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Abstract

Conventional strong-beam imaging techniques have been widely
applied in the study of crystal défects, the main advantage being the high
intensity of the images which reduces photographic exposure times to a few
seconds at most, thus avoiding problems of drift and contamination.
However, such images have the disadvantage of not being related in any
simple way to the defect geometry, and they are relatively insensitive to
small changes in~the strain field. The width of a peak from a dislocation
can be ~100 & for 100keV electrons, and so the study of dislocations
separated by the much smaller distances that are found in dissociated
dislocations or faulted dipoles in pure metals is very difficuit, even
with careful computed image matching techniques. The weak-beam technique
of electron microscopy (Cockayne, Ray and Whelan 1969) overcomes this
problem by tilting the specimen so that only the highly-strained regions
near dislocation cores contribute to the final image; narrow (~ 15 R) '
relatively intense peaks which lie close to the defects are obtained by
this approach, and such images are ideal for investigating closely-spaced
dislocations.

This thesis describes the study of various dislocation
geometries by the weak-beam technique and the calculation of equivalent
images. Chapter 1 reviews the theories of electron diffraction which
are needed both to understand the properties of weak-beam images and also
to compute the images required for comparison with experimental micrograrhs.
Such calculations require a knowledge of the displacement field of a
dislcocation, and in most cases i1f any useful information is to be derived
from weak-beam ovservations of dislocaticn networks (e.g. the stacking-
fault energy) the stress fields are also required. Chapter 2 discusses
the anisotropic theory of infinite straight dislocations as given by
Stroh (1958); the only defects considered here are those for which this

infinite straight approximation is reasonable, e.g. the partial dislocations



in a faulted dipole, or the dissociated straignt edge of a very large
loop.

Chapter 3 applies the wéak-beam technique to the study of faulted
dipoles in copper and it is shown that such images define the dipole
geometry with a greater accuracy than hitherto possible using conventional
techniques. Previous strong-beam studies of faulted dipoles are also
discussed. An upper limit for the stacking-fault energy of copper of

¥ nax = 47 + 8 erg cm-'2
is obtained. It is concluded that similar studies are potentially very
useful for estimating the stacking-fault energy of materials for which ¥
and the elastic constants are such that the dissociation of single
dislocations cannot be resolved.

The rest of the thesis considers the effect that a finite
divergence in the illuminating beam of electrons has on weak-beam
images. The oscillatory effects dependent on depth and thickness which
are often observed in weak-beam image computations when assuming a parallel
beam can be damped or removed altogether when calculations are performed
which make allowance for a finite divergence, Chapter U4 considers
divergent illumination from a theoretical point of view and it is shown
that effective damping of the depth and thickness oscillations should
occur if the defect is greater than a distance

d = 1
2As

from either surface, where As = glAB is the spread in the deviation

parameter s introduced by a finite divergence A% in the incident beam.
Chapter 5 calculates the images of singl; undissociated and
dissociated dislocations in copper including the effect of a finite
beam divergence. The predictions of Chapter 4 concerning the damping
of the oscillations and the above for@ula for d are shown to be valid

in these cases. The effect of anisotropy on the symmetry of images of

dissociated dislocations is considered and the results of the image



calculations are also used to analyse the author's experimental
observations of dissociated dislocations in copper. The result
obtained for the stacking-fault energy is

¥ = bh erg cen™C .
This result is dependent on the assumption that the partial dislocation
cores are singular. The effect of a finite core extension on this
value is discussed, and it is argued that the good agreement between
this figure and that deduced from the studies of faulted dipoles in
Chapter 3 is evidence supporting the view that core extension effects
are negligible in faulted dipoles and dissociated edge dislocations in
this material.

Chapter 6 considers the dissociation of the Frank partial
dislocation into a stair-rod and a Shockley partial. Such a dissociation
is thought to occur in small Frank loops in heavy-ion irradiated copper,
but previous weak-beam investigations have not resolved the partials
due to the presence of stacking-fault contrast. In theory $1133
reflections at the (110) pole should image both partials but not the
stacking faults. To simplify the computer simulation of experimental
micrographs when investigating these new diffraction conditions, very
large faulted Frank loops in copper gnd copper-aluminium alloys were
grown by electron irradiation at elevated temperatures in a high-voltage
electron microscope. The partials in any one dissociated side can then
be simply represented by two infinite straight dislocations and the effect
of the rest of the loop is ignored. The weak-beam images in general
show two peaks corresponding to the two partials; as the dissociation
always produces an obtuse fault bend, the ribbon of fault between the
partials is intrinsic in nature, which suggests that the intrinsic
stacking-fault energy is less than the extrinsic in these materials. The
images calculated assuming a parallel incident beam of electrons do not

agree with the experimental images since two, three or four peaks which



are very sensitive to small changes in defect depth and foil thickness
are predicted; these effects are not observed in practice. However,
with a finite value of beam divergence the images become more uniform and
only two peaks are predicted which exhibit inside-outside contrast effects
on reversing g . Therefore the assumption of a finite beam divergence
has proved essential in understanding the images of a dissociated Frank
partial, and suitable diffraction conditions have been developed for
studying such dissociations which may be applicable to small loops.

Chapter 7 contains general conclusions and suggestions for

further worke.
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1.1 The imaging of crystal defects by diffraction contrast

In the transmission electron microscope a crystalline specimen
scatters the incident beam of electrons into one o1 more Bragg diffracted
beams corresponding to the various scis of crystal planes. These are
then focussed by the objective lens to form a transmission diffraction
pattern in iis back focal plane, If all these beams were allowed to
recombine and interfere, the result should be a resolved image of the
lattice‘planes; In practice an aperture is positioned in the back focal
plane of the objective lens to select only the incident beam and one or
two first-order Bragg beams which are reasonably near the axis of the lens.
This is done because the higher-order beams are subject to sufficiently
large lens aberrations to prevent the periodic structure from being
resolved. Images so formed display sine fringes with the periodicity of
the lattice planes corresponding to the beams included (Menter 1956, 1958).
Lattice fringe images of crystals with dislocations can contain terminating
and distorted fringes, and it is tempting to associate these directly with
a dislocation core and its associated strain field. This has been done by
several workers (Parsons, Hoelke anq Rainville 1968; Parsons and Hoelke
1969; Phillips and Hugo 1970). These simple interpretations are not
confirmed by calculated images which show that the form of fringe bending
is sensitive to the depth of the disiocation in the foil, and that for an
inclined dislocation several terminating fringes can be expected, the
number of these and the entire fringe distribution being dependent on the
exact foil thickness and diffraction conditions (Cockayne 1970; Cockayne
and Whelan 1970). Experiments confirming these conclusions have been
performed in germanium (Cockayne, Parsons and Hoelke 1971). It thereforé
seems that, although lattice fringe images potentially contain a great
deal of information concerﬁing dislocation strain fields, they cannot be
interpreted without very precise knowledge of the diffraction conditions,

foil thickness and dislocation depth.



An alternative method of imaging crystal defects uses the
mechanism of diffraction contrast. | Again an aperture is inserted in
the back focal plane of the objective lens, but only one beam is selected.
This beam can be positioned to coincide with the axis of the lens by the
incident beam electromagnetic tilting device which is now a standard
fitting on any high-resolution instrument., If the beam selected is the
forward-scattered beam, the resulting image is called the bright-field
image; .images produced by any of the Bragg diffracted beams are called
dark-field images. ‘When a suitable set of lattice planes is oriented in
the Bragg position, the contrast from a dislocation and the background
intensity are considerable in both- the bright-field and dark-field images.
These are termed strong-beam conditions. There is a dynamical coupling
between the direct and diffracted beams even in a bérfect crystal. The
effect of a strain field surrounding a crystal defect is simply to alter
the local diffraction conditions, thus affecting the dynamical coupling
and producing contrast in the final image.

This method of imaging defects has been widely applied. Its
chief advantage is the high intensity of the images which reduces
photographic exposure times to a few seconds at most, thereby avoiding
problems of specimen drift and contamination. However, the images are not
well suited to high resolution studies since they are not related in any
simple way to the defect geometry, and are relatively insensitive to small
changes in the strain fielde A peak from a dislocation in a strong beam
image can be ~ 100 R wide for 100 keV electrons, yet we may wish to measure
the width of dissociation of a dislocation into two partials separated
perhaps by only 20 2. Such a dissociation would be completely masked in a
strong-beam image. A useful technique for simulating images, which
involves over-printing of éomputer line~-printer characters to create

different grey levels, has been described by Head (1967). The result may

be reduced photographically and compared with experimental micrographs.,
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Many strong-beam investigations have used this method; further details and
a review of some experiments performed in this manner may be found in Head
et al. (1973).

Another method of operation of the electron microscope in the
diffraction contrast mode is the weak-beam technique (Cockayne, Ray and
Whelan 1969). In this method the diffracted beam selected corresponds to
a set of lattice planes which are set far from the Bragg position; the
background inténsity of a weak-beam image is thus very low. The strain
field around a defect may be strong enough to tilt a part of the lattice
back into the Bragg position, in which case we expect an image peak. The
advantages of this method are that the peak only arises from a small part
6f the strain field, and so should be narrow, and that since the large
strain required is only to be found close to the cg;e of a defect such as
an isolated dislocation, the peak should define the position of the defect
accurately. Computed images show that under certain conditions the weak-
beam image peak of a dislocation is
(i) ~ 15 % wide at half height
(ii) close to (<20 % from) the dislocation core. (Cockayne 1973)

These properties are very useful in experimental studies of
defects. They allow complicated networks of dislocations to be resolved,
and accurate measurements made of the separations between them. This
thesis describes studies of different dislocation geometries by the weak-
beam technique and the calculation of equivalent images. The remainder of
this chapter is devoted to the theory and practice of the weak-beam method.
The image of a crystal defect may be calculated from the dynamical theory
of electron diffraction, which has been considered by many authors (e.g.
Whelan and Hirsch 1957a,b; Sturkey 1957; Fujimoto 1959; Howie and Whelan
1960, 1961; Takagi 1962; Howie and Basinski 1968). Many of the
characteristics of weak-beam images are predicted by the simpler, but less

exact, kinematical theory (Hirsch, Howie and Whelan 1960) which will be
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discussed in section 1.3. The dynamical theory may be approached in two
ways; by a wave-optical (Darwin) method, or on a stricter wave-mechanical
basis. Both formulations can express the electron wave function as a sum
of Bloch waves, and it is the equivalence of these which justifies the
Darwin approach. Section 1.2 considers the scattering of an incident
electron wave by an atom, a unit cell, and a crystal lattice; these
results are needed for the kinematical theory and the Darwin formalism of
the dynamical theory (section 1.4.1). Much of the argument and
terminology of sectiéns 1.2-4 is taken from Hirsch et al. (1965).

1.2 The scattering of electrons by a crystal lattice

1.2.1 The atomic scattering factor for electrons

Consider a beam of electrons, wave vector k, incident upon an
isolated atom. Let r' be the co;ordinate of any f;int in the region of
the atom, and r that of a point some distance from the atom (positioned at
the origin) where we wish to calculate the electron wave function ¥(r) (see
fig. 1.1(a)). Y (r) is the solution of the time-independent Schrddinger
equation

_;!_3_2_\‘727’(_1;) + 1el(E + V(£))YV¥(x) =0 (1.1)
o where -|e|] is the electron charge

felE is the total electron energy

V(r) is the potential (in volts) at r.

For the special case of V(r) = 0, (1.1) has the solution

v (®

1}

exp(2nik.r) (1.2)

where k2 = 2mlellE .

h2

Dividing ‘VK;) into two components representing the incident and scattered
waves, and assuming (1.2) gives the solution for the incident wave, we
héve

Vi = Y, + Y@ | (1.3)

A solution forlvrs(g) is found by substituting (1.3) into (1.1), using a



Green's function method,-and making the assumption (the first Born
approximation) that-Yrﬁg')nu‘f'(ru) - exp(2ﬂik,r'), i.e. that
o= Dol

'Y’S(Ef)<K“Fg(£'). Then the result for large r is

Y (o = exp(2rikr) £(K') (1.4)
r
where f(K') = Zﬂmleijw(gf)exp(-2ﬂi§f.£f)d£f (1.5)
h2
and K' = (k' - k) (see fig. 1.1(a)).

This can also be cast in the equivalent form

f(K') = 1 (Zz - F (K")) (1.6)
1Y 5 =
2aOGTK')

where 2 is the atomic number

ao = & h2 is Bohr's radius

. ?

rrmlel©
and Fx(gf) is the atomic scattering factor
for X-rays.

1.262 Electron diffraction from a unit cell and crystal lattice

(kinematic approximation).

To calculate the amplitude diffracted by a unit cell it is
necessary to know the phase difference between a wave scattered at a point

r and that scattered at the origin. The extra path length is simply

(k.r - k'.r) ; therefore the phase factor, 2nk times this, is given by

k
exp(-2niK'.r) . (See fig. 1.1(b)). Then the amplitude diffracted by a

unit cell will be

Ao(_l_(_') = exp(ZTrtikr)Eifi(ﬁ')exp(-Qwi_I_(_' .r;) (1.7)

where there are i atoms in the unit cell with scattering factors fi(gj) at

positions Ir.. This may be rewritten as

-

A(K') = exp(anikr) F(K') (1.8)
r
where F(K') = Zifi(ﬁ')exp(-Zﬂiﬁ' .r;) (1.9)

is called the structure factor of the unit cell.
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In the same manner we can derive the scattered amplitude from a

crystal lattice. Omitting the factor exp{2mikr) ,
r

A_(K') ~ EnFn(_Ig')exp(—2ni§_' .r) (1.10)

whefé there are n unit cells in the lattice with structure factors Fh(ﬁf)
at positions Lo which are some integer combination of the unit cell
translation vectors,

a+n.b+n_c (1.11)

2= * Pag

Strong diffraction occurs when ﬁf.gn is an integer for all n1n2n3 (the Laue

r =n
-n 1

condition). This condition is satisfied when K'! coincides with g, a

translation vector of the reciprocal lattice defined by

'& = ha* + kb* + 1c*

- (1.12)
a*= bec 3 b= ca ioct= ab
g.Z_QA_) b.(c,a) c.(a,b)
and having the property
lel = _1_ (1.13)
i1

where dhkl is the distance between planes with Miller indices hkl. Using

(1.13) and K' = 2sinf we obtain the familiar Bragg law
A
A= 2d, ,sinb (1.14)

and so the strong diffraction in qQuestion is Bragg diffraction from the
hkl planes.,

These .conditions for diffraction can be expressed in terms of a
geometrical construction, in which the Ewald sphere of possible wave vectors
k' is superimposed on the reciprocal lattice such that the origin is the
point where the incident wave vector k meets the sphere. Then any vector
drawn from the origin to another point on the sphere is a possible K
vector, If this point coincides with a reciprocal lattice point then the
condition K' = g will be satisfied and strong diffraction will result, If

a reciprocal lattice point does not lie on the sphere, the deviation is



measured by a vector s such that
K'=g+s (1.15)
and by convention s is positive if tne point g lies inside the sphere.
(See fig. 1.1(c)).
It is possible for s to be zero in (1.15) but no diffraction
occur since F (K') in (1.10) may be zero. Substituting (1.12) in (1.9) we
have

Fkg) = :Zfi(g_)exp(-Eﬂi(hui + kv, + 1w,)) (1.16)
i

where u,v.w, are the'real-space co~-ordinates of atom i in the unit cell.
For the face-centred cubic lattice this iﬁmediately gives the well-known
result that hkl must be all even or all odd, in which case F(g) = 4f(g) (if
each atom has the same scattering factor); otherwise the reflection is
absent.

1263 The amplitude scattered by a crystal plane and the column

approximation

Equation (1.10) gives the amplitude a long way from the crystal,
effectively at infinity. However; we are more interested in the intensity
distribution at the bottom surface of the crystal which is imaged by the
lenses and projected on the final screen. To calculate this we split the
crystal into elemental layers parallel to the surface and consider the
amplitude of the diffracted wave at the bottom surface due to any one of
these; the total effect may be found by summation. The manner in which
this last step is performed dictates whether we have a kinematical or
dynamical theory of diffraction.

Each elemental volume of the layer gives rise to a spherical
wavelet and these combine to form a plane wave, as may be seen by splitting
the layer into Fresnel zones and constructing an amplitude-phase diagram of
the disturbance at the required point P. The diagpam starts as a circle
and becomes a convergent spiral as the amplitude falls off from the outer

Fresnel zones (see fig. 1.2(a)). The resultant is /2 out of phase with
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the wavelet scattered from the centre of the zones and is half the

magnitude of the resultant effect of the first zone, whose area is T A
' cos 6

when P is a point at distance r. The scattered wave at P from a thickness

§z is therefore

i exp(2nikr) F(X')§z ir A . iXF(K') exp(2nikr)éz (1.17)
17 r V_ cosfr T e—
c Vcc:058'

times the incident wave, where Vc is the volume of a unit cell. Applying
the result to the geometry of fig. 1.2(b) where the origin is at the top
surface, and we requi‘re the amplitude d"f’g at r due to the crystal

thickness $z at T, the exponential term in (1.17) becomes exp(2nik'.(r - _;_‘_n))
and the incident wave at r is exp(.2ni5_._z;n) s  therefore

d'Yg(_:g‘_): iNF(g) exp(2nik'.(r - _I_'n))exp(2¢-:i’g_._r_'n) bz

V cos@
c

idF(g) exp(-2miK'.r Jexp(2mik'.r) $z (1.18)

V cosH
c

This is usually written

d"l’g(g) = i exp(-2miK'.r Jexp(2mik'.r) §z (1.19)
£33
9
where Eg has dimensions of length and is called the extinction distance.
Eg =V _cos b (1.20)
AF(g)
The equivalent equations for forward scattering are
dY (r) = im exp(2nik.r) éz (1.21)
%
and go =11Vccosg- (1.22)
AF(0)

Equations (1.19) and (1.21) can be applied to an imperfect crystal
by rewriting r —r +R (1.23)
where R is the displacement. From the derivation of (1.19) where
contributions from a whole plane are considered it would seem that this is
only appropriate in the case where R is a function of 2z only. However,

most of the contributions come from the first few Fresnel zones, perhaps

~20 & for a crystal 1000 R thick, so if R does not vary appreciably over
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this distance we may apply (1.23) in cases where R is a function of a
lateral co-ordinate as well. In other words, we can assumz that the
amplitude at P only comes from a narrow column of crystal parallel to the
diffracted wave. This is the so-called column approximation. All the
theoretical image computations presented in this thesis make use of it.
This can be avoided (e.g. Takagi 1962) in which case the intensity at the
lower surface can be shown to depend only on a triangle of crystal enclosed
by the inciden£ and diffracted wave vectors whose apex is at the point in
question. The smaliness of the Bragg angle again indicates that the
approximation is justified if R does not vary toc rapidly in the lateral

direction.

1¢3 The image contrast of crystal defects: kinematical theory

The basic assumption of the kinematical £heory is that the
amplitude of the incident wave is much greater than that of the diffracted
wave, and is approximately unity everywhere in the crystal. Then (1.19),
which is written for unit amplitude of the incident wave, applies for all
r and may simply be integrated. As the propagation factor is a constant
it is usual to remove it at this stage by writing

Y(zr) =¢o(z)exp(2nig_._r_'_) +¢g(z)exp(2ni}_<_'._r_'_) (1.24)
Then {(1.19) becomes

d;%(z) = im exp(-2miK'.r ) éz (1.25)

%

Equations (1.15) and (1.23) give, for an imperfect crystal,

PSP, o
exp(-2niK'.r ) — exp( eni(g.r + g«R + s.r  + s5.R))
~ exp(-2ni(g.R + 82)) (1.26)
Substituting (1.26) in (1.25) and integrating gives
t
¢g = ylj exp(-2nig.R)exp(-2nisz) dz (1.27)
g0 -

which is the integral basic to the kinematical theory of imperfect crystals.

For a perfect crystal R = O and (1.27) can be integrated to give

¢g = im sin(nts) exp(-nist) (1.28)
'gg s ‘
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Therefore the intensity in the diffracted beam g is given by

I =g |2 = (11\° sin“(nts) (1.29)
g g T >
g (ts)
Conservation of electron flux gives the incident beam intensity as
I =1-1I =1- (m\° sin?(ﬂts) (1.30)
o} g - 3 >
g (ms)

. 2 .
If the crystal is in the Bragg position, (1.29) reduces to Ig = CZE) s in

5¢
which case the condition that I &1 is only valid for t«Bg ,~100 R .
: xi

Therefore the kinematical theory can only be used in strong-beam conditions

for very thin crystals. The sinaﬁnts) curve of (1.29) is plotted against

(ﬂs)2
s in fig. 1.3(a). The subsidiary maxima, whose peaks lie on a ( 1 )2
s
curve, occur at intervals of As =1 . In fig. 1.3(b) the curve is
B t »

reproduced in a reciprocal lattice and Ewald sphere diagram (section 1.2.2),
the s = O point being the reciprocal lattice point. The resulting
intensity can be read off the curve where the s axis cuts the sphere.

This then explains two common effects:-

(i) Thickness fringes. s remains fixed but different thicknesses cause
the function to expand or contract, sweeping maxima and minima
through the sphere. The condition for a minimum is s = n ;
therefore the fringes have a periodicity At = 1. ’

(ii) Bend contours. The scale of the curve (determined :y thickness) is
constant but different parts of the crystal have different s
values, again ;ausing various parts of the function to cut the
sphere. The subsidiary fringes occur in regions of the crystal

having s values differing by A s = 1+ This relation can be

il
t
used to determine the thickness.
The integration in (1.27) can be performed graphically using an
aﬁplitude-phase diagram for both a perfect and an imperfect crystal. (Hirsch,

Howie and Whelan 1960). For a perfect crystal this is simply a circle of

radius 1/2ns . The amplitude diffracted by a crystal thickness t is
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proportional to a line joining the origin to the point found by moving
round the circumference from the origin a distance t (see fig. i.i{a)).
For an imperfect crystal thcre is an additional phase factor o given by

A = 2ng.R (1.31)
In the case of a stacking fault there is perfect crystal above and below
the fault plane, and these regions correspond to circles in the amplitude-
phase diagram. After traversing the circumference of the first circle by a
distance correébonding to the depth of the fault, there will be an abrupt
change of angle giveﬁ by oL on to the second circle for the rest of the
crystal (see fig. 1.4(b)). For an inclined fault, points which differ in
height by 1/s (one complete circumference) will have the same resultant
amplitude, and so the contrast will be in the form of fringes with this
periodicity. From (1.31) we see that faults for thch geR is an integer
will be effectively invisible since no jump in angle occurs.

In the case of dislocations R is a continuously varying function
of z. General methods of calculating R are presented in Chapter 2, but the
characteristics of a dislocation image in the kinematical theory can best be
discussed using a specific example: . a screw dislocation in the isotropic

approximation for which

R= b tan (z-3) (1.32)
s X (See fig. 1.5(a))
Then (1.31) gives
X

which indicates that the dislocation is invisible for g.b = O . The
amplitude-phase diagram for the top of the crystal is asymptotic to a
perfect crystal circle, as is that for the bottom. The angle ol when near
the dislocation will either reduce the effect of the 2msz term in (1.27), in
which case the initial and final circles will be positioned far from each
other (fig. 1.5(b)); or it will enhance it, causing the circles to overlap

(fig. 1.5(c)). For a given sign of g.b , the difference between the two

cases depends on the sign of sx, i.e. on which side of the dislocation the

column in question is situated. Clearly the former case will tend to give
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amplitudes higher than those from a perfect crystal, whereas the latter
will not be significantly different; This gives a peak on one side of the
dislocation, a result which can be used to determine the sign of b in
practice. The line joining the centres of the initial and final circles
gives a measure of the average amplitude expected, neglecting depth and
thickness oscillation effects. The scale of the whole diagram is inversely
proportional to s; therefore the intensity in a particular column is
inversely proportional to 82 . Plotting the average intensity as afunction
of column position gi&es a measure of the half-width of the peak, A x, and
the peak position, Xk . The latter figure is simply the value of x which
maximises the distance between the circle centres. In the present case

(screw dislocation) and for g.b = 2 , the values are

. ?

Ax~ 1 ; X ==1_ (1.34)
s s
(Hirsch, Howie and Whelan 1960)
1.4 The image contrast of crystal defects: dynamical theory
Telte The wave-optical formalism

In this approach we may assume n beams to be excited, but again
remove the propagation factors in a similar manner to (1.24) by writing

V(r) = =4 (z)exp(2ni(k + g + s5_).r) (1.35)
g B -8

Using (1.25) and (1.26) to describe the scattering between any two beams in

thickness dz gives

.zf.ja =zh§:nh¢hexp(-2ﬂi(g_ - Q_).B_)exp(-Zni(sg- 5, )2) (1.36)
p -

where Eg h is the extinction distance for scattering from beam h to g . The
n differential equations of (1.36) may be recast into many equivalent forms
by using different wave amplitudes related to the set;ﬁg by phase factors

(which do not affect the intensities). For example, the substitution

-

¢g — ¢éexp(-2ﬂisgz + 1iz) (1.37)

g

in (1.36) gives °

ag, = (anis, - _é_rg)gfé . 5;1 iy @ !exp(-2mig - h).R) (1.38)
dz o Eé-h

and in (1.35)



15

V() = 2§¢é(z)exp(2ni(§_+ gl.r) (1.329)
g .
where K is the incident wave vector in the crystal, related to the vacuum

- pd 2 - + ' 2 2.. ( I. ‘O)
k 9 K k y K k /

The solution of (1.36) in the two~beam approximation for a perfect

crystal is struightforward and gives

2 2 . 2
’¢g. = (gq_) sin (Tltseff) (1.41)
& (s )2 2 2
eff where s .. =‘js +(_1)
Eg

This is identical to (1.29) of the kinematical theory, except that Seff

replaces s . For s = 0 , (1.41) gives l¢%l2 = sinzclg) , and clearly this

o

can be valid for any thickness of crystal, unlike the kinematic expression.
For a crystal deviated from the Bragg position, the intensity oscillatiocns

have a periodicity of the effective extinction distance, defined as

Ew = 1 = 1 (1.42)

® st ,,/SZ+ (E;';’)z

All the equations derived so far have assumed that the electrons

are scattered elastically by the atoms into one or more Bragg beams.
Inelastically scattered electrons may also pass through the objective
aperture and reach the image. Some of these give the same contrast effects
as predicted for elastic scattering (Kamiya and Uyeda 1961; Howie 1963),
but the effect of the others is neglected in the above theory. Many
electrons are scattered outside the aperture and so do not contribute to the
image at all, and this effect can be incorporated, phenomenologically, by
writing

1 1+ i (1.43)

— —

=
in (1.38) and (1.39). This gives an effective absorption of electrons with

depth in the crystal.
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Telto2 The wave-mechanical formalism: perfect cryctal

In this approach the potential in a perfect crystal is written as

V(r) = SIV exp(2mig.r) = _ h° SU_exp(2mig.r) (1.44)
g & 2mlel g
and we look for solutions of Schr¥dinger's equation of the form
Y(x) =Z\}’(J)ZCéJ)exp(2ﬂi(5_(J) + gl.r) (1.45)
J g

where the amplitudetV(J) of the Bloch wave with vectors (EFJ) + g) is

constant. Substituting (1.44) and (1.45) into (1.1) and recalling that

K° = 2mlelE gives

h2

SIS0 - Pap?ePs 51 ) (explanix'Vg).0))) =0 (1.46)
i g ° p.pig &0 P -

Equating the coefficient of each exponential term to zero gives a set of n

equations ' i
W2 - & e Su oo (1.47)
B S L 2 _ 2
? where K~ = k  + Uo
This may be written in matrix form
P.(J)Q.(J) -0 (1.48)
. 2 (3) 2
where D has terms on the diagonal Dgg =K - (k + g)
off the diagonal D =T , and C is the column vector C(j)
gp &-pP - g
A solution of (1.48) only exists if the determinant
o] =0 (1.49)

which is the dispersion equation for the wave vectors Eﬁj) s limiting them to
certain values. A pictorial representation of this is the dispersion
surface, drawn for the two-beam case in fig. 1.6. The two branches
corresponding to j = 1,2 are asymptopic to spheres of radius K centred on O
and g . Comparison of the definition of K° in (1.47) with (1.2) shows that
K is the magnitude of the incident wave vector after refraction by the mean
crystal potential; it is thus the vector defined in (1.40). These two

definitions are compatible if

’ég = % (1.50)
g

. 2 2
since, by geometry, K~ - k= ~~ (Kz - kZ)ZK « Now we define the new quantity
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X(j) by

§3) - ki‘j) - K (1.51)

Z

Then the expressions for the electron wave function in the Darwin and Bloch-

vave formalisms, (1.39) and (1.45), are identical if

g'(z) = Z?(J)C(J)exp@nix(‘])z) (1.52)
g : g
J
As mentioned in section 1.1, it is the fact that the two formalisms can be

shown to be identical which justifies the Darwin approach.

Equation (1.51) shows that Y(J) is the distance in the z direction

from the point A to the wave point for 5‘3) . Again by geometry we have

K° - (_Lg_(’]) + g_)Z ~ 2K(sg - X(J))cosf}é (1.53)
Substituting in (1.47) gives

S U c}()J) + sgCéJ) - x(J_)géJ) =0 (1.54)

P P78 2Kcos &

g
Alternatively, in matrix notation
where A has terms on the diagonal A = s
= 2928 g
1 from (1.50).

off the diagonal A = U
2Kcong Z~-p

This shows that CéJ)‘is the gEE element of the j'-t--'-lf-1 eigenvector of the matrix

, and K(J) is the jEE-eigenvalue. We can also define a matrix C with

(3) N

A
C .= Cg . Then if a diagonal matrix is denoted by curly brackets,

gJ

AC=¢C ¥(3)} (1.56)

The amplitudes of ?Z;—;agzgus beams at the bottom of a crystal
thickness z can now be obtained. In matrix form (1.52) is

u(z) = C Jexp(em b(j)z)} Y (1.57)

where u(z) is the column—;ector of beam amplitudes ¢é(z) . At z = 0 ,(1.57)
gives ¥ =.9T1.E(O) i therefore
B u(z) = C Yexp(emi )(j)z)} 9-1 u(0) (1.58)
Absorption can again be ;;cluded by using (1?@3), which together with (1.50)
and (1.44) can be seen to make the crystal potential complex by writing

ug — Ug + iUé (1.59)
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whereupon (1.54) becomes

U R o TP L DS DF AR DA (1.60)
pip el p —8=p g 8 g
P& 2Kcos&g P SKcos Gg

i

and (1.55) still applies for a new matrix A where Agg s + iU} ~ S, + i

— — £t
2Kcos B 2§6
g
gp: 1 + i__
2 2t!
§8'P Eg'P

1.443 The wave-mechanical formalism: imperfect crystal

The displacement R in an imperfect crystal may be included by using

the deformable~ion approximation for the potential,
2

V(r) = _h~ Z(U exp(-2mig.R))exp(2nig.r) (1.61)
emlel g
and writing the wave function as
Yi(r) =Z\F{‘j)(z) ZCéj) ‘exp(2ﬂi(_lg(j) + g_-):g‘_)exp(-anig..g) (1.62)
J 8

where the wave amplitude\P(J)(z) is now a variable, Matrix forms can again

be used (Howie and Whelan 1961). Firstly we define
pg = g.R ; ﬂé = g.dR Q = Sexp(enmifg)} (1.63)
e -
Comparison of (1.61) with (1.44), and (1.62) with (1.45), suggests that the
same equations may be used as in the perfect crystal case if we rewrite
. (3 (3 .
U — U exp(-2nipf ) ; C C Y exp(-2ni 1.64
g Uge(emify) i G Cpexpl-anif) (1.64)

These expressions can be incorporated in the matrices A and C by rewriting

A—>Q AQ ; c—+g"¢ (1.65)

Then (1.57) for an elemental thickness &z becomes

u (82) = @1 ¢ {exp(enidPsar} ¥

=Q C {exp(anix(j)éz)} 9‘135(0) (1.66)
Equation (1.66) may be used in conjunction with th;—;oi;gn approximation
(section 1.2.3), when the érystal is divided into perfect lamellae parallel
to the surface but with relative displacements given by R , to calculate the

intensity at the bottom of an imperfect crystal. It can be expressed as a

differential equation by writing {exp(2ﬂiX(J)5zi}‘“’1_+ Zﬂi‘{g(j}} $2 . Then
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SE = E(SZ) - H(O)
= g-1 c (1 + 2ni 350N £2) ¢ Q u(0)
- ¢ cani T¥UR ¢ g u(o) §a
© du=2ni g ' AQu(0) (1.67)
dz T using (1.56).

The matrices A and C in these equations are those for perfect crystal.

A differential equation for the Bloch wave amplitudes may also be

derived. Making a transformation

and substituting in (1.67) gives
dv = 2ni(A + {ﬂé’} )y (1.69)
I -
Combining (1.66) and (1.68) gives -
v=20C {exp(znix(j)z)} ¥ (1.70)
Differentiation of (1.70), and use of (1.56) and (1.69) gives
ay = 2ni Sexp(-2ni i}t ¢ {ﬁé} ¢ Sexp(enidlIn} ¥ (1.71)
dz or in summation form,
d‘P(j) =Z'~P(1)(z) 2. (emig.dR C(j)‘C(l).)exp(2ﬂi(k(l> - k(j))z) (1.72)
L = g g z Z
dz 1 g iz
The changes in.Y(j) depend on“V(j) itself (intraband scattering) and on

y(1) (14j) (interband scattering).

1e5 Electron diffraction theory of weak-beam microscopy

1.5.1 Introduction

In the weak-beam method the diffracted beam selected by the
objective aperture corresponds to a set of lattice planes which are far from
the Bragg positione. Therefore in regions of perfect crystal the deviation
parameter s is large and the diffracted intensity small. A defect strain
field may cause the reciprocal lattice point to be locally tilted towards
the Ewald sphere resulting in a relatively large diffracted intensity.

This interpretation of weak-beam imaging suggests that the image peaks

should be associated with a particular value of the strain field, be narrow,
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and lie close to defect cores. These properties are very desirable for
high-resolution studies. The techAique was first proposed by Cockayne, Ray
and Whelan (1969). The next section considers the theory of weak-beam
images and is based on Whelan (1971) and Cockayne (1972).

1¢542 Bloch-wave analysis of weak-beam images

First we define

jl o (3).-(1) . j1 _ (1) (3)
T (z.)_2mngg_.B_(z)cg C, ; Ak =k -k (1.73)

Then by expanding g_ﬁW(J)(z) exp(-T99(2))) , integrating both sides and
dz

using (1.72) we obtain

. . . . t . .
9 (6 exp(-233(£)) - ¥3 (0)exp-13(0)) = [ Zf(‘l‘(l)(z)dTJl(z)exp(-TJJ(z)).
o 1#j dz

.fexp(a‘nil\kjlz)dz (1.74)
g (1)

Next we assume that the are all constant. Then on integrating by

parts we obtain

W(j)(t) = exp(Tjj(t))E%(j)(O)exp(-Tjj(O))-+ ngﬁlY(l){éxp(-Tjj(O))
1£]

cexp(~T99(t)) exp(2nitkItt) + 2mifdt jtexp(-wﬂ'j(z)>exp(aﬂiak31z)dz}]
0
(1.75)

where le = le(z)/rjj(z) = Znncr(lj)tcfxl) / Zn ncx(l\])’lclgj) .

The condition that all‘f(l£3) are constant, when applied to (1.70), gives
the change in vg due to the interband scattering to‘P(J> as
1Ay | = |ay()cdd) (1.76)
g g
The condition for g to be a weak beam is that I¢él = lvgl<< 1 in the perfect
e el (DY
lattice, i.e. I¥ CS << 1 for all 1 and z . Then a more general
interpretation of (1.76) is that appreciable weak-beam contrast for a
reflection g occurs for those conditions which produce strong interband
scattering from the branch of the dispersion surface with largest |w(l)(0)|
to that with largest Céa) . It is convenient to number the branches of
the dispersion surface such that branch j is that closest to the sphere of

radius K centred on the reciprocal lattice point j. The branch centred on
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the origin is branch 1 . Then the matrix C is close to diagonal for the

weak-beam case when all lsj[ are large and appreciably different, and the

off-diagonal elements are given by perturbation thedry as

|c§i)|~ 1

ZEi_j(si-sjj
seen that most of the weak-beam contrast arises by scattering from Bloch

(k)| ~

" (Cockayne 1972). With this terminology it can be

1
28, Sy

wave 1 to Bloch wave g . From the matrix C , | . Then

ly [ ) &1 . As¥_increases with k , this is

if ‘ 1
2§ksk

normally a condition on the first-order beam, which in most cases is the

weak beam g . The parameter w = sg?% cannot be made too great since the

absolute intensity decreases; computed and experimental images indicate

that \wl~5 is a reasonable compromise. Therefore .the fundamental

condition for weak-beam images is that

fw] 25 (1.77)

1¢5¢3 The properties of weak-beam images

Substitution of (1.75) into (1.70) and (1.68) gives the general

expression for the weak-beam amplitude-ﬁé(t) . In terms of the parameter

Djl(z) = lecéj)exp(ZﬂiB(j)z)exp(Tjj(z))Y(l)(O) (1.78)
it is

B1(t) = expl-2mig.R(£)) [T explam ¥V ) ¥ (c(1) _c(@)g8Yy 518 (4 exn(~188(0))
g 1 g g 1

gl gl v g8 gl
+ 2, Do (t)omibk fexp(—T (z))exp(2nibk®"z) dil (1.79)
1#g o

The maximum intensity occurs in the column for which Bﬂz) is such that the
square bracket term in (1.79) has the largest modules.

In the two-beam case the first two terms of (1.79) are zero.
Then the maximum intensity arises when the integral is a maximum; for|sg|—q»oo

(1.79) becomes

@' (t) —> im exp(2nist) fexp(-2nig_.8_(z))exp(-anisz) dz (1.80)
2-beam Eg o

which is essentially the same as (1.27). Therefore weak-beam peak positions
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are approximately given by the kinematical theory (section 1.3).

Alternatively, (1.80) is a maximum if sz + g.R(z) is a constant, or

s + gedR = O , over the whole range O to t . Such a displacement merely
dz

rotates the whole perfect crystal into the Bragg position. In practice

g.dR(z) has a range of values in any one column, with a maximum where

dz

g__(g.dg(z)) = O. This suggests another criterion for the peak position:
dz\| =—
dz .

the peak occurs in the column for which, at some specific depth,

5, + g_.(dB_(z)) =0 ; _d__(g_. (d_lg(z))) =0 (1.81)
dz

iz dz
(Cockayne, Ray and Whelan 1969)

These criteria give different results; for example, in the case of

isotropic elasticity and a screw dislocation with g.b = 2 , (1.81) gives

the peak column co-ordinate as Xw = -1 s Wwhereas the kinematic result (1.34)
s
g
is Xk = =1 . This difference arises because the latter finds the column
2rrsg

where on average the reciprocal lattice point is nearest the Ewald sphere,
and so predicts a peak nearer the core where the tilt overcompensates sg .
Mény-beam calculations generally give the actual peak position as lying
between the two predictions and oscillating with a periodicity given by the

-2 g1 s (1.81) gives

effective extinction distance (1.42). For lsgl > 2.10
the peak position to an accuracy of €10 & (Cockayne 1970, 1973). If it
is wished to use one of these criteria, (1.81) is easier to apply.
However, it must be emphasised that both predictions are only an
approximation to the many-beam, finite sg case given in (1.79), and the
results could be misleading for certain types of strain field.

The image half-width and intensity may both be estimated from
kinematical theory. As already discussed (section 1.3) , the half-width
is inversely proportional to S, (e.g.(1.34)) , and the intensity to sz .

Fig. 1.5(b) also predicts oscillations in the intensity of periodicity 1/s
g

with both defect depth and foil thickness. These predictions are confirmed
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by many-beam computations (with Sy replaced bY 5_sq (1.42)) 4 and by
experiment (Cockayne 1970, 1973).

146 The practical details of weak-beam experimentation

Most experiments involving the electron microscope at some stage
call for the comparison of micrographs with theoretical images. Sections
1.3 and 1.4 outlined two theories of electron diffraction which enable this
to be done; and in section 1.5.3 it was seen that the simpler kinematical
theory predicté many of the observed properties of weak-~-beam images.
However, because of éhe approximations involved, it is generally preferable
to use many-beam dynamical theory even in the case of large s. This theory
is clearly more susceptible to errdor accumulation in the numerical
integration procedure, but such effects can be checked by reducing the
integration step~length until the results stabilizél Dynamical theory
does not lend itself to simple pictorial representation such as the
kinematical theory amplitude-phase diagram, and for the purpose of
understanding computed images, a consideration of fig. 1.5(b) is often
instructive. It is thus best to regard the two theories as complementary.

The analysis of section 1.5.2 for the case of only one strong
reflection operating (the forward-scattered beam) gave the condition (1.77),
Iwl 2> 5 , although a consideration of how close to the dislocation core an
image is required often results in a more stringent condition on s (based
on (1.81)). A convenient figure for dislocation work is lsl"’2.'lO"2 g .
The s value of a particular reflection is not immediately obvious from a
diffraction pattern, so it is usual to operate near a pole and estimate s

from the position of the Kikuchi bands. Simple geometry gives the result

s = (n - 1)g2 (1.82)
2K

where the Ewald sphere cuts the row of systematics at ng (n not necessarily

integer).
Having decided on a suitable reflection and value of s y the

experimental procedure is as follows:- tilt the incident beam with the
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electromagnetic deflection coils so that the required reflection g passes
down the optical axis of the object&ve lens (by checking the current
rotation centre); correct the astigmatism of the objective lens; tilt the
specimen with the goniometer stage until the required s value is obtained
when consulting the diffraction pattern; focus and expose plates. Generally
it is safer to take a series of plates at different objective lens strengths
since the exact focus is difficult to determine with the naked eye. The
ultimate succeés of the weak-beam technique depends on the ability of the
operator to focus the very faint image, and on the electrical and mechanical
stability of the microscope. In the author's experience, on a JEM 100B with
a top-entry goniometer stage and using Ilford M4 plates, satisfactory weak-
beam pictures can be obtained with exposure times of up to 30 seconds as a

- ¥

matter of routine, and up to one minute fairly frequently.
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Figure 1.1(a) The scattering of an electron wave k by a single atom.

Figure 1.1(b) Scattering by atoms at the origin and r .

Figure 1.1(c) The reflecting sphere construction.
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Figure 1.2(a) Amplitude-phase diagram for the resultant at P due

to scattering of plane wave.

Figure 1.2(b) Column of crystal for amplitude at P; see (1.18).






Figure 1.3(a) The curve sinz(vts) plotted against s (not to scale).
2
(rs)

Figure 1.3(b) The curve of fig. 1.3(a) combined with the reflecting

sphere construction.
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Figure 1.4(a) Amplitude-phase diagram for perfect crystal.

Figure 1.4(b) Amplitude-phase diagram for a stacking fault R at

depth t, in crystal thickness (t1 + t2).

1

(Based on Hirsch, Howie and Whelan 1960).
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Figure 1.5(a) Co-ordinates for equation (1.32)

Figure 1.5(b) Amplitude-phase diagram for screw dislocation,

sSx -ve, g.b +ve.

Figure 1.5(c) Amplitude-phase diamgram for screw dislocation,

SX +ve, g.b +ve.

(Based on Hirsch, Howie and Whelan 1960).
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Figure 1.6 The two-beam dispersion surface. The two branches
corresponding to j = 1,2 (solid curves) are asymptopic
to spheres of radius K centred on O and g (dotted curves).

§1) and 5}1) are omitted for clarity.
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2.1 Introduction

The mathematical theory of dislocations in an elastic medium
predates the postulation of dislocations as defects in a crystalline solid.
Thus Volterra (1907) discussed the properties of a cylindrical body which is
cut énd then deformed, and some of his defects correspond to dislocations;
but the edge dislocation in a crystal lattice was first proposed by
Orowan (1934), Polanyi (1934), and Taylor (1934). Other types of
dislocation, and the concept now called the Burgers vector, were suggested
by Burgers (1939). ‘The Burgers vector is now usually defined by the FS/RH
perfect crystal convention, given by Frank (1951), and its use is assumed
throughout this thesis. The sense of the dislocation line is first
defined. Then a closed circuit is made in good crystal round the line in
a right-handed sense. When the circuit is repeat;d in perfect crystal, the
vector required to close the circuit from finish to start is the Burgers
vector, written b . This procedure can be given a useful mathematical
definition. In a body with orthogonal cartesian co-ordinates Xy (i=1,2,3) ,

a dislocation b with line direction x, can be created by cutting the material

5
in the plane X, = o, x1> O and displacing the two surfaces byig(x1,$2) such
that
b = u(x,,07) = u(x,,0") (2.1)

It should be noted that the choice of axes, and hence of the cut, is quite

arbitrary; a dislocation is defined only by its line direction and b . The

stresses and strains are not affected by this choice, but the solution for
the displacement R contains an arbitrary discontinuity. This point is
considered further in section 2.6. This chapter is an outline of elasticity
theory as applied to (2.1) , in both isotropic and anisotropic media.

Further details of dislocaﬁion theory can be found in the many standard
texts, e.g. Hirth and Lothe (19638).

2.2 The equations of linear elasticity

Let X, (i=1,2,3) be orthogonal cartesian axes. Define okj as the



27
stress in the x.j direction on the plane with outward normal X; e
Consideration of the forces on an elemental cube shows that
035 = i (2.2)
is the condition for rotational equilibrium if no internal torques exist.
If the body force per unit volume is zero, the condition for equilibrium in

the xi direction is

Yo -
da7; + 305, + T =0

bx1 bxa ij

. =0 (203)
J using (2.2) .

The components of strain-are defined in terms of the displacements

= -

€4 = -g(éuk + bul) (2.4)
Bxl bxk

For small deformations the stresses are given by

caj = Cijklﬁkl (2.5)

where C, . , are the 81 elastic constants. Equations (2.2), (2.4) and (2.5)

jkl
give
Cijn1 = Cjix1 = Cijix (2.6)
which reduces the number of independent constants to 36. This is often
expressed by writing Cijkl as CMN by the following rule:-
ij or kl 11 22 33 23 31 12
(2.7)
Mor N 1 2 3 4 5 6
Equations (2.3), (2.4), (2.5) and (2.6) combine to give
2
S k1 dw =0 (2.8)
bx.sxl
J
Consideration of the strain energy when a volume element is deformed
reversibly gives .
reducing the number of constants to 21. Finally, a cubic crystal is
invariant in symmetry to 90o rotation about the cube axes, so0
C = C = M = b4 = = : S
11 50 C33 ; C12 C,]3 ; ng 055 C66 ; all other constant

zero (2.10)
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There are then only 3 independent constants for a cubic crystal. The
ratio

A =2C,, (2.11)

is called the anisotropy factor. For isotropic materials A = 1 , reducing

the number of constants to 2 . The elastic constants C sy C

11 044 found

12 °
in tables are for the crystal cube axes co-ordinate system, X . In practice
another axes set xi may be more useful. Then the stresses and strains

Gij "éﬁl are given by the same equations if the elastic constants are

written
] -—
cijkl = Tig Tjh cghmn Tym Tin (2.12)
where Tij is the direction cosine between the x{ and the xj axes. The
. . . - . .. _ . -
isotropic condition A 1 gives Cijkl Cijkl for all choices of xi
23 The displacement field of an infinite straight dislocation:
isotropic solution
Ce3el The screw dislocation
The dislocation is formed as described in section 2.1. The
Burgers vector Es has only one component, bs s, in the x3 direction.
Assuming that u, =u, = 0 , and ug = u3(x1,x2) reduces (2.1) to
- +
b, = u3(x1,0 ) - u3(x1,0 ) (2.13)
which suggests the solution
uy = E§. tan”] (_X_Z_) (2.14)
am X4

Substitution in (2.8) verifies that (2.14) is a satisfactory solution. The
stresses follow from (2.4) and (2.5).

2¢3.2 The edge dislocation

The edge dislocation is an example of plane strain, defined by

w = u1(x1,xé) R =_u2(x1,x2) Poug = o ; =0 (2.15)

o
1 s

3
In this case the solution is not obvious, so we solve for stress first.

Equation (2.3) is automatically satisfied if the stresses are derived from

the Airy stress functionXdefined by
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2 2 2 -
0‘11 = u H G"22 = _é__)_( 3 G'{Z = -3 X (2.16)
bxza 3x12 ~ bx1ax2

Differentiation of (2.4) in the condition (2.15) produces the compatibility

equation
2 2 2
deqq + Ve, = 28¢, (2.17)
bxa2 5x12 dx, 3%,

Combining (2.17) with (2.5) and (2.16) gives

(32- + 322)1)( - V*X =0 (2.18)

dx.°
*1 *2
The dislocation line direction 1 is along x3 . As mentioned in section 2.1,
the choice of axes x,,X, is arbitrary, but the solution of (2.18) is

simplified if_ge has only an x, component, be . Then the particular

1

solution of (2.18) (neglecting boundary condition terms) is

X = -pbx, 1lnr (2.19)
27(1-7)

where r = (x 2 + x22)% « Substituting in (2.16) gives the stresses, hence

1
from (2.5) the strains, and by integrating, the displacements. The result is
R =b [&+ sin29']+ b, L ((1-—2v) In r + cosZ&) (2.20)

— -V 0 ~-2) -

S L(1-») 2 L(1-~7) L(1-Y)
where 6 = tan-1(x2 .

e

2ede3 The general dislocation

This is given by superimposing (2.14) and (2.20). The total

Burgers vector b = Ee + Es y and EeAl-z Qﬂl . Hence
R=_1 [b6+b_ sin2g +3b,1 ((1-2») Inr + cosZB") (2.21)
2 IEES)) 4(1-7) E(1-9)

Stresses again follow directly from (2.4) and (2.5).

2.k The displacement field of an infinite straight dislocation:

anisotropic solution

s

The solution in an anisotropic medium was first derived by

Eshelby, Read and Shockley (1953). Stroh (1958) presented the solution in

a form more amenable to handling by computer, and the following account is
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mainly based on his work. Computer sub-routines using this method have

been published by Head et al. (1973).

Let the dislocation line lie along x, and assume that _3 = 0 .
5 X
3
Then‘the displacement can be expressed as
w = A f(x1 + px2) (2.22)
Substituting (2.22) in (2.8) gives 3 equations of 12 terms,
2 ~ )
(Ciqq + PCiqpp + PCiopq + P Cippo)hy = O (2.25)
or ’ S A =0

This only has a solution if the determinant
- [s] =0 (2.24)

Equation (2.24) is a sextic equation in p , with roots in complex conjugate

pairs; denote the roots with positive imaginary parts by py » o = 1,2,3 &

The corresponding vector A may be written A

k kd

arbitrary factor) from (2.23). Throughout this section summation over

and found (except for an

repeated Latin indices is implied, but summation over & is shown explicitly.

BEquation (2.22) now takes the form

u = § Au £.(z) + §Ak°“ (fd(zd))"

2 Reg,Aka( fe((zo() (2.25)
where 2y = x1 + p‘,‘,_x2 °

Now several new quantities are defined. Firstly,

Lig = Cigeq * BCi00) Ay
= =(Cino * Ciqk1) A (2.26)
and we note that Pot
& — - *®
Aip” Rix = ik Bip (2.27)
Next, the vectors reciprocal to Lid :
Mo(i Liﬂ = 80(,8 (2.28)
and (2.27) becomes -
| *
ZA My §Aj‘ M;® =0 | (2.29)

Finally, the real matrix

13ij = - Im§Aid Mdj . (2.30)
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which does not contain the arbitrary factor in both Aid'and M, ., and its

o

real reciprocal Hij given by

A stress function @ defined by

bx2 6x1

has the property that the increment Z\¢i in going round a closed curve C is
equal to the resultant force F. acting across C . Equations (2.5), (2.25)
and (2.32) give
Now we define the real vector di in terms of the Burgers vector
d, = H,, b, (2434)
1 iJ J
and assume that the unknown function fd(zi) can be written as

f,(z) = M 4. In(zy) (2.35)
4ar
again neglecting boundary condition terms. Then (2.25) becomes
u = E}'Reg. A M Hij b In(z ) (2.36)
and (2.33) is
¢i = 2_%Re:£('. L, My ij bj ln(zc() (2.37)

Applying (2.1) as a check to (2.36) gives

- + . .
uk(x1,0 ) - uk(x1,0 ) = _2_:_:'Re§ AkoLMo(i Hij bj 27 = bk as required, and we

note from (2.37) that round a closed curve A¢i is zero and hence Fi is zero.
Therefore (2.35) satisfies the conditions for (2.36) to be the displacement
field of a dislocation.

2.5 The force on a dislocation

The force on a dislocation may be derived by considering the
movement of a dislocation, line direction 1j and Burgers vector bh y @

distance Srk in an external stress field G;h . The area swept out by the

dislocation, and the components of the normal to this plane, are given by

a, = Eijk 1j Srk per unit length (2.39)

whereEijk is the permutation operator. - The movement is made by cutting
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the material over an area ai y and displacing the two surfaces by bh .

The force on the plane as is given by

fh=a1 ih =E. k,]sk ih (2.39)

and the work done is

:e 0’ i P .‘*’
f,b, lelJSrk {,P, Per unit length (2.40)

If the force per unit length acting on the dislocation due to the stress

fieldO‘ih is Fk s then the work done is also FkSrk per unit length.

Equating  this and (2.40) gives the required result

= (¢ -
Fk Eijklj ihbh (2.41)

This formula was first derived by Peach and Koehler (1950). It can be used

to calculate the force exerted by one dislocation on another by taking oTh

as the stress field of a dislocation, obtainable from (2.32) and (2.37).

2.6 The application of the dislocation displacement function

to image computations

The use of, for example, (2.36) directly in equations (1.36)
requires a little care. It has already been pointed out in section 2.1 that
the application of (2.1) automatically introduces a displacement discontinuity
across the X, = O plane which is in fact arbitrary, depending only on the
initial choice of axes. If any column were to cross this plane the effect
would be to introduce a non-existent stacking fault. This can be dealt with

by setting the x, axis to coincide with the axis of integration z . Then

1
there is only a discontinuity between adjacent columns and this has no effect
on the calculated image. Once the axes X have been chosen, the only
quantities dependent on a particular dislocation in (2.36) are bj and z ;
the other terms are the same for any dislocation with this choice of axes,
Thus the displacements due to a set of parallel dislocations can be set up
easily, and in this respect (2.36) is more flexible than (2.21).

A common configuration for calculation involves a set of partial

dislocations separated by ribbons of stacking fault: The displacements due

to the dislocations follow the same equations as those for perfect

dislocations., The stacking faults are included by introducing the relevant
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fault vector R whenever a column crosses the plane joining the partial
dislocations in question. A usefui rule here is that the vector R to be
introduced when crossing a fault plane is the sum of the Burgers vectors of
all the dislocations crossed by following the faults to the right until
perfect crystal is reached, when looking from above and along the dislocation

lines.
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3.1 Introduction

Mader (1963) first reported the existence of faint, straight
1ines‘along <110> directions in sfrong-beam electron micrographs of
deformed face-centred cubic metals, It was suggested by Hirsch (1963) that
these were images of dipoles consisting of two Frank partial dislocations
which bounded a ribbon of stacking fault on a 5311} plane whose normal was
inclined to the primary glide plane. The geometry was discussed in greater
detail by Seeger (1964) who proposed that the Frank dislocations were
dissociated on the primary glide plane. Such faulted dipoles could be
formed either by the transformation of an ordinary dipole or by the glide of
a dislocation containing a dissociated sessile superjoge. The equilibrium
configurations gf faulted dipoles have been computed by Seeger and Wobser
(1966) and Steeds (1967a). These caculations have been used in conjunction
with experimental micrographs and computed strong-beam images to determine
the stacking-fault energy of several face-centred cubic pure metals and
alloys (HHussermann and Wilkens 1966; Steeds 1967b). The results reported
by Steeds aresomewhat higher than those of HHussermann and Wilkens,
especially in the case of pure copper (150 erg cm"2 as opposed to 59 erg
cm ).

It has been shown by Cockayne (1970, 1972), as discussed in
Chapter 1, that the fundamental condition for obtaining weak-beam images
from a reflection g is that the deviation parameter lw/ = |s E | > 5 ,
and that the width and position of a peak from a dislocation then depends
on the value of sg (sg is the distance from the reciprocal la?tice point
g to the Ewald sphere and §E is the extinction distance for the reflection
g)e If no reflection is strongly excited, and 'Sg' > 2.‘10-'2 g , the
image peak has a half-width of ~ 15 & and lies close to (within 20 R of)
the defect core (Cockayne 1973). Such images are thus very suitable for
investigating the geometry of the closely-spaced dislocations found in

faulted dipoles. This chapter describes the application of the theories

outlined in Part I to the analysis of experimental micrographs of faulted
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dipoles in copper. The electron microscopy and measurement of recorded
images was expertly performed by Mr. C.B. Carter.

3.2 The geometry of faulted dipoles

3241 The application of elasticity theory to faulted dipoles

Faulted dipoles consist of four parallel partial dislocations,
two Shockleys and two stair-rods, and may occur theoretically in two basic
configurations which have been called Z and S by Seeger (1964). These
are portrayed in fig. 3.1 for a (111) foil together with a consistent set
of Burgers vectors (the dislocations are also numbered for convenience).
When in the (111) orientation, the height of the dipole is written as H ,
and the horizontal separation of the Shockley dislocations as A s when
the foil is tilted so that the electron beam is along the [772] direction,
the new horizontal separation is distinguished by a dashed superscript,l&',
and the vertical stair-rod to stair-rod distance is written as H' (these
should not be confused with the H and & used by Steeds). The partial
dislocations enclose three ribbons of stacking fault. These are either
all intrinsic or all extrinsic in the case of a 4 dipole, but for an S
dipole the inner ribbon, bounded by the stair-rods, is of opposite
character to the other two. In fig. 3.1 the Burgers vectors have been
chosen such that the faults are all intrinsic for the Z, and intrinsic-
extrinsic-intrinsic for the S. (It has been assumed that the stair-rods
are those with the lowest energy, i.e. that the Burgers vectors are of

the type %<’I10> . The next highest energy stair-rods have Burgers
vectors of the type% < 002> and the three stacking-faults of an S dipole

containing such dislocations are identical. The isotropic elasticity
calculations of Steeds (1967a) showed that the likelihood of this occurring
can safely be ignored).

Equilibrium configurations of faulted dipoles may be calculated
using the anisotropic elasticity relations for infinite straight dislocations

given by Stroh (1958) and outlined in Chapter 2. The application of these
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expressions to dissociated dipoles has been discussed by Morton and
Forwood (1973), though the present case is simpler since for a given value
of H the positions of the stair-rods are fixed, and the Shockleys are
symmetrically displaced about the centre of the dipole, their separation
4\ depending on the value of the stacking-fault energy Y . Using the
co-ordinate system defined in fig. 3.1 , the net force per unit length on
dislocation 4 in the X, direction, using the Peach-Koehler formula (2.41),
is

F1 = i b(4) 0’12(n) - X (3.1)
n=71
where Gaa(n) is a component of the stress field due to dislocation n and
b(4) is the x, (in fact the only) component of the Burgers vector of
dislocation 4. - The stress Gaa(n) at the point z (n) is obtainable from
(2.32) and (2.37) as

o, ,(n) = 2_% Reng M B bj(n) (3.2)

zd(n)

where z (n) = x1(n) + R‘xa(n) , and x1(n) , x?(n) are the co-ordinates of

the point in question when the x, axis coincides with the line of

5

dislocation n. Then (3.1) becomes

F, = _Z_J;Reé1§ b() L, M, H bj(n) - ¥, (3.3)

Zo(( n)

where qd(n) now involves the co-ordinates of dislocation 4 with respect

1 * %ik and ij depend only on

the elastic constants of the material and the choice of co-ordinate axes.

to dislocation n. The quantities p, , L

They may be evaluated from computer sub-routines given by Head et al. (1973).
The required solution for A at a particular H and ¥ occurs when F1 is zero.
This may easily be found by moving dislocations 1 and 4 by fixed increments

and evaluating F, each time, reversing the direction of motion and reducing

1

the increment whenever F1 changes sign. The curves of A against H for
various values of § are plotted for Z dipoles in fige. 3.2 and for S dipoles
in fig. 3.3 using the elastic constants of pure copper given by

Huntington (1958).
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36262 Energy considerations and the critical height

Not all the points on the curves of figs. 3.2 and 3.3 correspond
to physically possible faulted diples. Above a certain height the
unfaulted form of four Shockley partial dislocations will have a lower
energye. The exact value of this height depends on whether the pure edge
(E) or the mixed character (M) Shockleys are taken as nearest each other
in the unfaulted form since there are two equilibrium configurations of
the dissociated dipole. Both the calculations of Seeger and Wobser (1966)
and Steeds (1967a) for pure copper show that the E-Z and M-S transitions
give the maximum values of this critical height in Z and S dipoles at a
particular A or ¥ ; the curves of Steeds are plotted in figs. 3.2 and
33 Steeds further demonstrated that the curves for S dipoles depend
strongly on the ratio of ¥ extrinsic/ ¥intrinsic , here taken as unity
(for XE > Xi , the critical height at a particular XI decreases); and
that the curves are relatively independent of changes in the core cut-off
radii. The Z dipole transition curves as calculated by both Seeger and
Wobser and Steeds are plotted in fig. 3.4. It can be seen that there is
some disagreement between the two sets of results although both predict

that H This disagreement has been explained by Steeds in

E-Z > HM-Z °
terms of the cutting procedure used in forming the dipoles when calculating

the energy.

An S faulted dipole may have values of A and H such that it lies
between the transition curves in fige 3.3. The E configuration then has
a lower energy and it is favourable for the dipole to unfault. However,
were this to occur, the dissocated dipole would initially be closer to the
equilibrium M configuration which still has a higher energy than the faulted
dipole. We therefore expect the M-S curve to represent the S faulted
dipoles with the largest H. In the case of Z dipoles no such argument
applies. Faulted dipoles lying between the transition curves will

probably unfault to the M form. Therefore we expect the M-Z curve to
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represent the Z faulted dipoles with the largest H.

The curves of figs. 3.2, 3;3 and 3.4 can be used to estimate X
in several ways. Values of H derived from experimental images may be
compared with the M-Z or M-S transition curves to give an upper limit on
the stacking-fault energy. This approach was employed by HHussermann
and Wilkens (1966) and Steeds (1967b). The difference between the M-Z
curves used in the two cases, as shown in fig. 3.4, is one reason for
the lack of agreement in their results for copper. (Their work is
discussed further in section 3.6). An alternative method is to estimate
A\ from experimental images. Then an upper limit can be set on ¥
directly from the equilibrium curves in the case of Z dipoles, and from
the M-S transition curve in the case of S dipoles. Such measurements
have been made from weak-beam images, and their interpretation is
described in sections 3.3 and 3.5. - The ideal approach would be to
determine H and A of the ‘same dipole. In the case of both S and Z dipoles
the value of ¥ would then be unambiguously defined from the equilibrium
curves, It should be possible to apply this method by using the weak-beam
technique and tilting the specimen through a large angle, but this has not
yet been attempted.

3e3 The weak-beam image contrast calculations

3e3e Weak-beam images at the (111) pole

Image profiles of faulted dipoles in copper were computed using

the many-beam dynamical equations with the column approximation (Howie and
Whelan 1961), equations (1.36), and an anisotropic strain field of the form
(2.36) with the elastic constants of pure copper given by Huntington (1958).
The atomic scattering factor was calculated using the analytic representation
of Smith and Burge (1962), and absorption effects were included by using a
straight-line approximation to the data given by Humphreys and Hirsch (1968).
The upward foil normal was taken as EYYO and the dislocation Burgers vectors

were as given in fig. 3.1. Calculations were performed for the electron

beam incident along [77T]and[372}directions (see fig. 3.1); hereafter
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referred to as (111) and (112) poles respectively.

Of the six {220} reflections at the (111) pole, two of these,
+ (230) , are parallel to the dipole line direction. Since all the
dislocations are pure edge in character, and they have a.[?1d] line
direction, there is no displacement in this direction and so g.R = O for
all the partials. No contrast is expected in these reflections. The
other two pairs, + (202) and i(02§), have identical g.R products and so
images were calculated in the plus and minus g pair 202 and 202. The

deviation parameter SS was 2.38.10“2 2-1

s satisfying the requirements that
[sg! > 2.1072 87" and that no reflection should be strongly excited, as
discussed by Cockayne (1972) and in Chapter 1. TFive-beam image profiles
were computed for a range of foil thickness from 2.0 to 2.2§g (E’g = 418 R).
This is a span of two effective eitinstion distances for the value of sg
chosen and so should display any relevant thickness dependence effects. The
general features of the contrast may be seen in fig. 3.5, which is an intensity
profile in + g from a Z dipole. The positions of the outer Shockley
partials, dislocations 1 and 4, are marked on the X, axis. The profiles

are in the form of two peaks, assocated with the Shockley dislocations, which
display inside-outside contrast behaviour. There is no contrast from the
outer stacking faults in these reflections, but the inclined fault can give
rise to stacking-fault fringes. It is not in general possible to
distinguish thése from the faint contrast due to the stair-rods. 1In the
inside contrast case (the (202)-type reflection) such contrast is
superimposed on that due to the Shockley partials, giving rise to two broad
intense peaks. Separate contrast from the central section is only visible
in dipoles of large height. No useful information can be deduced from the
relative intensity of the two peaks in fig. 3.5 since this effect depends
on the defect depth and the foil thickness. In the outside contrast case

(the (202)-type reflection) the peaks from the Shockley partials are

weaker, and again the relative intensity is dependent on depth and thickness.
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For dipoles of small height the central stacking-fault and stair-rod
contrast is generally weaker than the outer peaks and is often invisible.
As the height increases this central contrast can occasionally become
stronger than the outer peaks at certain defect depths and foil thicknesses,
and for dipoles of large height several fringes can occur. However, the
outer peaks from the Shockley partials are always distinguishable from such
effects. All these features are also displayed by S dipoles, except that
the two main peaks in either reflection can have a larger difference in
intensity than in the Z dipole case. It is unlikely that this feature
could be reliably used in practice to distinguish between the two
configurations. Images recorded in the (202)-type reflection (outside
contrast) are more useful in practice because of the greater ease and
accuracy in measuring wider peak séparations.

The object of the image computations is to derive a relation

between the observed peak Separation, & o s and AN s by systematically

bs
varying the size and shape £ the defect, its depth in the foil and the

foil thickness. The results of this process for Z dipoles are illustrated
in figs. 3.6, 3.7 and 3.8 where the displacements of the two peaks from the
positions of dislocations 1 and 4 are plotted against foil thickness.’

Fig. 3.6 shows the results for a faulted dipole with A = 478 H = 198
positioned at five depths in the range d = 1.0 1.1 Eg (the depth is
defined as that of the centre of the dipole). The peak positions vary

with thickness with a periodicity of the effective extinction distance,
~Q0e1 Eg « It can be seen that this is also the period of the depth
oscillationse. Fig. 3.7 investigates the effect of varying Hz . The six
curves are for faulted dipoles at a depth of d = 1.0 Eg y With Az = 33.5 R
and a range of Hz = 9,5 = 56.5 g . The spread in peak positions is greater
here and appears to vary with Hz with a periodicity of twice the effective

extinction distance. This is because the variations are essentially due

to the depth of the Shockley partials in the foil, and the wider spread
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reflects the fact that changing Hz at a fixed £§Z has a more complicated
effect on the image than simply changing the depth of a dipole of fixed
dimensions. Fig. 3.8 is for four faulted dipoles at depth d = 1.0 Eg
with different values of A , 0 the range 33 —> 60 & and H = 19—85 % .
In all three graphs it can be seen that one or other of the peaks can disappear
at certain thicknesses; however, this is unlikely to be noticed in practice
due to the averaging effect of the divergent incident beam (Holmes, Cockayne
and Ray 1974; Melander and Sandstrbm 1974; and see Chapter 4). To the
right of each set of curves have been drawn two dotted boundary lines.

These are the result of comparing all three graphs and represent the limits
outside which no peaks are expected to occur. From these we deduce that,
for Z dipoles in (202)-type reflections,

A=A - 10 + 11 R (3.4)

z Zz obs
If the value of H were known, then a set of curves such as fig. 3.6 would
provide a more useful relation with a different correction factor and
somewhat lower limits. When this information is not available, as is the
case here, all one can say is that ﬁlz lies in the range given by (3.4).
Fig. 3.9 displays the results of calculations on five S dipoles
with various combinations of the parameters £&s ’ Hs and d as follows:-
As=33—+602 . HS=19—+858 , d = 1,00 — 1,05 ‘gg. Again
estimates of the likely variations in peak positions have been made and the
value of Z&s déduced from (202)-type images is expected to lie in the range

A= D

5

ope = 3R (3.5)

332 Weak-beam images at the (112) pole

The reflection of interest here is 117 . As lg.bl = & for the
Shockley partials, the outer stacking faults now give contrast. When
imaged using the 111 reflection, the peaks from the Shockley dislocations
lie inside the stacking fault region and the resulting image is complex.
The 117 images, which display outside contrast, are thus mofe useful.

Preliminary six-beam calculations have been performed for this
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configuration with Sg = 2.3k, 1072 87 for one Z and S faulted dipole only.
These have the dimensions &) = A! = 48.58 and H! =H! =38 R . The
curves of peak position are shown in figs. 3.10 and 3.11 for four different
depths, d = 0.5 —>1.05 Eg . As can be seen, the occasional disappearance
of one or other of the peaks is far more common here than in the case of the
202 reflection. The effect of the incident beam divergence is unlikely to
prevent large variations in intensity. The expected range of peak positions

based on these initial computations is as follows:-

A'zzA'zobs-Gt6R (3.6)
At=ALr  -84+7.58 (3.7)
3.4 Experimental procedure

(111) slices of pure (Johnson-Matthey 99.998%) copper, spark-cut
from single crystals, were deformed by bending, and 3 mm discs cut from them.
Specimens were then prepared by a two-stage electropolishing process. Dishes
were formed in the discs by jet-polishing with a 15% by volume solution of
HNO3 in distilled water at 80 V with a current of 300 mA. Finally the foil

was thinned to perforation in a 33% by volume solution of HNO3 in methanol
at 3 V and a temperature of ~-60°C.

The specimens were studied in a Jeol JEM 100B operating at 100 kV.
Weak-beam micrographs of the defects were recorded in the six $220%

reflections at the (111) pole and in the $111} reflections at the (112),

(121) and (211) poles. The value of S for each reflection was estimated
from the position of Kikuchi bands in the diffraction pattern and was set as
near as possible to that used in the computations. This corresponded to
the Ewald sphere cutting the row of systematic reflections at 3.1g for the
$220% images and 6.5g for the 4111} images. Care was taken to ensure that
no reflection was strongly excited since this can introduce undesirable
thickness and depth oscillation effects (Cockayne 1972). Strong-beam
images from the incident beam were also recorded with sg small and

positive for the coupled beam.
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3.5 Results from the weak-beam observations

3.5.1 The weak-beam 1220% images

Numerous faulted dipoles of various size were observed, all
displaying similar features of contrast. The most relevant one for the
purpose of estimating the stacking-fault energy is that with the largest

A in 202 (or 022), and micrographs of this dipole taken under different

obs
diffraction conditions are shown in fig. 3.12. The experimental 5220}
images display the features predicted from the computations as discussed in
section 3.3. The 202 and 022 images have two relatively intense closely-
spaced peaks (these merged into one in observations of narrower dipoles).
The 202 and 022 images have two weaker but more widely separated peaks.
Inside these peaks one or two extremely faint peaks can occasionally be
seen. These are associated with the stair-rod dislocations and the central
stacking fault, and a suggestion of one such peak can be seen in the
theoretical profile of fig. 3.5. The separation of the Shockley peaks is
not constant along the length of the dipole; in several places the peaks
deviate from the straight-line configurgtion. Such deviations may be due
to discrete steps in the dipole height; The image at these points is
similar in appearance to those of jogs on dissociated dislocation ribbons
(Carter and Ray 1974, Carter unpublished). The 220 image, for which g is
parallel to the line of the dipole, shows no contrast as expected.

The average separation of the peaks in the (202)-type image, as
measured along the widest section where both peaks are reasonably straight,
is 70 R . It is not possible from such an image to say whether it is a 2
or an S dipole. Applying the relations (3.4) and (3.5) derived in section
3.3.1 gives the possible range of [Sz and ﬁks for the widest image of a

faulted dipole in copper observed under weak-beam conditions:

A

Z

60 + 11 & (3.8)

57 + 11 & (3.9)

A

s

These results can be used in conjunction with figse. 3.2 and 3.3 to derive



45
an upper limit on the stacking-fault energy. From fig. 3.2 relation
(3.8) gives for the Z dipole

nax(z) = 47 + 8 erg — (3.10)
This follows simply from the equilibrium curves and does not involve the
energy calculations. In the case of an S dipole it is assumed that a
faulted dipole cannot have a height greater than that given by the M-S
transition curve in fig. 3.3. Then (3.9) gives for the S dipole

¥ = 57 + 10 erg cn™2 (3.11)

max(s)

3.5.2 The weak-beam 1111} images

The weak-beam images in 171 and 111 are similar and narrow in
appearance. Occasionally two closely-spaced peaks may be observed. In
the 111 reflection, perpendicular to the dipole line direction, the image is
much wider and consists of two broad peaks which display large variations in
intensity. This is in agreement with the computer calculations of section
3.3.2 and the curves of figs. 3.10 and 3.11 where it can be seen that the
disappearance of one or both peaks is predicted for certain values of dipole
depth and foil thickness.

The average peak separation was measured over the same section of
the dipole as was used for the (202)-type images and found to be 70 g .
Applying the relations (3.6)and(3.7) gives the possible range in widths of

Z and S dipoles as
Al =64+ 6R (3.12)

Al =62 + 7.5 K (3.13)
It was stated in section 3.3.2 that these relations are only based on initial
computations for one size of faulted dipole and so should be applied with
caution. However, the calculations of the (202)-type images show that a
wide range of dipole widths and heights give rise to peaks with similar
behaviour. It is likely that this is also true for the 117 reflection, so
the results (3.12) and (3.13) are probably good approximations. Simple

geometry produces formulae for the height of Z and S dipoles with
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particular values of A and At as follows:-

HZ=B[A;-2_3@AZ] (3.14)
H =3 g_%z_ A - Aé] (3.15)

Substitution of (3.4), (3.5), (3.6) and (3.7) into (3.14) and (3.15) shows
that the possible errors in determining H by this method are very large.
This is because of the small angle ( 4/200) of tilt between the two poles;
the value of A is insensitive to small changes in H. However, (3.14) and

(3.15) give the maximum possible values of H in the worst case. These are

=718 (3.16)

Hmax(z)

=30 R (3.17)

Hmax(s)

We therefore conclude that the dipole in fig. 3.12 could not have been higher
than this, and may well have had a considerably lower value of H. Comparison

of H with fig. 3.3 and the result from (3.9) that lsmin(s> = 46 R

max(s)

shows that the maximum possible value of ¥ in the S case is reduced to

y = 36 erg cm2 (3.18)

max(s

This result is not now dependent on the energy calculations of the critical
height but only on the elasticity equilibrium calculations, as is the case

for ¥ given in (3.10) . Therefore this result for ¥ does
max(s)

max(z)

not depend on the assumed ratio of B'E/ KI (unless this was so high that the
M-S transition curve lay to the left of the point [Ss =46 R, Hs =30 R in

which case & would be reduced even further).

max(s)

3eDe3 Faulted dipoles in other orientations

The results obtained in this section from the weak-beam
micrographs in fig. 3.12 have been based on the camputed images of section
3.3 where it was assumed that the Shockley partial dislocations bounded
faults on the (111) plane (i.e. the foil plane). Another orientation of
faulted dipole is possible having the same line direction but in which the
Shockley partials bound faults on the (711) plane. It is not immediately

obvious in which orientation an observed dipole lies since in both cases the

dipole is invisible in the i(2§O) reflections and in eachcase the two
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images obtained in :(205) are identical to those obtained in i(02§) .
Images have been computed for 'inclined' dipoles with dimensions
in the range A = A _=U4-—>84% ,H =H_ =19—>65.58 . The
results indicate that the inside-outside contrast effect is small for the

inclined dipoles, the difference in £\o being < 10 & . This figure

bs
was found to be much larger in the computations of section 3.3. For
example, the profiles in fig. 3.5 have peak separations differing by ~25 R .
The fact that the value is smaller in the case of the inclined dipole may be
understood by noting that the Burgers vectors of the partial dislocations
then make relatively small angles with the direction of the electron beam

and hence g.b,u contrast effects are dominant in the image. The measured
difference is ~ 30 & for the dipole in fig. 3.12. It is therefore

concluded that this dipole is in fact of the type assumed in section 3.3.

3.6 Strong-beam images and their interpretation

3.641 Strong-beam $220% images

Previous studies of faulted dipoles in pure copper have used
conventional strong-beam imaging techniques (HYussermann and Wilkens 1966;
Steeds 1967b)e. In this section their results and interpretations are
compared, and the experimental and theoretical images obtained in the
present study are also discussed. The strong-beam S220% images shown in
fig. 3.12 display contrast effects typical of such images observed in this
investigation., ° Two intensity minima can be seen, whose width and intensity
vary considerably along éhe length of the dipole, and which are not sensitive
to the fine detail observed in the weak-beam images. The lines in the (202)-
type images are darker than those in the (205)-type images, and the latter
also tend to be asymmetrical, in that one of the lines is generally lighter
than the other. In view of these effects it is difficult to define a
meaningful image width (minima separation), but an approximate value for the
(202)-type images is 90 R . The widest image in copper obsérved by Steeds

(1967b) was 68 R , and 125 R was reported by Hdussermann and Wilkens (1966).
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From his calculations for Z dipoles at various depths in foils
of thickness t > 4 £, Steeds (1967b) found that the bright-field $220%

image width was related to H and independent of A for A £ H. (The

N2

line A =H lies just under his M-Z transition curve in fig. 3.2). Using

N2

this result and attributing his widest image to the transition configuration
he derived a value for the stacking-fault energy. This interpretation of
the image width differs from the weak-beam case discussed in section 3.3.1,

where it was shown that ﬁl() depends on A rather than on H . HYussermann

bs
and Wilkens (1966) did not observe separate minima in every case and in their
analysis preferred to use the half-width of the whole image. They calculated
half-widths and minima separations for transition configuration dipoles at a
depth of d = 0.25 E g in a foil of thickness t = 3 E g * From computations
for other dipoles they found that, at a given value of L y, dipoles of height
less than the transition height resulted in smaller minima separations and
half-widths, and that for dipoles lying at depths greater than d = O.4 E!S
the half-width was reduced by up to 20%. (Presumably the minima separation
is also reduced by a similar figure). Like Steeds, they concluded that the
widest possible image width would correspond to the transition confiéuration
dipole. Use of their analysis on a dipole which is not in the transition
configuration or is not close to the surface should underestimate the height
and so overestimate the stacking-fault energy. Values of & obtained in
this way are therefore to be regarded as upper limits.

The dipole in fig. 3.12 was selected for having the largest value
of A obs ID the (202)-type weak-beam image, and from the results of section
3.5 is probably not in the transition configuration. However, its bright-
field image width ( ~ 90 R) does lie between the previously reported widest
images of faulted dipoles in copper, 68 R and 125 8 . The high value of ¥

given by Steeds (1967b), 150 + 30 erg cm-z y must result from his not having

observed the widest possible image. The analysis of a bright-field image
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from the results of previous workers is uncertain because of two conflicting
effects. Firstly, the curve of HYussermann and Wilkens (1966) gives a
larger dipole height than that of Steeds (1967b) for the same image width.
For example, taking the widest reported image of 125 R s the two heights are
67 % and 61 8 . (This discrepancy increases with decreasing image width;
for an image width of 90 & the two heights are 32 .8 and 44 & . This effect
would become important for materials with smaller dipoles). Secondly, the
M-2Z transition curve of Seeger and Wobser (1966) gives a higher value of ¥
than that of Steeds (1967a) for the same height (see fig. 3.4). Taking
H=67 R gives ¥ = 73 and 51 erg cm-z ; H =61 R results in ¥ = 79 and 55
erg cm-2 « Therefore different values of ¥ arise depending on the analysis
used. In the present case this is mainly because of the differences in the
transition curves, but the relation between image width and dipole height
would become more important in other materials with smaller transition
dipoles.

The author's calculations suggest that the dependence of the image
on foil thickness is more complicated than previously thought, and that this
makes the analysis of strong-beam images even more difficult. To illustrate
this point, two-beam computed images for two Z dipoles in g = 1(205)‘are
shown in figs. 3.13 and 3.14% for different foil thicknesses and it
can be seen that the general features of the curves agree with the
experimental images in fig. 3.12 as described above. The dipole dimensions
approximately correspond to the Steeds M-Z transition configurations for

¥ = 40 erg em™ and ¥ = 100 erg cm~2 . At these thicknesses in both +g
the image width for the Klm)dipole is greater than that for the ¥ 100
dipole. However, there is a considerable overlap in widths; for example,
in fig. 3.13 the two widths for the ¥, dipole are 52 R and 118 R , whereas
those for the ¥ 100 dipole are 36 R and 90 8 . A similar overlap occurs

in the case of S dipoles. This shows that the image width of a dipole in

the critical configuration can vary considerably, so that even with careful
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averaging of observed widths along the length of the dipole it is difficult
to specify an accurate figure for use with either of the published curves.
Such effects may explain to some extent the large spread in reported maximum
widths of faulted dipole images in copper. It is possible that larger
variations in image width than would have been noted previously occur because
of the thinner foils used in the present calculations. These were chosen
to correspond with the order of thickness usual in weak-beam investigations,
and so are applicable to the strong-beam images obtained in this study.

It is concluded that in the case of these strong-beam images the
determination of the dipole height is susceptible to large errors because of
the substantial overlap in possible image widths from dipoles of greatly
differing dimensions. Such effects may also apply to strong-beam images in
thicker foils in which case the possible spread in the value of the stacking-
fault energy determined from the widest image is even larger than shown above.
It has been demonstrated that it is possible in the case of copper to obtain
an upper limit to the stacking-fault energy from weak-beam images (which are
relatively independent of depth and thickness effects) without reference to
the transition curves; such methods are therefore preferable to strong-beam
imaging techniques when studying faulted dipoles in this material.

3.6.2 Strong-beam $111% images

The strong-beam images taken in $111} reflections display contrast
effects analagous to the weak-beam case, in that the 171 and 111 images are
similar in appearance, narrow, and occasionally have two closely-spaced minima.
The 1171 image is wider and has two broad intensity minima whose width and
intensity vary along the length of the dipole. The average separation of
these lines is 106 & . This result is interesting in that Steeds (1967b)

did not observe two intensity minima in f1113 images in the case of copper,
but preferred such images in the case of silver and gold since their
interpretation does not involve the use of tramsition curves. Applying his

analysis gives )1 ax = 33,5 erg cm-z. Calculations of strong-beam 117 images
m
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have not been performed here, but it seems likely that the usefulness of

this result is limited because of large variations in the possible image

width, as is the case for {220§ reflections.

367

Summary and conclusions

Because of the many points covered in this chapter, it seems

preferable for the sake of clarity to present a summary and general

conclusions in note form.

(1)

(ii)

It has been shown that from $220} weak-beam images of faulted dipoles
in copper it is possible to determine the horizontal separation of the
Shockley partials to within a random error of + 11 R » Wwhich is caused
by the dependence of the image width on the depth of the dipole in the
foil, its height, and the foil thickness. Precise knowledge of the
dipole height would reduce this uncertainy in A,

Many faulted dipoles were studied under both weak-beam and strong-
beam conditions. The dipole with the widest (202)-type weak-beam
image was selected for detailed study and the width corresponded to

Az=6o:112,orAs=57:11R.

(iii) Equilibrium configurations of both Z and S faulted dipoles have been

(iv)

computed using the elastic constants of Huntington (1958) and the

anisotropic elasticity expressions of Stroh (1958) for infinite straight

dislocations. The value of ﬁ&z obtained from the (202)-type weak-beam
. -2

images gives the result Xmax(z) = 47 + 8 erg cm ~ from these curves.

The value of A when combined with these curves and the M-S transition
s

-2
curve of Steeds (1967a) gives & y = 57 + 10 erg cm .

max(s
Weak-beam 117 images enable a maximum limit to be set on the height
H of the dipole although the actual height could be much lower than
this. For the dipole studied here Hmax(z) =71 % and Hmax(s) =30 R .
It may be possible to obtain a precise figure for H as well as A by

tilting the specimen through a large angle. An exact value of ¥ |

rather than an upper limit,would result.



(v)

(vi)

52
The figure for the maximum height in the case of an S dipole sets a
new lower maximum limit on the stacking-fault energy when combined with

the minimum value of [&s . The new result is & y = 36 erg cm-z .

max(s
This result is now independent of the transition curve calculations, as

is Xmax(z) in (iii) above. The independence is an advantage since
previous authors' transition curves differ significantly (Seeger and
Wobser 1966; Steeds 1967a).

Previous studies of faulted dipoles in copper have disagreed on the
value of the transition heights (Seeger and Wobser 1966; Steeds 1967a),
and on the relationship between the strong-beam image width and dipole
height (HYussermann and Wilkens 1966; Steeds 1967b). A large range
of ¥ therefore results from possible interpretations of the same image.
The present calculations also éuggest that there is a wide overlap of
image width from dipoles of greatly different dimensions due to the
dependence of the imagé on foil thickness. It is concluded that the

determination of the stacking-fault energy from strong-beam images is

susceptible to large errors.

(vii) It is not possible to state for certain whether the dipole of fig. 3.12

was in the S or Z configuration. From the values for the upper 1limit on
the stacking-fault energy derived in the two cases it follows that, for

copper

'Kmax = 47 + 8 erg I .

(viii) The stacking-faulf energy of copper has been determined by Cockayne,

Jenkins and Ray (1971) and Stobbs and Sworn (1971) from weak-beam
observations of single dissociated dislocations and found to be 4 + 9

and 41 erg 05-2 , respectively. The elasticity calculations and the
displacement fields in the image computation used in these and the present
investigations assumed the dislocation cores to be singular. It has been
shown by Cockayne and Vitek (1974) that in the case of a dissociated

dislocation the use of a finite core width as opposed to a singular core
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can alter the value of ¥ derived from weak-beam images. As an
interaction of extended cores would involve different dislocations and
line orientations in the two types of defect, it is interesting to note
that, assuming singular cores, the upper limit for ¥ obtained here is
close to the values of ¥ derived in studies of dissociated dislocations.

(ix) The good agreement noted in (viii) suggests that weak-beam observations
of faulted dipoles may reliably be used to estimate the stacking-fault
energies of materials for which ¥ and the elastic constants are such that

the dissociation of single dislocations cannot be resolved with ease.






Figure 3.1 The geometry of Z and S faulted dipoles. The
dislocations all have the line direction [5101

which is into the paper.
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Figure 3.2 Equilibrium curves for Z faulted dipoles in copper
calculated using anisotropic elasticity with different
possible values of ¥ . The transition curves of

Steeds (1967a) are also shown.






Figure 3.3 Equilibrium curves for S faulted dipoles in copper
calculated using anisotropic elasticity with different
possible values of ¥ . The transition curves of

Steeds (1967a) are also shown.
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Figure 3.4 A comparison of transition curves for Z-faulted
dipoles in copper.

(1) BE-Z

}Seeger and Wobser (1966)
(2) M-Z

(3) E-2

}'Steeds (1967a)
(4) -M-2Z 9
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Figure 3.5 Computed weak-beam image profiles for a Z-faulted
dipole in +(202). H=0.045, A =0.112, d=1.0, and
122,115 (¥ =418 B). (1) to () indicate the
relative positions of the partial dislocations as

given in fig. 3.7.






Figure 3.6 The variations in the positions of the outer image
peaks with thickness. 2 dipole, g=202, A -o0.112,
H=0.045 Eg’ various d as marked:- y

(1) 1.000 Eg

(2) 1.025
(3)  1.050
(4) 1.075

(5) 1.100
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Figure 3.7 The variations in the positions of the outer image
peaks with thicknéss. Z dipole, g=202, & =0.08,
d=1.0 §g’ various H as marked:-

(1) 0.0226 Eg

(2) 0.0450
(3) 0.0676
(4)  0.0900
(5) 0.1126

(6) 0.,1352






Figure 3.8 The variations in the positions of the outer image
u peaks with thickness. 2 dipole, g=202, d=1.0 Eg,
various Aand H as markeds—
(1) A = 0,080 Eg H = 0.0450 Eg
(2) 0,112 0.0450
(3) 0.144 0.1466
(4) 0.144 0.2026
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Figure 3.9 The variations in the positions of the outer image
peaks with thickness. S dipole, g=202, various A,
H and d as markeds=

(1) A=0.080 F, K= 0.0 € a=1.00 Eg

g
(2) 0,080 0.090 1.00
(3) 0.112 0.045 1,00
(4) 0.112 0.045 1.05

(5) 0.144 0.2026 1.00
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Figure 3.10 The variations in the positions of the image peaks
with thickness at the (112) pole. 2 dipole, g=11T,
A'=0.2, H'=0,1556 \«Sg, various d as markeds..
(1)  o0.500 &
24
(2) 1.000
(3) 1.025

(4) 1.050
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Figure 3.11 The variations in the positions of the image peaks

with thickness at the (112) pole. S dipole, g=111,
A'=0.2, H'=0.1556 ég, various d as marked;-

(1) o0.500 &

&

(2) 1.000

(3)  1.025

(4) 1.050






Figure 3.12

Experimental images of a faulted dipole in copper taken

under different diffraction conditions. The images are

-displayed in pairs with the i¢wer micrograph that taken

under weak~-beam dark-field diffraction conditions and the
upper that taken under strong-beam bright-field diffraction
conditions. The diffraction vector for each pair is shown
on the bright-field image and 500 { scale markers are also
shown. The diffraction vectors are: (a) 022 (b) 022

(c) 202 (d) 202 (e)220 (£) 111 (g) 171 (n) 117 .
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Figure 3.13

202 computed bright field image profiles of two 2
faulted dipoles lying at depth d=1.0 Eg in foils of
various thicknesses. The dipoles approximately
correspond to the Steeds M-Z transition configurations
at ¥=40 and 100 erg cm-2.

PR t=1.92% (2) & s t=1.68ég (3) %, 1::1.92’1-‘g
(5 ¥, 00 t=1.68§g.
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Figure 3.14

202computed bright field image profiles of two Z
faulted dipoles lying at depth d=:1.0§g in foils of
various thicknesses. The dipoles approximately
correspond to the‘Steeds M-Z transition configurations
at ¥ =40 and 100 erg cm~2.

(5), s t=1.565 (6)¥, s t=2.085 (7)Y, t=1.568,
(S)XL,,Q’ ";:2.08§g .
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Weak-beam electron microscopy with divergent-beam illumination

Chapter 4. The effect of divergent-beam illumination on 55

weak-beam images

Chapter 5. Weak-beam images of single dislocations using 64

divergent illumination

Chapter 6. Weak-beam images of dissociated Frank loops 85

using divergent illumination
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4.1 Introduction

The theories of electron diffraction presented in Chapter 1
represented the incident electrons by a plane wave with a constant wave
vector k . It is important to consider if this assumption of a parallel
incident beam, and computed images based upon it, may not be misleading when
studying experimental images of specimens illuminated by a divergent beam,
since 1in practicg the illumination is always divergent to a certain extent.
This chapter discusses the factors controlling the magnitude of the
divergence, the measurement of the divergence, and the likely effects of
such illumination on weak-beam images. Chapter 5 presents calculations of
weak-beam images from dislocations (undissociated and dissociated) in pure
copper assuming a divergent beam. Chapter 6 describes experimental
observations of interstitial Frank loops in Cu - Al alloys, and it is shown
that the effect of the divergent beam is an essential factor in understanding
the images.

4,2 Divergent-beam illumincation in the electron microscope

b,2.1 The origin of the divergent beam

In an electron microscope with two condenser lenses, the first
lens forms a demagnified image of the beam crossover which is then projected
on to the specimen by the second lens. The purpose of this arrangement is
to reduce the area of the specimen being illuminated, which helps to prevent
contamination and charging problems. The relation between the divergence
of the beam at the specimen and the strength of the second condenser lens
follows from simple geometry and the application of the formula M = v/u (see
e.g. Grivet (1965) p.453). If we define

d = size of crossover image formed by C1

distance from crossover image to specimen

p =
(1 - k)p = distance from C2 to specimen
vV = 02 image distance
« = angular divergence at specimen (see fig. 4.1(a))
then = ( v)d. 1 = 4o (4e1)
kp/ p(1 -k) - v k(1 - k)p.1 - k

v
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where £, is the divergence which would result if C. were absent. It

2
appears that if the strength of C2 were such that v = (1 - k)p , then L— 0 ,

However, the C, aperture of diameter 2R limits the maximum value of d to

2

= 2R (4.2)
°Lmax T?jrigs-

The curve of d against 1/v resulting from (4.1) and (4.2) is plotted in
fig. 4.1(b). In standard texts on optics (e.g. Longhurst 1973 p.450) it is
shown that in a given optical system in which the transmission factor is unity
and the Abbé sine relation is obeyed, the ratio of current density to o(2
is a constant. Therefore in weak-beam work, where one instinctively adjusts
C2 for maximum intensity, most experiments will be performed with the
divergence « nax given by (4.2). The computation of divergent-beam images
requires knowledge of the distribution function I(k) , which is defined such
that I(k) dk = I(k) dkx dky is the probability that an incident electron has
x and y components of the wave vector in the range kx R kx + dkx and
ky ’ ky + dky . It is convenient to normalize this function so that

f1(0)ax = 1 (4.3)
The measurement of this function in a practical case is described in the
next section.

L,2.2 The intensity distribution in the divergent beam

The function I(k) was determined by recording a plate with the
intermediate lens adjusted to image the back focal plane of the objective
lens on the final screen. No specimen was present, but otherwise the
microscope (a JEM 100B operating at 100kV) was set to reproduce the
conditions usual in weak-beam experimentation, i.e. with L given by dLmax .
The purpose of this was to obtain an estimate of I(k) which could usefully
be applied in calculating images to compare with the author's experimental
micrographs. With the shortest possible exposure, the density of the
recorded spot was very great, but this problem was alleviated by using

slower plates (Ilford EMS5) and the largest available camera length. The

angular divergence <« nax determined by the 02 aperture was measured by
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comparing the size of the spot with the diffraction pattern from a specimen

of known lattice constant and found to be

A~ 2.5.107 radians (o)

The variation in intensity within the spot was measured by a
Joyce-Loebl microdensitometer. This stage requires a consideration of the
response of photographic plates to electrons, which has been reviewed by
Valentine (1966). The plate 'emulsion' is a suspensicn of approximately
spherical crystals of a silver halide (usually Ag Br) , ~v 0. to lp y in
gelatin. In the electron microscope, only one electron is required to form
tiny clusters of silver atoms in a crystal (the latent image). The
developer can, given time, reduce all the crystals to grains of metallic
silver; however, the silver atoms in the affected crystals act as catalysts

and cause these to be rapidly converted. The microdensitometer gives a

linear measurement of the optical density D defined by

"D = l.og,lo (":If) (4.5)

where T is the fraction of incident light transmitted by the plate. The
fraction F of all crystals hit at least once is given by Poisson's Law as
F=1- exp(~EA) (4.6)
where A is the mean cross-sectional area of a crystal
E is the number of electrons per unit area(exposure)
The relation between T and F is then

ln(%_) = A'FN (4.7)

where A' is the mean opaque area of a developed grain
Combining (4.5), (4.6) and (4.7) gives
D=D(1- exp(-EA)) (4.8)

where D = A'N is the saturation density.
s ————
23

For small values of E, (4.8) reduces to the linear law D = DSAE . In any
one exposed plate of the beam spot, the exposure E at a particular point

corresponding to the wave vector k will be directly proportional to I(k) .
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Some care is needed when applying (4.8) to very high values of

D , since the resulting density is then sensitive to the exact development
conditions. For this reason a calibration set of plates was exposed and
then developed in the same rack as the test plate to ensure uniformity of
development. Initially the denser plates displayed an asymmetry whereby
the edge nearest the bottom of the tank was lighter than that near the top.
This problem was satisfactorily overcome by repeating the experiment and
developing in a tank with an automatic 'nitrogen-burst' agitation facility.
The result is displayed in fig. 4.2. The curve is of the form predicted
theoretically in (4.8). The density marked D

M

measured on the beam spot plate. Although well into the non-linear region,

corresponds to the maximum

the existence of densities much greater than this shows that no problem was
encountered with saturation.

Previous calculations of divergent-beam images have tended to
assume a Gaussian form for I(k) (Lynch and O'Keefe 1972; Howie, Krivanek
and Rudee 1973; Melander and Sandstr8m 1974), but when the beam crossover
image is focussed on the specimen plane a top-hat function is more
reasonable, This is confirmed by the microdensitometer trace which was
constant at DM for over 90% of the spot width. It was therefore decided
to represent I(E) at the mean value of ky as a constant over the whole range
of kx . Consequently, references to a specific divergence angle will
henceforth imply an I(k) distribution of this form. Reasonable agreement
should be obtained between images computed in this manner and those using

other forms of the function with equivalent half-widths.

4,3 The calculation of divergent-beam images

If ﬂﬁg(g,z) is the amplitude in beam g in a column at depth 2z
calculated assuming a parallel incident beam of wave vector k , then the

resultant intensity due to a divergent beam is

2 2
g, (4.2)|% = H|¢S(5_,z)l I(e) di dk (4.9)
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The intensities, and not the amplitudes, have been superimposed in (4.9)
since the source is effectively inconerent; any two electrons with different
wave vectors k cannot interfere with each other (Lenz 1965). This method
of calculating divergent-beam images has been proposed for stacking faults
(Wnhelan and Hirsch 1957) and dislocations (Hirsch, Howie and Whelan 1960).
It has been applied to images of lattice fringes (Lynch and O'Keefe 1972),
amorphous materials (Howie, Krivanek and Rudee 1973), and to weak-beam
images of di515cations (Holmes, Cockayne and Ray 1974 ; Melander and
Sandstr8m 1974). In practice the integral of (4.9) may be approximated by
a sum over a finite number of calculations for different kx s Where the x
axis is along the line of g (¢g(£,z) is independent of ky). Five to ten
terms in this summation is probably a reasonable compromise between the
requirements of accuracy and time of computation. Adding the results of
several calculations in this manner is equivalent to assuming that the beam
spot is rectangular; naturally it should be a circle, and comparison of
the half-widths of the two cases shows that to simulate the effect of a
round spot of divergence o s the square spot calculations should cover a

range of 0.87 .

bob The effect of divergent—beam illumination

The intensity and position of a weak~beam peak vary as a function
of foil thickness, defect depth, and deviation parameter s. The intensity
oscillations have a periodicity with foil thickness and defect depth given
by the effective extinction distance, (1.42). Examples of the oscillations
have been seen in figs. 3.6 to 3.11. If we now consider the illumination
to be divergent, there is a spread in the value of s given by

As = g (4.10)

and the image profile may be calculated from (4.9). Such an averaging
process should reduce the effect of depth and thickness variations in the
image. The spread in s values corresponds to a spread in effective

extinction distances, so that a defect may be considered to lie at a range
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of 'effective depths' below the surface. For a depth d, and a range of
. : . . w! W
effective extinction distances E;g —> E y» the range of effective
depths will be greater than half a period if
d('l -1)}%

»y! W
!58 ‘ES

Qs
We might expect depth oscillations to be greatly reduced if (4.11) is

¢ () (1)

satisfied. This argument was first proposed by Jenkins (1973). For a
{220§ reflection in copper, and using o max from (4.4), (4.10) and (4.11)
give
d > 250 R (4.12)

An equivalent result can be obtained from the kinematical theory
amplitude-phase diagram, fig. 1.5(b). The extreme values of s correspond
to two separate diagrams, the circles of which have different radii and whose
centres are slightly displaced. Considering the initial circles, the
diagrams unwind significantly from them at points corresponding to the same

depth, d Then the starting points on these circles will be displaced

1 [ J
from one another by at least half a mean revolution if

2nd (As) 2 T ' (4.13)
The above analysis will only apply if the dislocation is at a depth greater

than d, ; .. d 2>d

; , or, from (4.13),

d)%(_g_s_) (4.14)

1

which is identical to (4.11). The interesting point here is that the same
argument clearly applies when considering the distance of the defect from
the bottom of the foil. This is not so easy to see on the method of
Jenkins. The kinematical theory approach suggests that both thickness and
depth oscillations are averaged out as long as the defect does not approach
either surface nearer than d , (4.14).

The averaging effect should also reduce the oscillations of the

peak position, and slightly increase the peak half-width. However, the
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spread in s considered so far is only sufficient to remove oscillations with
the periodicity of the effective extinstion distance. Saldin (unpublished,
reported in Cockayne 1973) has shown that in many-beam computations of
weak-beam peak positions, oscillations with a periodicity much greater
than E:; may occur, corresponding to beating between Bloch waves on other
branches of the dispersion surface. In such cases a much larger value of
As would be needed to remove all variation in peak position, although the
smaller periodicity oscillations should be effectively damped.

4,5 The importance of the divergent beam effect

Section 4.4 argued that the value of beam divergence normally
used in weak-beam microscopy is sufficient to effectively dampen intensity
oscillations and peak position variation with depth énd thickness, for
dislocations a certain critical distance from the foil surfaces. An example
of the removal of intensity oscillations by focussing the beam is given in
fig. 4.3. Fig.4.3(a) is a conventional weak-beam image of a dissociated
dislocation in silicon using a fully divergent beam, and an exposure time
of 16 secs. Fig. 4.3(b) was taken with an almost parallel beam, obtained
by reducing the strength of C, (see: fig. 4.1(b)). The exposure time was
10 mins. Intensity oscillations are much more apparent along the length
of the dislocation, and the background thickness fringes are now visible
as well. It is clear that in normal weak-beam imaging these effects are
suppressed.

In many cases this is a beneficial result. For example, Chapter 6
shows that in the computation of images of large Frank loops in Cu-Al alloys,
the divergent beam effect alters the character of the images significantly,
and greatly simplifies the interpretation of experimental micrographs.

Again, the calculations of HHussermann, Katerbau, Rilhle and Wilkens (1973)
for images of small ( < 50 X) point-defect clusters suggested that the
image geometry and intensity were greatly influenced by foil thickness

and defect depth; in some cases the image was invisible. They concluded
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that this could cause errors in the weak-beam determination of defect
numbers and size-density counts. However, the experimental results of
Jenkins (1973) in heavy-ion irradiated copper indicated that the appearance
of very small defects did not change significantly with a different value
of s. Further calculations including a finite beam divergence may show

that the images of such defects not close to the surfaces are relatively

insensitive to s, depth and thickness.
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Figure 4.1(a) Specimen illumination with divergence AL .

Figure 4.1(b) The variation of L with the strength of the second

condenser lens.
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Figure 4.2 Calibration curve of optical density D against

exposure E (arbitrary units) for Ilford EMS

plates.






Figure 4.3 The smoothing of intensity oscillations by the

divergent-beam effect for a dislocation in silicon.
(a) fully-divergent beam, exposure time 16 secs.

(b) 'parallel' beam, exposure time 10 mins.
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5e1 Introduction

InChapter 4 it was shown, from an argument based on the
kinemtatical theory amplitude-phase diagram, that the images of defects
formed from a divergent beam of incident electrons should not display
large depth and thickness oscillation effects if the defect is greater
than a certain critical distance from either foil surface, the exact value
of the distance depending on the size of the divergence, Five-beam
images, computed as outlined in section 4.3, are presented in this
chapter to demonstrate the validity of that hypothesis. Both
undissociated and dissociated dislocations in the edge and screw
orientations have been considered and the calculations used the various
parameters for pure copper described in section 3.3%.1. Three values
of beam divergence have been used as follows:-

(¢) Zero, at a value of the deviation parameter s = 2.5.10.2 g1 ,
hereafter called the parallel beam.

(ii) 1.1.10° radians, hereafter called the semi-divergent bean.

(iii) 2.2.,107° radians, hereafter called the fully-divergent beam.

In cases (ii) and (iii) the range in s values was symmetrical about

the parallel-beam value of s = 2.5.10-2 2-1 « When due allowance has

been made for the factor of 0.87 relating the effects of a square and

round beam spot (as discussed in section 4.3), the fully-divergent beam

case approximately corresponds to the experimentally determined value of

oA o = 2.5.’10'-3 radians (4.4).

The chapter concludes with an analysis based on these
computations of the author's experimental observations of dissociated
dislocations in copper, and a discussion on the determination of
stacking-fault energies by this approach.

5.2 Calculated images of undissociated dislocations

5.2 The screw dislocation

For these computations the dislocation line was taken along
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[3101 , the upward foil normal was [ﬁ1i] y the Burgers vector was.§[71dj
and the reflection used was 220 y so that g.b =2 . The dislocation was
placed at two different depths in the foil, d = 1.00 and 1.C5»Eg y and
results obtained for a range of thicknesses t = 1.00 to 2.00§g( Eg = 418 R).
The image peak intensity is plotted against thickness for the two depths
in figs. 5.1(a) and (b). The three curves in each figure correspond to
the three values of beam divergence used. Because of the equal weighting
procedure used in the computations when adding the results for different
values of s , the final images represent the experimental case of having the
second condenser lens fully focussed and varying the size of the second
condenser aperture. The relative intensities in the three curves are thus
misleading since in the fully-divergent beam case far more electrons
contribute to the image, and so (for example) the fully-divergent images
represented in fig. 5.1(b) should always be brighter than the other two
images. However, the important parameter affecting the visibility of any
defect whose image displays regular intensity oscillations of this type 1is

the ratio of the spread in intensity to the average intensity, AI . It

I
av

is the increase in this which causes the dislocation image in fig. 4.3(b)
to appear more dotted than in fig. 4.3(a). This parameter may be most
conveniently compared if the images are calculated as outlined above and the
results plotted as in figs. 5.1(a) and (b).

It can be seen that in all cases the intensity oscillations have
a periodicity with thickness of the effective extinction distance, -~ 0.1 Eg'
These oscillations are superimposed on another variation with a much larger
wavelength, ™~ 0.7 Eg , an effect which has been noted previously by Saldin
in calculations of weak-beam image peak positions (unpublished, reported in
Cockayne 1973). As discussed in section L.4, such large wavelength
phenomena are only expected to be damped by a normal value of beam

divergence in very thick crystals. The value of the critical distance in

the fully-divergent beam case is given by (4.11) as 0.7 Eg . The
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dislocation depths applicable to figs. 5.1(a) and (b) are both greater
than this, and so section 4.4 predicts effective damping of both depth and
thickness oscillation effects if the foil thickness is more than ~ 1.7 E g
(0.7 & " below the dislocation). It can be seen that from this thickness

onwards the value of &1 -is rapidly reduced in the fully-divergent beam

av
case.

In the semi-divergent beam case the critical distance is 1.4 E;g s
so the depth of the dislocation does not now satisfy (4.11). This means
that depth oscillations can not be effectively damped by the divergent beam
effect, but thickness oscillations should be removed if the bottom of the

foil is more than 1.4 §g below the dislocation, which means a foil

thickness of ~ 2.k g g here. Therefore little change in AT is expected

I
av

for the range of foil thicknesses plotted, and it can be seen in figs. 5.1(a)
and (b) that any reductioq is much smaller than in the fully-divergent beam
calculations.

The effect of varying the dislocation depth may most easily be
seen in fig. 5.2(a) where the curves from figs. 5.1(a) and (b) for the
parallel and fully-divergent beam cases have been superimposed. Al?hough
the comparison of intensities from calculations assuming different values of
beam divergence is not meaningful for the reasons given above, one can of
course compare different computations which assume the same value of the
divergence. Fig. 5.2(a) shows that varying the dislocation depth with a
parallel beam has a large effect on the resulting intensities, but with the
fully-divergent beam, and thicknesses satisfying (4.11), there is little
change in the peak intensities. It is concluded from figs. 5.1 and 5.2(a)
that the predictions of Chapter 4 concerning the dependence of the image peak
intensity on defect depth and foil thickness when the illuminating beam of

electrons has a finite divergence are confirmed by computed images of an

undissociated screw dislocation.
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It is reasonable to expect that some averaging of the image
peak position will also occur with divergent illumination. Fig. 5.2(b)
snows the variation of peak position with thickness for both the parallel
and fully-divergent beam conditions with the disloaction at the two depths

d = 1.0 and 1.05 E.g . The defect is positioned at X, = 0.075 E g+ The

1
large wavelength oscillation is more in evidence here than in the curves of
peak intensity. In the fully-divergent beam calculation for thicknesses

t } 1.7 Eg it-: can again be seen that the variations are damped and that
the deviation of the peak position from the defect is tending to a constant
value irrespective of depth and thickness. Dotted boundary lines have been
drawn in the manner of Chapter 3 to define the range of expected peak
positions with fully-divergent illumination and so derive an average
correction factor and error limits. The mean peak position is marked on
the X, axis by the arrow Xc . This is ~12 { from the position of the

1

dislocation, X, , and the actual peak position varies about this point by

d
+ 55 R . We therefore obtain for the peak position with fully-divergent
illumination at s = .2.5.‘10”2 g1 .

X, = Xy =12 + 5.5 & (5.1)
It can be seen that the random error would have been somewhat larger if
the parallel beam calculations had been used. Two approximate criteria for
predicting the position of a weak-beam peak were discussed in section 1.5.3 ;
Xw from (1.81) (Cockayne, Ray and Whelan 1969), and Xk from the kinematical
theory (Hirsch, Howie and Whelan 1960). These give the deviation of the
image peak from the dislocation as 12.5 R and 6.5 R respectively in the

present case. They are marked on the X1 axis in fig. 5.2(b). It can be
seen that the average position Xc derived from the calculations is much
nearer to Xw than to Xk .

Although the curve of peak position is tending to a fixed value
in fig. 5.2(b), this does not enable the error limits in (5.1) to be

reduced when analysing an experimental micrograph unless the dislocation
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depth and foil thickness are known reasonably accurately; and unless
several different micrographs of the defect of interest were obtained (eege
stereo pairs), this information is not available. Alternatively, it is

possible, in theory, to associate a particular value of A1 from figs.5.1
I

av
or 5.2(a) with the stabilization of peak position in fig. 5.2(b), but this
would be a very difficult procedure in practice. In any case, the precise
position of an isolated dislocation is only of limited interest, but these
points will become important when considering dissociated dislocations in

section 5.3.

S5e2¢2 The edge dislocation

Similar calculations have been performed for the case of a pure
edge dislocation with Burgers vector b = 9_[710] y line direction u = C’I'lé],
and g = 220 . Curves of peak intensity ire plotted against foil thickness
in figs. 5.3 and 5.4(a), and of the variations in peak position in fig. 5.4(b).
The various beam divergence$¢ and dislocation depths all have the same
values as for the screw dislocation case plotted in figs. 5.1 and 5.2.

These curves provide further confirmation of the predictions in Chapter 4

and of (4.11) since in the fully-divergent case AI is effectively damped
T :

av
from t ~ 1.7 E'g onwards. Fig. 5.4(a) again demonstrates the little
effect that changing the depth has for foil thicknesses greater than this.
In fig. 5.4(b) it can be seen that the oscillations of periodicity ~ 0.1 EE%
in the peak position are much less noticeable for the edge dislocation than
was the case for the screw and the larger wavelength effect is dominant.
However, varying the defect depth generally has a smaller effect on the peak
position with the fully-divergent beam, and at the larger thicknesses the
positions at the two depths are converging. The dislocation is placed at
X‘1 = 0,055 Eg . The mean image peak position is Xc = 00,0055 Eg y OT

~21 & from the defect. The approximate criteria for the peak position

give Xk = Xd - 13 % and Xw = X, - 22 R , and these are marked on the X

a 1
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axis. Again the prediction of (1.81), Xw’ is much nearer to the
calculated mean Xc than is Xk . From these computations we obtain for

the edge dislocation

X, =X -21+51% (5.2)
5.3 Calculated images of dissociated dislocations
5¢3e1 Shockley partials in the face-centred cubic lattice

The energy of a dislocation is proportional to the product of
the line lengtﬂ and the square of the Burgers vector. In the face-centred
cubic lattice an energy reduction is possible if a normal dislocation
dissociates into two Shockley partials in the following manner:-

_;_[T'\O]—B» %[21‘0 +%E—l'2"ﬂ (5.3)

The partial dislocations bound a ribbon of stacking fault. Faults can

be formed either by removing a plane of atoms to form the intrinsic fault
sequence ABCBCAB , or by inserting a plane and forming the extrinsic fault
ABCBABC . With Shockley partials these stacking sequences can be created
by shearing processes rather than by inserting or removing material.
~Given a particular orientation of the crystal, line direction and Burgers
vectors of the partials, the nature of the fault formed depends on the
order of the dislocations, i.e. on which partial is 'on the left'. ;In
the notation of the Thompson tetrahedron (Thompson 1953) we have the rule
that for the intrinsic fault the Greek-Roman partial should be on the left
when viewed from outside the tetrahedron and looking along the line. The
opposite order theoretically results in the stacking sequence ABCCABC ,
and although it contains the forbidden CC sequence, this order of the
partials is often used to represent the extrinsic fault arrangement of two
intrinsic faults on two successive planes since the stacking is identical
away from the fault plane itself. Therefore if the right hand side of

(5.3) represents the position of the partials in an intrinsic fault, the

same dislocation with the opposite order of the partials

alid - afetl « alend (5.4)
2 6 6
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gives the same stacking sequence away from the fault plane as the

extrinsic arrangement of the two intrinsic dissociations

a[000] = a[113] + 2 [i72]
2 6 6 (5.5)

and  ali1d — a1 + aff2i]
2 6 6

on adjacent planes. In most practical observations the system of (5.5)
would be indistinguishable from that of (5.4), so it is usual to consider
only (5.3) and (5.4), calling the latter the extrinsic fault arrangement,
although this is not strictly correct. This simplifies matters
considerably in calculations, and is only invalid in cases where the
dissociation width is not much greater than the plane spacing, or s is so
high that the weak-beam image peaks come from regions of the crystal which
are very close to the defect cores.

In experimental work it is usually necessary to differentiate
between intrinsic and extrinsic faults, and this is possible if the line
and sense of each partial Burgers vector is known, For a particular
dissociation with Burgers vector b , one +g pair of the six ié2d}
reflections at the (111) pole is such that lg.bl = 2 , and that for each
partial |g,§p| =1 . In the other four reflections IE,QJ =1, and
lg,§p|= 1 for one partial and lg,épl: O for the other. In all these cases
the central stacking fault will be out of contrast since g.R is an integer.
Assuming isotropic elasticity, in the Ig,gplz O cases g.R for this partial
is also zero and therefore only one peak is expected in the Ighgl =1
images. However, g.R is not zero in anisotropic elasticity and some
weak diffuse contrast is predicted by computation (Stobbs and Sworn 1971),
but the 'Efép,z 1 peak can easily be recognized. Two relatively strong
peaks are expected in the 'S:EJ = 2 cases and these images are normally
used when investigating partial separations. However, all three + 5220}

images are usually needed if the fault nature is to be determined. This

is done in the following manner:-
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(i) Assign a positive sense to the dislocation line direction.

(ii) From the diffraction pattern and the microscope rotation calibration
draw the g vector on the micrograph.

(iii) Obtain the sense of the tctal Burgers vector by noting the positions
of the partial dislocation peaks in the +g micrographs and the sign of
s from the diffraction patterns. This is often the most difficult step
because of the uniform background of weak-beam pictures. The peak for
either partial occurs on that side of the defect core for which the strain
field rotates the lattice planes into the Bragg position.

(iv) From the |g.b| = 1 images determine the line of each partial Burgers
vector.

(v) By noting the sense of rotation required to tilt the crystal to
another pole the orientation of the Thompson tetrahedron may be deduced.
This information together with the line direction and Burgers vectors of
the Shockley partials enables the fault to be defined unambiguously.

5342 Dissociated dislocation image symmetry

When imaging a dissociated dislocation whose Burgers vector is
such that ‘E&E‘ = 2 , there are eight possible arrangements of partial
Burgers vectors, partial dislocation position, and sign of the g vector to
consider. Fortunately, in both isotropic and anisotropic elasticity theory
(see (2.21) and (2.36)) the strain field is linearly related to the Burgers
vector components and so reversing the sign of b gives the same g.R product
as reversing the sign of’g.. This means that in the general anisotropic
case there are four different images to consider. These images are
represented symbolically in fig. 5.5(a) where a letter is used on either
side of the particular dislocation arrangement to represent a certain value
of the g.R product. The values of the letters are related by A = -C ,

B = =D , E=z -G and F = -H . Isotropic elasticity permits a
simplification of this since the Burgers vectors are all in £he same plane

as g » This gives the additional relations E=-B , F = -A and the result
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is shown in fig. 5.5(b). It can be seen that in the general isotropic
case there are only two essentially different images, the other two being
related to these by reflection about the mid-point of dissociation. In
the special case of g.b, = g.b, , g.b, = g.b;, (Ene is the edge component
of the Burgers vector of partial dislocation n) i.e. a dissociated screw or
edge dislocation, the additional relations E = A and F = B also apply,
giving the images of fig. 5.5(c). For the dissociated edge or screw
dislocation thére is only one possible value of the image peak separation
when assuming isotropic elasticity. These conclusions may also be reached
from the criterion of (1.81), which predicts for the observed image width

A obs at a particular partial dissociation A

A s = [(A+ (a - b)) + _.'i% (5.6)

where a = - s /(g_. (b + b,y )
2T 2(1 - V;

and b - sg/(g_. (_b_2 + 22e ))
27 2(1 -v)

(Cockayne, Ray and Whelan 1969; Cockayne 1970; Cockayne, Jenkins and

Ray 1971). Because of the (a - b) term in (5.6) , Zﬁbbs will have two
different values depending on the ofder of the partial dislocations or the
sign of g except in the special case a = b, exactly as indicated by figs.
5.5(b) and (c). A study of fig. 5.5(b) shows that, in the isotropic
approximation, whatever the order of the partial dislocations and sign of
the total Burgers vector may be, a dissociated dislocation of a particular
character can give rise to either of the two possible image separations by
using +g . Therefore only one geometrical arrangement need be considered
when computing images and the results can be compared to the experimental
micrograph with the correct sign of g . Clearly it is advantageous to
use the images which give the wider separations, and the necessary geometry
for this may be deduced from (5.6).

When images are computed using anisotropic elasticity ( as is the

case for all the images presented in this thesis), this simple matching
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procedure is not valid. Fig. 5.5(a) shows that a dissociated dislocation
of mixed character gives rise to four different images depending cn the
order of the partials, the sign of the total Burgers vector and the sign of
g . Some simplification of this state of affairs occurs in the case of the
dissociated screw and edge dislocations whose g.R products are as indicated
in figs. 5.5(d) and (e) respectively. Although both these cases can give
two essentially different images, there is a significant difference in the
symmetries involved. In the screw case, a dislocation which gives the
image AB in +g will give the image CD in -g ; this is therefore analagous
to the mixed character dislocation in the isotropic case where only one
set of computations is needed to match the micrograph taken with the correct
sign of g « In the edge case, fig. 5.5(e), reversing the sign of g gives
essentially the same image; two sets of computations are needed to analyse
correctly all possible arrangements of the dissociated edge dislocation.

The degree of importance of these differences in C%bs will depend
on the anisotropy of the material concerned, but is likely to be significant
in the case of copper for which (2.11) gives the anisotropy factor A as 3.21.
The two values of A giving a Aobs of 30 ® in the case of a 300 dislocation
using the isotropic criterion (5.6) are 23 and 29 R when Sg = 2.5.10*2 2.
Similar differences could easily arise in the various image widths produced
by anisotropic materials; when estimating the stacking-fault energy of
copper from the splitting of edge dislocations, an error of 6 & in the
interpretation could change the result from¥= 40 erg em™® to 8= 48 erg cm ™.
Anisotropic displacement fields have been used in image computations of
dissociated dislocations in copper by Stobbs and Sworn (1971) but it is not
obvious from their paper that the possibility of different image widths as
predicted by figs. 5.5(a), (d) and (e) was considered. For this reason it
was thought desirable to check the anaiysis using the author's own
experimental observations and the computed images allowing for the divergent

beam effect and assuming anisotropic elasticity to be presented in sections
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5¢3%.3 and 5.3.4. Calculations of this sort are very expensive in terms
of computer time and so far it has only been possible to consider one
arrangement of the partial dislocations and two separations for both the
edge and screw orientations. Because of fig. 5.5(e) this means that some
of the micrographs of near-edge orientation dislocations could not be
included in the analysis. However, as a large number of dislocations

of this character were observed, this was not felt to be a problem.

The éroperties of images of single dislocations assuming
anisotropy may also be deduced from figs. 5.5(a), (d) and (e) by merging
the two partials and equating g.R products for geometries which are now
equivalent. It can then be seen from fig. 5.5(d) that reversing g for the
two possible screw dislocations still gives a different image, whereas
fig. 5.5(e) shows that all images of undissociated edge dislocations are
essentially identical. Therefore the results for the screw dislocation
presented in section 5.2.71 only apply to the geometry described there with
g = 220 ; changing g to 220 or reversing the Burgers vector would alter (5.1).

5e¢3%e3 The screw dislocation

The calculations for dissociated screw dislocations assumed the
upward foil normal to be [31i] sy the line direction [?10] s the Burgers
vector of partial 1 (on the left when looking from above the foil and along

the line) was a[§1i], that of partial 2 was_g[?2ﬁ] , and the reflection used
6

was 220 . The dislocations were again placed at depths d = 1.00 or 1.05 E’g
in a foil of thickness 1.0 to 2.0 E’g , and computations performed for the
parallel and fully-divergent beam cases. The results for a dissociation

of 10.5 R are shown in fig. 5.6 where the two peak positions are plotted
against foil thickness; the dislocation positions are marked on the X1 axis,
It has been found in the vast majority of computations that the image peak
which lies between the two partials is weaker than the other; an example

of this can be seen in fig. 2 of Cockayne (1972). (One of the few cases
where this is not so was the profile givgn in Cockayne, Ray and Whelan (1969)).

Stobbs and Sworn (1971) found in their work that this weaker peak was
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invisible for a partial separation of 10 X . It is therefore hardly
surprising that in fig. 5.6 this peak often vanishes, as can be seen from
the gaps in the curves of peak position. The fully-divergent beam cases
do not show any significant improvement in this. However, the peak is
present in enough cases for an average peak position to be defined, and
this is marked on the X1 axis by XC . The curves for the second peak are
much better behaved and are similar in many respects to those of fig.5.2(b)
for the undissociated screw dislocation. Yet again the variations are
rapidly damped in the fully-divergent beam case from a thickness of ~ 1.7 E;g
onwards as predicted by (4.11). The relation between A and Aob for

S

this case is

A = Aobs - 4.5 +8 1R (5.7)

Fig. 5.7 shows the curves for the wider dissociation of A= 21 2 .

With the fully-divergent beam the weaker peak is visible in every case
considered, but with the barallel beanm this peak cannot be detected for
about 50% of the foil thicknesses used when the depth is 1.05 £ g ° This
shows that the divergent beam effect is of importance in those cases of
medium to small dissociation for which parallel beam calculations suggest
that resolution of both partials is often not possible. The relation
between A and Aobs for this case is

A=A_ _-354+8R (5.8)

5.3.4 The edge dislocation

The line direcéion chosen for the dissociated edge dislocation
was [11§J , but in all other respects the geometry was similar to that
employed in the dissociated screw computations above. Again two values
of A were used. The results for the first, A =348 , are shown in

fig. 5.8. The image correction derived from this figure is

A=A -9+78 (5.9)

The other dissociation considered was A = 59 R , and the results of

these calculations are plotted in fig. 5.9. This gives the relation
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A=A _-6+71% (5.10)
It is interesting to note that in both these configurations and in the
screw dissociation of 21 & the weaker peak did not exist for most of the
thicknesses considered ‘at the depth d = 1,05 Eig when assuming a parallel
beam. This is an extreme example of intensity oscillation dependent on
depth since the peak for d = 1.00 § 2 does not exhibit this behaviour.
This depth effect is completely eliminated with the fully-divergent beam
as may be seen in figs. 5.7, 5.8 and 5.9; this provides further
confirmation of (4.11).

In all these graphs the peak positions as predicted by (1.81)
have been indicated by the arrows Xw . The distance between these as
given by (5.6) is in fact never in disagreement by more than 3 R with the
separation deduced from the arrows Xc s although this may not be the case
with the other dissociation geometries. This supports the conclusion of
Stobbs and Sworn (1971) that Aobs computed using anisotropy agrees with
(5.6) to within 10% at D= 40 & , but their criticism that the positions
of the individual peaks as given by (1.81) are in poor agreement with the
computed profiles (e.g. 15 R error for A = 4o R) is not found to be
correct in the present calculations as may be seen by comparing the °
arrows Xc and Xw in figs. 5.6 to 5.9, where the greatest error is about
5 R . Although their program did not assume the column approximation
(see section 1.2.3), this is not thought to make significant changes in
weak-beam images if the g(3g) diffraction conditions, rather than g(g) ,
are used (Howie and Sworn 1970), which is the case here.

S.b The analysis of experimental images of dissociated dislocations

in copper

This section applies the results of section 5.3.3 and 5.3.4 to
the analysis of experimental weak-beam micrographs of dissociated
dislocations in copper. The specimens were prepared in a similar manner

to that outlined in section 3.4, except that an alternative final electro-
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chemical polish was sometimes used; this was a 50% by volume solution
of orthophosphoric acid in distilled water at room temperature and ™~1V,
In the analysis the definitions of screw and edge dislocations were
relaxed to include dislocations of character O° to 100 and 80° to 90o
respectively. It has already been pointed out in section 5.3%.2 that
because of the properties of dissociated edge dislocation images as
portrayed in fig. 5.5(e) some of the micrographs of near-edge dislocations
could not be used. For the range of dislocations with character 10° to
80O no computations were available. It was shown in section 5.3.2 that
these mixed dislocations can give rise to four different images in the
manner of fig. 5.5(a). These dislocations have been included in this
investigation for the sake of completeness by using the isotropic
approximation and comparing them to whichever of the two possibilities
given in (5.6) was appropriate. The results of this hybrid approach are

shown in fig. 5.10 where A deduced from A is plotted against

obs
dislocation character B, All the dislocations were found to contain
intrinsic faults when the procedure described in section 5.3.1 was applied.
The near-screw and near-edge cases have been corrected by assuming a linecar
relation connecting the two cases considered in detail in sections 5:3.3%

and 5.3.4, The intermediate cases are useful in that they define a shape
for the curve, but many approximations have been used in their derivation.
Most of the points lie in the range 450 to 900. This is because the main
interest lies with the screw and edge dissociations, and after a reasonable
number of edge dislocations had been observed attention was focussed solely
on finding near-screw dislocations and other orientations were ignored.

This proved to be very difficult in practice, and the lack of dislocations
observed with 9'<:25° has been noted previously by Cockayne, Jenkins and
Ray (1971) who suggested that these dislocations may cross-slip to annihilate

others of opposite sign in the bulk crystal or cross-slip out of the thin foil.

These difficulties were not experienced by Stobbs and Sworn (1971) who used

a copper crystal containing 0.5% by volume of silica in the form of a
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dispersion of amorphous particles, Weak-beam micrographs of two
dislocations near screw and edge in character are shown in fig. 5.11(a)
and (b).

The points in diagrams such as fig. 5.10 may be used to
estimate the intrinsic stacking-fault energy if it is assumed that the
energy is constant across the width of the fault and that the dislocations
have singular cores. The effect of different assumptions (e.g. extended
dislocation cores) are considred in section 5.5. Because the separation
is widest in the edge orientation the possible effects of finite core
widths are minimized with dislocations of this character and so they
should give the most reliable values of A for use in elasticity
calculations. The force per unit length exerted by either partial on
the other in the plane of dissociation according to anisotropic elasticity
theory is given by (2.41), (2.32) and (2.37) as

F = 1 ° H. N . 1 . -
17 o B ba( ) bl(2) (5.11)

where Hij depends on the elastic constants and the line direction, and
bi(n) are the three components of the Burgers vector of partial dislocation
n. For the dissociated edge dislocation in copper (5.11) takes the

numerical form

F, = 154 (5.12)
A
where F_ is in dynes/cm and A is in R . This formula is accurate to

1
0
within 2% for values of & 1lying in the range 80° to 90°.  When the two

partials are in equilibrium the force F1 is numerically equal to the
stacking-fault energy . Assuming that ¥ is a constant implies that there
is only one equilibrium value of A, yet in fig. 5.10 there is a spread of
approximately 12 8 in for 80°€ €< 90°. This may be compared with the
predicted uncertainty in (5.9) and (5.10) of 14 & . At the end of

section 5.2.1 it was pointed out that the effect of the divergent beam in
eliminating variations in peak position does not permit the accuracy of

interpretation of experimental micrographs to be improved unless it 1is
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known that the defect is at least ~ 0.7 E g from either surface.
Exactly the same considerations apply to the accuracy of deduced partial
separations in the case of dissociated dislocations. However, it is
obvious from fig. 5.10 that this is only a problem when information from
one particular micrograph is important; if many images of one class of
defect are available, the uncertainty will be reflected in the spread cof
deduced separations, and the required value is simply the mean of these.
In fig. 5.10 the results for 8006 ¢ < 90° have an average value of 35 R .
Substituting this into (5.12) gives the stacking-fault energy for copper
as
§ = L4 erg . (5.13)
This method of taking the average separation and deriving ¥ from
it was employed by Stobbs and Sworn (1971), who deduced a mean value of
28 % and hence ¥ = 41 erg em™® . This is also the value of ¥ given by
Cockayne, Jenkins and Ray (1971) but their approach was different. Thelr
images were analysed by (5.6) and then two bounding curves of A versus &
computed by anisotropic elasticity theory were fitted to the points.

These corresponded to ¥ = 32 and 50 erg cm-2 , and thus they concluded that
¥ = 41 + 9 erg cm'-2 . This method can be applied to the results in fig.
5.10 if the edge separations are re-corrected by (5.6) rather than by (5.9)

and(5.10). This corresponds to an average increase in Dof ~ 2.5 8% .
The results for 9';>Q5° then lie roughly between the two curves
corresponding to ¥ = 34 and 54 erg — , giving the result ¥ = 44 + 10
erg cm-'2 . The agreement with (5.13) is of course coincidental. It is
felt that deducing ¥ from the mean edge separation is the more correct
approach, especially as it confines the application of elasticity Rheory
to the widest separations for which finite core effects are minimized.
The small increase in the value of ¥ as given in (5.13) over that

deduced in the two previous studies is a result confirmed by the weak-
beam observations of Carter (private communication).

It is clear from fig. 5.10 that the three points for which 6-< 309
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do not lie on the curves given by anisotropic elasticity theory, and
suggest a value of A in the screw orientation of ~ 23 R . This effect
has also been reported by Stobbs and Sworn (1971), although their value
of 18 R lies nearer to the theoretical curve for ¥ = 41 erg cn™® . Such
behaviour is possible evidence for the existence of finite dislocation
core widths and the consequences of this are discussed in the next
section.

5¢5 The effect of the dislocation core on the determination

of stacking-fault energy

Anisotropic elasticity theory and the assumption of singular
dislocation cores enters in two stages of the determination of the stacking-
fault energy of copper in section 5.k4. Firstly, it is used in the
computation of weak-beam images to represent the strain field of the
dissociated dislocation. Secondly, it is used to calculate the force
between the partial dislocations as a function of their separation. There
is clearly a possibility of considerable systematic errors occurring in this
procedure. Such effects were first considered by Cockayne, Jenkins and Ray
(1971) who interpreted their value for the edge dislocation dissociation by
the method of Seeger and Sch¥ck (1953) which is based on a Peierls model
for the core and uses anisotropy theory. The result of this was to reduce
the value of § from 41 to 32 erg cm”2 . However, the later investigations
of Cockayne and Vitek (1974) have shown that different widths and
distributions of the coré for a fixed partial separation can give values
of the stacking-fault energy which are higher, lower or even equal to the
value deduced from singular core theory. They also pointed out that the
various parameters describing the core could change with line orientation,
and so no one model need explain the complete curve of O versus 6.
(Although the analysis of Seeger and Sch¥ck (1953) gives a different value
for & , the orientation dependence is similar to that given By anisotropy
theory, and so does not explain the observed behaviour). Image

computations (using isotropic elasticity and a distribution of dislocations
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to represent the core) also gave the important result that the average
value of A obs for a particular A was almost independent of the core
model used; increasing the core width merely increased the uncertainty
limits, It has already been shown in the previous section that these
limits do not present a problem when a reasonable number of similar
observations are available, The fact that the observed spread of 12 R
in the present case is less than the theoretical maximum of 14 % even
before core effects are considered may be evidence that, at least in the
edge orientation, such effects are negligible.

A different approach to this problem is that of Perrin and
Savino (1973), who computed the core configuration of an extended edge
dislocation and its equivalent weak-beam image by using the atomic
potential for copper constructed by Englert, Tompa and Bullough (1970) and
a relaxation procedure. They assumed a value of 70 erg cm-2 for & and
then found that on the basis of this model the predicted values of & and
A obs Were 32 ® and st + 4 R respectively. This latter figure overlapped
with the observed widths of 47 + 6 ! reported by Stobbs and Sworn (1971).

bs

43 + 7 R and so the findings of Perrin and Savino (1973) are in conflict

For 8, = 2,107 8 (5.6) gives the image width for A= 32 8 as A obs =

with those of Cockayne and Vitek (1974) who found no significant change in
the average value of onbs due to core extension. They suggested that a

thorough investigation of depth and thickness dependence effects in the

images based on the atomistic model may lower or remove this discrepancy.
Atomistic models do however have the advantage that the orientation
dependence of the dissociation may be investigated since there are no
variable parameters such as the core width to be defined.

An ingenious model which combines this advantage of the atomistic
approach together with that of a straightforward mathematical description is
given by strain-gradient elasticity. In this theory terms containing

derivatives of strain are considered as well as simple strain, and the

stress field of a dislocation then includes modified Bessel functions.
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Jones und Steeds (1974) analysed the results for copper given by Stobbs
and Sworn (1971).  Fitting the data at © = 30° and 90° fixed the value
of ¥ and the amplitude of the Bessel function term. The value of A at
screw orientation was tlien successfully predicted by the theory.

It is clear that the value of & obtained from any of the various
approaches which try to allow for the effect of core extension may differ
significantly from the result derived assuming anisotropic elasticity and
singular cores; It is also apparent from fige 5.10 and the results of
Stobbs and Sworn (1971) that some explanation is needed for the disagreement
with the simple theory at screw orientations. However, it has been pointed
out that the conclusions of Cockayne and Vitek (1974) concerning the effect
of core extension on image width suggest that the average value of 35 R for
80°< & < 90o in fig. 5.10 is accurate, and that any extension is small
for these orientations because of the low spread in observed widths. In
the weak-beam study of faulted dipoles in copper described in Chapter 3,
which also assumed singular cores in all stages of the investigation, an
upper limit on & of 47 + 8 erg cmC was derived. The line direction and
Burgers vectors in this defect are different from those of the simple
dissociated edge dislocation considered here, so any effects due to non-
singular cores should cause a disagreement in the deduced values of Y .

The very good agreement between this value and that given in (5.13) is
strong evidence for supposing that for the faulted dipole and the
dissociated edge dislocation in copper any effects due to finite core
width are negligible.

5.6 Conclusions

It has been shown in this chapter that the effects of divergent
beam illumination suggested in Chapter 4, and in particular (4.11), are
observed in theoretical weak-beam images of undissociated and dissociated
dislocations in copper. The smoothing of intensity oscillations is

particularly intercsting since in the case of small point-defect clusters

some doubt has been expressed in the past as to their visibility and the
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reliability of determining defect numbers and size-density counts from
weak-beam images (HHussermann, Katerbau, RUhle and Wilkens 1973).
Calculations performed in the manner described in this chapter may show

that these fears are groundless.

The calculated images for dissociated dislocations have been used
to analyse experimental observations in copper, and some care was taken to
select the correct micrographs for comparison with theory. The results
give average separations of the partials in the dissociated screw and edge
orientations of ™~ 23 R and 35 ] respectively. The figure of 35 R analysed
by anisotropic theory gives the stacking-fault energy of copper as

¥ = Ly erg cm-a .
This is slightly higher than previously reported values determined by weak-
beam observationse. The figure for the screw dissociation is not in
agreement with anisotropic theory suggesting the existence of extended core
effects, which can alter significantly the deduced value for Y. However,
the results of Cockayne and Vitek (1974) when compared with the observed
spread in image widths of the dissociated edge dislocations, and the value
of Xﬂwx:obtained from the study of faulted dipoles in Chapter 3, suggest
that core effects do not seriously affect the accuracy of the value

¥ = b4 erg cm-2 .






Figure 5.7 Intensity oscillations with thickness for an
undissociated screw dislocation.
(1) parallel (2) semi-divergent (3) fully-divergent
illumination. ‘
(a) 4 = 1.00 gg

(b) 4
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1.05 §g
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Figure 5.2

Undissociated screw dislocation.

(1) parallel beam, d = 1.00§g

(2) parallel beam, d = 1.05§g

(3) fully-divergent beam, d = 1.00% 2

(4) fully-divergent beam, d = 1.05E g

(a) peak intensity oscillations with thickness

(b) peak position oscillations with thickness






Figure 5.3 Intensity oscillations with thickness for an
undissociated edge dislocation.
(1) parallel (2) semi-divergent (3) fully-divergent
illumination.

(a) d

1,00
§E§

(b) 4 = 1.055g






Figure 5.4

Undissociated edge dislocation.

(1)

(2)

(3)
(&)

(a)
(b)

parallel beam, d = 1.00*;'g

parallel beam, d

1.
Gz,

fully-divergent beam, d = ‘1.OO§g

fully-divergent beam, d 1.052;'g

peak intensity oscillations with thickness

peak position oscillations with thickness
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Figure 5.5 Dissociated dislocation image symmetries.

b1, b2 etc. represent the position and sign of
the partial dislocations. The letters AB etc.,
represent certain values of the product g.R on
either side of the dislocation.

(a) anisotropy, general character

(b) isotropy, general character

(¢) isotropy, edge or screw

(d) anisotropy, screw

(e) anisotropy, edge
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Figure 5.6 Dissociated screw dislocation peak positions.

A= 10.58%.

il

(1) parallel bean, a 1.00 5{;
(2) parallel beaa, d = 1.05 3
(3) fully-divergent beem, d = 1.00 g

(4) fully-divergent beamn, d=1.05 &






Figure 5.7 Dissociated screw dislocation peak positions.

A=218.

(1) parallel beam, d = 1.00 ‘&g
(2) parallel beanm, d = 1.05 gg
(3) fully-divergent bean, d =1.00 E

(4) fully-divergent beam, d = 1,05 §






Figure 5.8 Dissociated edge dislocation peak positions.

A= 3l R.

(1) parallel beam, d = 1.00 Eg
(2) parallel beam, d = 1,05 Eg
(3) fully-divergent beam, d = 1.00 Eg

(4) fully-divergent beam, d = 1.05 Eg



——

-CC0

”X

€20
b



Figure 5.9 Dissociated edge dislocation peak positions.
A=592%.
(1) parallel beam, 4 = 1,00 \ﬁg
(2) parallel beam, d = 1,05 Eg
(3) fully-divergent beam, d = 1.00 Eg

(4) fully-divergent beam, d = 1.05 Eg
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Figure 5.10

The curve of dislocation dissociation against
character for pure copper.
The points have been analysed as follows:-
0 o : .
0" to 10" by computation
10° to 80° by the criterion (5.6)

80° to 90° by computation






Figure 5.11(a) Dissociated near-screw dislocation in

copper,

Figure 5.11(b) Dissociated nesr—edge dislocation in

copper,
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6.1 Introduction

The term radiation damage is used to describe the large variety
of defects produced when a material is bombarded with energetic particles.
This damage may be in the form of voids, perfect loops, faulted loops,
dissociated loops or stacking~fault tetrahedra. Much work has been done
on such defects under strong-beam dynamical conditions when (except in the
case of voids) the images are in the form of one or more black and white
lobes, and this is generally called black-white contrast. The extent of
such contrast is usually much larger than that of the defect producing it,
and this is one of the reasons for the success of strong-beam investigations.
The contrast varies with the depth in a layer manner; changing the depth
by 1§g/2 reverses the black-white effect. The nature of these defects
(interstitial or vacancy) can be determined if it is known in which layer
they occur (e.g. by stereo measurements) by applying the rule given by Ashby
and Brown (1963) and noting the sense of the black-white effect with respect
to g « In the case of self-ion irradiated copper Wilson (1970, 1971)and
Wilson and Hirsch (1972) interpreted fine detail in the interface between
the black and white lobes as evidence of the dissociation of small Frank
loops in the first stage of the mechanism of formation of a stacking-fault
tetrahedron given by Silcox and Hirsch (1959). Some doubt was cast on
this interpretation by Eyre (1973) who said that Eyre, Maher and Perrin
(unpublished) had found the interface structure in computed images of
edge loops in body-centred cubic metals to be very sensitive to the exact
loop depth. However, Jenkins (1973, 1974) has studied similar damage by
the weak-beam technique in $£220F reflections at the (11) pole
and showed by simple arguments that all the observed contrast features
could be explained by a dissociated Frank loop. He did not resalve the
separate partial dislocations in the dissociation (a stair-rod and a
Shockley) since the image peaks due to these were superimposed on the

contrast of the stacking faults. Bollinger, Condat and Fayard (1974)
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have observed large Frankkioops edge-on in a Cu 5at.% Si alloy with the
weak~beam technique at a (112) pole in 2111} reflections and imaged
the stacking fault between the two partials., It would clearly be
advantageous when studying small defects to image just the two dislocations
rather than the stacking faults. This chapter describes the investigation
of suitable conditions using large Frank loops in copper and copper-aluminium
alloys formed by electron radiation in a high-voltage microscope at elevated
temperatures. The use of large loops enables any one side to be treated
independently as two parallel infinite dislocations; this simplifies the

image simulation process.

6.2 The growth of large Frank loops and the denuded zone effect

Ipohorski and Spring (1969) first reported the formatiocn of
large ( “’}v) faulted loops on $1118 planes in copper during electron
irradiation and found them to be interstitial in character. The straight
edges of the loops in their images lie along the projections of <1102
directions suggesting the possibility of dissociation of the edges on to
other 111% planes. They found that the experimental conditions
required to produce such loops depended on several factors, including the
electron energy and beam current density, specimen temperature and fitness,
and thé degree of contamination present (surface stresses due to
contamination were found to encourage the loops to slip out of the foil
before attaining a large size). Theories describing the growth of these
defects have been discussed by several workers, including Brown (1969),
Makin (1969) and Norris (1970). Vacancies are considered to be immobile
while interstitials either join a loop or are annihilated at some other
sink. Idealizing the problem to a circular loop of radius r, the number
of interstitials in the loop N isﬂr2 where £l is the atomic volume;

Jig
therefore the rate at which they join the loop may be written

- 2 (2)
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If there are Z1 sites per atom site in the loop perimeter from which

spontaneous combination may occur, and n sites in the total catchment
volume V acting as interstitial sinks, the probability that an interstitial

will join the loop is ZﬁrZ1 3+ then if G is the point defect creation

o3,

n

rate per unit volume, the rate at which interstitials join the loop is

dN = GV (anrz1> (6.2)
dt ——;f—
N°n
Equating (6.1) and (6.2) gives
dr = _n_}c;vz1 (6.3)
dt —_—

n

The form of the solution for r depends on the choice of n.
Brown (1969) and Makin (1969) assumed that, apart from the loop itself,
the only contribution to n was from the vacancies left by the interstitials.
Then if each vacancy has associated with it Zv sites with which spontaneous
recombination could occur,

n =11r22 + 2nrZ (6.4)
v 1

% a¥

For the growth of large loops the second term is negligible and

substitution in (6.3) results in

r = (3GVQZ1) 33 (6.5)

nZ
v
An alternative choice for n was considered by Norris (1970)
who assumed the surfaces to be the dominant sink. If the foil thickness

is h,

n = 2V (6.6)
h.ﬂ.§

Substituting in (6.3) and solving gives

r = Ghnz1t (6.7)
2

rd
This linear behaviour with time, rather than the 3 power law of (6.5),

was observed by Norris (1970) in the irradiation of nickel, and comparison
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with the experimental figures produces a value for Z1 which 1is bhysically
plausible, 1.4, unlike the result of 0.28 obtained by Makin (1969) in the
case of copper when assuming (6.5).

Denuded zones next to the foil surfaces where no loops occur are
a common feature of this irradiation technique (e.g. Makin 1968; Ipohorski
and Spring 1969). This can be explained by considering the original
homogeneous nucleation process in which it is assumed that the di-interstitial
is an immobile stable nucleus. The density of these nuclei rapidly
approaches a cénstant value, and subsequent irradiation only causes the

nuclei to grow. Makin (1969) gives this initial nucleation time as
1 (6.8)

(His value for copper irradiated with 600 keV electrons at room temperature
was NS.,'IO-5 sec). If vi is the interstitial jump rate, and A the jump
distance, in the nucleation time the interstitials migrate a mean distance

x =N c (6.9)
Within this distance of a surface no nucleation is expected. Makin (1969)
has published curves of the foil thicknesses 2x in which no loops are
predicted in copper for various irradiation voltages and temperatures; he
found that the agreement was good at room temperature. At higher
temperatures the assumption of a stable di~-interstitial nucleus becomes
questionable since it may migrate or dissociate, the net effect being an
increase in the hucleatioq time €. From (6.9) it can be seen that this
should increase the denuded zone thickness. To anticipate the results of
the next section, it was found experimentally when irradiating copper at
’VEOOOK with 900 keV electrons that large loops formed in foils much thinner
than 2x as predicted by (6.9), even before making allowance for the increase
in the nucleation time. The effects of the surface have been taken into

account properly by Goringe (1971) who applied Fourier techniques to the

theoretical equations of Brown, Kelly and Mayer (1969). He has shown that
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the growth behaviour is dependént on the dimensionless parameter P defined as

2
P=nYUM[ v (6.10)
L

where d is a numerical constant of order unity and v is the interstitial
migration speed (dependen? exponentially on temperature)., For large P
(thin foils at high temperature) the loop radius increases approximately
linearly with time (as predicted by (6.7)) , whereas for small P (thick
foils at low temperature) the 3 rd power law is obeyed (6.5), although in
all cases the -exact rate varies with time. This theory also predicts that
the loop density is never zero, but its value in the centre of the foil
and the behaviour when approaching the surface again depend on P; for
large P (which is the case for the thin foils prepared for the weak-beam
observations to be described in this chapter) the density at mid-foil is
a factor of ~ 10 lower that that for small P (bulk specimen conditions) and
the decrease in density near the surfaces is much more gradual, rather than
the sharp cut-off effect when P is small (Goringe 1973). Such effects
have been observed experimentally in irradiated copper (fig. 6 of Spring,
Iporhorski and Goringe (1971)) where it was found that even at room
temperature the denuded zone was ~~ 500 R thick.

It can therefore be seen that surface effects are very important
in controlling interstitial loop-growth in irradiated specimense. The
very large loop§ investigated here can only be produced at elevated
temperatures, and the conditions for weak-beam image visibility dictated
the use of thin foils. Both these requirements give a large value of P.
Although theory always predicts a finite loop density, surface stresses
can cause loops in very thin regions to slip out of the foil, thus
enhancing the denuded zone effect. It is therefore to be expected that
at the elevated temperature used no large loops should be formed in
regions £ 1000 R thick.

6.3 Specimen preparation
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6e3.1 The formation of the loops

The materials studied were pure copper and copper-aluminium
alloys containing 5 and 10 atomic.per cent aluminium. {h11} slices
were spark-cut from single crystals, and 3 mm discs cut from them. These
were then jetted and electro-polished using the same conditions as described
in section 3.k4. It was found experimentally that the presence of other
defects such as Qislocations inhibited the formation of large loops; ,
therefore prior to irradiation the polished specimens were annealed for
about 5 minutes at L20°C. The specimens were then placed in the heating
holder of an AEI high~voltage microscope and irradiated with 900 keV
19

electrons at a rate of 1.5.10 ° electrons crn'-2 sec-1 for about 10 minutes
at a temperature of ~'280°C. This produced large straight-edged polygonal
faulted loops in all the materials used. The determination of the ideal
conditions and the preparation of the specimens was performed by Mr. D.G.
Wilson. The loops were then observed in a JEOL JEM 100B operating at

100 kV with the foil titled so that the electron beam was in the [170]

directione.

6e3.2 The determination of the loop nature

It is usually assumed that loops formed in this manner are
interstitial, and with all the loops for which the fault was determined
this was found to be the case. Such determinations are most easily
accomplished using the inside-outside contrast effect (e.g. see Hirsch et al.
(1965) p.266). An example of this effect is shown in fig. 6.1 by two
strong-beam dark-field (s positive) micrographs taken in + (TT}) of Frank
loops in pure copper; fig. 6.71(a) is the outside -contrast case. The
two large loops lie in the foil plane (this can be seen easily from the
stacking-fault contrast in {111} reflections; at the (110) pole two
of the {111} planes are vertical and éo only two sets of loops are
visible. Those in the foil plane (111) have uniform fault contrast

whereas the loops on the (117) inclined to the foil display stacking-fault
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fringes). The direction of tilt required to return to the (111) pole
where the foil is normal to the electron beam is also drawn. This
information shows that the loop faults are interstitial in nature.

6.k The weak-beam imaging conditions

6.4 The geometry of the dissociated Frank partial

If the Frank partial at the edge of the loop lies along the [ﬁTO]

direction, it can dissociate into a stair-rod and a Shockley dislocation:-
a [11]— a2 [i1d +a [§7] (6.11)
3 6 [3

This dissociation is shown in fig. 6.2(a) for a loop in the plane of a foil

with upward normal [ﬁ1ﬂ tilted to the (110) pole. There are two possible

positions for the Shockley dislocation which are marked A and B in the

diagram,depending on whether an acute or an obtuse angle is formed. The

nature of the fault created by the Shockley partial is opposite to that

of the loop if the obtuse angle is preferred and since the loop itself is

interstitial, an obtuse bend would create an intrinsic fault. The stair-

rod has to lie perfectly straight along the [ﬁﬁ@] direction, but the

Shockley is free to glide along the inclined (111) plane.

6.4.2 The $113} images of a dissociated Frank partial

The requirements given in section 6.1 that the two partials be

visible but that the stacking faults be out of contrast can be met by using

113} reflections. Fig. 6.2(b) shows the diffraction pattern at the
(110) pole and it can be seen that there are two + {113} pairs. The
partial dislocations have a E1TO] line direction and both are pure edge
in character. This means that there is no component of the displacement R
in the line direction, and so it is clear from fig. 6.2(b) that the images
formed in 173 and 113 must be identical. Therefore considerations of the
contrast can be restricted to the 1(17}) cases without loss of generality.

When imaged in these reflections, |g.b| = 1 for the Shockley partial;

strong contrast is expected from the dislocation, but none from the fault.
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For the stair-rod g.b = 0 , but 'S’EWE‘ = ~ 0.7 , so some contrast may
arise from this partial as well, but because g.b = O the main loop plane
will not display stacking-fault contrast. The Shockley partial also has
a g,gwg factor of the same magnitude, so the image behaviour is likely to
be more complex than that of the Shockleys in the dissociated dislocations

of Chapter 5.

6.5 The wegk—beam $113% image computations

6.5.1 The imaging parameters and defect geometry

To understand the model of the defect employed in the image
computations it is necessary to study a typical experimental image.
Fig. 6.3 is a micrograph of Frank loops in Cu 10at.% Al. It can be seen
that the edges lie along 110> directions. The dissociation should only
be visible for one of these directions since along the other two the
dissociation is in a vertical plane. Two peaks can be seen along one
edge of both loops (the smaller loop is on the (117) plane, i.e. inclined
to the foil) and these may tentatively be associated with the two partials.
The main point of interest is that the inner peak is straight, whereas the
outer peak can bend in and out from various constrictions. Assuming that
these two peaks do in fact represent the partials (which will be confirmed
in section 6.5.3) the stair-rod is clearly the inner dislocation. Fig.
6.2(a) then shows that the dissociation has an obtuse bend, and so although
the loop fault is extrinsic, the small dissociation contains an intrinsic
fault. This geometry was noticed in all the loops observed, and suggests
that in these materials the ratio of intrinsic to extrinsic stacking-fault
energy is less than unity. Because of this effect the obtuse bend was
assumed in the image computations. The Burgers vectors of (6.11) and
fig. 6.2(a) were used in a foil of upward normal [111] with the electron
beam in the [770] direction. Five-Seam images were calculated in :(173)
assuming anisotropic elasticity and the elastic constants of Cu 10at.% Al

given by Hearmon (1956). These are slightly more anisotropic than those
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for pure copper (A = 3,66 as opposed to 3.21) but the results should be
a reasonable approximation to the images in copper (and Cu 5at.% Al ) as

well,

6.5.2 The parallel beam computations

The deviation parameter s used in these computations was 2.14.10_2

3-1 s corresponding to the diffraction conditions gﬂ2.&5). Images of a
Frank partial dissociated by 79 R placed at two depths such that the
value of d for the stair-rod was 1.0 or 1.0¢§§g were computed for foils
of thickness t' = 2.0—>2,2 ~§g where t' is measured in the direction of
the beam ( Eg = 536 R )e Even over this small range the images vary
a great deal. Because both partials have large values of 5,9*3_, they
can each give rise to two separate peaks. The relative intensities of
these peaks are a sensitive function of defect depth and foil thickness
and one or more of the peaks can vanish. Fig. 6.4(a) shows the computed
images in 113 of the defect at the two depths in a foil for which t' = 2.08
Eg . It is clear that both the sensitive nature of the image and the
number of peaks do not agree with experimental images such as fig. 6.3
These effects may more clearly be seen by plotting the positions

of the peaks referred to the X, axis against the foil thickness t' , and

1
this is done in fig. 6.5 for a depth d = 1.0 Eg . That greatly
differing images exist at slightly different values of t' is obvious from
this figure; equally obvious is the impossibility of obtaining any form
of correction equation to derive the horizontal separation.ﬁlof the
partials. It was therefore decided to incorporate the effects of beam
divergence into the image computations in the hope of removing these
undesirable effects. In section 6.2 it was argued that no loops should
occur in foils of thickness <& 1000 R , and clearly the loops which do
exist in foils a little thicker than this will be in the centre of the

specimen. Therefore the divergent beam effect for an angular spread in

the incident beam of imax ,(4.4) , should be significant since the defect
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is greater than the critical distance given by (4.11) from either

surface.

6e5¢3 The divergent beam computations

Computations over a range in s corresponding to the fully-
divergent illumination condition as defined in Chapter 5 were performed,
initially for the same geometries as described above. Fig. 6.4(b) shows
the 173 fully-divergent images for the defect deometries corresponding to
the parallel beam profiles in fig. 6.4(a). The virtual absence of depth
dependent effects can clearly be seen. The form of the profile is now
more amenable to description. The stair-rod dislocation gives rise to
two peaks symmetrically displaced about the partial position; the
closeness of these peaks gives the resultant effect of one rather broad
peak situated very close to the core. The Shockley partial now only
gives one peak, more intense than the stair-rod contrast, and in the
present case lying outside the connecting stacking-fault region. This
peak exhibits inside-outside contrast behaviour; changing g to 113 causes
this peak to lie between the partials. The fact that the image contrast
is now well-behaved enables a relation between A and A obs to be derived
from the curves of peak position in a similar manner to that employed in
Chapters 3 and 5.

In fig. 6.6 curves of the Shockley peak position variation with
foil thickness are plotted for images in both 173 and 113 . The partial
is placed at the origin and the X1 axis is positive in the direction away
from the stair-rod. The four geometries used are A= 6k R at d = 1.0 and
1.ou§g : d = 1.0 §g for A =20 and 80 8 . In fig. 6.7 two curves
for each of the peaks due to the stair-rod are plotted in a similar
fashion and they are for the geometries A =648 at d = 1.0 and 1.4 Eg .
The profiles of fig. 6.4(b) show that in practice these peaks merge to

form one wider peak whose position is the mean of that of the original two.

The positions of the resultant peak deduced in this way are also plotted,
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and it can be seen that the average position of this peak is that of the
stair-rod itself. Similar conclusions apply to the other reflection, 113
except that the original two peaks are further apart (by about 30%) than in
the 113 case. From the image profiles it can be seen that this does not
affect the conclusions coherning the form of the resultant peak.

Dotted boundary lines have been drawn on figs. 6.6 and 6.7 to
define the mean position of the peaks. Two results are obtained for the

cases considered. They are

173  (outside contrast) A=A, -75¢+758 (6.12)
137 (inside contrast) A =:l&obs + 7.0 + 7.5 ] (6.13)
6.5.4 Other geometrical arrangements of the Frank partial
dissociation

The image calculations have exclusively used the geometry of
fig. 6.2(a), but at this pole there are three other arrangements of the
dissociation of the‘Frank.partial to be considered; one at the other side
of the loop in fig. 6.2(a), and the other two bounding the loop on the
inclined (117) plane. It is not the intention of this chapter to make a
detailed investigation of the dissociation widths in the specimen; if this
were the case images would have to be computed for these other geometries.
However, (6.12) and (6.13) can be used to obtain a very rough estimate of
the dissociation. From the Burgers vector of the Shockley partial it can
be seen that the opposite edges of a loop will have the same image behaviour
i.e. both give inside or.outside contrast; and that the contrast for the
inclined plane loops is opposite in nature to that of the foil plane loops
in any one micrograph.

6.6 Experimental observations of large dissociated loops

Because of the denuded zone effect discussed in section 6.2
there were large loop-free areas around the hole in all the specimens
studied. By using the thickness fringes the foil thickness in which some

loops were present could be determined and was generally found to be at
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least 1000 8 . It has already been pointed out in section 6.5.2 that
these first loops will certainly be at the centre of the foil, and so
divergent-beam computed images may be used with confidence in the analysis.
The (110) pole is a large angle of tilt away from the (111) foil plane

and could only just be reached in the JEM 100B . Fortunately the {113}
reflections for which weak-beam conditions could most easily be set up
were of the (173)-type which give outside contrast for the loops in the
foil plane. Because of the large thicknesses involved the weak-beam
intensity was generally low and exposure times of at least one minute

were required.

It has already been shown that the two-peak form of the
divergent-beam images agrees well with experimental observations, unlike
the parallel-beam calculations fof which several peaks with large
positional variations are predicted (e.g. fig. 6.5)e No such effects
were observed in any of the specimens. The splitting of the Frank partial
dislocation has been resolved in the three materials studied, Cu 10at.% Al,
Cu 5at.% Al and pure coppere. A micrograph of Frank loops in copper is
shown in fig. 6.8(a). The two small loops are on the inclined (111) plane
and display inside-contrast, whereas the larger loop in the foil plane
appears to have a wider separation as predicted in section 6.5.4. The
theoretical dissociation of the two partials may be calculated assuming
anisotropic elasticity and the Peach-Koehler formula, (2.41). Unfortunately,
there is very little agréement between these values and those determined
from the micrographs. For example, assuming that for copper ¥= L4 erg cm-2
(as obtained in Chapter 5), the theoretical separation is 27.5 it ; from
fig. 6.8(a) the experimental measurement is -~ 40 8 . In the case of
Cu 10at.¥% Al the spread in observed values is 91 —157 2 . This
siggests that in many cases the dissociation does not assume the
equilibrium value predicted by theory.  Evidence for this viéw is shown

in fig. 6.8(b) which is a micrograph of a Frank loop in Cu 10at.% Al .



98
It can be seen that the observed separation varies greatly aloﬁg the
side of the triangular loop. One possible explanation for this is that
the defect was trapped in a non-equilibrium growth state when the

radiating beam and the heating were removed, although the reason for this

behaviour is not clear.

6.7 Conclusions

The appearance of small point-defect clusters under both strong
and weak-beam conditions has suggested that many of these defects are
partially dissociated Frank loops, although the separate partials could
not be resolved. Irradiation of thin foils at elevated temperatures
in a high-voltage electron microscope produces large loops whose
dissociated edges are very useful for determining suitable diffraction
conditions for studying smaller defects. The use of 531}} reflections
at the (110) pole enables the two partials to be resolved, but does not
image the stacking faults. Parallel-beam image computations do not
agree with the experimental observations, but the calculations of
divergent-beam images satisfactorily explain the contrast effects.

The separation of the two partials in these specimens can vary greatly
along a dissociated edge, and so the successful comparison of images
with elasticity calculations was not possible. However, the object of
finding a diffraction geometry which can clearly resolve the splitting
of a Frank partial has been achieved. These weak-beam observations
have the advantage that ﬁon-equilibrium spacings such as occur in fig.
6.8(b) may easily be recognised; this would not be possible using

conventional strong-beam matching techniques.






Figure 6.1 Inside-outside contrast determination of loop fault
nature.
.(a) outside contrast
(b) inside contrast
The direction of tilt required to return to the

(111) pole is shown.
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Figure 6.2(a) The dissociation of a Frank partial into a stair-rod
and a Shockley partial. A and B represent possible
positions for the Shockley. The obtuse angle

dissociation given by B results in an intrinsic fault

ribbon.

Figure 6.2(b) Diffraction pattern at the (110) pole,






Figure 6.3 Frank loops in Cu 10at.% Al.
The outer peak which bends in and out from various

_constrictions arises from the Shockley partial.



015

010

0.05




Figure 6.4(a) Parallel beam image profiles of a dissociated
Frank partial. Width of splitting equals 79 & .
g =113, t' = .2.08§g .
(1) d = 1.00¢
g

(2) 4 = 1.04% .
g

Figure 6.4(b) Fully-divergent beam image profiles of a

dissociated Frank partial. Other details as above.
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Figure 6.5 The variations in the peak positions for a dissociated
Frank partial computed assuming a parallel beam.
The width of dissociation is 79 & . Depth d = 1.0 T, -
The shaded regioné represent the positions of the two

peaks calculated assuming a fully-divergent beam.
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Figure 6.6 The variations in the position of the peak due
to the Shockley partial assuming fully divergent
illumination for g = + (173) .
(1) D-6s8,4a=1.0 &g
(2) D =648, q-= 1.04?g

"

3) A=208, d=1.o§g
(4) DA-80R, qa-= 1,0;8
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Figure 6.7

The variations in the positions of the peaks due

to the stair-rod assuming fully divergent illumination

for g = 113,

The mean of the two curves is also plotted.

(1) A=64 8 ,<sl-_-1.o§g

2) A=648 ,d = 1.C>Eg , mean position of the two peaks.
(3) & =64 1R, d = 1.04F,

(4) A-648 ,4d = 1.04?8 , mean position of the two peaks.






Figure 6.8(a) Dissociated Frank loops in pure copper.

Figure 6.8(b) Dissociated Frank loops in Cu 10at.® Al .

Note the wide variation in the value oflthor

the triangular loop dissociation.
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7e Introduction

This thesis has considered three dislocation geometries and
described the theoretical and experimental aspects of studying these
with the high-resolution weak-beam technique of electron microscopy.

For two of these geometries the effect of the divergent incident beam of
electrons was also included. In this chapter the main points that

have arisen are discussed and suggestions of suitable areas for further
work are made.

7.2 The study of faulted dipoles

In Chapter 3 it was shown that the observed peak separation
A _,_ in (203)-type images of faulted dipoles with a [170] 1ine
direction could be used to obtain the actual horizontal separation of
the Shockley partials<£5. This information enabled a value of xmax to
be determined from the equilibrium curves assuming that the defect was
a Z dipole or from the transition curves if it was assumed to be an S
dipole. This uncertainty as to the type of dipole is inconvenient.
It was possible using a 111 image to obtain a very imprecise idea of the
dipole height H, but this was sufficient to make the value Ofixmax for

the S dipole dependent on equilibrium curves rather than on transition

curves.

It would clearly be advantageous to obtain an accurate value
for H as well as JAN This could be done by tilting through a larger
angle, possibly to a $110t pole. Image computations to investigate
this method are planned. Even with both A and H of the same dipole, it
may not be possible to determine if it is S or Z, but every observation
would yield two possible values of § (unlike the present case, where
only the widest observed image is used to give two values of x’max)‘
With several observations the correct value of ¥ would soon be apparent,

and this information could then be used to deduce the type of any

observed dipole,



101
The obvious application of these observations (apart from
simply studying the properties of faulted dipoles in general) is to
obtain values of { of materials for which the dissociation of an edge
dislocation is too small to be clearly resolved even by the weak-beam
technique. One such material is nickel, and preli@inary measurements
on faulted dipoles suggest an upper limit of

-2
X;ax = 150 + 40 erg cm

7e3 Divergent-beam illumination

In Chapter 5 it was shown that the effect of a divergent
incident beam is to remove thickness and depth dependence effects in
images of dislocations greater than a certain critical distance from
either surface.- The damping of intensity oscillations is particularly
interesting when one considers small defects since in parallel-beam
calculations these can disappear completely for certain combinations
of depth and foil thickness. It would be interesting to calculate
divergent-beam images for a small loop and see if a removal of intensity
oscillations similar to that noted in straight dislocation images does
in fact occur.

In Chapter 6 it was found that the parallel-beam images of the
two partials at the edge of a dissociated Frank loop were very sensitive
to depth and thickness changes and the number of peaks could vary between
two and four. This behaviour is due to the large g,gﬂg.components for
both partials. The divergent beam effect changes this to two stable
well-behaved peaks, and this agrees with the experimental images. It
may be possible to apply this diffraction geometry which was developed
with the large loops to resolving the dissociation (if any) of small
Frank loops in heavy-ion irradiated materials.

Therefore the divergent beam, besides damping intensity

oscillations, can also change the fundamental character of weak-beam
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images and the possibility of such effects should be borne in mind.

7.4 Extended core effects

Much interest has been expressed recently in the literature as
to the possibility of gross systematic errors in deducing values of
from experimental observations by assuming that the dislocation cores
are singular (see section 5.5). If extended core effects are of
importance in affecting dislocation separations and weak-beam images,
one might expeét this to be noticeable when deriving values of ¥ from
two different types of defect in the same material. The very good
agreement between that determined from dissociated edge dislocations
and that derived from faulted dipoles in £he case of copper, although it

could be coincidental, strongly suggests that such effects are negligible

in these defects.
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