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Abstract

Conventional strong-beam imaging techniques have been widely 

applied in the study of crystal defects, 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 2 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 difficult, even 

with careful computed image matching techniques. The weak-beam technique 

of electron microscopy (Cockayne, Ray and Whelan 19&9) overcomes this 

problem by tilting the specimen so that only the highly-strained regions 

near dislocation cores contribute to the final image; narrow (*^15 A) , 

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 micrographs. 

Such calculations require a knowledge of the displacement field of a 

dislocation, and in most cases if any useful information is to be derived 

from weak-beam observations of dislocation 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 straight edge of a very large 

loop.

Chapter 3 applies the weak-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
*2

= ^7 + 8 erg cm" °max

is obtained. It is concluded that similar studies are potentially very

y
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 *f 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

from either surface, where As = g&£- is the spread in the deviation 

parameter s introduced by a finite divergence A9- in the incident beam.
v

Chapter 5 calculates the images of single undissociated and 

dissociated dislocations in copper including the effect of a finite 

beam divergence. The predictions of Chapter k concerning the damping 

of the oscillations and the above formula for d are shown to be valid 

in these cases. The effect of anisotropy on the symmetry of ir»ag <, <? 

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

tf = kk erg cm

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 £l1;5i 

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 and 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-out.side contrast effects 

on reversing £ . 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 work.
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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 or more tfragg diffracted 

beams corresponding to the various -«cts of crystal planes. These are 

then- focussed by the objective lens to form a transmission diffraction 

pattern in its 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 and Ra-inville 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 dislocation 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 therefore 

seems that, although lattice fringe images potentially contain a great 

deal of information concerning 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 

inci'dent 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 perfect 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 field. A peak from a dislocation in a strong beam 

image can be ~ 100 A 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 A. Such a dissociation would be completely masked in a 

strong-beam image. A useful technique for simulating images, which 

involves over-printing of computer 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.



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)  ^n this method the diffracted beam selected corresponds to 

a set of lattice planes which are set far from the Bragg position; the 

background intensity 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 

of the strain field, and so should be narrow, and that since the large
. *

strain required is only to be found close to the core 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 2 wide at half height

(ii) close to (^20 A 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; Fujiraoto 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



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 sections 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 point 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">K"(r_) (see 

fig. 1.1 (a)). "Y" (r_) is the solution of the time-independent Schrddinger 

equation

) + le/(E + V(r)rr(r) = 0 (1.1)
2m

where - |e| is the electron charge

lelE 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

(r) = exp(2irik.r) (1.2)
__    __

2where k = 2m i e I E .

Dividing ^(rj into two components representing the incident and scattered 

waves, and assuming (1.2) gives the solution for the incident wave, we

have

-vir7 r '\ _ -w- f r \ . •vr f r ) t« -,\ 
T v±.y r o ~ 6  V««^/

A solution for Ts (r_) is found by substituting (1.3) into (1.1), using a



Green's function method, -and making the assumption (the first Born

approximation) that YCr' > ~T (r «) = exp(2jrik.r. f ) , i.e. that
o    

^ (r'-XOf (r 1 ). Then the result for large r is8 — ' O ~~

Y M = exp(2rrikr)f(K') (1.4)i g — . . — ————— _
r 

where f (K 1 ) = 2iTm/ef fv(.r' )exp(-2/riK' .r.* )dr_' (1.5)
h2 J

and K' = (k' - k) (see fig. 1.1 (a)). 

This can also be cast in the equivalent form

) = 1 (Z - F (K 1 )) (1.6)

2a o

where Z is the atomic number

2a = < h is Bohr's radius 
o ——— ̂  

rrm/el

and F (1C 1 ) is the atomic scattering factor
Jt

for X-rays. 

1.2.2 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, 2ffk times this, is given by

k 

exp(-2triK'.r_) . (See fig. 1.l(b)). Then the amplitude diffracted by a

unit cell will be

(1.7)

where there are i atoms in the unit cell with scattering factors f.(K') ati ~"~

positions r.. This may be rewritten as

A (1C 1 ) = exp(2nikr) F(K') (1.8)
r

where F(K') = ^f . (K 1 )exp(-2niK' .r. ) (1.9) 
  .1     -i "

is called the structure factor of the unit cell.



8

In the same manner we can derive the scattered amplitude from a*

crystal lattice. Omitting the factor exp(2nikr) ,
r

A (K 1 ) ^ SF (K')exp(-2niK».r ) (1.10)C ** 11n

where there are n unit cells in the lattice with structure factors F OK ' )

at positions r , which are some integer combination of the unit cell  n

translation vectors,

r = n.a + n_b + n,c (1.11)   n 1 

Strong diffraction occurs when K'.r is an integer for all n^n^n., (the Laue""" ~^i I <- j
condition). This condition is satisfied when 1C' coincides with , a

translation vector of the reciprocal lattice defined by

  = ha* + kb* + lc*
(1.12)

) JD . (£Aa.) £ 
and having the property

Igl = 1 (1.13) 
dhkl

where d, - is the distance between planes with Miller indices hkl. Using 
(1.13) and K/ = 2sinQ- we obtain the familiar Bragg law

and so the strong diffraction in question 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 Ic meets the sphere. Then any vector 

drawn from the origin to another point on the sphere is a possible K 1 

vector. If this point coincides with.a reciprocal lattice point then the 

condition JK 1 = £ 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' = £ + S (1.15)

and by convention s_ is positive if tne point £ lies inside the sphere. 

(See fig. 1.1(c)).

It is possible for £ to be zero in (1.15) but no diffraction

occur since F (K 1 ) in (1.10) may be zero. Substituting (1.12) in (1.9) wen   

have

F(£) = Sf.(£)exp(-2tri(hu. + kv. + lw.)) (1.16)
• JL «L •!• «L

where u.v.w. are the real-space co-ordinates of atom i in the unit cell.111 e

For the face-centred cubic lattice this immediately gives the well-known

result that hkl must be all even or all odd, in which case F(£) = 4f(£) (if

each atom has the same scattering factor); otherwise the reflection is

absent.

1.2.3 The amplitude scattered by a crystal plane and the column

appro ximat ion

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 zone's and constructing an amplitude-phase diagram of 

the disturbance at the required point P. The diagram 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 isTT/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 TTT A
COS0-

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

Sz is therefore

i exp(2-rTikr) F(K' )fz rrr X __ i>F(K« ) exp(2trikr) £z (1.1?)
T r V cosft- 77 ——— =-c V COS&-c

times the incident wave, where V is the volume of a unit cell. Applying
c

the result to the geometry of fig. 1.2(b) where the origin is at the top

surface, and we require the amplitude d"T at r due to the crystal
6  

thickness &z at r , the exponential term in (1.1?) becomes exp(2nik'.(r - r ))       

and the incident wave at r is exp(2TTi_k.r ) ; therefore

d"V (£)•= iXF(g) exp(2-aik'.(£ - r ))exp(2nik.r ) f>z
O «• ™_ __™^. - »V cosO- 

c

exp(-2-TTiK'.r )exp(2mk'.r) Sz (1.18)~~ "^ *~ ~~
V cos9- 
c

This is usually written

(r) = irr exp(-2rriK'.r )exp(2rrik' .r) 6 z (1.19) 
g - 1 9

where £ has dimensions of length and is called the extinction distance.
o

=nV cos0- (1.20) 
g c

The equivalent equations for forward scattering are

dY" (r) = irr exp(2nik.r) iz (1.21) o - |~
^o

and ^ =-nV cos 9- (1.22) ^* o c

Equations (1.19) and (1.21) can be applied to an imperfect crystal

by rewriting r  > r + R (1.23)*  n  n  

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 JR is a function of z only. However, 

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

~20 8 for a crystal 1000 X thick, so if I* does not vary appreciably over



11

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 assume 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 incident and diffracted wave vectors whose apex is at the point in 

question. The smallness of the Bragg angle again indicates that the 

approximation is justified if R_ does not vary too rapidly in the lateral 

direction. 

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

The basic assumption of the kinematical theory 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(r) = tf (z)exp(2rrik.r) + $ (z)exp(2nik' .r) (1.24)  0     g    

Then (1.19) becomes

def (z) = in exp(-2TTiK'.r ) £z (1.25) ' -   --n

Equations (1.15) and (1.2^) give, for an imperfect crystal,

exp(-2niK'.r )   *  exp(-2r?i(g.r + g.R + s.r + s.R))    n TI     ~~n ~~  

~exp(-2iri(£.]S + sz)) (1.26)

Substituting (1.26) in (1.25) and integrating gives
nt

d = itr8 exp(-2ni£.jR)exp(-2frisz) dz (1.2?)
^o

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

For a perfect crystal I? = 0 and (1.2?) can be integrated to give

= in sin(rtts) exp(-nist) (1.28)
g
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Therefore the intensity in the diffracted beam g 'is given by

I = 10 I 2 = (iL^j 2 sin2 (TTts) (1-29)

Conservation of electron flux gives the incident beam intensity as

I =1-1 = 1 - (rr\2 sin2 (nts) (1.30) 
o g

If the crystal is in the Bragg position, (1.29) reduces to I = (nt\ , in

which case the condition that I ^1 is only valid for t<6H=>£ ,~100 A .
g TT

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

2 for very thin crystals. The sin (trts) curve of (1.29) is plotted against
(ns)2 

s in fig. 1.3(a). The subsidiary maxima, whose peaks lie on a
Us)

curve, occur at intervals of A s = J_ . In fig. 1.3(b) the curve is
  t 

reproduced in a reciprocal lattice and Ewald sphere diagram (section 1.2.2),

the s = 0 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 = ri ;
t 

therefore the fringes have a periodicity At = J.  
s 

(ii) Bend contours. The scale of the curve (determined by thickness) is

constant but different parts of the crystal have different s 

values, again causing 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 = J.   This relation can be
t 

used to determine the thickness.

The integration in (1.27) can be performed graphically using an 

amplitude-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 1/2TTS . 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.^Ca)). 

For an imperfect crystal thrre is an additional phase factor oL given by

ct = 2TT£.R (1

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 corresponding to the depth of the fault, there will be an abrupt 

change of angle given by oi on to the second circle for the rest of the 

crystal (see fig. 1.*f(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 which g_.]R 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

E = Ib tan"1 (z - y) (1.32)
p3=r * (See fig. 1.5(a)) 

Then (1.3D gives

0^= g.b tan"1 (z - y) (1.33)
x

which indicates that the dislocation is invisible for £.l> = 0 . 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 Ji when near 

the dislocation will either reduce the effect of the 2rrsz terra 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 £._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

2 inversely proportional to s   Plotting the average intensity as a function

of column position gives a measure of the half-width of the peak, A x, and 

the peak position, X . 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 £.Jb = 2 , the values are

2fTS

(Hirsch, Howie and Whelan 1960)

1-4 The image contrast of crystal defects: dynamical theory 

1*4.1 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

U)exp(2ni(k + £ + s ).r) (1.35)"^ 

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

thickness dz gives

exp(-2nl(g - h).lQexp(-2ni(s - s )z) (1.36)
6 n

B

dz

where £  is the extinction distance for scattering from beam h to g . The 
o

n differential equations of (1.36) may be recast into many equivalent forms 

by using different wave amplitudes related to the set 0 by phase factors
o

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

0   >  0'exp(-2Tris z -f TTJZ) (1-37)
o o "

in (1.36) gives

0.' exp(~2ra(p: - h).R) (1.38)~~

and in (1.35)
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T(r) = 2>(z)exp(2/ri(K + £).r) (1.39)
g 6 

where 1C is the incident wave vector in the crystal, related to the vacuum

wave vector ]c by

K = k ; K=k ; K=k+ 1/2 
xx 1 y y z z o

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

crystal is straightforward and gives

g' >-

eff where e ffeff
K *P.\2 

J W

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

E)
2 2replaces s . For s = 0 , (1.M-1) gives \<p \ - sin /rrt\ , and clearly this

D

can be valid for any thickness of crystal, unlike the kinematic expression 

For a crystal deviated from the Bragg position, the intensity oscillations 

have a periodicity of the effective extinction distance, defined as

w = 1=
s eff

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 19&3) i 

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

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

depth in the crystal.
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^ ^ 2 The wave-mechanical formalism: perfect crystal

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

V(r) = S v exp(2ni£.iO = ___h2 ;_^TU exp(2m&.rO 

g g 2m lei g s

and we look for solutions of SchrOdinger's equation of the form 

TCr) =

where the amplitude^ J o f the Bloch wave with vectors (k J +
3 g S

is

constant. Substituting (1.MO and (1.^5) into (1.1) and recalling that 

k = 2m (el E gives

U C ( J ) )(exp(2ni(k(;i) ^).r))) =0 Cl. 

g S p S"P P - -

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

equations

(K2 - (k(j) + £) 2 )C (J) + j: U C(j) = 0 (1
"

o

This may be written in matrix form

DCj) c (o) = 0 d

where £ has terms on the diagonal D = K - (k ^ -f g)2
_ oo

off the diagonal D = U , and C is the column vector C ^
6P 6-P - g

A solution of (1.*f8) only exists if the determinant

[D] = 0 Cl.^9)

which is the dispersion equation for the wave vectors k J , 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 £ 

and £ . Comparison of the definition of K in (1.^7) with (1.2) shows that 

K is the magnitude of the incident wave vector after refraction b
y the mean 

crystal potential; it is thus the vector defined in (1.40). These two 

definitions are compatible if

wg
since, by geometry, K2 - k2 ~ (KS - kz )2K . Now we define the new quantity
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y(j) by

_ K 
z z

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

v/ave formalisms, (1-39) and (1.^5) i are identical if

) z) (1.52)

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 (1.5D shows that V ^ is the distance in the z direction 

from the point A to the wave point for k_ J . Again by geometry we have

K2 - (k (j) + g)2 ^ 2K(s - y (j) )cos9- (1.53) 
  °* . g g

Substituting in (l.*f?) gives

= 0P 8g
g

Alternatively, in matrix notation

= 0 (1.55)

where A has terms on the diagonal A = s 
~ gg g

off the diagonal A = U ^J 1 from (1.50). 
^ gp ~   

o

This shows that C ^ is the g   element of the j   eigenvector of the matrix
o

A^ , and ^ ** is the j   eigenvalue. We can also define a matrix C2 with

C . = (/ . Then if a diagonal matrix is denoted by curly brackets, 
gj g

AG = C * (1.56) 

The amplitudes of the various beams at the bottom of a crystal 

thickness z can now be obtained. In matrix form (1.52) is

u(z) =C {exp(2rri/ j) z)} Y (1.57)

where _u(z) is the column vector of beam amplitudes 0'(z) . At z = 0 ,(1.57)
o _ -1

gives V = £ ii(0) ; therefore

u(z) =C exp(2TTiz) C" u(0) (1.58) 

Absorption can again be included by using (l.^3)i which together with (1.50) 

and (1.^) can be seen to make the crystal potential complex by writing

Ug ~" Ug + 1Ug (1
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whereupon (1.^4) becomes

U C (j) +iVu' -f s C (J) - ^ } C (j) = 0 (1.60)
£~P P V  &^ 6S s

2Kcos8- P 2Kcos& 
S g

and (1.55) still applies for a new matrix A where A = s + iU 1 'vs +
S ° g

o 
g

A
gP

1.4.3 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,

v (r) = n2 ZXU exp(-2f7i£.R))exp(2TTi£.£) (1.61) 
2m lei g g

and writing the wave function as

Y(r) = I>(j) (z) £c(j) exP (2-ni(k (:j) + £V. r ) exp ( -2rri£. R ) (1.62) 
j g S

where the wave amplitude » ^ (z) is now a variable. Matrix forms can again

be used (Howie and Whelan 1961). Firstly we define

?„=&'* '• ^'=£L« dR J £= {exp(2f7i/Jg)} (1.63)
o o _  _ _

dz

Comparison of (1.61) with (1.W, and (1.62) with (1.4-5), suggests that the

same equations may be used as in the perfect crystal case if we rewrite

U — >- U exp(-2tri/e ) ; C— +• Cexp(-2-ni^ ) (1.64) 
g g g g g g

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

Then (1.57) for an. elemental thickness ^z becomes

u

C" 1 £u(0) (1.66) 

Equation (1.66) may be used in conjunction with the column approximation 

(section 1.2.3)* when the crystal is divided into perfect lamellae parallel 

to the surface but with relative displacements given by JR , to calculate the 

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

differential equation by writing {exp(2-ni£ J £z)_} ~ ̂ + 2ni {# ̂  'f & z . Then
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= uUz) - u(0)

*z> £"1 £ u(0)

~ 1 () "1= £~ £ 2niir ; C" £ u(0) £z

du = 2ni £ A £ u(0) (1.6?)
» c ____ __ _

dz using (1

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

jv=£u (1.68) 

and substituting in (1.6?) gives

dv. = 2nd. (A + &•} )v. (1.69)
{^

dz 
Combining (1.66) and (1.68) gives

X(j) z)]'^ (1.70) 

Differentiation of (1.?0), and use of (1.56) and (1.69) gives 

d» = 2tTiCexp(-2TTi/ j) z)} £"1 f^'} £ {exp(2iri*( J ) z)} V (1.71)
^irt^M        ^ -

dz or in summation form,

.dR C (;i) 'Ca) )exp(2«i(k(1) - k(j) )z) (1

! 6

/ . \ / . \

The changes in Y ^ depend on ̂  ^ itself (intraband scattering) and on

V (l/j) (interband scattering).

1.5 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 position. 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 technique 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»5«2 Bloch-wave analysis of weak-beam images 

First we define

.R(z)C (j) *C (l) ; Akjl = k (l) - k (j) (1.73) 
g - g g z z

/ . \ f .
Then by expanding d__Cr J (z) exp(-TJJ (z))) , integrating both sides and

dz

using (1.72) we obtain

= f S y(l) (z)dTjl (z)exp(-Tjj (z)).
dz

z)dz (1.7*0

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

parts we obtain

-exp(-T:5:j (t))exp(2tiiAkJ* 1t) + 2friAkjl Jtexp(-TjJ'(z))exp(2-niAk:J1z)dz]j

° (1.75)

where Bjl = Tjl (z)AJJ (z) = 2 nC (;j) *C (1) / *£• nC(j) *C (;j) .
-*n n *-* n n n n

The condition that all V ™ are constant, when applied to (1.70), gives 

the change in v due to the interband scattering to V ** as
o

I =^c (1.76)
o o

The condition for g to be a weak beam is that I0M = Iv |<$C 1 in the perfect
o o

lattice, i.e. W C l« 1 for all 1 and z . Then a more general
o

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 \V (0)|
+

to that with largest C . It is convenient to number the branches of
o

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 £ is close to diagonal for the

weak-beam case when all |s.{ are large and appreciably different, and the
j

off-diagonal elements are given by perturbation theory as 

,(i).

.(s.-sj 
J i J

(Cockayne 1972). With this terminology it can be

seen that most of the weak-beam contrast arises by scattering from Bloch

wave 1 to Bloch wave g . From the matrix C

if

, |y (k) l ^ 1 . Then

, s. k k
«1   As increases with k , this is

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

weak beam g . The parameter w = s ^ cannot be made too great since the
  g

absolute intensity decreases; computed and experimental images indicate 

that lwl'^'5 is a reasonable compromise. Therefore .the fundamental 

condition for weak-beam images is that

Iwj >5 (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 ̂ '(t) . In terms of the parameter
o

Djl (z) = BjlC (j) exP (2tTi/ j) z)exp(Tjd (z))f(1) (0) (1.78)
o

  I  

it IS

*'<t) = exp(-2ni£.R(t))r2:exp(2^/ 1) t)^ 1) (C (1) -C (e ) Be1 ) +
g "" hy«. g g

f*
J exp(-Tgg(z))exp(2'J7iAkglz) dz (1.79)

The maximum intensity occurs in the column for which R^(z) 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 Is I   >> co
g

(1.79) becomes

g 2-beam £ 6J
irr exp(2rrist) exp(-2-ni£.jUz) )exp(-2nisz) dz (1.80)

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 + g.dR^ = 0 , over the whole range 0 to t . Such a displacement merely

cfz 

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

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

dz
t

= 0. This suggests another criterion for the peak position:

6 b———/ dz l \dz / \

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

s tf + £-f d£( z M = ° i !_(&•/dIL( z)\\ = ° (1.81)
Vdz // 

(Cockayne, Ray and Whelan 1969)

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

isotropic elasticity and a screw dislocation with £.]D = 2 , (1.81) gives

the peak column co-ordinate as X = -1 , whereas the kinematic result (1.3*0
w JTT

B
is X, = -1 . This difference arises because the latter finds the column K  =-  

2trs
g 

where on average the reciprocal lattice paint is nearest the Ewald sphere,

and so predicts a peak nearer the core where the tilt overcompensates s . 

Many-beam calculations generally give the actual peak position as lying 

between the two predictions and oscillating with a periodicity given by the

P n 1
effective extinction distance (1.^2). For Is / >2.10" A , (1.81) gives

o

the peak position to an accuracy of ^ 10 8 (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 s case given in (1.79)» and the
o

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

pis inversely proportional to s (e.g. (1.3*+)) » and the intensity to s
g g

2 $
g

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 s replaced by s ,.«., (1.42)) * and by 

experiment (Cockayne 1970, 1973). 

1.6 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 predicts many of the observed properties of weak-beam images. 

However, because of the 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 error accumulation in the numerical 

integration procedure, but such effects can be checked by reducing the
  »

integration step-length until the results stabilize. 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)» 

|w| ^5 i although a consideration of how close to the dislocation core an 

image is required often results in a more stringent condition on s (based
O »» 1

on (1.81)). A convenient figure for dislocation work is Isl^ 2.10"" A . 

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 , 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 objective 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 success 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 EM*f 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 lc by a single atom,

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

Figure 1.1(c) The reflecting sphere construction.





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 sin (irts) plotted against s (not to scale)

(trs)2

Figure 1«3(b) The curve of fig. 1.3(oO combined with the reflecting

sphere construction.
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Figure 1.Ma) Amplitude-phase diagram for perfect crystal.

Figure 1.^(b) Amplitude-phase diagram for a stacking fault JR at

depth t,. in crystal thickness (t,. + t_).

(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,

sx -ve, .D +ve.

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

sx +ve, £._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 () and £ (dotted curves), 

and Ic 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 (190?) discussed the properties of a cylindrical body which is 

cut and then deformed, and some of his defects correspond to dislocations; 

but the edge dislocation in a crystal lattice was first proposed by 

Orowan (193*0, Polanyi (193*0, and Taylor (193*0- 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 repeated 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 x. (i=1,2,3) » 

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

in the plane x_ = 0 , x > 0 and displacing the two surfaces by u_(x ,Xp) such 

that

b = u(x.,0~) - u(x/. 1 0+ ) (2.1) ~"   i   i

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 dislocation theory can be found in the many standard
+

texts, e.g. Hirth and Lothe (1968).

2.2 The equations of linear elasticity

Let x. (i=1,2,3) be orthogonal cartesian axes. Define o*. . as the
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stress in the x. direction on the plane with outward normal x. . 

Consideration of the forces on an elemental cube shows that

cr. . = <r. (2.2) 13 31
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 x. direction is
i

... = 0 (2.3)

o x. . / -> -> \ j using (2.2) .

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

by

to^
For small deformations the stresses are given by

<T. . = C. .. n «. . (2.5) 
13 ijkl kl

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

give

C..,-,  C ..,.,= C..-., \2.o j 
ijkl jikl ijlk

which reduces the number of independent constants to 36. This is often 

expressed by writing C. as CMN by the following rule:-

53 23 31 12
(2.7)

^

Equations (2.3)» (2.4), (2.5) and (2.6) combine to give

= 0 (2.8)

ij or kl

M or N

11 

1

22 

2

33 

3

23 

4

31 

5

12 

6

Consideration of the strain energy when a volume element is deformed 

reversibly gives

CMN = CNM 

reducing the number of constants to 21. Finally, a cubic crystal is

invariant in symmetry to 90 rotation about the cube axes, so

i ckk = cc;c = c££ 5 a11 other constant*44 - "55
zero (2.10)



28

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 , C , C, , found 

in tables are for the crystal cube axes co-ordinate system, x. . In practice 

another axes set x! may be more useful. Then the stresses and strains 

<r! . I^AT are given by the same equations if the elastic constants are
lj KJ.

written

C! = T. T.. C , T. Tn (2,12) ijkl ig jh ghmn km In

where T. . is the direction cosine between the x! and the x. axes. The 
ij i j

isotropic condition A = 1 gives C! .. n = C. .. . for all choices of x! .
ijkl ijkl i

2.3 The displacement field of an infinite straight dislocation:

isotropic solution 

2.3«1 The screw dislocation

The dislocation is formed as described in section 2.1. The

Burgers vector b has only one component, b , in the x^ direction.~ B

Assuming that u. = u_ = 0 , and u., = u_.(xx. 1 x;) ) reduces (2.1) to

= u (x1t (f) - u3(xvO) (2.13)

which suggests the solution
 

u, = b tan

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

11 — 11 (-v -v ^ • 11 — 11 fv Y ^ • 11 — O • a — n ("5 *\ c. "\ u- - u^ A<i 1*0' i U3 - _U O VAI » Ao' » u_ - v , . w - v-» V<i. ip;

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 function/C defined by
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(2.16)

2

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

equation

'12 (2.1?)

t— i

Combining (2.1?) with (2.5) and (2.16) gives
i

+ IL.} x =
2

= o (2.18)

The dislocation line direction !_ is along x . As mentioned in section 2.1, 

the choice of axes x ,x0 is arbitrary, but the solution of (2.18) is
' I C.

simplified if b^ has only an x component, b . Then the particular 

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

X = ->*> XP In r (2.19)

2 2 N4 
where r = (x + x ) 2 . Substituting in (2.16) gives the stresses, hence

from (2.5) the strains, and by integrating, the displacements. The result is

R — e = b —e
27T

9- Hh sin29-
4(1-v)^

2§_ + _b e !_ / (1-2V) In r + cos2£-\

_ 2.T /

(2.20)

where 9- = tan

2.3-3 The general dislocation

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

Burgers vector b = b + b , and b 1 = b.l . Hence
° —— ——«» ——fS T ——£»A«— ——A——

be-+ b sin26- + b.1 / (1-2V 
\ 4d-v

-2v) In r -»- cos2^-2fi- \ 
-V)/

(2.21)R = _J_ 
2tr

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

2.4 The displacement field of an infinite straight dislocation:

anisotropic solution

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 % = 03
Then the displacement can be expressed as

^ = ^ f( Xl + Px2 ) (2.22) 

Substituting (2.22) in (2.8) gives 3 equations of 12 terms,

or - ±L A = ° 

This only has a solution if the determinant

[S] = 0 (2.2*0

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

pairs; denote the roots with positive imaginary parts by p^ , o(. = 1 ,2,3 • 

The corresponding vector A may be written A and found (except for an 

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

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

Equation (2.22) now takes the form

„where z^= x + p^x 

Now several new quantities are defined. Firstly,

= (Ci2k1 + P 

= -(Ci1k2 +

Potand we note that ^

V Li* = "Ai* li/ (2 ' 27) 

Next, the vectors reciprocal to L. :
lot

\e = s«^ (2 -28)
and (2.2?) becomes

f A^ M^- + 5 V M * = ° (2 - 29)
Finally, the real matrix

B = - Im
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which does not contain the arbitrary factor in both A. and M . , and itsi<* <*j

real reciprocal H. . given by

B, . H. . = X (2.3D 
ki ij kj

A stress function 0 defined by

(2 ' 32)

has the property that the increment A0. in going round a closed curve C is 

equal to the resultant force F. acting across C . Equations (2.5) i (2.25)

and (2.32) give

. = 2ReS L. f,(z.) (2.33)
1 o<. l«t el «•

Now we define the real vector d. in terms of the Burgers vector

d. = H. . b. (2.3*0 
i ij 3

and assume that the unknown function f^z^) can be'written as

) (2.35)

again neglecting boundary condition terms. Then (2.25) becomes

u, = 1 ReZ A. M . H. . b. ln(z.) (2.36)
k ^Z 0< k<* Oil 1J J Ot

ctT

and (2.33) is

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

V x. ,Cf") - u. (x. ,0 ) = 1 Re 2 A. M.. H. . b. 2-rrL = b as required, and we 
I K I ^• ~ e^ Koc cCl 1J J K

note from (2.37) that round a closed curve A^. is zero and hence F. 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 1. and Burgers vector b, , a 

distance £r in an external stress field <T . The area swept out by the 

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

ai = eijk Xj ^ rk per unit lenSth (2.39) 

where €. is the permutation operator. • The movement is made by cutting
1JK
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the material over an area a. , and displacing the two surfaces by b, .

The force on the plane a. is given by

f, = a. cr.. =e. ..1.Sr.tr,, (2.39) h i ih ijk j k ih
and the work done is

f, b,= £. ., l.£r, <r:,bv per unit length. (2.*fO) h h ijk j k ih h r &

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

fielder, is F , then the work done is also F Sr. per unit length, in K k k

Equating this and (2.40) gives the required result

F, = 6. 1/T.b. (2.41) k ijk j ih h

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 err, 

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 xp = 0 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 

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 b. and z , ;
0

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



fault vector R_ whenever a column crosses the plane joining the partial 

dislocations in question. A useful rule here is that the vector JR to be 

introduced when crossing a fault plane is the sura 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 

lines along <110^ directions in strong-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 Cm3r 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 superjog. The equilibrium 

configurations of faulted dipoles have been computed by Seeger and Wobser 

(1966) and Steeds (196?a). 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 (HSussermann and Wilkens 1966; Steeds 196?b). The results reported

by Steeds aresomewhat higher than those of Ha*ussermann and Wilkens,
_2 

especially in the case of pure copper (150 erg cm 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 |w/ = |s £ | > 5 *
o o

and that the width and position of a peak from a dislocation then depends

on the value of s (s is the distance from the reciprocal lattice point
g S

£ to the Ewald sphere and is the extinction distance for the reflection
o

—2 o— 1
g). If no reflection is strongly excited, and Is I > 2.10 A , the

o

image peak has a half-width of ^ 15 X and lies close to (within 20 A 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

3.2.1 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 (196*t). 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 1 ; when 

the foil is tilted so that the electron beam is along the L.112J direction, 

the new horizontal separation is distinguished by a dashed superscript,^', 

and the vertical stair-rod to stair-rod distance is written as H 1 (these 

should not be confused with the H and A. 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 Z 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 a<110>. The next highest energy stair-rods have Burgers 
6

vectors of the type a <002> and the three stacking- faults of an S dipole
6

containing such dislocations are identical. The isotropic elasticity 

calculations of Steeds (196?a) 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 

A depending on the value of the stacking- fault energy ^ . Using the 

co-ordinate system defined in fig. 3.1 i the net force per unit length on 

dislocation *t in the x direction, using the Peach-Koehler formula (2 

is

(3.D 
n=1

where ^tp(^ is a component of the stress field due to dislocation n and 

b(*t) is the x, (in fact the only) component of the Burgers vector of 

dislocation *f. • The stress G^^^ at tlie P0^11"1* z ^ n ) ^s obtainable from 

(2.32) and (2.37) as

. b.(n) (3.2)
z ,(n) ^

where z i(n) = x.(n) + p,x~(n) , and x,,(n) , x_(n) are the co-ordinates of
^ T •*• d. \ c.

the point in question when the x_ axis coincides with the line of 

dislocation n. Then (3.1) becomes

. = 1 ReZlEbW L. M,. H b.(n) - ^. (3.3)
1 ^ n=1 ^ ———— 1 * ^ ,kj * ——

z^U)n=1

where z^(n) now involves the co-ordinates of dislocation k with respect 

to dislocation n. The quantities p^ , L*. , M and H . depend only on 

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

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 F. is zero. 

This may easily be found by moving dislocations 1 and *f by fixed increments 

and evaluating F1 each time, reversing the direction of motion and reducing 

the increment whenever F. changes sign. The curves of A against H for 

various values of 0 are plotted for Z dipoles in fig. 3-2 and for S dipoles 

in fig. 3.3 using the elastic constants of pure copper given by 

Huntington (1958).



38 

3.2.2 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 

energy. 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 d96?a) 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 )f ; the curves of Steeds are plotted in figs. 3.2 and 

3«3« Steeds further demonstrated that the curves for S dipoles depend 

strongly on the ratio of X extrinsic/ tfintrinsic , here taken as unity 

(for 2f~ ^ fc"T , the critical height at a particular ^T decreases); and
Lt J. 1

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*^« It can be seen that there is 

some disagreement between the two sets of results although both predict

that H-p „ ^ HM „ . This disagreement has been explained by Steeds'in rj— u Yi—it

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 fig. 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 ° 

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 Ha*ussermann 

and Wilkens (1966) and Steeds (196?b). The difference between the M-Z 

curves used in the two cases, as shown in fig. 3«^» 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 tf 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.

3«3 The weak-beam image contrast calculations 

3«3»1 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 Surge (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 [lllj and the dislocation Burgers vectors 

were as given in fig* 3»1« Calculations were performed for the electron 

beam incident along fTTfJand [jT2]directions (see fig. 3.1); hereafter



referred to as (111) and (112) poles respectively.

Of the six {220} reflections at the (111) pole, two of these, 

+ (220) , are parallel to the dipole line direction. Since all the 

dislocations are pure edge in character, and they have a C^10J line 

direction, there is no displacement in this direction and so £.1* = 0 for 

all the partials. No contrast is expected in these reflections. The 

other two pairs, + (202) and +(022), have identical £..R products and so 

images were calculated in the plus and minus £ pair 202 and 202. The
3 rt 1

deviation parameter s was 2.38.10" A , satisfying the requirements that
o

p <1

|s | > 2.10 A and that no reflection should be strongly excited, as
o

discussed by Cockayne (1972) and in Chapter 1. Five-beam image profiles

were computed for a range of foil thickness from 2.0 to 2.2^ ( ^ = Vl8 8).
g g

This is a span of two effective extinstion distances for the value of s
o

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 + £ 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 these from the faint contrast due to the stair-rods. In 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.



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 separations.

The object of the image computations is to derive a relation

between the observed peak separation, A , and A , by systematically
O OS

varying the size and shape cf 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 = 4? , H = 1z z

positioned at five depths in the range d = 1.0-*- 1.1 ^ (the depth is
o

defined as that of the centre of the dipole). The peak positions vary 

with thickness with a periodicity of the effective extinction distance, 

It can be seen that this is also the period of the depth
o

oscillations. Fig. 3.7 investigates the effect of varying H . The six

curves are for faulted dipoles at a depth of d = 1.0 , with ^ = 33.5

and a range of H = 9.5 -*• 56.5 2 . The spread in peak positions is greater
z

here and appears to vary with H 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



reflects the fact that changing H at a fixed A 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 ^
o

with different values of A in the range 33 — >• 60 8 and H = 19 — *- 85 8 .
Z 2

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 197^5 Melander and SandstrOm 197^; 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 z = A z obs -10 j 11 (3.4)

If the value of H were known, then a set of curves such as fig. 3«6 wouldz

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 A lies in the range given by (3«^)«z

Fig. 3*9 displays the results of calculations on five S dipoles

with various combinations of the parameters A. , H and d as follows :-s s
= 33 — * 60 8 , H = 19 — * 85 8 , d = 1.00 — »• 1.05 ^ • Again s s g

estimates of the likely variations in peak positions have been made and the

value of A deduced from (202)-type images is expected to lie in the range s

As = As obs - 13 i 11 X (3.5) 

3«3«2 Weak-beam images at the (112) pole

The reflection of interest here is 111 . As l&«.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 111" images, which display outside contrast, are thus more useful. 

Preliminary six-beam calculations have been performed for this



configuration with s = 2.34. 10~ A" for one Z and S faulted dipole only.
o

These have the dimensions A' = A • = 48.5 8 and H 1 = H 1 = 38 2 . Thez s z s

curves of peak position are shown in figs. 3«10 and 3«11 for four different 

depths, d = 0.5—*1.05 c; . As can be seen, the occasional disappearance
o

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:-

-6 + 6

obs - 8 i 7-5 (3.7)

3.4 Experimental procedure

(111) slices of pure (Johns on-Mat they 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 

HNO in distilled water at 80 V with a current of 300 mA. Finally the foil 

was thinned to perforation in a J>J>% by volume solution of HNO^ in raethanol 

at 3 V and a temperature of ̂ -60 C.

The specimens were studied in a Jeol JM 100B operating at 100 kV. 

Weak-beam micrographs of the defects were recorded in the six £220l 

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

(121) and (211) poles. The value of s for each reflection was estimated
o

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 6.5£ for the -£.1111 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 s small and
o

positive for the coupled beam.



3.5 Results from the weak-beam observations 

3.5.1 The weak-beam J.22C& 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 

diffraction conditions are shown in fig. 3.12. The experimental ?22o} 

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 configuration. 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 197^» Carter unpublished). The 220 image, for which £ 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 8 . It is not possible from such an image to say whether it is a Z 

or an S dipole. Applying the relations (3.^0 and (3-5) derived in section

3.3.1 gives the possible range of A and A, for the widest image of az s

faulted dipole in copper observed under weak-beam conditions:

A = 60 + 11 8 (3.8) z -

& = 57 + 11 8 (3.9) s *™

These results can be used in conjunction with figs. 3-2 and 3-3 to derive



an upper limit on the stacking- fault energy. From fig. 3-2 relation 

(3.8) gives for the Z dipole

*•«<») ' k7 1 8 erS cm"2 

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 (5.9) gives for the S dipole

*max(s ) = 57 + 10 erg cof2 (3.11)

3.5*2 The weak-beam l1l images

The weak-beam images in 111 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 A . 

Applying the relations (3.6)and(3.7) gives the possible range in widths of 

Z and S dipoles as

&' = 6k + 6 2 (3.12) z —

A' = 62 -»• 7.5 8 (3.13) 
s -

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 111 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 & and ** • as follows:-

A - All (3.15) 
S

3

ll
L3 SJ

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 ( ^20°) of tilt between the two poles; 

the value of jd 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

Ho,axU) = 71 (3.16)

Hn,ax(s) = 30 (3.17) 

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 A . , , = 46 8 
max(s) & ^ min(s)

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

*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 tf / N given in (3.10) . Therefore this result for & , x does 
max(z) & max(s)

not depend on the assumed ratio of 2T _/ J_ (unless this was so high that the

M-S transition curve lay to the left of the point & = 46 S , H = 30 8 ins s

which case & , •>. would be reduced even further). max(s)

3.5.3 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 computed 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 (111) plane. It is not immediately 

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

dipole is invisible in the +(220) reflections and in eachcase the two



images obtained in +(202) are identical to those obtained in +(022) .

Images have been computed for 'inclined' dipoles with dimensions

in the range A = A = 47—^84 8 , H = H = 19 — >65.5 8 . Thez s z s

results indicate that the inside-outside contrast effect is small for the

inclined dipoles, the difference in A , being ^ 10 8 . This figureobs ^

was found to be much larger in the computations of section 3*3« 

example, the profiles in fig. 3-5 have peak separations differing by ^25 8 . 

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 &.b^u contrast effects are dominant in the image. The measured 

difference is ~* 30 8 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 

3.6.1 Strong-beam §220} images

Previous studies of faulted dipoles in pure copper have used 

conventional strong-beam imaging techniques (HSussermann and Wilkens 1966; 

Steeds 1967b). 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 ^220$ 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 the 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 (202)-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 8 . The widest image in copper observed by Steeds 

(I967b) was 68 8 , and 125 8 was reported by HMussermann and Wilkens (1966).



From his calculations for Z dipoles at various depths in foils

of thickness t > *f , Steeds (196?b) found that the bright- field
o

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

line A = H^ lies just under his M-Z transition curve in fig, 3-2). Using

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«1i 

where it was shown that A depends on A rather than on H . HSussermann 

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 in a foil of thickness t = 3 • From computations
o o

for other dipoles they found that, at a given value of & , 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.*t ^
o

the half-width was reduced by up to 2C%. (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 configuration 

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 0 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 , in the (202)-type weak-beam image, and from the results of section ODS

3.5 is probably not in the transition configuration. However, its bright- 

field image width ( ~ 90 8) does lie between the previously reported widest

images of faulted dipoles in copper, 68 A and 125 ° . The high value of V
_2

given by Steeds (I96?b), 150 + 30 erg cm , must result from his not having

observed the widest possible image. The analysis of a bright-field image



from the results of previous workers is uncertain because of two conflicting 

effects. Firstly, the curve of HMussermann and Wilkens (1966) gives a 

larger dipole height than that of Steeds (I96?b) for the same image width. 

For example, taking the' widest reported image of 125 8 , the two heights are 

67 A and 61 A . (This discrepancy increases with decreasing image width; 

for an image width of 90 8 the two heights are 32 .8 and Vf 8 . This effect 

would become important for materials with smaller dipoles). Secondly, the 

M-Z transition curve of Seeger and Wobser (1966) gives a higher value of ^ 

than that of Steeds (I96?a) for the same height (see fig. 3.^t). Taking

H = 6? 8 gives ^ = 73 and 51 erg cm"2 ; H = 61 8 results in * = 79 and 55
— 2 

erg cm . 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 & = +(202) are 

shown in figs. 3.13 and 3.1*f 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

? -2 X = JfO erg cm and X = 100 erg cm . At these thicknesses in both + £

the image width for the * ̂ 0 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 8 and 118 8 , whereas

those for the tf .^^ dipole are 36 8 and 90 8 . A similar overlap occurs
1 00

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 €l1ll images

The strong-beam images taken in £111J reflections display contrast 

effects analagous to the weak-beam case, in that the 1^1 and 111 images are 

similar in appearance, narrow, and occasionally have two closely-spaced minima. 

The 111 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 8 . This result is interesting in that Steeds d96?b) 

did not observe two intensity minima in 11115" 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 transition curves. Applying his

analysis gives ^ = 33-5 erg cm" . Calculations of strong-beam 111 images
max



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 {220y reflections.

3.7 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.

(i) 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 8 , which 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 .

(ii) 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

A = 60 + 11 8 , or A = 57 + 11 8 . z — s —
(iii) Equilibrium configurations of both Z and S faulted dipoles have been 

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

aniso tropic elasticity expressions of Stroh (1958) for infinite straight

dislocations. The value of A obtained from the (202)-type weak-beamz
_P

images gives the result £ / N = V? + 8 erg cm from these curves.max\ z/ —
The value of A when combined with these curves and the M-S transitions

curve of Steeds (1967a) gives * ' / N =57+10 erg cm" .—

(iv) Weak-beam 111 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 8 and Hmax(g) = 30 8 

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.
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(v) 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 A . The new result is & / >. = 36 erg cm~ .
s max(s) °

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

is ff / N in (iii) above. The independence is an advantage since 

previous authors' transition curves differ significantly (Seeger and 

Wobser 1966; Steeds 196?a).

(vi) 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 (Haussermann and Wilkens 1966; Steeds 196?b). A large range 

of £ therefore results from possible interpretations of the same image. 

The present calculations also suggest that there is a wide overlap of 

image width from dipoles of greatly different dimensions due to the 

dependence of the image on foil thickness. It is concluded that the

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 limit on 

the stacking-fault energy derived in the two cases it follows that, for 

copper

tf = 47 + 8 erg cm"2 . "max - &

(viii) The stacking-fault 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 41 + 9

_2 and 41 erg cm , 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

\A W£S VoXAVA. V*A*W S* W .A. WA.A.W ^.iUtAg^ W \S ±± JL \J .J. .^ WXXJL WXVAA W»J O • J» W JLW \* W X* \* JL IAU. WVA I**£QL V 1

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



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 

which is into the paper.





Figure 3«2 Equilibrium curves for Z faulted dipoles in copper

calculated using anisotropic elasticity with different 

possible values of X . The transition curves of 

Steeds (196?a) are also shown.
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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 (I96?a) are also shown.
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Figure 3»^ A comparison of transition curves for Z-faulted

dipoles in copper.

(1) E-Z^
>- Seeger and Wobser (1966)

(2) M-Z->

(3) E-Zto-'L -\ 
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Steeds d96?a) 
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Figure 3-5 Computed weak-beam image profiles for a Z-faulted

dipole in +(202). H=0.0*f5, A =0.112, d=1.0, and

( £ =Vl8 8). (1) to (4) indicate the 
6 g

relative positions of the partial dislocations as 

given in fig. 3»1«
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Figure 3«6 The variations in the positions of the outer image

peaks with thickness. Z dipole, £=202, A, =0.112, 

i various d as marked;- s
o

(1) 1.000

(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 thickness. Z dipole, £=202, A =0.08,

d=1.0g , various H as marked:— 
g

(1) 0.0226
	o

(2) 0.0450

(3) 0.0676

(4) 0.0900

(5) 0.1126

(6) 0.1352
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Figure 3»8 The variations in the positions of the outer image
j

peaks with thickness. Z dipole, £=202, d=1.0 5 ,
o

various A and H as marked;-

(1) A = O.OSO \ H = 0.0450

(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, £=202, various A 

H and d as marked;-

(1) A= 0.0801 H = 0.045 I d=1.00 _
g g g

(2) 0.080 0.030 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. Z dipole, £=111,
•

A '=0.2, H 1 =0.1556^ , various d as marked*-
g

(1) 0.500
o

(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, £=111, 

A 1 =0.2, H 1 =0.1556 s i various d as marked;-
o

(1) 0.500

(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 lower 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 A scale markers are also 

shown. The diffraction vectors are: (a) 022 (b) 022 

(c) 202 (d) 202 (e)220 (f) 111 (g) 111 (h) 111 .
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Figure 3-13 202 computed bright field image profiles of two Z

faulted dipoles lying at depth d=1,OC in foils of
o

various thicknesses. The dipoles approximately

correspond to the Steeds M-Z transition configurations
_2 

at 2f=*fO and 100 erg cm .

<2)*noo , t=1.68*g
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Figure 3«1^ 202computed bright field image profiles of two Z

faulted dipoles lying at depth d=1.0£ in foils of
o

various thicknesses. The dipoles approximately 

correspond to the Steeds M-Z transition configurations 

at ̂ =40 and 100 erg cnf .

, t=1.56ig (6)*10Q , t=2 .Q8>g (7)^0 , t=1.56kg 

, t=2.08lg .
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Weak-beam electron microscopy with divergent-beam illumination

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

weak-beam images

Chapter 5» Weak-beam images of single dislocations using

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 in practice 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 

4.2.1 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 C.

p = distance from crossover image to specimen 

(1 - k)p = distance from C to specimen

v = Cp image distance

«/ = angular divergence at specimen (see fig. 4.1 (a))

then A = f_v\d. 1 = «*o (4.1f_v\ 
\k/kp/ p(1 - k) - v k(l - k)p.J_ - k



where <£0 is the divergence which would result if CL were absent. It
2

appears that if the strength of C^ were such that v = (1 - k)p , then o<-> 

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

ot
(1 - k)p 

The curve of c( against 1/v resulting from (4.1) and (4.2) is plotted in

fig. 4.Kb). In standard texts on optics (e.g. Longhurst 1973 p.4^0) it is 

shown that in a given optical system in which the transmission factor is unity
2

and the Abbe sine relation is obeyed, the ratio of current density to o(

is a constant. Therefore in weak-beam work, where one instinctively adjusts

C_ for maximum intensity, most experiments will be performed with the

divergence °t given by (4.2). The computation of divergent-beam imagesnid. .A.

requires knowledge of the distribution function I(k) , which is defined such

that I(k) dk_ = I(k_) dk dk is the probability that an incident electron hasx y

x and y components of the wave vector in the range k , k + dk and
Jt Jt Vv

k , k + dk . It is convenient to normalize this function so thaty y y
Jl(k)dk = 1 (4.3) 

The measurement of this function in a practical case is described in the 

next section. 

4.2.2 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 <^ given by <^ m ^ v .max

The purpose of this was to obtain an estimate of I GO 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 (IIford EM5) and the largest available camera length. The

angular divergence JL determined by the C aperture was measured by 
& max ^
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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

"3 radians (4, max

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 1 is a suspension of approximately 

spherical crystals of a silver halide (usually Ag Br) , "^ 0.1 hu to 1ju , 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 " losio (1)

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(J_\ =.A'FN (4.7)
\rri /

where A 1 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) 
s

where D = A'N is the saturation density.s 13
For small values of E, (4.8) reduces to the linear law D = DgAE . In any

one exposed plate of the beam spot, the exposure E at a particular point

corresponding to the wave vector ]c will be directly proportional to 1 00 .
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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 corresponds to the maximum 

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

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 Sandstrtim 197^) » 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 D.. for over 9Q& of the spot width. It was therefore decided 
M

to represent I(lc) at the mean value of k as a constant over the whole range
«/

of k . Consequently, references to a specific divergence angle will
Jv

henceforth imply an I(lc) 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 0 (k,z) is the amplitude in beam g in a column at depth z s- g —

calculated assuming a parallel incident beam of wave vector k_ , then the 

resultant intensity due to a divergent beam is

(k,z)| 2 I(k) dk dk (4.9)g — x
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The intensities, and not the amplitudes, have been superimposed in (4.9) 

since the source is effectively incoherent; 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 

(Whelan 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 dislocations (Holmes, Cockayne and Ray 1974 ; Melander and 

Sandstrdm 197*0. In practice the integral of (4.9) may be approximated by

a sum over a finite number of calculations for different k , where the xx '

axis is along the line of £ ( 0 (k_,z) is independent of k ). Five to ten& y
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 °£ , the square spot calculations should cover a 

range of 0.87^ . 

4.4 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 = goC (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' >weffective extinction distances 5 — v 5 , the range of effective
& g

depths will be greater than half a period if

S g 

i.e. d > % ( 1 \ (4.11)

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

satisfied. This argument was first proposed by Jenkins (1973). For a

{2205 reflection in copper, and using d from (4. 4) , (4.10) andmaxmax 

give

d > 250 8 (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 

from one another by at least half a mean revolution if

2nd ( ^s) > TT (4.13) 

The above analysis will only apply if the dislocation is at a depth greater

than d ; /, d ^ d,. , or, from (4.13)i

(4.14)

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
V ^

than £ may occur, corresponding to beating between Bloch waves on other
o

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. 

k.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 and 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 sees. Fig. 4.3(b) was taken with an almost parallel beam, obtained 

by reducing the strength of C (see- fig. 4.l(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 Haussermann, Katerbau, Rtlhle and Wilkens (1973) 

for images of small ( ^ 50 8) 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 <*** •

Figure 4.l(b) The variation of <^ with the strength of the second

condenser lens.
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Figure *f.2 Calibration curve of optical density D against

exposure E (arbitrary units) for IIford 

plates.
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Figure ^.3 The smoothing of intensity oscillations by the

divergent-beam effect for a dislocation in silicon,

(a) fully-divergent beam, exposure time 16 sees.

(b) 'parallel 1 beam, exposure time 10 mins.
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5«1 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;- 

(1) Zero, at a value of the deviation parameter s = 2.5.10*2 8~ 1 ,

hereafter called the parallel beam.

(ii) 1.1.10" radians, hereafter called the semi-divergent beam. 

(iii) 2.2.10 radians, hereafter called the fully-divergent beam. 

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

P r> 1
the parallel-beam value of s = 2.5.10~ A . When due allowance has 

been made for the factor of 0.8? 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

°^v = 2.5.10~3 radians (4.4). max

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 

5-2.1 The screw dislocation

For these computations the dislocation line was taken along
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[l10J , the upward foil normal was Qlll] , the Burgers vector was a.[l1o]
2 

and the reflection used was 220 , so that . = 2 . The dislocation was

placed at two different depths in the foil, d = 1.00 and 1.05 ^ » and
g

results obtained for a range of thicknesses t = 1.00 to 2.00^L(£ = 418 2). 

The image peak intensity is plotted against thickness for the two depths 

in figs. 5»l(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»l(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 is

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

av 
is the increase in this which causes the dislocation image in fig. 4.3(b)

to appear more dotted than in fig. ^.jKa). 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 fe .
o

These oscillations are superimposed on another variation with a much larger

wavelength, ~ 0.7 £ , an effect which has been noted previously by Saldin
o

in calculations of weak-beam image peak positions (unpublished, reported in 

Cockayne 1973). As discussed in section *f.*f, 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 £ • 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 g 

(0.7 fe below the dislocation). It can be seen that from this thickness
o

onwards the value of A»I -is rapidly reduced in the fully-divergent beam

av 
case.

In the semi-divergent beam case the critical distance is 1.4 ^ g

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 s below the dislocation, which means a foil
g

thickness of 'v 2.4 S here. Therefore little change in A I is expected

av 
for the range of foil thicknesses plotted, and it can be seen in figs. 5«l(a)

and (b) that any reduction 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. Although 

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) 

shows 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 £ • The defect is positioned at X = 0.075 £ • The
6 1 g

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 s it can again be seen that the variations are damped and that
D

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 X . This is ^12 A from the position of the
I C

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

+ 5*5 A . We therefore obtain for the peak position with fully-divergent
2 r\ 1

illumination at s = 2.5.10 A ,

X = X^ = 12 + 5-5 8 (5-1) c a -

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 ;

X from (1.81) (Cockayne, Ray and Whelan 1969^ and X from the kinematical w K-

theory (Hirsch, Howie and Whelan 1960). These give the deviation of the 

image peak from the dislocation as 12.5 8 and 6.5 8 respectively in the 

present case. They are marked on the X. axis in fig. 5-2(b). It can be

seen that the average position X derived from the calculations is much
c

nearer to X than to X . w K
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.D 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 (e.g. 

stereo pairs), this information is not available. Alternatively, it is

possible, in theory, to associate a particular value of A I frOm figs.5.1

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 5O- 

5.2.2 The edge dislocation

Similar calculations have been performed for the case of a pure

edge dislocation with Burgers vector Jb = aTllOj , line direction ju = (l12j,
2 

and £ = 220 . Curves of peak intensity are plotted against foil thickness

in figs. 5«3 and 5«Ma), and of the variations in peak position in fig. 5«Mb) 

The various beam divergences 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 *f

and of (*f.11) since in the fully-divergent case Al is effectively damped

av

from t ^ 1.7 £ onwards. Fig. 5«^(a) again demonstrates the little
g

effect that changing the depth has for foil thicknesses greater than this. 

In fig. 5.Mb) it can be seen that the oscillations of periodicity -'O.I ^
o

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. = 0.055 I . The mean image peak position is X = 0.0055 ^ , or 
1 g <- 6
~21 8 from the defect. The approximate criteria for the peak position

give X, = X - 13 8 and X = X, - 22 8 , and these are marked on the X 
K d w d '
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axis. Again the prediction of (1.81), X , is much nearer to the
W

calculated mean X than is X, . From these computations we obtain for 

the edge dislocation

X = X ' - 21 + 5 2 (5.2) c a -

5.3 Calculated images of dissociated dislocations 

5.3.1 Shockley partials in the face-centred cubic lattice

The energy of a dislocation is proportional to the product of 

the line length 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:-

2 "5
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 1 . 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
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gives the same stacking sequence away from the fault plane as the 

extrinsic arrangement of the two intrinsic dissociations

a[l12] +a
2 6 (5.5) 

and a.[l1QJ —

on adjacent planes. In most practical observations the system of (5- 

would be indistinguishable from that of (5.^), so it is usual to consider 

only (5-3) and"(5-^)» 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 ]s , one +£ pair of the six 7.2205" 

reflections at the (111) pole is such that l&.bj = 2 , and that for each

partial |g.b | = 1 . In the other four reflections |g.b| = 1 , and — p

{ £.b | = 1 for one partial and J£.b | = 0 for the other. In all these cases 

the central stacking fault will be out of contrast since £.£ is an integer. 

Assuming isotropic elasticity, in the fg.b | = 0 cases £.R. for this partial 

is also zero and therefore only one peak is expected in the / £.bj = 1 

images. However, £.£_ is not zero in anisotropic elasticity and some 

weak diffuse contrast is predicted by computation (Stobbs and Sworn 1971), 

but the fg.b |= 1 peak can easily be recognized. Two relatively strong
a. — p

peaks are expected in the l£.b.l = 2 cases and these images are normally 

used when investigating partial separations. However, all three + \220j 

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 £ vector on the micrograph.

(iii) Obtain the sense of the total Burgers vector by noting the positions 

of the partial dislocation peaks in the +£ 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 l&.bj = 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. 

5«3«2 Dissociated dislocation image symmetry

When imaging a dissociated dislocation whose Burgers vector is 

such that |£.bj = 2 , there are eight possible arrangements of partial 

Burgers vectors, partial dislocation position, and sign of the £ 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 Jb gives the same £.1R product 

as reversing the sign of £ . 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 £.JR product. The values of the letters are related by A = -C , 

B = -D , E = -G and F = -H . Isotropic elasticity permits a 

simplification of this since the Burgers vectors are all in the same plane 

as £ . This gives the additional relations E = -B , F = -A and the result



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 £.b' = &.b , g.b = g.b_ (b is the edge component— i ~~c. •"• —le •"• —dQ Tie

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 there 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 , at a particular partial dissociation A

+ Jf
ab y ab 

where a = - s //£. /b

(5.6)

.2Tr\ 2(1 - 

and b = - s //g» /b + b
S V2:nl 2(T"!v)

(Cockayne, Ray and Whelan 19^9; Cockayne 1970; Cockayne, Jenkins and 

Ray 1971). Because of the (a - b) term in (5«6) i ^ b will have two 

different values depending on the order of the partial dislocations or the 

sign of £ 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 +£ . 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 £ . 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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of mixed character gives rise to four different images depending on 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_.I? 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 -£ ; 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 £ . In the edge case, fig. 5«5(e), reversing the sign of £ 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 A , will depend
O DS

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 A of 30 A in the case of a 30 dislocationobs

using the isotropic criterion (5-6) are 23 and 29 A when s = 2.5.10 A
o

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 A in the
—2 y —2 

interpretation could change the result fromtf= ^0 erg cm to o = kS 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.Ma), (d) and (e) was considered. For this reason it 

was thought desirable to check the analysis 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. ̂ . 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 properties 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 £.!* products for geometries which are now 

equivalent. It can then be seen from fig. 5.5(d) that reversing & 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 5-2.1 only apply to the geometry described there with 

£ = 220 ; changing & to 220 or reversing the Burgers vector would alter (5«1) 

5»3«3 The screw dislocation

The calculations for dissociated screw dislocations assumed the 

upward foil normal to be DllJ i the line direction Cl10J , the Burgers 

vector of partial 1 (on the left when looking from above the foil and along

the line) was af211j , that of partial 2 was ap21j , and the reflection used
6

was 220 . The dislocations were again placed at depths d = 1.00 or 1.05
o

in a foil of thickness 1.0 to 2.0 , and computations performed for the
g

parallel and fully-divergent beam cases. The results for a dissociation 

of 10.5 2 are shown in fig. 5.6 where the two peak positions are plotted 

against foil thickness; the dislocation positions are marked on the X^ 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 given in Cockayne, Ray and tfhelan (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 2 . 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 X axis by X . The curves for the second peak are
I C

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
g

onwards as predicted by (^-.11). The relation between A and A , for
obs

this case is

A = Aobs - "-5 1 8 2 (5.7) 

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

With the fully-divergent beam the weaker peak is visible in every case 

considered, but with the parallel beam this peak cannot be detected for 

about 5C$> of the foil thicknesses used when the depth is 1.05 5 • This
o

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 A , for this case isobs

A= A . -3.5 +88 (5.8) obs -
5.3.^ The edge dislocation

The line direction chosen for the dissociated edge dislocation 

was Cl12J , 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 = 3*f 2 , are shown in 

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

A = A , -9+78 (5.9) obs -
The other dissociation considered was A = 59 A , and the results of 

these calculations are plotted in fig. 5-9. This gives the relation
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obs ' 6 i 7 2 (5.10)

It is interesting to note that in both these configurations and in the 

screw dissociation of 21 A the weaker peak did not exist for most of the

thicknesses considered 'at the depth d = 1.05 when assuming a parallel
o

beam. This is an extreme example of intensity oscillation dependent on

depth since the peak for d = 1.00 I does not exhibit this behaviour.
g

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 X . The distance between these asw
given by (5.6) is in fact never in disagreement by more than 3 8 with the

separation deduced from the arrows X , although this may not be the casec
with the other dissociation geometries. This supports the conclusion of 

Stobbs and Sworn (1971) that A computed using anisotropy agrees withO QS

(5.6) to within 10^ at &= 4-0 A , 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 A error for A. = 4-0 A) is not found to be 

correct in the present calculations as may be seen by comparing the

arrows X and X in figs. 5«6 to 5«9» where the greatest error is about c w
5 A . 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 £(3&) diffraction conditions, rather than £(£) , 

are used (Howie and Sworn 1970), which is the case here. 

5.4 The analysis of experimental images of dissociated dislocations

in copper

This section applies the results of section 5»3«3 and 5.3-^ 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 5Q£ 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 0° to 10° and 80° to 90° 

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 

80 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 L. is plotted against 

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 linear 

relation connecting the two cases considered in detail in sections 5O»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 ^5 to 90 . 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 & < 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.VO, (2.32) and (2.37) as

F = 1 . H. . b.(D b.(2) (5-11)

where H. . depends on the elastic constants and the line direction, and 

b.(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. = 15*f1 (5.12)1 T
where F is in dynes/cm and A. is in A . This formula is accurate to 

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

partials are in equilibrium the force F. 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 1*f 8 . 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 is
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known that the defect is at least ^ 0.7 from either surface.
g

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 of 

deduced separations, and the required value is simply the mean of these. 

In fig. 5.10 the results for 80°^ 9- ^ 90° have an average value of 35 2 . 

Substituting this into (5-12) gives the stacking- fault energy for ccopper 

as

tf = 44 erg cm"2 (5.13)

This method of taking the average separation and deriving ^ from 

it was employed by Stobbs and Sworn (1971 )i who deduced a mean value of 

38 A and hence a = 41 erg cm . This is also the value of % given by 

Cockayne, Jenkins and Ray (1971) but their approach was different. Their 

images were analysed by (5.6) and then two bounding curves of A versus &

computed by anisotropic elasticity theory were fitted to the points.

v -2
These corresponded to s = 32 and 50 erg cm , and thus they concluded that

# = 41 + 9 erg cm" . 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 A. of ^ 2.5 A .

The results for & > 45° then lie roughly between the two curves

corresponding to *" = 34 and 54 erg cm" , giving the result 2f = 44 + 10

2erg cm . 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 theory 

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 9~< 30°
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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 X . This effect 

has also been reported by Stobbs and Sworn (1971), although their value 

of 18 A lies nearer to the theoretical curve for # = 41 erg cm" • 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«^« 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 Schdck (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 ^1 to 32 erg cm" . However, the later investigations 

of Cockayne and' Vitek (197*0 have shown that different widths and 

distributions of the core 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 A versus &* . 

(Although the analysis of Seeger and Schtfck (1955) 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 thai: the average 

value of A 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 8 

in the present case is less than the theoretical maximum of 1*f X 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" for X and 

then found that on the basis of this model the predicted values of A and 

A , were 32 A and ^k + ^ A respectively. This latter figure overlapped 

with the observed widths of V? + 6 A reported by Stobbs and Sworn (1971)«
? r\ *1 f\For s = 2.10 A (5.6) gives the image width for A = 32 A as A , = g obs

V5 + 7 2 and so the findings of Perrin and Savino (1973) are in conflict 

with those of Cockayne and Vitek (197^) who found no significant change in

the average value of A , due to core extension. They suggested that aobs
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 arid Steeds (197*0 analysed the results for copper given by Stobbs 

and Sworn (1971). Fitting the data at fr = 30° and 90° fixed the value 

of o and the amplitude of the Bessel function term. The value of A at 

screw orientation was then successfully predicted by the theory.

It is clear that the value of 0 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 fig. 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 (197*0 concerning the effect 

of core extension on image width suggest that the average value of 35 8 for 

80 ^ 6" ^ 90 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 ft of k7 + 8 erg cm 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 o . 

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 Cf.11), are 

observed in theoretical weak-beam images of undissociated and dissociated 

dislocations in copper. The smoothing of intensity oscillations is 

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

some doubt has been expressed in the past as to their visibility and the



reliability of determining defect numbers and size-density counts from 

weak-beam images (Haussermann, 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 2 and 35 2 respectively. The figure of 35 2 analysed 

by anisotropic theory gives the stacking-fault energy of copper as

y it -2o = H-M- erg cm .

This is slightly higher than previously reported values determined by weak- 

beam observations. 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 ^ . However, 

the results of Cockayne and Vitek (197*0 when compared with the observed 

spread in image widths of the dissociated edge dislocations, and the value

of # obtained from the study of faulted dipoles in Chapter 3i suggest max

that core effects do not seriously affect the accuracy of the value
-2 

erg cm .
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Figure 5-1 Intensity oscillations with thickness for an

undissociated screw dislocation.

(1) parallel (2) semi-divergent (3) fully-divergent 

illumination.

(a) d = 1.005
o

(b) d = 1.05 £
o





Figure 5-2 Undissociated screw dislocation.

(1) parallel beam, d = I
o

(2) parallel beam, d = 1.
o

(3) fully-divergent beam, d = 1.00^
o

fully-divergent beam, d = 1.Q5*-
o

(a) peak intensity oscillations with thickness

(b) peak position oscillations with thickness
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Figure 5*3 Intensity oscillations with thickness for an

undissociated edge dislocation.

(1) parallel (2) serai-divergent (3) fully-divergent 

illumination.

(a) d = 1.00f
g

(b) d = 1.Q5i_
o
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Figure 5«^ Undissociated edge dislocation.

(1) parallel beam, d = 1.0C>£
o

.(2) parallel beam, d = 1.
o

(3) fully-divergent beam, d = 1.00^
o

W fully-divergent beam, d = 1.05£
o

(a) peak intensity oscillations with thickness

(b) peak position oscillations with thickness
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Figure 5-5 Dissociated dislocation image symmetries.

b., b etc. represent the position and sign of 

the partial dislocations. The letters AB etc., 

represent certain values of the product £.1^ on 

either side of the dislocation.

(a) anisotropy, general character

(b) isotropy, general character

(c) isotropy, edge or screw

(d) anisotropy, screw

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

.A= 10.5 S .

(0 parallel beam, d = 1.00 I
o

(2) parallel boaa, d = 1.05 £ ^
£>

(3) fully-divergent beam, d = 1.00 f
o

(4) fully-divergent bean, d = 1.05 I _
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Figure 5»7 Dissociated screw dislocation peak positions,

•A = 21 8 .

(1) parallel beam, d = 1.00
O

(2) parallel beam, d= 1.05
o

(3) fully-divergent beam, d = 1.00

(4) fully-divergent beam, d = 1 .05 |?
D
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Figure 5-8 Dissociated edge dislocation peak positions,

.A= 34 8.

(1) parallel bean, d = 1 .00
o

(2) parallel bean, d ^ 1.05 £
o

(3) fully-divergent bean, d= 1.00 I
o

(4) fully-divergent bean, d = 1.05 ^
B
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Figure 5-9 Dissociated edge dislocation peak positions.

•A = 59 2 . 

( 1 ) parallel beam, d = 1 .00 ^
&

(2) parallel beam, d = 1.05
D

(3) fully-divergent beam, d = 1.00
o

(4) fully-divergent beam, d = 1.05 ^
o





Figure 5*10 The curve of dislocation dissociation against

character for pure copper. 

The points have been analysed as follows:- 

0 to 10 by computation 

10° to 80° by the criterion (5-6) 

80 to 90 by computation
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Figure 5.1Ua) Dissociated near-screw dislocation in

copper.

Figure 5.1l(b) Dissociated near-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 /2 reverses the black-white effect. The nature of these defects
o

(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 £ . 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* 197*0 has studied similar damage by 

the weak-beam technique in I22C)} reflections at the (ill) pole 

and showed by simple arguments that all the observed contrast features 

could be explained by a dissociated Frank loop. He did not resolve 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 (197*0
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have observed large Frank loops edge-on in a Cu 5at.# Si alloy with the 

weak-beam technique at a (112) pole in {.111^ 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 formation of 

large ( ^ 1/0 faulted loops on Cl115 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 ^110> 

directions suggesting the possibility of dissociation of the edges on to 

other Imi 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 the 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

2 of interstitials in the loop N is tir where -H- is the atomic volume;

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

(drN 
Vdt/

dN = 2^r drN (6.1) 
dt



If there are Z 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 2-nrZ^ ; then if G is the point defect creation

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

dN = GV2rrrZ (6.2)"
Equating (6.1) and (6.2) gives

dr = JI^GVZ (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 Z sites with which spontaneous 

recombination could occur,

n = rrr Z + 2rrrZ,, (6.4)

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

substitution in (6.3) results in

r = z\^ t* (6.5)

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)

Substituting in (6.3) and solving gives

r = Ghnz/] t (6.7)
2 

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

was observed by Norris (1970) in the irradiation of nickel, and comparison



89

with the experimental figures produces a value for Z which is physically 

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 constant value, and subsequent irradiation only causes the 

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

^ = QV (6' 8)

(His value for copper irradiated with 600 keV electrons at room temperature 

was ~ 5*10 sec). If V. is the interstitial jump rate, and X the jump 

distance, in the nucleation time the interstitials migrate a mean distance

x =/O?cr (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 nucleation time t. 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 

"500^ 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
3

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 dependent on the dimensionless parameter P defined as

p = rt|arT (6.10)
,2 JGVh 

where * is a numerical constant of order unity and v is the interstitial

migration speed (dependent exponentially on temperature). For large P 

(thin foils at high temperature) the loop radius increases approximately 

linearly with time (as predicted by (6.?)) , whereas for small P (thick

Y»r1

foils at low temperature) the -J- 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 *v 500 A thick.

It can therefore be seen that surface effects are very important 

in controlling interstitial loop-growth in irradiated specimens. The 

very large loops 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 A thick. 

6.3 Specimen preparation
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6.3«1 The formation of the loops

The materials studied were pure copper and copper-aluminium 

alloys containing 5 and 10 atomic per cent aluminium. {mi 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 3.4. It was found experimentally that the presence of other 

defects such as dislocations inhibited the formation of large loops; 

therefore prior to irradiation the polished specimens were annealed for 

about 5 minutes at 420 C. The specimens were then placed in the heating

holder of an AEE high-voltage microscope and irradiated with 900 keV

19 -2 -1 electrons at a rate of 1.5.10 ' electrons cm sec 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 flioli i- .»

direction.

6.3«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 + (113) of Frank 

loops in pure copper; fig. 6.1(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 filli reflections; at the (110) pole two 

of the {111^ planes are vertical and so only two sets of loops are 

visible. Those in the foil plane (111) have uniform fault contrast 

whereas the loops on the (111) 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. 

6.4 The weak-beam imaging conditions

6.4.1 The geometry of the dissociated Frank partial

If the Frank partial at the edge of the loop lies along the 

direction, it can dissociate into a stair-rod and a Shockley dislocation:-

a [ill]—> a [lio] + a [112] (6.11) 
3 5 5

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

with upward normal [ill/ 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 (lioj direction, but the 

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

6.4.2 The Cl13} 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 + £l13j pairs. The 

partial dislocations have a Clio] 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 113 and 113 must be identical. Therefore considerations of the 

contrast can be restricted to the +(113) cases without loss of generality. 

When imaged in these reflections, |&.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 £.Jb = 0 , but J£.»bu| = •*/ 0.7 i so some contrast may 

arise from this partial as well, but because £._b = 0 the main loop plane 

will not display stacking-fault contrast. The Shockley partial also has 

a 11-b.u 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 weak-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 (111) 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 [HlJ with the electron 

beam in the [lid] direction. Five-beam images were calculated in +(113) 

assuming anisotropic elasticity and the elastic constants of Cu 10at.# Al 

given by Hearmon (1956). These are slightly more anisotropic than those



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"
n 1
A , corresponding to the diffraction conditions &C2.4&). Images of a 

Frank partial dissociated by 79 8 placed at two depths such that the 

value of d for the stair-rod was 1.0 or 1.04-^ were computed for ibils
o

of thickness t 1 = 2.0— »2. 2 1. where t' is measured in the direction of
g

the beam ( s_ = 536 A ). Even over this small range the images vary
o

a great deal. Because both partials have large values of g.b u , they**• ~-A~~

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. Ma) shows the computed 

images in 113 of the defect at the two depths in a foil for which t 1 = 2.08 

It is clear that both the sensitive nature of the image and the
g 

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 X1 axis against the foil thickness t 1 , and

this is done in fig. 6.5 for a depth d = 1.0 . That greatly
o

differing images exist at slightly different values of t 1 is obvious from 

this figure; equally obvious is the impossibility of obtaining any form 

of correction equation to derive the horizontal separation A of 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 X , 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 <JL ,(4.4) , should be significant since the defect
max
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is greater than the critical distance given by (4.11) from either 

surface. 

6.5«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 1T5 fully-divergent images for the defect deometries corresponding to 

the parallel beam profiles in fig. 6. Ma). 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 £ to ^13 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 , to be derivedobs

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 113 and 113 . The partial 

is placed at the origin and the X,. axis is positive in the direction away 

from the stair-rod. The four geometries used are A = 64 A at d = 1.0 and

5 <* = 1.0 S for A = 20 and 80 8 . In fig. 6.7 two curves
o o

for each of the peaks due to the stair-rod are plotted in a similar 

fashion and they are for the geometries A = 64 8 at d = 1.0 and 1.4 <E .
o

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 3($) than in 

the 113 case. From the image profiles it can be seen that this does not 

affect the conclusions conerning 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

113 (outside contrast) A = A , - 7.5 + 7.5 % (6.12)
ODS -

131 (inside contrast) A = A , + 7.0 + 7.5 8 (6.13)
ODS -

6.5.*f 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 (111) 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

i

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 J£M 100B . Fortunately the ill}} 

reflections for which weak-beam conditions could most easily be set up 

were of the (1T5)-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 for which several peaks with large 

positional variations are predicted (e.g. fig. 6.5)• 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 copper. 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«^. The 

theoretical dissociation of the two partials may be calculated assuming 

anisotropic elasticity and the Peach-Koehler formula, (2.^1). Unfortunately,

there is very little agreement between these values and those determined

v -2 
from the micrographs. For example, assuming that for copper $= Vf erg cm

(as obtained in Chapter 5), the theoretical separation is 21.5 A ; from 

fig. 6.8(a) the experimental measurement is ~ ̂0 A . In the case of 

Cu 10at.# Al the spread in observed values is 91 —>^57 A . This 

suggests that in many cases the dissociation does not assume the 

equilibrium value predicted by theory. Evidence for this view is shown 

in fig. 6.8(b) which is a micrograph of a Frank loop in Cu 1Qat.# Al .
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It can be seen that the observed separation varies greatly along 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 "£l133r 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 non-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.
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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.
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Figure 6. Ma) Parallel beam image profiles of a dissociated

Frank partial. Width of splitting equals 79

(1) d = 1.00£
g

(2) d = 1.045 .
g

Figure 6.Mb) 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 8 . Depth d = 1.0 1
O

The shaded regions 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 £ = + (1T5) .

(D A = &¥ 2 , d = 1.0
o

(2) A = 6*f 2 , d = l.
o

(3) A= 20 8 , d = 1.0
o

(<0 A= 80 8 , d = 1.0^
o
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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 £ = 113.

The mean of the two curves is also plotted.

(D A= 64 8 , d = i.ofe
o

(2) A = 64 8 , d = 1.0 £ , mean position of the two peaks,
o

(3) A = 64 8 , d = 1.04-t
o

A = 64 8 , d = 1.04-J , mean position of the two peaks,
o
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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 of A,for«bs

the triangular loop dissociation.
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7«1 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 (202)-type images of faulted dipoles with a [l10J line 

direction could be used to obtain the actual horizontal separation of

the Shockley partials A. This information enabled a value of 0 tomax

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 of ̂  for 
r ° ' max

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 A . This could be done by tilting through a larger 

angle, possibly to a ^11ol; 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 ^ max)« 

With several observations the correct value of tf would soon be apparent, 

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

observed dipole.
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The obvious application of these observations (apart from 

simply studying the properties of faulted dipoles in general) is to 

obtain values of o 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 preliminary measurements 

on faulted dipoles suggest an upper limit of

+ *fO erg cm"2 ~

7-3 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.bu components for~"A—

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.^ 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 expect this to be noticeable when deriving values of V 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 the case of copper, although it 

could be coincidental, strongly suggests that such effects are negligible 

in these defects.
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