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Lecture:' -

You may remember that at the start of the previou~ le~ture, 1 . 
mentioned that the two aspects of the atomIC pIcture of solIds, 
the quaisclassical and the quantum-mechanical, advanced 
simultaneously, during the nineteen thirties and forties, and 
that some of the same people were active in both areas. 

As 1 explained last time, I'm trying to give this part of the lecture 
series a little of the atmosphere of those early days by 
alternating my lecture topics between the two areas. 

Last time we devoted ourselves to phenomena and concepts from the 
essentially quantum-mechanical world of electrons. 

The present lecture will deal with plasticity and dislocations, where 
the behavior of the atoms is mostly classical. 

Next time we'll return to electrons. 

Our topic for today follows the logical sequence we sketched earlier 
for concepts in the quasiclassical theory of crystals: we dealt in 
Lecture Two with defect-free crystals, in Lecture Three with 
point defects, and we go on now to line defects, and 
specifically, to dislocations. 

The lecture will also have to say a little - though only a little - about 
two-dimensional defects, in other words, surfaces and 
interfaces, as these get somewhat involved with dislocations 
physics. 

Actually, the very concept of dislocation took a long time to develop, 
and the path that ultimately led to it was the study of plastic 
deformation of solids, so the first path we should look at is the 
one devoted to the question "what are the facts" (I mean 
macroscopic facts) "of plastic flow"? 

Of course, there's been a lot of qualitative knowledge since 
prehistoric times, about how some solids are stronger than 
others, some are plastic and some are brittle, and so on. 
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Scraps of recorded scientific data are available from the mid-19th 
century, including, among other things, the observation that 
individual crystal grains, subjected to a shearing stress, often 
show sliding on a small number of parallel planes. 

Quantitative measurements of stress and strain eventually 
proliferated, but were very confusing, since the relation of 
strain to stress was nonlinear and subject to great variations 
from specimen to specimen, depending not only on small 
differences in composition, but on many factors in previous 
history. 

It was not until the 1920's that careful stress-strain relations were 
measured for some common metals on single crystals of high 
purity, where some of the many causative factors could be 
controlled and recorded. 

But it was clear that to make sense out of all the data one would have 
to have some sort of picture of how plastic deformation took 
place on an atomic scale. 

So there began a long and very erratic series of studies and 
speculations devoted to the question of finding the basic 
atomic mechanisms for plastic flow. 

This is the green path over here. 

An important issue soon emerged from the efforts of some theorists 
to estimate the order of magnitude of the critical stress above 
which a crystal would deform plastically or rupture. 

By the early 1920's, Born's ionic-crystal model was fairly widely 
accepted as giving a good description of the interatomic forces 
in these materials, so it was natural for the Swiss physicist, 
Fritz Zwicky to imagine dividing a crystal of rock salt into 
two halves, and gradually separating them, calculating the 
attractive force between the two as he did so. 
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He found the maximum stress during the separation process to be 
about 2 x 1010 dynes per square centimeter, several orders of 
magnitude larger than the observed rupture strength. 

A few years later, Frenkel in Russia imagined applying a shearing 
stress to the two halves of a crystal, so as to pull them 
tangentially over each other, and again found a maximum 
stress of the same order as Zwicky's structure stress, again 
several orders of magnitude larger than the observed yield 
stress. 

So for some years theorists struggled with the question: "why are real 
crystals so weak?" 

The question was especially intriguing because it seemed that the 
purer or more perfect the crystal, the lower was the yield 
stress. 

There had been other types of observations that indicated, somewhat 
vaguely, that even the best crystals obtainable at that time 
always seemed to have occasional defects of some sort in their 
structure. 

Particularly noteworthy were observations of the attenuation of x
rays with increasing depth in any crystal, as a function of 
wave length near that for a Bragg reflection. 

The curve of attenuation coefficient against wave length usually did 
not agree at all with that computed for diffraction by a perfect 
crystal, a behavior now called "primary extinction". 

Instead, the attenuation was less sharply peaked at the Bragg angle, 
and was of greater integrated strength. 

This behavior, called "secondary extinction" was attributed by 
Darwin to the existence everywhere in the crystal of a 
multitude of tiny blocks differing from each other in their 
orientations by very tiny angles. 

This he called "mosaic structure". 
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So it is not surprising that for a decade or a decade and a half . 
theorists speculated rather wildly about all sorts of possIble 
defec ts and how they might affect plasticity. 

I won't bore you with details of any of these speculations, but 
perhaps a brief listing of some may give yo u a little of the 
flavor of the times. 

One speculation was that macroscopic crystals were made up of 
many different crystal blocks, separated by liquid or 
amorphous layers that would facilitate sliding. 

Others speculated that crystals always contained empty pores or 
cracks, near which the local stress could grea tly exceed its 
macroscopIC average. 

Another speculation envisioned two-dimensional layers with 
abnormal stacking of the a toms. 

Well, ra ther than spend time on discussion of these blind alleys, I 
want to pass now to the theore tical work, and ultimately new 
exp eriments, that uncovered and demonstrated the ll1.ajor key 
to the phenomenon of plasticity, namely the disloca tion 
concept. 

The start is shown in the red boxes. 

In the magic year 1934, three different workers, with rather different 
points of view, suggested that what we now call "edge 
dislocations" should play an important role. 

Two of these, Michael Polanyi and Egon Orowan, were in Berlin a t 
the time, but their work was interrupted when they fo w1.d it 
necessary to emigrate, to England and Hungary respectively. 

The third worker, who treated the subjec t in the most detail and 
whose paper is the most cited one of the three, was the 
eminent hydrodynamicist G.I. Taylor, a professor at 
Cambridge des tined to be knighted later as Sir Geoffrey. 
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Well, what is an edge dislocation? 

This question can be answered in a variety of ways, the commonest 
of which is probably the one I've shown here. 

Suppose we started with two separated perfect crystals with close
packed surface planes, as I've shown in green and orange 
here. 

The green and orange atoms are of course identical with each other, 
I've just used the colors to keep track of where they started 
from. 

Now suppose we bring these two crystals into contact, in identical 
orientation and registry, so that, if we bend the crystals a little 
bit, the green and orange atoms at the top of the diagram will 
bond to each other to produce a perfect crystal with no sign of 
the original separation, and the ones at the bottom will do the 
same. 

Near the edge of the extra crystal layer here, though, they can't bond 
perfectly, but they will assume some sort of minimum-energy 
configuration similar to what I have drawn here. 

The departure from perfect crystal arrangement will be appreciable 
only near the edge of the extra layer, which of course in three 
dimensions is a line perpendicular to the plane of the 
diagram. 

Thus what we have created will be a line imperfection, and the way 
we have created it suggests the symbol that has come to be in 
common use for an edge dislocation, namely, a character like 
a perpendicular sign, with a vertical line suggesting the extra 
layer stopping at a horizontal line at right angles to it. 

Actually the horizontal line designates what is called the slip plane of 
the dislocation, because by moving this dislocation to the left, 
one can cause the top half of the crystal to slide horizontally 
by one atom spacing relative to the bottom half. 
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The easiest way to appreciate this statement is to look at this last 
diagram as an arrangement of approximately vertical rows of 
atoms, as I've drawn here. 

I've artificially divided the atoms into a top group, drawn in purple, 
and a bottom group, drawn in orange. 

The dislocation arrangement has each top stack approximately lined 
up with a corresponding bottom stack, as I've indicated by the 
dotted connections, except that there is no bottom stack to 
connect with top stack four. 

To move the dislocation one atom spacing to the left, keeping the 
atoms at the top boundary of the diagram essentially 
unmoved, we just have to make some small adjustments in 
the positions of the atoms, particularly near the middle, so 
that top stack five lines up reasonably with bottom stack four 
and top stack four has no bottom partner, as I show in the 
middle diagram. 

We can repeat this process over and over until the center of the 
dislocation is under, say, top stack one, as shown in the 
bottom diagram. 

As you can see, orange stacks two, three, and four now connect 
respectively with top stacks three, four, and five instead of 
with two, three, four as they did in the top diagram. 

With further displacement of the dislocation, all these connections 
would approach perfect alignment, but correspond to a slip 
approaching one atomic spacing to the left, for those parts of 
the orange region over which the dislocation has moved. 

So we have the general rule that macroscopic plastic flow can be 
brought about by the microscopic motion of dislocations 
through long distances, if there are enough dislocations 
present to move. 

These early papers elaborated on this fact in various ways. 
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But now let me go ahead a few years to describe the work of the 
Dutch physicist Johannes Martinus Burgers, who collaborated 
initially with his older brother, who was a mathematician. 

After some initial work in 1935 on interactions of dislocations with 
each other, the younger Burgers published a very important 
paper in 1939, generalizing and in some ways simplifying the 
disloca tion concept. 

Suppose we move ourselves around a closed curve in a crystal, 
staying always in regions that are nearly perfect, so that we 
have at all times no doubt as to which crystal direction is 
which, and which atoms are nearest neighbors of a given 
atom, and so on. 

This does not preclude these regions from being slightly, though only 
slightly, strained. 

Suppose we form our curve by going from atom to atom through the 
crystal, and suppose we keep count of the number of steps we 
have taken in each of the nearest-neighbor directions. 

When these numbers all add up to zero, we should be back at our 
starting point if the crystal structure is perfect. 

But suppose we try to do this on the crystal we were just discussing a 
few minutes ago. 

Let the path be the one I've shown with this brown line on the 
overlay. 

And suppose we don't know anything about the parts of the crystal 
we've been circumnavigating. 

What will we learn from our tally? 

Starting here, we've gone five unit steps down, but over on the other 
side of our rectangle, we've gone five steps up. 



Lecture :, - ~ 

So that's fine. 

Going along the bottom, we've gone eight steps to the right, so if we 
count eight steps along the top - one, two, three, four, five, 
six, seven, eight - we end up here. 

This isn't where we started; it's one step short. 

This tells us that although the crystal has looked nearly perfect all the 
way around the circuit, there must be some region inside the 
circuit where the structure is so imperfect that we can't tell 
whether a step we take corresponds to a particular one of the 
fundamental translations of the perfect crystal. 

We would surely have to encounter such a region eventually if we 
tried to gradually shrink our loop down to nothing, even if we 
did so by moving it far above or below the plane of the 
diagram. 

So we must conclude that the highly imperfect region lTIUSt extend, at 
least, along a line that does not end anywhere in the crystal. 

This line imperfection is a generalized dislocation, and this vector 
here, which describes the failure of our loop to close, is called 
its Burgers vector, and clearly is constant everywhere along 
the line. 

The dislocation line may in principle bend in any direction, although 
it may be that crystallographic ally simple directions are 
energetically preferred. 

An important case, to which Burgers called attention, is the case 
where the Burgers vector and the dislocation line are parallel. 

This configuration is called a "screw dislocation". 

The reason for this terminology is easy to see if you consider the case 
where the Burgers vector is at right angles to a simple close
packed plane in the crystal, and the Burgers circuit is a circle 
in this plane. 
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In such case, as you see here, when you've gone around a full circuit 
you will have ended up directly over your starting point, just 
as if you were walking along one of the ramps in the 
Guggenheim Museum in New York. 

If you continued your circling, you'd wind higher and higher, just 
like the thread of a screw. 

Well so much, then, for what dislocations are; now I need to say a 
few words about what led the authors of these early papers to 
propose dislocations, and why the concept appealed to many 
of their physicist colleagues, though not to all. 

First and foremost, and especially important in the thinking of Taylor 
and Polanyi, was the intuitive realization that the stress 
necessary to move a dislocation would probably be much less 
than that necessary to cause slip in an initially perfect crystal, 
hence could answer the long-puzzling question "why are 
crystals so weak?" 

While a quantitative demonstration took some years to come, the 
idea seemed plausible to many. 

Dislocations were also cited as helpful for the explanation of several 
other known facts, the different pioneering papers focusing on 
different choices among these. 

Some of the papers bypassed the question of the origin of 
dislocations, but Taylor claimed (erroneously) that they could 
be generated by thermal fluctuations at high temperatures. 

It was not until the late 1940's and 1950's that solid theoretical, and 
eventually experimental, evidence became available regarding 
the origins of dislocations and their principal effects on 
plasticity and other properties. 

It's to this stage that I now want to turn. 
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It consisted of a rapid succession of theoretical and experimental 
developments during and after World War II, that took place 
in the United States and especially in England. 

The geographic shift of work from Germany to these countries was of 
course due to the dislocations caused by the Nazi regime and 
the war. 

I'm now using red boxes for these developments, and I think an 
appropriate place to start is with some work stimulated by the 
need to strengthen the foundations that led the innovators of 
the 30's to postulate dislocations as the central concept of 
plasticity theory. 

As I told you a few minutes ago, these innovators postulated that 
whereas a perfect crystal should be very resistant to plastic 
deformation, one with dislocations would deform very easily 
because it would only be necessary to cause the dislocations to 
move, and this presumably could be done at a very low stress. 

To estimate how low this stress might be, one would need to have a 
model for the interatomic forces in a crystal sufficient for a 
calculation of the positions of the atoms in the dislocation core 
for any level of the macroscopic stress from zero up to the 
critical value for glide of the dislocation. 

Those of you who heard my previous lecture will remember Peierls 
as the German author of the comprehensive 1929 paper that 
clarified the foundations of thermal conduction by phonons. 

He fled from Germany to England in 1933 and was subsequently 
knighted there. 

His 1940 paper, though employing a rather crude model of 
interatomic forces, came up with the significant conclusion 
that, for this model at least, the diameter of the core region 
where atomic displacements from perfect-crystal positions 
were a sizable fraction of an interatomic spacing would be 
quite small, of the order of one or two such spacings, and that 
it should move at a rather low stress. 
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A more detailed study was made some years later by Frank Nabarro, 
who had been hired just before the war as a junior member of 
Mott's group at Bristol, working on dislocation theory, and 
who had returned in the forties after some years spent in 
unrelated war work. 

The conclusion was that, in some materials, at least, an edge 
dislocation could be made to move as a unit by a shearing 
stress as small as a tenth of an atmosphere, vastly below the 
theoretical yield strength of a perfect crystal, and in the range 
of yield stresses of relatively soft metal specimens. 

Actually, as was pointed out by Shockley and Heidenreicl1 very 
slightly later, dislocation motion should usually occur at 
much lower stresses still, because it is not necessary for all 
portions of the dislocation line to move at the same time. 

Rather, for the same basic reason that slip occurs by motion of 
individual dislocations rather than a whole plane sliding at 
once, so a dislocation line can advance by motion of a jog 
along its length, and jogs will always be plentiful if the 
dislocation line is curved. 

An additional source of information on this subject came at about this 
time from an experimental source. 

Namely, Bragg and Nye discovered in 1947 that they could make 
beautiful two-dimensional models of crystals by simply 
blowing in air at the bottom of a container of soap solution. 

The monolayer of bubbles at the surface could easily grow from two 
or more nuclei, and produce dislocations. 

Here is an example. 

A dislocation with a rather small core is centered at this point here. 
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They found that the effective force law between the bubbles changed 
with the bubble diameter, and that large bubbles, being soft, 
produced narrow dislocations, while small bubbles, being 
effectively harder, produced dislocations whose core regions 
extended for many atom spacings in the slip plane, as shown 
in this lower example. 

Here the core of the dislocation extends from about here to about 
here, and over this whole range the separation of the atoms 
above and below the slipped plane is greater than in normal 
material. 

They could also study and take motion pictures of the response of the 
dislocations to shearing stresses imposed at the boundaries, 
etc. 

These models gave many clues to the behavior of real dislocations in 
real crystals, although the difference between two and three 
dimensions had to be kept in mind. 

Now let me say a word about the other assumption of the dislocation 
pioneers, namely that a perfect crystal, without dislocations, 
could endure very high stresses without any plastic 
deformation. 

Strong theoretical arguments for the truth of this 11ad been made 
many years ago by Zwicky and Frenkel and others, but there 
had been no experimental verification because no one had 
prepared a crystal that could be considered free of 
dislocations. 

However, many such tests eventually became possible, and the story 
of how the first one came about is a nice example of how 
helpful discoveries can sometimes come about unexpectedly 
by pure good fortune. 

An opportunity of this sort arose about 1950 at Bell Laboratories, 
when frequent failures were reported in a new type of channel 
filter installed in telephone systems. 
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Namely, they developed short circuits, but when they were opened 
up and carefully examined, nothing seemed to be wrong, and 
when they were then reassembled, they would usually work 
perfectly. 

Finally someone noticed that under sufficiently careful examination 
with the right type of illumination, a tin plating on one of the 
components could be seen to have developed a beard-like 
growth of tin whiskers, of the order of a micron or two in 
diameter, but sometimes as much as millimeters in length. 

The top picture, taken with special illumination and modest 
magnification, shows an example, while the picture below, 
more highly magnified, shows a long whisker making a short 
between two separated metal parts. 

I discussed these with John Galt, a very versatile experimentalist who 
had recently spent a year with Frank's dislocation group in 
Bristol, and we agreed that it seemed likely that because the 
whiskers were so small, some of them might well be perfect 
crystals free from dislocations. 

If so, they might not be deformed plastically under stresses smaller 
than the stress required to nucleate new dislocations, in other 
words, a stress of the order of those that had been calculated 
many years before for the strength of perfect crystals. 

So Galt undertook a simple experiment in which, looking through a 
microscope, he bent a whisker with a micro-manipulator. 

This shows one of his pictures. 

In the upper diagram, the whisker here has been bent by pushing it 
with a micro-manipulator, here. 

The lower diagram is a picture taken after removal of the micro
manipulator, and the region formerly tightly bent is now 
completely straight. 
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The bent region at the bottom is due to a fine wire, here, pushing near 
the base of the whisker. 

This sort of behavior was repeatedly observed with deformations at 
the edge of the whisker exceeding 1 0/0. 

No permanent deformation was observed, even if the tightly bent 
configuration was maintained for an entire week. 

At larger strains however, a permanent deformation localized at a 
very specific spot along the length was observed. 

This experiment, which confirms the theoretical expectation of high 
strength for perfect crystals, has since been repeated by other 
investigators on a variety of types of whiskers of various 
metals, grown by a variety of mechanisms. 

Well, so far in this red-box portion of my remarks, I've been 
discussing just one aspect of the post-war spurt in dislocation 
research, namely, attempts to provide firmer justification for 
the faith of the dislocation pioneers that crystals without 
dislocations would be very strong, and that the presence of 
dislocations could in many cases make them very weak. 

But while these efforts were going on, many other interesting 
properties of dislocations were being discovered and brought 
into relation with experimental facts. 

One of the first of these was Bill Shockley'S concepts of partial 
dislocations and extended dislocations. 

This was presented initially in the famous Heidenreich-Shockley 
paper that I mentioned a few minutes ago, and which was one 
of many interesting papers presented at an international 
conference in Bristol in 1947. 

Their concept has turned out to be a very important one, so although 
it's a little hard to explain briefly, I'm going to try. 
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It turns out that dislocations of a special kind exist in close-packed 
hexagonal and face-centered cubic crystals and in some 
others, because in these crystals defects called "stacking faults" 
can form, usually with a rather low cost in energy. 

This picture shows, at the top, a view of the possible atomic positions 
when one looks in a direction normal to a close-packed plane. 

For the close-packed hexagonal structure, shown at the left, one has a 
layer of atoms at the purple positions, covered by a layer of 
atoms at the green positions, which in turn is covered by 
another layer at the purple positions, and so on: purple, green, 
purple, green. 

For the face-centered cubic structure, one again has a layer at the 
purple positions covered by a layer at the green positions, but 
this layer is covered by a layer at the orange positions, and 
only on top of the orange layer does the purple layer start and 
repeat the pattern: purple, green, orange, purple, green, 
orange, and so on. 

The two diagrams just below - here and here - show how these two 
types of stacking would look to an observer viewing the 
planes edge on. 

The horizontal lines represent the successive planes of atoms, with 
the three colors representing the three possible choices for the 
horizontal coordinates of the atoms in a plane, according to 
the scheme I used in the top diagram. 

Now if the atoms interact mainly by very short-range forces, it would 
not make much difference to the energy if an occasional layer 
were put in at the wrong type of position, as for example if 
one put an orange layer instead of a purple on top of a green 
layer in a hexagonal crystal, and then reverted to the 
hexagonal type of stacking, orange, green, orange, green, etc. 

This is what is called a "stacking fault", and is illustrated in the 
bottom left diagram. 
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As you can see, the bottom several planes show the simple 
alternation green, purple, green, purple, etc., characteristic of 
a perfect close-packed hexagonal crystal. 

But here (or here) I've interrupted the perfect stacking by inserting an 
orange row. 

In the left-hand case, I've made the stacking revert immediately to 
the perfect-crystal form, with the alternation changed to 
green, orange, green, orange. 

For this case the only layer whose atoms see nearest-neighbor 
patterns different from the ideal is the lowest orange layer. 

In other words, there is only one sequence of three consecutive layers 
of three different colors. 

However, there is a slightly different type of stacking fault that is 
more easily produced in an initially perfect crystal in the 
course of plastic deformation. 

Namely, one might divide the crystal into two halves by an 
imaginary plane midway between two atomic planes, and 
then rigidly shift the top half horizontally over the bottom 
half. 

If we take our slip plane to be at this height here - the middle of the 
bracket, then the next layer above, originally a purple layer, 
will be shifted to the orange positions, and the layer above 
this, originally green, will be shifted to the purplse positions, 
as the diagram shows. 

As you can see, there are now two adjacent planes of atoms, this 
green one and this orange one, whose nearest-neighbor planes 
are of different colors. 

Well now, focusing on this last stacking pattern, there are two main 
things I want you to remember. 
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One is that one can produce this stacking fault by shifting the top half 
of the crystal rigidly across the bottom half by this vector s, 
which is not a translation of the crystal lattice. 

The other is that one can restore the perfect-crystal stacking with an 
additional shift by the vector s', where s+s' is a translation of 
the lattice. 

So let's look now at some of the configurations that are possible in a 
crystal that has undergone partial slip on one plane in 
response to an applied stress. 

In the top diagram I've assumed that in the part of the crystal to the 
left of this curve the portion above the slip plane has been 
displaced parallel to the plane by a lattice vector t with respect 
to the portion below the plane. 

For this case the crystal structure is nearly perfect everywhere except 
within a few atom spacings of the boundary here, where there 
is a dislocation. 

But now suppose the crystal is of a type like those on the previous 
Vu-graph, for which a small shearing shift s of the top half 
over the bottom can produce a stacking fault. 

If such a shift is made over the region to the left of the curve, the 
result will be as shown in the mikddle diagram. 

The region near the boundary of the shifted portion will again be 
strongly distorted, like the core of a dislocation, but since the 
crystal does not become perfect well to the left of it, we call it 
a partial dislocation. 

This configuration will cost a lot of energy if the faulted area on the 
left is large, because the stacking fault costs an energy 
proportional to its area. 

But suppose we combine this shift with another shift by the vector Sf 

over a slightly smaller area, with a boundary just a little to the 
left of the first one, as shown in the bottom diagram. 
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Then, if the vectors sand s' add up to a lattice translation t, as I 
showed you on the preceding vu-graph, the stacking fault will 
disappear to the left of the second boundary, and in this 
region the top half will have been shifted by t over the bottom. 

Only in the strip between the two boundaries will the stacking fault 
remaIn. 

The energy of this configuration will contain two terms that depend 
on the separation of the two partial dislocations. 

One is the stacking-fault energy, which, being proportional to this 
separation, gives an effective force of attraction per unit 
length between the two partials independent of the 
separation. 

The other is the interaction energy of the strain fields of the two 
partials, which can be shown to give an effective repulsion per 
unit length inversely proportional to the separation. 

The energy will be a minimum at that value of the separation that 
makes these two forces balance each other. 

Thus it turns out that for the close-packed crystals we have been 
considering, the lowest energy configuration for a dislocation 
whose Burgers vector is a nearest-neighbor translation is one 
of the type shown in this bottom diagram, and not one in 
which most of the slip is accommodated in a single core 
region a few atom spacings across. 

This configuration of parallel partials joined by a ribbon of stacking 
fault is called an "extended dislocation." 

The width of the stacking fault region, which is inversely 
proportional to the stacking fault energy per unit area, can 
vary greatly from one material to another. 

It is often in the range of tens of lattice spacings, but can be rather 
smaller or considerably larger. 
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While the entire extended dislocation can usually glide fairly easily in 
its slip plane to produce slip deformation, it can be shown that 
a motion out of its slip plane - the type of motion we have 
called "climb" for ordinary dislocations, due to emission or 
absorption of vacancies or self-interstitials - is essentially 
impossible, since it would require energetically costly 
modification of the stacking-fault region. 

Also, extended dislocations differ from ordinary'ones in that it is 
energetically very costly for them to cut across one another. 

Such characteristics are important for work hardening and other 
properties of close-packed metals. 

Once the Shockley partials were introduced, it was realized that there 
could be other types of partial dislocations, with further 
interesting effects, but I can't take the time here to say more. 

At about this time there was actually a whole flurry of other 
important developments in the understanding of properties of 
dislocations. 

Many of these made contact with experimental observations, 
sometimes things that had been known for some time and not 
understood, sometimes new things that were predicted and 
then found. 

A nice example is provided by the work done at Birmingham, where 
Alan Cottrell had been brought after the war into the 
Department of Metallurgy and put in charge of a group on 
plasticity. 

In 1949 he and Bilby published a study of the effects of the interaction 
of mobile impurities with dislocations. 

As we have just seen, an edge dislocation is surrounded by a strain 
field that is compressive on one side, tensile on the other. 
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An interstitial impurity, or a substitutional impurity that incr.eases. 
the volume, will usually have a lower energy on the sIde wIth 
the tensile stress, while an impurity that decreases the volume 
will prefer the other side. 

Often an impurity will be happiest of all.in the very core of the 
dislocation, either because of available space or because of 
some other bonding preference. 

Motion of the dislocation in response to a macroscopic stress field 
will be slowed down if there are impurities near the 
dislocation in their favored positions, because it will cost 
energy to move the dislocation before the imptlrities have 
time to move their positions by diffusion. 

If the macroscopic stress is increased sufficiently, however, the 
dislocation may suddenly break away from its atmosphere of 
impurities and move more easily, with a resultant sudden 
drop in the curve of stress versus strain. 

This so-called "yield point" behavior had often been observed. 

A different role for dislocations was pointed out at about the same 
time by Shockley in collaboration with Thornton Read, a 
young mathematician in Shockley's group who was good at 
calculating stress fields and who developed such an interest in 
dislocations that he eventually wrote a book on them. 

This 1949 paper pointed out that when an otherwise uniform solid 
contains two crystal grains whose orientations differ by only a 
small angle, the lowest energy configuration for the boundary 
between the two grains can be described as the configuration 
that would arise if one started with a single crystal and 
inserted a suitable family of dislocations lying in the plane 
that becomes the grain boundary. 

The diagram here shows how this works out for the simplest case, a 
grain boundary in a crystal of simple cubic structure with the 
two grains simply tilted in opposite directions by a small 
angle about a [100] direction. 
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The diagram in the upper left shows how the two grains would look 
if they were separated; the upper right diagram shows the 
atomic arrangement if they are in intimate contact, so that the 
a toms on the two sides bond toge ther as best they can. 

If yo u look at the small portion of the m aterial that I h ave enclosed in 
a red circle, you will recognize it as the sam e sort of s tructure I 
showed on a previous transparency representing an edge 
dislocation. 

If the misorientation between the two grains is slll.all, the spacing of 
the dislocations will be large compared with an a tom spacing, 
and over most of the volume one can calculate the stress and 
strain from classical elasticity theory. 

In p articular, one can calculate the energy in the s train field near the 
boundaries, and by adding to this the core energy of the 
various disloca tions one can ge t the total energy of the sys tem 
relative to what it would be for a perfec t crystal. 

This energy, per unit area of the grain bOLmdary, turns out to be (; 
~~H given to a good approximation for sm all Jll.isorientations j{, by 

~ ~k {Ad;a this formula, which holds for a va rie ty of kinds of crystals and 
orientations, not just for the simple case of m y diagram. 

Here EO is a constant calculable from the elastic constants and 
orientations, and A is a constant rela ted to the dislocation core 
structure, which is much more complica ted to calcula te . 

To tes t this formula against experiments, it' s convenient to rewrite it 
in the form of this lower equation, where the tvvo material
dependeyt constants EO and A are replaced by the maXllll.UJll. 
value Of)?~ll., and the misfit angle ~ll. a t "vhich the 
11l.aXllll.Ulll. occurs. 

The formula, which is not expected to be valid much beyond the 
maxiJll.LUll., gives the full curve, and the plotted POlll.tS I have 
shown give the results of measurements, m ade by a technique 
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I haven't time to discuss, on tin, lead, and iron doped with 
silicon. 

While the manner of plotting forces a fit near the maximum, the very 
occurrence of a maximum, and the fit at smaller angles, 
provide nice verifications of the theory. 

Now I'll make a little shift. 

The very interesting development that comes chronologically next in 
this path on properties of dislocations requires th.at I give you 
a little background first on crystal growth, whicl1 for the most 
part represents a different path from the one we've been 
following. 

Crystal growth is colored in purple on the projection here. 

It's a very big subject and, of course, of great importance to 
experimentalists. 

There are various different processes possible, growth from the 
vapor, growth from the melt, and growth from another solid 
phase, amorphous or metastable crystalline. 

I'm only going to talk here about the aspect that is simplest to treat 
theoretically, growth of a crystal by condensation of a vapor. 

The first major modern paper on this is one written by Becker and 
Doring in Germany way back in 1935. 

Richard Becker, who had been a student of Sommerfeld's,11ad been 
for some time professor of theoretical physics at the 
Technische Hochschule in Berlin, and he was a deservedly 
respected theoretical physicist with a sound understanding of 
thermodynamics and statistical mechanics. 

He and Doring, who achieved great fame later as a magnetician, 
investigated the kinetics of a process by which a flat, low
index plane of a crystal could grow by adding successive new 
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layers of atoms recruited from those impinging on the surface 
from the gas phase. 

Many of these latter atoms would be expected to lose some of their 
energy on striking the surface, and move around for a while 
as adatoms on the surface, before a fluctuation gave them 
enough energy to re-evaporate. 

Occasionally the migrating adatoms would be expected to collide and 
stick together, forming clusters of various sizes that might 
either grow or disintegrate. 

Now in a compact island, the atoms at the edge have fewer neighbors 
to bind to than those in the middle. 

Therefore, since small islands have a larger percentage of their atoms 
on the edge than do large islands, large islands will have a 
greater average binding energy, or free energy, and thus will 
be more stable than small ones. 

Indeed, for islands of compact shape, we can write an equation like 
this for the change in free energy in the formation of an island 
of given size from atoms of the vapor so that, since the 
perimeter is proportional to the square root of the area, we get 
a plot like this. 

Growth of an island is an uphill process to the left of the maximum, 
and a downhill process to the right of the maximum, if the 
vapor is at least slightly supersaturated. 

The height of the maximum represents an activation energy that has 
to be surmounted in order to make islands capable of growing 
into a complete layer. 

With reasonable values for the numerical constants involved, Becker 
and Doring showed that to achieve significant growth in 
typical laboratory times would usually require 
supersaturations of 25% to 400/0. 
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This was in violent conflict with the common observation of 
reasonable growth rates at one-to-a few percent 
supersaturation. 

So there was a real mystery: why don't crystals exposed to slightly 
supersaturated vapor simply stop growing? 

When the question was put to Charles Frank after the War by two 
members of his research team, Burton and Cabrera, he came 
up with an answer, first published in 1949 and later enlarged 
upon. 

I should take a minute to explain which Cabrera this was. 

Physicists sometimes run in families, and the Cabreras are a nice 
example. 

The first BIas Cabrera, working in Spain, became distinguished for 
his extensive studies of paramagnetism in the 1920's and early 
1930's. 

Near the end of the Spanish civil war, he emigrated with his family, 
initially to France, where his son Nicolas worked as a scientist 
and got a Ph.D. 

After the end of World War II, Nicolas got a leave to spend some 
time with Frank's group in Bristol, and some years later 
wound up in the U.S. at the University of Virginia, where he 
pursued a very successful career as a surface physicist. 

There he also raised his own son BIas, who is now the chairman of 
Stanford's Physics Department. 

To come back to these papers of Burton, Cabrera, and Frank, they 
covered several aspects of crystal growth, but the one I want 
to concentrate on now concerns the role of dislocations. 
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The important step in the growth process is the attachment of single 
atoms that are migrating randomly over the surface to the 
ledges at the boundaries of islands. 

The ledges disappear when a complete new layer is finished: that is 
the problem. 

Frank's insight was to realize that what is needed is a ledge or a 
family of ledges that will never disappear, and that screw 
dislocations intersecting the surface will always create just 
such ledges provided that somewhere along the dislocation 
line not too far from the surface there exist imperfections 
capable of pinning it, so that the dislocation as a whole cannot 
move out of the crystal. 

I've shown two simple examples at the bottom of the diagram. 

Suppose a screw dislocation strikes the surface at the point I've 
marked with a small orange circle, here. 

If its Burgers vector is a lattice step normal to the surface, then if one 
follows a circuit around the dislocation but at some distance 
from it, trying to stay always in the same lattice plane, one 
will find that after one revolution one has climbed up by one 
lattice spacing, wherever the circuit is drawn. 

If we draw the circuit in the surface of the crystal, this means that 
there must be a one atom step in the height of the surface, 
which rapidly decreases in height to zero in the core region of 
the dislocation line. 

This must still remain true however many atoms we add along the 
step. 

I've shown in these diagrams here how the continuous addition of 
atoms along the step can be expected to cause the step to 
advance, with the rate of advance normal to the step of the 
same order of magnitude at all points, so that the angular 
velocity about the center is greater the closer one is to the 
center, and the step winds itself into a spiral. 
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The picture of course gets m ore complica ted if there are several screw 
dislocations ending on the surface . 

While I won't discuss the general case, there is one r.ar ticular case 
that is of especial interest, namely w heltf(f,o"tctew 
dislocations with opposite Burgers vectors a t a m odera te 
dis tance from each other, but well removed from other 
dislocations or boundaries . 

In equilibriLUll there will then be a step in the surface running 
direc tly from the one to the other, as shown in the lower 
diagram at the left, where one is now looking direc tly down 
on the surface. 

If atoms are now added at the growing side of this s tep , i t will move 
outward, but since it must end on the two dislocations, it will 
develop a looped appearance, as shown in the next diagram. 

In all cases I've drawn the step as a double line in red and ~:~k~, the 
colors meaning that the surface is one a tom higher on the red 
side than on the ~ side. 

Eventually, the two ~~ sides will come toge ther, as the third 
diagram shows, in this region here. 

The g-t'een canyon between them will fill up, and the s teps in this 
region will disappear, leaving a short step connec ting the two 
dislocations as shown in the last diagram, and surrounding it 
and the two sources, an expanding loop or s tep. 

This process can repeat over and over again, and so manufacture a 
sequence of concentric steps that eventually get fairly circular 
in shape and expand outwards. 

Thus screw dislocations, acting in the simple ways I h ave shown, or 
in. m ore complicated ways, can provide a 1ll.echanisl1.1. for 
crystal growth a t low supersa turations, so other m echanism s 
such as rep ea ting impurity islands m ay conceivably occur 
also. 
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When the dislocation mechanism operates, the growing surface 
should never be flat, but should have slightly tilting regions, 
made up from families of concentric circles or spirals of 
single-atom steps. 

This prediction of course attracted immediate attention. 

Within a few years, spirals of the expected elementary height were 
indeed found, on some common materials. 

Now let me switch back from crystal growth to properties of 
dislocations. 

While dislocations, if initially present in a crystal, can usually move 
to give plastic deformation at quite low stresses, they can also, 
if they are not pinned somewhere, move entirely out of the 
crystal, and disappear. 

If different dislocations are moving on different slip planes, they can 
intersect, slow each other down, and create a more elaborate 
tangle, thereby accounting for the well-known phenomenon 
of work hardening. 

However, as I have mentioned earlier in this lecture, it also often 
happens that a large amount of slip occurs on a single slip 
plane, or a small set of parallel slip planes. 

This would seem to require constant generation of new dislocations 
on these slip planes, and theorists have been wondering how 
such generation could occur. 

By a remarkable coincidence, a very interesting answer was proposed 
from two entirely independent sources at an international 
meeting in Pittsburgh in the spring of 1950. 

Charles Frank had come over from Bristol and arrived in Pittsburgh a 
few days before the start of the conference. 
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There his hosts gave him a letter from a British colleague that called 
his attention to a German paper that had just come out that 
was relevant to some ideas that Frank had been pursuing 
regarding a mechanism for creating new dislocations from the 
kinetic energy in a fast-moving older dislocation. 

Frank went at once to the Carnegie Tech library, and waited while 
they opened the latest batch of mail from Germany. 

The mail did indeed contain the journal with the paper in question, 
and Frank read it hastily before departing for Cornell, where 
he was scheduled to give a colloquium. 

He arrived at Cornell earlier in the afternoon than he had been 
expected, and as his hosts were all busy until 5:00, he had a 
couple of hours to spend walking about the campus. 

The paper from Germany bothered him a great deal, as it claimed to 
show that dislocation velocities in typical experiments would 
be far slower than the velocity of sound, whereas Frank's 
theory of dislocation multiplication required a much higher 
kinetic energy. 

Midway in his walk a possible process for dislocation multiplication 
not requiring kinetic energy occurred to him, and he was able 
to relax at a party that evening. 

On his return to Pittsburgh he was buttonholed by one of his friends 
who insisted he must talk to Thornton Read, who had just 
arrived from Bell Laboratories, and had said he wanted very 
much to talk to Frank. 

Each man was very eager to tell the other what he had been doing, 
and they soon realized that they had each proposed the same 
mechanism for dislocation multiplication. 
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So Frank asked Read ",,,hen the idea had come to him, and Read 
replied, "When I was drinking my tea last Wednesday 
afternoon a t about 4:00", w hereupon Frank revealed tha t the 
idea had come to him the very same afternoon be tween 3-5:00. 

So they did what cam e naturally, and published a joint paper in the 
Physical Review, describing what has come to be known as 
the Frank-Read source. 

So what was the idea? 

In its simplest form, one supposes that one has a leng th of disloca tion 
lying entirely in its own slip plane. 

Application of a shearing stress across this plane will cause the 
dislocation to move, as I have shown here. 

In the diagram I' ve tried to indica te the direction of slip by p utting 
arrows behind the moving disloca tions to in d ica te that in the 
entire region that i t has p assed over, the a tom layers just 

--? above the slipt plane have shifted by one Burgers vector as 
compared with their origin al positions. 

I'm going to asswne that the two ends of the disloca tion portion, 
identified by red circles here and here, are places w here the 
dislocation is pinned, and calU10t move very far away from 
the original red circle. 

The advance of the disloca tion if the stress is m aintained will then 
follow the sequence of diagrams I have shown, and when the 
two opposite loop s make contac t here, the sam e thing will 
happen that we observed a m om ent ago in the p ictures of an 
ad vancing grow th step on a surface penetra ted by a pair of 
disloca tions. 

Namely, the discontinuity be tween slipped and Lli1slipped regions 
will disappecu: from this region here, and the dislocation will 
split into an outward-m oving ring, an d a new short segmen t 
COlU1ecting the two pinning points. 
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The process can then be continued over and over again indefini tely, 
producing a family of concentric expanding rings of new 
dislocations, all in the same slip plane, until such time as a 
back s tress builds up or disloca tions from other sources 
interfere to complicate the picture. 

Afia ~t-W-.~.,.n} 
fffi Ia.J.'%l-WW---I:l1.~'liI:~I~ this type of multiplication of dislocations ""*, (.n~d 

it t" b@1iIR verified to occur, (A.1lJt1 :It>nt.L_ 

possible,' t .. a IOn tt;", ~'1qIu!T 
. Ii 1 • -:: -~-I;p .. ".d: lUIi::I 11 or i>n.e~,...,. dIfferent s P systems&opah car_~'Imcrease til e tota en ivt<l~"r~) 
f dislocations . ''';1 . 'dcs2~'1~ rro w-e v.(:.tj v>'1~c.h~r>""'.5 a.r'e : '11 .u5CR-S:~"" 

Well, by this time, the early 1950's, solid-sta te physicists had becom e ew ~1'1<tk1-
thoroughly sold on dislocations. 

Advances in dislocation theory - both the ones I've been able to 
describe for you, and many others - had a con vincing physical 
elegance, as well as being in agreement with many previously 
puzzling experimental fac ts. 

But among metallurgis ts grea t doubt persisted. 

I remember a conversation, probably from sometime around 1950, 
with a prominent research metallurgist who asked m e, "When 
the smoke's all cleared away, and we really Lmderstar1d 
plasticity, do you think, Herring, that these disloca tions will 
be in the picture at all?" 

I was dumbfoLmded, because my contacts had been mostly wi th 
physicists . 

But apparently this a ttitude was very common am ong m etallurgis ts . 

What finally won this conUl1Luuty over was the direct observation of 
dislocations. 

Direc t observation was also a very useful research tool, because with 
it one could s tudy arrangements and motions of dislocations 
in real crystals. 
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A number of different schemes attempting to do this were developed 
in the 1950's, and have been perfected more and more ever 
smce. 

One of the first and simplest was to identify the points at which 
dislocations emerge from a surface. 

The atoms in the core region of a dislocation occupy relative positions 
that are quite different from their energetically optimum 
positions in a perfect crystal, so one might expect that they are 
more likely to leave these positions and take part in chemical 
reactions with external reagents than are the normal atoms of 
a crystal. 

This is indeed the case, since when some chemical capable of etching 
away a metal surface is placed on it, the etching practically 
always proceeds more rapidly near the cores of dislocations. 

This can be a very simple and useful way of measuring the overall 
density of dislocations in a crystal with a given history, or of 
studying the occurrence of dislocations in some region that 
has had a particular treatment. 

For example, this picture, due to Vogel and others at Bell 
Laboratories in 1953, shows an etched surface of germanium 
above a grain boundary between two grains differing in 
orientation by about a minute of arc, as can be inferred from 
the spacing of the dislocations of several thousand times the 
lattice constant. 

A scale length of one micron is shown at the bottom. 

Three-dimensional imaging methods, of course, give much more 
information. 

The first three-dimensional pictures were obtained in transparent 
materials in which mobile impurities could be attracted by the 
strain field of a dislocation, or in which a precipitate could be 



Lecture ~ - 32 

nucleated along a dislocation, so that a visibly opaque region 
could be formed . 

The first such pictures were obtained by Jack Mitchell, another 
member of the team Mott had attracted to Bristol in the la te 
40's, using silver precipita ted in silver chloride and silver 
bromide. 

The nex t picture shows a later example of this sort of im aging. 

It was soon shown by various groups that a careful use of x-ray 
diffraction could produce images of dislocations, and of 
course these were not limited to transp arent media. 

I'll skip showing any examples of these. 

Finally, transmission electron microscopy began to be applied also in 
the late 1950's and had the advantage of making a 
considerable magnification possible, but the disadvantage of 
requiring thin specimens. 

Over the decades since their original development, TEM techniques 
have revealed an amazing richness of detail regarding 
dislocations and their networks, in all sor ts of substances. 

This picture shows jus t an early example, a family of roughly parallel 
ex tended dislocations in chromium chloride. 

Each dislocation consists of six partials, separa ted successively by 
five different kinds of stacking fault ribbons, Iovhich differ 
noticeably from each other, both in width and in the intensity 
of the electron beam sca ttered into the direc tion of 
observation. 

This l11.ultiplicity of partials can in fact be predic ted from analysis of 
the complex crys tal structure of clu·omium chloride. 

No te the one-micron sca le marker at the lower right. 

. --.~ ~.~)' '-'}-' unUTcrDout19 .~ .... , ~, 

ill. the past. ' which is s till a long way 

Forh.matel tl · . 
c y, us IS a not LUu·easonable place to take 

c a pause. 
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nucleated along a dislocation, so that a visibly opaque region 
could be formed. 

The first such pictures were obtained by Jack Mitchell, another 
member of the team Mott had attracted to Bristol in the late 
40's, using silver precipitated in silver chloride and silver 
bromide. 

The next picture shows a later example of this sort of imaging. 

It was soon shown by various groups that a careful use of x-ray 
diffraction could produce images of dislocations, and of 
course these were not limited to transparent media. 

I'll skip showing any examples of these. 

Finally, transmission electron microscopy began to be applied also in 
the late 1950's and had the advantage of making a 
considerable magnification possible, but the disadvantage of 
requiring thin specimens. 

Over the decades since their original development, TEM techniques 
have revealed an amazing richness of detail regarding 
dislocations and their networks, in all sorts of substances. 

This picture shows just an early example, a family of roughly parallel 
extended dislocations in chromium chloride. 

Each dislocation consists of six partials, separated successively by 
five different kinds of stacking fault ribbons, which differ 
noticeably from each other, both in width and in the intensity 
of the electron beam scattered into the direction of 
observation. 

This multiplicity of partials can in fact be predicted from analysis of 
the complex crystal structure of chromium chloride. 

Note the one-micron scale marker at the lower right. 
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By now, TEM can give atomic-scale resolution of atomic positions in 
dislocation cores. 

However, the interpretation of the detail is rather subtle, as what 
appear to be atoms are simply images formed by the 
diffraction of electrons along a whole row of atoms, and the 
appearance of a picture can be strongly influenced by the 
adjustment of the microscope. 

A further impressive refinement was soon added. 

In 1956 the Cambridge electron microscopist, Bob Horne, succeeded 
in observing the glide motion of dislocations moving parallel 
to (111) planes in cold-worked aluminum foil, and taking 
motion pictures of it. 

Further observations revealed cross slip, dislocation bowing, and 
pinning by the surface oxide film. 

Such discoveries, and their further development in many locations in 
many countries, finally made the dislocation concept 
universally accepted. 

Cambridge, Bristol, and Birmingham were all leading centers in 
England, and Alfred Seeger in Germany and Jacques Friedel 
in France each spent some time at Bristol, and returned to 
found schools of their own at home. 

Time doesn't permit me to say anything more about dislocations and 
plasticity in the present lecture. 

Let me close now with a few remarks about what we've covered and 
what we haven't covered so far. 

You will have noticed that in this lecture I have covered defects and 
dislocations only up until about 1960, which is still a long way 
in the past. 

Fortunately, this is a not unreasonable place to take a pause. 
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The battles for acceptance of the major new concepts had by this time 
been won, and their many applications to the understanding 
of various properties of many materials, though quite 
interesting still as physics, grew less exciting as history. 

Also, in these later decades, the dividing line between use of classical 
and use of quantum mechanics became more and more fuzzy, 
and some of the most exciting developments involved the 
interplay with electronic physics and other quantum effects. 

Other exciting developments have involved sophisticated statistical 
physics. 

So I have hope of being able to discuss some of these in later lectures. 

For similar reasons, the few remarks I'll be able to make on 
nucleation and glasses, the last two of the topics that appeared 
on my first transparency today, will be in the later lectures. 

So I'll stop here, but after a pause for exiting I'll be glad to receive 
questions or comments. 



i" ", 
r 
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You mar remember that a t the start of the previous lectme, I 
mentioned that the two aspects of the atomic picture of solids, 
the quaiclassical and the quantum-mechanical, advanced 
simultaneously, dming the nineteen thirties and for ties, and 
that some of the same people were active in both areas . 

As I explained las t time, I'm trying to give this part of the lec tme 
series a little of the atmosphere of those early days by 
alternating my lectme topics between the two areas. 

Last time we devoted om selves to phenomena and concepts from the 
essentially quantum-mechanical world of electrons. 

The present lectme will deal with plasticity and dislocations, w here 
the behavior of the a toms is mostly classical. 

Next time we'll return to elec trons. 

Our topic for today follows the logical sequence we ske tched earlier 
for concepts in the quasiclassical theory of crys tals: we dealt in 
Lectme Two with defect-free crystals, in Lectme Tlu'ee with 
point defects, and we go on now to line defects, and 
specifically, to dislocations. 

The lecture will also have to say a little - though only a lit tle - about 
two-dimensional defects, in other words, surfaces and 
interfaces, as these get som ewhat involved with dislocations 
physics. 

Actually, the very concept of dislocation took a long time to develop, 
and the path that ultimately led to it was the study of plas tic 
deformation of solids, so the first path we should look a t is the 
one devoted to the question "what are the facts" (I m ean 
macroscopic facts) "of plastic flow"? 

Of course, there's been a lot of quali tative knowledge since 
prehistoric times, about how some solids are s tronger than 
o thers, some are plastic and some are brittle, an d so on. 
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Scraps of recorded scientific data are available from the mid-19th 
century, including, among other things, the observation that 
individual crystal grains, subjected to a shearing stress, often 
show sliding on a small number of parallel planes. 

Quantitative measurements of stress and strain eventually 
proliferated, but were very confusing, since the relation of 
strain to stress was nonlinear and subject to great variations 
from specimen to specimen, depending not only on small 
differences in composition, but on many factors in previous 
history. 

It was not until the 1920's that careful stress-strain relations were 
measured for some common metals on single crystals of high 
purity, where some of the many causative factors could be 
controlled and recorded. 

But it was clear that to make sense out of all the data one would have 
to have some sort of picture of how plastic deformation took 
place on an atomic scale. 

So there began a long and very erratic series of studies and 
speculations devoted to the question of finding the basic 
atomic mechanisms for plastic flow. 

This is the green path over here. 

An important issue soon emerged from the efforts of some theorists 
to estimate the order of magnitude of the critical stress above 
which a crystal would deform plastically or rupture. 

By the early 1920's, Born's ionic-crystal model was fairly widely 
accepted as giving a good description of the interatomic forces 
in these materials, so it was natural for the Swiss physicist, 
Fritz Zwicky to imagine dividing a crystal of rock salt into 
two halves, and gradually separating them, calculating the 
attractive force between the two as he did so. 
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He found the maximum stress during the separation process to be 
about 2 x 1010 dynes per square centimeter, several orders of 
magnitude larger than the observed rupture s trength. 

A few years later, Frenkel in Russia imagined applying a shearing 
s tress to the two halves of a crystal, so as to pull them 
tangentially over each other, and again found a m axul'lum 

~ s tress of the same order as Zwicky's ~l:uf!ture s tress, agaiR~ce: 
several orders of magnitude larger than the observed yield 
stress. 

So for some years theorists struggled with the ques tion: "why are real 
crystals so weak?" 

The question was especially ultriguulg because it seem ed that the 
purer or more perfect the crystal, the lower was the yield 
stress. 

There had been other types of observations that uldicated, sometvhat 
vaguely, that even the best crystals obtaulable at that tim~ 
always seemed to have occasional defec ts of some sort Ul their 
structure. 

Particularly noteworthy were observations of the attenuation of x
rays with ulcreasing depth Ul any crystal, as a ftmction of 
wave length near that for a Bragg reflection. 

The curve of attenuation coefficient against wave leng th usually did 
not agree at all with that computed for diffraction by a p erfect 
crystal, a behavior now called "prullary ex tulCtion" . 

Instead, the attenuation was less sharply peaked at the Bragg an gle, 
and was of greater integrated strength. 

This behavior, called "secondary ex tinction" was attributed by 
DarWUl to the existence everyw here in the crystal of a 
multitude of tUly blocks differulg from each other Ul their 
orientations by very tUly angles. 

This he called "mosaic structure". 
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So it is not surprising that for a decade or a decade and a half 
theorists speculated rather wildly about all sorts of possible 
defects and how they might affect plasticity. 

I won't bore you with details of any of these speculations, but 
perhaps a brief listing of some may give you a little of the 
flavor of the times. 

One speculation was that macroscopic crystals were made up of 
many different crystal blocks, separated by liquid or 
amorphous layers that would facilitate sliding. 

Others speculated that crystals always contained empty pores or 
cracks, near which the local stress could greatly exceed its 
macroscopIC average. 

Another speculation envisioned two-dimensional layers with 
abnormal stacking of the atoms. 

Well, rather than spend time on discussion of these blind alleys, I 
want to pass now to the theoretical work, and ultimately new 
experiments, that uncovered and demonstrated the major key 
to the phenomenon of plasticity, namely the dislocation 
concept. 

The start is shown in the red boxes. 

In the magic year 1934, three different workers, with rather different 
points of view, suggested that what we now call "edge 
dislocations" should play an important role. . 

Two of these, Michael Polanyi and Egon Orowan, were in Berlin at 
the time, but their work was interrupted when they found it 
necessary to emigrate, to England and Hungary respectively. 

The third worker, who treated the subject in the most detail and 
whose paper is the most cited one of the three, was the 
eminent hydrodynamicist G.!. Taylor, a professor at 
Cambridge destined to be knighted later as Sir Geoffrey. 
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Well, what is an edge dislocation? 

This ques tion can be answered in a variety of ways, the commonest 
of which is probably the one I' ve shown here. 

Suppose we started with two sep arated perfect crys tal§..wifb ~!e3€l ~YfoR" hl1e r'v. 
f1Etd(e~ surface plane}, as I've-si [Ql;, 1l in greer: and olEa .... ~ ~ W>1 en 
~ tLvu1 ~ o.f.A.er) 'Un? .. -~1,! d>Y'~.> t.qZ~'" l~ 
f;;?,..c wiM aYl l.nCdr?1-p)eb! v~r~) w~,tf~"1At"_-<'lo)h 

Rt~1~t~~~rt~% ~!-:/;~~~ i;~:0f~~~~~';qb~ ~}$~cl-l;ke com1'$·~ ke€p tlaek--d:::;;el~tJ1e)t=sfa:;: ~)<iief ~ 
fmfR. 

-...::~~ Now suppose we bring these two crystals into contact, fu'~~.s.H..7 IIkfY' 

? orientation an15istry, s~~(WN:~ bend the c;;t;stals a little 
---4> bit, t>l-&'~s#d-~~ atoms ~ ~~"'~r~1l! 4I~!W~~ 

aJ t- bond to each othe' hi! Fr~~le@ a perfec t crys tal with no sign of 
ft.~s .a~ If t 1e origina separa tion .. at tel l1 1@ Ga' os ? t tIl 9 OO-HOft1. ... !oY.I,], d~ 
' f? ~..e En ~. 

'----"---'----~ 

Near the edge of the ex tra crystal layer here, though, they can't bond 
perfec tly, but they will asswne some sort of minimwn-en ergy 
configuration similar to what I have drawn here. 

The departure from perfect crystal arrangem ent will be appreciable 
only near the edge of the ex tra layer, which of course in tlu'ee 
dimensions is a line perpendicular to the plane of the 
diagram. 

Thus what we have created will be a line imperfec tion, and the way 
we have created it sugges ts the symbol that has come to be in 
common use for an edge dislocation, namely, a charac ter like 
a perpendicular sign, with a vertical line sugges ting the ex tra 
layer stopping a t a horizontal line at right angles to it. 

Ac tually the horizontal line designates what is called the slip plane of 
the dislocation, because by moving this dislocation to the left, 
one can cause the top half of the crystal to slide horizontally 
by one atom spacing rela tive to the bottom h alf. 
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The easies t way to appreciate this statement is to look a t this las t 
diagram as an arrangement of approxim ately vertical rows of 
a tom s, as I've drawn here. 

I've artificially divided the atom s into a top group, d rawn in p aIple, br-O<--VH/ 

and a bottom group, drawn in 6 1 "r:g4'l . b)'-<-c. 

The disloca tion arrangement has each top stack appro>qll1.a ~ely' liped 
, ~ up with a corresponding bo ttonl stack, as ~H-edl~~tJ by tmost CAH5, 

_~)~ ae tted connections, excep t that there is no bottom stack to 
------7 COlm ect with top stack ~ tit Y'o4?-e-_ 

To m ove the dislocation one a tom spacing to the left, keeping the 
a tom s at the top bOlmdary of the diagram essentially 
wunoved, we just have to make some small adj us tments in 
the positions of the atom s, particularly near the m iddle, so 
that top stack five lines up reasonably with bo ttom s tack fo ur 
and top stack four has no bottom parhLCr, as I shovv in the 
middle diagram. 

We can repea t this process over and over up~l the center of the 
dislocation is Lmder, say, top s tack€~ as shown in the 
bottom diagram . 

b'('ow'2 ,ftf .. ·", ft:te) 5i~A....,d s.e\.«',? 
As you can see, orange stacks tWQ, th.fee, I'IltEU9U1' now connect ~c'~ ~ Moe 

l:€epeC; ti'tCly with to~stacks ~1'€@.1 foel,):, ",pEl ~instead of 
r. I 1 f 'j v~.a>-e . "'t".,><' 1 d ' WIt 1 ~ t 1ree, oUl~as mey let 111 t ,e top lagra111. 

With further displacem ent of the disloca tion, all these c01U1ections 

o r ~Sl"0 ,",Iltt'~ 
V]t#?-Ibered t,;l«.~ 

~ would approach perfec t alignment, but corresp ond to a slip 4 -!I.e b~1V 
approachin 0.1e a tomic spacing to the left, for those parts of VoI?-t'o,? Gv"-,, 

the 0' ~ I' k",hich the dislocation has moved. ~ ~I 

So we have the general rule that macroscopic plas tic flow can be 
brought about by the microscopic motion of disloca tions 
through long dis tances, if there are enough d islocations 
present to move. 
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These early papers elaborated on this fact in various ways. 

But now let me go ahead a few years to describe the work of the 
Dutch physicist Joha11l1es Martinus Burgers, who collabora ted 
initially with his older brother, who was a mathematician. 

After some initial work in 1935 on interactions of disloca tions with 
each other, the YOLmger Burgers published a very important 
paper in 1939, generalizing and in some ways simplifying the 
dislocation concept. 

Suppose we move ourselves around a closed curve in a crys tal, 
staying always in regions that are nearly perfect, so that we have a t 
all times no doubt as to which crystal direction is which, and which 
atoms are nearest neighbors of a given atom, and so on . 

This does not preclude these regions from being slightly, though only 
slightly, strained. 

Suppose we form our curve by going from atom to a tom thTOugh the 
crystal, and suppose we keep count of the number of s tep s we 
have taken in each of the nearest-neighbor directions. 

When these nmnbers all add up to zero, we should be back a t our 
starting point if the crystal structure is p erfec t. 

But suppose we try to do this on the crystal we were jus t discussing a 
few minutes ago. 

~ Let the path be the one I've shown with thil~,:~t line on the 
overlay. 

And suppose we don't know anything about the p arts of the crystal 
we've been circumnavigating. 

What will we learn from our tally? 

Starting here, we've gone five unit steps down, but over on the other 
side of our rectangle, we've gone five s teps up. 
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So that's fine. 

Going along the bottom, we've gone eight steps to the right, so if we 
CO lmt eight steps along the top - one, two, tlu'ee, four, five, 
six, seven, eight - we end up here. 

This isn' t where we started; it's one step short. 

This tells us that although the crystal has looked nearly perfect all the 
way around the circuit, there mllst be some region inside the 
circuit where the structure is so imperfect that we can't tell 
whether a step we take corresponds to a particular one of the 
fundamental transla tions of the perfect crystal. 

We would surely have to encOlmter sllch a region eventually if we 
tried to gradually slu'ink our loop down to nothing, even if we 
did so by moving it far above or below the plane of the 
diagram. 

+!uc<1h ,rz f/<Jf'l4)'/!1 <IF ~J cA 
So we must conclude that the highly imperfect regioI1Jl1us t ex tend, a t ~"'t 

least, along a line that does not end anywhere til the crys tal. 

This line imperfection is a generalized dislocation, and this vector 
here, which describes the failure of our loop to close, is called 
its Burgers vector, and clearly is constant everywhere along 
the line. 

The dislocation line m ay in principle bend in any direction, although 
it may be that crystallographically simple directions are 
energetically preferred. 

An important case, to which Burgers called attention, is the case 
where the Burgers vector and the dislocation line are parallel. 

This configuration is called a "screw dislocation" . 

The reason for this terminology is easy to see if yo u consider the case 
where the Burgers vector is at right angles to a simple close-
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packed plane in the crys tal, and the Burgers circuit is a circle 
in this plane. 

In such case, as you see here, when you've gone around a full circuit 
you will have ended up directly over your s tarting point, just 
as if you were walking along one of the ramps in the 
Guggenheim MuseLUn in New York. 

If you continued your circling, you'd wind higher and higher, just 
like the tlu'ead of a screw. 

Well so much, then, for what dislocations are; now I need to say a 
few words about what led the authors of these early papers to 
propose dislocations, and why the concept appealed to many 
of their physicis t colleagues, though not to all. 

First and foremost, and especially important in the thinkin.g of Taylor 
and Polanyi, was the intuitive realization that the stress 
necessary to move a dislocation would probably be much less 
than that necessary to cause slip in an initially pe.rfect crystal, 
hence could answer the long-puzzling question "wh y are 
crystals so weak?" 

While a quantitative dem onstration took som e years to come, the 
idea seem ed plausible to many. 

Dislocations were also cited as helpful for the explana tion of several 
other known facts, the different pioneering papers focusing on 
different choices among these. 

Some of the papers bypassed the question of the origin of 
dislocations, but Taylor claimed (erroneollsly) tha t they could 
be generated by thermal fluctuations at high temperatures. 

It was not LUltil the late 1940's and 1950's that solid theoretical, and 
eventually experimental, evidence became available regarding 
the origins of dislocations and their principal effects on 
plasticity and other properties. 

It's to this stage that I now want to turn. 
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It consisted of a rapid succession of theore tical and exp erimental 
developments during and after World War II, tha t took place 
in the United Sta tes and especially in England. 

The geographic shift of work from Germany to these countries I.vas of 
course due to the dislocations caused by the Nazi regime and 
the war. 

I'm now usin g red boxes for these developments, and I think an 
appropria te place to start is with som e work s timulated by the 
need to s trengthen the foundations that led the llmovators of 
the 30's to postulate dislocations as the central concept of 
plas ticity theory. 

As I told you a few minutes ago, these llmovators pos tula ted that 
whereas a p erfect crystal should be very resis tant to plas tic 
deformation, one with disloca tions would deform very easily 
because it would only be necessary to cause the dislocations to 
m ove, and this presLUnably could be done a t a very low stress . 

To estimate how low this stress might be, one would need to have a 
m odel for the interatomic forces in a crys tal sufficient for a 
calculation of the positions of the a toms in the dislocation core 
for any level of the macroscopic stress from zero up to the 
critical value for glide of the dislocation. 

M~ rr",do'{ "\ 
~ Those of you who heard my previoult lec tt.u-tSw-M-!;.rememberIlPeierls 

as the German OluLitl"Jf or thd'c9~-;rehen.5i\'e-1929 pap@r th ft-t thu /~ 
clarified the fO lmda tions of thermal conduction by phonon s,. t!.,d "'~C>'-C 
pd»t.ut:.~1 vv()r/~ .J1,-ta.bh> heal ,5orvze fu-idaIH0btj? t>f 17kct, ,,!~ 

He fled from Germ any to England in 1933 and was subsequently 
knighted there. 

-4 A fe-w 'j4:d'f 2t).~J!.-c- f;;f c'CR.~-e lvziere:<?f~ in ~ ~I" ... ,1.1-t<.:..U<Y< ~ 
-}> /l-toU.lh His 1;t1()"p~ 01 - t#~ a ra ther crude model of Q!y(pc'e.£) t>;;;' 

-'- interatomic force, alne up with the Significant conclusion 
that, for this model a t least, the diameter of the core region 
where atomic displacements from perfec t-crystal positions 
were a sizable fraction of an interatomic sp aclllg would be 
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quite small, of the order of one or two such sp acin gs, and that 
it should move at a rather low stress. 

A more detailed study was made some years later by Frank Nabarro, 
who had been hired just before the war as a jlmior member of 
Mott's group at Bristol, working on dislocation theory, and 
who had returned in the forties after some years spent in 
LUu'elated war work. 

The conclusion was that, in some materials, a t least, an edge 
dislocation could be made to move as a milt by a shearin g 
stress as small as a tenth of an atmosphere, vastly below the 
theoretical yield s trength of a perfect crystal, and in the range 
of yield stresses of relatively soft metal specimens. 

Actually, as was pointed out by Shockley and HZn:~~iCh very 
slightly later, disloca tion motion should " occur a t 

)'" .... 6' :fltUcl-t lower stresses still, because it is not necessary for all 
portions of the disloca tion line to move at the same time. 

Rather, for the same basic reason that slip occm s by motion of 
individual dislocations rather than a whole plane sliding at 
once, so a dislocation line can advance by motion of a jog 
along its length, and jogs will always be plentiful if the 
dislocation line is curved. 

An additional SO LUTe of informa tion on this subject came at about tills 
tinle from an experimental source. 

Nam ely, Bragg and Nye discovered in 1947 that they could Inake 
beautiful two-dimensional m odels of crystals by simply 
blowing in air at the bottom of a container of soap solution. 

The monolayer of bubbles at the surface could easily grow from two 
or more nuclei, and produce dislocations. 

Here is an example. 

A dislocation with a rather small core is centered at this point here . 
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They found that the effective force law between the bubbles changed 
with the bubble diameter, and that large bubbles, being soft, 
produced narrow dislocations, while small bubbles, being 
effectively harder, produced dislocations whose core regions 
extended for many atom spacings in the slip plane, as shown 
in this lower example. 

Here the core ·of the dislocation extends from about here to about 
here, and over this whole range the separation of the atoms 
above and below the slipped plane is greater than in normal 
material. 

They could also study arid take motion pictures of the response ?f the 
dislocations to shearing stresses imposed at the boundarIes, 
etc. 

These models gave many clues to the behavior of real dislocations in 
real crystals, although the difference between two and three 
dimensions had to be kept in mind. 

Now let me say a word about the other assumption of the dislocation 
pioneers, namely that a perfect crystal, without dislocations, 
could endure very high stresses without any plastic 
deformation. 

Strong theoretical arguments for the truth of this had been made 
many years ago by Zwicky and Frenkel and others, but there 
had been no experimental verification because no one had 
prepared a crystal.that could be considered free of 
dislocations. 

However, many su~h tests eventually became possible, and the story 
of how t~e fIrst ~ne came about is a nice example of how 
helpful dIscoverIes can sometimes come about unexpectedly 
by pure good fortune. 

An opportunity of this sort arose about 1950 at Bell Laboratories 
when frequent failures were reported in a new type of ch~el 
filter installed in telephone systems . 
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Namely, they developed short circuits, but when they were opened 
up and carefully examined, nothing seemed to be wrong, and 
when they were then reassembled, they would usually work 
perfectly. 

Finally someone noticed that under sufficiently careful examination 
with the right type of illumination, a tin plating on one of the 
components could be seen to have developed a beard-like 
growth of tin whiskers, of the order of a micron or two in 
diameter, but sometimes as much as millimeters in length. 

The top picture, taken with special illumination and modest 
magnification, shows an example, while the picture below, 
more highly magnified, shows a long whisker making a short 
between two separated metal parts. 

I discussed these with John Galt, a very versatile experimentalist who 
had recently spent a year with Frank's dislocation group in 
Bristol, and we agreed that it seemed likely that because the 
whiskers were so small, some of them might well be perfect 
crystals free from dislocations. 

If so, they might not be deformed plastically under stresses smaller 
than the stress required to nucleate new dislocations, in other 
words, a stress of the order of those that had been calculated 
many years before for the strength of perfect crystals. 

So Galt undertook a simple experiment in which, looking through a 
microscope, he bent a whisker with a micro-manipulator. 

This shows one of his pictures. 

In the upper diagram, the whisker here has been bent by pushing it 
with a micro-manipulator, here. 

The lower diagram is a picture taken after removal of the micro
manipulator, and the region formerly tightly bent is now 
completely straight. 
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The bent region at the bottom is due to a fine wire, here, pushing near 
the base of the whisker. 

This sort of behavior was repeatedly observed with deformations at 
the edge of the whisker exceeding 10/0. 

No permanent deformation was observed, even if the tightly bent 
configuration was maintained for an entire week. 

At larger strains however, a permanent deformation localized at a 
very specific spot along the length was observed. 

This experiment, which confirms the theoretical expectation of high 
strength for perfect crystals, has since been repeated by other 
investigators on a variety of types of whiskers of various 
metals, grown by a variety of mechanisms. 

Well, so far in this red-box portion of my remarks, I've been 
discussing just one aspect of the post-war spurt in dislocation 
research, namely, attempts to provide firmer justification for 
the faith of the dislocation pioneers that crystals without 
dislocations would be very strong, and that the presence of 
dislocations could in many cases make them very weak. 

But while these efforts were going on, many other interesting 
properties of dislocations were being discovered and brought 
into relation with experimental facts. 

One of the first of these was Bill Shockley's concepts of partial 
dislocations and extended dislocations. 

This was presented initially in the famous Heidenreich-Shockley 
paper that I mentioned a few minutes ago, and which was one 
of many interesting papers presented at an international 
conference in Bristol in 1947. 

Their concept has turned out to be a very important one, so although 
it's a little hard to explain briefly, I'm going to try. 
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It turns out that dislocations of a special kind exist in close-packed 
hexagonal and face-centered cubic crystals and in some 
others, because in these crystals defects called "stacking faults" 
can form, usually with a rather low cost in energy. 

This picture shows, at the top, a view of the possible atomic positions 
when one looks in a direction normal to a close-packed plane. 

For the close-packed hexagonal structure, shown at the left, one has a 
layer of atoms at the purple positions, covered by a layer of 
atoms at the green positions, which in turn is covered by 
another layer at the purple positions, and so on: purple, green, 
purple, green. 

For the face-centered cubic structure, one again has a layer at the 
purple positions covered by a layer at the green positions, but 
this layer is covered by a layer at the orange positions, and 
only on top of the orange layer does the purple layer start and 
repeat the pattern: purple, green, orange, purple, green, 
orange, and so on. 

The two diagrams just below - here and here - show how these two 
types of stacking would look to an observer viewing the 
planes edge on. 

The horizontal lines represent the successive planes of atoms, with 
the three colors representing the three possible choices for the 
horizontal coordinates of the atoms in a plane, according to 
the scheme I used in the top diagram. 

Now if the atoms interact mainly by very short-range forces, it would 
not make much difference to the energy if an occasional layer 
were put in at the wrong type of position, as for example if 
one put an orange layer instead of a purple on top of a green 
layer in a hexagonal crystal, and then reverted to the 
hexagonal type of stacking, orange, green, orange, green, etc. 

This is what is called a "stacking fault", and is illustrated in the 
bottom left diagram. 
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As you can see, the bottom several planes show the simple 
alternation green, purple, green, purple, etc., characteristic of 
a perfect close-packed hexagonal crystal. 

But here (or here) I've interrupted the perfect stacking by inserting an 
orange row. 

In the left-hand case, I've made the stacking revert immediately to 
the perfect-crystal form, with the alternation changed to 
green, orange, green, orange. 

For this case the only layer whose atoms see nearest-neighbor 
patterns different from the ideal is the lowest orange layer. 

In other words, there is only one sequence of three consecutive layers 
of three different colors. 

However, there is a slightly different type of stacking fault that is 
more easily produced in an initially perfect crystal in the 
course of plastic deformation. 

Namely, one might divide the crystal into two halves by an 
imaginary plane midway between two atomic planes, and 
then rigidly shift the top half horizontally over the bottom 
half. 

If we take our slip plane to be at this height here - the middle of the 
bracket, then the next layer above, originally a purple layer, 
will be shifted to the orange positions, and the layer above 
this, originally green, will be shifted to the purplse positions, 
as the diagram shows. 

As you can see, there are now two adjacent planes of atoms, this 
green one and this orange one, whose nearest-neighbor planes 
are of different colors. 

Well now, focusing on this last stacking pattern, there are two main 
things I want you to remember. 
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One is that one can produce this stacking fault by shifting the top half 
of the crystal rigidly across the bottom half by this vector s, 
which is not a translation of the crystal lattice. 

The other is that one can restore the perfect-crystal stacking with an 
additional shift by the vector s', where s+s' is a translation of 
the lattice. 

So let's look now at some of the configurations that are possible in a 
crystal that has undergone partial slip on one plane in 
response to an applied stress. 

In the top diagram I've assumed that in the part of the crystal to the 
left of this curve the portion above the slip plane has been 
displaced parallel to the plane by a lattice vector t with respect 
to the portion below the plane. 

For this case the crystal structure is nearly perfect everywhere except 
within a few atom spacings of the boundary here, where there 
is a dislocation. 

But now suppose the crystal is of a type like those on the previous 
Vu-graph, for which a small shearing shift s of the top half 
over the bottom can produce a stacking fault. 

If such a shift is made over the region to the left of the curve, the 
result will be as shown in the mikddle diagram. 

The region near the boundary of the shifted portion will again be 
strongly distorted,like the core of a dislocation, but since the 
crystal does not become perfect well to the left of it, we call it 
a partial dislocation. 

This configuration will cost a lot of energy if the faulted area on the 
left is large, because the stacking fault costs an energy 
proportional to its area. 

But suppose we combine this shift with another shift by the vector S' 

over a slightly smaller area, with a boundary just a little to the 
left of the first one, as shown in the bottom diagram. 
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Then if the vectors sand s' add up to a lattice translation t, as I 
, showed you on the preceding vu-graph, the stacking fault will 

disappear to the left of the second boundary, and in this 
region the top half will have been shifted by t over the bottom. 

Only in the strip between the two boundaries will the stacking fault 
remaIn. 

The energy of this configuration will contain two terms that depend 
on the separation of the two partial dislocations. 

One is the stacking-fault energy, which, being proportional to this 
separation, gives an effective force of attraction per unit 
length between the two partials independent of the 
separation. 

The other is the interaction energy of the strain fields of the two 
partials, which can be shown to give an effective repulsion per 
unit length inversely proportional to the separation. 

The energy will be a minimum at that value of the separation that 
makes these two forces balance each other. 

Thus it turns out that for the close-packed crystals we have been 
considering, the lowest energy configuration for a dislocation 
whose Burgers vector is a nearest-neighbor translation is one 
of the type shown in this bottom diagram, and not one in 
which most of the slip is accommodated in a single core 
region a few atom spacings across. 
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of them. It seems to be generally true that the more nearly this 

goal is ,achieved, the greater the vi tali ty of the area of science 
concerned. Ralph Bown has described how the research program that 

led to the transistor discov~ry utilized a very high degree of 

theoretical-experimental cooperation, and this discovery and many 

others attest to its effeotiveness. 

This attesta,t.1on has not gone unnoticed in the world 

outside Bell Laboratories. A conspicuous consequence has been 
an increased use of theorists in industrial laboratories. A 

quantitative measure of this increase is provided by some statistics 

on ten-minute solid-state research papers from other industrial 

laboratories and government agencies, given at meetings of the 
American Physical Society. To avoid as far as possible picking up 

a side effect of the rapid change in semiconductor physics in 

the last few years, I tried looking only at papers in other areas 

of solid- state physics. In 1949 and 1950 about one-sixth of these 
we re theoretical, whereas in 1956 the fraction was about one-third. 

The final point I want to make is this: Science is a 

social phenomenon. Every advance is based on an interwoven founda

tion of myriads of contributions from the past; those contrtbutions, 

that is, which have taken root in the scientific world and grown 
and flowered. From the long-range point of View, only those con

tributions are significant which soone r or later catch on and be
come a part of this living foundation. In pure science, an idea 

can only do this i f it has a certain aesthetic appeal to the minds 
of scientists. One might even talk of salesmanship--a term I 
usually dislike --and say that selling a new idea to minds which 
will be able to carry it on and add 'to it is an e ssential part of 

true scien.tific achievement. It is, in fact, as much a part of 
scientific accomplishment as conveying beauty to others is essential 
to signi ficant musical composition. And in this regard I think 
there is an important leason in the comparison of the transistor 
discovery with the abortive discoveries of the thirties. 
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A dislocation. Bubble diameter 1.9 mm. 

Bubble diameter 0.76 mm. 

Bubble diameter 0.30 mm. 

From: Bragg and N ye, Proc. Roy. Soc. London A 190. 474 (194'7) 
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ISLAND NUCLEATION VS. 
DISLOCATION-MEDIATED GROWTH 

Free energy of 
crystal + vapor 

AF 
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Pair of Opposite Screw Dislocs. (Top View): 
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Dislocation etch pits at the 
boundary between two Ge grains 
differing in orientation by about 

one minute of arc. 
Pit spacing is about 1.4 Jl. 

From: F.L. Vogel, W.G. Pfann, H.E. Corey and 
E.E. Thomas, Phys. Rev. 90:489 (1953) 
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Dislocations in an Agel crystal, 
decorated by Ag precipitates 
induced by exposure to light 

From: S. Amelinckx "The Direct Observation 
of Dislocations" (Academic Press 1964) 
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Stacking fault ribbons in 
extended dislocations in CrCl3 

(6 partials separated by 5 faults) 

From: S. Amelinda "The Direct Observation 
of Dislocations" (Academic Press 1964) 
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Dislocation at start 

Contig. after dislocation 
has moved left by one 
lattice spacing 

Contig. after dislocation has 
Moved left by 8 lattice 
Spacings. Since the start, 
bwn columns between 4 & 8 
have all slipped left over the 
Blue set by one lattice spacing. 
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Dislocation 

Config. after dislocation 
has moved left by one 
lattice spacing 

Config. after dislocation has 
Moved left by 8 lattice 
Spacings. Since the start, 
bwn columns between 4 & 8 
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· A dislocation. Bubble diameter 1.9 mm. 
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Bubble diameter 0.76 mm. 

Bubble diameter 0.30 mm. 

From: Bragg and Nye, Proc. Roy. Soc. London A 190,474 (1947) 
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Fig. 1 - Whisker bridgiitg 3/ 16 inch gap between 
bracket and capacitor post. 

c;.l 

Fig. 6 - Photograph of tin·plated specimen show
illg It' h iskers. !II ugni fication uboll t six diamet,ers. 
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more complex structures with stacking fault ribbons. 
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Dislocation etch pits at the 
boundary between two Ge grains 
differing in orientation by about 

one minute of arc. 
Pit spacing is about 1.4 Jl. 

From: F.L. Vogel, W.G. Pfann, H.E. Corey and 
E.E. Tomas, Phys. Rev. 90:489 (1953) 



Stacking fault ribbons in 
extended dislocations in CrCl3 

(6 partials separated by 5 faults) 

From: S. Amelinckx "The Direct Observation 
of Dislocations" Academic Press 1964) 



Stacking fault ribbons in 
extended dislocations in CrCl3 

(6 partials separated by 5 faults) 

------------------ ----

From: S. Amelincla "The Direct Observation 
of Dislocations" (Academic Press 1964) 

Pit spacing isabout ~t.:4 Jl.-- - n - .-~ 

From: F.L. Vogel, W.G. Pfann, H.E. Corey and 
E.E. Thomas, Phys. Rev. ~:489 (1953) 
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Dislocations in an Agel crystal, 
decorated by Ag precipitates 
induced by exposure to light 

From: S. Amelincla "The Direct Observation 
of Dislocations" (Academic Press 1964) 
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"PARTIAL" AND "EXTENDED" DISLOCATIONS 
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Of course, there's been a lot of qualitative knowledge since 
prehistoric times, about how some solids are stronger than 
others, some are plastic and some are brittle, and so on. 

Scraps of recorded scientific data are available from the Inid-19th 
century, including, among other things, the observation that 
individual crystal grains, subjected to a shearing stress, often 
show sliding on a small number of parallel planes. 

Quantitative measurements of stress and strain eventually 
proliferated, but were very confusing, since the relation of 
strain to stress was nonlinear and subject to great variations 
from specimen to specimen, depending not only on small 
differences in composition, but on many factors in previous 
history. 

It was not until the 1920's that careful stress-strain relations were 
measured for some common metals on single crystals of high 
purity, where some of the many causative factors could be 
controlled and recorded. 

But it was clear that to make sense out of all the data one would 
h.ave to have some sort of picture of how plastic deformation 
took place on an atomic scale. 

So there began a long and very erratic series of studies and 
speculations devoted to the question of finding the basic 
atomic mechanisms for plastic flow. 

This is the green path over here. 

An important issue soon emerged from the efforts of some theorists 
to estimate the order of magnitude of the critical stress above 
which a crystal would deform plastically or rupture. 

By the early 1920's, Born's ionic-crystal model was fairly widely 
accepted as giving a good description of the interatomic 
forces in these materials, so it was natural for the Swiss 
physicist, Fritz Zwicky to imagine dividing a crystal of rock 
salt into two halves, and gradually separating them, 
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calculating the attractive force between the two as he did so. 

He found the maximum stress during the separation process to be 
about 2 x 1010 dynes per square centimeter, several orders of 
magnitude larger than the observed rupture strength. 

A few years later, Frenkel in Russia imagined applying a shearing 
stress to the two halves of a crystal, so as to pull them 
tangentially over each other, and again found a Inaximum 
stress of the same order as Zwicky's structure stress, again 
several orders of magnitude larger than the observed yield 
stress. 

So for some years theorists struggled with the question: "why are 
real crystals so weak?" 

The question was especially intriguing because it seemed that the 
purer or more perfect the crystal, the lower was the yield 
stress. 

There had been other types of observations that indicated, somewhat 
vaguely, that even the best crystals obtainable at that time 
always seemed to have occasional defects of SOlne sort in 
their structure. 

Particularly noteworthy were observations of the attenuation of 
x-rays with increasing depth in any crystal, as a function of 
wave length near that for a Bragg reflection. 

The curve of attenuation coefficient against wave length usually did 
not agree at all with that computed for diffraction by a 
perfect crystal, a behavior now called "primary extinction". 

Instead, the attenuation was less sharply peaked at the Bragg angle, 
and was of greater integrated strength. 

This behavior, called "secondary extinction" was attributed by 
Darwin to the existence everywhere in the crystal of a 
multitude of tiny blocks differing from each other in their 
orientations by very tiny angles. 
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This he called "mosaic structure". 

So it is not surprising that for a decade or a decade and a half 
theorists speculated rather wildly about all sor ts of possible 
defects and how they might affect plasticity. 

I won't bore you with details of any of these sp eculations, but 
perhaps a brief listing of some may give you a little of the 
flavor of the times. 

One speculation was that macroscopic crystals were m ade up of 
many different crystal blocks, separated by liquid or 
amorphous layers that would facilitate sliding. 

Others speculated that crystals always contained empty p ores or 
cracks, near which the local stress could grea tly exceed its 
macroscopiC average. 

Another speculation envisioned two-dimensional layers w ith 
abnormal stacking of the atoms. 

Well, rather than spend time on discussion of these blind alleys, I 
want to pass now to the theoretical work, and ultimately new 
experiments, that uncovered and dem.onstrated the lll.ajor key 
to the phenomenon of plasticity, namely the dislocation 
concept. 

~ T~ sts-a.. .. t- ~i' SkowH (11.- lie red '-''Y0 ' 
In the m.agic year 1934, three different workers, with rather different 

points of view, suggested that what we now call "edge 
dislocations" should play an important role. 

Two of these, Michael Polanyi and Egon Orowan, were in Berlin at 
the time, but their work was interrupted when they found it 
necessary to emigrate, to England and Hungary respectively. 

The third worker, who treated the subject in the most detail and 
whose paper is the most cited one of the three, was the 
eminent hydrodynamicist G.r. Taylor, a professor at 
Cam.bridge des tined to be knightedJa tel' as Sir Geoffrey. 
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Well, what is an edge dislocation? 

This question can be answered in a variety of ways, the cOlrunonest 
of which is probably the one I've shown here. 

Suppose we s tarted with two separated perfect crystals with close
p acked surface planes, as I' ve shown in green and orange 
h ere. 

The green and orange atoms are of course identical with each other, 
I've just used the colors to keep track of wh ere they started 
from. 

Now suppose we bring these two crystals into contact, in identical 
orientation and registry, so that, if we bend the crys tals a 
little bit, the green and orange atoms at the top of the 
diagram will bond to each other to produce a p erfect crystal 
with no sign of the original separation, and the ones a t the 
bottom will do the same. 

Near the ed ge of the extra crys tal layer here, though , they can 't bond 
perfectly, but they will aSS LLme some sort of min.i.tnLU11-en ergy 
configuration s.i.t1ular to what I have drawn here. 

The departure from perfec t crys tal arrangement will be apgI·eciable d.? 
----7' only near the edge of the ex tra layer, wluch of CO LlIS~~a1.rr-:fe I+tet-r, t'~If.s 

p erpendicular to the plane of the diagram. 

Thus what we have created will be a line imperfec tion, and the way 
we have crea ted it suggests the symbol that has com e to be in 
COlruTtOn use for an edge dislocation, namely, a character like 
a p erpendicular sign, with a vertical line sugges ting the ex tra 
layer stopping at a horizontal line at right angles to it. 

Actually the horizontal line designates what is called the slip plane of 
the dislocation, because by moving tlus dislocation to the left, 
one can cause the top half of the crystal to slide horizontally 
by one atom spacing relative to the bottom half. 
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The easiest way to appreciate this statement is to look at this last 
diagram as an arrangement of approximately vertical rows 
of atoms, as I've drawn here. 

I've artificially divided the atoms into a top group, drawn in purple, 
and a bottom group, drawn in orange. 

The dislocation arrangement has each top stack approximately lined 
up with a corresponding bottom stack, as I've indicated by the 
dotted connections, except that there is no bottom stack to 
connect with top stack four. 

To move the dislocation one atom spacing to the left, keeping the 
atoms at the top boundary of the diagram essentially 
unmoved, we just have to make some small adjustments in 
the positions of the atoms, particularly near the middle, so 
that top stack five lines up reasonably with bottom stack four 
and top stack four has no bottom partner, as I show in the 
middle diagram. 

We can repeat this process over and over until the center of the 
dislocation is under, say, top stack one, as shown in the 
bottom diagram. 

As you can see, orange stacks two, three, and four now connect 
respectively with top stacks three, four, and five instead of 
with two, three, four as they did in the top diagram. 

With further displacement of the dislocation, all these connections 
would approach perfect alignment, but correspond to a slip 
approaching one atomic spacing to the left, for those parts of 
the orange region over which the dislocation has moved. 

So we have the general rule that macroscopic plastic flow can be 
brought about by the microscopic motion of dislocations 
through long distances, if there are enough dislocations 
present to move. 

These early papers elaborated on this fact in various ways. 
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But now let me go ahead a few years to describe the work of the 
Dutch physicist Johannes Martinus Burgers, who 
collaborated initially with his older brother, who was a 
rna thema tician. 

After some initial work in 1935 on interactions of dislocations with 
each other, the younger Burgers published a very important 
paper in 1939, generalizing and in some ways siInplifying the 
disloca tion concept. 

Suppose we move ourselves around a closed curve in a crystal, 
staying always in regions that are nearly perfect, so that we 
have at all times no doubt as to which crystal direction is 
which, and which atoms are nearest neighbors of a given 
atom, and so on. 

This does not preclude these regions from being slightly, though only 
slightly, strained. 

Suppose we form our curve by going from atom to atom through the 
crystal, and suppose we keep count of the nUlnber of steps we 
have taken in each of the nearest-neighbor directions. 

When these numbers all add up to zero, we should be back at our 
starting point if the crystal structure is perfect. 

But suppose we try to do this on the crystal we were just discussing a 
few minutes ago. 

Let the path be the one I've shown with this brown line on the 
overlay. 

And suppose we don't know anything about the parts of the crystal 
we've been circumnavigating. 

What will we learn from our' tally? 
I 

Starting here, we've gone five unit steps down, but over on the other 
side of our rectangle, we've gone five steps up. 
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So that's fine. 

Going alon g the bottom, we've gone eight s teps to the right, so if we 
count eight s teps along the top - one, two, three, fo ur, five, 
six, seven, eight - we end up here. 

This isn't where we started; it's one step short. 

This tells us that although the crys tal has looked nearly perfect all the 
way arolmd the circuit, there must be some region inside the 
circuit where the structure is so imperfec t that we can't tell 
whether a s tep we take corresponds to a particular one of the 
fundamental transla tions of the perfect crystal. 

We would surely have to encolmter such a region eventually if we 
tried to gradually shrink our loop dOVlll to nothing, even if we 
did so by moving it far above or below the plane of the 
diagram. 

So we must conclude that the highly imperfect region must ex tend, a t 
least, along a line that does not end anywhere in. the crys tal. 

i.~ CJl~f~c. f {O 11 

This linej\ls a generalized dislocation, and this vector here, which 
describes the failure of our loop to close, is called its Burgers 
vector, and clearly is constant everywhere along the line. 

tit ~ 1 c(..,£"f:iPJ? 
The line may in principle bend in any direction, although it may be 

" that crystallographically simple direc tions are energetically 
preferred. 

An important case, to which Burgers ca lled at tention, is the case 
where the Burgers vector and the dislocation line are parallel. 

This configuration is called a "screw dislocation". 

The reason for this terminology is easy to see if you consider the case 
where the Burgers vector is at right angles to a sim.ple close
packed plane in the crys tal, and the Blu'gers circuit is a circle 
in this plane. 
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In such case, as you see here, when you've gone around a full circuit 
you will have ended up directly over your starting point, just 
as if you were walking along one of the ramps in the 
Guggenheim Museum in New York. 

If you continued your circling, you'd wind higher and higher, just like 
the thread of a screw. 

Well so much, then, for what dislocations are; now I need to say a 
few words about what led the authors of these early papers 
to propose dislocations, and why the concept appealed to 
many of their physicist colleagues, though not to all. 

First and foremost, and especially important in the thinking of 
Taylor and Polanyi, was the intuitive realization that the 
stress necessary to move a dislocation would probably be 
much less than that necessary to cause slip in an initially 
perfect crystal, hence could answer the long-puzzling 
question "why are crystals so weak?" 

While a quantitative demonstration took some years to come, the 
idea seemed plausible to many. 

Dislocations were also cited as helpful for the explanation of several 
other known facts, the different pioneering papers focusing 
on different choices among these. 

Some of the papers bypassed the question of the origin of 
dislocations, but Taylor claimed (erroneously) that they could 
be generated by thermal fluctuations at high temperatures. 

It was not until the late 1940's and 1950's that solid theoretical, and 
eventually experimental, evidence became available 
regarding the origins of dislocations and their principal 
effects on plasticity and other properties. 

It's to this stage that I now want to turn. 
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It consisted of a rapid succession of theore tical and experimental 
developments during and after World War II, tha t took place 
in the United Sta tes and especially in England . 

The geographic shift of work from Germ any to these countries was 
of course due to the disloca tions caused by the Nazi regime 
and the war. 

I'm now using red boxes for these developmen ts, and I think an 
appropria te place to start is with some work s timulated by 
the need to s tren gthen the foundations that led the 
UUl ova tors of the 30's to postulate dislocations as the central 
concept of plas ticity theory. 

As I told you a few mUlutes ago, these um ovators pos tulated that 
w hereas a perfect crys tal should be very resis tant to plastic 
deformation, one with dislocations would deform very easily 
because it would only be necessary to cause the disloca tions to 
m ove, and this presumably could be done at a very low s tress . 

To estull a te h ow low this stress might be, one would need to have a 
model for the intera tomic forces in a crys tal sufficien t for a 
calcula tion of the positions of the a toms in the disloca tion 
core for any level of the macroscopic stress from zero up to 
the critical value for glide of the dislocation. 

----;> Those of you who heard my previoui~~~ill remember Peierls as 
the German author of the comprehensive 1929 paper tha t 
clarified the fo undations of therm al conduction by phonons. 

He fled from Germany to England u11933 and was subsequently 
knighted there. 

His 1940 paper, though em ployulg a rather crude model of 
ul tera tomic forces, cam e up with the significant conclusion 
that, for this model a t leas t, the diameter of the core region 
w here a tomic displacem ents from perfec t-crystal positions 
were a sizable fraction of an ultera tomic spacing ''''ould be 
qui te sm all, of the order of one or two such spaculgs, and that 
i t should m ove a t a ra ther low s tress. 
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A more detailed study was made some years later by Frank Nabarro, 
who had been hired just before the war as a junior member of 
Mott's group at Bristol, working on dislocation theory, and 
who had returned in the forties after some years spent in 
unrelated war work. 

The conclusion was that, in some materials, at least, an edge 
dislocation could be made to move as a unit by a shearing 
stress as small as a tenth of an atmosphere, vastly below the 
theoretical yield strength of a perfect crystal, and in the range 
of yield stresses of relatively soft metal specimens. 

Actually, as was pointed out by Shockley and Heidenreich very 
slightly later, dislocation motion should usually occur at much 
lower stresses still, because it is not necessary for all portions 
of the dislocation line to move at the same time. 

Rather, for the same basic reason that slip occurs by motion of 
individual dislocations rather than a whole plane sliding at 
once, so a dislocation line can advance by motion of a jog 
along its length, and jogs will always be plentiful if the 
dislocation line is curved. 

An additional source of information on this subject canle at about this 
time from an experimental source. 

Namely, Bragg and Nye discovered in 1947 that they could make 
beautiful two-dimensional models of crystals by simply 
blowing in air at the bottom of a container of soap solution. 

The monolayer of bubbles at the surface could easily grow from two 
or more nuclei, and produce dislocations. 

Here is an example. 

A dislocation with a rather small core is centered at this point here. 

They found that the effective force law between the bubbles changed 
with the bubble diameter, and that large bubbles, being soft, 
produced narrow dislocations, while small bubbles, being 
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effectively harder, produced dislocations whose core regions 
ex tended for many atom spacings in the slip~ plane, as 
shown in this lower example. 

Here the core of the dislocation ex tends from about here to about 
here, and over this whole range the separa tion of the atoms 
above and below the slipped plane is greater than in normal 
material. 

They could also study and take motion pictures of the response of the 
dislocations to shearing stresses imposed a t the boundaries, 
e tc. 

These models gave many clues to the behavior of real dislocations in 
real crystals, although the difference betl,veen t'vvo and three 
dimensions had to be kep t in mind. 

Now let me say a word about the other assumption of the dislocation 
pioneers, namely that a perfect crys tal, without dislocations, 
could endure very high stresses without any plastic 
deformation. 

Strong theoretical arguments for the truth of this had been m ade 
many years ago by ZViicky and Frenkel and others, but there 
had been no experimental verification because no one had 
prepared a crystal that could be considered free of 
dislocations. 

H owever, many such tests eventually became possible, and the s tory 
of how the first one came about is a nice example of how 
helpful discoveries can sometimes come about unexpec tedly 
by pure good fortlme. 

An opportunity of this sort arose about 1950 at Bell Laboratories, 
when frequent failures were repor ted in a new type of 
channel filter installed in telephone systems. 
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Namely, they developed short circuits, but when they were opened 
up and carefully examined , nothing seemed to be wron g, and 
when they were then reassembled, they would usually work 
perfectly. 

Finally som eone noticed that under suffiCiently careful examination 
with the right type of illumination, a tin plating on one of the 
components could be seen to have developed a beard-like 
grow th of tin whiskers, of the order of a micron or two in 
diameter, but sometimes as much as millimeters in length. 

~ T~L. c<:>r 
~picture, taken with special illumination and modes t 

A 

---'"l magnification, shows an example, v./JnlL. -the f~c:h .... Y'e 6.ekw, y.? IJ r~ 
A'!J. h}'1. """f!1l?ijJ~J; $J._w~ a IDI"lI whlsi(f!1" .....,./O"f 4 ,.~.c-.t.ePv-.., 

I discusted th:SYw"lfl1j oru., mri;a)vtfIy .... ~~l~sa tile exp erimentalist 
who had recently spent a year with Frank's dislocation group 
in Bristol, and we agreed that it seemed likely that because 

. S t1) Y11e e>I .Hu!.J_ f 
~ the whIskers were so small,.tbE'Y Imght'w~llT)e per ec t crystals 

free from dislocations. . J\ 

If so, they might not be deformed plastically under s tresses sm aller 
than the stress required to nuclea te new dislocations, in other 
words, a stress of the order of those that h ad been calculated 
many years before for the strength of perfect crys tals . 

So Galt u~,dertook a simple experiment in w hich, looking through a 
~ Initcroscop e, he bent a whisker with a micro-manipulator. 

This shows one of his pictures. 

In the upper diagram, the whisker here has been bent by pushing it 
with a micro-manipulator, here. 

The lower diagram is a picture taken after removal of the micro
manipulator, and the region formerly tightly bent is now 
completely s traight. 

The bent region a t the bottom is due to a fine wire, here, p ushing 
near the base of the whisker. 
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This sort of behavior was repeatedly obser ved with d eformations at 
the edge of the whisker exceeding 1 %. 

No p ermanent deformation was observed, even if the tightly bent 
configuration was m aintained for an entire week. 

A t larger s trains however, a permanent deform a tion localized a t a 
very specific sp o t along the leng th was obser ved. 

This experiment, which confirms the theoretical exp ec ta tion of high 
s trength for perfect crystals, has since been repeated by o ther 
investigators on a varie ty of types of whiskers of various 
m e tals, grown by a variety of m ech anism s. 

Well, so far in this red-box portion of m y rem arks, I' ve been 
d iscussing just one aspec t of the pos t-war spmt in disloca tion 
research, namely, attempts to provide firmer jus tification for 
the faith of the dislocation pioneers that crys tals without 
dislocations would be very s trong, and tha t the presen ce of 
dislocations could in m an y cases m ake them very weak. 

But while these efforts were going on , m an y o ther interes ting 
properties of dislocations were bein g discovered and brought 
into relation with experimental facts. 

One of the firs t of these was Bill Shockley's con cep ts of partial 
dislocations and extended dislocations. 

This was presented initially in the famous Heidem eich -Shockley 
paper that I m entioned a few minutes ago, and which was 
one of many interesting papers presented a t an interna tional 
conferen ce in Bristol in 1947. 

Instructions on Tape 2, Side 1 instructs me that this continuation of 
"S" is to follow the words "in Bristol in 1947." This required 
that I backtrack from thlsHted beginning of "S" to locate "in 
Bristol" to continue S. Is it possible that there is some overlap 
in the portion of S that was on Tape 1 (second side) and this 
beginning of Tape 2? 
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~ a~'~arallel to our line of sight loca ted here, and ex tending 

to th~ right, as I have indicated. 

The edge of the stacking fault , here, would of course be a line with 
some rather abnormal a tomic positions, but well avvay from 
this line, and appreciably above or below the s tacking fault, 
the crystal would be nearly perfect, and we could imagine a 
Burgers circuit following the black curve here. 

If we were to start here, just w1der the stacking fa ult, and go around 
the black circuit to a point just above the s tacking fault, we 
would find that when our count of a tomic jumps indica ted as 
many to the right as to the left, we had no t reach ed a point 
directly above our starting point, but rather a point 
h orizontally displaced from it by a vector equal to the 
horizontal displacement between nearest-neighbors in 
different layers in this a tomic diagram at the top . 

This closure failure is due to the very shift that cons titutes the 
s tacking fault. 

Now suppose that the stacking fault, instead of going to infinity on 
the right, ends along some line through this point over h ere. 

Then a consideration of this second black Burgers circuit will yield 
another closure failure similar to the first one, and the sum of 
these two closure failures will be a translation vector of the 
perfect la ttice. 

Indeed, we could take the two black circuits and make one circuit out 
of them like this, and then deform this black circuit into the 
red circuit, keeping the horizontal atom spacing counts the 
same all the time, and we would find that the red Burgers 
circuit had a closure failure equal to a neares t-neighbor 
translation of the perfec t la ttice in the basal plane. 

We can therefore say that the s tacking fa ult and its two edges 
together satisfy the definition of a dislocation, and this 
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r--;·ompted Heidenreich and Shockley to call these lines here 
I and here "partial dislocations'~ or "haH-disloca tions". 

The combination of these with the stacking fault ribbon they called an 
"ex tended dislocation". 

The energy cos t to make such an arrangement dep ends on the width 
of the stacking-fault region, because this region con tributes 
an energy cos t proportional to its area, w hile the s train field 
due to the two half-disloca tions decreases as th ey ge t further 
apar t. 

The minilnllll energy turns out to come before a separation that may 
be tens of atom spacings for some materials, but much less for 

th . 

LVI iC$ slT1 pJa VJ€ 
While the entire ex tended disloca tion can usually glide fairly easily .... to 

produce slip deformation, ~ it can be shown that a motion 
out of its slip~plane - the type of motion we ha ve called 
"clitlp'for ordillary disl~tions, due to emission or 
absorption of vacancies/or seH-illters titials - is essentially 
ilnpossible, sil1Ce it would require energe tically cos tly 
m odification of the s tackillg-fault region. 

Also, ex tended dislocations differ from ordillary ones ill that it is 
energe tically very cos tly for them to cut across one another. 

S 1 1 .. . f w6~1<1 d· d 1 uc 1 c 1aractenshcs are lmportant or ~ 1ar enlng an ot l er 
properties of close-packed metals. 

T A E SAYS "END OF S. Proceed to 20." But the following 
intervening segment is part of what you had previously called 
"s" on tape ONE, side 2. 

I' ve just told you about studies that seem to indica te that the core 
region of a dislocation should typically be of the order of one 
or two a tom spacings across, although som e of the bubble
raft pictures violate this. 

By contras t, Heidenreich and Shockley point~ out that in the 
common close-packed hexagonal and~-centerecl cubic 
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crys tals, simple dislocations will normally spontaneously split 
into two s tructures called half-disloca tions connected by a 
plane region of defec tive stacking that may be many atoms 
across . 

My second apology is for the fact that time prevents m e from giving 
a detailed description of how this comes about, so that I'll 
have to assume some familiarity on the part of the lis teners 
with the properties of these crys tal structures. 

Here I've shown in the top diagram the atomic positions in a close
packed hexagonal lattice, as viewed alon g the hexagonal 
direction. 

Every other layer has atoms in the purple positions, while the layers 
in between these have atoms in the green positions. 

There are no atoms in the orange positions. 

But if one were building a model out of marbles, one could easily 
replace a layer that should have been green by a layer of 
marbles in the orange positions, and the marbles would be 
perfectly happy. 

If a real crystal som ehow acquired a layer in the orange positions, 
this would have a higher energy than a crys tal with the green 
s tacking, because the interatomic forces in the real crys tal 
extend beyond n earest-neighbors, and so make a difference 
between one stacking and another. 

But this energy difference is ap t to be rather sm all, and its sign m ay 
prefer the hexagonal stacking in som e materials and prefer 
the face-centered cubic stacking in other materials. 

Now suppose we have a crys tal with the hexagonal s tacking, as 
shown in the top diagram here, and we ask how the at011.1S 
will prefer to arrange themselves in a dislocation whose 

~ Burgers vector is a nearest-neighbor transla tioryt vector in 
the basal plane. 

This top diagram shows the positions of three consecutive layers of 
a toms in a p erfect crystal, as viewed with a line of sight along 
the hexagonal axis. 
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I have chosen a plane of reference midway between two of the 
a tomic layers, and this will become the slip plan e of the 
dislocation I will discuss in a minute. 

The p ositions of a tom s in the layer immedia tely beneath this plane 
are shown as sin gle purple circles. 

A tom s in the layer just above the p lan e are show n in green do uble 
circles . 

And atomic layers in the plane above this one are shown by X's, 
colored purple because I am choosing colors to designate 
horizontal p ositions. 

Notice that in this perfect crystal there are no atom.s of any layer at 
sites like the one where I have placed an orange double circle, 
which is dashed to indica te i t is not an a tomic si te in this case. 

Now I ask you to recall one of the hyp othetical ways that I showed 
you a little while ago for constructing an edge d isloca tion. 

Nam ely, one imagines the crys tal to be cut by an imaginary knife 
along the slip p lane, the cu t comin g in from the right and 
stopping near the p lace where the d isloca tion line is to be 
formed . 

Then one takes the p art of the crys tal above the cu t and slides i t 
across the p art below by an amOlmt equal to the Burgers 
vec tor as long as one is well to the righ t of the d islocation, but 
decreasing rapidly to zero a t this line. 

Then one allows the interatomic forces to ac t normally across the cut 
and le ts the a tom s near the dislocation line relax to their 
equilibriLUn positions. 

We might n aively think that the resulting a tom ic arrangem en t would 
be very distor ted near the cen ter of the dislocation, bu t within 
a few atoms spacing radius would be recognizable as a 
m odera tely s train ed crys tal of normal type. 
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Indeed, when I described disloca tions a few minutes ago, I said that 

this sort of structure does indeed occur in many simple 
crystals. . 

However, for the case in hand, it turns out that a guite different 
s tructure usually has a lower energy . . 

Suppose we start out as before, but after making the cu t on the slip 
plane we displace the layers immediately above the cut, not by 
the full vector b of the Burgers circuit, but by the vector bI 
defined as shown here. 

Before we allow the relaxations to se t in, this will give a s tructure 
for the three layers we are looking at of the form sh own in the 
lower diagram, in which the a toms to the right of the 
dislocation line have perfect close-packed s tacking, but not of 
the hexagonal variety. 

Ins tead, there is a stacking fault which is moderately 
disad vantageous energetically. 

But of course we have to do something more in order to ge t a 
complete dislocation with Burgers vector b. 

Suppose that after we've done what we've jus t described, vvhich 
leaves a stacking fault running from this llll.e all the way to 
the right to the end of the crystal, we open up the sam e cut but 
only as far as this POlll.t here, and then shift the part of the 
crys tal above the slipped plane and to the right of this llll.e by 
the new vec tor b2, as deflll.ed up here, and close the cut agalll.. 

Because the vector sum of b I and b2 is the transla tion b of the perfect 
crystal, the very one we were trylll.g to lise as the Burgers 
vector of the dislocation we were trying to m ake, the stacklll.g 
to the right of this second line will se ttle down to that of a 
perfect crystal, and a Burgers cll'C\.lit constructed a large 
dis tance outside of the two lllles and gOlll.g around both of 
them will yield the desired Burgers vector b . 
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After the appropria te a tomic relaxa tions have been allowed to take 
place, we will have a minimum-energy configuration 
describable as two lines of s trong dis tortion, called half
dislocations, for obvious reasons, and a ban d of s tackin g fa ult 
connec ting the two. 

This combina tion of two half-disloca tions, or partial dislocations as 
they as som etimes called, and the stacking fault connec ting 
them is called an "extended dislocation". 

At lower m agnification it typically looks as shown a t the very 
bottom, with the two partials coming toge ther at pinning 
points where some defect or other disloca tion makes the 
s tacking fault energetically impossible. 

The width of the s tacking fault regions is of course determined by a 
compromise between the strain -field repulSion of the two 
partials and the energy of the s tacking fault, which is 
proportional to the wid th. 

So far we've been talking about hexagonal crystals, but very similar 
argLUnents can be used to show that the sam e sort of 
ex tended dislocations should occur in face-centered cubic 
crys tals also. 

End of Tape One, Side 2 Gh'rk l1I;cLd.!t ~ ct'~M~ '5) 
20)Once the Shockley partials were introduced , it I,vas realized tha t 

there could be other types of partial disloca tiOll S, w ith further 
interesting effects, but I can 't take the time here to say more. 

At about this time there was ac tually a whole flurry of other 
important developments in the understanding of properties 
of dislocations. 

Many of these made contact with experimental observa tions, 
sometimes things that had been know n for some ti.m e and not 
lmderstood, sometimes new things that were predicted and 
thenfOLmd. 

A nice example is provided by the work done a t Binningham, where 
Alan Cottrell had been brought after the war into the 
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Department of Metallurgy and put in charge of a group on 
plasticity. 

In 1949 he and Bilby published a study of the effects of the interaction 
of mobile impurities with dislocations. 

As we have just seen, an edge dislocation is surrotmded by a strain 
field that is compressive on one side, tensile on the other. 

An interstitial impurity, or a substitutional impurity that increases 
the volume, will usually have a lower energy on the side with 
the tensile stress, while an impurity that decreases the volume 
will prefer the other side. 

Often an impurity will be happiest of all in the very core of the 
dislocation, either because of available space or because of 
some other bonding preference. 

Motion of the dislocation in response to a macroscopic stress field 
will be slowed down if there are impurities near the 
dislocation in their favored positions, because it will cost 
energy to move the dislocation before the impurities have 
time to move their positions by diffusion. 

If the macroscopic stress is increased sufficiently, however, the 
dislocation may suddenly break away from its atmosphere of 
impurities and move more easily, with a resultant sudden 
drop in the curve of stress versus strain. 

This so-called "yield point" behavior had often been observed. 

STARTT 

A different role for dislocations was pointed out at about the same 
time by Shockley in collaboration with Thornton Read, a 
young mathematician in Shockley's group who was good at 
calculating stress fields and who developed such an interest in 
dislocations that he eventually wrote a book on them. 

ENDT 
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21)This 1949 paper pointed out that when an otherwise uniform solid 
contains two crystal grains whose orientations differ by only 
a small angle, the lowest energy configuration for the 
boundary between the two grains can be described as the 
configuration that would arise if one started with a single 
crystal and inserted a suitable family of dislocations lying in 
the plane that becomes the grain boundary. 

The diagram here shows how this works out for the simplest case, a 
grain boundary in a crystal of simple cubic structure with the 
two grains simply tilted in opposite directions by a small 
angle about a [100] direction. 

The diagram in the upper left shows how the two grains would look 
if they were separated; the upper right diagram shows the 
atomic arrangement if they are in intimate contact, so that 
the atoms on the two sides bond together as best they can. 

If you look at the small portion of the material that I have enclosed in 
a red circle, you will recognize it as the same sort of structure 
I showed on a previous transparency representing an edge 
disloca tion. 

22)If the misorientation between the two grains is slnall, the spacing 
of the dislocations will be large compared with an atom 
spacing, and over most of the volume one can calculate the 
stress and strain from classical elasticity theory. 

In particular, one can calculate the energy in the strain field near the 
boundaries, and by adding to this the core energy of the 
various dislocations one can get the total energy of the system 
relative to what it would be for a perfect crystal. 

This energy, per unit area of the grain boundary, turns out to be 
given to a good approximation for small misorientations 9, by 
this formula, which holds for a variety of kinds of crystals and 
orientations, not just for the simple case of my diagram. 

Here Eo is a constant calculable from the elastic constants and 
orientations, and A is a constant related to the dislocation 
core structure, which is much more complicated to calculate. 
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START U: To test this formula against experiments, it' s convenient 

to rewrite it in the form of this lower equation, where the two 
material-dependent constants Eo and A are replaced by the 
maxunllll va lue of ,,{, "{m, and the misfit angle 8m a t which the 
InaXUllLUn occurs. 

The formula, which is not expected to be valid much beyond the 
maximum, gives the full curve, and the plotted points I have 
shown give the results of measurements, made by a tecluuque 
I haven 't time to discuss, on tin, lead, and iron doped with 
silicon. 

While the m aImer of plotting forces a fit near the maxunlUll, the very 
occurrence of a maximum, and the fit at smaller an gles, 
provide luce verifications of the theory . 

23)Now I'll make a little shift. 

The very interestulg development that comes chronologically nex t Ul 
this path on properties of dislocations requires that [ give you 
a little background fU'st on crys tal grow th, w l:li.ch for the most 
part represents a different path from the one we've been 
following. 

Crystal growth is colored Ul~~~ on the projec tion here. 

It's a very big subject and, of course, of great importance to 
exp erimentalis ts. 

There are various different processes possible, growth from the 
vapor, growth from the melt, and grow th from another solid 
phase, amorphous or metastable crys talline. 

I'm only going to talk here about the aspec t that is simples t to trea t 
theoretically, growth of a crystal by condensa tion of a vapor. 

The first major modern paper on this is one written by Becker and 
Doring Ul Germany way back in 1935. 

Richard Becker, who had been a student of Sommerfeld's, had been 
for some tmle professor of theore tical physics a t the 
Technische Hochschule in Berlul, and he was a deservedly 



Lecture III - 41 
respected theoretical physicist with a sound understanding of 
thermodynamics and statistical mechanics. 

He and Doring, who achieved great fame later as a magnetician, 
investigated the kinetics of a process by which a flat, low
index plane of a crystal could grow by adding successive new 
layers of atoms recruited from those impinging on the surface 
from the gas phase. 

START V: Many of these latter atoms would be expected to lose 
some of their energy on striking the surface, and move 
around for a while as a~atoms on the surface, before a 
fluctuation gave them enough energy to re-evaporate. 

~ 

Occasionally the migrating ad~ atoms would be expected to collide 
and stick together, forrliing clusters of various sizes that 
might either grow or disintegrate. 

Now in a compact island, the atoms at the edge have fewer 
neighbors to bind to than those in the middle. 

Therefore, since small islands have a larger percentage of their 
atoms on the edge than do large islands, large islands will 
have a greater average binding energy, or free energy, and 
thus will be more stable than small ones. 

Indeed, for islands of compact shape, we can write an equation like 
this for the change in free energy in the formation of an island 
of given size from atoms of the vapor so that, since the 
perimeter is proportional to the square root of the area, we 
get a plot like this. 

Growth of an island is an uphill process to the left of the maximum, 
and a downhill process to the right of the maximum, if the 
vapor is at least slightly supersaturated. 

The height of the maximum represents an activation energy that has 
to be surmounted in order to make islands capable of growing 
into a complete layer. 

With reasonabljl values for the numerical constants involved, Becker 
and Doring showed that to achieve significant growth in 
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typical laboratory times would usually require 
supersaturations of 25% to 40%. 

This was in violent conflict with the common observation of 
reasonable growth rates at one-to-a few percent 
supersaturation. 

24)50 there was a real mystery: why don't crystals exposed to 
slightly supersaturated vapor simply stop growiI1g? 

When the question was put to Charles Frank after the War by two 
members of his research team, Burton and Cabrera, he came 
up with an answer, first published in 1949 and later enlarged 
upon. 

I should take a minute to explain which Cabrera this was. 

Physicists sometimes run in families, and the Cabreras are a nice 
example. 

The first BIas Cabrera, working in Spain, became distinguished for 
his extensive studies of paramagnetism in the 1920's and 
early 1930's. 

Near the end of the Spanish civil war, he emigrated with his falnily, 
initially to France, where his son Nicolas worked as a 
scientist and got a Ph.D. 

After the end of World War II, Nicolas got a leave to spend some time 
with Frank's group in Bristol, and some years later wound up 
in the U.S. at the University of Virginia, where he pursued a 
very successful career as a surface physicist. 

There he also raised his own son BIas, who is now the chairman of 
Stanford's Physics Department. 

To come back to these papers of Burton, Cabrera, and Frank, they 
covered several aspects of crystal growth, but the one I want 
to concentrate on now concerns the role of dislocations. 

25)The important step in the growth process is the attachment of 
single atoms that are migrating randomly over the surface to 
the ledges at the boundaries of islands. 
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The ledges disappear when a complete new layer is finished: that is 
the problem. 

Frank's insight was to realize that what is needed is a ledge or a 
family of ledges that will never disappear, and that screw 
dislocations intersecting the surface will always create just 
such ledges provided that somewhere along the dislocation 
line not too far from the surface there exist imperfections 
capable of pinning it, so that the dislocation as a whole 
cannot move out of the crystal. 

I've shown two simple examples at the bottom of the diagram. 

Suppose a screw dislocation strikes the surface at the point I've 
marked with a small orange circle, here. 

If its Burgers vector is a lattice step normal to the surface, then if one 
follows a circuit around the dislocation but at some distance 
from it, trying to stay always in the same lattice plane, one 
will find that after one revolution one has climbed up by one 
lattice spacing, wherever the circuit is drawn. 

If we draw the circuit in the surface of the crystal, this means that 
there must be a one atom step in the height of the surface, 
which rapidly decreases in height to zero in the core region of 
the dislocation line. 

This must still remain true however many atoms we add along the 
step. 

I've shown in these diagrams here how the continuous addition of 
atoms along the step can be expected to cause the step to 
advance, with the rate of advance norlnal to the step of the 
same order of magnitude at all points, so that the angtdar 
velocity about the center is greater the closer one is to the 
center, and the step winds itself into a spiral. 

ST ART W: The picture of course gets more complicated if there are 
several screw dislocations ending on the surface. 

While I won't discuss the general case, there is one particular case 
that is of especial interest, namely when two screw 
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dislocations with opposite Burgers vectors at a moderate 
distance from each other, but well removed from other 
dislocations or boundaries. 

In equilibrium there will then be a step in the surface running directly 
from the one to the other, as shown in the lower diagram at 
the left, where one is now looking directly down on the 
surface. 

26)If atoms are now added at the growing side of this step, it will 
move outward, but since it must end on the two dislocations, 
it will develop a looped appearance, as shown in the next 
diagram. 

In all cases I've drawn the step as a double line in red and green, the 
colors meaning that the surface is one atom higher on the red 
side than on the green side. 

Eventually, the two green sides will come together, as the third 
diagram shows, in this region here. 

The green canyon between them will fill up, and the steps in this 
region will disappear, leaving a short step connecting the two 
dislocations as shown in the last diagram, and surrounding it 
and the two sources, an expanding loop or step. 

This process can repeat over and over again, and so manufacture a 
sequence of concentric steps that eventually get fairly circular 
in shape and expand outwards. 

BEGIN X: Thus screw dislocations, acting in the simple ways I have 
shown, or in more complicated ways, can provide a 
mechanism for crystal growth at low supersaturations, so 
other mechanisms such as repeating impurity islands may 
conceivably occur also. 

When the dislocation mechanism operates, the growing surface 
should never be flat, but should have slightly tilting regions, 
made up from families of concentric circles or spirals of 
single-atom steps. 

This prediction of course attracted immediate attention. 
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Within a few years, spirals of the expected elementary height were 
indeed found, on some common materials. 

27)Now le t me switch back from crys tal grow th to properties of 
dislocations. 

While dislocations, if initially present in a crys tal, can usually move 
to give plastic deformation a t quite low s tresses, lhey can 
also, if they are not piLU1ed somewhere, move entirely out of 
the crystal, and disappear. 

BEGIN Y: If different dislocations are movin g on different slip 
planes, they can intersect, slow each other d own, and create a 
more elaborate tangle, thertby accounting for the well-

~ known phenomenon of~~11ardening . 

However, as I have mentioned earlier in this lec ture, it also often 
happens that a large amoLmt of slip occurs on a single slip 
plane, or a small se t of p arallel slip planes. 

This would seem to require constant genera tion of new dislocations 
on these slip planes, and theorists have been wondering how 
such genera tion could OCCLlI . 

By a remarkable coincidence, a very interesting answer was 
proposed from two entirely independent sources a t an 
il1ternational meeting in Pittsburgh in the spring of 1950. 

Charles Frank had com e over from Bristol and arrived in Pittsburgh 
a few days before the s tar t of the conference. 

There his hosts gave him a le tter from a British colleague that called 
his a ttention to a German paper that had jus t come out that 
was relevant to some ideas that Frank had been p ursuing 
regarding a m echanism for crea ting new disloca tions from 
the kinetic energy in a fas t-moving older disloca tion. 

Frank went a t once to the Carnegie Tech library, and ,,..,ailed while 
they opened the la tes t batch of mail from German y. 
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The mail did indeed contain the journal with the paper in question, 

and Frank read it hastily before departing for Cornell, where 
he was scheduled to give a colloquium. 

He arrived at Cornell earlier in the afternoon than he had been 
expected, and as his hosts were all busy until 5:00, he had a 
couple of hours to spend walking about the campus. 

The paper from Germany bothered him a great deal, as it claimed to 
show that dislocation velocities in typical experiments would 
be far slower than the velocity of sound, whereas Frank's 
theory of dislocation multiplication required a much higher 
kinetic energy. 

Midway in his walk a possible process for dislocation multiplication 
not requiring kinetic energy occurred to him, and he was able 
to relax at a party that evening. 

On his return to Pittsburgh he was buttonholed by one of his friends 
who insisted he must talk to Thornton Read, who had just 
arrived from Bell Laboratories, and had said he wanted very 
luuch to talk to Frank. 

Each man was very eager to tell the other what he had been doing, 
and they soon realized that they had each proposed the same 
mechanism for dislocation multiplication. 

So Frank asked Read when the idea had come to him, and Read 
replied, "When I was drinking my tea last Wednesday 
afternoon at about 4:00", whereupon Frank revealed that the 
idea had come to him the very same afternoon between 3-
5:00. 

So they did what came naturally, and published a joint paper in the 
Physical Review, describing what has come to be known as 
the Frank-Read source. 

28)So what was the idea? 

In its simplest form, one supposes that one has a length of dislocation 
lying entirely in its own slip plane. 
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Application of a shearing s tress across this plane will cause the 

dislocation to move, as I have shown here. 

In the diagram I've tried to indica te the direc tion of slip by putting 
arrows behind the moving disloca tions to indicate that in the 
entire region that it has passed over, the a tom layers jus t 
above the slipt plane have shifted by one Burgers vector as 
compared with their original p ositions. 

I'm going to assume that the two ends of the disloca tion portion, 
identified by red circles here and here, are places w here the 
dislocation is pinned, and cam10t m ove very far away from 
the original red circle. 

The advance of the dislocation if the s tress is maintained w ill then 
follow the sequence of diagrams I ha ve shown, and w hen the 
two opposite loops make contact here, the sam e thing will 
happen that we observed a moment ago in the pictures of an 
advancing grow th step on a surface penetrated by a p air of 
dislocations. 

Namely, the discontinuity between slipped and unslipped regions 
will disappear from this region here, and the disloca tion will 
split into an outward-moving ring, and a new short segment 
cOlU1ecting the two pinning points. 

The process can then be continued over and over again indefinitely, 
producing a family of concentric expanding rings of new 
dislocations, all in the same slip plane, until such time as a 
back stress builds up or disloca tions from other sources 
interfere to complicate the picture. 

As I'll show in a minute, this type of multiplica tion of dislocations has 
been verified to occur, but other mechanisms may be possible, 
particularly from intersection of dislocations on different slip 
systems, which can both increase the total length of 
dislocations and at the same time decrease their mobility . 

START Z: Well, by this time, the early 1950's, so lid-s ta te physicis ts 
had become thoroughly sold on disloca tions. 

J\o.vances in disloca tion theory - both the ones I' ve been able to 
describe for you, and man.y others - had a convin.cin.g physical 
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elegance, as well as being in agreement with many previously 
puzzling exp erimental facts. 

But among m etallurgists great doubt p ersisted. 

I remember a conversa tion, probably from som etime aroLmd 1950, 
with a prominent research metallurgist who asked me, "When 
the sm oke's all cleared away, and we really unders tand 
plasticity, do you think, Herring, that these dislocations will 
be in the picture a t all?" 

I was dLU11bfoLU1ded, because my contacts had been mostly with 
physicis ts. 

But app arently this a ttitude was very common among metallurgists. 

What fin ally won this c0l11l11lmity over was the direct observa tion of 
dislocations. 

Direct observa tion was also a very useful research tool, because with 
it one could s tudy arrangements and m otions of d islocations 
in real crys tals. 

29)A mU11ber of different schemes a ttempting to do this were 
developed in the 1950's, and have been perfected more and 
1110re ever SllKe. 

One of the first and simples t was to identify the points at which 
disloca tions emerge from a surface. 

The atoms in the core region of a dislocation occupy rela tive 
positions that are quite different from their energe tically 
Op tin1LU11 positions in a perfect crystal, so one might expect 
tha t they are more likely to leave these positions and take 
part in chemical reactions with ex ternal reagents than are the 
normal atom s of a crystaL 

This is indeed the case, since w hen some chemical capable of e tching 
away a m etal surface is p laced on it, the etching practically 
always proceeds m ore rapidly near the cores of disloca tions. 

This can be a very simple and useful way of measuring the overall 
denSity of dislocations in a crystal w ith a given his tory, or of 
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s tudying the occurrence of disloca tions in some reo-ion that v 
h as h ad a p articular treatment. 

For example, this picture, d ue to Vogel and o tbers a t Bell 
Labora tories in 1953, shows an e tcbed surface of germ aniLUn 
above a grain boundary between two grains differing in 
orienta tion by about a minute of arc, as can be inferred from 
the sp acing of the dislocations of several thousand times the 
la ttice constant. 

A scale length of one micron is shown at the bottom . 

Tlu'ee-dimensional imaging methods, of course, give much more 
information . 

The firs t three-dimensional p ictures were obtained in tran sp arent 
m aterials in which mobile impurities could be a ttrac ted by the 
s train field of a disloca tion, or in which a precipi tate could be 
n ucleated along a dislocation, so that a viSibly opaque region 
could be formed . 

The firs t such pictures were obtained by Jack Mitchell, another 
member of the team Mott had a ttracted to Bristol in the la te 
40's, using silver precipita ted in silver chloride and silver 
bromide. 

The nex t picture shows a la ter example of this sort of in'laging. 

It was soon shown by various groups that a careful use of x-ray 
diffraction could produce images of dislocations, and of 
course these were not limited to transparent m e'dia. 

;I" ,IN? 

~~~i~p~1:;~~1i~:'l1::;';:~;;;;~~r. . 
Finally, transmission electron microscopy began to be applied also III 

the la te 1950's and had the advantage of m aking a 
considerable m agnification possible, bu t the d isadvantage of 
requiring thin specimens. 
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s tudying the occurrence of dislocations in SOllle region that 
has h ad a particular trea tment. 

For example, this picture, due to Vogel and o thers a t Bell 
Laboratories in 1953, shows an e tched surface of germaniLUn 
above a grain bOLmdary be tween two grains differing in 
orienta tion by about a minute of arc, as can be inferred from 
the spacing of the dislocations of several thousand times the 
la ttice constant. 

A scale length of on e micron is shown a t the bo ttom. 

Tlu'ee-dimensional imagin g methods, of course, give much m ore 
information. 

The first tlu"ee-dimensional pictures were ob tained in transparent 
m a terials in which mobile impurities could be a ttracted by the 
s train field of a dislocation, or in w hich a precipitate could be 
nuclea ted along a dislocation, so that a v isibly opaque region 
could be formed . 

The first such pictures were obtained by Jack Mitch ell, another 
m ember of the team Mott had a ttracted to Bristol in the late 
40 's, using silver precipitated in silver chloride and silver 
bromide. 

The n ex t picture shows a la ter example of this sort of imaging. 

It was soon shown by various groups that a careful use of x-ray 
diffrac tion could produce unages of dislocations, and of 
course these were n o t litllited to transparent me'dia. 
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FUlally, transmission electron microscopy began to be applied also in 

the la te 1950's and h ad the advantage of makulg a 
considerable m agnification possible, but the disadvantage of 
requirulg thul specimens. 
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However, the interpretation of the detail is rather subtle, as what 
appear to be atoms are simply images formed by the 
diffraction of electrons along a whole row of atoms, and the 
appearance of a picture can be strongly influenced by the 
adjustment of the microscope. 

A further impressive refinement was soon added. 

In 1956 the Cambridge electron microscopist, Bob Horne, succeeded 
in observing the glide motion of dislocations moving parallel 
to (111) planes in cold-worked aluminum foil, and taking 
motion pictures of it. 

Further observations revealed cross slip, dislocation bowing, and 
pinning by the surface oxide film. 

BEGIN AA: Such discoveries, and their further development in many 
locations in many countries, finally made the dislocation 
concept universally accepted. 

Cambridge, Bristol, and Birmingham were all leading centers in 
England, and Alfred Seeger in Germany and Jacques Friedel 
in France each spent some time at Bristol, and returned to 
found schools of their own at home. 

Time doesn't permit me to say anything more about dislocations and 
plasticity in the present lecture. 

Let me close now with a few remarks about what we've covered and 
what we haven't covered so far. 

You will have noticed that in this lecture I have covered defects and 
dislocations only up until about 1960, which is still a long way 
in the past. 

Fortunately, this is a not unreasonable place to take a pause. 

The battles for acceptance of the major new concepts had by this time 
been won, and their many applications to the understanding 
of various properties of many materials, though quite 
interesting still as physics, grew less exciting as history. 
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Also, in these later decades, the dividing line between use of classical 

and use of quantum mechanics became more and more fuzzy, 
and some of the most exciting developments involved the 
interplay with electronic physics and other quantum effects. 

Other exciting developments have involved sophisticated statistical 
physics. 

So I have hope of being able to discuss some of these in later lectures. 

For similar reasons, the few remarks I'll be able to make on 
nucleation and glasses, the last two of the topics that 
appeared on my first transparency today, will be in the later 
lectures. 

So I'll stop here, but after a pause for exiting I'll be glad to receive 
questions or comments. 
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