
Hikata and Elbaum first derive a nonlinear relation
between a static stress and the displacement of a pinned
dislocation line, using the string analogy of Koehler(1952).
Fig.3.1l. shows a bowed out dislocation loop of length L
pinned at each end. ( £, n) are the coordinates of a point
on the bowed out dislocation. The n=-axis coincides with
the straight line configuration of the dislocation before
bowing out. b is the Burgers vector, which makes an angle 6

to the n-axis. A relation is found of the form

__ 8% 1 9%E (3.,
b = WC + CC W (ﬁ) s (3.7)

where T is the resolved shear stress in the glide plane
and in the slip direction, and

C = We(l+mcos?26 -2msin? 6), (3.8)
1 - (1 + 3mcos?2 6 -4 m sin?e)
¢ 3/2 (1 +mcos¢ & -~ 2 m sin‘ 9) ’ (3.9)
with
v - _
- "oT Ve  ° (3.10)

where We 1is the line energy of an edge dislocation per
unit length in an isotropic medium and W, is the corres-

ponding line eneréy of & screw dislocation.

In the linear approximation of a small dislocation
displacement, such as is considered in the Granato-Lucke
(1956) theory of dislocation damping, only the first term

-on the R,H.S. of equation (3.7) is retained. The second
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term on the R.H.S. of equation (3.7) is the term which
makes the dislocation stress-displacement relation non-
linear and which 1is responsible, therefore, for the
appearance of harmonics. This non-linear term arises
because the line energy of the dislocation loop (see Fig.
3.1.) is considered dependent upon the position and
orientation of the dislocaticn; in deriving equation (3.7)
account is taken of the variation in line energy along the
dislocation loop, and higher order terms of %% are
retained in the expression for the total line energy of the

dislocation loop.

When a dislocation segment, as shown in Fig.3.1l., is
subjected to a combined static and oscillatory stress
equation (3.7) gives the restoring force on the segment,
due to the dislocation line energy, which tends to return
the dislocation to its equilibrium position. The equation
of motion of the dislocation segment then becomes
[Koehler (1952)] ’

92¢ 8¢ _ _[82¢ _ 1,38.,,328.] _
A—ajc-z+ Bﬁ? C[W c (ﬁ) (S'ﬁ?) = obR, (3.11)

where R is a resolving shear factor converting an axial
gstress to a shear stress in the slip plane and in the

slip direction, A = 1m0b2 is the effective mass of
dislocation per unit length [see Koehler (1952)], and B is
the damping coefficient. The terms A%%% and B%%

represent, respectively, the inertia force and frictiopal
force of a dislocation, per unit length. Ilikata and Elbaum

then solve equation (3.11) for £ in terms of n and

calculate g%g from the relation
L
Bud °
% = INbg g.dn , (3.12)
Ly 0 ‘
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where N 1s the dislocation density, q is a factor
converting shear strain to longitudinal strain and L,

is the effective dislocation loop length. Eguation (3.12)
follows from the usual definition of dislocétion strain
[see Cottrell (1961)].

(iv) The Sccond and Third Harmonic Amplitudes

Inserting the expressions (3.4),(3.6) and (3.12) into
equation (3.3) leads to expressions for A, A3, ay,ap and
a3 s where a; > Qp and a3 are respectively the attenuation
of the fundamental, second harmonic and third harmonic
waves. Neglecting A, in comparison with A; , and A3 in

comparison with A; the expression for A, may be written

p

2
Ay = E%§_ [xz + Y2 - 2XY cos 2(81p + 620)]
2 01X e-azx
+Ajg apy = 203 ? (3.13)

where Ajg 1is the stress amplitude of the fundamental

wave at x = 0, and

a

X = -2—3—1-3- (3.14)
ugNb4R3q c
Y = 'ITZAJS Mqlf[LS_ s (3-15)
o 0 [e]
in which
S, = (woz - 02)2 + (wd)?, ' (3.16)
M = (woz - 4w2)? + u(wd)?, (3.17)
with

C
= w1 Sy
wo = M/l (F) , (3.18)
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and the phase angles 28375 and 2855 are defined by

wd

tan S0 = —r -7/ (3.19)
(o]
and
2wd
tan 289 = ;—Z‘_L(z‘;)-z . (3.20)
[0}

The guantity X represents the lattice contribution
and Y the dislocation contribution. If the dislocation
contribution is ignored and wave propagation in a <100>
direction of a cubic material for which both a@; and aj3

tend to zero 1is considered, then

a _ 3¢, t Cy4y
2E;° 40,,5

and

e-2a1x - o ®2%

+ L]
ay - 2« X

Expression (3.13) then reduces to

A=:—"-—p%(l+—£'-"—)-‘£xA : (3.21)
2 '-tc" sc" k 10 - 3

This is identical to expression (2.4%) which was derived

by Buck and Thompson (1966) for the second harmonic in a

dissipationless mediumn.

In the case where w  >> 4w the factor cos 2(8; + §;0)

can be replaced by 2
~'§*§9172 (woq - 502d2),
oo

The third harmonic stress amplitude is found to a
good approximation to be of the form

12pw2Nb*qR3cC! 3 g T3nx_-osx

U 3,27 1727 & . A]O . ¢ (3-22)
kA SO T0 L0 a

A3 =
3 - 30.1
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The expression for o agrees with that obtained by
Granato and Lucke (1956) in their theory of dislocation
damping. The expressions for ap and o3 are of the same
form as that for o; when the harmonic waves are considered
to be independent waves propagating with pulsatance 2w

and 3w respectively.

3.2. Discussion of the Theory

Some important conseqﬁences of the expressions for
the second and third harmonic stress wave amplitudes are
listed below.

(a) There are two contributions to the second harmonic,
one arising from the lattice anharmonicity, the other
arising from the non~linear dislocation motion. 1In
addition, the existence of the phase angle 2(6&;5 + 63¢)
between the lattice and dislocation contributions leads to
a cross-term in expression (3.13). Because of this cross-
term it is difficult to distinguish experimentally between
the contributions, unless 2(8;q5 + 859) = #/2 [610 and &,
depend on dislocation loop length ]. The quantity X is
considered to be indcpendent of bias stress in the range
used in the present mcasurements. The factor Y is a

function of dislocation density, loop length and bias stress.

An important consequence of the factor A, , the static
stress, in expression (3.15) is that the dislocation

contribution becomes zero for zero stetic bias stress
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(internal or external). This implies that the dislocation
stress=-strain relation must be asymmetric as well as non=

linear for second harmonic generation.

The bias stress dependence of the third harmonic
should be contrasted with that of the second harmonic.
Expression (3.22) indicates that a third harmoniec due to
dislocations may arise even when the static bias stress is
zero. Thus while a static bias stress is needed before any
dislocation second harmonics are generated, a static bias
stress influences the generation of dislocation thirad
harmonics only by, for example, changing dislocation loop

lengths by unpinning.

In the expression for the third harmonic amplitude
the lattice contribution does not appear because the terms
in powers higher than the square of the displacement
gradient are not considered in expression (3.5). The
experiments of Peters and Breazeale (1968) indicate that
the third harmonic due to lattic anharmonicity is very much
less than the second harmonic (see also Chapter 2.1).
Since it is also found that. the dislocation contribution
to both second and third harmonic waves is of a similar
magnitude, the assumption of equation (3.5) appears to be

justified.

(b) The amplitudes of the second and third harmonic waves
are proportional respectively to the square and cube of
the amplitude of the fundamental wave, as long as the

dislocation loop length remains constant.

(¢) Expression (3.13) predicts a second harmonic amplitude
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vhich is zero at x = O and which increases linearly with
x in a dissipationless medium. As a result of attenuation
the second harmonic amplitude passes through.a maximum at

a distance
mﬂzgl)
X = 2
2 Tar - o5 (c m) (3.23)
Similarly the third harmonic amplitude has a maximum af
hﬂgﬁk

% Tog—a; (em) (3.24)

(d) In the case of the second harmonic the static stress

A, 1is & parameter indicating the degree of deviation of

a bowed out dislocation from its straight line configuration.
Therefore, regardless of whether the stress is in tension

or compression, the absolute value lAbI should be used in

expression (3.13).

(e) The dependence of both @; and A3 upon dislocation

loop length is illustrated in Fig.3.2 for both edge and
screw dislocations, using typical values for the parameters
involved. In both cases A3 shows a maximum as a function

of loop length. Screw dislocations are seen to generate

a smaller harmonic than edge dislocations. It is also seen
that the maximum in A3 occurs approximately where the point
of inflection in the @] curve appears. The maximum in

the A; curve therefore corresponds approximately to the
transition between undcrdamped and overdamped behaviour
[Gran&to and Lucke (1956)]. The absolute value of Aj

for both edge and screw dislocations also depends appreciably
on the orientation 6 (see Fig.3.1). It is expected that
some modification of the theory would result if a

distribution in loop lengths were to be considered.
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. The dependence of the third harmonic amplitude upon
loop length may be investigated by unpinning dislocations
with & static bias stress. This stress is assumed sufficient
to unpin dislocations without inereasing the dislocation
density. The terms in expression (3.22) which involve L,

may be written as fl“b) and f,(a,x) , Where

1

fi(L) = 3.25
P27 " Sas2p 172 8 (3.25)

0 0 o

and
=3a1x -03x

e -e

fz(a,x) - 03 - 30.1 . (3-26)

Thus the change in third harmonic amplitude may be

expressed logarithmicelly as

208n7g %ﬁ; R (3.27)

£1(L) f(a,x)
204ny¢ m + 204n3 Fz—%a—,;(—)]—o- (3.28)

Here A3;g and Ay eare the third harmonic amplitudes at,

Dag

respectively, zero bias stress and a finite bias stress,.
VWhen |3a;¢- a3x| << 1 the second term in expression
(3.28) can be epproximated by -264a;x , where pg; is the
measured change in attenuation of the fundamental wave
corresponding to the change 2A3 . Together with Hikata,
Sewell.and Elvaun (1966) third harmonic amplitude changes

in the present work are plotted in the form

ARj ARy + 26.x.bq,

202n £1(Lg)

" [£1(o) ],

(3.29)

wvhen N remains constant.



Measurements plotted in this way are interpreted in
terms of Fig.3.3, which shows both AAs; and a; plotted
against loop length for typical values of the dislocation
and lattice parameters involved. The curves are of a

similar form to those of Fig.3.2.

(f) In the case of longitudinal wave propagation
discussed above, it has been pointed out that the lattice
and dislocation contributions to the second harmonic are
difficult to separate. It therefore appears that
dislocation dynemics are more easily studied through the

generation of third harmonies.

3.3 Review of some Published Experimental Measurements

A dislocation contribution to second harmonic
generation has been noted by Hikata, Chick and Elbaum (1963)
and (1965), Breezeale and Ford (1965), and Krasil'nikov
and Zarembo (1967). The measurements of Hikata, Chick and
Elbaun (1963) were made in an aluminium single crystal
using e 10 MHz longitudinzl fundamental wave. A second
harmonic emplitude dependent upon a tensile bias stress
was observed and sttributed to an alteration in the
dislocation configuration in the crystal. Hikata, Chick
and Elbaum (1965) made further meesurements in an eluminium
crystal, agein using & 10 liHz fundemental wave. The
measurements are interpreted in terms of a simplified.version
of the theory discussed in §3.1 above. The measurements
are found to reveal the presence of internal stresses
renaining after plastic deformation. This effect is

considered further in Chapter 8, where somewhat similar
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measurements in NeCl using third hermonic generetion are
discussed. Breazeale and Ford (1965) have made measure-
ments in a copper single crystal using a longitudinal

30 MHz fundamental wave. These authors find a second
harmonic wave with an amplitude sensitive to the state of
anneal of the specimen and to neutron irrddiation, a
behaviour which they attribute to the presence of
dislocations. This 1is because neutron irradiation is
expected to produce lattice defects which may pin
dislocations and so alter the loop lengths. Krasil'nikov
and Zarembo (1967) report measurements using a 5 MHz shear
wave in NaCl to generate a 10 MHz second harmonic wave
which is apparently related to dislocation properties.

No detailed study of this effect is given however.

Direct measurements on a dislocation contribution to
the third harmonic appear to have been made only by Hikata,
Sewell and Elbaum (1966), who interpret their results in
terms of the theory set out in§ 3.1. The measurements
involve & 10 MHz fundamental longitudinal wave propagating
along <100>, <110> and <111> directions in eluminium single
crystals of various purities. The measurements give good
support to the theory of Hikata and Elbaum (1966) and are
considered in more detail in Chapter 6. In this chapter
the results of some similar measurements made in the course

of the present work are presented.

All the authors mentioned here have used the same
basic system for observing harmonics, namely a type of
pulse-echo measurement in which & specimen has a driving
transducer at one end and a receiving transducer at the

other connected to a harmonic amplifying system. This is
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also the method used in the present work. A slight
modification of this system has been employed by Gauster
and Dreazeale (1967) for observing the lattice
contribution to the third harmonic. This involves
increasing the ultrasonic pulse length until overlap
between successive echoes occurs. An appreciable
increase in harmonic signal level occurs in the region

of overlap if the frequency of the successive echoes

is correctly adjusted. In this way third harmonic echoes
may be distinguished from spurious pulses excited in the
electronics enmployed, since there is a random phase
relation between such signals. This technique is useful
since the lattice third harmonic signal level is very
small and the spurious signals can be appreciable. There
was found to be no need to use this technique in the
present work since the dislocation harmonic signals were

easily detectable.
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CHAPTER L

Utrasonic Measuring Techniques

In this chapter a description is given of the systems
and methods used to observe the generation of second and
third harmonics of an ultrasonic stress wave. The method
used to measure the attenuation of the fundamental ultrasonic

wave is also described.

4,0, The Experimental Observation of Second
Harmonic Generation

4,1. Introduction

The experimental system was designed to detect the
second harmonic content of a 10MHz fundamental ultrasonic
wave after propagation in a erystal. Fig.h.l is a simpli~
fied block diagram illustrating the method used. The crystal
specimen had & quartz transducer attached to each end. One
of these had a fundamental resonant frequency of 10MHz and
was used to generate the fundamental ultrasonic wave. The
transducer at the other end of the specimen had a fundamental
resonant frequency of 20MlIz and was used to receive the
second harmonic signal generated in the specimen. The
filter(l) between the pulsed oscillator and the driving
transducer removed unwanted 20MHz signal from the fundamental
pulse of 10MHz sinusoidal signal. The filter(2) removed
unwanted 10MHz signal from the harmonic amplifying system.
The harmonic signal received by the 20MHz transducer was
amplified and displayed on an oscilloscope screen. The
actual experimental system was more complex than that shown

by Fig.4.1 and it is discussed in detail in the following
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Table 4.1. Details of components appearing in

O O O~ 6\ & Ww NN -

(v)
(c)
18

Arenberg Pulse Generator, PG-650-C.
Arenberg 93 ohm attenuator, ATT=-693,
Filter, see Fig.h.k,

Balancing Network, see Fig.h.T.

Dummy 10 MHz transducer.

Filter, see Fig.L.s5.

x10 attenuating probe, Tektronix P~6000.
10 MHz amplifier, see Fig.k.9.
Specimen.

Filter, see Fig.h.6.

Arenberg preamplifier, PA~620=B.
Tuned 20 MHz amplifier, see Fig.h4.8.
Solartron 600 ohm attenuator, AT=-201.
Advance signal generator, SG-62-B.
Advance frequency divider, TCD-100-A.
Advance frequency counter, TC=L4.
Tektronix oscilloscope, 555.
Tektronix plug~in unit, 1Al (Ch.1l).
Tektronix plug=in unit, L. »
Tektronix plug=-in unit, 1Al (Ch.2).

Tektronix time mark gencrator. 180-A.

Fig.h.2.
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paragraphs.

L.2 The Experimental System

Fig.4.2 is a block diagram of the experimental system
used. Both the input pulse and the fundamental echoes of
this pulse could be monitored as well as the second harmonic
content of the echoes. Table 4.1 gives details of the

units incorporated in the system.

The pulse generator(l) was capable of giving pulses of
sinusoidal signal of a frequency between 360 KHz and 180 MHz
with pulse lengths from about 2y sec. to 100 usec. and pulse
repetition frequencies of ﬁp to 3 KHz. In practice, pulses
of 10 MHz signal of about 5 usec. duration were used; these
were triggered externally to give a pulse repetition
frequency of 100 Hz by a time mark generator(18), which
also triggered the time base of an oscilloscope(17). The
pulses from the generator passed first through a 93Q
attenuator(2) by means of which signal attenuation in the
range O to 121 db could be introduced in steps of 1 db.
Distortion of the pulses was minimised when the pulse
generator was terminated with 930N . The filter(3) then
attenuasted any 20 MHz signal present before the pulse reached
the balancing network(l4). This network was used simply to
increase the signal level, as described in § 4.3(b). The
~ pulse was monitored at this point with the oscilloscope(lT)
before passing through a second filter(6) which further
attenuated any unwanted remaining 20 MHz signal. The pulse
was then applied to thé 10 MHz quartz transducer attached
to the specimen(9). A pulse of up to 1500 volts (peakwto~
peak) could be applied to the transducery at larger



41

voltages electrical breakdown occurred between the
transducer electrodes. LEchoes of the driving pulse, picked
up by the 10 MIz transducer, were monitored on the oscillo~
scope screen(l7) with the aid of an attenuating probe(T)
and a 10 MHz tuned amplifier(8). Diodes were used to

prevent saturation of the amplifier by the driving pulse.

20 MHz ultrasonic waves in the specimen were picked up
by the receiving transducer which, although it had a
fundemental resonant frequency of 20 MHz, also picked up
o quite considerable 10 MHz signal corresponding to both
the direct signal and echoes from the 10 MHz fundamental
pulse. These signals were reduced in amplitude with the
filter(10) so that they would not excite the tuned circuits
of the amplifiers(1ll) and (12). After amplification the
20 MHz echoes were displayed on the screen of the

oscilloscope (17).

The preemplifier(ll) had = mixing stage so that a
reference c.w. signal from the oscillator(lls) could be
superinposed on the 20 MHz echoes. When the two frequencies
were similar a beating effect was observed, which
disappcared when the two frequencies became identical.

The c.w. frequency was then measured with the frequency
counter(1l6) used in conjunction with a frequency divider(15). .
In this way the frequency of the sinusoidal component of
ultrasonic echoes could be determined to x 0.05 MHz in
20.00 MHz. The attenuator(13) was included so that the
c.w. signal level could be adjusted to the same order of

magnitude as the echo amplitude.
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4.3 Description of the Filters, Balancing Network
and Tuned Amvlifiers.

4.3(g) Filters

The two filters (3) and (6) were designed to pass a
frequency of 10 MHz and reject one of 20 MHz, while the
filter (10) was designed o reject a frequency of 10 MHz
end pass one of 20 MHz. The experimentally determined
insertion losses of these filters as & function of frequency
are shown in Fig.k.3(a) (b) and (c), and in Figs.h.h, k.5

and 4.6 the electrical circuits of the filters are shown.

Starting with & constant K ==-section {Williams(1963)1
as prototype, the corresponding m-derived type was designed.
From this a shunt derived T-section was designed and used
as the filter, with m = 0.6. For this value of m the
chaoracteristic impedance of the filter was an almost
constent resistance at frequencies within the pass band.
The filter (3) shown in Fig.4.4 was given a characteristic
inpedance of 93Q +to match the impedance of the pulse
generator(l) and attenuator(2). The filter (6) shown in
Fig.4.5 was given a higher impedance of 50082 so that it
would not load cxcessively the high voltage signal from
the balancing netowrk(L). The capacitors in this filter
were variable air capacitors with high voltage ratings.

The filter (10) shown in Fig.k.6 had a characteristic
impedance of 150Q which was calculeted to be of the same

order as the input impedance of the preamplifier(1ll).

4.3(b) The Balencing Hetwork

The balancing network (4) was constructed according

to the design of & commercially available network (see



Fig. 4.7.
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table 4.1). The commercial network was designed primarily
to act as an impedance nmatching network, but it could also
be used simply as a step-up voltage transformer. It was

in this latter capacity that it was used in the present
work. Tig.4.7 shows the construction of the network.
Increases in signel level of up to five times were possible.

The capacitors used in the network had high voltage ratings.

4,3(c) The Tuned Amplifiers

The 20 MHz amplifier (12) was designed to use thermionic
valves and the circuit diagram is shown in Fig.h.8. Attenpts
to build a solid state amplifier failed owing to lack of
stability at the high voltage gains required. The amplifier
had a voltage gain of about 60 db and a band-width of about
0.5 MHz. The tuned circuits were damped with suitable
resistors to increase stability. When the out-put of the
amplifier was viewed on an oscilloscope, the gain was found
to be linear for output signal levels up to 1.0 volt, with
the wide-band preamplifier(1ll) tuned for maximum gain;
the noise level was 0.02 volt. The band-width was, of
course, greater when the harmonic input level was
sufficiently high to require use of tﬁe amplifier below

maximum gain.

The 10 MHz amplifier(8) was constructed to essentially
the same design, and Fig.4.9 shows the circuit diagram.
The emplifier hed a voltage gain of about 40 db, and diodes
were included ot the input and output to limit the
amplitude of the fundamental driving pulse. These diodes
were found not to affect appreciebly the linearity of the

amplifier gain at the small output signal levels used.
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4.4, The Alignment Procedure

The tuned circuits of the filters and amplifiers were
adjusted approximately before incorporation in the system,
but because these elements were sensitive to input and

output impedances the following alignment procedure was used.

(a) The 10 MHz filter(10) was first tuned, using the

arrangement shown in Fig.l4.10.

10 MHz pulses from the pulse generator were fed
through a 100 K} resistor. (so that the low output impedance
of the pulse generator did not influence the filter
characteristic) to the 20 MHz transducer and filter circuit.
The preamplifier was tuned to 10 MHz and the filter was
adjusted for meximum attenuation at 10 MHz, as indicated
by the signal displayed on the oscilloscape. Frequencies
were measured by beating the pulses withksinusoidal signal
from an oscillator as described in § 4.2 above. In actual
use the preamplifier was tuned t6 20 MHz and hence
presented a different impedance to the filter, but the
effect on the filter was found to be small.

(b) The tuned circuits of the 20 MHz amplifier(12) and the
preamplifier(1ll) were then adjusted using the arrangement
of Fig.4.11. A pulse of 20 MHz signal produced by the
pulse generator(l) was used to drive a 20 MHz transducer
bonded to one end of a specimen. The 20 MHz transducer at
the other end of the specimen was connected to the second
harmonic detecting system and frequency measuring system
described in § 4.2 above. The attenuator(2) was included
because the high voltage gain of the harmonic detecting

system meant that only a small ultrasonic pulse was required.
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The centre frequency of the amplifier system could
be adjusted to within 0.02 MHz by this method, and fregquenc)
stability over long periods ( ~ six hours) was to within
0.1 MHz.

(¢) The next step was the adjustment of the balancing
network (4). The complete arrangement of Fig.L.2 was
assembled, with the 20 MHz filters (3) and (6) approximately
tuned. The variable resistors and capacitors of the
balancing network were then adjusted to give a pulse of

good rectangular shape over the entire voltage range of the

generator.

(d) The 20 MHz filters (3) and (6) were then adjusted.
20 MHz pulses were obtained from the pulse generator and
passed through both 20 MHz filters and the balancing
network to the transducer; these pulses were detected
by a pick=-up coil placed near to the transducer leads.
The signel from this coil was connected to the input of

the harmonic arnplifying gysten.

(e) The frequency spectrum of a repeated square wave

pulse becomes narrover as the pulse length is increased.

If the pulse is very short the band=width of the transducer-
specimen coupling may not be large enough for the pulse to
be transmitted without distortion. The minimum pulse length
necessary for the pulse to build up to its full amplitude
%f% , Where B.W. is the band-width of the
transducer coupling to the specimen [Mason (1958)] . This

is about

estimate assumes a non- dispersive mediunm.

‘The length of the ultrasonic pulse was therefore

adjusted in the pulse generator (1) to ensure that it was
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great enough for the pulse to build up to its full
amplitude.

The pulse generator did not produce good rectangular
shaped pulses when the pulse amplitude was low.
Consequently, when small amplitude ultrasonic driving
pulses were reguired, a pulsc sufficiently large to be
without distortion was generated and attenuated with the
attenuator (2). This attenuator was therefore adjusted

as required.

4.5 Discussion of the System

With the experimental system described above, a
20 MHz signal might be observed on the oscilloscope screen
not only as a result of harmonics generated in the sample
but for at least three other reasons. These three reasons
ere (i) 20 MHz signal coming from the pulse generator
being incompletely filtered out, (ii) the excitation of
the tuned circuits in the detecting emplifiers (11) and (12)
by large amplitude 10 MHz signals, and (iii) the generation
of harmonics of the fundamental pulse at the specimen
surfaces and at electrical impedance mismatches. These

three effects will be considered in turn.

The emount of second harmonic signal present in the
pulses leaving the pulse gencrator was found experimentally
to be azbout 5%. Taking into account the insertion losses
of the various filters used and the fundamental resonant
frequency of the driving transducer, then this unwanted
of the

20 MHz signal is calculated to be only about léO
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.expected specimen harmonic signal. This is assuming that
the second harmonic generated in the sample has an |
amplitude equal to about 0.1% of the fundamental 10 MHz
wave. The effect of (i) above is therefore probably

negligible.

Excitation of the zuned circuits of the harmonic
detecting amplificrs by/large amplitude 10 MHz signal was
made negligible by the use of the 10 MHz filter (10).

The use of a wideband prcamplifier (11) before the main

amplifier (12) also assisted in this.

The generation of harmonics at the surface of a
specimen has been considered by Buck and Thompson (1966)
and by Carr (1968). These aznalyses show the effect to be
small and no special precautions were taken against it,
except that specimens with good flat surfaces for attaching
transducers were always used. Electrical impedance
nismatches may also lead to disportion of the fundamental
pulse and thus to the production of harmonic signals.

The driving pulse was monitored at the 10 MHz transducer
to check that a good rectengular pulse envelope was obtained
and some care was taken in the design of the filter

impedances so that serious impedance mismatches were unlikely.

With the experimentel system designed and adjusted
as described above it was possible to observe second
harmonic signals which could be related to the anharmonic

strain properties of the particular specimen being used.

4.6 Recording Methods

Two methods were used to record pulse emplitudes.
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10MmHz Tuned Oscilloscope
Attenuator Specimen Filter Preamp. amplifier
2 9 - 10 11 12 17
20MHz ]
Transducsrs 13 Attenuator
1 I
14 15 16
Pulse Oscillator Frequency Frequency
gensrator divider counter
Fig. 4.11. Block diagram of the system for amplifier alignment.
See table 4.1 for details of the apparatus.
5 Dummy
transducer
20MHz Transducers 10MHz 14 |Oscillator
Bal.|N/Uk, Filter 10MHz  20MHz Filter I Wide-band
—t 4 6 %{:::]%————' 10 24 amplifier
l Specimen
3 ﬁ?T::r Ref. Attenuator
Atten. pulse 13
l 7 23
: (probe) gen,
2 |Attenuator 15 Frequency
{ 19| Attenuator 11 Pre- divider
amp, l
Pulse Fregusnc
1 generator 16 y
counter
12 20MHz
Switch amplifier
+ Trigger 20
18 | generator 05 | Rectifier
(a) I Digital
| 21 22 26 | volt
® e I
17 height
Oscilloscope analyser
(c)
Fig. 4.12. Block diagram of the second harmonic system

incorporating the

pulse height analyser.
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Tsble 4.2,

1 to 18 See table 4.1.
19 - Solartron 6002 attenuator, AT-201.
20 - Two-wey switch.

21 - Pulse rectifier, see Fig. 4.13.

22 - Pulse height analysers Intertechnique SA-40.
23 ~ Reference pulse generator, see Fig. 4.14.

24 - Keithley 'type 108 wide band amplifier.

25 - Rectifier, see TFig. 4.15.

26 - Solartron digital volt meter, IM-1420.2-M.
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Fig. 4.14. The refercence-pulse generator.
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:F 2201’{.
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Fig. 4.13. The pulse xrectifier.
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The normal method involved photographing traces on the
oscilloscope screen with a Polaroid Land Camera (Type PLI)
and measurement of the recorded pulse amplitudes with a
Hilger travelling microscope. In any series of measure-
ments the input pulse was always recorded together with

the harwmonic signal and a éorrection made to the harmonic
pulse amplitude for fluctuations in input level, assuming

& square relationship between the fundamental and harmonic
signals. After the apparatus had been allowed to warm up
for two hours before use, subsequent fluctuations over &
period of some minutes in input signsl level were generally
less than 3%. The gain of the harmonic amplifiers was also
found to be constant over short periods, although variations

of as nmuch as 5% were observed over periods of several hours.

A second method of measuring pulse amplitudes was used
in which recordings were made electronically with the aid
of a Pulse Height Analyser. This method was found
perticularly useful when an experimental run required a
large nunber of pulse amplitudes to be recorded, since 1t
eliminated meny tedious travelling microscope measurements .
It also had the advantage that eamplitudes could be determined
immediately after measuring without a delay due to photo-
graphic processing. The progress of an experiment could
then be followed closely. Fig.U.l2 shows a block diagram
of the system used. Table 4.2 lists the components.

The system is & nodification of that already
considered. The attenuating probe (7) at the driving
transducer is now used for monitoring the driving pulse
and not the fundamental echoes. Provision is also made
for measuring changes in the gain of the 20 MHz emplifying

system over long periods of time. Reference pulses of
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20 MHz signal were obteined by using the sinusoidal signzal
generator (14) in conjunction with the gating circuit(23);
the circuit diagram of the gating circuit is shown in
Fig.4.1h. The amplitude of these pulses was an
experimenteally determined function of the amplitude of the
initial sinusoidal signal. This amplitude was neasured

by first rectifying the signal with the circuit shown in
Fig.4.15 and then measuring the d.c. signal obtained with
a digital volt meter (26). The anmplifier (2L4) was
included nmerely to give sufficient signal for the rectifier
(25) to operate. The reference pulses were attenuated

to a level similar to that of the harmonic echoes by the
attenuator (13). These reference pulses could be applied
to the input of the amplifier (11) instead of the harmonic
pulses. After initially calibrating the reference pulse
height against the digital volt meter reading, any changes
in measured pulse height not corresponding to a change

in digital volt meter reading were eattributed to a change
in amplifier gain and a correction made accordingly. In
this way measurenents of pulse height to an accuracy of

2 or 3% could be made over periods of some hours.

Either the pulse from the hsarmonic amplifiers (11)
and (12) or the driving pulse could be selected by
switeh (20). The selected pulse was then rectified to
leave its positive envelove by the circuit (21) of Fig.h.1l3.

The pulse height analyser (22) was then used to
measure the amplitude of the rectified pulse. This
instrument sorted pulses into one of 400 channels according
to the pulse amplitude, channel number one corresponding
to a pulse of zero height while channel number 400 could

be set to receive pulses of any fixed voltage between
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0.06 volts and 32 volts. In this way channel number is

e neasure of pulse height, enabling pulse heights to be
neasured to within about il%. In addition to distributing
pulses into channels according to the pulse height, the
instrument also counts the number of pulses put into each
channel (up to 10° per channel). All this information

is displayed on an oscilloscope screen with channel

number as abscissa and number of counts as ordinate.

Since the diodes used in the rectifying circuits (21)
of Fig.4.13 did not conduct until a voltege of about 0.5
volts appeared across them, it was necessary before using
the system of Fig.L4.12 to calibrate the channel numbers
in terms of true pulse height as determined from photo-
graphs taken of the direct unrectified pulse. In order to
make a measurement the instrument was set to analyse first
the driving pulse, then the harmonic pulse and then the
reference pulse for about threevseconds each. In the
case of pulses from the'20 MHz amplifiers, jitter resulting
from the high gain and tuned circuits used led to
fluctuations of successive pulse heights about a mean
velue, and the counts were distributed over ten or fifteen
channels. However, because of the method of display on
the P,H.A. oscilloscope, the centre channel number was
easily determined. In practice, all harmonic echoes
except the first were of too low an amplitude to interfere

with the readings.

4,10 Experimental Observation of Third Harmonic Generation

4,11 Introduction

The method was essentially similar to that used for
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Fig. 4.16. Block diagram of the third harmonic system.



Table 4.3. Details of components appearing in Fig.h.16.
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15
16
1T
18
19
20
21
22
23

Arenberg pulse generator, PG-650-C.
Arenberg 93 ohm attenuator, ATT-693.
Tektronix 93 ohm termination.

Filter, see Fig.4.1lT.

Balancing network, see Fig.L.T.

Dummy 10 MHz transducer.

Filter, see Fig.L4.18.

x10 attenuating probe, Tektronix P=-6000.
Solartron 600 ohm attenuator, AT-201.
Specimen.

Filter, see Fig.4.19.

Reference pulse generator, see Fig.lh.1llh,

Arenbergz preamplifier, PA-620-~B. »

Tuned 30 MHz amplifier, as in Fig.4.8 with the
appropriate tuned circuits.

Solartron 600 ohm attenuator, AT-201.

Advance signal generator, SG-62-B.

Keithley type 108 wide band amplifier.

Rectifier, see Fig.l.1l5.

Solartron digital volt meter, LM=-1420.2-M.

Advance frequency divider, TCD-100-A.

Advance frequency counter, TC-lk.

Tuned 10 MHz amplifier, see Fig.lL.9.

Tektronix oscilloscope type 555.

(e)Tektronix plug=~in unit, 1Al (Ch.l1).

(b)Tektronix plug=~in unit, L.
(c)Tektronix plug=-in unit, 1A1 (Ch.l).

2k

Tektronix time mark generator, 180-A.
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the second harmonic, & third harmonic signal level only

a little below that of the second harmonic being expectedl.
However, 30 MHz transducers could not be obtained owing
to the manufacturers' inability to polish quartz wafers
of the required thickness, and two 10 MHz crystals were
used with the receiving one being worked at its first

odd harmonic.

4,12 The Experimental Arrangement

Fig.4.16 is a block diagram of the experimental
system and Table 4.3 gives details of the individual
instruments. A signal from the pulse generator(l) passes
through an attenuator(2) and a 939 termination(3) followed
by a 30 MHz filter(L4) and then into & balancing network(5).
This network was the same as that shown in Fig.h.T7T.
Fundamental echoes returning from the specimen are amplified
by the tuned emplifier(22) and displayed on the oscilloscope
(23). The input pulse was monitored at the driving trans—
ducer with the aid of an attenuating probe(8) and an
attenuator(9). The third harmonic signal was detected
in the same way as the second harmonic, a reference pulse
being obtained to calibrate the harmonic amplifiers as
described for the second harmonic system. As in the case
of the second harmonic, the frequency of the third harmonic
pulses could be measured by comparison with a sinusoidal
signal from the oscillator(16) using the mixing facility

of the preamplifier(1l3) [shown 28 a broken line in Fig.h.16

Since a 10 MHz trensducer is capable of generating
a 30 MHz wave the extra attenuation of harmonies from the

pulse genereator over the fundamental signel does not occur
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PLATE 1 Part of the 3rd harmonie system

PLAIE 2 A mounted NaCi specimen
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as in the second harmonic system, but the 30 MHz filters
were nevertheless found in practice to provide sufficient
attenuation. The same consideration applies to the
receiving transducer and the 10 MHz filter(1ll), although
egain the filter was found in practice to provide
sufficient attenuation to prevent excitation of the 30 MHz
tuned circuits in the amplifiers(13) and (14). The
circuit diagrams of the filters arc shown in Figs.4.17,
4.18 and 4.19 while the experimentally determined
insertion losses are plotted against frequency in
Fig.4.20(a),(b) and (c).

The sane alignment procedure was used as for the

second harmonic systen.

Measurements of pulse amplitude were again made
using Polaroid photographs of oscilloscope traces. The
pulse height analyser technique was not used since harmonic
pulses of sufficient amplitude could only be obtained by

driving the 30 MHz amplifiers into a non-linear region.

Plete 1 shows pdrt of the experimentel set-up for
observing third harmonics in an NaCl specimen. On the
left is seen part of the pulse generator, and part of
the time mark generator can be seen above it. In the
centre foreground is seen & suspended NaCl éample with
weights ettached to give a bias stress. In the centre
rear is seen the constant temperature enclosure (see §5.7).
At centre right is seen the 10 MHz amplifier and ‘below
this is the Hounsfield Tensometer (see §5.6). 1In the
bottom right hand corner are seen the wide-band amplifier
and the 30 MHz amplifier. Resting upon the 30 MHz

amplifier is a 6002 attenuator.
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Fig., 4.21, The transducer arrangements for attenuation measurement,

Cut Thickness Wave mode Fundamental Application
' frequency
X 0.295mm, Longitudinal 10 Miz Generating 10Mz and

receiving 30z

X 0. 145mm, Longitudinal 20 Mgz Receiving 20 Mz

Table 4.4. Transducer details,

Gold
platin

Fig., 4.22. Electrode configuration of the quartz transducers,
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4.20 Measurement of Attenuation

The attenuation of a sample was nmeasured with
transducers arranged as shown in Fig.Lh.21. With a
transducer at one end as in Fig.4.21(a) the measured
attenuation between successive echoes is a; + r;, where
o1 is the true absorption and r; is that due to the
transducer bond. - With this transducer removed and a
second one attached at the other end as in Fig.4.21(b)
the attenuation measured between successive echoes
becomes a; + r,, r, being that due to the second trans-
ducer. Finally with both transaucers attached as in
Fig.4.21(c) the attenuation measured between successive
echoes becomes a; + r; + rp,. From these measurements
#y1s r; and r, may be deduced. A typical value found for

an WaCl specimen was rj = 0.24b.

Changes in attenuation could be measured much more
accurately and this was the more frequent measurement
made. The anmplitudes of two echoes Ai and Aj were
measured before and after the change occurred, when they
becane Ai1 and Ajl. Equation (4.1) gives the change in

"attenuation 6o in db's.

A./A.
§a = 20%n;, i’ (dv). (Lh.1)
[A. /A. ]
1 J
Units of db/usec were normally used however, when

20 A./A.
o = <= &n i (db/usec.) (4.2)
2 imo [0k

where t 1s the time interval between Ai and Aj'

Changes of about 0.001 db/psec could normally be measured.



64

Factors influencing the accuracy of absolute
ultrasonic attenuation measurements have been extensively
revieved [Redwood (l96h)1. The most important of these
are (i) lack of parallelism of end faces, (ii) diffraction
effects leading to energy losses from the sides of an

ultrasonic wave, (iii) reflection losses at sample ends.

Lack of parallelism of sample end faces between
which pulses are being reflected leads to a modulation
of the perfect exponential decay, maxima and minima
appearing. This is because different ultrasonic path
lengths over the area of the transducer give rise to
different particle displacements and hence different
signals at the transducer, whose output is the sum of
2ll these signals. The effect becomes more important
at higher frequencies. Two NaCl crystals had ends
professionally polished optically flat and parallel to
within & few seconds of arc, when about 50 echoes could
be observed at 10 MHz before the first minimum. This
was a sufficient number for an attenuation measurement
to be made. Other NaCl crystals having cleaved ends
were sometimes suitabie for absolute attenuation measure-
ments depending on the quality of the cleavage. Aluminiux
crystals were spark planed flat and parallel to & few
minutes of arc only and were not suitable for accurate

absolute attenuation measurements.

4.30 Quartz Trensducers

The quartz transducers vsed were thickness mode X
cut crystals as listed in Table L4.4. All transducers

were 1.0 cm. in diameter and gold plated as shown in
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Fig.4.22. The parts of the transducer surface to which
leads were attached were first plated with a silver compound
using a baking technique to give the leads mechanical |
strength. Transducers wvere obtained from The Quartz
Crystal Company Limited ready plated and wired, although
some crystals were replated with gold at Chelsea after
repeated use. The electrode configuration shown in
Fig.4.22 was used because it solved the problem of making
electrical contact to the face of the crystal in contact
with a non-conducting specimen, e.g: NaCl. This method

of pleting is also reported to influence the energy loss
from sn ultrasonic weve by diffraction, [Papadakis (1963)];
a2t certain frequencies and propagation distances this

loss may be minimised.

In second harmonic genaration measurements care was
taken to select a receiving transducer with a fundamental
resonant frequency as near as possible twice that of the
driving transducer. It was found that most transducers

ad been manufacturcd with resonant frequencies within
1% of their nominal values, and matching of transducers

was therefore not difficult.

Silicone 0il was used as a bonding agent for X-cut
transducers. 'Salol', Dow-resin 276-V9, Araldite (resin
only) and Araldite (resin + hardener) were investigated
but found to have no particular advantage from the point
of view of insertion loss or length of service over
silicone oil. However, silicone o0il bonds were found to
deteriorate at temmeratures much above SOOC. Transducers
were mounted by putting a drop of o0il on the underside of

the transducer, pressing it onto the sample surface and
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then rotating the transducer while applying a slight
pressure. The o0il then spread out to cover the whole
area of the transducer in contact with the specimen
and a firm bond was obtained. The amount of o0il used
was critical, too little giving an incomplete bond and
too much causing the transducer to float on a thicker
layer of oil. Transducers were unmounted with the aid

of carbon tetrachloride.

4L.40 The Capacitative Detector

A capacitative detector was constructed for several
reasons. Firstly such a detector enables an absolute
value of the strain amplitude associated with an ultra-
sonic wave to be measured. This information is useful
in understanding the type of ultrasonic behaviour observed
in a specimen. Secondly such & detector may be used to
receive harmonic signals, instead of a quartz transducer.
This is particularly useful since the detector has a very
wide bandwidth, unlike a quartz transducer which must be
used at one of its resonant frequencies. Thirdly the
specimen surface at which ultrasonic waves are detected
is stress free, which makes possible certain experiments
concerned with the reflection of ultrasonic harmonic

waves, as discussed in § T.1.

A capacitative detector for the measurement of
ultrasonic strain amplitudes as small as 108 at MHz
frequencies in aluminium and NaCl crystals was constructcd
according to the principles described by Gauster and

Breazeale (1966). One surface of the specimen at which
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1 Table 4.5.
Capacitative ' )
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. Y 2 Arenberg Atten, ATT-693,
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Fig. 4.24. Calibration system for
the capacitative detector,
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ultrasonic waves were reflected constituted one "plate"
of a parallel plate capacitor, the other plate being

an optically polished copper surface. A constant d.c.
voltage was maintaincd across the capacitor and the
charge entering and leaving the capacitor as the plate
separation was modulated by an ultrasonic wave was
amplified and could be related to the amplitude of the
ultrasonic wave. The capacitor plate separation was not
controlled by an electropleting technique as used by
Gauster and Breezeale but by a much simpler method using
I.C.I. 'Melinex' sheets. These had thicknesses from
lp—> 100 and over an arca of a few square centimetres
were of a uniform thickness to within about 50 optical
wavelengths, as determired by an optical interference
method. Tig.4%.23(a) shows the construction of the

detector.

The centre copper el=ctrode of 0.4" dizmeter,
shown from above in Fig.4.23(b), was fixed in the centre
of a large copper ring with epoxy resin and the surface
of the disc and electrode were polished flat by a hand
lepving technique. A disc of Melinex with an 0.5"
diemeter hole in the centre was placed over the copper
electrode and the semple was positioned over this, with
e clamping arraengerment to ensure that the capacitor gap
was determined solely by the Melinex. A quartz trans-
ducer was attached to the upper surface of the specimen.
In the cese of NaCl specimens the surface which was to
form part of the capacitor was first optically polished
and then given a conducting coating of aluminiunm.
Electrical contact to this surface was made using
'Ag - dag' (a suspension of silver particles in methyl

iso~butyl ketone). The capacitor was connected to a
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d.c. bias circuit and preamplifier as used by Gauster
and Breazeale (1966).

Gauster and Breazeale show that the sinusoidal
voltage, V, generated across the capacitor is given

approximately by

v = v_.. % , (4.3)

with-an error of 3%, where s, is the gap spacing (typically
10H)s u, is the displacement of the crystal end face and
Vo, is the d.c. bias voltage (decoupled from the bias

power supply with a 1 HQ resistor). The strain amplitude
of the ultrasonic wave is given by 32. In preactice,

the measurement of the gain of the é&plifying system,
needed for an evaluation of V, limited the accuracy of
values obtained for u,. Changes in capacitor gap spacing
as a result of temperature changes experienced by Gauster
and Breazeale were to a large extent avoided by the use

of Melinex instead of a copper layer to provide the
capacitor plate separation. The system used to measure
the amplification of the detector is shown in the block

diagram of Fig.lL.2k4, with components listed in Table L.5.

The capacitor C through which the calibration
signal is passed to the detector is equivalent to and
replaces the gap capacitance. Signal levels before and

after amplification were compared using the oscilloscope.

A second capacitative detector was made identical
to the one described above except that the electrode
diameter was only 0.9 cm. and the preamplifier circuit

of Gauster and Breazeale (1966) was not used. This



detector was used to measure the third harmonic content
of a 10 MHz fundamental wave in a NaCl crystal. The
detector replaced the 10 MHz quartz transducer normally
used for observing third harmonic signals. The
remainder of the experimental system was as indicated
in Fig.4.16. The end face of the NaCl crystal was

made conducting by depositing a thin film of aluminium

0
under vecuum. The film was about 500 A thick.

70



71

CHAPTER 5

The Single Crystal Specimens and Ancillary Measurements

5.0 Specimen Preparation

(a) Aluminium Specimens

The aluminium specimens were purchased from Metals
Research Limited (Cembridge), and could be obtained with
nominal impurity densities of one part in 10%, 103 and
106, designated LN, 5N and 6 respectively. They were
single crystals 50 mm. long and 12 nmm. in diameter with
a (1003 direction along the cylindrical axis. The
tolerance on the coincidence of the crystallographic
and geometric axes was i3°. The cylindrical surfaces
were coarse spark planed to give a uniform circular
cross-section (for constant force per unit area when
the crystal was stressed) while the ends were fine spark
planed to give surfaces suitably flat for attaching
transducers and sufficiently parallel fof reflection of
an ultrasonic wave between the crystel ends [Truell and
Oates (1963)]. The advantage of spark planing is that
little mechanical damage is done to the bulk of the

material.

(b) Sodium Chloride Specimens

Sodium chloride crystals were obtained from two
sources, Hilger and Watts Limited, and Gulton Industries

Limited. Only crystals from the second supplier, which
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Notor driven pulley

String

- Distilled
- - ;j//f;,,—' water
~ /A .

Fig. 5.1. Te string saw, (diagrammatical).

Impuri ty % Tmpuri ty %
Lead 5.10° Thallium 1.107°
Copper 5.10° | Bartun 5.1074
Cobalt 5.10° | Strontium 3.1074
Nickel 1.10°° Calcium 5.1072
Zinc 1.10'6 Magnesium 1.107°
Iron 5.10° | 1ithium 4.1077
Aluminium 1.16“6 Potassium 1.1072
Manganeso 5.10‘6 Total (approx.) 2.10'3%

Table 5.1.

Impurity content of the

specially grown NgCl crystal.:
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were grown by the Stockbarger-Bridgman technique, showed
a detectable dislocation contribution to harmonic
generation and they were used for almost all the
measurements made. The material was bought in cleaved
blocks of approximately 1"x1" cross-section and lengths
of between 3" and 5". Some specimens were cut from
this material with the aid of a string saw. Specimen
sizes varied, some being approximately 1l.25cm x 1l.25cm X
2.5cm (6 samples) and some approximately 1.25 cm x 1.25cm
x 8.0cm (4 samples). The string saw is shown diagram=-
‘matically in Fig.5.1. A loop of cotton driven by a pulley
was run over the surface of an NaCl block immersed in
water. Rapid dissolving of HaCl occurred in the region
of the string, which then penetrated the crystal. The
crystal was slowly raised to keep pressure on the cotton.
The outer surfaces of the crystal were protected from
dissolving slowly themselves by a coating of perspex
cement. This method of cutting was used rather then
cleaving because (a) long thin blocks were difficult to
obtain by cleavage, and (b) less mechanical damage was
done. However, some further samples were prepared by
cleavage alone, these having dimensions 2.5¢cm x 2.5 cm X

10cnm (one sample) and 3cm x 1.25cm x 1.25cm (L4 samples).

The ends of the samples were prepared for attaching
transducers by cleavage, but because of the difficulty
of obtaining surfaces free from cleavage~steps early
specimens were short, typically 2.5cm long. Later
specimens had end surfaces mechanically polished after
cleavage. However, the ends of these crystals were not
normally sufficiently parallel for attenuation measure=
ments to be made. DPolishing was done on glass lapping

blocks by hand using methyl alcohol as a lubricant, with
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final polishing on a Selvyt Cloth with jewellers rouge.
It was possible to obtain surfaces flat to within a few
tens of optical wavelength. as indicated by optical
interference fringes produced with the aid of an optical
flat.

An especially pure boule of NaCl was also obtained,

which had a stated impurity content as set out in Table 5.1.

It was found that cleavage was often more successful
if the crystal was first annealed at approximately 650°¢
(M.P. = 80100). The annealing procedure is described

in § 5.3.

5.1 Estimation of the Relative Purity of Aluminium Crystals

The method used was an adaptation of that due to
Bean, De Blois and Nesbitt (1959) in which the electrical
resistivity of a crystal is measured at room temperature
and at liquid helium temperature by an eddy current
technique. The resistivity of a metal at room temper=-
atures is determined primarily by interactions of
conduction electrons with lattice vibrations and is
largely independent of the purity of the metal. As the
temperature is reduced the resistivity decreases
approximately as the temperature to some power, until
at liquid helium temperature of 4.2°K scattering from
impurity centres becomes important in determining the
resistivity. The value of the resistivity at 4.2°%K is

very sensitive to the purity of the metal, and the ratio
P300

5 may be used to classify different samples according
4.2
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to their purity.

The resistivity was determined by noting the rate
of decay of magnetic flux in a specimen when an externally
applied magnetic field was rapidly reduced to zero.
Resistivities in the range 10 11 —=> 1073 ohm. cnm.
could be deduced. Fig.5.2 shows the system used. The
pulse generator gave a square pulse of current into a
2.4 Q resistor end a primary coil wound round a specimen.
The changing flux through the specimen was picked up in
a secondary coil, which was shunted with 510 £, and
emplified ty a d.c. amplifier (see Fig.5.3), before
being displayed on an oscilloscope. The pulse generator
was triggered by a signal from the Time Mark Generator
which also provided time markers on the oscilloscope
screen and the oscilloscope time base was triggered from

the pulse generator.

Bean, De Blois and Nesbitt (1959) show that for a
specimen of circular crossesection the voltage across
the secondary coil after removing the magnetic field

approaches a simple exponential, according to

Vv(t) —> 10.N.pH_ exp (= %‘) (5.1)
r

after a time of the order of rr/2, where

2.17uR2 1072 (5.2)
P

-~
"

Here N is the number of turns in the secondary coil,
p is the resistivity and p the permeability of the
specimen, Ho is the magnetic field, R is the radius of

the sample. Fig.5.4 shows oscilloscope traces of the
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signal detected by the secondary coil for an aluminium
specimen of 6.4 mm. diameter at room temperature and also
at 4.2%. The ratio of T, at each temperature gives

the resistivity ratio P300
. Pu.2

The primary of the coil was designed with sufficient
turns to give a suitable value of Ho and this was not
found to be very critical. The secondary was designed
with sufficient turns to give an observable output signal
whi%e at the seme time keeping its self-resonant frequency
>> ;: . The 510Q resistor was included to damp gut
self~resonant oscillations. The coil used at 293 K had
a primary of 105 turns and a secondary of TT turns,
while the 4.2°K coil had a primary of 105 turns and a

secondary of 5,000 turns.

The advantage of the method is its simplicity,
the absence of any need to attach electrical leads to
the sample and the ability to use the samples directly
without reshaping them. A disadvantage is that the -
value of 1. cen correspond to frequencies at vhich
"skin depth" effects are appreciable, leading to
resistivities of surface material rather than bulk
material. This effect was not important in any of the

measurements actually made.

' 5.2 Specimen Mounting

Both the aluminium and the sodium chloride crystal
specimens were mounted in a similar way which enabled

axial stresses to be applied to them. Metal plates with
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suitable holes in the centre to fit a particular specimen
were attached at each end of a specimen using 'Araldite'.
Fig.5.5 illustrates the mounting method for an aluminium
specimen. Plate 2 shows a mounted sodium chloride speci-
men. Hooks for suspending the specimen and attaching
weights were fixed to the metal plates with brass screws.
Care was taken to align the specimen and hooks axielly
and to earth the specimen and all the metallic parts of
the attached assemblies. 'Ag-Dag', a suspension of
silver particles in methYl iso-butyl ketone, was nuch

used for this latter purpose.

5.3 The Annealing of Specimens

It wes usually necessary to anneal the single crystal
specimens, and for this purpose an annealing oven was
constructed. The annealing oven consisted of a 23"
diemeter silica tube 18" long and surrounded by fire
brick and sheet asbestos to give outside dimensions of
15" x 15" x 24", A filament was wound round the outside
of the silica tubé. The ends of the tube were sealed,
one end permanently, with fire brick plugs and silica wool.
A Pt-Pt/Rh thermocouple was inserted through the centre
of the sealed end and the e.m.f. generated between this
junction and & similar one at 0°C was mecasured with a
potentiometer to determine the temperature of the oven.
Tehperatures of 800°C could be attained and the temper~
ature gradient over a 3" central region of the furnace
tube was not more than 2°C per inch. The heater current
was from a 2 K.W. variac connected to the mains supply.

The variac output was mechanically controlled with an
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electric motor and a series of reduction gears so that
the teuperature of the oven could be either raised or
lowered between room temperature and -750°C over several
days. The speed of the electric motor was also controlled
with a variac. The maximum rate of heating or cooling
could be restricted to about 10°C per hour. Samples
were normally placed on a porcelain slab in the oven.
However some Al samples were annealed in vacuo.‘ This

was done by sealing the Al sample in & spectrosil silica
tube under vacuum, together with a carbon boat for the

Al crystal to rest in. This carbon boat, made from
spectroscopically pure carbon, was further purified
before use by boiling in a mixture of 50% HC1l and 50%
double distilled water for 48 hours, then boiling in
double distilled water for two days changing the water

eight times.

S.4 X-irrsadiation of Sodium Chloride Samples

In order to carry out studies of dislocation=-point
defect interactions in sodium chloride samples it was
decided to introduce colour centres into certain samples.
A convenient way of doing this is by X-irradiation, which
introduces, amongst other things, F-centres into an NaCl

lattice.

A General Electric X¥X=~ray machine was used which
could give up to 225 Kv X-rays at a tube current of wup
to 15 mé. Typical dose rates used in these experiments
were 10 rads/minute. Specimens to be irradiated (usually

with grips and transducers mounted) were normally about
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3 cemx 1 cem x 1 cm and were placed with the long exis
perpendicular to the X-ray bean. Because the density

of colour centres produced decreased with X-ray pene-
tretion distance, 2l1ll four sides of a specimen were in
turn exposed for equal times to the X~ray beam in order
to obtain a more uniform colour centre density. To
prevent the F-centres being converted to Fl-centres the
samples were irradiated and stored in a black paper box.
Mecasurements were likewise made in a light proof apparatus.
The density of F-centresrintroduced was determinecd Dby
measuring the absorption as a function of wavelength with
an automatically recording spectrophotometer (Unicam
SP.800). The absorption peak was centred at 463mup and
from the measured absorbance at this wavelength the
F~centre density could be calculated using published
tables and Smakula's formula [ Markhan (1966)].

5.5 Etch Pit Studies of Dislocation Densities in NaCl.

The dislocation densities in the sodium chloride
crystals used for ultrasonic harmonic generation experiments
were of interest since these densities are an important
parameter determining the amount of harmonic generation
to be expected. The effect of an anneal on the dislocation
density in a'crystal nay elso be evaluated if some method
of measuring dislocation density is available. In the
present work dislocation densities in NaCl were estimated

using a solution etching technique.

Many etchants for NaCl have been reported [Barber(l962)]

and the one used in these experiments was ethyl slcohol
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saturated with mercuric chloride [Gimpl, Fuschillo and
Nelson (1965)]. Etching times of between one and five
seconds were employed, followed by rinsing with n-butanol
and drying in a current of dried air. The etch-pits
could then be viewed with a microscope using obligue
illumination and magnifications of about x100. Areas

of crystal surface were photographed using a Polaroid
Land Camera so that densities of etch pits could be

evaluated.

Surfaces to be etched were either cleaved surfaces,
which could be etched directly, or surfaces prepared by
polishing. A polishing technique was developed in which
the surface to be polished was held horizontally about
3 mm above and 8 cm from the centre of a 30 cm diemeter
turntable electrically driven at about 20 revs./minute.
The turntable was covered to a depth of 3 mm with a
mixture of 50% glycerol and 50% n-~butanol. After
polishing the surface was cleaned with pyridine. 1In
this way the surface of the crystel became sufficiently
well polished for etch pits to be observed over large
areas without any appreciable number of dislocations
being introduced by the polishing.operation. This latter
point was checked by repeated etching and polishing of

o crystal.

5.6 Static Stressing of Specinens.

Two methods of subjecting specimens to a static
stress were used. When the force required was less than

6
15 x 10 dynes, suiteble weights were simply attached to
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the specimen. Tensile stresses were obtained by
suspending the specimen vertically and adding weights

to a pan attached to the lower end of the specimen, as
indicated in Fig.5.5. Compressive stresses were
obtained by supporting the lower end of a specimen and
attaching the weight pan to the upper end of the specimen.
Care was taken to ensure that specimens were always

stressed axially.
A Hounsfield Tensometer was used to apply forces

6
greater than 15 x 10 gynes. This machine could apply

forces of up to 2 x 10 dynes in tension or compression.

5.7 The Constant Temperature Enclosure.

In order to make measurements on specimens at
various temperatures a constant temperature enclosure
wvas constructed. A specimen in this enclosure could be
subjected to bias stresses while ultrasonic measurements
were simultaneously being made. Temperatures between
T7°k and 425°K were possible. . Fig.5.6 shows diagram-

matically the apparatus which was constructed.

A recirculating system was used in which air was
continuously withdrawn from one side of the specimen
chamber, passed through a temperature controlling system
and returned to the chamber. The specimen chamber
measured 10" x 6" x 6" and the channel for circulating
air had a square cross-section of 2" x 2". Construction’
was of polyurethane foam, all interior parts of the systen
being insulated from the outside by at least a 13" thick-

ness of this material. The whole apparatus was encased



85

in sheet aluminium. The temperature of the specimen
chamber was recorded with a thermometer. Transducer
leads passed through the chamber walls. A small hole
in the bottom of the chamber allowed bias stresses to
be applied to specimens enclosed in the chamber. Air
was circulated in the sense of the arrows marked on
Fig.5.6 by means of an electrically driven fan. A
heating element next to the fan was used to raise the
air temperature, and cold nitrogen gas could be pumped
in on the low pressure side of the fan to lower the
air temperature. The temperature was detected by ten
copper-constantan thermocouple junctions placed between
the heater and the specimen chamber.. A mechanical
thermostat was placed after the thermocouples. Figs.
5.7(a) and (b) show the circuitry which was used to

control the temperature.

The e.m.f. across ten thermocouples connected in
series was applied to the sliding'contact of a 50Q
Helipot across which a constant voltage was maintained
using a stabilised d.c. power pack. The sliding contact
of the Helipot was adjusted so that the Scalamp galvano-
meter gave zero deflection. The_cold thermocouple
junctions were kept in liquid nitrogen to provide a
sufficiently constant low tenperature reference, A
change in air temperature in the enclosure resulted
in a galvanometer deflection of about 3 cm. per °c.

The nmotion of the galvanometer light spot was detected
using a light sensitive Cd.S. resistor attached to the
inside of the galvanometer scale. Operation at tempera-
tures above room temperature will be considered first.

When the resistor was not illuminated the relay of

R.H.B.N.C
LI2RARY
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Fig.5.8(a) was inactivated and power was supplied to

the heater from & variac causing the temperature in the
enclosure to rise. This caused the light spot to move
towards the resistor. When a certain fraction of the
light spot became incident on the resistor, the resistance
fell from about 100KQ to about 5000, when sufficient
current passed through the relay to operate it and cut

off the heater current. The temperature in the enclosure
then fell, the thermocouple e.m.f. dropped, the light

spot moved away from the resistor and the relay was
inactivated again completing the heater current circuit.
The light spot then moved back to the resistor and the
cycle repeated. In this way temperature fluctuations

over short periods in the spécimen chamber were kept

less than O.l°C, while long term fluctuations were

less than 1°C. To achieve the same stability at
temperatures widely different from room temperature

it was necessary to have two heaters, one of which was

on continually to partially counteract heat losses.

Ten thermocouple junctions were used instead of one to
reduce the effect of stray thermal e.m.f.'s generated

in other parts of the circuit on the temperature stability
of the systemn. The operating temperature could be changed
by adjusting the Helipot. Since a failure of the galvano-
meter bulb would result in the heater current flowing
permanently, a mechanical thermostat was included in the
heater circuit and set to cut out a few degrees above the
operating temperature. This thermostat required a

temperature change of 2%¢ to operate it.

Temperatures below room temperature were achieved

by evaporating liquid nitrogen in a storage dewar by
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dissipating heat in a 10 W. resistor and circulating
the cold nitrogen gas into the enclosure. To prevenf
a build-up of gas pressure, a small tube open to the
atmosphere was incorporated between the specimen
chamber and gas inlet tube. Cold gas wes produced

at a rate to keep the chamber temperature somewhat
below that required and the heating system described
above was then used to raise the temperature end

control it.

RHBN.C.
LIBRARY
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CHAPTER 6

Some Measurements on Aluminium Crystals

6.0 Introduction

In order to establish that the experimental set-up
described in Chapter 4 could be successfully used to
investigate the generation of harmonics of an ultrasonic
wave, an attempt was made to repeat some of the measure=
ments already published in the literature. Hikata,

Chick and Elbaum (1965) have investigated the dislocation
contribution to the second harmonic of a 10 MHz
compressionél wave in eluminium, and Hikata, Sewell and
Elbaum (1966) have made similar measurements in aluminium
on the third harmonic. The aluminium crystals used

in both referencgs measured 127 mm x 9.7 mm x 9.7 nm,

had purities from 99.99% aluminium upwards and the

127 mm axis lying in either the <100>, <110> or <111>

crystal direction.

A crystal of 99.99% aluminium 50 mm long, with a
circular cross-section 12 mm in diameter and with the
cylindricel axis lying in the <100> crystal direction
was obtained. The dimensions correspond to one of the
suppliers standard crystal sizes. This crystal was
uéed initielly for second harmonic measurements.
Subsequently, two further crystals were purchased,
differing from the above crystal only in purity, one
being 99.999%pure and the other 99.9999% pure. Hence-

forth these two crystals will be referred to respectively
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as the 5N and 6N crystals. The 99.99% crystal will be
referred to as the UN crystal. The ratio of electrical
resistivity at room temperature to that at liquid helium
temperature, %%g% , was measured for the YW and 6N
.ecrystals and found to be respectively 450 and 2,250.
The crystals used by Hikata, Sewell and Elbaum (1966)

had values of 2300 lying between 270 and 3,100.
)

In Chapter 3 expressions were given for the second

and third harmonic amplitudes. These were of the form
2 2 2 5o,
AZ = pow [-X + Y - 2XY cos 2(510 +520)].A103 (6.1)
k

where X represents the lattice contribution and Y is

given by
48D R qC'
o= b R qC'A, (3.15)
73 T2
T AS ML
0O 0o ©
end
12 2N "R o £
_ ow b qR CC .
Ay = 5,7 172w Ao - (6.2)
kA 87 T L,

It is seen that A, is a function of static bias stress As
loop length Lo= dislocation density N and the fundamental
wave amplitude Ajg, while A3 is a function of loop length
Lo’ dislocation density N and the fundamental wave
amplitude Aj;p, but not directly of static bias stress
(only through LO). Hikata, Chick and Elbaum (1965) and
Hikata, Sewell and Elbaum (1966) investigated the

dependence of A, and A3 on these parameters., Similar
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experiments performed in the present work are discussed
below and compared with those of Hikata et al.(1965)
and (1966). In addition some further experiments are
noted which show a time dependence of both A, and Aj.
This effect has been studied in some detail, and the

results of the investigation are given in Chapter 9.

6.1 An Investigation of Second Harmonic Behaviour

(a) Measurements with the LN crystal.

Using the 4N aluminium crystal described above
second harmonic echoes were obtained, and Fig.6.1 shows
the dependence of the second harmonic wave amplitude
on the fundamental wave amplitude. Provided the
attenuation of the fundamental wave due to the generation
of higher harmonics is small, the second harmonic wave
amplitude is expected to vary as the square of the
fundamental wave amplitude [see equation (6,1)], and
this is seen to be true to a good approximation.
Similar behaviour was observed with a polycrystalline
rod of commercial aluminium. These results are con-

sistent with those of Hikata, Chick and Elbaum (1965).

A difference between the present measurements
and those reported by Hikata et al.(1965) is that no
maximum in the harmonic echo pattern after the first
received harmonic pulse was observed in the present
case. However, this may be attributed to differences

in the attenuation of the two samples.

The second power relation suggested that the
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harmonic signals were not spurious but were coning

from the aluminium crystal. However, a more positive
proof of this would be given by a dependence of harmonic
wave amplitude on bias stress, since this could be

related to dislocations in the crystal.

Attempts to find a dependence of second harmonic
wave amplitude on a static tensile bias stress at stresses
up to lO7 dynes em  were unsuccessful however. This
stress should have been sufficient to alter the dis-
location configuration in the crystal. It was concluded
that any contribution of the dislocations in the crystal
to the second harmonic generation was masked by a much
larger lattice contribution. Equation (6.1) indicates
that the dislocation contribution increases linearly
with bias stress and dislocation density and with the
fourth power of dislocation loop length, while the
lattice contribution is independent of bias stress
(for the values of stress used in these experiments).
When a dislocation loop length of 2.10 % cm is assumed
and a dislocation density of 10% c¢m~2 (typical values),
the bias stress required for the two contributions to
become equal in magnitude is found to be ebout 106
dynes cm™2. However, if the dislocation loop length
is instead taken as 10™% cm, then the bias stress
. necessary for equality of the two contributions is
increased by & factor of 16. A smaller dislocation
density likewise increases this bias stress. The
failure to observe a biaes stress dependence of the
second harmonic amplitude is not therefore surprising,
since the crystal was relatively impure and dislocation

loop lengths are not expected to have been large.
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The 'as grown' crystal is also expected to be in a

fairly annealed state, with a low dislocation density.

Plastic deformation is expected to increase the
dislocation density and may also increase the dislocation
loop length. The static bias stress needed to alter the
second harmonic amplitude might therefore be smaller
after the crystal has been plastically deformed.

However, experiments showed that even after plastic
deformation, there was no detectable dependence of the

second harmonic amplitude upon bias stress.

(b) Measurements with the 5N crystal.

Following the unsuccessful attempts to find a
bias stress dependence of the second harmoniec amplitude
in the 4N crystél, measurements were made on the more

pure 5N aluminium crystal.

Dislocation loop lengths in this specimen are
expected to be”appreciably longer than in the less
pure 4N crystal. A bias stress dependence of the second
harmonic was indeed found in this cfystal. In Fig.6.2
some measurements of this dependence are shown, together
with some similar measurements of Hikata, Chick and
- Elbaum (1965). Both sets of measurements indicate a
second harmonic amplitude increasing with bias stress.
At a given bias stress the increase in second harmonic
amplitude is seen to be greater in the present measure-
ments, probably because a more pure crystal with
correspondingly longer loop lengths was used in this
work. The.crystal used by Hikata et al.(1965) was of
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99.99+% purity.

In the present measurements a time dependent
behaviour was found which was not reported by Hikata,
Chick and Elbaum (1965). The increcase in second harmonic
amplitude upon application of a bias stress was found
to decay slowly with time while the bias stress remained
constant. This behaviour was investigated in some
detail and the results of this investigation are given

in Chapter 9.

6.2(a) Third Harmonic Measurements in the

LY Aluminium Crystal.

Third harmonic mcasurements were made using the
same 4N eluminium crystal as was used for the second
harmonic experiments discussed in section 6.1(a) above.
These third harmonic measurements were made, however,

before the crystal was plasticelly deformed.

(i) The Effect of a Tensile Bias Stress.

Third harmonic echoes were observed in the LIl
aluminium crystal and a depcndence of the amplitude
of these echoes on a tensile bias stress was observed.
Fig.6.3 shows the observed bias stress dependence of
the third harmonic, which is plotted in the form AAj'
as discussed in Chapter 3.2(e). The attenuation
change of the fundamental wave 1is less than 0.001 db/usec.
Also shown are measurcments made on this sample some

.weeks later when it had been reannealed under vacuum at
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5500C for three hours and then plastically deformed

at 107 dynes ecm™2 for 5% hours. The curves of Fig.6.3
are to be compared with those of Fig.6.4 which are the
measurements of Hikata, Sewell and Elbaum (1966).on an

annealed specimen before and after a prestress of

6.7 x 107 dynes ecm™2. The crystals are seen to have
similar values of 300 and hence similar purities.
Puv2 -

Both the annealed specimen of Hikata, Sewell and
Elbaum (1966) and the as grown crystal used in the
present measurements show an initial slow increase in
harmonic wave amplitude with bias stress followed by
a more rapid increase. After prestressing, both crystals
show a more rapid increase in harmonic amplitude at low
bias stresses. The results of Hikata et al.(1966),
however, show a saturation effect at larger bias stresses,
vhereas in the present measurements AA3' continues to
increase. The attenuation changes are also seen to
be much greater in the crystal of Hikata et al.(1966).

The difference in the behaviour shown in Figs.6.3
and 6.4 can probebly be attributed to the larger pre=-
stress given to Hikata et al.'s (1966) crystal, the
slight difference in purity of the two crystals and

to possible differences in the state of anneal.

An interpretation of the behaviour is given by
Hikata et al.(1966) in terms of the distribution of
point defects in an annealed crystal, which determine
the dislocation loop length. It is expected that in
the annealed state the distribution of defects between
the bulk material and dislocation lines will be near

equilibrium, with a higher concentration at the



16
= 4 , 97
= '
N '
i

o ' Slope 3
o) [
3 '
-+ I}
: 10 '
ol 4,
E ]
@ [
'(':)' [}
[y ’
2 /
~ '
£ 5r

/
T /
2] S|

1
1,
' |
(o) 5 10

Fundamental amplitude (o B)

Fig. 6.5. The relation between the fundamental wave amplitude
end the +third harmonic wave amplitude in the 4N
gluminium crystal.

5
0 1st run
4l A 2nd run
™ V 2nd run (3min. delay)
~ .
p 3
S AF
-
<
| k
- o Lr = 2: 3 4""30‘

Tensile bias stress (dyn/em?*)

Fig. 6.6. Two measurements of the bias stress dependence of AH,/, in
the 4N crystal. The results show (i) good reproducibility,
(i1) the absence of any time dependence of AR,



98

dislocations than in the bulk material.. After plastic
deformation new dislocations will therefore lie in
regions of reletively more pure material, assuming that
the room temperature redistribution of impurities is

slow. Dislocation loop lengths will therefore be longer
then was the case in the annealed crystal. This increase
in dislocation loop length would lead to the behaviour
observed in Fig.6.4 according to the theory of third
harmonic generation developed by Hikata and Elbaum (1966).
This may be seen by referring to Fig.3.3. Suppose the
dislocation loop length in the annealed crystal corresponds
to a point to the left of the maximum in AA3‘ and the

loop length in the deformed crystal to a point much

nearer to the maximum in AA3'. Then, since the change

in AA3' with loop length is smaller near the maxinunm

in Fig.3.3, the deformed crystal is expected to show

& smaller change in AA3' with bias stress (ie:- increasing
loop length) than is the annealed crystal. A saturation
effect is expected if the loop length becomes actually
equal to Lm'

(ii) The Effect of the Fundamental Driving Wave Amplitude.

The amplitude of the third harmonic is expected
to vary as the third power of fhe fundamental driving
"amplitude, providing there is no change in dislocation
loop length [see equation (6.2)]. Fig.6.5 shows the
observed relation between the fundamental and third
harmonic amplitudes. These measurements were made
after the plastic deformation and there is seen to be
a slight deviation from the slope of 3 condition, a

slope of 2.7 being measured. Hikata, Sewell and Elbaum
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(1966) noted a similar deviation, a slope of 2.66 being
measured with a plastically deformed crystal. Further
measurements of the 3rd pover relation in the 6N crystal

are contained in section 6.2(b) below.

(iii) The Reproducibility of the Third Harmonic Measurements.

The bias stress tests on the 'as grown' crystel were
repeated a second time to establish whether they were
reproducible or not. In the second experiment measure=-
ments of harmonic amplitude were made (i) as soon as a
bias stress was applied, and (ii) after the stress had
been applied for threes minutes. Fig.6.6 shows the
results of both experiments. It is seen that the three
minute delay had, within the limits of experimental
error, no effect on the measurements, ie: there was no
time dependenf effect present, and the results of the

first and second experiments are seen to agree quite well,.

A time dcpendent behaviour was noted however after
the crystal was anncaled at SSOOC for 3 hours and sub=-
sequently plastically deformed at a prestress of 107
dynes em~2for 52 hours. The effect was similar to
that already noted with sccond harmonic experiments in

the 5N crystal, [see section 6.l(b)]. Fig.6.7 shows
.the third harmonic amplitude while a constant bias stress
was applied for 30 minutes and then removed. The
harmonic amplitude is seen to decay after an initial
instantaneous increase when the bias stress was applied.
The harmonic amplitude is scen to increase again upon

removal of the bias stress, and then to decay again.
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Such a time dependence was not reported by Hikata,
Sewell and Elbaum (1966).

As a result of the appreciable changes in harmonic
amplitude over relatively short times shown by Fig.6.7,
bias stresses in subsequent investigations were applied
only long enough for a single measurement to be made
and then removed before the next bias stress was applied.
In Fig.6.8, curve (a) shows the results of a test carried
out in this way. Curve (b) shows the value the harmonic
amplitude fell to under zero bias stress between each
measurement. The harmonic amplitude under zero bias

stress is seen to increase slightly during the experiment.

6.2(b) Third Hermonic Measurements on the

6N Aluminium Crystal

Third harmonic measurecments were also made using
the 6N aluminium crystal for which the resistivity
ratio %%%g had the value 2,250. This was the purest
crystal with which harmonic measurements were made.
The dependence of the third harmonic amplitude on a
tensile bias stress after successive plastic deformations

of the crystal will be discussed first.

(i) The Effect of a Tensile Bias Stress

4
The change in third harmonic emplitude AA3 and

the change in attenuation of the fundamental wave Aa)
were measured as a function of tensile bias stress

after varying degrees of plastic deformation.
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Fig.6.9 shows measurements made at a constant fundamental
driving wave amplitude, while Fig.6.10 shows similar
measurcments for which the fundamental wave amplitude

vas adjusted after each plestic deformation to give

the same third harmonic amplitude at zero bias stress.
Measurcments were made on the first received 3rd harmonic
pulse. The plastic deformation was found in fact

always to increase the third harmonic amplitude at zero
bias stress. This is expected from a consideration of
expression (6.2) if the plastic deformation increases

the dislocation density.

In both Fig.6.9 and Fig.6.10 AA3' is seen to show
a maxinum as & function of bias stress after plastic
deformation at stresses up to 1.5 x 107 dynes cm~2.
The dependcnce of AA3' on bias stress after such
deformation is seen to be much greater in Fig.6.9.
For plestic deformation at stresses greater than
1.5 x 107 dynes cm~? the increase in AA3' with bias
stress is seen to be reduced in both cases. However,
in Fig.6.10 a mdaximum still appears whereas in Fig.6.9
the maximum diseppears after the deformation at 3.2 x 107

dynes cm~?2

and reappears as a very small peak at a

bias stress of 1 x 10° dynes em~ 2 after the final plastic
deformation. After the final and greatest plastic
.deformation both Fig.6.9 and Fig.6.10 show AA3‘ to

pass through a minimum after the initial maximum,

This minimum occurs at a lower bias stress in Fig.6.9
than in Fig.6.10. The changes in Aoy with bias stress
increase in both cases after piastic deformation at up

to 3.2 x 107 dynes em—2. After the final plastic
deformation however Aa; shows a reduced dependence on

bias stress.
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The dependence of AA3' upon the amplitude of the
fundamental wave as illustrated by the differences
between the curves of Figs.6.9 and 6.10 is investigated
in more detail below. Such a dependence was observed
by Hikata, Sewell and Elbaum (1966) who attributed it
to unpinning of dislocaticns by the fundamental stress
- wave. The theory of dislocation third harmonic generation
proposed by Hikata and Elbaum (1966), and discussed in
Chapter 3, considers the harmonic generation to arise
from non-linearities in the simple oscillation of
dislocation loop lengths about a mean position. This
is the behaviour expected when the attenuation of the
fundamentel wave is independent of the fundamental
wave amplitude, i.e: in the region of the Granato and
Licke (1956) dynamic loss theory. The relation between
stress and dislocation strain when the fundamental wave
amplitude 1is large enough to produce unpinning in the
first quarter of each stress cycle is also expected to
be non-linear, [c.f. the Grenato end Liicke (1956)
hysteresis lossh] but no analytical theory has yet
becn devised to include this contribution to the third

hermonic generation.

The measurements shown in Fig.6.10 were made

using the minimum possible fundamental wave amplitude
Hfor which harmonic signals could be measured. These
results are therefore more likely to be described by
the theory of Hikata and Elbaum (1966) than those of
Fig.6.9. Both of these sets of results will however
be discussed as far as possible in terms of the equi-
valent measurements of Hikata, Sewell and Elbaum (1966)
and the theory of Hikata and Elbaum (1966).
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Comparing the curve of Fig.6.10 for the ‘'as grown'
crystal with the theoretical curve of Fig.3.3, it
appears that the dislocation loop length in the crystal
is slightly less than Lm' If the bias stress increases
the mean loop length by unpinning to a value greater
than Lm then the maximum in the curve of Fig.6.10 is
explained. The position of the maximum in Fig.6.10
after successive plastic deformations appears to move
slightly towards a lower bias stress. This implies
that the plastic deformation has created new dislocations
with longer loop lengths, ie: loop lengths nearer to Lm'
This may be accounted for as follows. In the undeformed
crystal the distribution of impurities between the bulk
of the crystal and the dislocations is expected to be
near equilibrium, with the concentration in the bulk
crystal being smaller than at the dislocations. Thus
after plastic deformation new dislocations lying in the
bulk of the crystal will have a smaller concentration
of impurities pinning them than the original dislocations,
assuming the room temperature redistribution of defects
is slow. The iIncreased loop length after plastic

deformation may therefore be accounted for.

The measurements of Fig.6.10 resemble most closely
those made by Hikata, Sewell and Elbaum (1966) using an

aluminium specimen of <111> axial orientation and of

%iﬂﬂ = 1,200. The greater purity of the crystal

4e2

used in the present work, %ﬁig = 2,250, suggests that
' .

the maximum in AA3 in the undeformed crystal should
occur at a lower bias stress in the present measurements.
A comparison shows this to be the case, the maxima
occurring at bias stresses of about L x 103 dynes em™2

and 6 x 10° dynes em~2., However the measurements of
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Hikata, Sewell and Elbaum (1966) indicate a much greater
increase in loop length after plastic deformation than
is observed here; after a deformation at 3.2 x 107 -
dynes cm~?2 AA3' is found by Hikata, Sewell and Elbaum
(1966) to decrease to about =3.0 at a bias stress of

1.0 x 106 dynes cm~2,

There are at least two possible reasons why such
a decrease is not observed in the present measurenents.
Firstly the crystals were left at room temperature for
several days after plastic deformation, and this may
have given defects sufficient time to diffuse to new
dislocations (sce Chapter 9). Secondly a larger driving
wave amplitude may have been used in the present measure-
ments, leading to a greater dynamic unpinning by the
fundamental wave. Hikata, Sewell and Elbaum (1966)
point out that harmonic generation due to simple
dislocation oscillation (as discussed in Chapter 3)
is expected for edge dislocations to be of opposite
phase to that resulting from dynamic unpinning of
dislocations. The smaller decrease in AA3‘ observed
in the present measurements is therefore consistent
with a system in which both contributions to the third
harmonic generation are presenf, and the operative dis-
location system is of a predominantly edge nature.
Further evidence of this is given by the results of
Fig.6.9. The contribution to the third harmonic from
dynamic unpinning is expected to be greater here, since
the fundamental wave amplitudes are greater. The curve
of Fig.6.9 plotted after a deformation to 6.1 x 107
dynes em~2 shows a much more rapid increase in AA3'
after the initial minimum than does the equivalent

curve of Fig.6.10.
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t
The marked increase in the magnitude of AA; at

a given bias stress after the first two plastic
deformations which is obsérved in both Figs.6.9 and
6.10 was not reported by Hikata, Sewell and Elbaum (1966).
An explanation of this behaviour in terms of changes in
dislocation loop length and density appears unlikely.
However, it is seen from Fig.3.2 that the magnitude of
the change in harmonic amplitude with loop length is
sensitive to the type of dislocation present. If the
undeformed crystal contains a mixture of both edge and
screw dislocations, and the plastic deformations tend to
produce predominantly edge type, then the observed
behaviour may be accounted for. Since the crystal of
Hikata, Sewell and Elbaum (1966) has its axis in a <111>
direction whereas the axis of the present crystal is in
s <100> direction, the deforming stresses will not

activate the slip planes of each crystal in the same way.

The primary slip planes in aluminium are {111}
planes and the slip directions are <110>. For a crystal
with a cylindrical axis in a <100> direction as in the
present work, the resolved shear stress in g partfcular slip
plane and slip direction is ﬁgn, where Ao is the axial
shear stress. For a crystal/%ith a <111> direction
along the cylindrical axis as used by Hikata, Sewell
and Elbaum (1966) the corresponding resolved shear stress
is zero. The two crystals are not therefore expected

to show exactly similar behaviour.

In the case of the attenuation changes, the
magnitude of Aa; for a given change in loop length
increases with dislocation density [Granato and Liicke

(1956)]. Thus for a given static bias stress Aa; is
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eipected to be greater in a deformed crystal than in an
undeformed one. In fact the magnitude of Aa; for a

given bias stress depends not only on dislocation density
but also on the loop length before the bias stress is
applied. This may be seen from Fig.3.3, which shows

that the gradient of the curve of a; plotted against

loop length decreases as LO increases beyond Lm'

The results in Figs.6.9 and 6.10 may be interpreted
in terms of these two effects. The increases in Aa;
at a given bias stress in the curves plotted before
plastic deformation and after the first three plastic
deformations indicate that the effect of increasing
dislocation density after deformation dominetes any
effect duc to loop length changes with bias stress.
The corresponding decrease in Aaj after the final plastic
deformation indicates that the loop length effect is

becoming dominant.

(ii) The Effect of the Driving Wave Amplitude on the

Third Harmonic Amplitude.

In Fig.6.11 is shown the change in third harmonic
emplitude with increasing fundamental wave amplitude.
The change in attenuation of the fundamental wave 1is
also shown. The crystal had first been prestressed to
1.5 x 107 dynes em™ 2. At the lowest driving amplitudes
the third power relation is seen to hold. At higher
amplitudes the third harmonic amplitude is seen to
increase very much more slowly than the third power

reletion predicts. The attenuation of the fundamental
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wave is also seen to depend on the amplitude of the
fundamental wave, Thus 1t appears that the fundamental
wave amplitudes used in the present experiments are
indeed sufficient to cause dynamic unpinning of dis~-
locations, &s postulated in the previous section. A
similer deviation from the third power relation in
plastically deformed crystals was also noted by Hikate,
Sewell and Elbaum (1966).

(iii)The Effect of the Driving Amplitude on the Bias

Stress Dependence of AA3‘.

'

A dependence of AA; at a given bias stress upon
the driving wave amplitude has already been noted from
the differences between Figs.6.9 and 6.10. The results
of a more detailed investigetion of this dependence
are shown in Fig.6.12 for the 6l crystal after a plastic
deformation to 1.5 x 107 dynes cm 2. Considering first
only the curves numbered I ,II,III and IV it is seen
that at a given bias stress the value of AA3' increases
with the amplitude of the fundamental wave, a behaviour
opposite to that noted by Hikata, Sewell and Elbaum(1966)
in similar experiments. The maximum in AA3' also moves
to a larger bias stress as the amplitude of the funda-~
mental wave increases, which again is & behaviour opposite
to that noted by Hikata, Sewell and Elbaum (1966). 1If
the driving wave amplitude is sufficient to unpin
dislocations, a smaller bias stress should be needed to
increase the mean dislocation loop length to the value
Lm of Fig.3.3. The meximum in AA3' is therefore expected
to move to a smaller bias stress, as observed by Hikats,

Sewell and Elbaum (1966), and not as is observed here.
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The failure of the theory of Hikata and Elbaum
(1966) to account for the present measurements of AA3'
is thought to be most probably due to a contribution
to the third harmonic from the non~«linear nature of the
driving wave induced unpinning of dislocations.
Differences between tHe present measurements and those
of Hikata, Sewell and Elbaum (19G6) may be due to a
different nature of pinning point in the two crystals;
the pinning points in the present crystal may for example
be weaker. Also as pointed out above the different
resolved shear stresses in the slip systems of crystals
with <111> and <100> axial directions may account for

some difference of behaviour.

The behaviour of the change in fundamental wave
attenuation shown in Fig.6.12 does however agree with
that reported by Hikata, Sewell and Elbaum (1966).
If increasing the fundamental wave amplitude increases
the dislocation loop length beyond the value Lm of
Fig.3.3, then the slope of the corresponding point on
the curve of a; against loop length in Fig.3.3 decreases.
Hikata; Sewell and Elbaum (1966) attribute the observed
decrease in Aa; with increasing fundamental wave amplitude

at constant bias stress to this effect.

Each of the curves I,II,III and IV in Fig.6.12
was obtained some days after the initial plastic deformation.
Also shown in Fig.6.12 are two curves labelled (a) and
(b) which were plotted only six hours after the deformation.
In this cese AA3' is seen to show a grea?er dependence
upon bias stress, and the maximum in AA; shown by curve

(a) occurs at a smaller bias stress than in Curve I.
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If the point defects are diffusing to new dis-
locations after the plastic deformation the initially
increased loop lengths will be reduced, and the observed
movement of the maximum in AA3' is accounted for. It
therefore appears that the redistribution of point
defects after plastic deformation may be faster in the
present case than it was for the crystal of Hikata,

Sewell and Elbaum (1966). This is & possible explanation
for the relatively small movement of the maximum in AA3.

observed in Fig.6.10,

6.3 Conclusions

It will be remembered thet the primary purpose of
the experiments reported above was to check whether the
present experimental set-up was working correctly. From
the general agreement between the results obtained with
this set-up and those reported by Hikata, Chick and
Elbaum (1965) and Hikata, Sewell and Elbaum (1966) it
is concluded that the experimental set-up was indeed

working satisfactorily.

An effect not reported by Hikate et al.(1965) and
(1966) has also been noted. This is a time dependence
of both the second and third harmonic amplitude., In
the case of the second harmonic this time dependence
vas not present in an undeformed crystal, but appeared
only when the crystal had been subjected to plastic
deformation, suggesting that the effect is somehow
releted to plastic deformation. The time dependence
of both the second and third harmonic amplitude is

investigated further in Chapter 9.
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In the experiments with the third harmonic which
were similar to those carried out by Hikata, Sewell and
Elbaum (1966) serious disagreement appears only in the
measurements of the dependence of AA3' upon the driving
wave anmplitude at a given bias stress. Factors which
might account for this disagreement are a difference
in purity, nature of pinning point, the different crystal
orientation used in the present experiments (<100> instead
of <111>) and fundamental stress wave induced %?inning of
dislocations. The latter effect may play a more important
part in the present measurements if the experimental
system used is of lower sensitivity, thus requiring a
greater fundemental wave amplitude to give a detectable
harmonic signal. In any event, fundamental stress
wave induced unpinning of dislocations is considered
an important reason for some failure of the Hikata and
Elbaunm (1966) theory of third hermonic generation to
describe the experimental results. An analytical
theory of third harmonic generation due to stress wave
induced unpinning of dislocations is clearly required.

It would also be useful to increase the sensitivity of
the present third harmonic experimental system so that
measurements might be made with lower driving stress
amplitudes, ie: in the stress amplitude independent

damping region.
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CHAPTER T.

A Preliminary Investipgation of Harmonic Generation

in Sodium Chloride

T.0 Introduction

Experiments first carried out were aimed at detecting
a second harmonic wave generated in a sodium chloride
crystal. Second harmonic echoes with amplitudes
proportional to the square of the fundamental wave
amplitudes were observed, but no dependence of harmonic
amplitude on tensile bias stresses for values up to
1.5 x 107 dynes cm~2 was found. The maxiumum fundamental=-
wave stress—amplitude which was applied was about 10°
dynes cm™2, With a fundamental-wave stress-amplitude
of 0.5 x 10° dynes em™2 at the driving transducer,
typical voltages at the receiving transducer for the
harmonic and fundamental waves respectively were 15 mv

and 1.5 volt.

Correct operation of the experimentel set-up was
confirmed by inserting the 5N aluminium crystal and
checking that the second harmonic echoes showed a
dependence on bias stress (see Section 6.1). It was
concluded that the harmonic signal from the HaCl crystal
arose predominantly from the anharmonicity of the lattice,
the dislocations present having no detectable effect.

It will be remembered that the absence of a bias stress
dependence of the second harmonic in a UN aluminium

crystal was explained in this way also (see Section 6.1).
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Since, for the third harmonic, the lattice contribution
is expected to be appreciably smaller than the dis-
location contribution (see Section 3.2), measurements
to detect a dislocation contribution to the third

harmonic were made.

Third harmonic echoes were observed in an NaCl
specimen, and in Fig.T7.1l(a) is shown the relation
between the fundamental wave amplitude and the third
harmonic wave amplitude. The measurements were made
on the first received harmonic pulse. The corresponding
change in attenuation of the fundamental wave is shown
in Fig.7.1(b). Equation (3.22) predicts a third
harmonic amplitude increasing with the third power of
the fundamental wave amplitude, but a slight deviation
from this third power relation is shown by the measure-
ments of Fig.T.1l. Such a deviation has been noted
also by Hikata, Sewell and Elbaum (1966) in measurements
with an aluminium crystal, and in the present work with
aluminium crystals (see Section 6.2). It will be noted
that the attenuation of the fundamental wave appears to
be dependent on the strain amplitude of the fqndamental

wave, &s was the case with the measurements on aluminium.

With a fundamental stress wave anmplitude of
0.5 x 105 dynes cm~2 at the driving face of the specimen,
the third harmonic signal at the other end of the crystal
amounted to 1/3% of the fundamental wave amplitude;
these figures correspond to voltages at the receiving
transducer for the harmonic and fundamental waves

respectively of 5 mv and 1.5 volt.
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A dependence of the third harmonic amplitude on
bias stress was found in this crystal, as shown in
Fig.T.2. Also shown in Fig.T7.2 are measurements made
with the 4N aluminium crystal, and the behaviour of

both crystals is seen to be similar.

T.1l. The Dependence of the Third Harmonic Amplitude

upon Distance

The third harmonic echo patterns in some annealed
NaCl specimens were found to display a maximum between
the second and third received pulses, as illustrated in
Fig.T7.3(a). In Figs.T7.3(b) and (c¢) are shown the echo
patterns obtained when respectively the harmonic receiving
transducer and the fundamental transducer were driven
directly with a signal of exactly the frequency of the
third harmonic. These echo patterns do not show any
maximum after the first received pulse. It is concluded
that the echo pattern shown in Fig.T7.3(a) does not result

from the transducer bonds on the geometry of the sample.

There appear to be no other published experimental
results of third harmonic measurements in which this
maximum is observed, although a maximum has been observed
with second harmonic echoes @ikata, Chick and Elbaum
(1965)]. Hikata and Elbaum (1966) have predicted
theoretically a maximum in both second and third harmonic

amplitude with distance, as was discussed in Section 3.2.

However, Gauster and Breazeale (1967) have disputed
that the theory of Hikata and Elbaum (1966) can be applied
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to measurements in a pulse-echo system where both the
fundamental and harmonic waves are undergoing reflections.
The effect of a reflection at a stress-free boundary

upon second harmonic generation has been considered by
Buck and Thompson (1966), wvho show that, after the
reflection, energy flow from the fundamental to a

second harmonic wave is reversed. In this case no
maximum in second harmonic amplitude after the first
received pulse is expected (seec Section 2.1). This
reversal of energy flow from the fundamental to the
second harmonic is a well known feature of finite
amplitude weve propagation in liquids [Breazeale and
Lester (1961)] . Measurements consistent with a
decrease in second harmonic amplitude after reflection
from a stress-free boundary in a solid have been reported
by Gauster and Breazeale (1967), in accordance with the
theory developed by Buck and Thompson (1966). A further
and more detailed theoretical analysis of the reflection
of fundamental and harmonic waves has been given by

Van Buren and Breazeale (1968), who consider also the
reflection of third harmoniec waves. The effect of
reflection at a stress-free boundary upon a third harmonic
wave is similar to that upon a second harmonic wave,
namely that the third harmonic amplitude decreases to

zero after reflection before increasing again.

The maximum appearing in Fig.T7.3(a) and that
reported by Hikata, Chick and Elbaum (1965) are therefore
in conflict with these theoretical calculations and other

reported observations supporting this theory.

Gauster and Breazeale (1967) have suggested that
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Hikata, Chick and Elbaum (1965) observed a maxinum
because quartz transducers were attached at each end

of the specimen and that therefore stress-free boundaries
were not used. In fact, when reflection takes place
from a rigid boundary, the reversal of energy flow from
the fundamental wave to the harmonics is not expected
theoretically to take place @ay (1957)]. Since quartz
transducers were used to obtain the results shown in
Fig.T7.3(a), it was decided to carry out a second experi=-
ment using a capacitative detector (see Section L4.40)

to detect the third harmonic signal. This detector
provides a good stress-free boundary for the reflection
of ultrasonic waves. Fig.T.4 shows the echo patterns
obtained in this way. The third harmonic echoes

(trace I) still show a maximum after the first received
pulse. The experimental procedure used in this experiment
is identical to that of Gauster and Breazeale (1967),

who made measurements on a second harmonic. However,
whereas Gauster and Breazcale (1967) obtained results
which supported the theory of Buck and Thompson (1966),

the results shown in Fig.T7.l4 clearly do not.

It is interesting to compare the position of the
maximum in third harmonic amplitude with that predicted
by the theory of Hikata end Elbaum (1966) which neglects
reflection altogether. The attenuation of the fundamental
wave o3 was found experimentally to be 0.1 z 0.05 db/cm
which, when inserted in equation (3.24), leads to a
maximum in the third harmonic amplitude after a distance
of about 33 cm. The maximum in Fig.T7.3(a) which was
obtained using a quartz ﬁransducer occurs at about 10 cm,

while that in Fig.T7.4(a) which was obtained using a
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capacitative detector occurs after about 20 cm, i.e:
neater to the value predicted by equation (3.24). It
will be noted that one effect of replacing a quartz
transducer by a capacitative detector is to reduce the
reflection loss at the specimen surface, and therefore
in this respect the experimental situation is more
consistent with the assumptions of Hikata and Elbaum
(1966). The reflection loss with a quartz transducer
was estimated for the fundamental wave in the present

work to be about 0.2 db/reflection.

It is concluded that there must be some further
factor which has not yet been taken into account. This
factor apparently leads to a behaviour more nearly
described by the theory of Hiketa and Elbaum (1966) for
wave propagation in an infinitely long solid than to the
behaviour expected of waves undergoing reflection at a

stress—-free boundary.

One difference between the measurements of Gauster
and Breazeale (1967) and those described above using the
cepacitative detector is that, in the present case, the
harmonic wave is expected to be generated mainly by
dislocations, and not by the lattice itself, since we
are dealing with the third harmonic. Two experiments
were carried out to help determine the effect of dis-
locations upon the maximum in the third harmonic echoes.
The first experiment involved reducing the dislocation
loop lengths by X-irradiation. The second ekperiment
involved applying a bias stress to t?e crystal-and

observing the effect upon a; and Mg
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(a) The effect of X-irradiation.,

The maximum in third harmonic amplitude after the
first received pulse was found to be removed by
X-~irradiation, the first received pulse being the
largest after X~irradiation. Since X=-irradiation
introduces colour centres which are expected to
reduce dislocation loop lengths (see Section 8.3),
it is concluded that the maximum observed in Fig.T.3
is related to the generation of the third harmonic

wave by dislocations.

(b) The Effect of a Bias Stress.

When a tensile bias stress was applied to the
crystal, an increase in the amplitude of the third
harmonic echoes was observed.

.

The measurements of AA3 which were made when
the bias stress was applied are shown in Fig.T7.5(a).
Measurements were made on the first, second and sixth
received pulse. The measurcements show that AA3'
increases with bias stress. This may be accounted for

in terms of the Hikata and Elbaum (1966) theory if the
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bias stress is considered to increase dislocation loop
lengths and these loop lengths correspond to a value

of approximately L. in Fig.3.3. However, according
¥

to equation (3.29)1AA3 is independent of propagation
distance, while Fig.7.5(a) shows that, for a given

bias stress, AA3' increases with distance of propagation,
ie: AA3' is not the same for each echo. The values
of AA3' plotted in Fig.T7.5 have been corrected for
attenuation changes, but these corrections are small,
The apperent dependence of AA3' upon distance (ie: echo
number) does not therefore arise from an incorrect
measurement of Aa; . Geometrical distortion of the
sample by the bias stress was also ruled out as a cause
of this behaviour since measurements on higher order
fundamental echoes showed no signs of corresponding

changes in pulse amplitude.

In conclusion, it is noted that there is agreement
between some of the results noted above and the theory
of Hikata and Elbaum (1966). In particular, the increase
in AA3' with bias stress is in agreement with this theory
although the dependence of this increase upon distance
of propagation is not. The behaviour of the third
harmonic generation after reflection at a stress=free
boundary does not appear to be in agreement with theoretical
calculations of Buck and Thompson (1966), but instead
appears better described by the theory of Hikata and
Elbaum (1966) which neglects reflection altogether.
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Further work should be done to discover the reasons
for this discrepancy. It may be noted that there is
some discrepancy between the theory which allows for
reflection and the experiment in the case of finite
amplitude waves propagating in liquids. After
reflection at a stress -free boundary the energy flow
from the fundamental to the second harmonic is reversed
but it has been found that the wave returns to its
undistorted form more quickly than theory predicts
[Mellen and Browning (1968)}. There is also found to
be considerable distortion of the fundamental 2 lMHz

wave which is attributed to diffraction.

T7.2. The Reproducibility of the Measurements in NaCl

An experiment was carried out in which measurements
of the change in harmonic amplitude with bias stress were
repeated after time intervals of five and ten minutes.
The results are shown in Fig.T7.6. The change in
attenuation of the fundamental wave was less than 0.001
db/usec. Detailed reproducibility is seen to be not
very good. The stability of the gain of the harmonic
amplifying system with time was measured. The gain was
found to fluctuate by only about 1% over a 30 minute
period, which is insufficient to account for the

differences seen in Fig.T7.6.

The lack of reproducibility was found to be due,
in part at least, to a time dependence of the third

harmonic amplitude after the application of a bias stress.
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In Fig.T.T7 are shown measurements made on an NaCl crystal
to which & bias stress of 7.5 x 10° dynes cm~2 was applied
for five minutes and then removed. The harmonic amplitude
is shown both during and after application of the bias

stress.

A large increase in harmonic amplitude occurs when
the bies stress is first applied, followed by a slow
decrease while the crystal remains stressed. When the
stress is removed, the harmonic amplitude falls and
approaches a value greater than that before the stress
wvas applied. Since the stress of 7.5 x 10% dynes cn~?2
is sufficient to produce plastic deformation in sodium
chloride, the dislocation density after deformation
will be increased ﬁnd a larger value of harmonic

amplitude is therefore expected.

7.3. Factors affecting Reproducibility

From the preliminary investigation described above
it was clear that the poor reproducibility of many of
the measurements was likely to make a detailed study of
the dislocation contribution to the third harmonic
difficult. An investigation into the reasons for this
poor reproducibility and ways of improving it was
therefore carried out and is reported in Chapter 8.
This approach also led to some other significant third

harmonic measurements being made (see Chapter 8).

Three factors were considered to have a possible
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influence on the reproducibility of the measurements.
These were (i) the time dependence of the third harmonic
amplitude after application of a bias stress, (ii)
unpinning of dislocations by the fundamental stress wave,

and (iii) plastic deformation produced by bias stresses.

The time dependent nature of the third harmonic
amplitude after the application of a bias stress
illustrated'in Fig.7.T can clearly influence the
reproducibility of any experimental results. The
nature of this time dependent behaviour is discussed
further in Section 9.2. To improve reproducibility
in any experiments where time dependence was not being
investigated, measurements of AA3‘ as a function of
bias stress were made in the following way. Bias
stresses were applied only for a short time while a
photograph of the oscilloscope screen (see Section L4.6)

was actually being taken.

The dependence of the fundamental wave attenuation
upon the stress amplitude of the wave noted in Fig.T.1l(b)
suggests, according to the Granato-Lucke (1956) hysteresis
theory of dislocation damping,- that unpinning of dis-
locations is taking place. The extent of the dislocation
unpinning produced by a bias stress may therefore be
influenced by the stress amplitude of the fundamental
wave, and if this is not the same in each experiment
different results might be expected. The use of longer
specimens should be advantageous in this connection.

If the length is chosen so that the harmonic dmplitude
of the first received pulse is a maximum, then smaller
driving wave amplitudes will be required to produce a

detectable harmonic signal, (see Section 8.2),.
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Bias stresses of the order of 10° dynes em~2 are
sufficient to produce plastic deformation of the sodium
chloride crystals, so that in subsequent measurements
the crystals are not expected to have the same dislocation
configuration. This may clearly lead to poor reproduci-
bility of experimental measurements. Of course, the
plastic deformation may itself be investigated with the

aid of third harmonic measurenments.

If the magnitude of the bias stresses needed to
produce changes in AA3' could be reduced, then the plastic
deformation would also be reduced and the reproducibility
of the measurements should be improved. Three ways of
reducing the magnitude of the bias stresses necded to
produce unpinning of dislocations may be considered.

These are (i) increasing the dislocation loop lengths,
(ii) introducing weaker pinning points into the specimens,

(iii) thermally assisting the unpinning of dislocations.

Taking (i) first, two methods of increasing
dislocation loop lengths are considered in Chapter 8.
Firstly, a more pure crystal is used. Secondly, the
effect of plastic deformation upon loop lengths is
investigated. It has already been noted in experiments
with aluminium crystals (see Section 6.2) that in an
annealed crystal impurity concentrations may be greater
at dislocation sites than in the bulk of the crystal.
Plastic deformation may then generate new dislocations
in relatively more pure nmaterial with correspondingly

longer loop lengths.

The possibility (ii) of introducing weaker pinning
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points 1s investigated by introducing colour centres
into sodium chloride crystals by X~irradiation.
Unfortunately, however, this also reduces the loop

lengths in the crystal.

Finally, (iii) above suggests experiments at
elevated temperatures where thermal activation may

make dislocations easier to unpin.
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CHAPTER 8.

Further M2asurements with Sodium Chloride

This chapter is concerned with the investigations
which were carried out following the preliminary measure=
ments discussed in Ckapter 7. These investigations

all involve third harmonic emplitude measurements.

8.1. The Effect of an Anneal

In Chapter 6 i% was suggested that dislocation
loop lengths were shorter in an annealed crystal than
in the same crystal after plastic deformation. This
wes attributed to impurities diffusing to dislocation
sites during the anneal, thus leaving regions of
relatively defect-free crystal. New dislocations
generated in thece regions are then expected to have
longer loop lengths. Hikata, Sewell and Elbaum (1966)
have previously found evidence of this effect in thirad
harmnonic measurenents with aluminium crystals. Some
experiments were carried out using NaCl crystals in

an attempt to investigate further the effect of annealing.

An experiment was first performed to detect whether
the dislocation density in & crystal may be reduced
during an anneal. Using an etch=-pit technique (sée
Section 5.5), estimates of the dislocation density in

several unannealed crystals were obtained. These crystals
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were then annealed at about TSOOC DM.P. = 801061 for

some hours and later etched a second time. No signifi-
cant chenge in dislocation density was detected.

However, the results of the following experiment indiceate
that some dislocation properties are indeed altered by

an anneal.

An NaCl specimen, measuring 1.3 x 1.3 x 8.0 cm3,
wvas cut from an 'as grown' crystal. This specimen
was chosen t9 be of greater length than those previously
used so that smaller Tfundamentsal wave amplitudes could
be used, as discussed in Sec%ion T.3. A third harmonic
was observed in this crystal and was found to be
independent of bias stresses up to 107 dynes cm~2,
However, after the crystal was annealed, a small
dependence of AA3' upon bics stress was noted, as shown
in Fig.8.1 (curve I). After a deformation at 6.9 x 10°
dynes cm~2, an appreciablc dependence of AA3’ upon bias
stress was noted (curve II). Only curves I and II of
Fig.8.1 will be considered here (see Section 8.2).

1

The absence of any dependence of AA3 upon bias
stress before annealing may be attributed to the
dislocation loop lengths being too short for any
significant unninning to take place. If there is a
diffusion of impurities to dislocations during an anneal,
then a reduction in loo» length will occur. Consequently,
no dependence of AA3! upon bias stress is expected after
%he enneal. In fact, curve I of Fig.8.1 shows a small
dependence of AA3' upon bias stress in the annealed
crystal. This is attributed to dislocations in the

crystal which were unpinned by thermal stresses existing
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in the crystal during the cooling down following the

high temperature enneal (see also Section 9.2). These
dislocations are expected to have an increased loop
length since they will have been generated in regions

of the crystal made relatively more pure by the anneal.
The greater dependence of AA3' upon bias stress after

a plastic deformation (curve II) may be attributed to

the plastic deformation generating even more dislocations

in the relatively more pure regions of the crystal. .

These measurements of dislocation density before
and after an anneal, the dependence of AA3' upon bias
stress before and after an annezal and after plastic
deformation are seen to be consistent with the idea
that plestically deforming an annealed crystal may give
rise to longer dislocation loop lengths than would be

expected from a consideration of the crystal purity.

8.2. Internal Stresses remaining after Plastic Deformation

The presence of residual internal stresses after
the plastic deformation of an aluminium crystal has been
observed by Hikata, Chick and Elbaum (1965) during an
investigation of second harmonic generation. The results
to be described below are concerned with residual stresses
in an NaCl crystel as revealed by third harmonic measure-
ments. The NaCl crystal used in this investigation

was the one described in Section 8.1 above.

: ]
Fig.8.1 shows the dependence of AA3 and Aa; upon

a tensile bias stress before and after successive plastic
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deformations in tension. Each deforming stress was
applied for ten minutes (except where otherwise
indicated) and twenty four hours was allowed to pass
before any further measurements were made. This was
to allow the time dependence of the third harmonic
amplitude to become negligible (see Chapter 9). The
large increase in AA3' at a given bias stress after
the first plastic deformation has been considered in
Section 8.1. The fact that AA3' increases with bias
stress suggests according to Fig.3.3 that the effective
dislocation loop length is less than Lm' %fter |
further plastic deformation in tension, AA3 1is seen
(curve III) to pass through a minimum before increasing,
and this minimum becomes more marked with further
deformation (curve IV).
'

It is possible to account for a decrease in AAj
with bias stress if, as a result of plastic deformation,
the effective loop length has become greater than that
corresponding to Lm of Fig.3.3. The curve of Fig.3.3
shovs that a further increase in loop length when a
bias stress is applied will then result in a decrease
in AA3,. The subsequent increase in AA3' at higher
bias stresses might then be due to dislocation

multiplication.

Fig.8.2, however, shows that a compressive bies
stress does not produce & minimum in AAg'. [After the
results of Fig.8.2 were obtained, tests showed that a
tensile bias stress still produced a minimum in AA3'.]
Since a compressive bias stress is expected to increase

loop lengths in the same way as a tensile bias stress,

138
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the results of Fig.3.2 indicate a loop length less than

Lm’ in contradiction to the results of Fig.8.1.

An alternative interpretation of the results is
proposed according to which the minimum in AA3' is
attributed to internal stresses in the crystal remaining
after plastic deformation. Small compressive internal
stresses are considered to remain in the crystal after
plastic deformation in tension. These internal stresses
may lead to unpinning of some dislocations which may
however be repinned by a subsequent tensile bias stress.
A decrease in the effective dislocation loop length
at small tensile bias stresses will then result.
According to Fig.3.3, this would lead to a decrease
in AA3' for an effective dislocation loop length less
than Lm.

The internal stresses observed by Hikata, Chick
and Elbaum (1965) during second harmonic measurements
in aluminium crystals were considered to influence the
curvature of dislocations only, whereas here the internal
stresses are considered to cause actual unpinning of

dislocations.

The bias stress dependence of the third harmonic
has been further investigated by subjecting the crystal
to successive prestresses in compression instead of
tension. This treatment is expected to produce tensile
internal stresses which may compensate or replace the
compressive internal stresses. In Fig.8.3 are shown
the effects of a tensile bias stress on the third harmonic

amplitude after three successive compressive prestresses
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of increasing magnitude. The minimum is seen to
gradually disappear, as expected. After the final
prestress in compression which is seen in Fig.8.3 to
have removed the minimum completely, a compressive

bias stress was applied to the crystal. Fig.8.4 shows

e minimum appearing in AA3' at small compressive bias
stresses. This is expected if the internal stresses
are now mainly tensile, ie: the results are in agreement

with the above interpretation.

The changes in Aa; with bias stress after successive
plastic deformations are interpreted in terms of two
effects. Firstly, a change in loop length with bias
stress leads to a change in aj. The magnitude of this
change is given by the slope of the curve of a; plottéd
against loop length as in Fig.3.3. Secondly, an 1increase
in dislocation density brought about by plastic deforma-
tion is expected to increase the value of Aa; [Granato
and Licke (1956)]. The observed changes in Aa; are
consistent with both an increased dislocation density
and with loop lengths of less than Lm vhich are increased
by plastic deformation. After the final plastic
deformation, the change in a«; at a given compressive
bias stress is less than at a tensile bias stress of
the same magnitude. This is attributed to the smaller
degree of unpinning produced by the compressive bias
stress, as indicated By the corresponding changes of

third harmonic amplitude shown in Figs.8.3 and 8.L4.

It is worth noting that the crystel used in these
measurements in fact contained ten or twenty sub-crystals.

The small angle grain boundaries associated with these
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may have played some part in the formation of the

residual internal stresses.

8.3 The Effect of X-irradiation

Some NaCl crystals were X-irradiated to produce
colour centres in order that the effect of both the
concentretion and the nature of dislocation pinning
points upon the stress dependence of third harmonic

generation might be investigated.

In Fig.8.5 the traensmittance of an X-irradiated
crystal is shown plotted against optical wavelength.
The peak is centred at about 462 mp and is attributed

to F-centres.

An NaCl crystal was subjected to repeated
X-irradiations and after each dose the variation of
third harmonic amplitude with bias stress was measured.
Fig.8.6 shows the results of these measurements. The
successive irradiations are seen to have decreased the
value of AAg' at a given bias stress. This behaviour
is attributed to a reduction in dislocation loop length
owing to pinning of dislocations by colour centres.
Shorter dislocation loop lengths will become unpinned
at a larger bias stress, ie: & given bias stress will
produce less unpinning in an irradiated crystal, This
is seen from Fig.3.3 to result in a smaller increase
in AA3' for initial loop lengths less than Lm’ as is

observed.

142
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Three types of investigation were carried out
using irradiated crystals. Firstly, the dependence
of the fundamental wave amplitude on changes in AA3'
with bias stress was investigated. Secondly, the
temperature dependence of the increase in AA3' with
bias stress was investigated. Thirdly, an investi-
gation was carried out into the time dependent behaviour
of AA3' in an irradiated crystal when a large bias
stress was applied. The first two of these investi=-
gations are discussed in Section 8.5 and the third is

discussed in Chapter 9.

8.4 The Effect of the Fundamental Wave Amplitude in

an Irradiated Crystal.

The bias stress dependence of the third harmonic
amplitude in a non=~irradiated NaCl specimen was measured
in several experiments, for each of which a different
fundamental driving pulse amplitude was used. A
comparison of the results of each experiment revealed
no behaviour which could be related to the different

fundamental pulse amplitudes.

Similar experiments with an X-irradiated crystal
did however reveal a dependence upon the driving pulse
amplitude. Fig.8.7 shows the results of three experi=
ments; one using the minimum possible fundamental
wave amplitude (curve I), one with the maximum possible
amplitude (curve III) and one with an intermediate
amplitude (curve II). As the driving pulse amplitude

1
increases the value of AA3 at a given bias stress is
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seen to decrease.
' . »
A dependence of AA5 at a given bilas stress upon
the amplitude of the fundamental wave suggests that
the fundamental wave is causing unpinning as well as

the bias stress.

In an attempt to obtain further evidence of
unpinning by the fundamental wave, the attenuation a;
at zero bias stress was measurcd at different fundamental
wave amplitudes. The results are shown in Fig.8.8
together with the dependence of AA3' upon the fundamental
wave amplitude. The attenuation is seen to be
independent of the fundamental wave amplitude within
the limits of experimental error. Thus, according
to the Granato-Liicke (1956) hysteresis theory of
dislocaticn damping, no appreciable unpinning is being
caused by the fundamental wave. The third harmonic
amplitude change with the fundamental wave amplitude
at zero bias stress is also seen to depart only slightly
from the third power reclation predicted by a theory
(see Chapter 3) which assumes no unpinning by the
fundamental wave to take place. It therefore appears
that, if the fundamental wave is responsible for any

unpinning, then this unpinning must be of small extent.

It is possible to reconcile these apparently
conflicting results, namely the evidence of stress
wvave induced unpinning of dislocations from measure-
ments of AA3' but not from measurements of al; by
considering the behaviour expected of a crystal in

which loop lengths are small. This may be seen by
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referring to Fig.3.3. After X-irradiation loop
lengths may have been reduced to a value below that of
Ly. An increase in such a loop length brought about
by the combined effect of the bias stress and the
fundamental stress wave is seen still to result in an
increase in AA3'. However, the change in a; with
loop length in this region is small; the slope of
the curve of oy in Fig.3.3 is seen to approach zero

at very small loop lengths.

Of course the value of a; for a given loop length
shown in Fig.3.3 is calculated neglecting any additional
hysteresis loss due to stress wave induced unpinning
and repinning of dislocations in each stress cycle.
However, this contribution to a; may be small if the

extent of the unpinning duec to the stress wave is small.

The relative magnitudes of the fundamental stress
wave amplitude (sce Section 7.0) and the bias stresses
used also suggest that the stress wave will have little
effect on the overall unpinning which is taking place;

the bias stresses are about an order of magnitude greater.

8.5 The Effect of Temperature

Experiments were carried out in which the value
of AA3' at fixed values of bias stress was measured
at different temperatures. This was done in order to
investigate the temperature‘dependence of dislocation
unpinning, a process which is expected to be thermally

activated. It was found, however, that even changing
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the temperature of a crystal at zero bias stress had
a very considerable effect upon the third harmonic
amplitude. Consequently, this effect will be

described first.
(a) The Effect of Temperature Changes.

Fig.8.9 shows the effect of cooling from 26°¢
to 3.5°C on the third harmonic amplitude in NaCl at
zero bias stress. The accompanying change in attenu-
ation of the fundamental wave and the rate of cooling
are also shown in Fig.8.9. The harmonic amplitude
and the attenuation of the fundamental wave are seen
to increase during cooling, with the harmonic amplitude
showing a small recovery towards its initial value
when constant tempereture 1is attained. The change
in third harmonic amplitude is seen to be very large
compared with changes induced by external bias stresses
at constant temperature (see Fig.T7.2): +to produce the
same change by applying a tensile bias stress would
mean subjecting the crystal to considerable plastic

deformation.

In Fig.8.10 is shown the effect of an increase in
temperature from 24°C to 59°C on the third hermonic
amplitude at zero bias stress. An increase is again
noted, which shows & much more rapid recovery towards

its initial value than was observed at 3.500.

The magnitude of the change in third harmonic
amplitude brought about by a slowly changing temperature
(about 1/3°C per minute in Fig.8.10) suggests that
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temperature changes may be an important factor
influencing the reproducibility of third harmonic
measurcments (see Section T7.2). Clearly care must

be taken to avoid rapid changes in room temperature.

There are considered to be two reasons for the
change in third harmonic amplitude with temperature.
Firstly, stresses resulting from temperature gradients
in the specimen mcoy produce unpinning of dislocations.,
Secondly, changes in the lattice paremeter may lead to
a redistribution of dislocations in & crystel. For
example, internal stresses may be relieved. However,

a further discussion of these effects will be deleyed
until Chapter 9, when measurements of similar temperature
effects in aluminium crystals and some further measure-
ments in NeCl are reported.
(b) The Effect of Temperature on AA3' at Different
Bias Stresses in an Irradiated Crystal.
'

Thce dependence of AA3; wupon bias stress in an
unirradiated crystal was not found to be greatly
influenced by the temperature at which the experiment
was carried out, providing the recovery of AA3l with
time following a temperature change was zllowed time

for completion.

Using an X-irradiested sample, however, & temperature
dependence of AA3' at & given bias stress was found.
Fig.8.11] shows the results of an experiment in which
measurements were made first at room temperature (curve I),
then at 34.5°C (curve II), then at 40°C (curve III) and

finally on returning to room temperature (curve 1IV).
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The temperature change from room temperature to 3h.SOC
carried out after plotting curve I caused an increase
in third harmonic amplitude, as expected from a
consideration of Fig.8.10. This increase in harmonic
amplitude was allowed to decay (see Fig.3.10) before
the measurements at SM.SOC shown in curve II were made.
A similar procedure wos adopted after all the tempera-
ture changes. Thus the harmonic amplitude at zero
bias stress was approximately the same in all the

curves I, II, III and IV.

The following points are noted from a consideration
of Fig.8.11. '
- ' - 13 -
(i) The value of AA; at a given bias stress increases
as the temperature at which measurements are made is

increased above room temperature.

(ii) When the temperature of the specimen is returned
to zroom temperature,lthe specimen does not show the
same behaviour as it did at room temperature before
the high temperature measurements were made. At a

!
given bias strecs higher values of AA; are found.

It is considered that there may be two factors
which might be giving rise to the behaviour observed

here. These are:

(a) Thermally assisted unpinning of dislocations when
a bias stress 1is applied.‘ This will lead to greater
unpinning at higher temneratures and therefore to a
greater increase in dislocation loop length From

Fig.3.3 it is seen that this will lead to a greater
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1
increase in AA; , as is observed.

(b) It was pointed out above that changes in tempera-
ture during the experiment resulted in changes in
harmonic amplitude. Although no measurcments were

made until these changes were complete and the harmonic
amplitude had returned to its initial value, it is still
possible that the dislocation configuration was not the

same before and after a temperature change.

To investigate this latter possibility further,
a second experiment was carried out in which the rate
of temperature change was much smaller. The harmonic
amplitude was still affected by the temperature change
but to a smaller extent; a change of the form shown in
Fig.8.10 was observed, but the height of the peak was
much smaller than in the first experiment. The specimen
was also given a further dose of X-irradiation. Fig.8.12
shows the results of this second experiment. The

following points are noted from these results.

(i) The further irradiation of the specimen is scen to
have reduced the room temperature valuc of AA3' et a
given bias stress (see curve I . in Fig.8.12) to approxi-
mately the value it had at room temperature before the
first experiment (see curve I in Fig.8.11). This
suggests that dislocation loop lengths are longer after

the high temperature measuremcnts than they were before.

(ii) The measurements made at 30°C and 38.8°C show

1 N
an increase in AA3 with temperature at a given bies
stress in a way similar to that shown in Fig.8.11.

Thus it appears that the slower rate of change in



temperature has not appreciably altered the results.

(iii) The measurcments made at room temperature

(curve IV) after completion of the high temperature
measurements show a much greater dependence of AA3'
upon bias stress than was observed at room temperature
before the temperature was increased (curve I). This

behaviour has already been noted in Fig.8.11.

(iv) In view of the lack of reproducibility of the
room temperature results noted above, it appears that
the specimen cannot be assumed to have the same
dislocation-pinning point configuration at the various
temperatures at which measurements were made. It is

not therefore possible to say what significance can
1

be attached to the observed increase in AA; at a given

bias stress with temperature. This may, for example,
be due to thermally assisted unpinning or to unpinning
as a result of thermal stresses (due to temperature
gradients in the crystal). Further investigations

are required to resolve this behaviour.

8.6 The Effect of Crystal Purity.

In order to investigate further the effect of
loop length upon dislocation third harmonic generation,
e. specially pure NHaCl crystal was obtained (see table
5.1). Unfortunately, the crystal supplied by the
crystal growers contained several sub-crystals with
widely different crystal orientations. This meant

that the single crystal specimen which was eventually
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cut from this material was small (2.6 x 2.3 x 1.7 cm3).

The crystal was annealed at 65000 for some hours.

A tensile bias stress was found to increase the

third harmonic amplitude in a way similar to that

already observed with normal crystals. See, for example,
Fig.T.2. In particular, there was no evidence, even
after plastic defofmation, of a maximum in AA3‘ as
expected for long dislocation loop lengths (see Fig.3.3).
It is concluded that the purity of this crystal is

little different from that of the other crystals used

in this work.
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CHAPTER 9

Time Dependent Behaviour in Aluminium and NaCl

9.0, Introductinn

Time dependent effects have been observed in both aluminium
and sodium chloride single crystals, A time dependence of the
second harmonic amplitude has been nbserved only in aluminium
however, while a time dependence »f the third rarmonic amplitude
has been observed in both aluminium and NaCl, It will be
remembered that it was not possible tn obtain NaCl crystals of
sufficient purity for dislocation second harmonic measurements
to be made, Measurements of the second harmonic effect will be
discussed first and then measurements of the third harmonic
effect,

9,1, The Time Dependence of the Second Harmonic Amplitude in

Aluminium
(i) Measurements at Room Temperature,

A time dependence of the second harmonic amplitude in a
5N aluminium crystal afiter applying a bias stress has already
been mentioned in chapter 6.1, 1In Fig, 9,1(a) the second
harmonic amplitude in a 5N aluminium crystal is shown as a
function of time after the application and subsequent removal
of a tensile bias stress, The second harmonic amplitude is seen
to increase instantanzously to a new value when the bias stress
is applied, This new value then decays slowly with time until
the bias stress is removed, when there is an instantaneous

decrease in the second harmonic amplitude, The second harmonic
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amplitude, The second harmonic amplitude then continues to
decay slowly, In Fig, 9.1(b) a slightly different behaviour is
shown when the bias stress is removed after a longer period of
time, The instantaneous decrease in harmonic amplitude
accompanying the removal of the bias stress is seen to be less
than in Fig. 9.1(a)., When the bias stress is applied for an
even longer time the removal is seen in Fig, 9‘1(0) to be
accompanied by an instantancous increase in second harmonic

amplitude,

It was thought that the decay of the second harmonic
amplitude might be the result of some thermally activated
process, in which case the decay might be more rapid at elevated
temperatures, An investigation of the effect of temperature was
therefore carried out, However it was found that changes in
temperature had a quite considerable effect upon the amplitude
of the second harmonic at zero bias stress, It will be
remembered that a similar effect was noted in section 8,6 with
measurements on the third harmonic in NaCl, Before describing
measurements of the time dependence at elevated temperatures the
effect of temperature changes on the second harmonic in aluminium

will be considered,
(ii) The Effect of Changes in Temperature,

It was found that with zero bias stress applied to the
crystal the narmonic amplitude began to change as soon as the
temperature started to rise or fall, To investigate the
possibility of this behaviour being due to chonges in the
transducer bond properties or to geometrical distortion of the
crystal with changing temperature the experiment was repeated
using first a fused silica rod and then a polycrystalline impure

(commercial) aluminium rod instead of the aluminium single
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crystal, No dependence of harmonic amplitude on temperature was
detected in either case, It was cnoncluded that the effect was

not due to the transducer bond or to distorticn »f the crystal, .

In Figs, 9.2 (a), (b) and (c) are shown the harmonic
amplitude changes when the temperature of the aluminium crystal
was increased from room temperature to approximately 4530 at
different rates, The harmonic amplitude is seen to decrease as
the temperature rises, TFor the most rapid increase in
temperature [Fig, 9.2(a)] the harmonic amplitude is seen to
pass through two minima and then to rise slowly towards its
initial value before the temperature change, For the least
rapid increase in temperature [Fig, 9,2(c)] the harmonic
amplitude is seen to pass through only one minimum before
recovering towards its initial value, Fig, 9.2(b) shows an
intermediate behaviour, The lowest value attained by the
second harmonic amplitude is seen to be approximately
independent of the rate of temperature change (the final
temperatures are not exactly the same in the three cases), The
curve of Fig, 9.2(a) was found to be well reproduced by a
second identical experiment after the crystal had remained at

room temperature for a few days,

The behaviour of the harmonic amplitude as the crystal was
allowed to cool down to room temperature again is shown in Fig,
9,3, The harmonic amplitude is seen to increase to a single

maximum value and then to decrease towards its initial wvalue,

Two factors are considered important in giving rise to the
behaviour shown in Fig, 9.2 and in Fig, 9.3. The first is
thermal stresses resulting from température gradients'in the
orystal, The second is a modification of the dislocation

configuration in the crystal brought about by changes in the
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lattice parameter with temperature, For example, some internal

stresses may be relieved at higher temperatures,

The effect of thermal stresses arising from temperature
gradients will be considered first., These stresses are expected
to be largest when the rate of change in temperature is the
greatest, The first minimum in second harmonic amplitude shown
in Fig, 9.2(a) is therefore attributed to these stresses, since
this minimum disappears when the rate of temperature change is
~emall [Fig, 9.2(c)]., When the temperature reaches a constant
value the stresses disappear and the harmonic amplitude is
expected to return to its initial value, assuming that the
stresses were insufficient to alter the dislocation configuration

appreciably,

The change in harmonic amplitude which occurs even when the
temperature is changed very slowly [Fig. 9.2(c)] is attributed
to changes in diglocation configuration associated with changes
in the lattice parameter, Since it is the final temperature
which determines the new dislocation configuration the rate at
which this temperature is achieved is not expected to influence
the second harmonic amplitude, The recovery which appears when
constant temperature is attained and the recovery shown in Fig,
9.1 at constant temperature are attributed to some similar

process, This recovery is considered further below,

It is seen that the harmonic amplitude increases with
decreasing temperature and decreases with increasing temperature,
Thermal stresses are expected to be of a tensile nature when the
outside of the crystal is hotter than the inside, and compressive
when the femperature gradient is reversed, Also an expansion of
the lattice is expected, for example, to relieve a tensile

internal stress while a contraction of the lattice is expected
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to have the opposite effect, Thus it appears reasonable that
heating and cooling can cause the second harmonic amplitude to
change in opposite ways, It should be noted that thermal
stresses due to temperature gradients in a cylindrical specimen
can act in a radial direction while external bias stresses were

always applied along the axis of the crystal,
(1ii) Measurements at Constant Elevated Temperatures,

The decay of the second harmonic amplitude with time after
applying a tensile bias stress of 0.8 x 105 dynes cm_2 was
measured at several temperatures between room temperature and
60°C. Sufficient time was allowed after a change in temperature
for the harmonic amplitude to attain a constant value, This
time varied from about 10 hours at 30°C to 2 hours at 60°C,

That the specimen in fact recovered to near its initial state
after each experimental run at a particular temperature was
shown by the fact that the harmonic amplitude change on initial
application of the bias stress was 2lways of about the same

magnitude,

As the temperature at which recovery took place increased,
the recovery time decreased rapidly, It was therefore possible
to cbserve the later stages of the recovery which at room
temperature would have involwed measuring over extremely long
times., In Fig, 9.4 is shown the recovery of the harmonic
amplitude at 52°C after applying a bias stress of 0.8 x 105
dynes om—2. The harmonic amplitude is seen to approach the
value which it had before application of the bias stress, When
the bias stress is removed the harmonic amplitude decreases
instantaneocusly to below its initial value and then recovers
back towards its initial value, The decrease in harmonic

amplitude on removal of the bias stress is to be contrasted
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with the behaviour shown in Fig, 9.2(c) when a bias stress was
removed after a long period at room temperature producing an
increase in harmonic amplitude, In order to disconver whether
the recovery process was thermally activated, the results of

measurements at different temperatures were represented

graphically by plotting the (ZneT, l) curve, where T is the time

in which the harmonic amplitude recovered by half the
instantaneous increase associated with the bias stress, and T
represents temperature, In Fig, 9,5 curve I shows the
measurements plotted in this way, The experimental points are
seen to lie fairly well on a straight line which is of thé form

of the Arrhenius equation
. ,

where To is a constant, Q is an activation energy and k is
Boltzmann's constant, The recovery process thus appears to be
thermally activated with an activation energy calculated from
the results of Fig. 9.5 to be 1,07 ev. |

(iv) Discussion,

Acchrrding to the Hikata and Elbaum (1966) thenry of
dislocation second harmonic generation the harmonic amplitude
increases with bias stress [see equa%ion (3.15)]., This is
attributed physically to the curvature of dislocations as a
result of the bias stress, i,e:t "the dislocation motion must be

asymmetric as well as non-linear for a dislocation second

barmonic to be generated. The decay in second harmonic amplitude

following the instantaneous increase in amplitude brought about
by a bias stress as observed in the present measurements is
attributed to a reduction with time in the curvature of

dislocations, The mechanism for this is thought to be the

164
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diffusion of dislocation pinning points, and the activation
energy measured above may then be associated with this diffusion

process,

The proposed model for this mechanism is illustrated in
Fig, 9.6. In Fig., 9.6(a) is shown diagrammatically the position
of a pinned dislocation before the application of a bias stress,
After the bias stress is applied the dislocation loop lengths
are bowed out, as shown in Fig, 9.6(b), with a resultant increase
in harmonic amplitude, There is now a net force acting upon the
pinning points which may lead to them diffusing through the
lattice, Suppose that after a certain time the dislocation has
moved to the position shown in Fig, 9.6(0). The outer two
pinning points are considered fixedsy they may for example be
cross—-over points in the dislocation network, The curvature of
the dislocation loop lengths is seen to be reduced, If the bias
stress is removed at this point the curvature of the dislocation

may be reversed and be come smaller, as shown in Fig, 9.6(d),

The model is now able to account qualitatively for the
behaviour shown in Fig, 9.1(a), BRemoval of the bias stress will
be accompanied by a decrease in harmnnic amplitude, since the
curvature of the loop lengths is reduced, The force on the
pinning points will now return ther. to the original positions,
and the harmonic amplitude will continue to decay towards its

initial value, as observed,

Suppose now that the bias stress is applied for a longer
period so that the dislocation moves to the position shown in
Fig., 9.6(e)., Let this position be such that when the bias
stress is removed the ourvature of the loop lengths ié reversed
but remains of the same magnitude, as shown in Fig, 9,6(£), In

this case the second harmonic amplitude will be unchanged, In
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this way it is possible to account for the results shown in
in Fig, 9.1(b), where the removal of the bias stress is

accompanied by only a small change in harmonic amplitude,

Finally, consider the situation shown in Fig, 9.6(g) where
the pinning points have diffused even further, The bowing out
of the loop lengths when the bias stress is removed is seen in
Fig, 9.6(h) to be much increased, The behaviour noted in
Fig, 9.1(0), namely an increase in harmonic amplitude upon

removal of the bias stress, may therefore be understood,

However the model described above does not account for the
behaviour shown in Fig, 9,4, These measurements were made at a
much higher temperature than those of Fig, 9,1, and the recovery
shown in Fig, 9.4 is expected to be much more complete than that
of Fig,. 9.1(0). It is seen that the harmonic amplitude decreases
when the bias stress is rehoved, instead of increasing as the
above model predicts and as shown in Fig, 9.1(c). Purther
investigation is needed to resolve this difficulty, For example,
vnpinning of dislocations may be important, in which case

experiments with smaller bias stresses would be worthwhile,

9.2, The Time Dependence of the Third Harmonic Amplitude
(a) Measurements in Sodium Chloride,

A time dependence of the third harmonic amplitude in a NaCl
crystal after the application of a bias stress has already been
noted in section 7.2, (see Fig, 7. ). The effect of temperature
on this time dependence has been investigated in the same way as

for the second harmonic in aluminium,
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(i) The Effect of Temperature Changes,

The effect of a decreasing temperature upon the third
harmonic amplitude in M2Cl is shown in Fig. 8,9 while Fig, 8.10
shows the effect of an increasing temperature, It is seen that
the magnitude of the changss in third harmonic amplitude with
temperature are much greater than were observed with the second
harmonic in aluminium for equivalent temperature changes [see
section 9,1(ii)]. This may be due in part to the lower thermal

conductivity of NaCl (0,096 Joules cm"1 og=1 secnl) compared

with that of aluminium (2.3% Jouwles cm ™~ °K™' sec™ ). This
means that temperature gradients and therefore thermal stresses

will be greater in NaCl than in aluminium,
(1i) Measurements at Constant Elevated Temperatures,

The decay in third.hafmonic amplitude at room temperature
after applying a bias stress was very slow, so measurements
were normally made at much higher temperatures, TFig. 9.7(&) and
(b) show the behaviour of the third harmonic amplitude at 350C
and 65°C respectively when a bias stress was applied and then
removed after a time interval, When the stress was applied
there was an instantaneous increase in third harmonic amplitude
the magnitude of which is seen to depend on the temperature (see
section 8,6), The third harmonic amplitude is seen to decrease
with time towards its initial value While the bias stress
remains applied., The rate of this decrease is seen to be greater
at the higher temperature, The removal of the bias stress is
seen to be accompanied by an instantaneous increase in harmonic
amplitude, the magnitude of which is greater when the recovery
has proceeded further (i.0: at 6500), Measurements were made
at various temperatures and curve II of Fig, 9.5 shows that the

measurements are again described by expression (9;1), with an
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case removal of the bias stress is seen to result in a second

unpinning of the dislocation,

The behaviour of the third harmonic when the bias stress
is removed after different periods of time may now be
understood., If the stress is removed immediately an
instantaneous decrease in harmonic amplitude is expected,
according to the situation shown in Fig, 9.8(a) and (b)., When
the stress is removed after a long period, i.e: when the
recovery is complete, then an increase in harmonic amplitude
is expected according to Fig. 9.8(e) and (f). This increase
1s expected to be of similar magnitude to that which
accompanies the application of the bias stress, This is the
behaviour seen in Fig, 9.7(b), When the bias stress is removed
before the recovery is complete there may be a small decreass,
a small increase or no change in harmonic amplitude depending
upon the relative number of dislocations showing the behaviour
of Fig, 9.8(d) and Fig, 9.8(f). The results of Fig, 9.7(a)

are consistent with a more than half complete recovery,

The model of dislocation behaviour discussed above is
similar to one proposed by Carpenter (1968) in connection with
some measurements of the recovery with time of an ultrasonic

attenuation in LiF,

In the present measurements with NaCl further investigations
are suggested in which (1) the magnitude of the bias stress is
altered, and (ii) different amplitudes of the fundamental wave
are used, If the model proposed here is correct, then larger
bias stresses should increase recovery times since point
defects will have farther +n diffuse, The activation energy may
or may not be changed, depending upon the nature of the stress

field surrounding the dislocations, An increased fundamental
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wave amplitude is expected to reduce the recovery time if the
amplitude of dislocation oscillation is comparable with the

separation of pinning points and dislocations after pinning,

(b) Measurements in Irradiated Sodium Chloride,

Some measurements were attempted with X-irradiated crystals,
in order to determine the effect of colour centres on the
recovery process, A time dependent behaviour was observed,
similar to that shown in Fig. 9.7(&) for an unirradiated crystal,
However the increases in rarmonic amplitude produced by bias
stresses were much smaller than those found in unirradiated
crystals (see Fig, 8.6) and were too small to allow accurate
measurement over long periods of time, It was not therefore
possible to investigate the temperature dependence of the

recovery as was done in unirradiated NaCl,

(¢) Third Harmonic Measuremepnts in Aluminium.

Measurements of the time dependence of the third harmonic
amplitude in the 4N aluminium crystal at room temperature have
already been shown in Fig, 6,7. The behaviour is seen to be
similar to that observed with the third harmonic in NaCl [see

for example Fig, 9,7(b)] in the following respects:
(i) The instantaneous increase in harmonic amplitude when a
bias stress is applied is followed by a decrease in harmonic

amplitude with time,

(i1i) When the bias stress is removed, the harmonic amplitude

increases instantaneously and then decreases again with time,

The effect of temperature changes upon the third harmonic
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amplitude in the aluminium crystal was also found to be much
the same as that in the NaCl crystal, Hhwever no experiments

to determine an activation energy have yet been carried out,
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CHAPTER 10.

Conclusion

The aim of this work has been %0 investigate
ultrasonic second and third harmonic generation due
to dislocation This chepter contains a brief summary
of the results of the experimental work whidh has been

carried out.

The initial experiments with aluminium crystals
revealed a dislocation second harmonic géneration in
a 5N crystal similar to that observed by Hikata, Chick
and Elbaum (1965). The absence of a dislocation
effect in a 4N crystal was attributed to shorter

dislocation loop lengths in this lower purity crystal.

During the course of these measurements an
interesting time dependent effect was observed which
has not been reported previously. It is proposed that
this effect is due to the thermally activated diffusion
of dislocations and point defects through the lattice,
and an activation energy of 1.1 év has been measured
for this process. A similar time dependence of the
third harmonic amplitude in NaCl was also found. A
model to account for this behaviour is proposed in which
point defects diffuse to dislocation lines, thereby
reducing the dislocation loop lengths. An activation
energy of 0.58 ev for this diffusion process has been
measured, A significant difference between the models
proposed to account for the second harmonic effect and

the third harmonic effect should be noted. In the case



of the second hermonic it is proposed that the thermally
activated motion of both dislocations and pinning points
leads to & reduction in the curvature of dislocations
and therefore to a reduction in harmonic amplitude.
However, in the case of the third harmonic point defects
alone are considered to diffuse through the lattice to
dislocations and thus reduce the dislocation loop length.
These measurements have provided useful information on
the strain—-ageing properties of aluminium and HaCl
crystals, and future investigations of this effeect

would be worthwhile.

A dependence of the second and third harmonic
amplitudes on temperature changes has been attributed
to two effects. These are (i) thermal stresses due to
temperature gradients in the specimens, and (ii) a
change in the lattice parameter with temperature
leading to a change in the dislocation configuration
‘in the crystal. It is worth noting that a temperature
change of 35°C in 90 minutes led to a 2} fold increase

in third harmonic amplitude in an NaCl crystal.

Although the third harmonic measurements in
aluminium crystals were in good general agreement with
the work of Hikata, Sewell and Elbaum (1966) and with
the theoretical predictions of Hikata and Elbaum (1966),
a different dependence of AA3' at a given bias stress
upon the amplitude of the fundamental wave has been
noted. Two proposed reasons for this are (i) the
different crystal orientation used in this work and
in the work of Hikata, Sewell and Elbaum (1966) which

leads to different resolved shear stresses in the
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dislocation slip planes, and (ii) the unpinning of
dislocations by the fundamental stress wave as well as

by a bias stress.

The deviation from the third'power relation between
the fundamental and third harmonic, wave amplitudes noted
in a2 6N aluminium crystal is also attributed to the
unpinning of dislocations by the fundamental stress wave.
An analytical theory of harmonic generation due to

stress—wave—induced unpinning of dislocations is required.

During the course of the investigation of third
harmonic generation in HaCl some interesting effects
have been observed which did not appear in the measure-~
ments on aluminium crystals. Evidence has been found
for the presence of internal stresses remaining in an
NaCl crystal after plastic deformation. It is shown
that compressive internal stresses remain after a plastic
deformation in tension, and that these stresses become
tensile after a further plastic deformation in compression.
It should be noted that the internal stresses observed
here must be sufficient to cause actual unpinning of
dislocations, whereas those reported by Hikata, Chick
and Elbaum (1965) during an invesfigation of second
harmonic generation in aluminium need only have

influenced the curvature of dislocations.

A maximum in third harmonic amplitude with propa-
gation distance when the harmonic wave is reflected
from a stress free boundary at one end of the specimen
has been observed in agreement with the results of a

second harmonic investigation by Hikata, Chick and Elbaum
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(1965) using two quartz transducers, but contrary to
theoretical predictions. In fact the observed
behaviour is found to be in better agreement with that
expected of a harmonic wave travelling in an infinitely
long solid. Further investigations are needed to

resolve this difficulty.

Possible evidence of the thermally assisted
unpinning of dislocations in an X~irradiated NaCl crystal
has been found as a result of some measurements of the
bias stress dependence of AA3' at different temperatures.
A difficulty in interpreting these measurements is that
changes in temperature may have led to changes in the
dislocation configuration in the crystal. These changes
might themselves account for the results obtained at

different temperatures.

Evidence heas alsg been found to suggest that
dislocation loop lengths in an NaCl crystal which has
been first annealed and then slightly deformed are
much longer thaen would be expected simply from a
consideration of the crystal purity. Such an effect has

been noted in alunminium by Hikata, Sewell and Elbaum(1966).

The absence of a dislocation second harmonic effect
in NaCl is attributed to the dislocation loop lengths
being too short. It is not of course possible to obtain
NaCl crystals of the same degree of purity that 1is
possible with zone refined aluminium crystals. It may
be argued that there is some point in studying
dislocation second as well as third hermonic generation,

since the second harmonic amplitude is sensitive to the



177

curvature of dislocations while the third harmonic
amplitude is sensitive to changes in loop length, due
for example to unpinning. In order to detect changes
in second harmonic amplitude due to changes in the
curvature of dislocation-loop lengths in NaCl, the
lattice second harmonic gcneration must be reduced.
This might be donec by propagating shear waves instead
of compressional waves. An elternative appfoach night
be the use of Li F instead of NaCl, since the Li F
lattice is expected to show a smaller degree of
anharmonicity then NaCl [Kontorova (1968)].
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