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PART 1.

GENERAL FEATURES OF DISLOCATIONS.




Fig. 1. Slip.

Plate 1. Cadmium single crystal, extended by 40%. (x 40)
(After Andrade, 1950).
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1.1 INTRODUCTION TO PLASTIC DEFORMATION.

The strength of a metal is only about a thirteenth of the
value to be anticipated from the theory for a perfect crystal.
A similar conclusion is reached on considering yield under stress.
In general, the region of perfect elasticity is small. The
‘metal does not usually fracture in a brittle manner, but there
is a large plastic yield, when the metal toughens, or 'work
hardens'. For higher temperatures and maintained stresses,
the metal slowly flows or 'creeps'.

These-irregularities may at first seem due to the fact
that the metal consists of many small crystals. However, tests
have been carried out on large single crystals and these diverge

even more widely from the anticipations of simple theory.

1.2 SLIP.

Single crystal wires, when extended show a characteristic
structure of bands. These are called slip bands. 4 slip
band is the line of intersection of a slip surface with the
outer surface of the crystal, Fig. (1) and Plate (1). It is
found that slip occurs most gasily along certain crystal planes
and directions, where the atoms are most closely packed. For
example, face centred cubic crystals slip along [;10] directions
on (lll) planes.

When siip takes place, all the atoms in the planes do not

slip simultaneously. The slip gradually progresses over the
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(a) (b)

Fig. 2. (a) Ideal Crystal.
(b) Real crystal containing a dislocation.
(After van Bueren, 1957).
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Fig., 3. Perspective diagram of an edge dislocation that has
progressed halfway through a crystal. The dotted line
d is the dislocation axis; the drawn lines represent
atomic planes. The Burgers vector b is perpendicular
to the axis. To complete the shear, the dislocation
must move along the slip plane g in the direction of b.
(After van Bueren, 1957).



Fig. 4. Perspective diagram of a screw dislocation. The letters
have the same meaning as in Fig. 3. To complete slip,
the dislocation has to move over the slip plane g
perpendicularly to its Burgers vector b.
(Ater van Bueren, 1957).

Fig. 5. Closed dislocation loop; b is the Burgers vector, which
is constant along the loop. Only the parts E and S are
of pure edge and screw character respectively.

(After van Bueren, 1957).



slip plane. The boundary of the slipped region is a dislocation

line, and this can move with comparative ease.

1.3 THE BURGERS VECTOR.

In reality ideal crystals do not exist. By comparing
actual and ideal crystais one can try to establish a one to one
correspondence between the atoms in the two crystals. Regions
where the actual crystal resembles the ideal crystal are called
.'good' regions. Deformed regions are called 'bad'.

Consider a closed circuit in the actual crystal. If the
region enclosed is good then an associated circuit in the ideal
crystal will also be closed. If, however, the circuit encloses
one or more dislocations in the actual crystal then the associated
circuit in the ideal crystal will not be closed, Figs. (2a) and
(2b). Such a circuit in the actual crystal is called a Burgers
Circuit. The closing failure shown in Fig. (2a) is equal to the

Burgers vector of the dislocation.

1.4 EDGE AND SCREW DISLOCATIONS.

There are two basic types of dislocations, the edge
dislocation with its Burgers vector perpendicular to its axis, and
the screw dislocation with its Burgers vector parallel to its axis.

Other types of dislocation may be considered to be a mixture of

the two. See Figs. (3), (4), and (5).
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(a) (b)

Fig. 6. (a) An edge dislocation at A.
(b) Two imperfect dislocations at B and C.

(a) (b)
Fig. 7. (a) Edge dislocation at A. ‘
(b) The dislocation moves to B by glide.
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from A.

Fig. 8. The climb of a dislocation.



1.5 IMPERFECT DISLOCATIONS.

Dissociation of an edge dislocation (A) into two imperfect
dislocations (B and C) is shown in Fig. (6). The two imperfect
dislocations are separated by a strip of 'imperfect' material.
Stacking faults are found in such regions between partial

dislocations.

1.6 MOTION OF DISLOCATIONS.

There are two types of movement of dislocations known as
glide and climb.
(a) Glide.
When a dislocation moves parallel to the Burgers vector, the
dislocation is said to glide. It moves in the surface
containing itself and its Burgers vector, Fig. (7). This
surface is called the glide or slip surface of the dislocation.
(b) Climb.
If in Fig. (8) the dislocation is to move from A to A' out
of its glide plane, a new row of atoms must be added to the
half plane. This is effected either by diffusion or by the
movement of vacancies. The latter is most likely but
requires long times and high temperatures. At high
temperatures both glide and climb are possible giving a disloca-

tion two degrees of freedom. At low temperatures climb is

not possible.
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Showing Polygonization,
(a) Dislocations introduced by bending the crystal.
(b) Stable arrays of dislocations after anneal.
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1.7 GRAIN BOUNDARIES AND POLYGONIZATION.

Observation of a pure metal shows it to have a volygonal
network (Plate 2). The metal consists of small crystals joined
together, each differing in orientation from its neighbours.

The crystal grains themselves are not exactly perfect in structure
and are often built up of smaller units called sub-grains. - The
sub-grains are separated by boundaries where the orientation of
the lattice changes by a very small angle. Sub-boundaries
consist of dislocations usually uniformly spaced, (Plate

If a crystal is plastiéally deformed and annealed, the
above sub-grain structure is produced. Dislocations, introduced
by bending the crystal Fig. (9a), form stable arrays after anneal
as shown in Fig. (9p). This re-arrangement of dislocations

is known as polygonization.

1.8 INTERACTION OF DISLOCATIONS.

The density and arrangement of dislocations in a metal
‘strongly influence the properties of the metal. Plastic
deformation has Been shown to depend upon the movement of
dislocations. This is impeded by other dislocations present
in the metal, as it is very difficult for dislocations to cross.
Point defects such as impurity atoms, vacancies, and interstitials
also present opposition, and here, dislocations tend to become

pinned.

At high temperatures dislocations move more readily and
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Fig. 10.

0

—— > Strain

Stress-strain relationship for a polycrystalline metal.
O to A represents the elastic region.
At A yielding takes place and dislocations begin to move.

A to B is a region of rapid hardening when dislocations
become grouped in piled-up arrays.

B to C the rate of hardening is less rapid. Networks
are formed.

At C work hardening no longer counter balances the
reduction in cross section.

At D the specimen breaks.



annealing takes place, when there is a reduction in the number
of dislocations and a relaxation of stress in the specimen.

Work hardening is due to the interaction between dislocations.
When a material ié plastically deformed the dislocation density
increases and hardening occurs. This effect is not due to
point defects. When the stress concentration is sufficiently
great and dislocations pile up, relaxation can occur in a number
of ways. Dislocation networks often form, new loops may be
produced, dislocations may cross the barrier of a grain boundary,
cracks may be formed, or twinning may result. Fig. (10)
indicates, very generally, what happens when a polycrystalline

metal is stressed to breaking point.



PART 2.

OUTLINE OF THE HISTORY OF THE OBSERVATION

OF DISLOCATIONS.




It was in 1905 that Siedentopf published hand drawn diagrams
representing his observations of linear imperfections in rock
salt. His ultramicroscope showed the distribution of colloidal
sodiumlin additively coloured and in naturally occurring blue
rock salt.

Little experimental work was done in the next 20 years even
though Darwin (1914 and 1922) had interpreted the observed
intensities of X-ray diffraction maxima assuming a mosaic
substructure in inorganic crystals. In the Institute at Halle,
Smekel (1929 and 1933) endeavoured to make visible imperfections
which he considered determined the structure sensitive physical
and chemical properties of crystais. Rexer (1931, 1932a, b)
developed a method to make line imperfections and substructures
visible in polygonised crystals by additive coloration. This
method, slightly modified, was used later by Amelinckx to
investigate imperfections in sodium chloride by separation of
particles of colloidal sodium.

The first interpreted observations came after 1933 when it
was shown by Taylor, Orowan, and Polanyi that the existance of ..
dislocations would explain some of the mechanical properties of
metals. They suggested that dislocations are produced during
deformation, and that they exert elastic forces on each other
resulting in work hardening. " The Taylor-Orowan dislocation is
now known as the edge dislocation. J. M. Burgers (1939)

introduced the screw dislocation. Dislocation theory developed



7

steadily due, amongst others, to Peierls (1940, Mott (1940).
and Nabarro (1947), and at this stage was well ahead of
verification by observation.

An interesting way of illustrating many properties of metal
crystals was developed by Bragg and Nye (1947) and later work on
this was carried out by Bragg and Lomer (1949). In their model
each atom is represented by a bubble in a raft of very uniform
small bubbles floating on soap solution. These two dimensional
models can be used to observe plastic flow, and the movement of
individual dislocations. Observations of the behaviour of bubble
rafts give a remarkably clear picture of what might happen when
dislocations move in crystals.

A simple and very useful means of locating dislocations is
by etching; as a result of preferential etching, pits are formed
where dislocations reach the surface. This preferential attack
may be caused by elastic strain around dislocations which enhances
the chemical potential, and by accummulation of impurities at
dislocations facilitating chemical attack, Cottrell (1953).
Hausser and Scholz (1927) observed preferential action on a single
crystal of copper. Since then etching techniques have been
developed and although limited to surfaces, nevertheless, valuable
information about dislocations has been obtained from them.

There was a great advance in observation when Hedges and
Mitchell (1953) developed a method of producing preferential

deposition of silver at dislocations in silver bromide. Using
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this technique of decoration, dislocations inside crystals at
various stages of plastic deformation could at last be clearly
seen. Many phenomena predicted by theory were observed.

Amelinckx (1956) decorated dislocations in sodium chloride
using additive coloration. These methods have been extended
to other crystals and many clear photographs of dislocations
published. A combination of etching and decoration techniques
by Dash (1956,1957) and others has proved quite effective.

The use of transmission electron microscopy by Hirsch, Horne,
and Whelan (1956) has enabled the dislocation structure in metals
to be examined. The high resolution, 5A enables dislocation
networks and grain boundaries in thin foils of aluminium and
stainless steel to be clearly seen. Valuable additional inform-
ation about surface features and the structure of materials can
be gained by using replicas with the electron microscope.

The resolving power of the electron microscope has been further .
increased to 1A by the indirect method of Moire patterns due to
Bassett, Menter, and Pashley (1959).

Lang (1957 and 1959) and Newkirk (1958a and b, and 1959)
revealed and studied undecorated individual dislocations in
crysfals by X-ray diffraction microscopy, and their methods
show considerable promisel

A better than 3A resolving power has been attained by
Miller (1957) using his field-ion microscope. His method is

restricted to the. study of tungsten and rhenium surfaces.



PART 3,

BUBBLE RAFTS.
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Bragg and Nye (1947) developed a striking model which
illustrated many properties of metal crys@als. They
constructed rafts of soap bubbles fo represent two dimensional
crystals. See Plates (3) and (4).

The bubble ﬁodel is a close packed layer of bqules of
uniform size. The forces acting on the bubbies resemble those
on the atoms of a crystal. The attractive force between bubbles
is due to the surface tension. The repulsive force acts between
bubbles in contact and depends upon the excess pressure inside
the bubbles. As this pressure is inversely proportional to the

radius of the bubble, the size of the bubbles determines their

hardness. The smaller the diameter, the harder the atom
represented. Bubbles of diameter about 1.1 or 1.2 mm. resemble
copper atoms. Those of diameter 1.9 mm. represent relatively

soft, and 0.76 mm. relatively hard atoms.

Observation of bubble rafts to which stress has been applied,
shows that some dislocations are initiated near the edge of the
raft and some in pairs within the raft. Slip is observed to
take place along the close-packed rows of bubbles. The lattice
slips by one bubble diameter during the glide of a dislocation,
and the core of the dislocation is confined to a few atomic
distances. The movements of dislocations in bubble rafts are
clearly shown in a 16 mm. film called "Bubble Model of a Metal",
made by Bragg and Nye in 1947,

With bubbles of diameter 1.2 mm. resembling copper atonms,
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the pbserved critical shear étrain was 3.25 deg. and the
corresponding shear strength about %é. These values agree with
those calculated for a pérfect crystal. It must be remembered,
however, that the bubble models are two dimensional.and even if
forces between bubbles are representétive of those between atoms,

the raft cannot be considered exactly representative of a

crystal., In a crystal there are also forces acting between the
layers of atoms. Thus caution must be used when comparing the
properties of rafts with those of crystals. Nevertheless,

rafts do give a useful, but incomplete, picture of what may

happen in a crystal which is plastically deformed.



PART 4.

CRYSTAL GROWTH.




Fig. 11. The end of a screw dislocation. (After Read, 1953).

Lower level
Higher level

Fig. 12. Stages in the development of a growth spiral.
(After Verma, 1953).



11.

4,1 INTRODUCTION.

In his theory of crystal growth Frank (1952) shows that
dislocations are necessary to crystal growth., This is
especially applicable when large crystals are grown.

Frank (1950 and 1951) predicted that on the surfaces of
crystals grown from vapour, when screw diélocations have been
instrumental in the growth mechanism, small spiral pyramids
. should be observed. A screw dislocation emerging on thg surface
of a crystal provides it with a step, see Fig. (11). This step
is self-perpetuating in the sense that when one, two, or any number
of layers of atoms have been laid down on the crystal surface,
the step remains, see Fig. (12). Hence the steps needed for the
growth of a crystal are provided by the screw dislocations.
Griffin (1950) observed such a growth structure on beryl crystals
using an ordinary metallurgical microscope. The step height was
8 A, these being monomolecular steps with a Burgers vector
equal to one lattice parameter.

Before the discovéry and development of the electron
microscope only optical instruments were available for the study
of crystal growth. For this purpose two characteristics of
the instrument require consideration, the lateral resolution
perpendicular to the direction of observation, and the resolution
of depth. The depth resolution needed is of the order of a
few Angstrom units and depends upon the surface of the crystal

under examination. The lateral resolution is limited by the
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wavelength of the light used. Assuming a wavelength of 5000 A
the resolving power of the best optical microscope is about
2000 A, Thus any feature with size less than 2000 A will give
an image of 2000 A diameter. This means that the complete
image is built up of image points of 2000 A diameter and in
préctice it is difficult to clearly distinguish features closer
than 10,000-20,000 A. Consequently to have the spacings of
growth features necessary for resolution observation must be

made on crystals which are almost perfect.

4,2 TECHNIQUES TO STUDY SURFACE FEATURES.

When studying growth features the technique adopted depends
upon whether mefe observation of the'features is required, or
the measurement of actual step heights. The surfaces may be
coated with a thin reflecting layer of a metal such as silver,
or with an impurity, and then viewed in the metallurgical
microscope. Probably the most sensitive method of observation
is that using phase contrast microscopy.

To measure step heights less than 500 A the following
methods are used:

a. Multiple beam Fizeau interfefometry.
b. Internal interference method.
c. Method of metal shadowing.

4,2 (a) DECORATION TECHNIQUES.

The silvering technique involves the thermal evaporation of
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silver at low pressure on to the specimen. The surfaces of
the crystals must be carefully cleaned before depositing the
silver. A layer of silver may be deposited which does not
impose any structure of its éwn and which gives a reflectivity
of 80-90%. Surface contours may be clearly seen. As one of
the alternatives to silver, aluminium may be used. This is
necessary in cases where the silvered surface would be attacked
chemically, but the reflectivity is not quite so high.

Another method to give high reflectivity is to use dielectric
multilayer films as described by Turnbull and Belk (1952), and
Tolansky (1953). If a layer of thickness -% of say zinc
sulphide is deposited on glass, light will be reflected from the
air-zinc sulphide surface, and from the zinc sulphide-glass
surface. The light reflected at the first interface will undergo
a phase change of T on reflection. Thus the'path difference
- between the two reflected beams will be N , giving reinforcement,
and the reflectivity of the surface is effectively increased to
about 31%. |

The multilayer consists of alternate deposits of dielectric

materials, each of thickness %;, of high and low refractive

indices with respect to the crystal. Cryolite and zinc sulphide
may be used on glass. The refractive indices are 1.36, 2.37,
and 1.5 respectively. If a layer of cryolite is put on one of

zinc sulphide which rests on glass, this layer of optical

thickness % causes reflectivity to drop to about 14%. 0dd
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numbers of layers of dielectric 1. 3, 5, 7, and 9 give
reflectivities of 31, 67, 87, 9k, and 97% respectively.

The layers of the multilayer films are evaporated onto the
substrate in vacuum, which must not be broken. The two dielectric
materials are mounted on molybdénum -filaments which are used
alternately. The thicknesses are controlled to exact values
by using their optical reflecting properties, or by a more
reliable method‘involving the use of a photoelectric cell which
enables the thickness of maximum reflectivity to be found.

Many other techniques to make steps visible have been found
successful. For instance, decoration of growth steps on
magnesium, cadmium, and silver by Fort& and Frank (1953) is
‘obtained by mounting on 'plasticine' for several hours. The
action of the plasticine is a delicately controlled tarnish of
the surfaces, and clear step-line pattefns are obtained.

Amelinckx (1952) observed spirals on (111) faces of gold
crystals obtained by precipitation. Using bright fielq ill-
uminatipn, photégraphs were taken slightly off focus as this
increases the visibility of small surface steps. Steps of
height 7 A were visible. To measure step heights, a small
'drof of aléoholfwatef mixture was put on thé crystal face.
Evaporation is fairly rapid, leaving a thin layer of liquid.
Between the interfaces, liquid-crystal and air-liquid, two beam
.interference fringes of the Fizeau type are formed. This

procedure allows only visible interpretations as the fringes
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Fig. 13. Ray diagram for a phase-contrast microscope.
(After Verma, 1953).
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are constantly moving. Verma (1951) adopted a similar technique
by breathing lightly on a clean crystal surface.

L,2 (v) THE PHASE&CONTRAST MICROSCOPE.

The'novelty of phase-contrast resides in the neat optical
device due to Zernike, whereby invisible changes in phase are
transformed inté changes in amplitude. A full account of the
microscope is given by Bennett, Jupnik, Osterburg, and Richards
(1951) and Verma (1951). Thé action of the microscope may be
understood by reference to Fig. (13).

Assuming the light from the source to be focussed on the
- condenser diaphragm which is in the first focal plane of the
substage céndenser, parallel rays will pass through the object
specimen.

‘COnsider a transparent point or particle on the object,
situated in homogeneous material of different refractive index.
Lighti.emerging from the particle differs slightly in phase from
the light from the surrounding material. The incident light
passing through the particle is diffracted, the 1light through
the surrounding homogeneous medium continuing undeviated as
parallel rays.

On ?assing through the 6bjective lens, the undeviated rays
are brought‘to a focus in the focal plane of the eyepiece.

The rays deviated by the objectvare spread out over the focal
plane of the eyepiece. Thus the image of the surrounding

medium is produced by the undeviated wave and the image of the



To eyepiece
\

Annular condenser

g?:i: e diaphragm D

Objectiv

no ! (1

\d < \J —% Light source
A | |
Y Field

éa lens

S

———— Specularly reflecting specimen

Fig. 14, Optical arrangement of a phase-contrast microscope.
(After Verma, 1953).



16,

particle by the deviated wave. Due to the diffraction, these
two waves will be out of phase by about %: and where they overlap

they will produce interference. If either of these waves under-

goes an extra phase change of %: then they will either be in

phase or out of phase, the resultant amplitude being either the
sum or difference of the amplitudes of the two waves. The image
of the partiéle will be illuminated by light of the resultant
amplitude and will appear either brighter or darker than the
background.

When regions of greater retardation produce darker parts of
the image it is called positive phase-contrast, and when brighter
~ than the background, it is known as negative phase-contrast.

i

The phase changé of 7 1is produced in the undeviated wave by

placing .a phase plate in the position shown. This phase plate
also contains ‘a layer of absorbing material which reduces the
amplitude of the undeviated wave, so that it is approximately
equal to that of the deviated wave. This produces better
contrast.

An arrangement used by Verma shown in Fig. (14) used the
Cooke, Troughton, and Simms phase-contrast equipment for incident
illumination. The light from the source was focused onto the
annular diaphragm D by the condenser lens. The phase plate P
was placed to coincide with the image of the diaphragm. The
annular condenser diaphragm and phase plate assisted in obtaining

axial symmetry. The resolution was improved, and the depth of
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focus diminished, by using a large objective aperture for the
direct, ﬁndeviated light.

In phase-contrast microscopy the lateral resolution, at
right angles to the direction of observation, is that
characteristic of light microscopy, and observations must be
made on.aimost perfect crystal faces. This requirement has
restricted the method to a few crystals. Silicon carbide forms
suitable crystals, having molecularly.flat surfaces and small
step heights, see Plate (5). The. light from the surface is
specularly and coherently reflected, and little is scattered.

Steps in the region of 15 A are easily revealed.

L,2 (c) THE MEASUREMENT OF STEP HEIGHTS.

Multiple-beam interferometry has been shown by Tolansky
(1948) to be useful for precise measurements of step heights of
100 to 500 A but unsuitable for small crystals with complex
surface structure.

The internal interference method described by Forty (1952)
is probably the most useful. The crystals are nucleated
between a microscope slide and a coverslip, and very thin plane
parallel platelets are grown. When examined in reflection with
unfiltered mercury light, the microscopic images are coloured by
the interference of light reflected from the two surfaces. Thin
tablets with no surface structure are a uniform tint. When a
plate is seated on a slide, growth takes place only on the top

surface. On illuminating such crystals with parallel mercury
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green light of wavelength 5461 A, interference between
reflections from the two surfaces shows a uniform shading
corresponding to uniform thickness. The growth hills produce
maxima and minima of intensity. A 100 A step on Cadmium Todide
crystals can be measured from a growth hill containing only two
or three méxima and minima with a proﬂable err;r of less than 1 A.
The results show excellent agreemept with the same measured by
the Fizeau multiple-beam interferometer, using reflections from
the crystal surface and a glass reference flat, as for Plate (6).

The method of internal interference has the following
advantages over other technigues. It is a simple, accurate
method for measuring steps on‘a growing crystal with a wide range
of applicability. The lower limit is about 50 A, below which
steps canhot be counted. There is an upper limif of 1500 4,
where the method becomes complex because of ambiguities.

These may be avoided by using light of several wavelengths. It
is essentially two beam interference interferometry, and the
conditions are consequently not so stringent as in multiple-beam
interferometry. Strict parallelism is not so essential, and so
a high power microscope objective can be used.

The method is used for measurement and observation of the
structure of growth hills. The contrast for small steps is
high, particularly for areas between maxima and minima, where
the variation of intensity with crystal thickness is large.

Using cadmium iodide Forty (1952) measured steps as small as
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55 A and the contrast was comparable with that due to the phase-
contrast microscope. Even smaller steps can be seen clearly

on lead iodide crystals.

4,2 (d) METHOD OF METAL SHADOWING.

As this type of observation will be discussed later in
connection with electron microscopy, the method will be
considered here only very briefly.

It is most suitable for the measurement of large steps
between 1000 and 2000 A, and according to Forty (1952) is
accurate to within 20 A. Silver, or to give sharper shadows,
palladium-gold, is evaporated onto the surface at an angle of 5
degrees of arc. The lepgths of the shadows are measured under
a microscope using a micrometer screw in the eye-piece, or from
a microphotometer trace across a micrograph. The latter is the
most -accurate-as allowance can be made for the noné sharpness of
the edge of the shadow, and for the superimposed image of the step-

line.

The chief advantage of the method over that of interferometry

is that step heights are clearly defined without ambiguity.

4,3 OBSERVATION OF SURFACES OF METALS.

Using these optical methods there was no evidence of large
| dislocations in metal crystals. ‘A1l observations of crystals

of hexagonal metals and silver by Forty and Frank (1953),
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appeared to show simple dislocations of one lattice parameter.
Metal crystals were grown from their vapours by heating a stock
of the metal, usually in the form of tightly packed turnings at
temperatures close to the melting point for 12 hours to 10 days.
Observation of these by a fhase—contrast microscope by Forty
(1952) showed‘perfect plane mirror-like surfaces.

The heights of growth steps on crystals of silver are
expected to be about 2 A on the cube and octahedral faces if
the growth layers are monolayers of silver atoms, Steps of
20 A are just visible under the phase-contrast microscope.

Steps less than 5 A are normally much too small for detection,
but for such steps, probably only 5 A high on crystals of the
hexagonal metals, resolution is greatly assisted by decoration
of the edges of monolayers. An irregular deposit of zinc oxide
concentrated along the»steps on crystals of zinc, enhances the
appearance of growth patterns which can then be observed under

the ordinary metallurgical microscope.

bb MOVEMENT OF DISLOCATIONS.

Apart from the fact that growth spirals mark the points
where screw dislocations meet the surface, they provided some of
the earliest evidence of movement of dislocations due to small
shears. Slip lines on growth spirals indicating dislocation
movement were seen on crystals of silver and on n-paraffin by

Dawson and Anderson (1953), and Forty and Frank (1953). Other



Fig. 15. The movement of a dislocation.
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similar studies show the movement of dislocations, and that
when they move they raise a unit slip step in the surface.
Forty and Frank (1953) found that the direction of these
slip lines, i.e. the trace of the intersection of the glide
plane on the free surface of the crystal, was obsérved to be
parallel to the.gdges of the crystal surface on the octahedral
faces and therefore represents the slip in the easy glide plane

(111). See Plate (7).

4,5 THE CREATION OF DISLOCATIONS USING AN iNDENTOR.

An interesting experiment by Korndorffef, Rahbek, and Sultan
(1952) threw light on the creation of dislocations. They
investigated the effect of mechanical deformation on the growth
of cadmium iodide crystals from solution. A crystal growing
as a flat plate was selected and a photograph taken. The crystals
were seen to spread laterally without growing in thickness at all.
An indentor - a clean glass rod drawn out to a fine point - was
allowed to make slight contact with the crystal. No growth was
observed for a few seconds. Then the 'dead' crystal began to
grow rapidly, increasing both in extension and thickness, and
on some of these crystals spiral steps could be clearly resolved.
The stresses produced by the indentor created dislocations,
altering the growth properties of the crystals. They observed
the initiation of growth on the crystal faces at points remote

from the foints where it was indented, and that certain curved,
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unstable edges quickly transformed into straight edges in

accordance with the symmetry of the face.

L,6 CONCLUSION.

Although the study of crystal growth yielded useful
information about dislocations which at the time helped to
establish the existance of dislocations and their movement, as
a means of observing dislocations it is very limited. Steps
less than 20 A could not be seen without decorating techniques,
and until undecorated steps could be detected, other methods to

observe metal crystals had to be found.



PART 5.

ETCHING TECHNIQUES.







23.

5.1 INTRODUCTION.

A crystal when placed in its unsaturated solution will
dissolve, resulting in a geheral retreat of the growth fronts.

A similar effect is seen when a crystal is placed in an etching
medium. Etch figures are produced. The shape, arrangement,
and density of these figures, produced both naturally and
artificially, have been studied for many years. They are
minute depressions or pits. A survey of these may be found in
the book by Honess (1927).

Etching does not take place uniformly over the surfaces of
a crystal. Solutions oftén attack particular crystal surfaces
more rapidly at points where dislocations emerge than elsewhere.
Preferential chemical action is due to elastic strain around the
dislocation and the accumulation of impurities along dislocation
lines.

The rate of etching is known to be increased by strain
energy. This was illustrated by Lacombe and Yannaquis (1947)
who found that large angle grain boundaries in aluminium etch
rapidly and appear as grooves on the surface, whereas twin
boundaries of lower energy did not etch so well.

Before other means of observation of dislocations had been
developed, it was difficult to say whether every etch pit was
produced at a dislocation, or whether every dislocation was etched.
Horn (1952) ébsefved etch figures due‘to the rapid chemical

dissolution of growth spirals on silicon carbide. Each spiral
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from an independent screw dislocation gave an etch pit.
Prolonged rapid dissolution resulted in a hole through the crystal
at the site of the screw dislocation. This was also shown to be
the case by Horn, Kasper, and Fullam (1952) using crystals of
aluminium boride formed in an aluminium melt, and recovered by
dissolving away the melt with strong acid. It was shown, by using
acids of different strengths that the'dissolution must be rapid,
otherwise a general disintegfation of the crystal results.

Silicon carbide was treated by Horn in a fused alkali
carbonate mixture at 1000 deg. C. for 2 minutes in air. This
first of all removed the growth spirals, and where the centre
of each spiral had been, appeared a very fine pit. These pits
enlarged and deepened on further treatment. After prolonged
etching, the hole, which was round, became hexagonal. Other
etch pits not corresponding to spirals were also produced, see
Plate (8).

Vogel, Pfann, Cofey, and Thomas (1953) found evidence of
dislocation structure of small angle boundaries in germanium.
The boundary apgeared as a row of tiny pits, relatively evenly
spaced, the spacing being about a micron. This agrees with
the spacing calculated from the measured difference in

orientation of grains.

5.2 THE IMPORTANCE OF IMPURITIES.

Lacombe and Beaujard (1948) observed polygonised grain
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boundaries in pure aluminium crystals. They used an etchant
consisting of aqua regia and hydrofluoric acid which attacks an
electro polished surface. This technique was used by Forty

and Frank (1953) on super-pure aluminium. They showed that
dislocations alone do not suffice to produce etch pits. Traces
of'impurities in the metal were shown to play a part. These
collected at dislocations giving rise to preferential chemical
aétion.

Youﬁg'(l958) carried out experiments to reveal dislocations
in copper by etch pits, and studied polygonization in very pure
copper. Hé demonsﬁratéd that dislocations may be revealed as
etch pits in copper doped with a small amount of tellurium.  The
correspondence'betwéen the pits and edge dislocations was found
to be 100%. Climb occurred éf 500 deg. C. and there was complete
polygonization after annealing for 2 hours at 1000 deg. C. . The
prog%ess of thelpolygonizatiOn was followed with back reflection
X-ray diffraction. " The X-ray épots were distinctly split after
- annealing.

To find if the impurity tellufiuﬁ played any part in the
climb of-dislocatiqns'giving the polygonization, Young considered
samples of nominally 99.999% copper. There is ho known way to
etch such pure copper. The specimens were bent and annealed at
various temperatures and the progress of polygonization followed

with X-raysl Two of the three samples polygonised, but the one

that d4id not was probably the purest sample. He concluded
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from this that if impurity is necessary for polygonization, very
little is required. There was no evidence that the ease of

polygonization was proportional to the amount of impurity present.

5.3 DISLOCATIONS IN LITHIUM FLUORIDE CRYSTALS.

5.% (a) INTRODUCTION.

This section will be devoted to the work on lithium fluoride
crystals by Gilman and Johnston (1956 and 1959). Etch pitting
has yielded much information which they suggest may be
characteristic of other impure and nonperfect crystals, both of
metals and non-metals.  They considered the behaviour of
individual dislocations and interpréted macroscopic behaviour in
terms éf these.

Lithium fluoride is particﬁlarly suitable due to its
properties. The crystals, grown to a high degree of perfection.
from the melﬁ, have the simple rock salt structure. They can
be cleaved with little resulting distortion, and, although hard
enough to be handled, are slightly plastic at room temperature.
5.3 (b) ETCHES.

Gilman and Johnston used two different etches. Etch "an
attacks all dis;ocations equally and gives pits on (110) faces.
BEtch "W" attacks fresh dislocations more rapidly than annealed
ones, and so makes it possible to distinguish the two &ypes.
There is a difference in orientation of tﬁe pits produced by the

two etches. This is illustrated in Fig. (16) where pit (1) is
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due to etch "A", and (2) is due to etch '"W". See Plates (9a and b).
Etch "A" consists of equal parts of concentrated hydrofluoric
acid and glacial acetic acid, plus one percent volume of
concentrated hydrofluoric acid saturated with ferric fluoride.
After a 30 to 60 second etch, the crystal is rinsed in absolute
alcohol, and then in anhydrous ether. ‘The shape of the pits
and the rate of etching depend on the ferric._ion concentration.
This etch produces a square-based pyramidal pit. The base edges
of the pit lie parallel to [llO] directions. Dislocations making
angles as small as 10 deg. with the (100) face are etched.
Etch "W'" is a dilute aqueous solution of ferric fluoride
or ferric chloride (1.5 x 10 molar). If the ferric ion
concentration is low, a two minute etch in this reagent produces
large shallow pits, less disinct than those due to etch "A".
At the correct ferric ion concentration, a two minute etch
produces sharply defined square pyramidal pits about 10y in size,
with basal edges parallel to the‘[lOO] directions. After etch
"W" the crystal is rinsed in alcohol, and then in ether.

5.3 (c¢) EFFICIENCY IN REVEALING DISLOCATIONS.

As with all etching methods, the important question is that
of how representative the etch pits are of the dislocations.
From the results obtained by Gilman and Johnston, it is clear
that the pits are formed at dislocations, but only direct
observation of the dislocations in crystals can determine whether

every dislocation is etched.
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Gilman and Johnston presented the following circumstantial
evidence suggesting that all dislocations are revealed:

1. The patterns of pits on matched cleavage faces are almost

identical, see Plates (10a and b).

2. Several other kinds of defects are revealed by etching, but

the pits are quite differently shaped from those due to

dislocations. The fact that these other defects are etched

would suggest that one could expect all dislocations to be

etched.

3., The dislocations are attacked uniformly in spite of the fact
that the ingrown dislocations may have various Burgers

vectors, and lie in various planes.
4, Both edge and screw orientations of (1105 Did] dislocations
are etched, and at nearly the same rate. They are

distinguishable by the symmetry of the pits produced. The

’

edge dislocations produce symmetric pits; those due to screw

dislocations are asymmetric, see Plate (11).

5. The angle the dislocation line makes with the (100) surface
can be estimated from the asymmetry of its etch pits.

6. When a dislocation moves away from the position of a pit,
subsequent etching causes the pit to lose its pyramidal shape

and it becomes flat-bottomed. This indicates that the

presence and shape of the pit depends upon the dislocation,

Fig. (17), and Plate (12).

7. The dislocation density estimated from the diffraction of



Theoretical Measured
Intensities Intensities
Reflection .
Good Bad Good Bad
002 39.8 288 17.05 226.7
(oo 8.35 29 3,53 27.7
006 2.43 4.5 0.33 4,8
008 1.32 1.7 - 0.88
010 1.51 1.4 - 0. 44

Fig. 18. Table showing the comparison between theoretical and
measured intensities from 'good' and 'bad' crystals of

lithium fluoride.
(After Gilman and Johnston, 1957).
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and Fig. 20. Comparison of the results of compression
and bending tests carried out on specimens from the same
crystal. The strain rate in each case was 3 x 10 /sec.
(After Gilman and Johnston, 1957).
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X-rays by lithium fluoride crystals agrees with that gained
from a study of etch pits.

This is important evidence of the ability of etch pits to
locate disiocations as X-ray diffraction is gquite independent
of the etching method. By making Laue photographs for good
and bad crystals, much greater X-ray extinction is found to
occur in the good crystal. The results obtained by Gilman
and Johnston are given in Fig. (18). The theoretical values
were determined using results indicated by etch pit density.

5.3 (d) THE MACROSCOPIC BEHAVIOUR OF LITHIUM FLUORIDE CRYSTALS

WHEN PLASTICALLY DEFORMED.

Fig. (19) shows the effect of compression on a lithium
fluoride crystal. We are concerned here with Tv; the yield
stress, and T*, the critical resolved shear stress. At the
former, dislogations begin to move, and at the latter, large
scale glide takes place. The values of these stresses depends
upon several factors and this will be discussed in more detail in
section 5.3 (j).

The results éf bend tests are shown on Fig. (20).

Figs. (19) and (20) represent tests carried out on specimens
from the same crystal. It is important also to use specimens of
the same shape to compare results, as strain is proportional to

the beam depth.

The temperature dependence of the yield stress is shown in

i

Fig. (21). Changing the strain rate has little effect upon
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EFFECTS OF THE STATE OF THE SURFACE ON STRESS-STRAIN CURVES.

(After Gilman and Johnston, 1957).
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the macroscopic behaviour.

5.3 (e) EFFECT OF THE STATE OF THE SURFACE ON MACROSCOPIC

BEHAVIOUR.

Stress-strain curves are very sensitive to the state of the
surface of the crystal. This is well illustrated by Figs. (22),
(23), (24), and (25) in which are shown the effects in the stress-
strain curve of various surfacé treatments.

Specimens with surface defects bend more easily and uniformly
than those where the defects have been removed. The defects on
cleaved crystals are cleavage steps; on those sprinkled with
carborundum, dislocations are produced where the carborundum
touches the surface, (see section 5.3 f). Heating causes
evaporation pits.

The condition of the surface influences fhe number of glide
bands present after a given amount of total strain. In general,
after a given amount of strain, etched or polished crystals have
fewer glide bands, and more strain per band than those with
originally defective surfaces.

5.3 (f) THE NUCLEATION OF DISLOCATIONS.

The dislocations originally present in as-grown crystals of
lithium fluoride have littleleffect on the plastic behaviour.
They appear to be pinned by impurities; see section 5.3 (j).
This is important, and has a considerable bearing on the
conclusions reached on Gilman and Johnston's work.

Dislocations were produced by:
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1. Nucleation at crack tips.

2. Contacting balls with the surface.

3. Quenching from high temperatures.

4, Plastic bending.

1. ' Whep a crack is made to travel slowly, and to stop in a
crystal, man& dislocations are produced at the crack tip.

The dislocations form as: loops ahead of the crack tip, and do
not come from Frank-Read sources. They are not considered
to be dependent upon originally present dislocations.

2. Small hard particles, e.g. 100 mesh carborundum, brought
lightly into contact with the surface of lithium fluoride
crystals, produce rosettes as in Plate (13). Fig. (26) shows
the six glide planes of the rosettes.

Gilman and Johnston-caiculated that to nucleatg such
groups of dislocations would require a very great stress-.
concentration, if one used the conventional theory of'
dislocation nucleation.

3. By controlliné the rate of cooling of a lithium fluoride
crystal, Gilman and Johnston produced various densities of
dislocations. If heated slowly, and cooled slowly, very few

vwrsdisdocations are produced. By quenching from 600 deg. C.,
up to 6 x 107.dislocations/cmf can be introduced into a
crystal, which originally had 105 dislocations/cmf

Man& of the dislocations are in the form of small loops

- due to the collapse of vacancies, or to thermal stresses.
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If the former were the case, loops formed on cooling
from 400 deg. C., which have diameters about 3 x ldq-cm.,
would require about 2 x lO3 vacancies. In the time
available these would have to be drawn from a volume of 5.3
X ldﬁl cm? and this volume could only contribute 9 x lO3
vacancies. Hence it was concluded that the loops are not
due to collapsed vacancy platelets. A calculation of the
thermal stresses shows they could be responsible for the
formation of the loops.

b4, Before\plastic bending of the specimens, the surface is
removed by chemicél polishing to a depth of at least 50p.
Specimens cooled to -196 deg. C. were bent at a maximum strain
rate of about 2 x ld- /sec. They were then slowly raised to
.room temperature, etched, and examined. A control specimen
was not bent, but otherwise was treated in exactly the same
way. |

Many glide bands were seen in the bent crystal, and
sometimes in small groups of an even number of pits, due to
dislocation half loops. No connection was seen between these
half loops, and pre-existing dislocations or other
defects.

5.3 (g) THE EXPANSION AND MULTIPLICATION OF DISLOCATION

HALF-LOOPS.
The specimens were prepared by producing rosettes, and then

removing the surface until only the deepest dislocation loops
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Fig. 28. Sequence of growth of dislocation half loops.
(a) Original half loop.
(b) Expanded half loop under slow stress. New loops
' created inside the expanded half loop.

(c) Impulse stress expands new loops and they reach
the surface of the crystal.

(d) Crystal cleaved perpendicular to the original surface.
Etching shows loops not previously detected.
(After Gilman and Johnston, 1957).
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remained.

The sequence of the growth-of a glide band from a disloca-
tion half loop due to a strain rate of 2 x 10—5/sec. is shown
in Fig. (27). The stress is increased from zero to 1100 gm./mmf

Careful investigation of multiplication of half loops has
shown that as a half loop expands, new loops are formed as shown
in Fig. (28). The specimens were cleaved at right angles to
the original surface.

Thes; new dislocations do not come from a single source,
and are not necessarily coplanar. On applying a stress impulse,
the new loops tend to extend to the surface. On collapsing the
half loops, and then applying strain again, new half loops
appeared on the sites of the previous ones, only if the previous
half loops were larger than 50pf wide. This so called 'Memory
effect' is due to the dislocation loops left behind inside the
crystal by the original half loop.

5.3 (h) THE MEASUREMENT OF DISLOCATION VELOCITY IN LITHIUM

FLUORIDE.
By tracing the movement of individual dislocations by
repeated etching, and knowing the distanqe travelled and the
time of duration of the stress pulse required to move the
dislocation, the average velocity of the dislocation was found.
The specimens used by Gilman and Johnston were approximately'
2 x 6 x 35 mm., and dislocations were observed on the tension

side of the crystal.



D.C.‘coil

coil —

WA

damping

erystal —{[[l|

=

AN \

\ STIITT 7777

rystal ' (b)

\

e
(a) steel barium
nosepiece titanate
CO; gun \ crystal / (lead
L o—> NI
pellet
(c)

Fig. 29. Apparatus for applying stress pulses.
(a) Four-point bending jig with dead weight load.
(b) Four-point bending jig loaded with pulsed coil
in magnet gap. .
(c) High speed pellet strikes steel nosepiece and
sends short stress pulse through crystal.
(After Gilman and Johnston, 1959).



34,

Stress pulses are applied so that the dislocation moves a

measurable distance greater than 1lp. Care must be taken not to

prolong the pulse as the dislocations may move out of the crystal.

_b A 5
The stress pulses last from 10 seconds to 10 seconds, and are

applied using the following three methods:

l.

2.

For stresses lasting from 5 to 105 seconds a dead weight
‘load is applied to a four point bending jig, see Fit. (29a).

For pulses lasting from 5 secénds down to several
milliseconds, é magnetic pulsing machine replaces the dead
weight in (a), see Fig. (29b).

'This pulser consists of a large elecfro-magnet similar to
that used in a moving coil loud speaker'with a small oil
damped coil mounted in the annular gap. The small coil rests
on the four point jig so that on passing a square current
pulse through the coil, a stress pulse is transmitted to the
specimen. A resistance strain gauge calibrated by dead weight
loading is used to measure the magnitude of the pulse.

Fig. (30) shows the form of the pulse.

Pulses of very short duration, down to lp second are

attained by high speed impact. A steel nose-piece is attached

Lo
<L inch

to the crystél to prbtect it. Ball-bearing spheres
diameter are fired at the nose-piece. The pulses from the
impact travel through the nose-piece, the specimen, a barium

titanate transducer, and into a long lead absorber, see Fig.

(29¢). These are glued together and suspended from a ballistic



Fig. 30, Shape of stress
pulse from magnetic
loading.
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pendulum, enabling the momentum gained on impact to be
calculated.

The shape of the stress pulse is obtained from the barium
titanate transducer. In Fig. (31) is shown a typical waveform
consisting of the main pulse and a small reflected pulse.

The estimated errors in measurement of dislocation velocities
ranged from a few percent for slow movements, to about a factor of
2 at the fastest velocities.

5.3 (i) PREPARATION OF THE LITHIUM FLUORIDE CRYSTALS FOR

VELOCITY MEASUREMENTS.

The lithium fluoride crystals were carefully prepared and
polished.l A ball bearing was rolled to and fro across the
crystal. Rosettes were formed. The crystal was then chemically
polished to remove a 10 to 15 p layer. | Only the deepest
dislocation loops remained. They were of the type shown in
Fig. (32) and'were‘suitablé for velocity measurements.

5.3 (j) FACTORS INFLUENCING THE VELOCITY OF DISLOCATIONS.

Gilman and Johnston measured the dependence of dislocation
velocity on :
a. Stress, Fig..(33>.
b. Hardness, Fig. (34)-
c. Temperature, Fig. (35).
d. Neutron irradiation, Fig. (36).
The éffect of stress on diélocatiog density and consequently

upon .dislocation velocity in lithium fluoride.is interesting.
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The density changes from zerp'to 104-100ps/cmf as the stress is
‘increased. When the applied stress is sufficiently high to
cause dislocation motion, profuse dislocation nucleation and
multiplicétion occur, Fig. (28).

If a crystal is compressed, it is possible to expand loops
to 0.5 mm. without multiplication, but at .03%.c6mpression rows
of etch pits are seen with spacing about 2p. The density within
the rows is about lOT/cm% When the compression is increased
to 0.9% a broadening of the rows of pits occurs, more etch éits
appearing aiongside existing ones. A compression of 8% gives
a complete covering 6f the surface with etch pits to a density
of 101/cm%, see Plates (14) and (15).

Impurities have an expected influenée on dislocation move=-
ment. They produce two quite distinct effects, static pinning,
and dynamic resistance to dislocation movement, The former
affects the stress to move a dislocation which has been pinned by
impurities; the latter, the stress to move a fresh dislopation
through a crystal containing impurities.

Variation in the impurity content of the crystals influences
the hardness, which depends upon the stress to move a dislocation.
Different heat treatments also produce variations in hardness.
Crystals cooled very slowly from 250 deg. C. to room temperature
are hard, and crystals of the same purity cooled rapidly through
the same range are relatively soft. The hardness has been

found to differ by a factor of five.
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Gilman and Johnston consider this to mean that the dynamic
resistance due to impurities is greater when the impurity atoms
have precipitated than when they are in the form of scattered
atoms.

Hardness is found to be very sensitive to the rate of cooling
from 200 deg. C. to 100 deg. C. This implies that a precipit-
ation of impurities is occurring at below 2CO deg. C.

Irradiation of lithium fluoride crystals has two effects,
depending upon the dose, i.e. the product of the time in the
reactor and the neutron flux.

1. Static pinning due to low doses makes dislocations harder
to move initially, but when they break away they are as easily
moved as before irradiation, see Fig. (37). The pinning here
is considered due to point defects.

2. Considerable irradiation produces dynamic resistance,
making it difficult to move all dislocations, including those
put in before and after irradiation. This is effective at
high and low stresses and indicates a lattice friction due to
something put in by the radiation. Optical stu@ies reveal
the presence of colour centres composed of multiple point
defects. See Fig. (38).

The origin and growth of glide bands appear to be independent
of the existing dislocations, and the state of pinning and
geometrical arrangement of those dislocations do not affect the

yield stress. The initial yield stress is determined by the
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resistance to motion encountered by a glide dislocation in an

otherwise dislocation-free region of the crystal, see Fig. (39).

Even after a small amount of plastic dformation (0.1 to 1%

strain), the fiow stress of lithium fluoride can be understood

in terms of the numbers of glide dislocations and their mobility

in a dislocation-free crystal. At large strains work hardening

occurs, and the effect on the motion of glide dislocations of

the many other dislocations in the crystal, is indicated.

A real understanding of the mechanism of éultiplication and
interaction in work hardening has not yet been attained.

5.3 (k) SUMMARY.

The following is a summary of the more important results of
observations by Johnston and Gilman.

1. Grown-in dislocations do not move in lithium fluoride and
so Frank-Read sources are not responsible for multiplication
nor for yield.

2. Dislocations can be nucleated in dislocation-free
crystals at low stress, see Fig. (40).

3 The multiplication mechanism and the broadening of slip
bands is not understood, but the rate depends upon the applied
stress and the dislocation velocity.

4, The bulk strength of crystals is determined by the stress

required to move a fresh dislocation.
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5.3 (l) CONSIDERATION OF THE RESULTS AND DEDUCTIONS MADE BY

GILMAN AND JOHNSTON.

The observed behaviour of dislocations in lithium fluoride
differs in many respects from the more .prevalent views of
dislocation behaviour. Dislocation loops are formed at low
stresses with no obvious sources. It is assumed that sources
are present, but are not detected by the methods used.

Gilman and Johnston suggest that their results for lithium
fluoride can be extended to apply to other crystals. Preliminary
investigations indicate that magnesium oxide and calcium fluoride
deform in a similar manner, but it cannot be concluded that all
crystals behave in the same way. | Probably it is only true for
fairly impure crystals. There must be small particles on which
nucleation can occur, and it has been shown that precipitates
are the determiﬁing factor regarding the stresé to move
dislocations.

Work done by Nye, Spence, and Sprackling (1957) supports
the condemnation of the generalizations by Johnston and Gilman.

Nye et al used the photoelastic effect to study the plastic
deformation of single crystal bars of silver chloride in tension
and bending. They found that in tension the plastic deformation
is greatest near the surfaces. In bending, the piastic
deformation is found to propagate longitudinally along the bar
rather than transversely. The distribution of the birefringence

resulting from the stress was interpreted in terms of a simple
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dislocation model. They found that the ratio of the stress
necessary to propagate dislocations to the stress needed to
generate them is less than 0.6.

When a crystal is not fully annealed the dislocations in
it produce long range elastic strains. In transparent cubic
crystals such strains are visible as distributions of birefringence
produced by the photo-elastic effect.

Schmid and Boas in Germany, and Olinemov and Schekinkoo in
~Russia had employed polarised light and birefringence in sodium
chloride to study plastic deformation, but this was done before
the acceptance of the idea of dislocations.

The photo-elastic pattern shown in Plate (16) is of a fully
annealed crystal which has been plastically extended, and the
load removed. The two dark lines parallel to the length of the
specimen are the neut?al lines of zero longitudinal stress.

The extinction angle is nearly the same at all points of any one
specimen, as the path differences are less than a quarter of a
wavelength, The neutral lines are clearly visible in a circular
polariscope.

The sign of the birefringence effect is such that the outer
parts of the bar are in compression while the inner core is in
tension. So during plastic‘extension the outer layers have
plastically deformed more than the inner core, as when the load
is removed thé outer part is thrown into compression. This leads

to the éssumption that more dislocation sources are active at,
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or near, the su#face than in the interior.

A similar specimen was bent elastically by applying equal
and opposite couples to the ends so that the upper surface was
convex. The normal linear variation of stress is shown in
Plate (18a) and the birefringence disappeared when the couples
were removed.

When the bar is bent into the plastic range the pattern
obtained is shown in Plate (18d) and the distribution of
birefringence and stress shown in Plate (18e). The change in
péttern when going from elastic to plastic deformation is shown
. in Plate (18c). The length of the transition region is rather
less than the width of the specimen.

1f, after plastic bending the couples are removed, the
pattern changes to Plate (17a) and the corresponding stress
distribution to Plate (17b). This shows three neutral planes.
The sign of the residﬁal stress in these bending experiments
indicate that more plastic deformation.has taken place near the
surface than in the interior.

In the partially plastic bar, equilibrium considerations
show that the maximum stress #, in the elastic part must be %
times the uniform stress in the plastic part. Nye and his
collaborators also concluded that slip starts from the surface
and works inwards. This is not in agreement with Gilman and

Johnston's results for lithium fluoride.



42.

5.4 (a) THERMAL ETCHING.

Thermal etching techniques can be employed to reveal
dislocations in many metals and alloys. At high temperatures
atomic movements take place to establish a mechanical balance
between the dislocation line tension and the surface tension.
Pits are thus formed at the points of emefgence of dislocations,
Frank (1951). Machlin (1957) revealed di;locations in silver
using this technique, see Plate (19).

Electropolished silver is immersed in a dynamic flow of argon
containing 10 mole % of oxygen at 600 deg. C. for five to ten
minutes, and then cooled to room temperature in purified argon.
The shape of the depression gives information about the dislocation,
Pits are formed at stationary disloéations, and grooves, where
dislocations have moved slowly during the etching treatment.

Pits at screw dislocations are several times smaller and
shallower than at edge dislocations.

Dislocations that move rapidly during treatment cannot be
detected, apart from the vacated pits. These pits are
distinguished by having a flat bottom,

The presence of oxygen during thermal etching reduces the
surface tension of the metal, and deeper depressions result.
Under suitable conditions an oxide particle will form at the
bottom of each depression, clearly marking its position.

5.4 (b) THE APPLICATION OF THERMAL ETCHING.

The thermal etching technique may be applied to most metals
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and.alloys, except for some metals having high vapour pressure
at high temperatures, such as zinc, cadmium, magnesium, and their
alloys.
. The method is particularly useful to study creep at the
high temperatures used, see Plate (20).
5.4 (¢) CONCLUSIONS.

Chemical etching is effective over a greater temperature
range, espécially when a reliable reagent has been found for the
particular metal.

Gilman'aﬂd Johnston working with lithium fluoride produced
interesting results, especially in connection with dislocation
mbvements, but generalizationé from their results appear to be
unsbund.

Thermal etching is restricted to observations of conditions
at higher temperatures, and has been applied successfully to the

study of creep in metals.



PART 6,

THE DECORATION OF DISLOCATIONS IN CRYSTALS.
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6.1 GENERAL INTRODUCTION.

These methods allow the direct microscopic observation of
dislocation lines in transparent crystals. This is made possible
by the production of visible patterns along thg lines.

Linear imperfections were seen in sodium chloride by
Siedentopf in 1905, and reproduced as a series of hand drawn
diagrams. Probably the first person to see decorated
dislocations in an intentioﬁally deforﬁed and annealed crystal
was Rexer, (1931, 1932a, and 1932b) at Halle. About the same
time Edner (1932), also at Halle, observed lines in crystals of
sodium chloride containing barium chloride. Unfortunately, these
observations preceded the developm;nt of a theory adequate for
their understanding.

The first interpreted observations followed the rapid
development of the theory of dislccations when in 1953 at Bristol,
Hedges and Mitchell investigated the nature and distribution of
the_iﬁternal photographic latent imagé in silver bromide crystals.
They found that the substructure of.strained crystals of silver
bromide, which had been lightly ahnealed, could be made visible
by exposing them at room temperature to light with a wavelength
close to that of the absorbtion edge.

The networks and Qistributions of dislocations were seen due
to the silver which separated out aloﬁg dislocation lines.

Their observations agreed with many thecretical predictions.

‘They recognised tilt sub-boundaries formed by arrays of parallel
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edge dislocations, see Burgers (1939), and Read and Shockley
(1950), and twist boundaries formed by crossed grids of screw
dislocations later discussed theoretically by Frank, (1955).
Considerable developments have taken place in methods of
decoration, and work at Bristol, Ghent, and the G.E.C. Research

Laboratories, Schenectady, will be discussed.

6.2 THE DECORATION OF DISLOCATIONS IN CRYSTALS OF SILVER

HALIDES.

6.2 (a) INTRODUCTION.

At Bristol observations were made on silver bromide and
silver chloride. The great advantage of methods using silver
halides is that the crystals do not have to be annealed at a
higher temperature before dislocations are decorated. The
dislocations are fixed in poéition and made visible by exposure
to light while the stress is still applied to them.

It is possiblé using these ionic crystals to observe.both
the probable behaviour of dislocati&ns on incipient slip bands at
é definite stége during plastic deformation, and the arrangements
of dislocations in the polygonized crystals which result from the
annealing of strained specimens. The results of anneaiing at
various temperatures have been studied; and the deformation
sfructures afe modified by annealing.

Either bright or dark field illumination may be used, and

dislocations are made visible to a depth of at least BQp;
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6.2 (b) THE PREPARATION OF THE SPECIMENS.

Progress in this field has depended very much oh ability to
grow large single crystals., Great care is taken in the
preparation of the thin sheets of silver halide material for
expériment, see Clark and Mitchell (1956).

Metallic silver is very impure compared with recrystallized
silvef nitrate, and silver oxide must be eliminated as it adheres
to glass. '-Cationic impurities are removed from the silver
nitrate by special methods, and careful recrystallization using
a temperature gradient. Anionic impurities are removed from
the constant boiling point mixtures of the hydrogen halides by
. chemical methods, and by fractional diétillation.

When the oxide has gone, heat is applied. A stream of dry
hydrogen halide, in nitrogen as a carrier gas, is passed through
the melt for about one hour. Particles of silica on the surface
are then removed from the molten silver halide by filtration
through fine glass capillariés.' If not removed, the silica gives
rise to randomly diétributed etch pits and fog specks, which have
no coﬁnectioﬁ with the decorated dislocation lines. Fractional
distillatioﬁ in high vacuum breaks down silver oxide and silver
sulphide and removes volatile impurities such as cuprbﬁs and
mercury halides, and polyvalent catiohic impurities. Traces of
cuprous chloride and mercurous chloride are still present and

these are removed by vacuum melting.

The molten halide is then run through a vacuum melting stage
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-6
at 450 to 500 deg. C., and at a pressure of 10 wmm. of mercury,

for at least 8 hours. Bromine is admitted to destroy silver
nﬁclei and nitrogen over the silver halide keeps out oxygen.
Small globules are transferred onto a plate, and immediately
recrystallise.

Silver chloride is easier to purify thap silver bromide.

The next stage is to convert the silvef halide globules
into thin sheets. ~ The globule is placed on glass rods resting
on a pyrex'disc which in turn rests on a hot plate. It is
flamed with an oxy-coal gas torch to burn away unwanted particles.
The disc is covered with a funnel to protect it from oxygen as
the globule melts, and once melted the funnel is quickly removed,
and another pyrex disc placed on the top. The sandwich is then
slowly displaced along the hot plate down the temperature gradient
until the disc of silver halide crystallizes. On placingithe
sandwich in distilled water, the plates immediately separate.
Care must be taken not to scratch the crystal surface. The
thiékness of the crystal is determined.by the spacing of the glass
discs., The crystal is then placed on a pyrex plate and cut into
' sections using a stiff backed razor blade. It cuts quite easily,
in a very similar manner to lead. The crystals are heavily
strained when cooling, the halide having a coeffieient of
expénsion much higher than that of pyrex.

The crystal surfaces are always close to (100) planes. To

grow (111) orientation crystals a glass wedge is used, see Fig. (4k).
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Finally the crystal is annealed in an atmosphere of halogen at
temperatures between 200 and 400 deg. C. for periods up to twelve
hours.

A 4% solﬁtion of potassium cyanide is used to dissolve away
the surface of the crystal, removing the surface which was in
contact with the glass plate and leaving a smooth crystal surface,
showing no facets. The crystals may then be exposed to produce
photolytic silver, or exposed and developed.

6.2 (c) THE DECORATION OF THE DISLOCATIONS.

The surfaces of crystals may be exposed while covered with
a thin film of a halogen acceptor. This is usually formed
befween the crystal surface and a microscopic cover glass. With
acceptors such as 1 phenyl - 3 - pyrazolidinone, discrete specks
of silver are produced at the points of emergence of dislocations
through the surfaces of the crystals. This method makes possible
good resolution at high magnification, and is particularly useful
for studying the properties of closely spaced dislocations.

The fishnet structure and distributions of dislocations may
be revealed to a depth of about 30 p in strained and lightlyl
annealed crystals of silver bromide and silver chloride by exposing
' them to light with a wavelength in the longwave edge of the
absorbtion band of the crystal. Silver separates out along the
dislocation lines, and it may be observed with bright or dark
field illumination. See Plates (21) and (22).

A combination of the above two methods is very useful, but
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the former does often give a greater surface density of
dislocations than would be indicated by the internal separation
of silver. Doubt is therefore cast on the ability of the latter
method to decorate all dislocations.

It has not been possible to make the dislocations in large
single crystals of the purest silver bromide visible by the
separation of photolytic silver in a reliable way. Unless the
crystal is plastically deformed very little silver separates in
them during exposure. Etching methods on these large single
crystals have also been unreliable.

As it i1s impossible to detect any difference in hardness
and other plastic properties between the large and the thin
crystals of silver bromide,'it must be assumed that mobile
dislocations are present in both types of crystal, and that those
in the thin crystals have modified properties which permit their
decoration with colloidal silver, but which, in the purest crystals
do not impede their displacement during plastic deformation.

More recently Jones and Mitchell (1957) described methods
which show a correSfondence between etch pits and the points of
emergence of dislocations which have been decorated by the
separation of silver along the lines. The silver chloride,
silver chloro-bromide, and silver bromide sheets are grown from
the melt by the method described by Clark and Mitchell (1956).

The crystals are deformed by elongation and indentation with

hemispherical glass indentors, and then etched and exposed to
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reveal the dislocations. A 3 to 5 N solution of sodium
thiosulphate is the most reliable etchant. The crystal must be
in the etchant for a very Short time and is then transferred
immediately into water. A solution of 0.1 N sodium thiosulphate
is then used to shape the etch pits and deﬁelop facets. Silver
chloride etches better than silver bromide. The pits formed on
the former are émaller in area, but about the same depth. After
they have been thoroughly washed and dried, the etched crystals
are exposed to the unfiltered radiation from a 250 watt high
pressure mercury vapour lamp for 30 seconds at a distance of

about 3Q cm, from the lamp. Silvef separates to a depth of about
MOFu Beléw this depth recombination takes place. See Plates (23,24).

The correspondence between the two methods appears to depend
upon the propertieé of individual crystals. It is complete in
many crystals but absent in others. The dislocations which
appear during plasfic deformation at room temperature give smaller
etch pits and print.out to a smaller extent than those which are
already in annealed specimens. To.show this a specimen is etched,
deformed with a hemispherical indentor, and then re-etched.

The most sensitive conditions for the study of the behaviour
of dislocations during the deformation of silver chloride occur
when the crystals have surfaces almost parallel to (00l) planes.
The apparently small numbers of grown-in dislocations in such
crystals are made just visible by etching. The small shallow

pits corresponding with dislocations on slip bands produced by
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deformation can easily be resolved using the phase-contrast
microscope.

Jones and Mitchell found their experiments indicated that
the dislocations in annealed crystals which give rise to deep etch
pits, and along which visible "‘amounts of silver separate rapidly
during exposure, do not play an important role during the early
stages of plastic deformation. Their mobility is affected by
the segregation of impurities, or of vacancies, but it has been
shown that dislocations appeér within the elements of the sub-
structures as in the experiments of Gilman and Johnston on lithium
fluoride.

The great advantage of the method of decoration of dislocations
in silver halides with photolytic silver is that it does not depend
on the introduction of foreign substances, or upon thermal treat-
ments at elevated temperatures. The dislocation formations are
likely to be modified to a smaller extent by this process than
those in the alkali halide crystals discussed later. The
decoration is almost continuous, and discrete particles of
photolytic silver cannot usually be resolved.

An important disadvantage is that it is never possible to
decorate dislocations at a depth greater than 40p~below the surface.

6.2 (d) THE NATURE AND FORMATION OF THE PHOTOGRAPHIC LATENT IMAGE.

Mitchell and Mott (1957) outlined the mechanism by which the

latent image is formed in the following steps:
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1. The formation of the 'pre-image speck!'. This is a silver
'atom' probably adsorbed at a kink site terminated by a silver
ion, It is formed by the co-operation of one electron and one
interstitial silver ion. | The pre-image speck has a life time
of 1 to lOAs seconds.

é. The formation of the !sub-image'; a neutral pair of silver
atoms adsorbed at a kink site. This involves the utilization
of a second photoelectron and a second interstitial silver ion.
The sub-image has a life time of days and can be developed.

3. The formation of the stable latent image. This utiligzes
a further electron and two interstitial silver ions, and gives
in equilibrium a positively charged group of four silver
atoms Ag, +. This ié the minimum stable image, and from this
point onwards any further growth of the silver speck will be
by the Gurhey and Mott mechanism (1939).

Silver bromide was known to be a photoconductor at the
temperature of liquid air, and it was assumed to be so at room
temperature, so that each quantum of light absorbed released one
electron and a positive hole. If sufficiently mobile, the
electron will easily be trapped by colloidal silver or by
sensitivity specks. This would then be neutralized by the
movement to the speck of interstitial silver ions, so causing

the silver particle to grow. It is considered that as silver

Ay
a2l

in contact with silver halides carries a positive charge, this

may be regarded as attracting photoelectrons rather than a
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negatively charged speck attracting interstitial cations as is
suggested by the Gurney-Mott model. Positive holes cannot
move to positively charged silver specks in equilibrium with
silver halide, and this explains why stable centres do not act
as centres of recombinatiod of electrons and holes, as surface

traps and dislocations do in germanium.

6.2 (e) THE DECdRATION OF DISLOCATIONS IN SILVER CHLORIDE
WITH GOLD. |

It is possible to decorate silver chloride crystals to a much
greater depth if platelets ongold are. used, Bértlett and
Mitchell (1958). See Plates (25) and (26).

Sheet crystals of thickness 200 to 400p-are sensitized by
heating them together with gold wire and cupric chloride in an
atomosphere of chlorine in sealed tubes at 356 deg. C. for eight
to twelve hours. After straining and exposure to light from a
mercury vapour lamp, the crystals are heated for a few minutes at
a temperature between 140 and 160 deg. C. Nuclei of gold are
produced along'disiocation lines and during the final heating, grow
in size until they are visible in the microscope. The dislocations
are decorated throughout the volume of the crystals.

6.2 (f) THE MECHANISM OF DECORATION USING GOLD.

When crystals of silver chloride are cooled, the Schottky
defects present at temperatures near the melting point aggregate
to form small dislocation loops and internal cavities, Nuclei

consisting of groups of silver and gold atoms are formed on the
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surfaces of internal cavities, and along dislocation lines when
the crystals are exposed to light, with a wavelength beyond the
absorbtion edge of silver chloride. The nuclei absorb gold or
silver ions and become positively charged when they exceed a
certain size, the compensating negative charge being provided by
vacant silver ion lattice sites. When the crystals are heated
to a temperature between 140 and 160 deg. C. electroqs are trans-
ferred from the full band, producing positive holes, to the low
lying accepfor levels in the forbidden band associated with the
posifively charged nuclei. Their positive charge is restored

by the adsorption of further cations and further vacant silver ion
lattice sites are created. The positive holes and vacant silver
ion lattice sites diffuse to the surface of the crystals where
chlorine escapes. ‘Copper chloride assists in the transfer and
liberafion of chlorine molecules from the‘surface during the heat
treatment, see Mitchell (1957). The decoration consists of
systems of regularly spaced fine precipitates extending along the
[110] directioné passing through the central particles.

Although it is impossible to resolve the structure of these
fine precipitates, there is a close analogy between these systems
and the systems of positive prismatic disldcations which form
during cooling around glass spheres imbedded in the silver chloride
crystals as described by Jones and Mitcheil (1958).

6.2 (g) THE PRODUCTION AND DECORATION OF PRISMATIC DISLOCATIONS.

Prismatic dislocations had been predicted by theory. Seitz
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Fig. 45. Prismatic dislocations around a hysil glass
sphere (looking along the 100 axis).

-

Fig. 46. Disc of atoms giving prismatic dislocatiof.




55.

(1950) first proposed the mechanism of prismatic punching and
prismatic dislocations in thallous halide crystals. Nye (1949)
established that silver chloride deforms by pencil glide with a
[llO] slip vector, so that prismatic punching is a possible mode
of deformation.

Jones and Mitchell (1958) used silver chloride crystals with
(100) planes parallel to the surface. The crystals were annealed
s0 as to be free from(dislocations. Hysil giass spheres, diameter
about BF, introduced iﬁto a globule of silver chloride were found
to remain fairly close to the surface. The coefficient of cubical
expansion of hysil glass ié 34){10"7 whereas that for the silver
halide is 34Ox10—7per degree C; If there is a state of equilibrium
at 454 aeg. C., cooling introduces compressive strains around the
spheres. This strain is relaxed by discs of atoms being d;splaced
~along the [110] directions, see Figs. (45) and (46). These
circular loops of edge dislocations are prismatic dislocations.

Harvey and Mitchell (1958) have observed systems of prismatic
dislocations formed in the same way during'the cooling of crystals
éf sodium chloride containing aurous chloride. Specks of gold
provide the central particles. The positive nature of the
prismatic dislocations has been established by observing the
inclinations in known stress fields, see‘Jones and Mitchell (1958).

Parasuis and Mitchell (1959) have also observed systems of
prismatic dislocations extending along all twelve [110] directions

radiating from particles of photolytic silver formed during the
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exposure of crystals of silver chloride containing 0.1 mol. % of
cuprous chloride. They have concluded that the space for the
separation of silver is made available at the interface between a
silver particle and the silver halide by the formation of positive
prismatic dislocafions, which glide away from the interface along
slip cylinders with the twelve [lld] directions as axes.

These groups of independent observations provide evidence
for a previously unrecognised phenomenon in precipitation reactions
in the solid state. It is believed that the formation of
prismatic dislocations may prove of importance for the understanding
of precipitation hardening. Bartlett and Mitchell (1958)
observed that the systems of closely spaced prismatic dislocations,
which result from mutual interactions when there is a high density
of precipitate particles, present an effective barrier to the
glide motion of dislocations. The strain associated with a
particle of a precipitate has been observed to be transmitted to
distances many times the radius of the particle by the &utual

repulsion of the prismatic dislocations.

6.3 ~ THE DECORATION OF DISLOCATIONS IN ALKALI HALIDES.

6.3 (a) INTRODUCTION.

Amelinckx (1956) used additive coloration by means of sodium
metal to decorate dislocations in transparent sodium chloride

crystals., This is a modification of the method used by Rexer

(1932).
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Work by Van der Vorst, Dekeyser, and Bontinck will also be
discussed.

6.3 (b) THE METHODS OF DECORATION.

Amelinckx enclosed a stock of metallic sodium in a cavity
made in the crystal. The cavity was closed in the initially
cleaved-off part to ensure an exact fit and maximum tightness.
The crystal was held firmly in a steel jig, see Fig. (47). It -
was then heated to about 750 deg. C. until a coloured diffusion
zone developed. When using 'pure' sodium chloride the crystal
was cooled to room temperature in about 15 minutes to obtain
decoration by means of colloidal particles. The crystals were
blue in transmission, the decoration being best near to the sodium
étock. When crystals which contain a small amount (0.0l -
0.001%) of silver are used, the cooling can be at a much slower
rate. In this case the colour of the diffusion zone can vary
from yellow to ruby red.

A method by Van der Vorst and Dekeyser (1956) uses sodium
chloride heavily doped in 'silver chloride (1% to 3% addition to
the melt), and annealed in a stream of hydrogen at a temperature
between COO and 700 deg. C. for about twelve hours. This gives
decoration immediately under the surface, the depth of the region
decorated depending upon the annealing time. Annealing in
sodium vapour also gives decoration in such heavily doped crystals.

It is probable that these methods apply to al; the alkali

halides. Bontinck and Dekeyser (1956) used the above methods to
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decorate dislocation lines in natural and synthetic calcium
fluoride.

The formation of visible diffusion zones, and visible specks,
depends upon the impurities present. In pure crystals the
decoration is shown to be due to the colloidal sodium by observing
the crystals dissolving in water. The particles dissolve and
hydrogen is given off. When crystals containing silver are used,
the needle shaped precipitates are probably metallic silver.

They dissolve in nitric acid.

6.3 (c) THE MECHANISM OF DECORATION.

The diffusion of the excess sodium is considered likely to
take place as F-centre diffusion. At high temperatures during
additive colouring, the sodium vacancies diffuse to the sodium
-stock and die. The halogen vacancies, not so mobile, stay in
the crystal in the neighbourhood of the dislocations. The sodium
stock endeavours to send in Cl.—vaééncies. Some of these will be
converted into F-centres by capturing electrons sent in by the
sodium metal every time a sodium vacancy dies, maintaining an equal
number of vacancies of both kinds as well as charge equilibrium.
Thus, s0 long as the temperature is_high enoﬁgh‘to ionize sodium,
F-centres are formed at the expense of Cl.=-vacancies. At the
same time F-centres will die and become halogen vacancies by loss
of their electrons, or by going to a dislocation line. At a
giQen pressure of sodium vapour a given concentration of F-centres

is in equilibrium. This condition may be frozen in by very






rapid quenching.

The condensation of F-centres and vacancies during cooling,
resultiné in the formation of a sodium speck oﬁ a dislocation line,
is due £o the attracfion of F-centres to dislocations. This
supposes that there is a sufficient number of .jogs in the
dislocation line so that the F-centres and vacancies can always
be absorbed. Coulomb and Friedel (1957) have estimated that this
is not the case in a rapid quench. It igbpossible that elastic
interaction with vacancies is more pronounced than for F-centres,
and the first stage in the precipitation is probably the formation
of cavities. Condensation of F-centres at fhese cavities will
make them increase in size, resultiﬁg in the formation of sodium

specks.

6.3 (d) THE OBSERVATION OF THE DECORATED DISLOCATIONS.

The arrangements of the particles were observed by Amelinckx
using ultramic;oscopic illumination.

Thin slices cleaved from the treated crystals were used.

They were further reduced in thickness to abouté=mm. by dissolving’
in water. This reduction is necessary, as otherwise, light
reflected from particles not in focus reduces the contrast.

The spegimen was embedded in a liquid with the séme refractive’
index as sodium chloride to avoid scattering by surface
irregularities.

The patterns of specks were photographed at different depths

50 that the patterns slightly overlapped. The inclination of a
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network with regard to the plane of observation, i.e. the (001)
cleavage plane, was estimated from thev"in focus" width, see
ﬁmelinckx (19565. The shapes of the dislocation networks, clearly
decorated, agreed with those predicted by theory. All types of
dislocation and distribution have been observed, see Plates (27-30).

Relatively high angle boundaries (1 deg. to 2 deg.) are
decorated by a thick sheet of particles. The ones studied,
revealing this, were those perpendicular to the plane of obser-
vation, énd they were marked by é ribbon of particles which
remained on the same spot no matter where the position of focus
was in the crystal. These boundaries were always straight, apart
from jogging, and by optical geometry were shown to have mainly
tilt character.

Dislocation pinning by precipitates, andAthe bulging of
dislocation linés between pinned points, can be clearly seen.

If tﬁe phase-contrast microscope is used with a dark back-
ground, fhe precipitates appear white.

6.3 (e) LUMINESCENCE OF DECORATED DISLOCATIONS.

The luminescence of phosphors is khown to be affected by
deformation. Van Aer_Vorst_and Dekeyser (1956) carried out
experiments with single crystals of rock salt, with silver chloride
added, to show a relationship between luminescence and dislocations.

When irradiated with X-rays or ultra violet light, emmission

bands were produced.

They observed networks similar to those seen by Amelinckx
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(1956) in additively coloured rocksalt.

The samples were deformed, annealed in air at various
tempefatures ranging from 300 deg. C. to 700 deg. C., and after
cooling reannealed in hydrogen. A thin metallic layer covered
the surface of the crystals, and this layer was found to increase
with time and temperature. The decoration was by svecks of
colloidal silver, and;only took place close to the surface. The
inside of the crystal remained optically empty.

When the crysfal was irradiated with X-rays, the decorated
lines were seen as brighfer lines in a Blue haze. ' By means of
long exposure times of twelve to twenty four hours, it was possible
to photograph dislocation wallé, see Plate (32). The above
method has advantages over the Rexer method; it is easier to use
and can be applied to smaller specimens, and at lower temperatures.

6.3 (f) CONSIDERATION OF THE VALUE OF OBSERVATIONS.

Thé pétterné observed are remarkably clear and of great value
in establishing the configuratiéns possible, but from the point
of view of studying the results of strain, there are serious
limitations. All methods entaii heating to temperatures above
600 degi C., and at these temperatures dislbbéfions can cliﬁb and
move quickly. If the decoration process reguires participation
of the Schottky disorder, then decor;tion and climb are inseperable.
It is possible to illustrate quench hardening very successfully.
It would be interesting to know how much of the dislocation

structure could be attributéd to the presence of the excess sodium.
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In lithium fluoride the dislocation density has been found by
thnston (1957) to be considerably increased by addition of excess
lithium, and the presence of large precipitates produces prismatic
dislocations. The cooling down and precipitation causes stresses,
so that the networks are not necessarily in equilibrium.

Photographs taken of dislocations in sodium chlo;ide must be
taken soon after decoration as the surface of these crystals is
affected by condensation. Replicas of éhe surfaces can of course
be made, if it is desirable to study surface features. Plate (33)
shows the surface of an etched calcium fluoride crystal.

6.4 THE OBSERVATION OF DISLOCATIONS IN SILICON.

6.4 (a) INTRODUCTION.

The propeftieé of silicon are ideally suited for a study of
dislocations introduced by plastic deformation. Crystals of
high purity and perfection can be readily grown, and dislocations
in silicon may be revealed by etch pits, or by copper decoration,
or a combination of the two. Dash (1956, 1957) decorated
dislocations in silicoﬁ using the latter method.

6.4 (b) PREPARATION OF THE SPECIMENS.

Single crystals were grown by drawing from the melt contained
in a quartz crucible. The density of dislocations in these
Z - % 2
crystals varies from 10/cm. to 10/cm.
Bars with area of cross section about 10 mm% were slightly
deformed by twisting about a [;ll] axis or by bending. They were

then etched in a mixture of nitric, hydrofluoric, and acetic acids
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Fig. 48. Arrangement to observe decorated dislocations
in silicon.







Flate 34a and b. Decorated dislocations joining etch
pits on opposite sides of a wedge-shaped
specimen.

(After Dash, 1957).
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producing deep etch pits. The bars were cut into 1 mm, thick
slices parallel to (111) planes, and the cut surfaces optically
polished. A drop of copper nitrate solution with about 10~1to
10~Latom fraction of copper was dried on the edge of each slice.
They were then heated £o about 900 deg. C. for thirty minutes, and
then cooled rapidly to room temperature.

6.4 (c) TECHNIQUE OF OBSERVATION.

Dash examined infra-red light transmitted by the specimens
using an infra-red image tube in the position of the eyepiece in
the Leitz Panphot microscopé. This enabled the precipitates
formed to be directly observed, and photographs to be taken with
infra-red sensitive plates. His experimentél arrangement is
shown in Fig. (48).

6.4 (d) OBSERVATION OF THE DECORATED DISLOCATIONS.

Deep etch pits were seen joined by dislocations decorated
clearly with copper. Plate (34a) shows a wedge shaped portion of
- the bar bent about the {poi] axis and viewed along the axis of
~ bending. The dislocations are generally straight lines in the
[}10) directions.

' In Plate (35a) the viewing direction is [lll] and the bar
deform;d by twisting. A series of dislocation half loops is
seen, all par£s lying in [}ld] directions. The sections
approximately parallel to the edge of the sample are screws, the
inclined sections are composite edge and screw. Plate( 35b)

shows the pits as they appear on the (112) surface.
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There is a wide variation in decoration from sample to
sample, and in the relative amounts of decoration on the screws
and composites. This is in the form of precipitate particles.
Sometimes the screws are not decorated at all. The form of the
precipitate is found to depend upon the initial concentratioh of
copper on the surface, and the cooling rate. Rapid cooling of
samplés saturated with copper results in uniform decoration.

Slow cooling of samples with 10‘7to ldt atoﬁ fraction of copper
results in preferential precipitation on the composites. Also,
patchy decoration is sometimes observed without apparent reason.

IAs was the case with experiments on sodium chloride, the heat
treatment required to decorate the dislocations can be expected
to modify the dislocation arrangement.

To avoid such modification, Dash (1958) used an etching
method., He cut the specimen exposing a surface parallel to a
(111) plane. After chemically polishing the surface with a
solution bf one part hydrofluoric acid and three parts nitric acid,
it was etched three to four minutes in a solution consisting of
one part hydrofluoric,>three parts nitric, and six parts glacial
acetic acid.

The etch patterns produced consist of pits and channels in
the surface, which join pits. The channels are due to prefer-
ential etching of cores of dislocations which are almost parallel
to the surface, and along [}10] directions. . On high

magnification, trails behind moving dislocations are seen to






Plate 35a Etch pits and dislocation loops entering

from a (112) surface of a silicon crystal.
b Pits at the (112) surface.
(After Dash, 1957).







Plate 36, Loop multiplication by a symmetrical Frank-
Read source.
(After Dash, 1957).
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extend from cusps. In some cases the streamers are very densely
concentrated, and as a result a portion of the moving dislocation
is retarded. Often zig-zag and segmented tfails are found.

The dislocations in Plate (35) appear to have no grown-in
dislocations to'act as a source. The source may have been
"removed by the etching process, but when etching is not used,
still no sources are visible.

Many interior sources have been seen in deforming imperfect
crystals. Frank-Read sources have frequently been found, see
Plate (36).

At temperatures of about 1100 deg. C. configurations of
curved dislocation lines, entirely different from the patterns at
lower temperatures, are observed. Dash considers it probable
that at high temperatures dislocations move so freely that they
can eliminate the anchoring necessary for Frank-Read sources.

The trails probably arise from nonconservative motion of jogs,
éausing the injection of vacancies or interstitials into the
crystal. Trails from a screw dislocation are mainly along [}ld]
directions. They are sometimes zig-zag and segmented, suggesting
alternate gliding and climbing. It is possible to see the trails
due to the aggregation of vacancies, or interstitials, info
platelets which are then etched or decorated. An alternative
explanation is that vacancies formed by jog motion act as
nucleation sites for impurities.

Patel (1958) studied dislocations quantitatively in single
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crystals of silicon by the etch pit method. Using magnifications
up to 750 times on an area 6 x 6 cm., the etch pit density before
deformation was lOf/sq. cm, The average etch pit density after
deformation was found to be several timeé the calculated value.
Patel compared his values for the dislocation density due to
bending with the calculated values as predicted by Cahn's

formula. The formula gives the dislocation density p, introduced
by bending, to be equal to (rbfﬂ where r is the radius of
curvature of thevneutral axis, and b is the average component of
the Burgers vector parallel to the neutral plane.

VPatel (1958) explained that this equation applies only when
the macroscopic internal stress, averaged over large numbers of
dislocations, vanishes. Samples annealed after deformation
fulfil this condition; as after annealing dislocations arrange
themselves in a minimum energy configuration.

Dislocations of opposife signs can exist on the same slip
plane in silicon, since appreciable plastic flow does not take
place at room temperature. It is expected that on annealing at
high temperatures the dislocations are mobile enough to enable

dislocations of the opposite sign to annihalate each other.



PART 7.

THE USE OF TRANSMISSION ELECTRON MICROSCOPY

TO OBSERVE DISLOCATION LINES.
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7.1 INTRODUCTION.

Crystal imperfections are of particular interest in the
study of metals. They are of great practical importance,

The methods considered so far only make it possible to infer
what may happen in metals. The existance of dislocations in
metals has been revealed in a very direct manner by the
transmission electron microscopy technique, due to Hirsch, Horne,
and Whelan (1956). |

| It-has proved possible to identify dislocations, and to
follow their movement under stress by means of a cine-camera.

The microscope can be used to produce electron diffraction
patterns from which the crystallographic orientations can be

" determined.

7.2 THE ELECTRON MICROSCOPE.

At the time of writing, the Seimens Elmiskop is probably the
electron microscope in most general use. This has é theoretical
resolving power of 3 A and a practical one of 5 A. There is
also the Metro-Vickers E. M. 6. capable of a resolving power of
5 A, and the complex new Phillips electron microscope.

Practical resolution is generally reduced by aberfations énd
scattering to about 20 to 30 A. Spherical aberration presents
the outstanding problem.

The specimen used is from 50 A to 5000 A thick, and as the

depth of field is about 7000 A the bulk of the foil is in focus
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at the same time. This large depth of focus is useful in that
photographic plates may be placed below the plane of the viewing
screen, and when photographing the latter acts as a shutter.

The image formation is shown in the Fig. (49).  The
illuminating electron beam is diffracted by the crystalline object
to produce a diffraction fattern in the back focal plane of the
objective lens. The recombination of the Bragg reflections to
form an image is prevented by the spherical aberration of the
object lens. The image, formed essentially by the direct beam
and the low angle scattering, is called a bright field image.

The contrast is produced by the differences in diffracted intensity
from various parts of the specimen. The Bragg reflections are
prevented from contributing to the final image by means of an
aperture placed behind the objective lens. This method of

contrast is known as "Bragg contrast'. See Fig. (50).

7.3  ELECTRON DIFFRACTION.

It is often necessary to correlate detail on the electron
micrograph with crystallographic orientatioms; to achieve this
electron diffraction patterns of selected areas of the micrograph
are required. The back focal plane of the objective lens in
which the diffraction pattern is formed is focused onto the screen
by reduéing the strength of the intermediate lens. By inserting
the appropriate aperture, diffraction patterns can be obtained

from areas of ‘ET, ‘g' , Or % micron diameter.
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Fig. 51. The reflecting sphere construction.
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To interpret these diffraction patterns, consider the
reciprocal lattice and reflecting sphere construction, see
Fig. (51).

If the electron beam is close to a prominent zone axis of
the crystal then the diffraction pattern will be the projection
of a prominent zone in the reciprocal lattice. The number of
spots appearing on the electron diffraction patterns of single
crystal regions of a metal foil decrease as the size of the
aperture is decreased. This implies that the area selected
consists of regions which are bent with respect to each other.
Many micrographs show extinction contours, see Plate (37).

These occur when the foil is buckled or bent, and are caused by
the strong scattering of the electron beam into Bragg reflections.

The wavelength of the electrons is 0.04 A, and the radius of
the reflecting sphere, which is equal to the reciprocal of the
wﬁvelength, is very large. Even so, the above shows that it is
not sufficient to consider all the spots on the electron
diffraction pattern are due to the intersection of the reflecting
sphere, considered essentially as a plane, with the reciprocal
lattice points which.have a-finite size dr,, dr,, and drs. The
reciprocal lattice and the reflecting sphere construction gives
the direction of diffracted waves. The reciprocal lattice of a
F.C.C. structure is B.C. and several prominent zones are
recognisable by inspection of the diffraction patterns, see

Fig. (52).
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The metal foils are mounted approximately perpendicular to
the incident beam. The crystallographic direction of the electron
bgam and the foil normal will thus coincide, enabling the normal
to the foil to be determined. The data required for the
micrographs may be determined graphically, using a stereogram,
and a great circle perpendicular to this normal is the plane of
the foil.

Due to the great depth of focus the area observed will remain
in focus if the foil normal deviates as much as 7 deg. from the
beam direction.

The misorientation occurring across sub-grain boundaries,
and within grains, can be determined by the splitting of the spots
on the diffraction pattern, The method is limited to differences
in orientations of greater than % deg. by the resolution obtained

on the micrograph plate.

7.4 THE PREPARATION OF THIN FOILS FOR THE TRANSMISSION

ELECTRON MICROSCOPE.

It was thought from work on biological specimens that the
ideal specimen size was 100 to 200 A thick. The apparent
impossibility of this retarded development until in 1945 it was
found that foils of thickness 200 to 2000 A could be used with
success.

The design and construction of electron microscopes is far

in advance of techniques of preparing specimens. These are
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three methods used for preparing metals for examination, namely

(a)
(a)

(b)

(e¢)

Deposition, (b) Deformation, and (c) Dissolution.

Both electrolysis and deposition of evaporated metal
produce foils which unfortunately are not representative of
bulk material, for example dislocétion density is found to be
very high. Great care must therefore be exercised in how
results are interpreted. Generally speaking, the results‘are
unsatisfactory. |

The deformation method involves beating sheets of metal,
such as géld or platinum, between sheets of leather. This
produces very deformed specimens which prove unsatisfactory
for bulk material examination. It is possible to cut thin
metal slices using a microtome, and a diamond knife. 4s the
arm rotates it expands due to heating and thin slices are cut
off the specimen. These drop into water. The slices are
about ECO A thick, and this method can be used.for alloys as
the relative position of particles remains unchanged.

The dissolution method is the most important. A suitable
acid is used to thin down the specimen. One must use pure
metals or single phase alloys, provided of course a suitable
etching reagent is obtained. The method cannot be used for
multiphase alloys.

Thinning by electrolytic polishing was started by Heidenreich

(1949), and continued by Castaing (1954). They studied aluminium

and aluminium-copper alloys. In the latter, a foil about 100}»
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thick is cut to shape and insulated with lacamite, except for a
small area about 2 cm. diameter. The foil is then polished at

10 v. D.C. in €5% phosphoric acid, 16% chromic acid, 13% sulphuric
acid, and 24% water. A current of 0.5 amps./cm. is used, and the
temperature should be 70 deg. C.

The Bollmann technique (see Bollmann, 1956) uses the arrang-
ement shown in Fig. (53). When dealing with F.C.C. chrome 18%,
nickel 18% steel, the method uses a disc shaped specimen of 2 cm.
diameter, and 0.2 mm. thick. This acts as the anode. The points
are adjusted to be about 1 mm. from the spécimen, and once a hole
is produced, this distance is increased to 1 cm. so that a region
close to the hole is preferentially attacked. A new hole opens
and this is continued until both holes Jjoin. In this region are
many thin fragments. These tend to be wedge shaped. This is an
advantage, as then the most suitable thickness for observation can
be found, and also the strain fields are.preserved. See Fig. (55).

Another method for beaten aluminium foil is to cut squares of
about 2 cm. sides, immerse in 0.5 to 1.0% hydrofluoric acid in
Qater and remove when pinholes appear, usually after about 2

minutes.

7.5 MOUNTING OF THE SPECIMEN.

Having prepared the specimen, it is mounted on a platform
which is a grid of woven stainless steel, or copper, or platinum

alloy, the mesh being about 200 lines to the inch. Using the
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Seimens Elmiskop operating at 80 K.V., the electron beam is
focused by the two condenser lenses to a circular spot between 2
and SF-diameter on the specimen. When the foil is thus heated
locally by the intense electron beam, there is a large temperature
gradient in the foil. Even so, the rise in temperature of the
specimen is little more than 20 deg. C. The gradient produces

stresses which cause dislocations to move in the foil.

7.6  CONTRAST IN THE IMAGE.

Individual dislocations are visible on the fluorescent screen
as lines, dots, and networks. The high contrast of a single
dislocation is due to distortion of the surrounding lattice over
a distance of the order of 100 A, which affects the loss of
electrons from the imaging beam by diffraction outside the
objective aperture.

Most of the confrast in the electron micrographs is due to
differences in diffracted intensity from different parts of the
specimen. The diffracted beams are prevented from reaching the
image by a suitable aperture in the objective lens, and the
electrons lost in this way give rise to contrast. It is some-
times‘advantageous to remove the electrons directly transmitted
through the specimen and to form the image by a proportion of the
scattered electrons, thus forming a light image on a dark
background, called a dark field image. This helps to differ-

entiate between areas of only slightly different contrast, or
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scattering power, which would be difficult to distinguish using a
bright field.

The dislocations are seen as dark lines or dots. Many of
the patterns of  dislocations are similar to those observed in
silver halides by Mitchell et al., and sodium chloride by
Amelinckx, although in this case dislocations are spaced at
-distances of only 100 A compared with 1lp in inorganic crystals.
The dislocation arrangement in a heavily deformed and recovered
metal is éimilar to that in the well-annealed inorganic crystals.

The only difference is in the scale of the arrangement.

7.7 EXTINCTION CONTOURS AND INTERFERENCE FRINGES.

Dark extinction contours are often seen, and these are due to
bending and buckling of the foil. They are formed where the foil
is oriented so that the beam is strongly reflected from a
particular set of Bragg planes. On tilting the illumination or
the specimen through angles'of about 1 deg. or 2 deg., extinction
contours move; whereas dislocation lines remain fixed.

Interference fringes are also seen. These are due to the
direct beam, and the beam diffracted twice, so that they emerge

almost parallel.

7.8 THE CINE CAMERA TECHNIQUE.

Recordings of dislocation movement, and rapid changes, may

be taken by cine camera technique.
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and Wolf, 1959).




75.

Using a Kodak cine Special camera with a f/0.95 aperture lens,
it is possible to photograph the fluorescent screen from about
12 cm. distance. The Elmiskop produces a sufficiently bright
image at x 40,000 magnificafion to allow external cine photography.
High speed 16 mm. film $.G.91, H.P.S. and H.P.3 have been used,
but the usual 16 frames per second is not considered fast enough,
and many of the rapid movements cannot be closely followed. 100

frames per second are desirable to give a more complete picture.

7.9 THE HIGH TEMPERATURE STAGE.

Whelan designed a high temperature stage to fit into the
microscope. This is a specially constructed object holder with
leads carrying the heating current through a hole in the side of
the objective lens. The stage does not interfere with the normal
'operation of the microscope, and enables the specimen to attain a
temperature up‘to 1100 deg. C. The heating element dissipates
very little heat, about 6 watts at 1000 deg. C. The specimen is
quenched simply by turning off the current. The specimen mount
consists of th platinum legs, and a piece of 200 mesh stainless
steel, which supports the specimen.

The direct current from a 2 volt battery passes through the
stainless steel mesh via the platinum legs, thus heating the
specimen directly. The end cap of the object holder prevents
radiation and evaporation from reaching the pole pieces of the

object lens. To calibrate the heating stage a thermocouple
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is used, see Fig. (56).

7.10 STACKING FAULT ENERGY.

There is a variation in the dislocation structure from metal
to metal, which is found to correlate with the stacking fault
energy of the metal, and therefore with the ribbon width of the
extended dislocations. If a dislocation, say on the (110) plane
splits up into two partial dislocations on the (211) and (121)
planes, a staﬁking fault is formed between them. This was
predicted by Heidenreich and Shockley, (1948).

The distance apart of the partial dislocations depends upon

the stacking fault energy of the material. They are close
together if the energy is high, as can be seen in Fig. (57).
Dislocations in metals with low stacking fault energy, such
Ias stainless steel, have large ribbon width; those with high
stacking fault energy, such as aluminium, have narrow ribbon width,
assuming the shear moduli to bé equal. The table of stacking
faull energiescishratheruunsatisfactory, as at the moment it is

not known which values are correct.

7.11 DISLOCATION STRUCTURE.

Three processes are important when considering dislocation

structures in a metal:

(a) The‘tendency for thermally activated cross slip to take place

in' a metal.
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(b) The interaction when a dislocation tries tc cut through other
dislocations.
(c) The climb of edge dislocations.
Seeger (1957), considering the dislocation mechanisms in F.C.C.
and H.C.P. crystals, indicates that the cross slip of a screw
dislocation will be difficult if the ribbon width of the dislocation
is large, since, in order to cross slip, a dislocation must become
constricted. ~ This means that cross slip will be less likely with
1ower.stacking.fault energy. Cine films of aluminium and stain-
less steel foils, viewed using the electron microscope, confirm
these predictions.

In stainless steel and brass dislocations move along wide,
well defined '"tram lines". Cross slip is rarely observed. In
aluminium the slip traces are narrower and quickly disappear.
Aluminium cross slips very readily. Cross slip is seen to some
extent in copper and silver.

In all the metal foils the dislocations move with a
characteristic jerky motion, due to pinning and unpinning at the
surface. There is also repulsion between dislocations evident as
they 'push' one another along.\

The ribbon width of a dislocation will also govern the
ability of a dislocation to intersect other dislocations, since
the dislocation will become constricted during the intersection.
One would expect this to be more difficult in low stacking fault

energy metals, and this is complicated by the fact that the
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ribbon width depends partly upon the type of disiocation, being
larger for the edge type than for the screw. Observations in

the electron microscope verify these facts. In stainless steel,
where cross slip and intersection of dislocations is difficult,
stacking faults pile up, as shown in Plate (47). The dislocations
are confined to their slip planes and strongly held up by
dislocations on other slip systems that intersect them, see

Plate (48). Fig. (58) shows the stress-extension curve for
stainless steel with dislocation densities. Networks start to
form at about 2% deformation.

In aluminium it is easier to bring diélocations together,
giving low energy networks, and high density of dislocations.

If aluminium is rolled or beaten, the substructure becomes
very complex, being broken up into mozaic blocks by polygon-
ization, as shown in Plate (37). Dislocation density increases
with'the applied stressi:

As edge dislocations are not hindered by the movement of
jogs, it is likely that they are capable of moving further in the
lattice than are screw dislocations. Climb involves a diffusion
mechanism which is most likely at high temperatures. It is

possible that stress activated climb takes place.

7.12 THE USE OF THE THOMSON TETRAHEDRON.

In considering the adding together of dislocations when they

intersect; the Thomson Tetrahedron is of considerable value, see
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Fig. 59. The Thomson Tetrahedron.

I

(a) (c) Interaction corresponds
to the intersection of
slip planes, and
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Fig. 60. Interaction between dislocations.
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Fig. (59).

The edgeé of the tetrahedron represent dislocations and the
‘faces (111) planes, i.e. the planes on which the movement of
dislocations’is most common in F.C.C. crystals.

If we consider the intersection of dislocations represented
by DC in plane o , and CB in plane 5\, the resultant will be
given by DB in the plane o .

i.e. DC + CB = DB See Fig. (60).

ol <) X
Such interactions are important in determining networks.

Possible interactions are:

Description:

bDc_, CB _ _DB Glissile in oL ,
ok Ky o
—%?— + 2? = DA - Cannot glide at all. Acts as
a barrier. (Lomer-Cottrell)
Ef + i? =0 Very strong interaction leading
_ to anihalation.
A .
$_., (;; - %A Glissile in 8 .

It is also possible to consider interactions, taking into account
éplitting of dislocations,

DC = Do + oC.

CB=Cé+ dB, shown in Fig. (61).

Triaﬁéular stacking faults result from dislocation interaction.
In this case each node must be sufficiently far away from the
other dislocation to avoid long range interaction, see Fig. (62).

These are possible in metals of low stacking fault energy.



Fig. 6l. Interaction and splitting of dislocations.
Fig. 62. Triangular stacking fault.

Fig. 63. The formation of a 'stair-rod' dislocation.







Plate 37. Substructure in aluminium annealed at 350
deg. C. after beating at room temperature.
(After Hirsch, Horne, and Whelan, 1957).






Plate 38. A sub-boundary in aluminium, consisting of
uniformly spaced dislocations. ( x 132,000)
. (After Hirsch, Horne, and Whelan, 1957).






Plate 39. Bright field micrograph showing sub-boundaries
and dislocations in aluminium. ( x 66,000)
(After Hirsch, Horne, and Whelan, 1957).






Plate 40. Dark field micrograph of same area as in
Plate 39. ( x 66,000)
(After Hirsch, Horne, and Whelan, 1957).
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A 'stair-rod' dislocation can result from a Lomer-Cottrell

interaction.

€.g. CD_ _AC_
T——é. = AD
QD = Cod +0olD
AC = Ad +d¢C
Then dC + Ca= dot See Fig. (63).

This is a stair rod dislocation joining one plane to the other.

7.13 THE INTERPRETATION OF OBSERVATIONS AND PHOTOGRAPHS.

Plates (37) to (43) are micrographs obtained using aluminium
foils, and Plates (44) to (48) were taken using stainless steel
specimens.

Plate (37) shows substructure in aluminium, the average
subgrain size being about lf‘, and the average angular
misorientation about 1% deg. Extinction contours may be seen at
A. This specimen had been annealed at 350 deg. C. after beating
at room temperature. The dislocation density is about lO?/sq. cm.
On increasing the magnification the boundaries are seen to be made
up of individual dislocations, seen on the micrograph as uniformly
spaced lines or dots as in Plate (38). The observed spacings of
the dislocations is fouﬁd to agree with the calculated values
expected from the misorientations.

Plates (39) and (40) enable comparison of a bright and a
dark field micrograph of the same region. . The contrast at

dislocations is evident, and this is due to the strong diffraction






Plate 41, Bowed-out dislocations in aluminium. (x 132,000)
(After Hirsch, Horne, and Whelan, 1957).






Plate 42. Cross slip in aluminium. ( x 132,000)
(After Hirsch, Horne, and Whelan, 1957).












Plate 43a, b, and c. Sequence showing moving dislocations
in aluminium. ( x 132,000)
(After Hirsch, Horne, and Whelan, 1957).
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of electrons in the neighbourhood of dislocations.

Bowed-out dislocations are shown in Plate (41). This effect
is probably due to local strain, and parts being retarded due to
pinning.

Plate (42) is an excellent illustration of cross slip by the
screw dislocation mechanism. A single dislocation has transferred
from one slip plane to another. Mott and Frank predicted this,
(see Mott 1951) and, using the transmission electron microscope
technique, it has been seen on many occasions. This effect has
not been observed in stainless steel, and indeed it is not
expected to occur, (see section 7.11).

Slowly moving dislocations are shown in sequence in Plates
(43a, b, and c). It is likely that the movement indicatgd is
similar to creep. Individual dislocations are seen within sub-
boundaries, and some of these are labelled to show the movement
which takes place. A, B, C, and E are dislocations, and D a
grain boundary. The latter disappears between Plates (43a and b).
Dislocation H has followed the irregular path HIJ.

The Plate (44) shows pile-ups of dislocations in a lightly
rolled specimen of stainless steel. In Plate (45) the specimen
- has been deformed 2-5% by rolling, and £he hexagonal network is
clearly seen. The dislocations are piled up on a (111) plane.
Pile-ups, each consisting of about 25 evenly spaced dislocations,
are shown in Plate (46).

Plates (47 a to g) are a sequence of photographs showing









Plate 45, A stainless steel specimen deformed 2.5% by
rolling. A hexagonal network and piled up
dislocations can be seen.

(After Whelan, Hirsch, Horne, and Bolliman, 1957).






Plate 46. Pile-ups consisting of regularly spaced
dislocations.
(After Whelan, Hirsch, Horne, and Bolliman, 1957).









Plate 47. a to g. Sequence of photographs from a region
which includes a twin boundary, in stainless
steel. Stacking faults between partial
dislocations are seen. They are wide at high
stresses. The dislocations are moving, and in
(g) the stacking faults have been removed by
the moving up of the back partials.

(After Whelan, Hirsch, Horne, and Bolliman, 1957).









Plate 48 a and b. Sequence of photographs showing the

movement of partial dislocations with stacking

faults on two systems. Stair rod dislocations
may be seen.

(After Whelan, 1959).



slip plane
Burgers vector

edge foil

dislocation increasing in length

Fig. 64. The nucleation of a dislocation at the edge of a
thin foil.
(After Whelan et al, 1957)
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Fig. 65. Steps at the edge of a foil.

Fig, 66. The effect of thinning down the metal.
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dislocations close to a twin boundary. Many of the dislocations
are split up into partials with stacking faults. The
dislocations are labelled and their movements can be followed.
The stacking faults seen in (f) have been removed in (g), due to
the back partials moving up.

Finally, in Plates (48a and b), movements of partial
dislocations in stainless steel are again shown. In the region
are stacking faults on two systems with a stair-rod dislocation
at S.

In thin films, under the electron beam, dislocations may be
observed running in from the edge of the foil. It has been
shown theoretically by Whelan, Hirsch, Horne, and Bolliman (1957)
that dislocations are expected to form near the edge. The local
stress necessafy to nucleate a dislocation at an edée is shown to
be only ébout one seventh that required in bulk material. The
general stressés existing in a material are considered to be
about one fifth the stress t5 form a dislocation at the edge.

At the edge of the foil can bé seeg steps showing
displacement normal to slip, see Fig. (65). BC gives-a magnified
picture of DC. If the angle ¢ ié known, the slip step DC can
be determined. In tension, the slip is in regular steps, see
Fig. (67).

In fatigue, slip alternates in directions, as shown in
Fig. (68).

There is the important question of how representative thin



Fig. 67. Steps at the edge of a foil.

N S U

Fig., Slip due to fatigue.
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foils are of the bulk méterial from the point of ‘dislocation
distribution. If, for instance, there is a piled up group of
dislocations, and the metal is thinned down, as in Fig. (66), one
would expect some of these dislocations to be attracted to the
surface. The lines will be attracted by their mirror image.
This group could still be recognised.

According to Hirsch, in practice dislocations parallel to
the surface do tend to shorten, but some long dislocations are
seen, The pinning effect at the surface helps dislocations to
remain in position, and on the whole the thinning down does not
have much effect én dislocations.

X-ray data, considered later, agrees with that from electron
microscopy.

The relationship between the humber of dislocations per unit
length of a low-angled boundary, and the angular misorientation
of the adjacent subgrains, as determined by electron diffraction,
agrees with the theoretical values. The average spacing of such
dislocations in stainless steel lies between 100 and 200 A when

the angular misorientation is about 1 deg.

7.14 THE USE OF ELECTRON MICROSCOPE OBSERVATIONS TO INVESTIGATE

CERTAIN PROPERTIES OF METALS.

Accurate measurements of dislocation density have‘been made
by Bailey (1958) on silver, a metal of intermediate stacking

fault energy.
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Using foils 0.005 inches thick, he measured the total length

of dislocation lines in a given area.

Extension % Dislocation density.
32 6.8 x 10 /em?
21 5.2 x 10 /ca*
11 2.2 x 10%cr

The lengths were worked out knowing their projections and
angles of inclination. Slip traces were used to estimate the
thickness of the foil.

Bailey compared the values of thé energy stored in a cold
worked metal with the density of dislocations introduced, and his
values agreed remarkably with those.predicted by the elastic
theory of dislocations, i.e.

Work done Heat released Stored energy
on metal during deformation in metal

The energy stored in a cold worked metal is released on
annealing at sufficiently high temperatures. Bailey used an
isothermal microcalorimeter to measure the rate of release of the
stored energy on annealing.

Dealing mainly with pure metals, Hirsch, Silcox, Smallman,
and Westmacott (1958), Silcox and Hirsch (1959), and Thomas and
Whelan (1959), have studied phenomena when metals are quenched
after heat treatment, and also the effects of irradiation. They
found vacancies to be the predominant deféct. After heating,

..7 2
the metal contains mainly vacancies and a few (about 10 Jem. )






Plate 49. Helical dislocations in aluminium-4% copper
quenched from 550 deg. C. ( x 60,000)
(After Thomas and Whelan, 1959).
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Fig. 73. The development of a helical dislocation.
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Fig. 74. The shrinking of loops during anneal.
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dislocations.

The electrical resistivity P of the metal gives an idea of

the number of vacancies present,
P = P(T) + P(D)

(2 (T) is temperature dependent.

Q(D) is defect dependent.

Vacancies can move around in a métal,‘and this takes place
during heat treatment. Fig. (69) shows how resistivity decays at
higher temperatures. Meanwhile the yield stress of the metal
increases, Fig. (70). They used gold wire to investigate changes

in volume when gquenched. Results suggest that vacancies are

collapsing and being removed as the temperature falls, see Fig. (72).

There are several possible ways in which vacancies may be
removéd. The following could act as sinks:
a. Surface.
b. Grain boundaries.
Cs Impurity atoms.
d. Dislocation lines,
l. at jogs,

2. at screws.

e. Coalesce with other vacancies to give disc shaped, or spherical

cavities.,
The vacancies trapped at screw dislocation build it up to
give a helical dislocation, see Fig. (73) and Plate (49). The

disc shaped cavities collapse forming ring dislocations containing






Plate 50. Dislocation loops in aluminium quenched from
about 600 deg. C. into iced brine and aged at
room temperature. ( x 60,000)
(After Silcox, unpublished).






Plate 5. Loops in neutron irradiated copper. The

copper was irradiated to 5.6 x 10 n cm?
in bulk and then thinned. ( x 210,000)
(After Silcox and Hirsch, 1959).
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stacking faults in their centres. In aluminium a loop is
nucleated, but not in gold. If a ioop is nucleated, it sweeps
away the stacking fault giving a prismatic dislocation.

'Tﬁe concentration of loops is lowkcc. and their size about
200 A diameter. In a foil about 1000 A thickness, the dislocation
density is about lO%/cc. This agrees with resistivity measurements.
If the density is 5. x lOMYCC., and the diameter of the loop 350 A4,
the vacancy concentration is 6 x ldﬁl Resistivity methods give
a vacancy concentration between & x 165 and 2 x 10‘.

Experiments with bulk material indicate the loops have a
greater diameter, but the dependence of resistivity on
concentration of loops due to vacancies, is well established.

Similar loops participéte in the mechanism of quench,
hardening in different metals, see Plate (50), as predicted by
Jones and Mitchell (1958) after experiments with the hysil spheres
in silver halides. »

In neutron irradiated copper loops of 50 A diameter are seen
as dots. Increased irradiation enlarges the loops to about 300 A,
and also increases the denéity of the loops, see Plate (51).

The effect of irradiafion is to make dislocations joggy, and to
pin them at various points, hardening the metal. The loops can
be annealed out by heating. They shrink rapidly at a rate of
about 10 A/sec. for loops of radius 250 A. The loops shfink
faster as their radii decrease, see Fig. (74). Also dislocations

tend to become smoother, probably due to climb.






Plate 52. Annealing loops out on the hot stage. The
aluminium specimen is at a temperature of
about 187 deg. C., and photographs were taken
at one minute intervals. ( x 60,000)

(After Silcox and Whelan, 1960)
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The disappearance of loops is probably the reverse of their
formation process, vacancies being given out. The shrinking
of loops can be followed using cine sequences as shown in
~Plate (52).

The observations of thin films agree with theoretical
deductions, although it is likely that in bulk material the radii
of the loops are greater.

In conclusion one may say that the transmission electron
microscope technique is most valuable for checking and amplifying
the theory of dislocations. The possibility of filming
continuous phenomena at a controlled temperatu?e provides a
powerful too} to the study of dislocations, and solid state
physics in general. With existing lenses the present resolving
power of 5 A could probably be reduced to 2-3 A. The effects of
the electron beam on the specimen present the limiting factors.
There is displaéement of the specimen due to impact of the bean,
and due to fluctuations in the electrical supply, énd to stray
fields. The beam also causes contamination of the specimen due
to its thermal effeét. Carbon is deposited at the rate of about
1 A per second. It is thought to come from residual material on
the inner walls of the microscope. The reduction of these
defects to give a resolving power of about 3 A, should enable more

structures in metals to be made visible.,



PART 8.

THE USE OF MOIRE PATTERNS TO STUDY DISLOCATIONS.
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Plate Sk,

Optical analogues illustrating formation of
Moire patterns when one grating contains a
dislocation.

(After Pashley, Menter, and Bassett, 1957).



| Moire spacings . Moire

(A) when combined magnification

Erystal  Spacings 'giig paraliel g
Metal 055 | G2y - To23) | (423)
Nickel i.24 | b.719 | 9.2 5.3 7.4
Cobalt 1.26 | 0.725 | 9.8 5.7 7.8
Copper 1.28 | 0.737 | 11.3 6.5 8.8
Rhodium 1.3k | 0.773 | 19.7 11.4 14,7
Palladium 1.37 | 0.792 | 29 17 21
Platinum 1.38 0.798 | 35 20 25

Fig. 75. (After Bassett, Menter, and Pashley, 1958).
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8.1 INTRODUCTION.

The resolving power of the electron microscope used for
direct observation has been stated to be not less than 5 A. For
spacings below this figure an indirect method must be used, by
forming Moire patterns between two overlapping crystals. In
this way spacings of even less than 1 A may be studied, Bassett,
Menter, and Pashley (1958).

The condition is similar to that obtained in optics by

Abbe (1837).'

8.2 THE PRODUCTION OF MOIRE PATTERNS.

Considering the optical analogue, if we have two slightly
differently spaced lattices, and superimpose one on the other,
the resultant image is a Moire pattern, see Plate (53).

In Plate (54) five spacings of the first grating have the
same width as six spacings in the second grating. The first
grating is perfect, the second has an edge dislocation. When
placed parallel, the resulting Moire pattern is effectively the
magnified image of the dislocated grating. It may have been
impossible to resolve the single lattice but possible to observe
the dislocation in the Moire pattern.

Moire patterns are formed using the electron microscope by
the direct beam and thé beam diffracted twice by the two crystals.
The two beams emerge not quite parallel.

If the spacing of the gratings is d, and 4, respectively,
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then the spacing of the Moire pattern:

D = dy dz =Md1
i-a, .

Where M = Moire Magnification

4, See Fig. (75).
4, -d;

We are considering here the image of the grating with d
spacings, by putting the other grating on top of it.

It can be shown that if one crystal is rotated through an
angle O with regard to the other, then the Moire pattern will
rotate through an angle W where

W= Ma
This indicates that the parallel Moire patterns are very
sensitive to lattice distortions, or misalignment of the two

1a£tices.

8.3 THE STUDY OF DISLOCATIONS.

The number of extra half-lines is a measure of the Burgers
vector perpendiculér to the planes resolved, but there is no
direct evidence in such images to allow distinction to be made
between the different types of dislocation. Most of the work
has been carried out using films about 200 A thick, but results
are possible for films ranging in thickness between 50 A and
1000 A.

To use Moire patterns one needs an extensive single crystal

film which may be prepared by an evaporation method. The
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Fig. 76 b. The appearance of partials and their
associated stacking faults in the projected
image of (220) planes. P, and P, are the
two partials.

(After Bassett, Menter, and Pashley, 1958).
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specimens are prepared by two different techniques:

(a) the second crystal is deposited by evaporation onto the first.

(b) the two crystals are prepared separately, and then
superimposed.

The second method is preferred as it gives a more regularly

spaced pattern. |

To detect a dislocation the following conditions are required:
(a) the dislocétion line_must pass through one film only.

(b) the Burgers vector of the dislocation line must have a
compopent perpendicular to the lattice planes, which give rise
to the patterns.

Plate (55) shows a Moire pattern formed by the superposition
of single crystal films of gold and palladium. Their lattice
planes are parallel.

If a dislocation in the F.C;C. systém is split into two
partial dislécations, the separation.of the two partials depends
upon the stacking fault energy. According to Seeger (1955), the
equilibrium separations are 35 A for copper, 7 A for aluminium,
.18 A for nickel, and 160 A for cobalt.

When the separatidn is less than one Moire pattern spacing,
it is not distinguishable from an unsplit dislocation,

The number of hglf-lines due to partial dislocations is given
in Fig. (76). Here the reaction [% % o] » ¢[121] + L[a11] ,
relating the Burgers vectors of the ¢completéidisiocatieh. toiithe

Burgers vectors of the two partial dislocations in the F.C.C.,
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is considered, see Heidenreich and Shockley (1948). The
appearance of the partials i1s shown in Fig. (76).

Movement of dislocations has been seen during observation of
Moire patterns. This is probably due to the localized heating
caused by the electron beam.

It has not proved possible to record movements by means of
cine techniques, as, due to the high magnifications required to
produce the patterns, there is not sufficiently high intensity.
Photographs ‘have been taken in sequence, flate (56), but rapid

movements escape unobserved, (see Bassett, Menter, and Pashley,

1958).

8.k CONCLUSION.

Moire patterns are clearly of value due to the high resolving
power obtaiﬁed, for the detection and estimation of the density
of dislocations. They also tell us much about the Burgers vector

of a dislocation.

One disadvantage of the method is the possibly undesirable
influence dﬁ;.éo the interface between the two sections. Also,
it is not easy todistinguish between types of imperfections.

For instance, large aggregates of vacancies could be mistaken for
dislocations close together.

Consequently great care must be used in the interpretation

of observations.



PART 9.

THE USE OF REPLICA TECHENIQUES IN THE STUDY OF METAL

SPECIMENS WITH THE ELECTRON MICROSCOPE.
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9.1 INTRODUCTION.

Objects too thick to be studied by transmission electron
microscopy can be examined by replication.

Replica techniques have two main applications in the study
of metals. The first of these is in the high resolution study of
the surface topography ihcluding slip lines, cleavage steps, etch
pits, and other detail. ~The second application is in the use of
the replica to extract particles of second phasé from the matrix.
Such particles may be examined directly in the microscope, and
by subsidiary techniques such as electron diffraction, and by
X-ray methods.

To be suitablé for electron microscopy, a replica must meet
certain rather exacting requirements. It must be tranéparent to
the electron beam, it must be structureless so that any structure
seen is that of the specimen surface from which it is taken, and
it must be able to withstand the electron beam and the necessary

handling.

9.2 TYPES OF REPLICA.
| The following types of rgplicas are commonly used:
(a) Plastic replicas.
(b) Plastic-carbon replicas.
(¢) Direct carbon or silicon monoxide replicas.
(a) Oxide replicas;

(e) Triple replicas.
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Fig. 77. The plastic replica.
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(a) Plastic Replicas.

This is a single stage process, producing a negative
replica. It is prepared by flowing a solution (e.g. formvar
dissolved in dioxane) over the surface of the specimen. The
thickness of the film is determined by the concentration of the
solution, but in deciding the thickness a compromise has to be
made. The replica must not be too thin, as it is then easily
damaged when stripping, but must be made as thin as possible to
give the best contrast when viewed in the electron microscope.
The thickness used is about 1400 A.

As this reélica is difficult to strip off the specimen
surface, a backing layer is often used to protect the plastic.
This backing is dissolved off before viewing in the electron
microscope.

Thé surface contours of the metal are thus reproduced as
differences in thickness of the film, which produce the image by
virtue of the differential electron transmission, see Fig. (77).

It is possible to take successive replicas up to about 10
with only slight loss of detail. This is an important advantage.

The replicas are not mechanically strong and are easily
strained, producing strain lines. The plastic tends to
disintegrate under the electron beam, and if water is present in
the repiicas fogging results. Air bubbles produce spots.

The method is simple and does not damage the surface of the

specimen.
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The resolving power is limited by the size of the molecules
in the film, and due to scattering of electrons by the film. It
is in the region of 200 A.

(b) Plastic-carbon Replicas.

These are obtained by means of a two stage process and are
positive replicas. A thick plastic replica produced as described
in (a) is replicated with carbon. The plastic is then dissolved,
leaving a positive carbon replica of the specimen surface.

The method does not damage the specimen surface, and it is
pdssible to get a resolving power of about 50 A. The films are
very stable in the electron beam.

The disadvantages are that it is more difficult to see pits
and steps than with the direct replica, and being a two-stage
method, it takes a longer time to produce. See Fig. (78).

(c) Direct Replicas.

This involves the evaporation of carbon or silicon monoxide
directly onto the surface of the specimen. Greater resolving
power is obtained, but the specimen surface is destroyed on
stripping off the replica. The carbon replica method was dévised
by Bradley, (1954). |

The carbon éxhibits very little self-structure at the
resolutions used. It has been used to study the tempering of
sfeel, and gives a resolving power of about 15 A. The steel is
etched in 5% Nital, and then carbon evaporated from an érc for

2 seconds. This gives a 200 A thick film which is stripped in
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5% Nital. The carbon films are quite strong and easy to handle.
Bradley has used films as thin as 25 A.

Slip steps on & brass can be clearly seen using this type of
replica. The brass is polished in 67% orthophosphoric acid,
deformed 30% to 4O%, and the carbon film evaporated onto it.

The replica is stripped in 10% hydrochloric acid, 30% nitric acid.

The carbon film is also used in the extraction replica method
of Nutting and Smith (1956) to study the arrangement of
precipitated material in a metal surface.

(d) Oxide Replicas.

Oxide replicas have been used successfully for aluminium and
aluminium alloys. A thin surface layer of the specimen is
converted to oxide anodically, and the oxide layer used as the
electron microscope replica. The film must be of uniform
thickness as this controls the density of the image.

Contrast and resolution are very good. The films are
mechanically strong, easy to handle, and not.affected by the

electron beanm.

The disadvantage is similar to the direct replica method as
the surface of the specimen is destroyed on stripping the oxide
replica. See Keller and Geisler (1947).

(e) Triple Replicas.

If a material will not etch, or if etching is undesirable,

special methods must be employed.

One method is to prepare a plastic replica of the specimen
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surface, and then evaporate a thin layer of aluminium onto the
plastic replica. Following this, an oxide replica is made from
the aluminium film.

Another method would be to evaporate a thin film of aluminium
directly onto the specimen surface. This must be a continuous
thin layer about 10 A thick. A carbon film is evaporated on top
of the aluminium, and the aluminium then dissolved away. Some

detail is obscured by the intervening aluminium film,

9.3 SHADOWING.

For the coarser structures, the methods considered provide
fairly satisfactory information. For all types of structure,
however, shadowing assists in detecting detail. See Figs. (79), (80).

‘This is usually accomplished by stripping the replica from
the specimen, then placing this replica in a vacuum chamber,
evacuated by a mercury pump, and evaporating carbon onto the
replica. The replica is tilted at an angle to the source of the
evaporating metal so that the vapour, travelling in straight lines,
is deposited on the contours of the replica at an obligue angle.
When viewed, the shadowing indicates the geometry of the surface
as it would apvear when obliquely illuminated, and so gives a
three dimensional effect.‘ If the length of shadow and the angle
of illumination are measured, the step heights may be estimated.
Shadow..casting at an angle of 45 deg. is found to be successful in

producing short shadows which do not obscure too many of the
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structural features, and is much easier to interpret.
Shadowing can be applied to all the methods considered, and

is useful up to a point, but it does obscure some detail.

9.4 THE METHODS OF PREPARATION OF THE SPECIMENS.

The surface is first of all polished to rgveal the true
-structure of the material. Electropolishing has proved
successful in many cases, but it does somefimes give a contour
pattern characteristic, not of the metal, but of the particular
electrolytic poelishing treatment. ' Mechanical polishing is not
satisfactory.as one cannot eliminate a thin surface layer of
fiowed metal.

For the best results with oxide replicas, chemical polishing
is employed. A very successful method is called the Alcoa RS
Bright Dip, patented by the Aluminium Company of America. This
involves firstly grinding, and polishing the specimen, and then
dipping for between two and three minutes. This produces an
excellent polish, and reveals many fine microstfuctural lines.

After polishing, the aluminium specimen is deformed. It is
then etched to determine the surface orientation. Etch pits
appeér on (100) planes. These, as well as giving the
ofientation, can be used to measure slip distances.

The metal surface is next oxidized under controlled
conditions. Films of between 200 A and 400 A thickness are ideal.

They are cut to size for the electron microscope specimen holder.,
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9.5 _APPLICATIONS OF THE REPLICA METHODS.

All metal specimens except thin films are opaque to the
électron bean. Replicas are used to study'surface features and
provide information regarding slip bands, grain boundaries,
fracture surfaces, and other features, see Fig. (81). They are
very useful when used in conjunction with direct observation of the
specimen, using the electron microscope. Correlation between
surface features and internal structure may thus be observed.

Both carbon and oxide replica methods are useful.as
'extraction replicas' to examine fine constituent, and precipitate
particles. These are usually retained in place in the replica,
permitting the determination of their size and shape, and of their
distribution. Precipitatelpérticles at grain boundaries, and
within érains, can be shown.

An example of this is in the study of the aging of aluminium
containing a small amount of copper. Copper particles in the
surface are slow to oxidise and become attached to the oxide film
with the result that differences in density of the image will be
produced depending upon the opposition of the particular particles
to the electron beam. As shown in Fig. (82) some particles may
be completely dissolved.

Thomas and Nutting (1959) observed helical dislocations in
aluminium 4% copper alloys quenched from the solid solution
temperature. They studied thin foils'using transmission electron

microscopy, and took oxide replicas from samples of the alloy.
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They found the helices to have axes parallel to [110] directions.
Plate (57) shows the dislocations in a thin foil viewed along
their length. Plate (58) shows an oxide replica with the
preferential precipitation of copper atoms on the edge
components of the helical dislocations. Plate (59) shows

helices in a thin foil observed on inclined slip planes.



PART 10.

X-RAY METHODS.
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10.1 INTRODUCTION.

X-rays havg several properties which make them useful for
microinvestigation. They have short wavelengths, in the order of
10-#microns compared with O.4 to 0.7 microns for visible light rays.
This promises a high resolving power, comparable with that attained
using the electron microscope, as the resolving power of an optical
system is proportional to the wavelength used. X-rays also have
great powers of penetration and may be passed through materials
opaque to light.

A great advantage of X-rays, in common with the electron
microscope, is that analysis may be combined with microscopy.
Unfortunately, theArefractive index of materials for X-rays is
too close to unity‘for their use with lenses to be practicable.
Reflection, contact, and shadow projection methods are used and
descriptions of these, and their applications, may be found in the
book edited by Cosslett, Engstrom, and Pattee (1957), and papers
by Cosslett and Nixon (1953), and Nixon (1955). See Fig. (83).

The shadow projection method allows higher resolution and is
simpler than the other methods. The principle of the microscope
is shown in Fig.-(84).

A point source of X-rays is used to project shadow images.

The size of the electron spot on the target governs the size of
the X-ray source, which in turn controls the sharpness of the
image and the resolution attainable. As the source decreases

in size, longer exposure times are required. Using sources of



Fig. 84, Shadow projection microscope.
(After Cosslett, 1957).

C = cathode S =.specimen

G = grid L = magnetic lens to converge
A = anode electron beam

T = target P = photographic plate

Fig. 85. Two-mirror focusing system of a reflecting
* microscope.
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diameter about O.lp, a resolving power of 1F3 which is better

than that of optical microscopes, has been aéhieved. Cosslett
and Nixon (1953) consider the best possible practical resolving
power to be in the region of 100 A. This is governed by the
fineness of the electfon beam, and with existing apparatus the
exposure times wouid be of the order of hours. Correction of the
spherical aberration of electfon lenses will enable an increase in
fube current, giving a more intense source. A cathode of higher
specific emission would also help in improving resolution.

Reflection microscopes use mirror systems to focus the X-rays,
see Fig. (83). The X-rays are totally feflected at an air-solid
surface, and the critical glancing angle for X-rays of wavelengths
of about 1 A is of the order of O;l deg. for aluminium, and 0.5
deg. for gold or platinum. Grazing incidence is necessary for
efficient reflection, and focusing takes place only in the plane
of incidence. Thus, to focus rays from a point object, a second
mirror normal to the first must be used, as shown in Fig. (85).
The practical resolving power is about 1, but with more perfect
‘mirrors a-resdlution of 500 A is likély. The problem of
Reflection Microscopy is treated by P. Kirkpatrick, (1957).

The availability of a plate (Gevaert Plates, 'Scientia’
series, 9E 50 Liépmann emulsion type 400539) with a very fine
grain size has enabled Votava, Berghezan, and Gillette (195’7),n
using microradiography, to take high resolution stereomicro-

radiographs. They studied aluminium containing 10% silver, and
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the resolving power attained was about 0.5p. Precipitation along
grainboundaries, and precipitation in the matrix, may be clearly
observed in a published photograph, page 608 of their article.

The thickness of the foils used is about 0.04 mm., and to
take stereoradiomicrographs, the specimen and the film are tilted
at U deg. to the X-ray beam.

The X-ray methods already described use the selective
transmission depending upon the different absorption coefficients
of the constituents. They reveal only differences in chemical
composition, and thus cannot be applied to pure metals. Selective
(Bragg) reflection may, however, be used with pure metals.

The effects of dislocation networks on diffraction will be
considered, followed by a description of successful methods used

to observe individual dislocations.

10.2 X-RAY DIFFRACTION.

Von Laue in 1912 realized that the ordered arrangement of
atoms; or molecules, in crystals fulfilled the conditions
essential for the diffractién of the short wave X-rays. The
spacing between the atoms was known to be of the order of lddzm.
Unlike an ordinary grating, & crystal acts as a space grating
rather than a plane grating.

On allowing a narrow pencil of X-rays to pass through a thin

crystal and to fall on a photographic plate, the diffraction

pattern obtained consists of a series of spots arranged in a
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definite pattern. Plate (62) is a photograph of the pattern
produced by passing a fine beam of X-rays through a crystal of
cubic structure. fhe general arrangement of the apparatus is
shown in Fig. (86).

An interprepation of the diffraction pattern was given by
Bragg. He assumed that the diffraction spots are produced by
X-rays which are scattered from certain close-packed planes of
atbmsAwithin the crystal. Bragg's equationnd\= 2dsm@ gives
the condition for reinforcement of X-rays reflected from a series
of atomic planes, where n is the order of spectrum, N the wave-
length of the X-rays, d Fhe separation of the planes, and B the
angle betweeﬁ the planes and the incident beam. The Laue method
uses 'white' radiation so that the above condition may be
fulfilled for several sets of planes at the same time. See Fig. (87).
Comparatively few sets of parallel planes are sufficiently rich. in
atoms to produce intense diffraction spots, and the number of

spots is usually small, see Plates (62), (63), and (6k4).

10.3 THE EFFECT OF DEFORMATION ON THE DIFFRACTION PATTERN.

An unstretched single crystal gives distinct Laue spots, see
Plate (60). When the single crystal is stretched each of the
spots becomes extended into a line as shown in Plate (61).

This extension of spots ié dueAto.the existence in the crystal of
planes rotated through small angles with respect to each other.

The hardening of a single crystal is found to be proportional to






104.

the spread of angle indicated by the extension of the spots,
Andrade (1950).

In a polycrystalline specimen, consisting of manj small
crystals, all angles are represented, resulting in many spots
which combine to give continuous clear circles as shown in

Plate (65).

10.4 X-RAY SCATTERING BY DISLOCATIONS.

Scattering by single dislocations can be determined
theoretically from expreésions for the displacements associated
with them, see Cottrell (1953), and Nabarro (1952).

The dynamical theory of X-ray diffraction applies to a large
single crystal. The effects of multiple scattering and
interference among waves reflected from all planes are taken into
account. The theory indicates that the perfect crystal will be
completely transparent to X-rays except in very small regions of
reflection angle corresponding to the ordinary Bragg reflections,
where total reflection occurs. The width of these regions is a
few seconds of arc. Generally, in practice, this so called
dynamical theory breaks down as local defects destroy the
conditions necessary for the exacting phase relationships to hold.

The simpler kinematical theory of diffraction is more
applicable to such a case. In this theory, multiple scattering
is neglected, and the intensity of the multiple beam is assumed

to be constant throughout the material. This gives a smoothed-out
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intensity profile for each reflection, and not the total reflection
of fhe dynamical theory. Nevertheless, in most nearly perfect
crystals multiple scattering and interference take place, and are
most conspicuous in the strong reflections. These are broad,
their width depending upon the intensity.

For weak reflections the effect of multiple scattering may be
neglected, and the kinematical theory applies. If the dynamical
theory is to break down, the crystal must contain imperfections
so close together that the regions of perfect crystal are too
small for the theory to apply. Darwin (1914) proposed that
natural crystals have perfect regions with widths of the order of
up to lo—qcm., and that the crystal has a mosaic structure.

Bragg; James, and Bosanquet (1921) explained that secondary
extinction is very important where there is a mosaic structure
consisting of diffefently orientated blocks. The intensity
incident on a particular block will not be equal to the intensity
on the surface due to reflections above and below the block. Hall
and Williamson (1951) found that in annealed and cold-worked metals
only secondary extinction appears. They calculated the apparent
particle size from the width of the lines, and found it to be

of the order of 10—4cm. in most annealed metals.

The ‘'apparent particle' has been identified with dislocation
networks and it has proved possible to find the density of
parallel dislocations necessary to give the secondary extinction.

The 'apparent particle size' associated with dislocations is
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rougly equal to their separation. Thus an apparent particle

size of 10 *cm. suggests a dislocation density of 108/cm€ Seeger
(1954) disagrees with this value on the grounds that the random
distribution of dislocations is not realized, and this would lead

to the above numbers being wrong by a factor of 10.

10.5 THE OBSERVATION OF INDIVIDUAL DISLOCATIONS BY X-RAY

EXTINCTION CONTRAST.

10.5 (a) INTRODUCTION.

Newkirk (1958 a and b, and 1959) reQealed individual
undecorafed dislocations in crystals of silicon and lithium
fluoride. The positions of the dislocations can be seen with
respect to the topography of the crystal, and also the direction,
but not the sign, of their Burgers vector can be simply determined.

He used an X-ray diffraction method called the Berg-Barrett
(B.B.) technique to observe subgrains, dislocation clusters, and
individual dislocations. The technique is simple, and makes use
of inexpensiye apparatus. Barrett (1945) described the
observation of subgrains in iron-silicon crystals and of defects
within the subgrains. In some specimens slip bands were seen ’
with respect to the topography of the rest of the specimen. Now,
‘ the actual sites of individual dislocations which emerge upbn the
crystal surface, and extend into the body of the crystal, have
been located. The means of determining the directions of the

Burgers vector was suggested by Wilson (1952).
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10.5 (b) EXPERIMENTAL METHOD.

1. The Camera.

The camera is shown diagramatically in Fig. (88). In
practice the specimen is held much closer to the photographic
vplate than this diagram suggests. The distance between the X-ray
source and the specimen is about 13 cm., and from the specimen to
the plate about O.1 mm. The resolution of micrographs depends
upon the closeness of the plate to the specimen. The plate is
held almost parallel to the incident beam so that the distance from
the specimen to the plate is small for as large an area of the
specimen as possible. The plate is shielded from the direct X-ray
beam, and the primary beam permitted to fall only on the crystal.
For his experiments Newkirk used one of the side ports of a
standard CA-7 diffracting tube with the target on a line making
an angle about 7 deg. with the target plane.

2. Formation of the Image.

The effects due to primary extinction are of most interest in
this work. Conditions necessary to produce primary extinction
are described by James (1950). Fig. (89) shows X-rays incident
on a crystal lattice. The lattice planes will diffract coherently
if the Bragg relationship is satisfied. Part of the energy of
the diffracted ray CEF will be again diffracted at F into the
direction of the originally incident beam. Due to a phase shift

of-% at each reflection, the twice diffracted ray at F will be

exactly out of phase with the primary ray giving destructive
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interference. The primary ray is thus rapidly extinguished as it
passes through the crystal.

If, for any reason, the separation (d) of the lattice planes is
reduced so that the Bragg conditions are not fulfilled, the emerging
once diffracted rays will be more intense, and the primary rays
suffering less attenuation, will penetrate further into the crystal
giving more Bragg diffraction.  Primary extinction is reduced by
Areduction of the periodicity, only if the latter is in the
direction normal to the diffracting planes. Diffracted intensity
may be increased as a result of local elastic strain, and the
diff¥acting beam is of extra intensity where it emerges at
dislocation sites. The effect is reversible, the diffracted
intensity returning to its low value when the strain.is removed.

If the extra diffracted intensity at a dislocation is caused
by a local reduction of extinction, the extra intensity above
background should depend upon tﬁe elastic strain component which is
normal to the diffracting planes. Thus dislocations with their
Burgers vector normal to the diffracting planes will give the
greatest contrast, and those with their Burgers vectors parallel
to the diffracting planes will give least contrast.

Preliminary results show that the longer the wavelength of the
X-rays, the better the contrast obtained. Newkirk used a chromium
target tube. | |

The vertical divergence of the incident ra@iation causes a

reduction in resolution, as may be seen from Fig. (90). The
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resolution could probably be improved by using horizontal slits.
Improved resolution is obtained by making the distance between the
plate and the specimen as small as possible compared with the
distance from the specimen to the source. The ratio of these
distances is in practice about 0.005. The greater the distance
between the specimen and the source, the longer the exposure time.
must be, and so the bestlway to increase_resolution is by having
the specimen as close as possible to the plate. Exposure times,
using Eastman High Resolution plates, were from four minutes to one
and a half hours.

A small televisiﬁn camera tube, sensitive to X-rays, may be
used instead.of the photographic plate, enabling movement of
dislocations to be followed.

10.5 (c¢) OBSERVATIONS OF DISLOCATIONS IN A SILICON CRYSTAL.

The crystal was grown by the Czochralski technique with its
long direction parallel with [;113. From this was cut a specimen
25 mm. long, using a diamond saw. The specimen was'in the form
of a parallelopiped. Its sides were approximately parallel_with
(111), (112), and (110).

Whilst maintained at 900 deg. C. for about five minutes, the
specimen was chemically polished and twisted about its long axis.
It was then etched using Dash's etch (1 hydrofluoric acid, 3 nitric
acid, and 10 glacial acetic acid) and this produced straight rows
of etch pits on the (110) and (112) surfaces. The specimen was

cut into rods with their axis parallel with the Llli] axis. The
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method used by Dash (see section 6.4 ) enabled Newkirk to observe
the dislocations in the rod shown in Fig. (91). He then cut the
rod as shohn, and by polishing and treatment in Dash's etch,
reveéled rows of etch pits on the new (112) surface, see Fig. (91b).
These etch pits were obviously associated with those on the (110)
surface.

The etch pits on the (112) surface were photographed, and this
‘surface was then carefully ground to completely remove the etch
pits. An X-ray diffraction micrograph was then made from this
surface. The image of the surface was formed on a high resolution
| spectrographic plate, by the (022) reflection of CrK« radiation.
The photograph showed spots corresponding to the etch pits on the
previous photograph, see Plate (66).

By repeating the abéve procedure using the (220) reflections,
which gave a lesé distinct pattern, Newkirk deduced that the best
contrast is obtained when a reflection is used which has a large
component of the dislocation's Burgers vector normal to the

reflecting planes.

10.5 (d) OBSERVATION OF SUBGRAIN STRUCTURE IN AN IRON-SILICON

CRYSTAL.

Newkirk (1958 b).used the B.B. technique on a single crystal
of iron contéining 3% silicon. Fig. (92) shows the orientation
of the crystal, the basic circle representing the specimen surface.

After being in a carburizing atmosphere of low pressure

acetylene, and at 980 deg. C. for half an hour, the crystal was
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cooled. Its surface was then mechanically abraided, electro-
polished, and etched by the Morris (1949) method. The subgrains
and low angled boundaries, and individual etch pits were clearly
seen, as shown in Plate (67).

Newkirk used this specimen, still in the etched condition, to
make a number of B.B. photographs with unfiltered Co-radiation.
The distance apart of the target and the specimen was 1l cm., and
between the specimen aﬁd the plate, 5 mm. Using this arrangement
he took stationary photographs with the crystal rotated in % deg.
steps about an axis in the surface plane, and normal to the rolling
direction of the X-ray bean. The photographs are shown in Plate
(68), and correspondence can clearly be seen with Plate (67).
TheAsubgrains reflecting on one photograph do not do so on the
next, indicating the slightly different orientations of the
sﬁbgrains, and showing that the tilt between adjaéent grains must
be of the order of ¥ deg. The greatest possible resolution of
about 10y was obtained by holding the photographic plate 5 mm.,
from the specimen for one hour exposure.

Plate (69) shows the B.B. photograph (a) actual size and
optically enlarged, (b) 20 x and (d) 190 x. These may be compared
with a light micrograph of the etched specimen,.Plate (69c).
Considering that the etching was done after taking the B.B.
photographs, correspondence is remarkably good. The correlation
indicates that each B.B. spot marks one, or a cluster, of carbon

decorated dislocations which emerge to give.etch pits.
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It is remarkable that although the above observation of
dislocations was so successful, Newkirk found it extremely
“difficult to repgat the method with other similar crystals. He
cbnsiders critical decoration to be necessary.

10.5 (e) STUDY OF LITHIUM FLUORIDE CRYSTALS.

Newkirk studied dislocations in a freshly cleaved lithium
fluoridg crystal with dimensions 2 x 2 x 10 mm, The crystal was
compressed slightly in the long [}OO] directiona A portion about
4 mm, long was cleaved from one end. Diffraction micrographs were
then taken of three surfaces, the end, and two adjéining sides of
the crystal. The micrographs were printed tp‘the same magnification
and glued onto a wooden block. The reconstructed lithium fluoride
crystal, as seen by X-ray microscopy, is shown in Plate (70),
and subgrain boundaries, slip planes, and other structural details
can be observed. (110) glide bands appear as dark straight lines.
These are made up of edge and screw dislocations forming loops on
the (110) slip planes. Slip in lithium fluoride occurs by motion
of didlocation loops lying on the (110) planes. Diagonal [110]
lines on (100) surface consist mostly of edge dislocations. The
horizontal and vertical lines consist mostly of screws. The
details are indicated in Fig. (93).

The diffraction micrographs in Plates (71 a,b,c,d, and:e)
show that dislocations with their Burgers vectors normal to the
diffracting planes produce the greatest contrast, and those with

their Burgers vectors in the diffracting planes give least
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extinction reduction. The (220) reflection was used for Plates
(71 a to d) and the (200) reflection for Plate (7le). The edge
dislocations are seen as diagonal lines, and the screws as
horizontal lines. The edge dislocations are clearly seen on all
the (220) micrographs in Plates (71 a to d) as expected, as they
have their Burgers vector at 60 degrees to the diffracting planes.
In Plate (7le) the edge dislocations are not visible as their
Burgers vectors are parallel with the diffracting planes. It is
fhus possible to determine the direction of the Burgers vectors
from the different specific reflections used.

The depth to which observation is possible depends upon X-ray
penetration, which varies with the density of the specimen. Using
Crk& radiation structural detail in lithium fluoride can be seen
to a depth .of about IOOP; In denser materials penetration is much
less. In silicon, for example, penetration is less than a

micron.

10.5 (f) EXTENSIONS OF THE TECHNIQUE.

Pairs of diffraction micrggraphs have been used to give
stereoscopic viewing of a particular region. The three
dimensional effect can be used to find the depth of a defect below
the crystal surface. Diffraction micrographs may be taken in
transmiésion as well as reflection; The same general features
are observed, but not nearly so clearly.

Newkirk has made diffraction micrographs of the metals zinc,

iron, and tungsten. Subgrains and slip bands were observed, but
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not the direction-dependenf intensity effects seen in crystals of

silicon and lithium fluoride.

10.6 THE STUDY OF INDIVIDUAL DISLOCATIONS IN CRYSTALS BY X-RAY

DIFFRACTION MICRORADIOGRAPHY.

10.6 (a) INTRODUCTION.

Lang's early expériments (1957 and 1958) were made using the
method of 'section topographs' to observe individual dislocations
in silicon. Later he found the method of 'brojection topographs'
more convenient, and individual disloéations in single crystals of
diamond, silicon, germanium, lithium fluoride, éodium chloride,
silver chloride, magnesium oxide, calcite, quartz, and aluminium
have been observed, (1959).

As described in sectiop 10.5 (b), primary extinction causes
attenuationbof the direct X-ray beam as it passes through a perfect
cryétal. Destructive interference also tends to reduce the
intensity of the integrated reflection. The integrated reflection
may change by one or two orders of magnitude, depending upon the
perfection of the crystal. The angular range of reflection from
perfect crystals is limited to a few seconds of arc.

Any imperféctions such as low aﬁgle‘boundaries, stacking
faults, and the variations of lattice parameter around precipitates
and dislocations, produce intensified reflecting power. Using (111)
and (220) reflections of Ag&x-radiation from nearly perfect silicon,

Lang found increased X-ray reflection to extend to about 10p
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Fig. 95. Principle of projection topograph technique.
(After Lang, 1959).
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from the core of a dislocation. A dislocation may thus be
regarded as.a cylinder of diameter about 20p at which increased
reflection takes place. So long as the dislocation density is

low, the large size of this cylinder enables individual dislocations
to be made clearly visible. The size of the cylinder also limits
the resolution in crystals where the dislocation density is greater.
However, as the dislocation density increases, the size of the
relatively imperfect region around a dislocation decreases, and it
if found that the apparent width of the dislocation image decreases.
At the limit of resolution of individual dislocations, the diameter
of the cylindef reduces to about Err.

10.6 (b) EXPERIMENTAL METHOD.

>Lang used the fluctuation in intensity on X-ray: topographs
to locate individual projection topograph dislocations. The
principle of his projection topograph technique is shown in
Fig. (95).

The collimated X-ray beam of MoKd , AgKet , or WK« radiation
is incident upon the crystai, and reflection is taking place from
the lattice planes roughly normal to the crystal faces of the
specimen. The rays fall on a film placed close to thg specimen,
In order to scan an area, the crystal and the film are moved back
and forth together during the exposure, the direction of motion
beingbparallel-to the crystal slice. The screen remains stationary
to prevent the direct beam from reaching the film. An area of

crystal about 1 inch square may be scanned at each operation.



Fig. 96. Principle of diffraction stereomicroradiograph.
(After Lang, 1959).
/









Plate 72a and b. Dislocations in silicon due to slip.
(a) 111 X-ray reflection,
(b) 220 X-ray reflection.
(After Lang, 1959).
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The thickness of the slice used is limited by two factors.
Firstly by the absorption of the radiation by the specimen, and
secondly by the density of the dislocations. The higher the
density of the dislocations, the thinner the specimen must be to
enaBle resolution of individual dislocations. To study
dislocations within subgrains, the thickness must be less than
the average subgrain diameter.

Diffraction sfereomiéroradiographs have made it possible to
determine the depth of dislocations below the surface of a
specinmen. The pairs of projection topogfaphs are prepared from
the pair of reflections hkl and hkl as shown in Fig. (96).

10.6 (c) OBSERVATIONS OF DISLOCATIONS IN SILICON AND ALUMINIUM.

Lang has observed dislocations in single crystals of several
substances, see section 10.6 (a). His studies using silicon and
aluminium will be considered briefly. Silicon is particularly
suitable as its X-ray absorption is low, allowing relatively thick
specimens'to be used. Also verification of dislocation
configurétions seen by X-ray diffraction is possible by Dash's
decoration technique. The two methods show absolute agreement.
It is found that edge dislocations are most clearly visible when
the Burgers vector makes a large angle with the net plane. It is
thus possible to find the slip planes of dislocations if slip has
taken place.

Plates (72a) and (72b) show dislocations in silicon due to

slip. The topographs cover an area about % cm. square. The






Plate 73. Dislocations in silicon due to slip, 111
reflection, AgKx radiation, field 12 x 8 mm.
(After Lang, 1959).
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crystal slice was cut parallel to a (111) plane which makes an
angle 19% deg. with the [111] direction, which is the growth
direction. Slip, due to thermal stresses produced by cooling has
taken place in the three (111) planes inclined to the growth axis.

Plate (72a) is due to the (111) reflection from the planes
normal to the growth axis. Plate (72b) is the (220) reflection
from the planes normal to the surface of the crystal slice, and
containing the growth axis. The slice was 1% mm. thick and AgKd
radiation was used. Some of the loops visible in Plate (72b)
cannot be seen in (72a). Their Burgers vector is in the [lid]
direction and parallel to the refleéting planes used to give
Plate (72a).

Plate (73) is a projection topograph of another part of the
crystal slice used for Plate (72). It uses the (111) reflection.
The Burgers vectors of the dislocations visible make an angle of
55 deg. with the (ill) reflecting plane. The arrow shows the
direction of the normal to the Bragg reflection plane.

Lang and Meyrick (1959) studied dislocation structures in
high-purity recrystallized aluminium using the same X-ray
diffraction method. The dislocation density was between lO4 and
10% lineé per cc. within the subgrains.

Portions from the purest region of zone refined originally
99.999% pure aluminium were taken and rolled into approximately
5 cm., x 1 cm, x 2 mm, strips. These were etched and washed, and,

resting on a bed of alumina powder, allowed to anneal overnight in



118.

air at 495 deg. C. They were then extended 2%, re-annealed
overnight at 495 deg. C., and electropolished. The resulting
grains had an area about 1 sq. cm.

111 and iii reflections of AgK« radiation revealed interesting
dislocation configurations. Many regular and irregular helical
dislocations are seen, their pitch varying with about 50p an:
average value. Also loops are visible. The configurations
are similar to those described by Jones and Mitchell (1958), and
Parasnis and Mitchell (1959). The smallest diameter of loop it
is possible to resolve is 5p. A variation from the mean lattice

’ b
parameter of the order of 1 part in 10 causes a detectable

increase in X-ray reflecting power.

10.7 ° CONCLUSION.

The methods used'by Lang and Newkirk offer very promising
means of observation of dislocations. Ultra thin specimens, as
required for electron-microscope methods need not be used, and thus
surface effects associated with thin films are avoided. The
methods are not restricted to observation of dislocations close
to the surface, but give information about the interior of the
crysfal. They do not require decoration, and are non-destructive.
The efficiency of the method has been checked by olaér established
methods. Repeated X-ray examinations of the same specimen can
thus be made, and the movement of dislocations followed. The

methods enable the directicns of Burgers vectors to be determined.
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The resolving power attained is not so good as that of the
electron microscope, and the dislocation density must be
correspondingly small if individual dislocations are to be
distinguished.‘ In order to observe individual dislocations,

large single crystals must be used.



PART 11.

THE STUDY OF METAL SURFACES USING

THE FIELD ION MICROSCOPE.
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(After Miller, 1957).
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i1.1 INTRODUCTION.

The field ion microscope is a simple piece of apparatus,
see Fig. (97), with a resolution of better than 3 A, which
. MUller (1957) has used to observe single atoms. He operated

the microscope at low tip temperature, and with helium ions.

11.2 THE FORMATION OF THE IMAGE.

When a helium atom approaches a low temperature metal surface
it encounters conditions shown in Fig. (98). The velocity of the
atom is found by adding its velocity obtained using the kinetic

theory of gases, and the attraction of the indﬁced dipole.

V = Vgas + Vdip.
' 1
_2I=zT)%:- (ﬁ_)i
‘(T +FU
~ Where k = Boltzmann constant T = gas temperature
m = mass of atoms F = field at the point considered
ol = polarizability

As the atom approaches the surface there is an increase in the
probability of autoionization due to increasing field %nd image
force effect. The ionization probability, however, disappears
when below a minimum distance 2 = (V, -9 ) ; where V, = the
ionization potential of the atom and g = work function of the
surface. At this distance, the electron at the ground level of
the helium atom sinks below the Fermi level. Using helium and

tungsten, 7 is about 5 A.

The ion image on the screen is produced by the variation in
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ionization probability at different points at the surface. The
ionization probability is highest above protruding atoms, or
lattice steps, because of local field enhancement. This lateral
probability is responsible for the formation of the ion image on
the screen.

The field strength must be carefully adjusted, and the applied
voltage ﬁust be within a range of 1% for best results. With a
field in the region of 450 MV,/cm., only a small percentage of the
incident helium atoms will be ionized. At room temperature
elastically rebounding atoms will have a large lateral velocity,
and will pass through the ionization zone. The ions produced
will retain lateral velocity and the image of a protrusion will be
blurred. At lower temperatures the tip surface accommodates the
helium atoms completely to tip temperature before evaporation, thus
réducing the lateral velocity of the atoms and the ions to about

<2KTtip_>li At the temperature of liquid hydrogen this promises a
re:olving power greater than 1 A. The distance from the surface
at which ionization takes place has an influence upon resolution.
This is partly overcome by working at low temperatures. The atoms,
instead of rebounding away from the surface, are attracted back

to the surface by the induce& dipole and, once an atom has touched
the surface, it is restricted to small hops through the ionization
zone until it becomes ionized and moves to the screen. For tips

at liquid hydrogen temperatures, and a tip radius of 1000 A, the

hopping height is a few angstrom units. This means that. the ions
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will originate very close to the surface, giving high resolution
of surface details. |

The temperature has a great effect upon the sharpness of the
image, and 'focusing' may be carried out by adjusting the
temperature. For a larger tip radius the temperature must be

lower. Miller used tungsten and rhenium tips.

11.3 APPLICATIONS OF THE MICROSCOPE.

The most prominent detail is produced by protruding atoms
where ionization prohibition is enhanced. On an otherwise
atomically smooth surface this is provided by atoms which
slightly protrude on the edges of low index net planes, such as
'the (011) and (112) planes in tungsten.

The field needed to ionize helium is as high as 450 MV/cm.,
and fhis limits the use of this ion microscope to the refractory
metals. In the case of tungsten there is a wide margin between
the image field and evaporation field. The evaporation rate is
about one monolayer per secqnd at 570 MV/cm. at 21 deg. K.

Rhenium has a similar margin, but tantalum and molybdenum dissolve
more readily.  Long photogréphic exposurés may be used
successfully for tungsteﬁ and tantalum surfaces, and there is
found to be very little change in arrangement 6f surface atomg
over time intervals of about an hour.

Field evaporation is useful as by slowly‘increasing the field,

single protruding atoms may be removed, giving the distribution of
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binding forces over the metal surface. This works particularly
well for tungsten. Plate (74a) shows the central part of a
tungsten tip of radius 700 A, exposed to 16,500 volts after
annealing at 2,200 deg.‘K.' The horseshoe shaped edge of the (011)
_plane indicates a dislocation. The ends of the edge of the top
plane presumably sink into the next lower plane. When a higher
potential is applied the stress due to the field removes the
dislocation, and the complete edge of the first plane is seen,

as in Plate (74b).

Plate (75) shows a complex edge dislocation near the (011) plane
on a tungsten tip at 60 deg. K. The radius of this tip is Loo a,
the potential 11,300 volts, at 15 microns helium pressure.

Drechsler, Pankow, and Vanselow (1955) have observed screw
dislocations on tungsten tips using hydrogen ions at room
temperature. ' The resolving power of their instrument was about
6 A.

The field ion microscope has been used to study metal
surfaces previously bombarded by ions. Miller observed a double
spiral of 70 A diameter, produced when an ion impinged on the
central(Ohl)plane of a tungsten tip. By field desorption.(i.e.

evaporation) at 60 deg. K., he found the disturbance reached a

depth of 10 planes of atoms.

11.4  CONCLUSION.

Any method capable of a resolving power of 3 A is useful to



124.

study dislocations. Although confined to observation of the
surface features of a very limited number of metals, the ability
of high desorption to manipulate the surface and to remove a
known number of layers of atoms, could yield valuable information
about the nature and depth of deformation prbduced Hy impact of

high energy ions with a top surface.



PART 12.

CONCLUSION,
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Whea the theory of dislocations was introduced in order to
account for the plastic behaviour of crystals there was no means
of observing and studying dislocations. It was necessary fifst
of all to establish the existence of dislocations and later to
investigate the validity of the theoretical predictions. Until
recently the properties of dislocations could only be inferred
from the.macroscopic behaviour of crystals. The methods now
available for the study of individual dislocations have been
described in detail, and their contribution towards an under-
standing of dislocations will be considered briefly.

The bubble raft was of value in showing that plastic
deformation may be explained in terms of slip and movement of
dislocations. - The great assumption was that atoms in a three
dimensional lattice behaved in a similar way to the bubbles, in
their two-dimensional rafts. Not until pefhods of direct
observation of actual dislocations were developed couldAthe degree
of similarity be confirmed. It is now realised that the bubble
rafts provide & very much over-simplified picture.

Information gained from the study of crystal growth has been
helpful in establishing some of the properties of dislocations.
Dislocations were proved necessary to crystal growth, and
the movement of dislocations was shown to be poésible.

Observations of etch pits and of decorated dislocations
entail the use of optical microscopes. Thus, these methods may

be applied successfully only to crystals in which the dislocations



126.

are sufficiently far apart to be resolved. The limit of
resolution using ultra-violet light is about 1000 A. Decoration
methods must utilize transparent crystals of simple structure,
such as the silver halides and ionic salts. The improvement in
the techniques of growing single crystals has greatly aided
development in this field. Where decoration is effected by
precipitation of large particles at dislocation lines, as in the
case of the decoration of dislocations in sodium chloride with
sodium, the dislocation arrangements must be interpreted bearing
in mind that the decorating papticles themselves could produce
strains possibly giving rise to prismatic dislocations, and
seriously affect the dislocation pattern. Certainly, in the
case of lithium fluoride, excess lithium greatly increases the
dislocation density. This method of decorating ionic crystals
uses diffusion of the decorating medium to the imperfections at
elevated temperatures, and at such temperatures considerable
movement of dislocations will take place. When the specimen
cools, the decorating particles will probably pin the dislocations
and prevent them from attaining an equilibrium arrangement. The
decoration of dislocations in the silver halides with photolytic
silver does not suffer from these disadvantages, as the method
does not depend upon the introduction of foreign particles, nor
upon treatment at high temperatures. The depth to which
decoration takes place below the surface of the crystals is,

however, limited, and the method is restricted to the silver
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halides.

The study of etch pits on crystals of lithium fluoride by
~ Gilman and Johnson has made possible a critical evaluation of
dislocation-theory, but doubt has been cast upon some of their
conclusions., Only dislocations réaching the surface can be
etched, and a clear picture of arrangements below the surface is
not provided. For example, the dislocation networks seen by
transmission electron microscopy, and by decoration methods,
could not be observed, nor inferred, from etch pits alone. A
combination of the etch pit and decoration methods by Dash using
silicon. crystals, has proved successful, but here, as in similar
decoration methods, fhe'crystals must be transparent, in this case
to infra-red rays, and of simple structure. In addition
treatment at elevated temperatures is required.

An undefstanding of fhe plastic deformation of metals is of
great practical importance, but the above methods only suggest
what probably happens in metals. To observe dislocations in
complex, opaque specimens such as metals, a different type of
microscope with a higher resolution is necessary. This need
has in part been satisfied by the electron and‘field-ion
microscopes, and by X-ray diffraction. The electron microscope
is a very powerful tool for observation, and it has enabled
undecorated dislocation lines in thin foils to be seen, and their
movements to be followed. The present resolving power using the

transmission technique is about 5 A, and it is expected that with
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existing lenses a resolving power of 2 to 3 A could be attained.
The limiting factors are the displacement and contamination of
the specimen due to the impact'of the electron beam on the
specimen. When the resolution of 2 A is attained, it should be
possible to make visible all crystal lattices and individual
atoms of high atomic number.

For use with the transmission electron microscope, the
specimens must be very thin, and the electron beam causes
cénsiderable heating of the specimen. These two factors could
modify the arrangements and lengths of the dislocation lines as
compared with those in the bulk material. These possible effects
have been carefully considered by.Hirsch and his collaborators,
and are not thought to be serious.

Higher resolving powers of up to 1 A have been attained using
Moire patterns and the electron microscope, and again using the
field-ion microscope, but their range of application is not so
great as that of the transmission electron microscope. The use
of Moire patterns makes it possible to detect and estimate the
density of dislocations in thin filwms. The restriction to their
application lies in the preparation and manipulation of the
specimens. The two thin films, prepared in contact, must be in
fairly well defined relative orientation, and consequently it is
difficult to stu@y polycrystalline foils. If a specimen is
subjected to treatment then the interpretation of observations

must allow for the fact that both the films are treated
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simultaneously. The field-ion microscope has been used to study
tungsten and rhenium surfaces. Surface atoms may be resolved
and any displaeed atoms detected.

It is likely that X-ray diffraction methods will be
considerably developed in the near future, as these avoid some of
the disadvantageé of transmission electron microscopy. Thin
foilé are not neéessary, and the beam does not cause heating of
‘the specimen. Individual dislocation lines have been made
clearly visible in'large single crystals by Newkirk and Lang, and
information obtained agrees with that gained by other methods of
observation. Observations of dislocations in metals have not
been so successful; and results as yet do not compare with those
from electron microscopy. As with the electron microscope,
continuous observation of moving dislocations is possible. It
must be stressed, however, that the resolving power of the X-ray
diffraction method is not as good as that of the electron
microscope, and to observe single dislocations the use of large
single crystals is necessary.

All methods described contribute towards a clearer
understanding of dislocations,'and provide experimental proof of
dislocation theory. An example of this is given by considering
experimental evidence that glide occurs; The dislocation loops
produced by the presence of hysil glass spheres in crystals of
silver chloride in experiments by Jones and Mitchell (1958),

were due to glide movements. Gilman and Johnston, using the
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multiple etching technique, were able to follow the movement of
dislocations due to the application of high stresses. They were
also able to measure the velocity of the dislocations. The cine
camera used with bubble rafts, and with the transmission electron
microscope has engbled the movement of dislocations to be studied,
and sequence photographs of images produced by X-ray diffraction
have provided information about dislocation movements.

Many of the predictions of dislocation theory have been
verified. It has been shown, using the electron microscope, that
extended dislocations clearly exist, and cross-slip and climb
occur. Dislocations have been observed to cut each other.
Attempts to predict processes with large numbers of dislocations
involved, such as work hardening and fatigue, have been shown to
be false. Progress in the understanding of plastic deformation
is very rapid, and greatly assisted by observation methods.
Undbubtedly, with the expected increase in resolving power of the
transmission electron microscope perhaps to 2 A, and a cine camera
taking 100 frames per second, to follow the more rapid dislocation
movements in metals, much more valuable information will be

forthcoming.
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