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ABSTRACT

The internal friction of plastically deformed sodium chloride in
the Ko¢/s range of frequency is due predominantly to the presence of
mobile dislocations. After deformation the recovery of internal
friction is gensitively affected by the state of dispersion of point
defects in the material. Damping measurements have been carried out
on pure and cadmium doped crystels of sodium chloride at 90 Ko/s as a
function of vibration amplitude, time after deformation and temperature.
Tt has been shown that the recovery of intemmel friction in Na Cl obeys
the theory of Gramato, Hikata and Lucke and an attempt has been made to
measure the energy of migration of pinming defects which diffuse to the
dislocations, and their binding energy with the dislocations. D.C.
conductivity and dielectric loss meassurements have been employed to
determine the state of dispersion of point defects in similar material
to that used in the intermal friction measurements and the information
from these megssurements has been combined to identify the mobile

pizmirig defect as the associated divalent cation - vacancy pair.
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1.1 The aims and scope of this work

The internal friction which arises from dislocation motion in
crystals is very sensitively affected by the interaction between the
dislocations and other lattice defects. This thesis deéscribes how
this pﬁenomenon has been used to study the interaction between
dislocations and point defects in single crystal sodium chloride.
Measurements of internal friction have been carried out on both pure
and cadmium doped crystals as a function of vibration amplitude,
temperature, prestrain and time after prestrain, and the results have
been interpreted in terms of existing theories.

The physical properties of ionic crystals are strongly affected by
the presence of lattice vacancies and the small quantities of impurity
ions which exist in real, nominally pure, specimens. The state of
dispersion of these point defects is an important factor to consider
when interpreting such measurements, Dielectric logs, D.C. conductivity
and polarographic analysis measurements have been carried out in
conjunction with the internal friction measurements to provide
information about the state of dispersion of the point defects, and
chemical etching studies have been employed to obtain information about
dislocations in the specimens.

This chapter containsg a brief review of some of the relevant
Physical properties of sodium chloride, an introduction to internal
friction, and a survey of the previous work on intermal friction in
sodium chioride. Chapter 2 describes the experimental techniques and

apparatus employed in this investigation, and the succeeding chapters
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present the results and interpretation of the measurements. The
results fall natura.lly into four seciions and each of chapters

3, 4, 5 and 6 presents a separate section together with a discussion
of the results of that section snd the conclusions obtained from them.
Finally chapter 7 seeks to unify the conclusions, discusses them

generally and provides suggestions for future work.

1.2 Dislocations in sodium chloride

Scdium chloride (Na Cl) is an ionic solid. Its structure consists
of a simmle cubic array of alternate positive sodium ions and negative
chlorine ions, each surrounded by six nearest neighbours of opposite
sign. The ionic radius of Na* is 0.95 & and of C1~ is 1.81 £, OV

Single crystals of Na Cl cleave readily on {100} planes and this
provides a simple method of prcducing specimens of the same orientation.
When a Na Cl crystal is compressed in a £100] direction at room
temperature, deformation occurs by slip in <€ 110}  directions on
the {110} planes which do not contain the compression direction.(z)
There are four equivalent S‘HO} < 170> slip systems in such a
case but deformation does not involve similar amounts of slip on all
four. The stress - strain curve of single crystal Na Cl at room
temperature typicelly displays three stages, in a similar way to meny
fococ. metals. (Fig. 1.1). Davidge and Pratt(B) have shown that the
most common mode of deformation is by slip commencing on two orthogonal
Planes, one of which rapidly becomes predominant so that slip occurs

principally on a single (major) slip system and this gives rise to a

linear stress - strain behaviour in stage I. Stage IT is
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characterised by the appearance of slip on the oblique systems and is
more complex. Density changes occur in both stage I and stage IT and,
employing a calculation due to Seeger and Haasen, Davidge and Pratt have
shown that these changes are too :gg;g to attribute merely to increased
dislocation density. They conclude that the density changes are due
to the formation of dislocation debris i.e. dislocation dipoles,
clusters of point defects and individual point defects. Kear, Taylor

(&)

have demonstrated theoretically how dislocation inter-

(5)

sections in Na Cl may produce vacancies. However Taylor and Pratt

and Pratt

have carried out conductivity measurements on Na Cl as a function of
deformation and were unable to detect the increased conductivity which
IN TALL SPECIHMENS
would be expected if the free vacancy concentration is increasedl. A
Possible explanation of the anomaly between the density and
conductivity measurements is that dislocation debris is primarily
dislocation dipoles and that few free vacancies are formed.
Dislocations in Na C1 differ from those in metals because they can
carry an electrostatic charge. Half jogs on {1?0} <110
dislocations can be formed by the binding of vacancies to the core of
the dislocation and bear an electric charge equal in magnitude to half

(7)

the charge of an electron.(6) Eshelby et al congidered the
thermodynamic equilibrium of edge dislocations, treated as sources and
sinks of vacancies, and showed that they would in general bear a nett
electric charge in the form of an excess of half jogs of one sign

because of the different concentrations of positive and negative vacancies.
In order to maintain electric neutrality in the bulk of the crystal the

charged dislocation jogs are surrounded by a charge cloud of vacancies of
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opposite sign. Depending on how close the jogs are together, this can
result in two extreme cases, one in which the dislocation is surrounded
by a space charge cylinder of vacancies, and the other in which there
are localised regions of charge which might act as piming points on

the dislocation.

1«3 Point defects in Na Cl

The predominant thermally produced point defect in Na Cl, the
Schottky defect, consists of a cation vacancy plus an anion vacancy.
Thermally produced cation and anion vacancies must exist in equal
numbers in the bulk of the crystal in order to maintain electrostatic
neutrality. Interstitial ions are rare because of their high energy
of f‘omation.(s)

Additional vacancies exist in real Na Cl crystals due to the
presence of substitutional polyvalent ions and the condition of
maintenance of bulk electrostatic neutrality. Electrical cornductivity
at temperatures below 400°C is due almost exclusively to the motion of
cation vacancies, indicating that diffusion of this species is
considerably easier than that of anion vacancies because of the
difference in ionic size. For this reason cation vacancy formation
will be considered in more detail than anion vacancy formation.
Divalent metal ions may be introduced substitutionally into the Na Cl
lattice, and in order to achieve electrostatic neutrality an equal
number of cation vacancies must be created. Association can occur
between the divalent cations and the cation vacancies to produce

impurity - vacancy pairs which can act as electrical and mechanical
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dipoles.(9) (10) Different types of dipole can exist depending on the
relative proximity of the impurity and the vacancy e.g. nearest neighbour
dipole and next nearest neighbour dipole. Further association can also

(11)

occur to produce higher aggregates, and electron microscopy and X-ray
s‘buﬂies“z») have revealed the existence of a precipitated phase in Na Cl
alloyed with thousands of mole parts per million (m.p.m.) of divalent
cation. The actual state of dispersion of the divalent cation
impurities and cation vacancies depends on the concentration of impurity,
temperature and heat treatment of the crystal, but in general a real

Na Cl crystal may be expected to contain at room temperaturec divalent
ions and cation vacancies in all forms ranging from unassociated to
possibly precipitate. Two techniques which may be used to study the

state of dispersion are electrical conductivity and dielectric loss, and

something will be said of them here.

1.4 The electrical conductivity of Na Cl

Electrical conductivity in Na Cl is almost purely ionic and although
it is possgible that there is a small electronic contribution this
contribution is not important in the present work and will be ignored.
The ionic conductivity (Op) is related to the concentration (n) and the

mobility (m) of the cation vacancies by
O‘c =ne /u, 1.1
where e is the electronic charge and

1 F
X - _n 1.2
podon( )

where T is temperature, k is Boltzmann's constant and Eﬁ? is the
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activation energy for motion of the cation vacancy. Thus

&
o, o(% exp(.%m ) T1.3

and if n is temperature independent, a conductivity plot of
1nC)'c T v. 1/7T yields a straight line whose slope is -El?/k. In
practice the conductivity plot of real Na Cl consists of several stages

of differing slopes,(13)(1ll')

which may be approximated into three regions
(Fig. 1.2).

The conductivity of stage I is an intrinsic property of the Na Cl
lattice and is due predominantly to the thermally produced cation
vacancies, while the contribution due to the cation vacancies produced
by virtue of the presence of substitutional divalent impurities is

negligible. In this region of intrinsic conductivity the cation vacancy

concentration is given by

n e;:p.("Es ) 1.4
N 2kT

where N is the concentration of cation lattice sites and Eg is the
energy of formation of a Schottky defect. The slope of stage I is
thus - (B2 4+ Bg /2)/k . At about 400°C a transition occurs frum
stage I to stage II as the tempsrature dependent concentration due to
Schottky defects becomes equal to the concentration of free vacancies
due to the substitutional divalent cations. In stage II the
concentration of cation vacancies remains constant and equal to the
concentration of divalent cation im_purities and the slope of this stage
ig - E,(fl/k « Stage ITL »is more complicated than stages I and I and is

very dependent on the concentration of impurity and the jl:hennal history
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of the specimen. Initially, as the temperature is decreased below that
of stage II, association of cation impurities and cation vacancies
decreases the free vacancy concentration. This aasociation reaction may

be described by the law of mass action :

M . 3 R M5

impurity + vacancy impurity - vacancy pair
—P2 - Z_ o epfia 1.5
2 & KT
(1 -p)

where o is the concentration of divalent impurity, p is the fraction of

impurity associated with vacancy to form nearest neighbour pairs, Z,

is
the number of distinct orientations of the pair and Ea is the binding
energy of the pair. Thus the slope of stage IIT is - mj,{ﬂ + E, /2)/k.
Ih doped specimens the conductivity plot can steepen at lower
temperatures and this has been explained in terms of impurity

(1)

precipitation, then at lower temperatures still the original stage
TII slope is regained as the kinetics of precipitation are slowed. The
behaviour is too complicated to discuss here but the important fact to
note is that conductivity at room temperature is due to impurity

induced cation vacancies, and that the conductivity at a given

temperature is proportional to the free cation vacancy concentration.

1.5 Dielectric Relaxation in Na Cl

The electric dipole formed by the association of a divalent cation
impurity and a cation vacancy on near lattice sites has several possible

equivalent orientations in the lattice, and may rotate to the
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energetically most favou.;cable position in an electric field. On
application of an altermating electric field there is an energy
absorption from the field due to the rotation of the dipoles and this
is manifested as a phase lag 5 of the rotating dipoles behind the
electric field. Debye has developed a model describing dielectric
relaxation in dipolar solids which enables dielectric loss to be
related to the frequency (w) of the applied field. This relationship
is

ten© = K W T 1.6

d 5 2
T +w €

for the relaxation of dipoles with a single relaxation time T. K3
is a constant. This model describes the behaviour of many dipole
systems in ionic solids, and estimates of the concentration of free
dipoles may be obtained from the height of the Debye peak which is

given by

2w 2 c
(tang)m. = ..._...._.._.e._._...._.. 1.7

3a kT

where ¢ is the mole fraction of divalent ions and p is the fraction of
divalent ions associated with vacancies in the form of free dipoles.

(9)(15)(16) and Quin“?) have studied dielectric loss

Cook and Dryden
in Na Cl1 doped with Mn ** and Ca t+ and have found that on quenching
specimens from above 200°C most of the divalent ions are associated

with cation vacancies to form free dipoles. By studying the decrease

in height of the loss peak as a function of time they conclude that
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dipoles initially aggregate in a third order reaction to form trimers,
i.e. a combination of three dipoles. Complexes of higher order then
grow, and in equilibrium at room temperature most of the divalent ions

and cation vacancies are associated in these higher complexes.

1.6 Internal friction

Internal friction is the capacity of a vibrating solid to dissipate
its mechanical energy of vibration by processes within, and
characteristic of, the solid. The subject has been extensively
reviewed(18)(19)(20) 14 4511 be only briefly introduced here. In
practice the damping of vibrations of a solid generally arises from
extemsal effects such as loss of energy by atmospheric friction and
through the supporting members attached to the solid, as well as
intemal friction. The former effects may be minimised by careful
experimental design so that damping due to intermal fricticn may be
studied unambiguously. This is frequently accomplished by vibrating a
solid in one of its simple vibration modes and suspending it in vacuo
at vibration nodes. By suspending at vibration nodes, energy losses
along the supports are minimised, and removal of the atmosphere prevents
atmospheric friction. Damping within the solid may then be measured
by studying either the resonance curve of the specimen in forced
vibrations to obtain the resonancc Q factor, or the decay of free
vibrations to obtain the logarithmic decrement (usually termed simply,
decrement)\. These quantities are related simply to more
fundamental measures of internal friction, AW/W and ¢ , where dW is the

loss of vibration energy per cycle and W is the maximum stored
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vibration energy, and ¢ is the phase lag angle of oscillating strain
behind oscillating stress.

If f‘r is the resonant frequency in forced vibrations and f 4 and f'2
are the frequencies at which the amplitude of vibration falls to 1/,‘5_’

of the maximum value (Fig. 1.3)

1. - 27T 1.8
Q

Altematively, if a specimen is vibrating freely and the amplitude of

vibration decreases from Q 1 to (9 in 1 cycle, the decrement is given

2
by

AN 1n(g—1——-) 1.9

2

For a specimen in which the internal friction is small and amplitude

(18)

independent, and the strain homogeneous

= A __aw 1.10
3 ,

Internal friction is a result of the non-elestic behaviour of a
real solid. TIn such a material under stress the strain is greater
than it would be if the material was perfectly elastic. This causes a
decrease /. E in the apparent value of the elastic modulus Eel and
leads to a real modulus E. Internal friction (b and modulus defect
AB/E are closely related, as shown by Nowick. In general if an

oscillatory stress

&= exp(iget)
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is applied to a solid, an oscillatory strain is produced which can be

divided into two parts, an elastic part

arnd a non-elastic part

g" = (6’1' -1 £5) expe 1ot .

Because internal friction and modulus defect are usually very small

e el
and it may be seen (Fig. 1.4) that the angle of lag of strain behind
stresa is
./‘"
= 1.11
K g S: t
~1

r, Y s
t n t \\ ] ’
< < : .y
R T £ 4
or _n
E=E (1 -1 )
el. /
(.f'
[
- B u
. - el &
Thus C.SE = = 1 1,12
E E

Hence intermal friction 95 is a result of the component of strain

out of phase with stress, while the modulus defect AE/E depends on
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the component in phase with stress.

Mechanisms of internal friction may be roughly divided into two
classes. The first contains relaxation processes in which the internal
friction is frequency dependent and to a first approximation amplitude
independent. These typically display one or more pesks when internal
friction is plotted against frequency, and each peak is defined by one
or more relaxation times each of which is related to temperature by an
Aﬁhenius equation, An example of this type of behaviour in Na Cl is
the anelastic peaks due to mechanical dipole ox':'.entation(1o) which is
the mechanical analogue of the dielectric loss peaks due to electric
dipoles. The second class containg hysteretic phenomena in which

intermal friction is amplitude dependent but, to a first approximation,

frequency independent.

1.7 _General features of the Ko/s. amplitude dependent internal

friction in Na Cl

The internal frdiction measurements described in this thesis have
been carried out at about 90 Ko/s as a function of amplitude, and are
directed to investigate the second class of mechanisms rather than the
first. Internal friction at this frequency, in plastically deformed

(21)
crystalline solids, is due mainly to the presence of mobile dislocations.

2
( 2) has shown that the decrement of a well

For example, Whitworth
annealed pure Na Cl corystal at 90 K¢/s is about 1070 at low amplitudes
rising to about 10-4 at an amplitude of 4 x 10-'5 s, while the decrement
of slightly impure specimens is amplitude independent in this range.

Pure Na Cl is much gofter than impure Na Cl and it is difficult to avoid
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intreoducing dislocations into pure specimens during handling but this
difficulty can be overcome with impure specimens. Whitworth has
therefore suggested that it is possible that in a truly undeformed,
pure Na Cl orystal the decrement is less than 10”2 and is amplitude
independent at least up to a strain amplitude £ = Lox 10—5.
Deformation of a crystal increases the decrement and decreases the
modulus at all amplitudes. For example, a plastic compression of 1%
4

increases the decrement of a pure specimen from 1072 to 5 x 10+ at low

amplitudes. PFurther, the decrement and modulus of such a specimen vary
with amplitude of vibration. At low amplitudes decrement and modulus
remain conatant but as the amplitude is raised above about 10-6 the
decrement increases to values which can be in excess of 10"2, while the
modulus decreases. These changes are monotonic over the ranges so far
studied in Na Cl., When a pure specimen is vibrated at amplitudes in
excess of about 10™% dislocation miltiplication occurs, increasing the
damping and decreasing the modulus. No significant dislocation
miltiplication has been observed at lower amplitudes.

After plastic deformation, damping and modulug recover toward their
original velues on irradiation, on annealing and even on standing at room
temperature.(zn(zh)(zS) The decreases in damping and increases in
modulus occur at all amplitudes. This change is clearly due either to
the annihilation of the fresh dislocationsg or to their immobilisation
by interaocting among themselves or with point defects.

Contimious vibration of deformed orystals at amplitudes lower than
that at which dislocation multiplication occurs can cause changes in

2
intermal friction. For example, Whi‘tmorth( 2) reports that on
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vibrating in the amplitude dependeni region specimens which had been
lightly annealed after deformation, small incrcases in intermal friction
occurred during the vibration.

The general features of internal friction described above are
common to many crystalline solids, although variations do occur.
Before discussing previous work in this field in detail, it will be
convenient here to describe some of the theories which have been

proposed to explain these features.

1.8 Theoriesa of internal friction

It is probable that no one simple model will adequately account for
the whole amplitude range in any material, even if the state of
dislocation density and point defect distribution is accurately knowzi.
Interpretation is further complicated because in general the vibration
strain distribution in the solid is not homogeneous but can vaxry along
its length, so that in different regions of' e specimen differecnt
mechani smg might be operative. The theory which has been developed
furthest and applied most frequently is that due +to Granato end Lucke
(G-I theory). Most of the work on Na Cl and other crystalline solids
has been interpreted in terms of this theory although there are several
physical limitations to the model. On the other hand Nowick has
suggested a simple phenomenological model which has been qualitatively
detailed by Whitworth and seems physically more probable at high strain
amplitudes than the G-L model. Unfortunately it has not been developed
quantitatively.

Novrick(26) has auggested that thz internal friction of lightly
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deformed crystals is due to a hysteresis in the motion of dislocations
because of their interaction with obstacles, such as point defects,
which lie in their slip planes. This has been developed into a
quantitative theory by Weertman (27) for the case where the interaction
between dislocations and impurities is due to long range elastic stresazes,
Whitworth(zz) has stated that rough calculations show that the Weertman -
theory does not account for the flow stress or damping oi' Na C1l but he
suggests that the Nowick model might be applicable if dislocations have
a. strong short range interaction with the obstacles, such as might
arise from electrostatic interaction between the dislocations and
obstacles. Application of a stress to a dislocation lying in ite slip
plane and pinned by fairly immcbile defects will ceuse it to bow oub
between the obstacles and perhaps break away from some of them.

However it will not move far before being pirned by another obstacle
and thus it moves along the slip plane in a series of jumps. On
reversing the stress the stress - dislocaticin strain curve will exhibit
a hysteresis, and as increased stress will cause longer lengths of
dislocation line to move and produce a larger hysteresis, the model
predicts an amplitude dependence of internal friction.

Granato and Lucke have developed a theory originally due to
Koehler who pointed out that dislocations in a crystal under the
influence of an alternating stress will oscillate in the manner of a
stretched string. The equation of motion of the dislocation line has

the general form

A ()Zx 7" b+ G d2x - BOx -7y -C(y) JEB
_ y
34 Dy ot P d =
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where the dislocation is considered to lie initially in a straight line
along the y axis, and displacements perpendicular to y are measured

along the x axis. A is the effective mass of the dislocation; T the
applied stress; b the burgers vector; C the effective tension of the

dislocation; B the damping constant; O _ the Peierls stress; e(y)

P
the density of pinning defects along x = 0; and EB(x) is the
interaction energy between a single pinning defect and the dislocation.
Teutonicc, Granato and Lucke have solved this equation for two simple
extreme cases but the results are too complicated to test

2
(28) However Granato and Lucke( 9) have also solved the

experimentally.
equation, ignoring the last two terms. The most important limitation
of this is that they effectively ighore the fact that thermal

activation can aid the motion of a dislocation. It is this solution
which has been extensively used in the interpretation of experimental
results. The model which they employ to esbtablish the constants in the
differential equation assumecs that a crystal contains dislocations which
-are pinned by two types of pinning defecis, a strong pimming species
from which the dislocation can not break away, end a weak pinning species
from which breakaway can occur when the resoclved force of the
dislocation on the pinner rcaches a critical value. The weak pinning
defects are usually considerel to be point defects which interact with
the dislocations by a Cottrell mechenism, while the strong pinning
gpecieg is usually considered to be dislocation nodes. The latter
agsumption reguires that the crystal shculd contain a network of
dislocations, but this is not an cssentisl econdition for the model to

be applicable as any mechanism which acts as a strong pimner relative
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to the weak plinners is suitable. For example, crosslip occurs readily
in Na Cl and the point where a dislocation leaves its slip plane to
produce crosslip could act as a strong pin.

For simplicity the strong pinning points are assumed to determine
a constant dislocation loop length L‘n and the weak pinning points to
determine smaller loop lengths which initially have an exponential size
distribution and an average length Lc' On application of a stress the
dislocation bows out between the pinning points until the stress reaches
a level at which breakaway can oceur from one of the weak pinning defects
in that loop. Catastrophic breakaway from all the other weak pimnning
defects in that loop then follows because the first unpinning occurs
when the stress is sufficient to unpin the longest segment, thus
creating a longer free length and continued unpinning. Increasing
the stress further causes the unpinned loop to act as a Frank-Read
source. Fig. 1.5 illustrates the different stages of breaskawsy and
Fig. 1.6 the stress - dislocation strain behaviour of a single
dislocation. This model does not consider dislocation interactions
with defects other than those lying along the original line of the
dislocation, and it might be suspected that it would break down either
when there is a sufficiently high concentration of pinning defects in
the lattice or when the dislocation line moves through large enough
distances to interact with pinning defeets off the original line.
Under these conditions a Nowick - Whitworth model might be more
appliecable,

The G-L theory predicts two different energy loss mechanisms.
At low amplitudes, before breakaway occurs, there is a loss due to the

dynamic nature of the measurements, arising because the motion of the
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dislocations is damped. This loss has a resonance character and is
frequency dependent while amplitude independent. A second, hysteretic
loss is superimposed on the dynamic loss after breakaway. Fig. 1.7
illustrates roughly the form of the damping v. strain amplitude curve.
At low emplitudes the dynamic decrement Z\ ; end modulus defect
(AE/E)I are constant, while at higher amplitudes the decrement 4\ and
modulus defect A_]E.. are assumed to be the sum of the constant dynamic

E
values and the decrement ) H and modulus defect ( L\E/E)H due to

hysteresis.
4:.\7' =z_/.:xI + Z\AH 1'13
é.._}.B. =é—E- /"/::‘E 101
£ =50 () .

T ‘% 'H

For homogeneous strain the theory predicts that

\ ¢ -
AH :r{/['E_E_.E./\ = A" exp: - A2 ‘. 1.15
\ - “““‘Lg .-C— L En A
c - (o]
"'Z.':lE = A Lz
(E . L e 1,17
I
where
A= 250N xna/m 1,18
17 = n 72 i
= 1.1
Ay, = Kna 9
Ay = 1209./\Bw/ﬁ3c 1,20
A = 60N/ 1,21

£
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Here r is a constant of the order of unity; (. is an orientation

factor which takes into account the fact that the shear stress on the
slip planes is less than the applied stress; /% is the dislocation

density; K is a parameter which depends upon orientation and anisotropy;
¥ is the Cottrell misfit parameter measuring the magnitude of the

lattice dilation at the point defect; a is the lattice parameter;

% is the strain amplitude; B is a damping constant; ¢ is the
frequency; and C is the dislocation line tension. Equation 1.15 has
to be modified for non homogeneous sgtrain distributions. In most of
the previous work, and in the present work, the experimental arrangement
is such that it is usually assumed that the strain distribution is

(30)

described Dy a simple cosine standing wave. This leads to

( ¥ a A
._,_) (__2 > 1 exp{" 2 ) 1.22
A, 3/2 € L .

F%L
el (]

The G-L theory attributes the amplitude dependent part cf the
internal friction to a hysteresis in the stress v. dislocation strain
behaviour after breakaway. However the possibility exists that the
dynamic loss is also amplitude dependent. This could arise because
after breakaway thz weak pinning length L, of a dislocation is increased
to Ly, and the /> and (£)E/E); terms increase accordingly. Heiple
and Birnbaum(s“) report that Trott has made an exact calculation of
amplitude dependent viscous damping and has shown that this can cause
large increases in the damping with increasing strain amplitude.

32
Rogers( has also considered this problem and has shown that the

dynamic loss is amplitude dependent after breskaway. Alefeld(ss) h

congiderad the different problem of the motion of pinned, kinked
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dislocations and has shown that an amplitude dependence can occur, due
to the presence of the kinks, at amplitudes which are less than or
comparable to the breakaway strain. It is thus to be expected that

at low amplitudes in the amplitude dependent region the G-L theory
would break down because of its neglect of thermal activation end these
other sources of amplitude dependence. On this reasoning the G-L
theory would tend to underestimate AH at low amplitules and this is
in fact invariably observed.

Despite its shortoomings the G-L theory has been used widely with
a large measure of success to interpret the behaviour of many materials.
The theory has been extended to explain the recovery of internal
friotion due to the migration of point defects and, as this has been
used in the interpretation of the present work, scmething will be seid
of it here.

If the dislocation loop length L a? def'ined by the weak pinning
defects, decreases with time beocause of the migration of additional
point defects to the dislocations, then equations 1.15, 1.16 and 1.17
are time dependent because of their dependence on Lc. Granato, Hikata
and Lucke(y'") (G H L theory) assumed the existence of two different
types of weak pinning defect, a mobile species of concentration %40
and an immobile species of cuncentration Coge Only the mobile defects
migrate to the dislocation and do so with a Cottrell - Bilby time

dependence

2/3
o (t) = ojy S /;AP_E) 1.23
2\ /
a kT

where ¢ 1(1:) is the concentration of mobile defects which have
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migrated to the dislocation after time t, oC is a constant, A is a
parameter measuring the strength of Cottrell attraction and D is the
diffusion coefficient. TInitially the dislocations are pinned by both
types of defect whose concentrations on the dislocations are the same
as in the bulk. After a time t the migrating mobile defect alters the
loop length so that in the early stages of recovery, equations 1.20,

121 and 1.22 are modified to

LR - A ~. 2/3
AH = r(""E")H =_%e@!_ -;-%:-(0104- CZO) (1 +/3't )j 1.24
L2 <
AL o= 3 o 1
£ - - 1.25
’ (e * °2o)zp [ /3%
2
A a
(‘/—\‘.._..E ) = s —-—-——71 2 1426
3 L]
E /5 (010 020)2 (142t ]
where
ﬁ = e ° & / f \52/3 1.27
c,. + O a2 \ kT /

10 20

The changes in internal friction which are frequently observed
during continuous vibrations of crystals have been oonsidered by several
workers. Yamafuji and Bamer,(3 5) and Alo:efeld(36 ) have considered the
effect on the G-I theory of permitting the weak pinning defects to
diffuse along the dislocation core under an applied stress. This leads
to a redistribution of the pimming defects and an increase in the
internal friction. Whitworthgzz) on the other hand, has suggested that

the Nowick -~ Whitworth model can explain the increases without recourse
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o the redistribution of pinning defects.

1.9 _Previous work on amplitude dependent intemasal friction in Na C1

The earliest work on amplitude dependent intemmal f‘riction in Na Cl
was published by Frankl(Z!) in 1953, He interpreted his results in
terms of a qualitative model of dislocations interacting with vacancies.
Granato and Ludke ) considered Frankl's published data, together with
other published data on metals, and concluded that there was a
reasonable agreement with their theory. It can be seen from equation
1,24, that according to this theoxry log & %A g Ve 1z should
yvield a straight line (G-L plot). They tested the data by calculating
G-L plots and approximated them to straight lines, from whose slopes
and intercepts they calculated as many as possible of the parameters in
their theory. The linearity (or lack of it) of a G-L plot is not in
itself a good test as deviations from linearity can be expected at low
amplitudes in real materials because of the limitations of the theory
already stated. These reasons, together with the exaggeration of small
deviations which occur on a semi-log plot lead to large deviations from
linearity as shown in Figs. 1 and 2 of reference (30). Deviations
from linearity at low amplitudes are to be expected, the plot perhaps
tending asymptotically to a straight line at larger values of strain
amplitude, and the largest value of the slope being nearest to that
predicted by the theory. A typical G-L plot for Na Cl at room
temperature is nevéf a s’craight line over its whole range, possibly for
these reasons.,

There are two major difficulties involved in Granato and Lucke's

anglysis of the data. The first of these is that the constant K ‘n
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equation 1.15 has either to be a priori calculated or a valuec assumed,
For Cottrell pinning K is asbout % but this leads to values of Lo whi.ch
are approximately equal to Ln' They consgicdered that this was not
consistent with their initial assumptions and therefore assumed a value
of K = 1/%0 which leads to values of L, a factor of ten less than L.
Secondly, for several reasons they were led to conclude that the dynamic
loss A'I and the hysteretic loss 2\ gy ©ould not be ascribed to the
same dislocation loops. Bauer and Gordon( 25) however have carried out
a series of experiments involving the measurement of damping as a
function of amplitude af'‘ter various amounts of prestrain and

X irradiastion doses. They measured dislocation densities by etchpit
counts and, by assuming that the measured densities were the correct
values to substitute in the G~L +theoxry for bothAI and. AH’ were
able to obtain all the parameters in the theory without assuming a
value for K. This led to wvalues of L ¢ Which were of the same order of
magnitude as L, and implies that K is about .  Bamer and Gordon also
found reasonably straight line G-I plots end showed that (AEE«-\) and
AI increase linearly with measured dislocatica density as pnIadicted
by the theory.

(37) showed that over a wide amplitude

Frankl(21) and Whitworth
range /[ g=T (AE/E)H where r is a constant for a2 particular
specimen as predicted by the G-L theory. Their values of r were about
3 to 6 as opposed to the value of about 1 which Granato and Lucke
predicted. Whitworth concluded from his experiments that the G-L
theory was not obeyed by Na Cl.

(38)

Strumane et al measured the amplitude dependence of damping as
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a function of temperature and cbtained G-~L plots which approximated to
straight lines at high amplitudes. Because the slope and intercept of
a G-L plot depend on LC, they should vary with temperature. If the

weak pinning defect equilibrium concentration (Ceq) on the dislocaticn

varies as

E
- B
ceq. = Go exp ( : ) 1.28
. kT

where C, is the bulk concentration and EE is the binding energy between

pinner and dislocation, then

E
LC O( exp ("‘ B > 1.29
kT

and from equation 1.1%5 the slope and intercept of a G~L plot:

in§ AH V. 1/€ , should be respectively proportional to 1/L, and
ln(‘i/Li) . Hence a plot of the logarithm of the slope or the intercept
against 4 T should yield a straight line whose slope gives the binding
energy EB. This linear behaviour was in fact dbserved and the energies
obtained from the slope and intercept data were -0.045 + 0.005 eV and
~0.037 + 0,006 &V which agreed well with each other but were negative.
Strumane et al. explained the apparent negative nature of the binding
energy by assuming that the bullk concentration (C o) of the weak pinners

is temperature dependent i.e,

E
C, X exp(—-_,_f_ 1430
kT

where En is the formation energy of the weak pimner, and thus the

energies obtained from the slopes are not EB but EB - B £ where Ef> EB.

x STRvMAN & £Er AL, CowsSiDER I7 APRACPRIATE To Vs THE

HerieQENEDUS  saw i Favarion To  Darwes A G-L pooT
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Some work has also been carried out on the rccovery of intermal
friction on room temperature annealing and irradiation. Gordon and
Nowick(zj) have shown that X~-irrediation increases the modulus and
decreases the intemal friction of Na Cl crystals. Similar changes
also occur on standing the crystals at room temperature and arc
collectively known as the Koster effect after their discoverer in metals.
They have shown that the modulus increase produced in Na Cl by
X irradiation corresponds exactly to the modulus decrease produced by
plastic deformation, thus indicating that the recovery process consists
of the immobilisation of freshly introduced. dislocations. Granato,
Hikata and Luckeg}l") have analysed the publiched data of Gordon and
Nowick on room temperature annealing in termsz of their own theorxy,
outlined above. The data fitted the predicted relationships well thus
confirming that immobilisation of the dislocations in Na Cl during roca
tenmperature annealing is due to the diffusion of wesk pimners to the
dislocations. It is worth noting that again a value of X had to be
assumed and a value of 1/50 gave a derived dislocation density of
101 x 10%cm™2 while 1/5 gave 1.1 x 10lecn™?,  The specimen had been
prestrained 4% and the smaller dislocation density is more reasonsble
for such a specimen, which implies that the layger value of K is the
better value. S:'Lve:r'tsen(25 ) has stvdied the effect of 6000 %
irradiation on amplitude independent internal friction in Na Cl and
has found a dosage time dependence which implies that the amplitude
independent decrement and modulus defect are related to the dislocation
loop lengths by a fourth power and a square relationship respectively,
as is predicted by the Granato - Lucke theory,

No previous work has been published on the quentitative effects
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of impurity addition and temperature variation on the recovery of
internal friction in Na Cl but Blistanov, Shaskol'skaya and their
(39)(50) (1)

co workers have investigated such behaviour in the very
similar material LiF. They found that their results agreed well with
the predictions of the Grénato » Hikata and Lucke thecry. For example,
the amplitude independent decrement <My, plotted as a funotion of time
at room temperature in the form &I~% V. tz/ 5 yielded good straight
lines af'ter the first seven mimutes of recovery. During the first
seven minutes recovery was faster than predicted. Among other
interesting effects which they observed was a variation of the recovery
parameter /B with prestrain, and an increase in the rate of recovery
on the addition of divalent impurities.

To sum up previous work, it appears that despite the physical
limitations of the model the Granato - Lucke theory provides a useful

explanation of the behaviour of internal friction in Na Cl, especially

the recovery behaviour.

1,10 Tdentification of the weak pinning defect

There is no reason to suppose, a priori, that one specific type of
point def'ect is responsible for all the pinning effects described above.
The results of the previous experiments fall naturally into two classes,
those where the pinning defects have been produced by irrsdiation and
those where the pimning defects have been those which exist in the
unirradiated material, In its unirradiated state Na Cl contains
impurities and vacancies distributed as discussed earlier, while
irradiation produces additional vacancies, interstitials and clusters

of these primary defects. A comparison may perhaps be drawn to the
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effects of irradiation and divalent doping on the hardening of alkali
halides. Johnston et (1,'2) for example, have attributed these similar
hardening effects to two different asymmetric defects. They attribute
irradiation hardening to the production of interstitials, while
divalent doping produces mechanical dipoles, both defects have
tetragonal symmetry and thus give rise to similar hardening effects.
(43)

Bauer and Gordon have shown by an elegant series of experiments
that the weak pinning defect produced on irradiating Na C1l with X rays
is a dislocation jog closely associated with an F centre. Strumane and
Batist have suggested that the pinning defect in unirradiated Na Cl is
the cation vacancy, but they have not proposed a specific pinning
mechanism. Their results however only show that the bulk concentration
of the weak pinner is temperature dependent and no unambiguous

identification hag been made of the weak pinner in unirradiated pure

and doped Na Cl.
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Chapter 2.

Experimental Techniques.
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2.1 Internal friction measurements

2.1 (a) General principles

Internal friction and modulus measurements have been carried out
ag a function of vibration amplitude by the composite oscillator
technique originally developed by Marx(u*') The Marx oscillator is
basically a single unit consisting of three parts, each of which is cut
to resonate at the same frequency, which in this work was about 90 Ko/ s.
Pig. 2.1 shows the various parts of the cscillator. The first part
is a piezoelectric &KX~ quartz crystal which is excited into its
fundamental longitudinal mode by an A.C. voltage (V3) applied at the
resonant frequency. This crystal is usged to drive the entire oscillator,
and its amplitude of vibration is determined by the drive voltage (V d)
and the total damping of the oscillator. The second part is another,
similar, X ~ quartz crystal which measures the response of the oscillator
to the drive crystal vibration by piezoelectrically transforming the
mechanical energy of the oscillator into an electric signal (vg) which
can be displayed on a voltmeter. The third part is the specimen itself,
The oscillator is supported in position by attachments at displacement
nodes and can be regarded as mechanically free, while the joints between
the components occur at strain nodes and do not contribute greatly to
the damping of the oscillator.

In the neighbourhood of the fundamental mechanical mode the
composite oscillator is electrically equivalent to a series RLC circuit
in parallel with a capacitance. From this analogue Marx has derived
relationships between the amplitude (Eg) of the gauge crystal, the

decrement (At) of the oscillator, Vy and V_. These have the general



form,
=K V 2.1
g 1 g
\ =K,V
LNy "R Vg 2.2
A
g

where K 1 and K2 are constants which may be measured by a calibration
procedure 1o be described below. The decrement (/~\s ) and strain

smplitude (£ s) of the specimen are related to the measured values & o

and&t by

A\s = mtAt - mA

q g 2,3
m
)
£ =g, 1
s g .i..% 2.0

where mq is the mass of driver and gauge crystals, m is the mass of
the specimen and m, = mCl +m,o; ls, 1g are the lengths of specimen
and gauge crystals respectively; andZ\ q is the decrement of the
driver~gauge crystal combination. The Young's modulus (E) of a
specimen vibrating in its fundamental mode in free - free longitudinal

vibrations is related to the frequency (f) of vibration by
=
&
where € is its density and 1 its length. If the frequency (f‘s) of a

specimen is within %% of the driver-gauge frequency (fq) it is closely

approximated from the observed frequency (ft) of the three component
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unit by the equation

£ = -
s = Mty "M Ty 2.6

In general the measured modulus of a specimen differs from its elastic
modulus because of the presence of a dislocation contribution to the
strain. The modulus defect in the amplitude independent range is

then, from equation 2.5

(&E) - 2 (fel.' fI) 2 7
E /g — y
I

where fel is the resonant frequency which the specimen would have if

it were perfectly elastic and f_ is its actual frequency. Similarly,

I
in the amplitude dependent range
(:_E\} E) _ 2 (fxf' fiy) 2.8

where fH is the frequency of the specimen at an amplitude in the
amplitude dependent range.

It was frequently necessary to carry out internal friction
measurements at temperatures other than room temperature. In order to
accomplish this without heating or cooling the quartz crystals a long,
low damping, fused quartz bar was inserted between the driver-gauge
crystals and the specimen. In this way the specimen could be held far
enough from the quartz crystals to heat or cool it without greatly
altering the temperature of the quartz crystals. The quartz bar had
to be cut to the correct size to enable it to resonate at the same

frequency with an integral number of half wave lengths, and the



- L0 -

decrement and modulus of the specimen were calculated from simple

modifications of equations 2.3 and 2.6.

2.1 (b) Calibration of the oscillator.

The constants K1 and K2 in equations 2.1 and 2.2 contain the
values of the components of the equivalent electric circuit of the
oscillator, the dimensions of the quartz crystals, the piezoelectric
coefficients and the frequency of the crystals. Marx has obtained
the numerical forms of these equations for 18.5° X-cut crystals and has
described how calibration may be carried out by an impedance bridge
technique. 1In the present work both 18.5° and 5° X~-cut crystals were
employed and the numerical forms which Marx obtained are not applicable
to the latter. A method of calibration which does not involve knowing
the piezoelectric coefficients and therefore allows for inaccuracy in
orientation of the crystal cut was generally used. The calibration
procedure was carried out on the oscillator without a specimen attached.

The constant K2 was obtained by measuring Vg as a function of
frequency around the resonant frequency fr at constant V., then the
width of this resonance curve at 1/ of peek height gave Q7' and thus
AN q Of the driver-gauge combination (v. equations 1.8 and 1.10 and
Fige. 1¢3)e Thus Jf_\q and, Vd/Vg at resonance were known, leading to
K2. The constant K 4 Wes obtained by employing equation (11) of the
Marx paper.

2
£2 = v,

2 .3 .
2R 1d fr mq/_\q

where R is the electrical resgistance of the driver crystal at the
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resonant frequency £_, & a is its amplitude and 16_ its length. The

r?
resistance of the driver crystal was measured at its resonant frequency
by en impedance bridge technique and hence & a obtainzd. But,

because of the similarity of driver and gauge crystals £ ac Eg , and
this leads to K“. The errors in this procedure made KJ1 and K2 usually
reproducible to + Fb. The 18.5° orystals were also calibrated by

the method indicated by Marx and excellent agreement was obtained.

2.1 (¢) Practical details.

It has already been mentioned that the quartz cxrystals used in
this work were of two orientations, 18.5° X-cut and 5° X~cut. Coupling
between longitudinal and shear modes is minimised by the 18.5° cut and
for this reason that orientation has been most frequently used by cther
workers, however 5O are more readily obtained from mamufacturers and
are in practice equally suitable. EBach oscillator was formed from two
similar crystals which were supplied cut to resonate atv about 90 Ke/s.
and frequency matehed to better than 0.5%. The 18.5° crystals werc
2,85 cm. long aﬁd the 5° crystals 3.13 cm. long, both having the same
0.5 cm. square crnss section. Each oscillator was formed by attaching
two crystals end to end with their electric arxes at right angles so
that electrical coupling was minimised. The Jjoint between them was
made with Araldite epoxy resin. Full face electrodes were coated on
to the driver crystal and  face electrodes on to the gauge crystal by
painting with Dag colloidal suspension of silver or graphite in
alcchol. Mechanical support of the crystals end electrical contact to
the electrodes were obtained by attaching fine phosphor bronze wires

to the centre of the crystals at the electrode faces, before coating
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on the electrodes, by means of small blobs of a thermo-setting silver
preparation, or conducting cement, manufactured by Johnson, Matthey &
Co. Ltd. TFig. 2.2 is a photograph of the driver-gauge crystals and
specimen mounted in the experimental rdig.

The fused quartz rods employed in measurements at temperatures
other than room temperature were of 0.5 cm square cross section and
were cut by means of a diamond slitting saw to a length of 22.4 cm.,
which corresponds to 3;— wavelengths. Fig. 2.3 shows the arrangement
of quartz crystals, fused quartz rod and specimen. The oscillator,
dummy and specimen were mounted in a chamber which could be evacuated,
and the specimen at the end of the dummy was in a constant temperature
enclosure. Temperatures above room temperature were cobtained by means
of a furnace which was controlled to better than 1°C by an Ether
anticipatory controller. For low temperature measurements a congtant
temperature bath was substituted for the fumace, and constant low
temperatures were cbtained by a series of cold mixtures, at 0°C by ice
and water, =-29.8%C by Isceon 12, -78°C by Isceon 12 and solid Co,,
-196°C by liquid NZ' ‘No one adhesive was suitable for attaching the
specimens to the dummy rod over the whole temperature range, and a
variety of empirically determined adhesives were used. The criterion
used in selecting an adhesive was that it should rapidly form a strong
bond at the testing temperature and yet be easily broken on returning
to room temperature, this excludes more conventional adhesives such as

the epoxy vresin type. At room temperature, and at OOC, and for

attaching the dummy rod to the piezocelectric crystals, beeswax was used
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as the adhesive. Beeswax melts at about 7000 and this is easily
accomplished with a hot air blower. For temperatures up to 60°C
beeswax and resin was suitable and ot temperatures ir excess of this
Bostik 1160, a high temperature adhesive, was used. At -78°C and
-196°%C silicon vacuum grease forms a strong bond, while at -30°C a
typist's material, Gestetner spotting out fluid, fitted the criterion
excellently.

Fig. 2,1 is a block diagram of the electric circuit and Fig. 2.4
is an overall photograph of the apparatus. A Muirhead - Wigan D-890-A
oscillator was used to excite the quartz crystals into vibration and
Solartron VF 252 feedback voltmeters measured the drive and gauge
voltages. Frequency was measured to an accuracy of 0.1 /s. at
90 Ko/s. by means of an Advance TC 10 Counter. At 90 Ko/s. the
Muirhead - Wigan D~-890-A oscillator is not altogether satisfactory for
this type of work as small, accurate, predetermined changes of
frequency camot be readily effected. To overcome this the Muirhead -
Wigan oscillator was used to provide a variable frequency signal of
about 3 Ko/s. and this was mixed with a constant frequency signal of
87 Ko/s. to provide a 90 Ko/s. side band which was filtered out and
used as the driving signal, At 3 Ke¢/s., incremental changes of 4 ¢/s.
may be made in the Muirhead -~ Wigan output frequency by a decade switch,
and changes of less than 1 ¢/s. may be effected by turning a continuous,
variable control through a total of 360° of rotation for 1 ¢/s. Thus
with this arrangement small, accurate changes of frequency of 0.1 ¢/s.
could be made at 90 Ke/s. The same mixing unit also contained an

amplifier and attenuators for varying the size of the drive signal, and
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terminated in a cathode follower circuit which gave a low output
impedance. This is necessary because at resonance the impedance of
the composite oscillator is greatly decreased to abo:t 10 K€L for a

decrement of 10-4. The mixing unit was designed by R.W. Whitworth

(37)

and built for his investigation of internal friction in Na Cl.

The composite oscillators were calibrated before every experiment
because it was found that the calibration constants tended to alter
over periods of the order of days, and after a few weeks of use it was
necessary to remeke the cement contacts and coat new electrodes on the
electrode facess In air the decrement of an oscillator was about

% and this could be reduced to about 0.8 x 10 * on

1.5 x 10
evacuating the chamber containing the oscillator, thus a vacuum was
advisable when measuring low damping specimens. Usually the decrement
of the oscillator was constant over the amplitude range used in these
experiments, but where it did vary with amplitude slightly, this
amplitude dependence was allowed for in the calculation of the
specimen decrement.
Several factors affected the accuracy of the damping measurements.

It has already been mentioned that the calibration was reproducible to
better than 5%. From equation 2.3 it can be seen that the ervor in
the calculated specimen decrement depends on the weighted errors in
the total decrement and the decrement of the quartz crystals, the
weighting factors arising from the dependence of the calculated
specimen decrement on the masses of the various components,

Modifying equation 2.3 for the presence of the durmy bar of mass my

and decrement A a leads to
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Dy 7P AT (MAgtPala) 2.7
ms ms ms

Typical values of the masses and decrements were my = 9.6 gm.,

-k ~b
mq:l...‘l gm. ms=1.l;.gm.,Ad=3x1O ,Aq=1.5x10 » Thus

when a dummy bar was used

-4
Ag = 104 -25x10

and without a dummy

~ -4
Dy = l&-At-Bx‘lO

A dummy bar was only used with specimens which had been deformed at
least 2% and had & decrement of the order of 10'2, while the lowest
damping specimens had decrements of the order of 10_3. Thusg the
systematic error involved in the calculation of A\ s during any
experiment because of an error in the measured values of‘&.d and f_\.q

is small compared with the + 5 % systematic error possible in A\ &
because of the calibration procedure. The random error involved in
FAN g during any experiment depended on the accuracy of the voltmeters
and was about + 2 %. Another systematic error was introduced because
of the unknown but small contribution to damping from the joints between
the componentg, this was assumed to be negligible. Finally, very
occasionally a small error was introduced because of an zbrupt, small
change in the background damping of the apparatus. This only affected
AI however as A g Wes obtained by subtracting two values of Lls,

both of which contained the background damping.
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Frequency measurements on the other hand suffered fronm two differcnt
faults. Firstly the sharpness of a rescnance curve is determined by
the demping of the system and for high damping of the order of 1072 50
was frequently impossible to define the resonant frequency io betier
than + 1 o/s. Secondly, the rescnant frequensy depends far more
strongly on temperature than does the decrement because it is relaied
to the length, density and elastic modulus of a specimein, all of wihich
are temperature dependent, Thus asmall changes in temperature produce
large changes in frequency. In these experiments it was necessary 4o
measure the changes in frequency which had oscurred between two
successive measurements. At temperatures other than room temperaturcs
the scatter in the frequency measurements often obscured amy syuiemnilo
change and thus too much reliance could not L:c placed on these
measurements, For these reasons the damping measuremsn'’s are
considered more useful and reliable than the frequency measurcmente.

Each internal friction measurement usually took less than ten

seconds to carry out.

2.2 _ Preparation of specimens

2.2 (a) Fabrication

Na Cl crystals were grown in air by a modified Kyropoulos
technique. This technique has been described in detail by Harrisom. b2
Large Na Cl single crystals, or boules, were nucleated on a wabter coolsd
seed crystal and pulled from molten Na Cl in a silica beaker. The
crystal growing aspparatus is illustrated schematically in Fig. 2.5.

-

Employing this technique, crystals of approximately 9 cm x 3 cnx J ¢
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were grown. The startirig material for pure crystals was Analar grade
Na Cl while .some ca ** doped. bcrystals were also grown by adding small
quantities of Analar grade Cd 012 to the melt.

Intermal friction specimens were cleaved with razor blades from
the boules, where possible at right angles to the direction of growth
in order to minimise the variation of impurity ccncentration along the
specimen. This was not always possible as the thickness of the
boule was sometimes insufficient. The specimens were of 0.5 cm square
cross section and their length _depended. on the temperature of test and
the amount by which they were to be prestrained. For comparison, a
Na Cl specimen which resonates at 90 Ko/s at 25°C is 2,52 cm. long,
while at =196°C it is 2,74 cm, and at 100°C it is 2.4 om. It was
sometimes found necessary to polish the surfaces of-a specimen in
order to remove cleavage steps. Polishing was carried out by hand on
a silk cloth which had been slightly demped with water. No differences
were observed in the behaviour of polished specimens and specimens
which had been so well cleaved as to not require polishing.

Frequency matching between the internal friciion specimens and the
quartz crystals was better than 1 %. Fig. 2.6 is a photograph of an

internal friction specimen alongside a boule.

2.2 (b) Heat treatment and prestrain

Two standard heat treatments were applied to most of the specimens
used in this work. The first consisted of slowly heating a specimen
to 600°C, meintaining it at that temperature for one hour and then
cooling it to room tempemttire over a pericd of 30 hours. This

treatment removes internal stresses and completely immobilises existing
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dislocations within the specimen. Such specimens are referred to in
the text as amnealed. Experiments on the ammealed crystals were
carried out within a flew hours of the end of the anneal. The second
heat treatment was similar to the first with the difference that cooling
was halted at some temperature and, after two hours at that
temperature, the specimen was removed from the furnace and allowed to
cool to room temperature in a matter of minutes. Such specimens are
referred to as quenched. Experiments were started on quenched
specimens within a half hour of gquenching.

Internal friction specimens were deformed, after heat treatment
and prior to testing, in compression along their lengths in an Instron

machine at a strain rate of 10"-4 mins.mJ' at room temperature.

243 Specimen analysis

2.3 (a) Impurity content.

The meximm limit of impurities in Analar grade Na Cl is given in
table 2.1 at the end of this chapter. It is probable that there are
smaller quantities of impurities in the erystals grown from Analor
grade Na Cl because of the difference in solubility of impurities in
the solid and liquid states, and possibly because of a slagging reaction
suggested by Newey. (46)

No analysis has been carried out on the nominally pure specimens
used in this work, but analyses have been carried out on very similar

specimens by other workers. Vmi‘cworth(W)

has reported that a general
spectrographic survey revealed the presence of Ca, K, Al, Mg, Si and

Fe, and no other impurity. Flame emission spectroscopy revealed (in
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mole parts per million) Ca 25 to 45, K 15 %o 30; atomic absorption
spectrometry revealed Mg about 7; chemical techniques revealed Al
gbout 13, S1i less than 2, Fe less than 1. He vams that these Ca,
Al and Mg concentrations are about five‘ times higner then the upper
limit obtained from arc spectrographic analyses. The discrepancy
between these values is rather conlusing, howzver Qm‘.n<17) has carried
out dielectric absorption studies on similar crystals which had been air
quenched, and has concluded that there was less than five mole parts per
million of divalent impurity associated with vacancies in the form of
impurity vacancy dipoles immediately after quenching. His work on Cca’+
doped. Na Cl indicates that if there were as much as 25 to 45 m.p.m. of
Ca™ in the nominally pure crystals, sufficient should have associated
with vacancies on quenching to have given considerably in excess of
5 mep.m. of dipoles. This implies that there is a lot less than 25 to
45 m.p.m. of Ca in nominally pure specimens and probably the arc
spectrographic analysis value is more correct, at least for calcium.

The cadmium doped specimens used in the present work were analysed
polarographically for Ca*t content te ar accuracy of better than A4 %
by the Analytical Services Laboratory at Tmperial College. Internal
friction experiments were carried out on specimens from two Cdtt doped
boules, one of which contained about 60 m.p.m. of CaA** and the other
about 120 m.p.m. There was a variation of Cdt+t content through each
boule however, and more exact values are given where appropriate in the
sections dealing with the experimental results.

2.3 (b) Free vacancy content - D.C. conductivity measurements.

In section 1.4 it was shown that relative values of free vacancy
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concentrations in different samples of Na Cl may be obtained from
conductivity measurements made at the same temperature, while if the
mobility of the vacancy is known, absolute values of the free vacancy
concentration can be calculated. D.C. conductivity measurements have
been carried out at room temperature on both pure and C4d** doped
specimens which had been heat treated in a similar manner to the
internal friction specimens. Because the conductivity of Na Cl at
room temperature is due predominantly to the presence of extrinsic
cation vacancies, these measurements yield information about the
concentration of free cation vacancies and free divalent cations.

Na C1 is an insulator and the conductivities measured in these
experiments ranged from ‘IO_1 6,0:1 cm—1 to h x 10—'1 5_9:1.; em.1. The
circuit used to measure these low conductivities is illustrated
schematically in Fig. 2.7. A measured, stable, D.C. voltage of up
to 500 volts was applied to the specimen and the current thus produced
was passed through a standard 10 KMSL or 100 KMSL resistor. The
potential difference produced across the standard resistor was then
measured with an E.I.L. 33 ¢ Vibron electrometer. Specimen

[~
resistances ranged from 10139- to ‘IOJ| “C1. and were thus much larger

than the standard resistances so that it was valid to approximate

Rspec. = Vapp. Rg
VE
where R spec. and, Rs are the resistances of the specimen and the
standard, and Vapp and, VE are the applied and induced voltages.

Conductivity specimens were obtained from the same boules as the

internal friction specimens. Plates, several millimetres thick,
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were cleaved from the boules as near the internal friction specimens as
Possible to minimise impurity variation. The plates were heat treated ‘
in the appropriate manner and thin plates, about 0.5 m.m. thick, were
cleaved from the centre of them. Each plate surface was painted with
Dag colloidal suspension of graphite in alcohol to form a conducling
electrode, and then the plates were cleaved to form conductivity
specimens about 7 mem. square and 0.5 m.m. thick. It was considered
adviseble to heat treat the materisl in the form of the relatively

thick plates, rather than in the form of the small conductivity specimens,
in order to reduce impurity loss from the specimens during heat treatment.
Specimen areas were measured with a travelling microscope and thickness
with a micrometer,

The specimens were held between brass electrodes insulated by
P, T,F,E. and alumina insulators as depicted in Fig. 2.8. Precautions
were taken to prevent errors due to current leskage. These included
passing a flow of dried argon over the specimen during measurement to
prevent current leakage due to a damp atmosphere, and regularly cleaning
insulators with carbon tetrachloride. Another precaution, to ensure
that true ionic conductivity was being observed, and not space charge
effects, involved the measurement of conductivity at different applied
voltages and the verification of Ohm's law for each specimen.

The random errors in the conductivities obtained by this technique
arose from the errors in measurement of the specimen dimensions and
resistance and were less than + 5%, while there may have been a
rather larger systematic error in the standard resistance values.

However the scatter in conductivities measured off similar specimens
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was sometimes larger than this, being as much as + 18 % once, probably
due to variation of impurity content.

2.3 (¢c) Dipole concentration =~ Dielectric loss measurements.

In section 1.5 it was stated that a divalent cation and a cation
vacancy associated on near lattice sites can give rise to a dielectric
absorption peak. The relative concentrations of associated pairs, or
dipoles, which existed in the Cd™ doped specimens used in this work,
have been estimated from dielectric absorption measurements carried out
by means of an impedance bridge technique. Dielectric absorption,
expressed as the tangent of the loss angle (5) is related to the

conductance (G mhos), the capacitance (C farads) and the frequency
(f ofs.) by

tans = __..._.G',........._
2711 fC

Thus if the conductance and capaclitance of a specimen are measured at
a given applied field frequency, the dielectric absorption can be
calculated.

Fig. 2.9 is a schematic diagram of the apparatus. The impedance
bridge was a Wayne -~ Kerr B221 universal bridge which had been modified
to measure conductances an order of a magnitude lower than the standard
model. On the most sensitive range the bridge could be used to
measure conductances to an accuracy of + 1 x 10-6 /wnho and capacitances
to+ 1 x 'IO“3 /A#f. Measurements were carried out over a frequency
range from 60 ¢/s to 2000 ¢/s using an external source and detector.
The source was a D-650-B Muirhead - Wigan decade oscillator which

supplied a 30 volt signal with a frequency accuracy of + 0.2 % or
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+ 0.5 o/s, whichever was the greater. The cutpui signal from the
bridge was amplified by a Purzchill P,A.80 low noise preamplifier with
a gain of 0 and detected by a Wayne Ksrr A321 waveform analyser which
could detect signals of lesas than 10‘6 volts. Specimens under test
were measured in a Wayne Kerr D321 permittivity jig which was enclosed
in a thermostatically controlled chamber with a temperature stability
of + 0.05°C in 24 hours.

Again, specimens were cleaved from the same boules as the intemal
friction specimens, in the form ~f plates cut perpendicularly to the
boule axis and about 2 mm, thick. Thin, plate-like specimens were
necessary because the dimensions of a specimen determines its
capacity and it was essentisl, because of the small values of tan b to
be measured, that the capacity be large and hence the conductance )
measurable, No electrodes were coated on tuc specimens, but they
were placed between the plates of the permittivity jig which were
screwed tightly on to them.

When the conductance and capacitance of a specimen were measured
as a function of frequency, it was found that the capacitance altered
only slightly over the whole range, while the conductance varied
considerably, so that the variation in dielectric loss was reflected in
the conductance and not the capacitance. The measurements reported
here were carried out at the limit of accuracy of the apparatus and
typically the measured conductances were of the order of 20 x 10-6
/u.th. After measuring the conductance with the specimen in the
permittivity jig it was necessary to correct for the conductance of the

Jjig itself by measuring the conductance without a specimen and with the

jig plates set at approximately the same capacitance, which was
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typically about 7/,4/,1‘. The conductance of the Jjig itself was not very
much less than in the case where a specimen was between the jig plates,
say 15 x 10.-6#11&10. Thus the correct conductance of the specimen
would be (20 - 15) x ‘IO'"6 pmho.  However the error on each measurement
was about + 0.5 x ‘10_6 and thus a typical measured value of specimen
conductance was (5 + 1) x 10-6tho. The errors in these dielectric
loss measurements were thus large and are shovm explicitly on the

dielectric loss curves in the appropriate section to fodlow.

2ot Dislocation densities

The dislocation densities of the internal friction specimens were
not measured directly but were estimated from measurements carried out
on similar specimens which had undergone the same heat treatments and
deformations. TFach specimen was cleaved perpendicularly to the
deformation exis at %, & and $ of the length and the cleaved surfaces
were etched with a solution of 1 part of methyl alcohol and 2 to 4
parts of glacial acetic acid, Photomicrogrephs were taken of two
regions of each etched surface at a magnification of x 540 and
dislocation etchpit densities were determined from the photographs.
Fig. 2.10 is a typical photomicrograph of an etched surface.
Dislocation densities increased with impurity content, the following
values*being obtained for 2 % deformed specimens, pure (0.58 + 0.11) x

107; 60 m.p.m. Ca** (0.89 + 0.15) x 107, 120 m.p.m. 0&** (1.21 + 0.16) x

4

10", and there was a tendency for the dislocation densities measured at

% and 3 of the length to be slightly higher than those measured at 15

length.

* -4
vunits are cm,
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The procedure described gbove measures the screw dislocation
density/\s not the total dislocation density /\ , because only screw
dislocations intersect the cleaved planes. Screw dislocations are
less mobile than edge dislocations in Na Cl and hence the screw
dislocation density is greater than that of the edge dislocations.

(3)

However dislocation dengity measurements appear to indicate the
opposite because the etching of planes which are intersected by both
edge and screw dislocations reveal anomalously high dislocation densities.
This is due to the formation during deformation of dislocation debris,
which etches in a similar way to dislocations when planes containing
edge dislocations are etched but not when planes containing screw
dislocations are etched. It is for this reason that this procedure
has been followed, The true dislocation density can be determined if
the relative mobilities of screw and edge dislocations are lmown and
there is reason to believe that the latter are sbout ten times more
mobile than the former in pure Na Cl.(L‘B) This being the case N\ will
be only slightly greater than/\, but in any case /\s < /\<2/\S and.
the measured dislocation density is a good approximation to the true
dislocation density.

Fig. 2.11 shows the measured ebtch pit densities, plotted with
Davidge and Pratt's data. It will be noticed that at 2 % deformation
the dislocation density of a CA'™ doped crystal is greater than that
of a pure crystal, while at 6 % the reverse is true. The dislocation
density of a pure Na Cl crystal increases rapidly at compressive strains

above gbout 3 % as the material enters stage II of work hardening.

However the addition of divalent impurity increases the strain at which
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stage II commences. At 6 % deformation the 60 m.p.m. Cd doped
specimens were still in stage I of work hardening, and this probably
explains why their dislocation densities were lower at that strain than

those of the pure crystals.
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Table 2.1, Macdmm limit of impurities in 'analar' grade Na Cl

expressed as % by weight.

Free acid 0.05 ml. N/14
Free alkali 0.05 ml. N/1
Sulphate 0.003

NO, 0.002

FO, 0.0005

Fe 0.0005

Pb 0.001

Ba 0,003

Ca and Mg 0.005

K 0,01

NHlF 0,001

As 0.0001
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Chapter 3

General features of the internal friction
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2.4 Changes of damping and modulus with amplitude at room temperature

The smallest amplitude at which measurements have been carried out
was about 10“8 and from this amplitude to some other higher amplitude
the decrement and resonant frequency are independent of amplitude.

The decrement in the amplitude independent region increases with
prestrain and thus with dislocation density Por pure and Cd'* doped
annealed specimens as shown in Figs. 3.1 and 3.2. It is necessaxy to
specify that the decrement measurements displayed there were carried
out ten minutes after deformation, as the decrement decreases, and the
modulus increases, with time after deformation.

On increasing the amplitude of vibration above a critical

amplitude 3 the damping begins to increase and the resonant frequency

1
to decrease .with increasing amplitude. This amplitude & 1 depends
upon the purity of the specimens and typically for a 2 % deformed,
annealed pure specimen is about % x 10"7 while for a 2 % deformed
specimen containing asbout 60 m.p.m. of Cd it is about 1 x 1077, Tt is
difficult to accurately determine & ’ experimentally but it appears to
be quite reproducible for similar specimens, e.g. two different pure
specimens had estimated values of E,‘ of 3 x 1077 and 5x 1077 while
two doped specimens had estimated values of 1 x 1072 and 1.5 x 1072,
€4 also depends on the deformation as is shown by comparing the
values of the 2 % deformed pure specimens with that of a very lightly
deformed specimen which was estimated as 2 x 10 . Tt is not knowm
what amount of deformation the latter had suffered in terms of strain

or dislocation density, but its amplitude independent decrement was

_5' .
9 x 10 ” which indicates a very light deformation. There did not
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appear to be any significant change in &, on ageing a 2 % deformed

1
annealed pure specimen although the amplitude independent decrement
decreased appreciably, thus 15 minutes after deformation the decrement

3 and decreased to 1.9 x 10™> after 1600 mimtes, while

was bok x 10°
it was not possgible within the accuracy of the measurements to detect

a change in z 1 from the value of 5 x 10_7. This means that any
change must have been less than 2 x 10 . Fig. 3.3 shows the
behaviour described above.

When the amplitude of vibration of a pure annesled specimen which
had been deformed and then aged at room temperature was increased in
the amplitude dependent region, it was frequently observed that at
amplitudes greater than a value & 5 vibration induced changes took
place in the damping and resonant frequency. This was manifested as
a decrease in the oscillator gauge voltage Vg on driving the oscillator
at a constant drive voltage V a in this amplitude region and this
implies an increage in damping, while the resonant frequency fr
decreased implying a decrease in modulug. When this heppened V’g was
measured as soon as possible after the application of V(1 and the
ogcillator was kept vibrating at resonance under the same applied
voltage until Vg had stoppsd varying, then the final value of V_ was

g
recorded. The increase in damping and decrease in modulus which

occur on vibrating a specimen at an amplitude in excess of E‘:

2 do not
contimie indefinitely but commence rapidly and slow down until they
are no longer observable, and these changes increase with increasing

amplitude. If a specimen is vibrated at an amplitude between 51

and & o for times of a few minutes no change of damping or frequency
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occur and the damping v. amplitude curve obtained on :i:crcasing strain
amplitudes to that amplitude is retraceable on decreasing strain
amplitude. However on vibrating at an amplitude greater than & 5

the damping is increased at all amplitudes in the amplitude depzndent
region but is not increased in the amplitude independent region. The
vibration induced changes are not permanent but the damping and
modulus rapidly recover to their original values on standing at room

temperature. As with & » & is rather difficult to determine

2

accurately experimentally, but typically a 2 % deformed annealed pure

6

crystel displayed a value of & 5 of 5 x 107", 360 minutes after

deformation and this value had not changed appreciably 1300 minutes

later, while the corresponding values of amplitude independent

decrement and decrement at EZ were 23 x ‘(0.-1F and 122 x 10_l+,

I

and
- =l

19 x 10 ard 70 x 10 k regpectively.

Similar vibration induced changes occur in divalent doped

crystals at increased strain amplitudes. For example, a 2 % deformed

annealed crystal containing about 60 m.p.m. of Ca'" had a value of

b and. an amplitude

82 of sbout 4 x 1072 at a decrement of 30 x 10”
independent decrement of 7.5 x 10_1*' (Fig. 3.h). A lightly deformed,
emmealed specimen containing about 20 m.p.m. of ca’t showed the effect
80 rapidly that on increasing Vd in this region, Vg was actually
decreased to a low>r value than in the preceding measurement in the
short time necessary for measurement, which gave the impression of a
double valued decrement v, amplitude curve.

This phenomenon was not studied in detail. However it is worth

noting that vibration induced changes were observed over the
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temperature range -196°C to 150°C and the rate at which the damping and
modulus recovered to their original values increased with increasing
temperature. Unless otherwise sitated in the text, all measurements
reported in the amplitude dependent region have been carried out at

amplitudes below that at which vibration induced effects begin.

3.2 Discussion

The general features of the behaviour described above are
consistent with those observed by other workers. Internal friction is
amplitude independent below a critical amplitude and the amplitude
independent decrement increases with prestrain and dislocation density.
The data shown in Figs. 3.1 and 3.2 should be treated with some caution
as recovery occurs after deformation and some evidence will be presented
that the rate of recovery varies with prestrain so that the results do
not accurately reflect the values of amplitude independent decrement
immediately after deformstion. However they clearly show that damping
increases linearly with dislocation density at low dislocation demnsities,
and decreases with impurity concentration. This is qualitatively
congistent with the predictions of the G-L theory as stated in equations
1.16 and 1.20. Damping does not increase linearly with screw
dislocation density over the whole range of deformation from O/to 6 %
in pure Na Cl and this appears to contradict the G-L theory. However
the slope of the work hardening curve of Na Cl steepens at sbout 3 %
(Fig. 1.1) as the material enters stage IT of work hardening which is
characterised by increased intersection of dislocations and interaction

with dislocation debris. Thus although the dislocation density is
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increased, the mean dislocation loop length is decreased and it is to be
expected that the damping at strains in excess of 3 % will be decreased
below the value obtained by a linear extrapolation of the low
deformation data. The mean loop length should also be decreased by
increased inpurity concentration and in fact the decrement of a Na Cl
orystal containing 60 m.p.m. of Cd*" is decreased by a factor of about
10 below that of a pure Na Cl crystal with the same dislocation density.
Because of the dependence of _/_\I on the fourth power of the weak pinner
length this implies that the weak pinner concentration is increased by
a factor of 1.8. Without knowing the purity of a 'pure' crystal
(v. Chapter 2.3), or the state in which the additional Cd*" interacts
with the dislocation as a weak pinner (i.e. as free Cd** ion, aggregats,
ete.) it can orly be concluded that this is not an unreasonable value.

- The qualitative nature of the observations of the vibration induced
changes limits their analysis. These changes are similar to the type I
changes observed by Whitworth(zz) in pure Na Cl, and the apparent double
valued decrement v. amplitude behaviour of the ca™t doped specimen is
similar to that observed by Frankl(21) and Bimbaumgl‘g) Theories of
vibration induced changes in internal friction have been mentioned in
Chapter I but there is insufficient evidence to test any of them.
However it is worth noting that the observed behaviour is consistent
with the suggestion in Chapter T that the G-L model might be applicable
at amplitudes below that at which a Nowick-Whitworth model might apply.
The former corresponds to the amplitude dependent region below & 5 and
the latter to amplitudes greater than &, where the vibration induced

chenges occur by the mechanism suggested by Whitworth. The observation
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that there is an amplitude dependent region where vibration induced
changes do not occur is of some importance in the following experiments
as it permitted measurements of internal friction to be carried out
during recovery without seriously affecting the recovery process.

Some information may be obtained by comparing the recovery of the
critical amplitude & 4 With that of the amplitude independent decrement
431. Blistanov and Shaskol'skaya have studied the recovery of
internal friction in LiF by observing the change in 551 with time.
They have shown that if the recovery theory of Granato, Hikata and
Lucke is correct then & , should vary with time as (1 + {31;2/ 3y, while
the theory itself pf'edicts thatAI should vary as (1 + f_% t2/ 3)'-l".
Hence 2:1 and llIdz should have the same time dependence and a
relative chenge in Zﬁ“Idﬁ should be accompanied by a comparable
relative change in 21. Above it was shown that a change of Ay from
W x 107% to 19 x 107% was not accompanied by any significant change
in%,. According to this theory a change inA; of that amount
should increase ELI by a factor of about 1.2 which would certainly
not be observed within the accuragy of the present measurements,

Thus this behaviour is consistent with the G~L model of internal

friction.
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Chapter &

Recovery of internal friction.
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L.1 Genersl procedure

'j.‘he variation of damping and modulus with time after deformation
was studied in the following manner. Immediately after deformation at
room temperature the specimen was mounted on the composite oscillator
and placed in the internal friction chamber which was already at the
testing temperature. At temperatures other than room temperature the
specimen took up to ten minutes to reach equilibrium and so measurements
at these temperatures were not taken until up to fifteen minutes after
deformation. Measurements were then carried out as a function of time
measured from half way through the period of deformation., Each
measurement was carried out at one of two gauge voltages which were
constant for that specimen, one was in the amplitude independent region
and the other was in the amplitude dependent region. The driving
voltages and the resonant frequencies necessary to produce these gauge
voltages were recorded and thus the decrement AI at a constant
amplitude in the amplitude independent region, and the decrement 2> at
a constant amplitude in the amplitude dependent region, together with
information about the modulus at those amplitudes were obtained as a

function of time.

4.2 Recovery of pure Na Cl as a function of temperature

A1l measurements in this section were carried out on 2 % deformed,
annealed pure specimens.

Fig. 4.1 shows typical recovery behaviour of & and & T at
53°C and -78°C, and Fig. 4.2 shows the recovery of /A , A - and
frequency at 21;.°C. For the reasons already stated in the chapter on

experimental techniques little reliance can be placed on frequency
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measurements at temperatures other than room temperature and that data
will not be presented here. It is clear that the recovery of damping
is strongly temperature dependent, and this suggests a thermally
activated process such as the diffusion of weak pinners to dislocations
as suggested by Granato, Hikata and Lucke. Following the assumption

that & may be dissociated into two parts, A and AH’ where

I
A = AI + AH’ these quantities will be considered separately.

Fig. 4.3 shows the behaviour of JAN [ asa function of time at
room temperature plotted in the coordinate system AI-% Ve t2/3,
and Fige. 4.4 shows the behaviour of &I in the same coordinate system
at different temperatures. According to the GHL theory, equation 1,25,
A g (14 /31;2/3)—4 and a plot of AI'% v. t2/3 should lead to a
straight line in the early stages of recovery before saturation of the
dislocation begins to occur. Fig. 4.3 shows that this linear
relationship is obeyed after an initial period when the recovery is
faster than predicted. The data shown in Fig. 4.l do not show the

1:2/3

stage as well as the room temperature data, bu% this is consistent
with recovery being divided into three stages. In each of these
experiments recovery was observed for about six hours and during this

2/3

time at 53°C the initial rapid stage, the t stage and the onset of

saturation occurred; at room temperature and OOC only the rapid and
t2/3 stages occurred; while at the lower temperatures the rapid stage
did not proceed to conclusion. Where the t2/3 atage did occur, the
recovery parameter /3 can be obtained from the slopes and the

intercepts of the lines,

Fig. 4.5 shows the behaviour of A\ g 2t room temperature plotted
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2
aslog D v. & /3. In accordance with the GiL theory, equation 1.2,

this shows a linear stage, and as for the amplitude independent data the
tz'/} staée is preceded by an initial more rapid stage and followed by a
slower stage. Fig. 4.6 shows the behaviour of & - during recovery
over the temperature range 53°C to -80°C and the three stages of
recovery are observed here as for the AI data, The rate of recovery
of AH depends on the amplitude at which it is measured. For example
at 0°C the slopes M = d(logd H)/d(tz/ 3) of the lirear stages of tho
recovery data of two different specimens with exactly similar histories
wore 2.7 x 10~ (mins.)"2/3 and 5.0 x 10> (mins.) %> at respective
amplitudes & of 3.5 x ‘IO'-'6 and 2.1 x 10-6. If a recovery parameter
is defined as a quantity which is a measure of the recovery rate and is
the seme for specimens of similar histories then the above, typical,
example shows that the quantity M is not as useful as the product & M.
The M values differ by a factor of almost two while the £ M values agree
within 10 %. This result is consistent with the GHL theory and
encourages the use of £ M as a recovery parameter.

According to the GHL theory the recovery parameters /2 amd £ M

are related to more fundamental properties of the material by the

equations
2
P = 10 o</ AD & 1427
c,. + C a2l kT
10 20
and
2
M = 0.434 KTZ 010 _8~c-<(£>/3 L1
a2 k¥

Equation 4.1 is derived from equation 1.2k, and the diffusion coefficient
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D is related to the temperature by

kT

where E is the migration energy. Thus log /33/ 2T and log ( £ M)3/ 2
when plotted against 1/T should yield straight lines whose slopes give
the diffusion energy E . Figs. 4.7 and 4.8 show the recovery
parameters plotted in this way as a function of temperature and the
slopes of the best straight lines, fitted by a lcast squares method,
give

(amplitude independent data) E = 0.70 + 0.12 ev.

(amplitude dependent data) E

L= 0.72£0.09 eV,

Only the data for 53°C, 24°C and 0°C have been used in these
calculations as it is not certain that the tz/ 5 stage had been

attained at the lower temperatures.

4se3 Recovery of pure Na Cl as a function of prestrain and thermal

history

The rate of recovery of damping of pure Na Cl is sensitively
related to the prestrain and thermsl history of the specimen. Fig. 4.9
shows the variation of the recovery parameter & M with prestrain for
amnealed pure specimens. Table 4.1 compares the values of the
recovery parameter & M of specimens which had been quenched from 200°¢
and 350°C and then deformed 2 %, with the recovery parameter of 2 %

deformed annealed specimens.
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Table 4.1

Variation of & M with heat treatment

Heat treatment e _
| (minutes)z/ 5
i ~8

Annealed 2,62 10
2,94 x10~8
-8

2009C quenched 6,09 x10
350 C quenched 2,05 x10™ 7

Lol  Recovery of catt doped Na Cl

The effect of alloying a Na Cl crystal with Ca'*T is to increase
the speed with which recovery of internal friction proceeds. This is
clearly shown in Fig. 4.10 which is a recovery curve at room temperature
after a 2 % deformation of an annealed specimen containing 6% m.p.m. of
cd:”  Figs. 411 and k.12 show the data plotted as A [ and A, in
the appropriate coordinates for testing the GHL theory. Recovery in
doped specimens was studied at 24°C and 0°C, but at ~30°C the rate of
recovery was s0 slow that it could not be measured in the times
employed in this research. As for the pure specimens, recovery can be
divided into three stages. Fig_. 4e13 and Fig. Lell show the recovery
parameters, obtained from the t2/ 5 stage, plotted with temperature to

give the migration energies, and the values obtained are

(amplitude independent data) E = 0.72 eV 1 0.22 eV.

(amplitude dependent data) E

'm 0072 eV _'_i'_ 0006 eV.
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As for pure Na Cl, the recovery of a doped crystal depends on the
thermal history of the cxystal}prior to its deformation. The heat
treatment applied to the 'annealed' crystals used in this work does not
produce an equilibrium state of dispersion of pinning defects, as is
shown by the fact that the recovery parameter of a specimen which had
been annealed and then allowed to stand at room temperature for a
year before deformation was a lot less than that of a specimen which
was tested within a day or two of annealing. Quenching a doped
specimen immediately before deformation made recovery so rapid that it
was difficult to measure with any accuracy. As might be expected the
recovery rate increased with cat™t content. Table 4.2 summarises this
information in terms of the measured recovery parameters& M obtained
with 2 % deformed crystals.

Table 4.2
Variation of ¢ M with heat treatment and doping

Specimen EM _
(minutes) 2/3
Annesled specimens (a) 1.63 x 10-2

containing (a) 69 mep.m. C37F (b) 1.40 x 10
(b) 58 mep.m. Ca**

" Annealed specimen (a) 491 x 10™°
containing (a) about 120 m.p.m. (b) 3.51 x 10-8
Cd.'H'

(b) 112 m.p.m. ca**

Unamnealed specimens aged at (a) 5.90 x 10~7
room temperature for 1 year =7

and containing (b) 3.71 x 10

(a) 124 mepom. Ca**

(b) 115 mepem. ca*t

Specimens containing about Recovery too fast
60 mep.m, Cd** and 120 m.p.m. to measure

Cd++ quenched from 200°C, .25 x 10'6
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4.5 Determination of the time exponent

The preceding snalysis of the recovery data is based on the theory
of Granato, Hikata and Lucke, which in turn assumes that the interaction
between weak pimners and dislocations is by a Cottrell - Bilby
mechanism resulting in a t2/3 time dependence. The time exponent,
which is assumed to be 2/3, could in general have some other value x
which would depend on the actual mechanism of interaction between pinners
and dislocations. Thus if it is not assumed that the mechanism is a
Cottrell - Bilby one, the more general relationships between decrement
and time would lead to logL\H ve t© and AI-% v. t° being straight
lines.

In this general case, equation 1.24, reduces to
logAH-_:x-ytx 4.2

where X, y and x are constants which could best be calculated by a
numerical technique employing a computer and using all the data
obtained in this work. This has not been carried out but one set of
results has been analysed in a less detailed way to find x. Equation

4.2 leads to

log § & A g- -
08 |~ (log H) = COonstant + (x - 1)log t .

Mg, Le15 shows the data obtained on room temperature recovery of a
specimen containing 125 m.p.m. of Cdy  unamesled and deformed 2 %,
plotted as log JAN " vet. This specimen was selected because recovery
occurred fast enough that changes in ambient temperature were small,

and yet not so fast that it was not possible to make accurate
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measurements., The slope 4 (logAH) /dt has been obtained at succéssive
times t by approximating the slope of the curve to that of the straight
line joining two experimental points o the curve equal short times
from te Tig. 4.16 shows a plot of logi d(log A H) /dt} ve log t.
The best straight line fitted to these points by a least squares method
has slope ~0.27 + 0,08, which implies a value of the time exponent x
of

x = 0.73 + 0.08

Lho6 Behaviour of the A v. & curves on ageing

Fige 4e17 shows a series of A v. § curves obtained off one 2 %
deformed, annealed, pure specimen measured at various times up to 1600
minutes after deformation. Fig, 4.18 shows some of this data plotted
as log & TA 4 V- VE to give a G-L plot. The G-L plot is clearly
not linear over the whole of its range but at higher amplitudes tends
bo linearity more than at lower amplitudes. According to the G-L
theory a G~L plot should yield a straight line whose negative slope is
inversely proportional to the mean length L, between weak pirmmers.
Fige 419 shows the G~L plots obtained from the data shown in Fig. 417
plotted over only the upper amplitude range where the results
approximate best to straight lines. This data was obtained at the
highest amplitudes at which vibration induced changes of intermal
friection did not occur. The negative slopes clearly increase with

time in agreement with the concept that L o Uecreases with ageing.
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L.,7 Discussion of recovery data

The data presented above show that over a wide range of recovery
the variables damping, time and temperature obey the functional
relationships predicted by the theory of Granato, Hikata and Lucke.

The evidence thus strongly supports their model of point defects
migrating to and immobilising dislocations. Recovery can be divided
into three stages. Initially recovery of both AH and AI

proceeds more rapidly than predicted, and at room temperature this rapid
stage finishes about forty minutes after deformation for pure Na Cl.
The published data of Gordan and Nowick(zj) on the recovery of damping
of Na Cl at room temperature do not show this rapid stage, but their
published measurements did not commence until 90 minutes after
deformation, when the rapid stage is completed. However Blistanov et
al.(jg)(m) have observed the rapid stege in the recovery of amplitude
independent damping in LiF at room temperature and it there ended about
7 minutes after deformation. They suggested that rapid recovery might
be due to the redistribution of dislocations immediately after
deformation, but an alternative explanation is that point defects which
are initially close to the dislocations move through the distorted
region near the dislocation core more rapidly than distant point defects
diffuse through the bulk. The evidence however is insufficient to
unambiguously identify the rapid recovery mechanism. After the rapid
stage, recovery can be explained by the t2/ 3 time dependence of the GHL
model. This slows down with increased time, as is typical of
Processes involving diffusion to a dislocation, as the point defect

concentration gradient in the vicinity of the dislocation core increases.
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The GHL theory was developed from the Granato - Lucke theory of
internal fricktion. Both theories have been outlined in Chapter 1,
but to recapitulate, the G~L theory of internal friction relates the
mean dislocation loop length to A g ond FAN I and the form of this
relationship is unique to the G-L theory so that recovery which obeys
the GHL theory is strong support for the G-L theory. Further support
for the G~L theory is given by the increasing negative slopes of the
G-L plots as recovery proceeds, which is shown in ™ig. 4.19.

The GHL theory is based on a model in which dislocations are
:initially pimned by strong pimners and two types of weak pimners of
which one has a bulk concentration C10? is mobile and can diffuse, and

.the other of bulk concentration ¢ is immobj.le. The theory can be

20
. easily extended to cover other simple cases such as one type of mobile
“weak pinner and no immobile weak pimmer, or two types of mobile weak

- pimner with different diffusion energies. Such assumptions do not
alter the form of the dependence of A ; and Dy on t2/3 and
similar functional relationships are obtained with the only important
differences being exhibited in the recovery parameters (2 and ¢ M.

The GHL model (call this case (a)) produces recovery parameters with

the values
2
B o= S0 & (Q)ﬁ
2
®10*%p a® \ KT
2/3
£M = Kv? %40 %“(%) x 03l
a

The assumption that there is no immobile defect is equivalent to
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equating S0 to zero and makes ;3 independent of concentration of
pinning defect while leaving ¢ M unaltered (case (b))s On the other
hand, assuming two mobile defects with different diffusion energies

(case (e)) leads to

B = * %10 + %2 %o
%10 * %20
M = X, ¢, + X, C

where x, and x

1 » are the respective 84 A:p_> 2/3 factors for the

2{ kT
a
two defects. Figs. 47 and 4.13 show that the difference between [

values of pure and doped specimens at the same temperature is less
~than a factor of 2, and as this factor is determined by the socatter on
- the experimental data, the difference might be less or even zero. On
" the other hand the & M values of doped specimens are increased by an
‘order of magnitude over those of pure specimens as can be seen from
Figs. 48 and ka1l and tebles 41 and 4e2. It is reasonable to
agsume that the addition of divalent impurity increases the
concentrétion of mobile pimner in a crystal and thus these observations
are in agreement with the general predictions of the GHL theory
whichever of the three cases is operative. For if it is ocase (a)
then provided cy 2 cog for pure crystels, ,8 doped /’\‘J’/‘D’pure and

& M is proportional to cype If it is case (b) then B doped = l3pure

and &M is proportional to c, While if it is case (e) then

O.
provided x, 10 >, X, Gyy for pure crystals, then /3 doped X fg pure

and &€ M is approximately proportional to 019« Figs. 4.7 and 4.8
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might be expected to deviate from linearity if case (c) holds but there
is not sufficient data to show any small non-linearity, and no evidence
for large non-linearity. This could mean that there are several
pimmer types with very nearly equal diffusion energies, or that one type
has an energy sufficiently lower than the others to dominate the
diffusion,

The tz/ 3 time dependence of recovery in the GHL theory arises from
their use of the Cottrell-Bilby relation., In general if the
interaction energy EB between a point defect and a dislocation is
spatially related to the distance d between the point defect and the
dislocation by

E 1
o L
a

then the initial time dependence of recovery in terms of the number of

(51)

pimners n(t) which have arrived at a dislocation after time t is

o/ V+ 2

by

n(t) X t

Where V:~ 1, e.g. the elastic interaction between an edge dislocation
and an impurity atom due to the difference in size between the impurity
atom and the matrix atoms, the time dependence is t2/ 3 . Where V=2,
e.g. the elastic interaction between a screw dislocation and an impurity
atom due to the size difference, the time dependence is tja—. The pregeat
work shows that the time dependence of recovery is tz/ 5 rather than t%
and thus implies a first order interaction between pimners and
dislocations, Brown and Pratt(so) have also obgerved a t2/ 5 time
dependence of recovery in strain ageing experimends on Cd doped Na Cl.

They measured the increase in yield stress on ageing astrained crystal
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and assumed that the increase was a linear function of the number of
point defects which had migrated to the dislocation.

The variation of the recovery parameter £ M with prestrain of pure
Na Cl could arise in several ways. Blistanov et alEM) have observed
a similar variation in the recovery parameter [ of LiF and have
suggested that it is due to a variation in the concentration of the low
mobility point defect Cog with prestrain. They attribute this to an
increase in vacancy concentration and dislocation intersection points
with increasing deformation. This does not seem an unreasonable
explanation and, although it might be argued that the GHL theory

predicts that £ M should be independent of e¢,., it must be remembered

20
that the theory does not take into account the variation of the geometry
of the dislccation intepsection configuration with strain that occurs
in a real material, & M appears to be a minimm at a strain near to
that at which the transition from stage I to stage IT of work hardening
cccurs, and this suggests that the variation in £ M is connected with
the change in mean loop length with increasing strain, It is
interesting to note that Brown and Pratt observed a maximum in the
gtrain ageing effect of ca*t* doped Na C1 at a strain corresponding to
the transition from stage I to stage IT, while the present work indicates
a minimum in the recovery rate of pure Na Cl at a strain corresponding
to the transition from stage I to stage II. Another possible
explanation of the variation of & M is that it is a reflection of a
variation in C40° Unfortunately the scatter in the low strain

results was too large to obtain any complementary information about

4o/ (e40 + ©59)s but the coincidence between the findings of Blistanov

-
)
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et al and of the present work suggests that careful measurements of
/3 as a function of prestrain in Na Cl might show a similar variation.
Such measurements would shed light on this problem,
The diffusion energy obtained for both pure and Cd'* doped
specimens from amplitude dependent data and amplitude independent data
agree well, suggesting that the same, or similar, weak pinner or
pinners are responsible in both cases. Further, the increase in & M
values with increased Cd** content show that the concentration of
mobile pinners is related to.the presence of divalent ions, while the
variation of ¢ M with heat treatment shows that C4g depends on the
state of dispersion of the impurity. This suggests that the

predominant mobile pinner is a divalent ion, a cation vacancy, a

cation vacanoy ~ divalent ion pair, or a higher aggregate.
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Chapter 5

The binding energy of weak pinning defects and dislocations
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51 Introduction

The preceding chapter has shown that the Granato - Lucke theory
agrees well with the recovery of damping in Na Cl, and in particular
that the negative slopes of the G-L plots of a specimen increase with
ageing time as predicted. This suggests a method for messuring the
binding energy between the weak pinners and dislocations. According
to the theory A H is related to the mean length Lc between weak

pinners by

1.22

i
2 Y? Aq Ay )
Ly = ( > exp( )
H 1 7
TZ—AZ E 2 Lc3 2 & Lc
for a cosine strain amplitude distribution. Thus the intercept I and

slope m of a G-L plot, 1n & %A g v 1/5 s are regpectively
proportional to In LC_B/ 2 ana Lc—1 . In genersl the pinning length

L a will vary with temperature because the equilibrium concentration of
weak pinners which interact with the dislocation varies with temperature.

If EB is the positive interaction energy between a pinner and a

(52)
dislocation then the concentration will vary as exp(EB/kT) and the
pinning length will vary as

L, = Lc’o exp(—EB/kT) 1.29
Hence
I = Constant + 2 _E_:_B
2 kT
and.
m = Constant x exp(EE/kT)

E
so thut a plot of T v, 1/T should have slope 3 B and Inm v. 4/T
2 k
should have slope “E_B_, and thus by measuring the amplitude dependence
k
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of damping at different temperatures it should be possible to obtain
EB « It is however important that the equilibrium state between the
pinners and the dislocations shall have been attained at the

temperature of the test.

De2 Experimental

Fig. 5.1 shows a set of G-L plots obtained from specimens which
had been aged at temperatures between 24.°C and 95°C. Each specimen
was pure and annealed, and was deformed 2 % at room temperature before
being mounted on the composite oscillator and heated to the testing
temperature at which it was maintained for several days. It is
difficult in practice to decide when an equilibrium state has been
achieved between point defects and dislocations and a somewhat arbitrary
criterion was used to establish this. The damping of each specimen was
measured at the same two amplitudes in the amplitude independent and
dependent regions every day until no discemrnible change occurred in the
damping between successive measurements at least a day apart. It was
then assumed that the pinning defects and dislocations had arrived at
an equilibrium state. Damping was measured at that temperature as a
function of amplitude up to the hichest amplitudes at which vibration
induced changes did not occur. As the test temperature was increased,
the amplitude dependent region before vibration induced changes
occurred decreased, and at temperatures above 10000 it was not possible
t0 make accurate measurements ofAH. Figs. 5.2 and 5.3 show
logm v, 1}; and I wv. % and the best straight lines fitted to this
data by a least squares method. The slopes of these lines yield

values, which in terms of the above theory, are
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(slopes of G-L plots) E; = -0.36 eV. + 0.08 V.

(intercepts of G-L plots)-% By = ~1.43 &V + 0,36 eV

5.3 Disocussion

The values of binding energy obtained from this experiment by
employing the theory outlined above immediately pose two problems.
Firstly the value obtained from the slopes of the G-L plots does not
agree with that obtained from the intercepts, and secondly the values
are negative instead of positive which implies a repulsion between the
dislocations and the pinners.

Equation 1.22 is equation 1.15 of the G-L theory modified by
Granato and Lucke for a standing wave strain amplitude distribution by
integrating equation 1,15 over the length of the inhomogeneously
strained specimen. The effect of integration is to leave the
exponential term unaltered but to alter the pre-exponential term from

-2 E-‘g L -3/2

-1
its dependence on & L to

e o . This alters the G-L

plot from :LnEAH v. 1/ to lnE%AH v. 1/£ and although this

affects the intercept of the plot, Granato and Lucke(jo) and Niblett

and Wi]ks(19)

have pointed ocut that it has negligible effect on the
value of the derived slopes. Thus the two different assumptions

about strain amplitude distribution in a specimen produce different
intercepts of the G-L plots and a different dependence of the intercepts
on Li,, while the slopes of the G-L plots are very much less affected
and have the same dependence on L o in both cases. It is generally

agsumed that the strain amplitude digtribution in a specimen at

resonance is described well by a simple one dimensional longitudinal
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standing wave and equation 1.22 is then employed in the analysis of
experimental data, Granato and Lucke(jo) have warned that it is not
clear how accurate this assumption is and cite analynes which indiéate
that the real stress distribution may be more complex. In the
absence of detailed knowledge of the correct stress distribution in a
gpecimen under the experimental conditions, the intercept data should

be treated with more caution than the slope data. For this reason it

is congidered that the better value of EB is
EB = -0.36 eV_-l_: 0008 eV.

It is however a matter for speculation whether the reasoning outlined
above can altogether account for the differences in EB obtained from
the two gets of data, or whether there is a more fundamental error in
the theory.

A gimilar experiment to that described here has been carried out
by Strumane et al who also analysed their data in texrms of the G~L
theory. They too obtained an apparently negative binding energy but
their values are an order of masnitude down on that obtained in this
experiment and are -0.045 +:0.005 eV and ~0.037 + 0.006 €V. Their
experiment was not exactly the same as this one and the main differences
are that they measured internal friction off specimens vibrating in a
flexural mode as opposed to a longitudinal mode, and that specimens
were deformed by bending to introduce an excess of edge dislocations
of one sign. They do not describe the heat treatment applied to their
specimens nor do they mention how long each specimen was maintained

at a particular temperature before being tested, so that it is not
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possible to compare how closely the specimens had attained an
equilibrium state. Their lowest temperature of measure'ri‘lent' was —6L,.°C
and the previous recovery measurements have shown thaf :hh‘e .léinetics of
recovery are so slow at that temperature that a specimen must be aged
for a considerable time before mobile defects stop migrating to the
dislocations and an equilibrium state is attained. If sufficient
ageing time is not allowed to elapse and equilibrium states are not
achieved then a value of binding energy which is too low will be
obtained. It is posgible that this is the explanation of the
discrepancy between the present value and that of Strumane et al.

The apparent negative value of the binding energy can be explained
by assuming that the bulk concentration of weak pimners is temperature
dependent. If the bulk concentration varies as exp( -Ef >where E £
is the energy of formation of the pimmer, then the equilli{JT)rium
concentration on the dislocation will vary as exp. EB > and the
pinning length will vary as  exp. ( EB) instead of‘ exp ( )

On this reasgoning

E]3 - Ef = =0.36 &V,
and the binding energy between pinner and dislocation is

EB - Ef ~-0.36 eV,
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Chapter 6

The identity of the mobile pimning species
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6.1 Introduction

The GHL theory prediéts that the recovery parameter £ M is
proportional to the bulk concentration 10 of mobile pinners
(equation 4.1) and this suggests a method of identifying the mobile
pimner. It was shown in chapter 4 that & M varies widely with
impurity content and thermal history of specimens which are at the
same temperature and have undergone the same strain. Because of the
large increase in £ M on the addition of divalent Ca™ it was
deduced that the mobile pinner is the divelent cation, the cation
vacancy, the divalent cation - cation vacancy pair, or some higher
aggregate. The higher aggregate is unlikely to be able to compete
in mobility with the other three so shall be ignored. In chapter 1
it was shown that the electrical conductivity O . Of Na Cl at room
temperéture is proportional to the concentration of free cation
vacancies and, because the concentration of free cation vacancies
equals the concentration of divalent cations at this temperature, thus
to the concentration of free divaelent cations. Further, the maximum
in the dielectric loss pesk, obtained by plotting tan 5 v. frequency,
is proportional to the concentration of divalent cations and cation
vacancies associated on near lattice sites., Hence if & M is
measured for a series of specimens with varying impurity content and
thermal history it should be possible to correlate these values with
the conductivities or dielectric loss maxims of similar specimens.,

If the vacancy or the metal ion is the pinner then there will be a
correspondence between the values of £ M and conductivity. If the
dipole is the pinner there will be a correspondence between the values

of £ M and the maxima of the dielectric loss peaks. Accordingly a
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series of dielectric loss and D.C. conductivity measurements have been
made on similar specimens to those whose £ M velues are given in

tables 4e1 and 4.2,

6.2 Dielectric loss measurements

The experimental details of these measurements have been described
in section 2.3 (c¢). Pig. 6.1 shows the dielectric loss pesk of a
specimen containing about 60 m.p.m. of Cd' ", obtained 3 hours after
quenching from 3%90°C to room temperature and measured at 36.5°%C.
Unfortunately it was not advisable to measure the peak at room
temperature because it was then centred about a lower frequency and the
accuracy of the measurements was greatly decreased. The drawn curve
is a fitted Debye curve and the good fit indicates that the peak is due
to a single type of defect. No such peak was observed on quenching a
pure specimen and on quenching a more heavily catt doped specimen a
similar but higher peak was observed. On ageing a gquenched specimen
at 36.5°C the peak initially rapidly decreases in height in a similar
manner to that of the dipole pesks observed in Ca' ' and Mn't doped
Na Cl by Quin(17) and Cook and Dry‘dengg)ﬁs)(%) The close proximity,
but not exact superposition, of the peaks in the Gd",'+ Cca™™ and Mn't
doped materials indicates that the peaks are not due to associated pairs
of cation vacancies. Hence it is concluded that Fig. 6.1 shows the
dielectric loss behaviour due to associated CAt* ions and cation
vacancies, but there is insufficient evidence to suggest whether it is
a nearest neighbour dipole peak or a next nearest neighbour dipole peak.

Fig. 6.2 shows the dielectric loss pesks of two annealed specimens

one of which contained about 55 mep.m. and the other about 110 m.p.m. of
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cat*t The height of the peaks of ammealed doped specimens decreased
negligibly in a day indicating that the bulk concentration of dipoles
decreased only a small amount in this time. However no peak was
observed in the specimen containing about 55 m.p.m. of Cd’* which had
been previously aged at room temperature for a year, which indicates
that in this time the dipoles had associated to form higher aggregates.
The sensitivity of the apparatus was such that 5 dipoles per million
molecules of Na CL could be detected, and the absence of a peak means
that there was less than this amount present.

Table 6.1 shows the measured, meximum tan g values.

6.3 Conductivity measurements

The experimental details of these measurements have been described

in section 2,3 (b). Table 6,2 shows the measured conductivity values(

MERAWVRED AT Rec TEHV:ERR'PU,QE)

6.4 Discussion

Table 6.3 compares the relative values of £ M, &7 and (tan S )max.
If the free cation vacancy or divalent metal ion is the

predominant mobile pinner over the whole range of doping and heat
treatment, then £ M/OE should be constant. Alternatively if the
dipole is the predominant mobile pimnner then £M/(tand )max . should be
constant. No attempt was made to measure the scatter in £ M values
of similar spzfcimens under similar conditions, but in those cases when
£ M was measured on two similar specimens under similar conditions, the
maximm differences from the mean value was about 20 % and usually a
lot lesg, as can be seen in tables Le1 and 4.2. The uncertainty in

£ M in table 6.3 has been taken to be 20 % but this is probably an
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overestimate. Similarly the maximum difference in conductivities was
about 20 % and this too has been assumed to be the uncertainty in
conductivity. Thus the quoted uncertainty of + 40 % in the £ M/OE
column is almost certainly an overestimate but, even so, the values of
s M/Oc do not agree within these limits but vary by an order of

magnitude. The information in the £ M/(tand) .. colum is less
explicit than that in the gM/@Z colum because it was only possible
to measure (tang)ma.x of the annealed and quenched doped specimens,
but the two definite values of §£M/(tand )pax  28TeS Within
experimental error and the other values give lower bounds which do not
disagree with them., The evidence thus suggests that the mobile pinner
is not the cation vacancy or divaelent metal ion but the asgociated
pair.

Brown and Pratt, = in their work on strain ageing in cd*™* doped
Na Cl, concluded that the most plausible model for strain ageing in
ca*t doped Na Cl is the migration of divalent ion - vacancy complexes
to the dislocations. This work agrees with that conclusion.

(53)

Fleischer has considered the interaction between screw dislocations
and point defects of tetragonal symmetry and has shown that for certain
relative orientations of dislocation and defect, the interaction energy
has a spatial dependence By X 1/d. Such a spatial dependence

would lead to a t2/ 5 time dependence of recovery. This therefore
provides a possible mechanism by which pinning can take place. In
any case, whatever the actual pinning mechanism, it seems clear that

pinning is due to an interaction between dislocations and the dipoles

rather than by the interaction of a vacancy with a dislocation to form
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a charged half jog which is immobilised by the surrounding

compensating charge cloud.

Table 6 . 1

(tang )max. values

Specimen

(128,

Pure specimens, amnealed and quenched.
Doped specimens containing 110 + 7 m.pem.
cat* aged for 1 year.

No detectable
peak,

therefore less
than 8.6 x 1072

Doped specimen containing 57 + 7 m.p.m.
cd** quenched from 3%0°C and measured
after (a) 30 mimutes (b) 3 hours

(2) (11.910.9)::10"2"

(v) (8.7 _t1.1)x10"l"

Doped specimen containing 110 + 7 m.p.m.
Cdt+ shortly after annealing

(5.6 +1.1)x10™*

Doped specimen containing 57 + 7 mep.m.

Cd++ shortly after amnealing

(40 +1.0)x10™%
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Table 6.2

Conductivity values. (O’c JAT  Roowm

TEMPERATURE

Specimen Conductivity
-1 -
ohm cm 1
. ~-16
Arnealed pure specimens 1.76 x 10
2.37 x 10™16
[s) "16
Pure quenched from 350°C 3.56 x 10 §
2,37 x 107!
-16
Unannealed specimens, aged at room 9.89 x 10
temperature for 1 year, containing 1.08 x 10-"‘15
110 + 7 mep.m. ca”

. e =15
Specimens containing 57 £ 7 m.p.m. 5.36 x 10
cd*™* quenched from 350°C 6.65 x 10717

- ~15
Specimens containing 110 + 7 m.p.m. 2.80 x 10
-1
cat, annealea 2.64 x 10712

Specimens containing 57 + 7 m.p.m.

catt , Bnnealed

2.24 x 10™17
2.55 x 101
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Ta.ble 6 . 3

Comparison of £M, O, and (tang)m,

Specimen £M ' ( %)
"t

oz  \tall O /ey,
X 8 -4

Annealed pure specimens (1.3 + 0.5)x10 >3.23 x 10
o 8 ? -3

Pure quenched from 350 C (6.9 + 2.8)x10 >2.,38 x 10
8 i -3

Unannealed specimens (4e8 + 1.9)x10 >5.59 x 10

containing 110 + 7 Cd m.p.m

end aged at room temper—
ature for 1 year

Annealed specimens (6.5 + 2,6)}(108 (3.8 + 1,7):&0-3
containing 57 + 7 mep.m. |
catt

8 3

Armmealed specimens (1545 + 6.2)x10 (7.5 + 3.0)x10°
containing 110 + 7 m.pem.

cart

8 :
Specimen containing >8.5x 10 !>4.2 x 10
57 + 7 mep.m. of catt
quenched from 350°C and

messured within 30
minutes










_133_

Chapter 7

Conclusions and suggestions for future work
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The recovery of damping in Na Cl obeys the functional relationships
predicted by the GHL theory and this has been interpreted as suggesting
that the GHL model is basicelly a correct description of the recovery
mechanisms By employing this theory the mobile weak pinning species
has been identified as the divalent cation and cation vacancy associated
pair and the migration energy has been calculated to be Em’.t‘/ 0.70 eV.
The calculation has implicitly assumed that the bulk concentration of
mobile weak pinners 40 is temperature independent for if it were not so
then equations 1.27 and 4.1 would contain this temperature dependence in
different relationships. This is because 3 o 010/(010 + 020) and

EM A ¢ 40* If the GHL theory is a gcod description of recovery of
internal friction then the G-L theory should be a good description of"
internal friction with the reservations expressed in Chapter I.
Employing the G-L theory an attempt has been made to measure the
pPositive binding energy of weak pimning defects and dislocations and an
apparent negative value has been obtained, Following Strumane et al(38)
it has been shown that the apparently negative value can be explained
if it is assumed that the bulk concentration of the weak pinning species
is temperature dependent. This assumption leads to a positive binding
energy provided the energy of formation Ef of weak pinners is greater
than 0.36 eV + 0.08 eV. There is here an obvious anomaly, for in the
calculation of the migration energy E, it has been assumed that the bulk
concentration of mobile weak pimners is temperature independent, while
the binding energy measurements suggest that the bulk concentration of
the weak pinning species is temperature dependent. This enomely might

be simply resolved by inserting o = (010)0 exp. [-— Ef/kT linto equations
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3/2
=

1.27 and 4.1. However if this is correct then log T and

log (£ M)3/ 2 T when plotted against 1/T as in Pigs. 4.7 and 4.8 should
not both lead to straight lines with the same slope unless (c10 * Ch) D>
10 in the temperature range of these measurements. However, as was
pointed out in Chapter 4, if thig last condition is correct then the
value of ﬁ should vary as much from pure to doped specimens as do the
& M values and Figs. 4.7 and 4.13 show that this is not 0. It is
perhaps worth noting that on theoretical grounds it is certain that the
concentration of associated divalent cation - cation vacancy pair is
temperature dependent. Thus it is to be expected that if the mobi?.e
pinning defect is the associated pair then the calculated energy of
migration (0.7 eV) should be corrected because of this depend,er;.c_:er

If this correction is not made then the calculated value will be an
underestimate and the correct value should be greater than 0.7 eV.

Brown and Pratt( ED)

have obtained an activation energy of migration of
the associated 0d** ion - cation vacancy pair of 1,04 + 0.11 eV, and
the present work does not disagree with this value.

It is clear that very many more measurements must be made of the
recovery parameters as a function of temperature to clarify the
temperature dependence, and also measurements as a function of doping to
determine more accurately their dependence on impurity concentration.

A more rigorous test of the GHL theoxy than has previously been
applied is possible when all the data from a given specimen are combined.
This will be carried out for a 2 % deformed, annealed, pure crystal.
Fig. 7.1 shows logy £ ,, and log,o(AB/E), plotted against 23 .

According to equation 1.24 these should be coincident, or nearly
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2
coincident, streight lines with slope M = MC‘IO _8__0_5 AD /3 logloe
il & a2 \ XT
and intereept logIQKTZ[rJA ) AJ -%YL(G‘IO + °20) 1og'oe. They are in
fact parallel within experimental error, but displaced so that

r =AH/(AE) . 3. The slopes of these lines, together with other
E

H
relevant data quoted in this enalysis, are given in table 7.1. Fig. 43

shows the amplitude independent decrement of this specimen plotted as

AI-% Ve ¢ %3 , (£=2.0x 10-7) , and from this can be obtained

i
(equation 1.25) 3 and [120:1/\ Bw] 4 a « Equation 1.26
TT3 c %0 * %0
predicts that[QAE) =2 (f. =-f£.) = /GQOAN 8’ 1
I £ T “0 % %207 (1 45t77)

and because the true resonant frequency £ . of the specimen under elastioc

el
conditions is not known, it is necessary to employ the value of F3

obtained from the AI data to test this relationship., Fig. 7.2 shows

-2
f; plotted againat (1 + ;31:2/ 3) and from this can be obtained
GN a2 « The data, encouragingly, display a fairly

sz (010 + czo)‘d
linear relationship. Finally Fig. 7.3 shows the G~L plot obtained 20
minutes after deformation. The slope of this is K')'Z(c;10 + 020) X

(4 +/3t2/3) log e and the intercept is log { 2L % A .
10 iof T, 1
Taking 'YZ =01, (). =041 ani 6 = 2 x 10-2* dynes(y")
2

6 L)
the measured dislocation density /\ = 5.8 x 10 om ~ 4is the

and assuming that

appropriate value to use, i1t is possible to calculate (010 + 020), the

damping constant [ and the factor K.
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Firgtly it is possible to calculate several values of K( 010 + 020)'

Thus from (1) and (iii), (Table 7.1), K(o,) + 0y) = 3.1 x 10~k ;

) =1.5% 107% ana 2.0 x 10°F ; end

20
. N -5 .
from (vi) K(c1o + 020) = 7.5 x 10 °. These five values of K(c1o + 020)

have been derived from various combinations of intercepts and slopes of

from (ii) and (vii) K(cm + C

data obtained as a function of amplitude at constant time, and as a
funetion of time at constant amplitude. They agree within a factor of
10 * %0) =

-l
3¢3 x 10 or 330 parts per million. This seems too high a value to

4 and this does not seem intolerable. From (v) (c

be attributed to impurities (v. Chapter 2) in the crystals, but the

value of 010 + %50

meagured dislocation density is the appropriate cne to insert into the

has been calculated on the assumption that the

equation., If the correct value is less than the measured value, then
(e o 020) is decreased. From (v) the damping constant = 6.5 x 07k
and this is larger than that predicted by theories of dislocation
damping. Finally, K lies between 0.25 and 1.0, which is an order of
magnitude greater than assumed by Granato and Lucke. The value of XK
has been discussed in Chapter I and both K and [ have been discussed
in some detail by Granato and Luckeuo) and will not be considered here.
It is probably fair to conclude that the GHL theory is a useful
description of recovery although it is by no means completely acourate.
Apart from the suggestions already made concerning future work, a
study of the vibration induced changes in internal friction would be
useful., If this is associated with the diffusion of pinners along
dislocations it should be possible to obtsin the parameters which

(35)
describe impurity diffusion along dislocations. Moving outside the
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field of internal friction, electron spin resonance studies of Mn doped
Na Cl might elucidate the nature of the weak pinner in divalent doped
Na Cl, since the paramagnetic ion might display a resonance which is
shifted in frequency when associated with a dislocation. This is a
faint hope however as order of magnitude calculations show that 0.1
Mepem. Of impurity can saturate the dislocations in a Na Cl crystal and
it does not seem likely that a resonance associated with this guantity

of material could be detected.
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Table 7.1

(1) Slope of ngAH and 1og({>_@_> Ve t2/3
E

H
2/3 - ~2/3
Ky ©p 8« AD> 1.0 x 1072 seos 2/
N
2
(11) Intercept of log{H and 10g(§}_§> Ve U /3
E
& Ag > - 1.7
1 U /en %A- K n ( )1
cg ) 1} - Kq(e, +c, )log,, e
0 | {5 10" %20 0
K’”"Az € <A_‘r.3.) S -2.2
E/u
(111) DI data _ <
1.0 x 0% -2/3
2/3 ol X secs
c Sog AD
s (9
%0 * %0  a° kT
tav) D1 data -1
[ 120 QAR eo 2
3
M e ®10 ¥ %o
(v) (Q__E) data
E -—
I 8.8 x 107
GO N 82 )
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Table 7.1 (Continued)

(vi) Slope of G~L plot

2/3
KQ<C10 + 020)(1 +3t )lu:)gJ'0 e

3.3 x 10

(vii) Intercept of G-L plot

log1o&’_‘§_ z AW

A '
A

- 3-14-
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