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I. General Considerations 

1. INTRODUCTION 

The term dislocations is used to denote certain types of structural defects 
in crystal lattices. These structural defects are connected with features of 
growth and it is probable that a crystal lattice cannot grow continuously 
from a vapor or from a solution with low degree of supersaturation in 
reasonable times unless some particular types of defects are present from 
the beginning. 

From the rheological point of view dislocations are important because 
they play a fundamental part in the plastic behavior of a crystal. It is the 
presence of suitable movable dislocations which makes possible the oc-
currence of plastic deformation, with stresses much below the shear modu-
lus. A study of the dislocations provides a microscopic picture of what is 
happening and gives a basis for estimating the magnitude of the forces 
involved. To this should be added that the plastic deformation process 
itself often increases the number of dislocations. Furthermore, it has been 
found that foreign atoms may collect in the lines which characterize the 
course of dislocations; this influences their behavior while at the same 
time it has furnished a method for rendering dislocations visible. 

Although dislocations are primarily studied as a feature of a single 
crystal, they also play a part in the crystal boundaries in polycrystalline 
material, in particular when the directions of neighboring individual crystals 
do not differ more than by a small angle. 

The importance of dislocations as a feature of all natural crystals has now 
been recognized to such an extent, that their theory forms an indispensable 
complement to the theory of atomic lattices. 

The present picture of a dislocation in a crystal lattice was introduced 
in 1934 by Orowan,1 Polanyi,la and Taylor.lb Of these publications it 

1 E. Orowan, Z. Physik 89, 606-659 (1934). 
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was Taylor's paper which gave the most fundamental analysis. The par-
ticular type of dislocation treated in that paper is now called a Taylor dis-
location or "edge" dislocation. Important extensions of Taylor's conceptions 
came forward at a conference on internal strains in solids, held at the Uni-
versity of Bristol in 1939.2 Here also the complementary type of disloca-
tion, the "screw" dislocation, was introduced,3 and the possibility was 
recognized of explaining transition surfaces between the regions of a mosaic 
crystal as being formed by arrays of dislocations. 

The literature on dislocations continually increases in volume. It em-
braces both a theoretical part, making an extensive use of mathematics, 
and a great deal of experimental research, much of which is connected with 
problems of plastic deformation, but which also bears evidence of quite 
different methods of investigation. I t is not possible to give an adequate 
summary of this literature in the following lines. This chapter is limited to a 
description of the principal geometrical relations and we refer the reader to 
some excellent, recently published treatises for further details.4· 4a»b Of these 
treatises Read's book4b should be mentioned as a textbook in which great 
pains have been taken to offer a clear introduction into fundamental 
concepts (it also sets problems to the reader). CottrelPs book4a gives a some-
what more condensed and advanced account of the theory, while more than 
half of the text is devoted to a discussion of theories of the yield strength 
and of the problems of work-hardening, annealing, and creep. Nabarro's 
report4 gives much attention to the mathematical aspects of the theory. 

Along with these books three reports on recent conferences should be 
consulted.5·5 a b 

la M. Polanyi, Z. Physik 89, 660-664 (1934). 
lb G. I. Taylor, Proc. Roy. Soc. (London) A145, 362-404 (1934). 
2 See Report of a Conference on Internal Strains in Solids, Bristol, Proc. Phys. Soc. 

(London) 52, 1-178 (1940). 
3 J. M. Burgers, Proc. Roy. Netherl. Acad. Set. (Amsterdam) 42, 293-325 (1939), in 

particular p. 296; see also ref. 2, p. 25. 
4 F. R. N. Nabarro, Advances in Physics 1, 269-394 (1952). 
4a A. H. Cottrell, "Dislocations and Plastic Flow in Crystals,,, Oxford Univ. 

Press, 1953. We also refer to the reports written by Cottrell in "Progress in Metal 
Physics" (Chalmers, ed.), Vol. 1, pp. ^7-126, Butterworths, London, 1949; and ibid. 
Vol. 4, pp. 205-264, 1953. 

4b W. T. Read, Jr., "Dislocations in Crystals," McGraw-Hill, New York, 1953. 
6 Report of a Conference on the Strength of Solids, University of Bristol, England, 

1947. Physical Society, London, 1948. 
δβ Carnegie Institute of Technology "Symposium on Plastic Deformation of Crys-

talline Solids" (J. S. Koehler, ed.). Carnegie Inst. Technol., Pittsburgh, 1950, and 
O. N. R., Department of the Navy, U.S.A., NAVEXOS-P-834. 

6b "Imperfections in Nearly Perfect Crystals" (Shockley et al., eds.), Wiley, New 
York, 1952. 
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We finally mention a monograph by A. R. Verma,6c which, although not 
treating rheological subjects, gives a clear picture of the general occurrence 
of dislocations in many types of crystals.82 

2. DISLOCATIONS IN A CONTINUOUS ELASTIC MEDIUM 

The conception of dislocations was introduced into the theory of elasticity 
of continuous media by Volterra,6 who called them "distorsioni" (1907). 
The name ''dislocations'' is due to Love.6a 

The type of dislocation which is important for our purpose can be de-
scribed as follows: 

Suppose that in an elastic body of finite or of infinite extent, originally 
not subject to stresses, a partial cut is made along a surface S. This surface 
may be situated wholly inside the body, or it may extend to the outside 
when an exterior surface is present. I t need not be plane and maybe curved. 
Suppose further that through the action of suitable forces the matter on one 
side of the surface S is displaced relatively to the matter on the other side 
of S by an amount of constant magnitude and direction. At the same time so 
much matter is either introduced or is cut away that all space 
is again filled continuously and without overlapping. It is assumed that 
all matter is firmly welded together. When now the system of applied forces 
is removed and the body left to itself, it cannot return to its original un-
stressed condition. I t has obtained a certain amount of internal deforma-
tion and will carry a system of stresses connected with the distortion to 
which it has been subjected. 

For example, imagine a cylindrical body which is cut along a plane ex-
tending from the outer surface to the axis. We take away a layer of smal 
constant thickness δ on one side of the cut, force the two sides toward each 
other and weld them together. Or we may force the two sides of the cut 
apart over a small constant distance δ, introduce an extra layer of material 
of thickness δ between them, and weld the whole system together again. 
Or we may displace one side of the cut in its own plane, for instance in the 
axial direction or in the direction normal to the axis, over a constant 
amount, and weld the system together again. In every case a state of 
stress is produced in the material of the cylinder. 

Along the part of the boundary of the cut lying along the axis of the 
cylinder, the internal deformations are particularly severe. To make the 

5c A. R. Verma, "Crystal Growth and Dislocat ions," But terwor ths , London, 1953. 
6 V. Volterra, Ann. Ecole norm, super. [3] 24, 401-517 (1907). 
6a A. E . H . Love, "A Treatise on the Mathematical Theory of Elast ic i ty" , pp . 219-

226, Cambridge Univ. Press 1920. Some da ta on the history of the subject have 
been collected by Nabarro (ref. 4, pp. 271-277). 
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process possible some material here should be taken away before we attempt 
to weld together the material on both sides of the cut. I t is a general feature 
of all dislocations that the material in the immediate neighborhood of the 
line which limits the cut in the interior of the body and which is called the 
dislocation line, is in a particular state of stress. In a crystalline material 
these high stresses lead to a disturbance of the atomic pattern in the 
immediate neighborhood of this line. 

The dislocation line cannot end at an arbitrary point inside the material. 
Since it is the boundary of the surface S along which the body had been cut, 
the line either must extend from some point of the outer surface to another 
point of that surface, or the surface S along which the cut is made should be 
situated wholly inside the body, in which case the dislocation line will be 
closed in itself. 

In all cases we suppose that the welding is done in an ideal way, so that 
the material welded together cannot be distinguished from the original 
material. Hence the precise form of the surface S along which the cut is 
made is unimportant, provided its boundary is always the same dislocation 
line. The surface S itself is invisible. I t is only the dislocation line, and the 
characteristic vector, giving the magnitude and the direction of the dis-
placement, which are of significance for a dislocation. 

A body may contain several dislocations and we can imagine a more or 
less complicated system of dislocation lines existing in it, each dislocation 
line having a characteristic vector indicating its associated displacement. 

Two dislocation lines can have a part in common. To this part we as-
sociate a characteristic vector equal to the vectorial sum of the charac-
teristic vectors of the two dislocation lines out of which it is formed. The 
points where the two dislocation lines meet or separate are called nodes. At 
a node the characteristic vectors are vectorially combined (or, as the case 
may be, a certain vector is subtracted vectorially from a combined vector). 
From a mathematical aspect the relation is similar to the one which holds 
for a system of vortex lines in a field of fluid motion. Vortex lines cannot end 
in the interior of the field; each vortex line has associated with it a certain 
circulation. Circulations are added algebraically at "nodes," where vortex 
lines come together. There is a difference only in so far as the quantity 
associated with a dislocation line is a vector with three components, 
whereas the circulation around a vortex line is determined bv a single 
number [see further Section 1-5(6)]. 

Volterra and Lamb have also considered other types of dislocations, in 
which the material on one side of the cut is displaced relatively to the 
material on the other side not over a constant distance, but so as to cor-
respond to a rotation of the material on one side with respect to the 
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material on the other side.7 In crystal lattices such dislocations probably 
do not occur.8 

The mathematical theory of dislocations in a continuous elastic medium 
is of great importance for the calculation of deformations and stresses at all 
points of the body not too near the dislocation line. The results remain 
widely applicable when the body is a crystal lattice. 

3. DISLOCATIONS IN ATOMIC LATTICES 

When the conception of a dislocation is applied to an atomic lattice, 
several features appear which do not occur in the application to a con-
tinuous medium. 

The first feature is that the material on one side of the cut must be fitted 
to the material on the other side in such a way that (apart from the im-
mediate neighborhood of the line which bounds the cut) the atoms are in a 
crystallographically admissible position with respect to each other. 
It follows that the characteristic vector which determines the relative 
displacement of the material on the two sides of the cut must be related to 
the lattice structure: it cannot have an arbitrary value. 

An important case is that where the characteristic vector (which for 
lattices is also called the Burgers vector of the dislocation) is equal to a 
lattice vector or period of the lattice, that is, to the distance (in magnitude 
and in direction) between two atoms which have the same relation to the 
unit cell of the structure. The dislocation is then called a perfect dis-
location.9 

In the case of the simple cubic lattice formed of atoms of a single species, 
the characteristic vector can be equal to one atomic distance, in the direc-
tion of either one of the three crystallographic axes (compare Section 
II-l(a)). It is also possible to have a characteristic vector equal to the 
distance between two atoms in the direction of the diagonal of a cube face; 
or it can be equal to the distance between two atoms in the direction of the 
cube diagonal. Characteristic vectors equal to a multiple of any one of these 
distances, or to a vectorial combination of them, are possible in principle; 
there are reasons, however, for supposing that single distances (leading to 
so-called unit dislocations) are much more common than multiple dis-
tances (see Section III-l(c)). 

7 Pictures of the six simple types of dislocations in continuous elastic media (three 
with constant displacements, three with rotations) have been given by Nabarro (see 
ref. 4, p. 290, Fig. 13). 

8 When rotations are observed of two parts of a crystal lattice in relation to each 
other, the transition between them can be resolved into a particular array of dis-
locations of the types with constant displacements [compare Section III-3(a)]. For 
a rather curious possibility we refer to F. C. Frank (see ref. 15, Fig. 1 and pp. 811— 
812). 

9 Nabarro calls them "complete dislocations" (see ref. 4, p. 378). 
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In lattices of less simple structure the relations are more complicated. In 
a polyatomic lattice, if a perfect dislocation is to be obtained by removal of 
material, it is necessary to remove complete unit cells—for instance, a plane 
sheet of unit cells (or a part of a plane sheet of such cells). Similarly, when 
the perfect dislocation is obtained by the introduction of material, complete 
unit cells must be introduced. If a perfect dislocation is obtained by making 
a tangential shift along a plane cut, the shift must be such that again there 
is a normal fit between the material on the two sides of the cut. We can 
summarize this by requiring that, apart from the immediate neighborhood 
of the dislocation line, the lattice everywhere must have a normal or 
"healthy" appearance. It is true that the lattice can be in a state of stress 
and consequently there may be small deviations from the ideal lattice 
positions. These deviations, however, will be of the order of a few percent 
of the normal atomic distances and do not make the lattice "unhealthy." 
Large deviations from the normal lattice positions will only occur in the 
immediate neighborhood of the dislocation line. In certain cases "hol-
low" dislocations appear to have been found.10 

The second feature which is distinctive for dislocations in a crystal lat-
tice is that in certain lattices it is possible to introduce imperfect disloca-
tions. These are not obtained by the removal or the introduction of a sheet 
of complete cells, or by a tangential shift along a plane over a true lattice 
vector in that plane, but by the removal of one or more layers of atoms 
which do not contain complete cells, by a tangential shift over a vector 
which is not a proper lattice vector, or finally by shifting one or more 
layers of atoms into a twin position. The types of imperfect dislocations 
that can be introduced evidently depend on the structure of the lattice. 
Whereas the only directly observable feature of a perfect dislocation is its 
dislocation line, an imperfect dislocation can be recognized from the pres-
ence of disturbed layers which do not fit in with the regular lattice arrange-
ment. This has the consequence that imperfect dislocations cannot have ar-
bitrary dislocation lines: their dislocation lines must be situated in the 
disturbed planes. We shall come back to dislocations of this kind when we 
shall consider special lattices (Sections II-3 to II-5). 

4. MOBILITY OF DISLOCATION LINES IN ATOMIC LATTICES 

The third feature which distinguishes dislocations in an atomic lattice 
from those in a continuous medium is the mobility of dislocation lines. It 
is this feature which is of the greatest importance from the rheological point 
of view. 

The mobility of a dislocation line is a consequence of the atomic structure 
and of the circumstance that the lattice is seriously disturbed in the im-

10 A. R. Verma, ref. 5c, pp. 166-169; see also Nabarro, ref. 4, pp. 333-334; Cottrell, 
ref. 4a, pp. 77-78. 
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mediate neighborhood of the line. When the characteristic vector of the 
dislocation is equal to one atomic distance, we can say in principle that 
the dislocation line is marked by atoms which are about half an atomic 
distance out of their normal positions, and which consequently are not in 
a completely stable equilibrium position between their neighbors. A small 
force will be sufficient to throw these atoms into another position. Usually 
this will entail small displacements of atoms lying next to them. The dis-
location line then finds itself shifted over one atomic distance (com-
pare Figs. 1 and 2 of Section II- l) . The process of shifting may continue, 
and in this way the dislocation line can migrate over a considerable dis-
tance through the lattice. 

It need not be the whole dislocation line that is shifted; it may be a cer-
tain part of it, perhaps extending over several thousands atomic distances. 
In such a case the dislocation line must not be broken into separate parts: 
new dislocation lines are automatically formed between the displaced seg-
ment and the segments which have remained in their original position (see 
Fig. 5 in Section II-2). The rule that a dislocation line can never be inter-
rupted remains true. 

We must distinguish between conservative and nonconservative migrations 
of dislocation lines. The example just considered, in which each element of 
the dislocation line moves in the direction of the characteristic vector of 
the dislocation belongs to the former class. 

Consider a closed dislocation line and project it by means of lines parallel 
to the characteristic vector onto a plane which is perpendicular to this 
vector. The area of the projection, multiplied by the characteristic vector 
of the dislocation, is equal to the volume of material introduced into the 
lattice or, as the case may be, removed from the lattice when the dislocation 
is made into a lattice which originally had been completely normal. (Ac-
tually the dislocation may have been produced by some other process, but 
this is unimportant here.) A conservative migration of the dislocation line 
leaves the projected area unchanged. In any case where the projected area 
changes, material must be removed from the structure or must be intro-
duced into it, and this cannot be done without complicated and energeti-
cally expensive processes, e.g., by the diffusion of atoms through the lat-
tice, or by the production of a hollow with a free surface which would 
require to provide for the surface energy of the new surface.11 

11 It follows from what has been said that the migration of a dislocation line, pic-
tured in Fig. 2 and described for the first time by Taylor (ref. lb, p. 369), satisfies 
the rule for conservative migration. A more general form of such a migration was de-
scribed by J. M. Burgers (see ref. 2, pp. 26-27; Fig. 5 infra is taken over from that 
paper). Burgers at the same time mentioned that a dislocation line of screw type 
must be able to migrate in a direction perpendicular to itself. F. Seitz gave an ex-
plicit statement of the rule (ref. 5a, pp. 14-17, Fig. 15; ref. 5b, p. 50, Fig. 23); see also 
Read (ref. 4b, pp. 50/51, Figs. 4.4 and 4.5). 
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The conservative migrations are those which are of primary interest in the 
explanation of the plastic deformation. In all cases where they have been 
observed in lattices consisting of a single species of atoms it has been found 
that the preferential direction of migration is in the direction of closest 
atomic packing, which then must be the direction of the characteristic 
vector.12 

Nonconservative migrations can occur, for instance, when there are 
vacant lattice sites or when there are extra (interstitial) atoms. They are of 
importance for the explanation of various secondary effects observed in plas-
tic deformation. 

Another formulation of the rule defining conservative migration will be 
given in the next section. 

The analysis of what happens in a conservative shift of a dislocation line 
in a lattice consisting of more than one atomic species is difficult, since 
we must assume that near the dislocation line whole unit cells with all 
their various atoms are in disorder, so that the shift from a position of 
unstable equilibrium to one of stable equilibrium involves a complicated 
rearrangement. 

Imperfect dislocations behave differently from perfect dislocations. In 
certain cases they cannot be shifted at all; they are then called sessile dis-
locations. Details will be considered in connection with special lattices. 

5. SOME MATHEMATICAL RELATIONS 

a. Glide Plane; Edge and Screw Dislocations 

Consider an element ds of a dislocation line and the associated charac-
teristic vector b of the dislocation. A conservative migration of the dis-
location line is one in which the element ds is shifted in a plane containing 
the characteristic vector b. If the unit normal to this plane is denoted by v, 

Nabarro deduces the distinction between conservative and nonconservative mi-
grations from a theorem given by G. Colonnetti [Rend. Accad. Lincei [5] 24, 404-408 
(1915)], which does not refer to diffusion problems or to surface energy, but simply 
s ta tes tha t the amount of work to be performed in order to create a dislocation in a 
solid under a uniform external pressure is equal to the pressure times the product of 
the projected area into the characteristic vector. Conservative migrations of a dis-
location are then defined as those which do not influence this amount of work. Com-
pare F . R. N . Nabarro , Phil. Mag. [7] 42, 213-214 (1951); ref. 4, pp . 295-296 and p . 
297, Fig. 16(d), where the projection of the dislocation line is extended by a segment 
of zero area. 

12 This follows from the fact t h a t the direction of plastic gliding in single crystals 
is in this line, as has been observed by many investigators. For da ta on glide direc-
tions and glide planes we refer to E. Schmid und W. Boas, "Kris ta l lp las t iz i tä t" , 
pp . 90, 239-240, Springer, Berlin, 1935 (English t ransla t ion: "Plast ic i ty of Crys ta l s , " 
F . A. Hughes, London, 1950); and to C. F . Elam, "Distort ion of Metal Crys ta l s , " p . 
26, Oxford Univ. Press, 1935; see also a summary given by W. T . Read (ref. 5b, p . 
131). 
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we must have the following two relations: 

d s v = 0 b v = 0 (1) 

expressing tha t both ds and b are lying in this plane. A plane satisfying this 
condition is a glide or slip plane for the dislocation. 

Two cases can be distinguished. If ds and b are not parallel, the slip 
plane is fully determined by the conditions just mentioned; hence there is 
only a single slip plane in this case. On the other hand, when ds and b are 
parallel, every plane through ds is an admissible slip plane. 

Dislocations where ds and b are mutually perpendicular are called 
Taylor dislocations or edge dislocations. Dislocations for which ds and b 
are parallel are called screw dislocations (Burgers dislocations). 

When a straight segment of length s o f a dislocation line migrates in a 
slip plane over the distance 1 measured perpendicularly to s, it sweeps out 
an area Is. During this process the par t of the lattice on one side of the 
area swept out is shifted with respect to the part on the other side over a 
distance equal to the characteristic vector b , parallel to the plane of 1 and s. 
I t is convenient to decompose b into two components, bi, perpendicular to 
s ("edge pa r t " of the dislocation); and b2, parallel to s ("screw pa r t " of the 
dislocation). 

If the lattice is of finite extent and the plane containing the area Zs, if 
produced in all directions, cuts it in a section with area A, the mean shift of 
the par t of the lattice on one side of this section with respect to the par t on 
the other side amounts to13 

A 

and 

Is 

bx — perpendicular to s 

b2 — parallel to s 

(2) 

This is the fundamental relation in the explanation of plastic shear as a 
consequence of the migration of dislocation lines. Since it is evident that the 
migration of a single dislocation line can at most give a shift equal to the 
characteristic vector, a plastic shift of finite amount must be obtained by 
the migration of many dislocations, or by the repeated migration, in a 
special way, of a single dislocation. Examples of the latter case will be con-
sidered in Section 11-2(6) and (c). 

The nonconservative migration of a dislocation line normal to its glide 
13 J. M. Burgers, ref. 2, p. 27. The corresponding expression for the two-dimensional 

case (migration of an edge dislocation) had already been given by Taylor (ref. lb, 
p. 384). See also Read, ref. 4b, p. 43. 
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plane has been called climb by Read. It is positive when atoms have to be 
removed, negative when atoms must be introduced.14 

b. Circuits around Dislocations 

When one or more perfect dislocations are present in a lattice, the space 
occupied by healthy material between the dislocation lines is said to be 
multiply connected. This means that we can describe arbitrary closed cir-
cuits of two types: one where the circuit can be contracted to infinitesimal 
dimensions without ever crossing a dislocation line, another which cannot 
be contracted to infinitesimal dimensions, but only to a small loop encircling 
a dislocation line. In singly connected space all closed circuits can be con-
tracted to infinitesimal dimensions without any singular happening. 

Imagine in the real lattice a closed circuit which follows an arbitrary chain 
of atoms (in the case of a lattice containing several species of atoms, fol-
lowing atoms having identical positions in the unit cell). When the circuit 
does not come into the immediate neighborhood of a dislocation line, it 
only meets healthy material with normal, or almost normal, atomic dis-
tances. Now imagine a perfect lattice of the same type, without any dislo-
cations or any other distortions, so that all atomic distances have their 
exact ideal values. I t is possible to map the circuit considered in the real 
crystal onto a circuit in the ideal lattice in an unambiguous way. Two cases 
can present themselves now: either the circuit in the ideal lattice will be 
closed like the circuit in the real lattice, or it may not be closed. In the latter 
case the small deviations of the positions of the atoms in the real lattice 
from their ideal positions did not cancel along the circuit, but have added up 
to a finite amount. The closing fault in the ideal lattice necessarily is a 
lattice vector. In this case the circuit in the real lattice encircles a disloca-
tion line and the closing fault in the ideal lattice, measured from the point 
where the circuit ends to the point from where it had started, is the charac-
teristic vector associated with this dislocation line. This rule embodies the 
fundamental definition of the characteristic vector b of a perfect disloca-
tion.15 Its inverse will be evident: Any time we follow a closed circuit encir-
cling a dislocation line, we move forward over the vector b with respect 
to an ideal lattice. 

At a simple node where three dislocation lines meet—one can also say: 
where a dislocation line splits into two separate dislocation lines—we can 
describe three closed circuits, each encircling one dislocation line. Each of 

14 Read, ref. 4b, pp. 4&-51. 
18 This definition was given by F. C. Frank, Phil. Mag. [7] 42, 809-819 (1951), in 

particular pp. 811-812. Sign conventions will not be discussed here; for these we refer 
to Read (ref. 4b, p. 33). A slightly different formulation of the definition was given 
by B. Chalmers and U. Martius [Nature 167, 681-682 (1951)]. 
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these circuits can be transformed, without passing through a dislocation 
line, into another circuit formed by the two others. It follows that the 
closing faults of the corresponding circuits in an ideal lattice must be re-
lated to each other. When each encircling circuit is followed in a direction 
clockwise for an observer looking away from the node, the vectorial sum 
of the three dislocation vectors, denned according to the rule just given, will 
be zero. 

In order to define the characteristic vector of an imperfect dislocation 
with the aid of a similar procedure, special care is needed. Since the layers 
of atoms which do not fit into the normal atomic arrangement of the lattice 
cannot be mapped on a perfect lattice, our circuit may not cross these 
layers, so that we must be content with a circuit that is not closed. In that 
case one can start on one side of the disturbed region, beginning from an 
atom 1 in the first layer that belongs to the healthy lattice; we move 
through the healthy lattice around the dislocation line and end at an atom 2 
of the last normal layer before we come again into the disturbed region. Let 
the distance from atom 2 to atom 1 in the real lattice determine the vector 
b r . Now map this circuit onto an ideal lattice, and let the distance be-
tween the corresponding atoms in the ideal lattice be fy . The characteristic 
vector of the imperfect dislocation is then given by b = bi — b r . 

II. Dislocations in Particular Lattices 

1. DISLOCATIONS IN A SIMPLE CUBIC LATTICE OF IDENTICAL ATOMS 

a. Unit Dislocations 

None of the elements crystallizes in a simple cubic lattice. Such a lattice 
would probably represent a rather unstable type of structure if it is not 
made up of atoms with directed forces. Consequently there are no experi-
mental data on the behavior of a simple cubic lattice consisting of identical 
atoms. Nevertheless, in view of its transparent structure this lattice has 
been used as a basic picture for explaining many properties of dislocations 
and for calculating magnitudes of forces and energies. 

If a is the atomic spacing, we can define three perfect unit dislocations 
with characteristic vectors16 

[a, 0,0]; [Ο,α,Ο]; [0, 0, a] 
16 Lattice vectors will be denoted by square brackets [ ]. Except in some cases no 

distinction will be made between a vector and its opposite; hence [100] and [Ϊ00] 
(where Ϊ stands for —1) will usually be considered as the same vector. Symbols with 
ordinary brackets like (hkl) are used to denote lattice planes; again no distinction 
will be made between (hkl) and (hid). However, (hkl), (khl), (Ihk), (hkl), etc., are 
considered as different planes, even if they should be crystallographically equivalent 
as a result of the symmetry of the crystal. 
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A dislocation [a, 0, 0] with its dislocation line parallel either to [010] 
or to [001] is an edge dislocation. In the first case the glide plane is (001); 
in the second case it is (010). This second case is illustrated in Fig. 1 (in 
Figs. 1 to 4 the 2-axis is perpendicular to the plane of the paper). 

It can be imagined that the dislocation of Fig. 1 is obtained by making a 
cut in a perfect lattice over the part of the τ/,ζ-plane for which y > 0 and 
inserting an extra layer of atoms along the cut. Or the lattice might 
have been cut along the part of the ?/,2-plane for which y < 0 and a 
layer of atoms might have been removed. We also might imagine that 
the lattice is cut along the #,2-plane and that with the aid of suitable 
forces acting on the atoms on the two sides of the cut, the lower face 
of the upper block is compressed and the upper face of the lower block 
is extended in such a way that when they are brought together, the pattern 
of Fig. 1 is obtained, where the upper part has one layer of atoms which 
does not find a partner in the lower part. 

In two-dimensional considerations the dislocation of Fig. 1 is sometimes 
called a "positive" dislocation; the case obtained by reflection of the 
figure with respect to the #,2-plane is then called a "negative" dislocation. 

Figure 2 illustrates the conservative migration of the dislocation line in 
the glide plane (x,2-plane) by successive jumps of atoms, the glide direction 
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F I G . 2 (a and b) . 

being the direction of the x-axis [100]. The migration is accompanied by a 
relative shift of the two parts of the lattice separated by the glide plane. 
When the dislocation line migrates from the left-hand exterior surface of the 
lattice to the right-hand exterior surface, the relative shift has the mag-
nitude a; this is a case of equation (2), Section 1-5. The question 
whether the migration will occur easily depends on the field of force be-
tween the atoms [compare Section 111-1(6)]. 

We might imagine the cut in the y, z-plane not to be bordered by the z-axis 
as in Fig. 1, but by a line in another direction, for instance [Oil]. We would 
still have an edge dislocation with characteristic vector [a, 0, 0], but it would 
now have (Oil) as glide plane, the glide direction still being [100]. 
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(c) 
O X 

FIG. 2 (c). 

When the dislocation [a, 0, 0] has its dislocation line parallel to [100], it 
is a screw dislocation. A schematic picture is given in Fig. 3. It can be im-
agined that the dislocation is obtained by cutting the lattice along a half 
plane reaching to the x-axis and shifting one side of the cut with respect to 
the other side over one atomic distance in the direction of the x-axis before 
joining together the parts of the lattice. This will involve a distortion of the 
lattice of such nature that a kind of spiral staircase along the #-axis is ob-
tained, with step height (pitch) equal to a. Conservative migrations of the 
dislocation line are possible in any direction normal to the x-axis; any plane 
passing through this axis can serve as a glide plane. 

b. Other Dislocations 

When the lattice is cut according to a part of a (110) plane and one 
layer of atoms should be taken away, we do not obtain an admissible dislo-
cation if we should simply force together the adjoining parts of the lattice 
by a displacement ^ « λ / 2 in a direction normal to (110). Indeed, since 
the atoms in successive (110) planes are in alternating positions, the 
removal of a single plane followed by such a normal displacement would 
lead to an unstable atomic arrangement (Fig. 4). The vector [%a, %α, 0] 
perpendicular to (110) is not a lattice vector of the simple cubic lattice. 

It is possible to obtain a perfect dislocation if, in bringing together the 
two parts of the lattice after the removal of a single layer, we simultaneously 
introduce a normal relative displacement [^α, 3^α, 0] and a tangential rela-
tive displacement [J^a, )^ά, 0] (parallel to the plane of the cut). This would 
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mean that we introduce a total relative displacement [a, 0, 0] and the re-
sult would be an ordinary perfect unit dislocation. 

We could also obtain a proper perfect dislocation, starting from a cut 
parallel to a part of a (110) plane, if we remove two adjacent layers and now 
bring the two parts of the lattice together by a normal displacement of 
magnitude a\/2. We then have a dislocation with characteristic vector 
[a, a, 0], which is a lattice vector. We can consider this dislocation as the 
sum of two unit dislocations [a, 0, 0] and [0, a, 0]. It is possible that atomic 
shifts take place of such nature that only one of these components migrates, 
whereas the other one remains at its original position; or both components 
may migrate, but over different distances or in different directions. The 
original dislocation is then said to be dissociated into more simple compo-
nents. Such a dissociation can be expected to occur in those cases where it 
leads to a decrease of the strain energy in the lattice [compare Section 
III-l(c)].17 

17 In the case considered here the energetical relations are not such tha t i t can be 
decided whether this dissociation will occur automatically, although it can be induced 
by the action of a stress produced by outside forces or by other dislocations. (See 
Nabarro, ref. 4, p . 385; Cottrell , 4a, p . 71). 
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A screw dislocation with dislocation line parallel to [110] must have a 
characteristic vector [a, a, 0], of magnitude a\/2. Also such a dislocation 
can dissociate into two unit dislocations. 

When a cut is made according to a part of an octahedral plane, the rela-
tions become more complicated. We shall not discuss these relations, 
since they will occupy us in the case of the face-centered cubic lattice, 
where they are of great importance. 

2. PARTICULAR CASES OF MIGRATION OF DISLOCATION LINES. THE FRANK-
READ SOURCE OF INDEFINITELY INCREASING SLIP 

a. Simple Migrations 

Certain cases of migration of dislocation lines can be understood most 
easily if they are conceived in terms of edge and screw dislocations of the 
type described for the simple cubic lattice. 

A unit dislocation in the simple cubic lattice, e.g., with characteristic 
vector [a, 0, 0], can have a dislocation line built up from segments alter-
nately parallel to any one of the three coordinate axes; some of these seg-
ments will be of edge type and others of screw type. Conservative migra-
tions and changes of form are possible in various ways; it is only necessary 
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that every segment moves in an appropriate glide plane. This can require 
that new connecting segments appear; an example is given in Fig. 5, where 
it has been assumed that the dislocation originally was bounded by the line 
ABCDEFA in the 2/,2-plane, all segments being of edge type; the seg-
ments CD, DE, EF have moved to new positions CD', D'E\ E'F', 
retaining their character; this has caused the appearance of new dislocation 
lines, of screw type, CC and FF' (represented by wavy lines). The area of 
the projection of the dislocation line on the ?/,2-plane by lines parallel to its 
characteristic vector has not changed. 

Figure 6a pictures a dislocation line with the same characteristic vector 
[a, 0, 0], bounded by a closed line in the glide plane (x,i/-plane), the seg-
ments AB and DC being of screw type, AD and BC being of edge type. 
When a projection is made on the 2/,2-plane by means of lines parallel to the 
characteristic vector, the projected area of the closed dislocation line is zero. 
Any change of form of the dislocation line in the plane of the drawing 
leaves the area of the projection equal to zero and thus constitutes a con-
servative migration. 

The state indicated in Fig. 66 is obtained by an outward migration of 
the segments AD and BC to positions A'Dr and B'C\ this causes extension 
of the segments of screw type to A 'Β' and D'C. The third state (Fig. 6c) 
is obtained by outward migration of the segments A'B' and D'C to posi-
tions A"B" and D"C", causing extension of the segments of edge type to 
A"D" and B"C". The result is that the area enclosed by the dislocation line 
in the glide plane has increased. According to equation (2) of Section 1-5 
this entails an increased mean shift of the part of the lattice above the 
plane of the drawing with respect to the part below. 

The maximum area of the dislocation line in this case cannot be larger 
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than the area PQRS of the section by the #,i/-plane of the block in which 
the dislocation finds itself, and the mean shift consequently cannot exceed 
one atomic distance. 

b. The Frank-Read Mechanism for the Production of Indefinitely Increas-
ing Shear along a Single Glide Plane 

An indefinitely increasing shift can be obtained in the case illustrated 
in Fig. 7. Here again a rectangular block is considered, half of which is 
above the plane of the drawing, the other half being below this plane. One 
segment of a dislocation line with characteristic vector [a, 0, 0] extends from 
A in the direction of the z-axis (perpendicular to the plane of the drawing) 
toward the upper surface of the block; this segment is of edge type. The 
other part of the dislocation line, AB, is situated in the plane of the drawing; 
originally it may be parallel to the 2/-axis and then likewise is of edge type. 

It will be assumed that the segment of the dislocation line parallel to the 
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z-axis in some way is prevented from moving away from its original posi-
tion, whereas migrations of the other segment, within the #,2/-plane, will 
be considered as possible. Such migrations leave unchanged the area of the 
projection on the ?/,2-plane and constitute conservative migrations. By a 
migration of AB in the direction of the z-axis, toward the border, which 
causes the appearance of a new segment AC of screw type, state a is trans-
formed into state b. State c is obtained by a migration of this latter segment 
in the direction of the negative i/-axis toward the border, causing the ap-
pearance of a segment of edge type AD. A migration of AD in the direction 
of the negative z-axis toward the border produces state d, with a segment 
of screw type AE. This in its turn can migrate to the border, by a movement 
in the direction of the positive ?/-axis; then a segment of edge type appears 
and we return to the state pictured in a. In this way we can continue in-
definitely, producing a kind of rotation of the segment of the dislocation 
line in the #,?/-plane about the "pole" A. 

Between the states a and b the material above the quadrant B'AC moves 
over one atomic distance in the direction of the z-axis with respect to the 
material below this quadrant. Between states b and c the material above 
the quadrant CAD moves over the same distance in the same direction 
with respect to the material below it. Between states c and d the material 
above the quadrant D'AE performs the same shift. Hence in a complete 
rotation the whole upper part of the block is shifted over one atomic dis-
tance in the direction of the z-axis with respect to the lower part of the 
block. Since the movement can be continued indefinitely, an indefinitely 
increasing shift in this direction can be obtained. 

In order that a process of this nature may actually occur under the 
influence of suitable forces, it is necessary that the segment of the disloca-
tion line perpendicular to the plane of the drawing is firmly anchored, so 
that it cannot migrate. This means that this segment—which is called the 
pole dislocation—must have lost its mobility, perhaps through the presence 
of foreign atoms or through other lattice disturbances. The moving part of 
the dislocation line is called the sweeping dislocation. 

This mechanism for producing an unlimited shift is called a Frank-Read 
source.19 Actually the picture given in Fig. 7 is too simplified: the sweeping 

18 F. C. Frank and W. T. Read, Jr., ref. 5a, pp. 44-48; also Phys. Rev. 79, 722-723 
(1950); cf. Nabarro, ref. 4, pp. 298-299; Cottrell, 4a, pp. 82-86; Read, 4b, pp. 70-79. 

The anchoring of a dislocation by foreign atoms is discussed by Read (ref. 4b, p. 
78), and by Cottrell (4a, pp. 133 if.). In certain cases the pole dislocation can be a 
sessile dislocation [an example occurs in the case discussed in Section II-4(c)]; anchor-
ing by means of foreign atoms then is not necessary. For some time it had been sup-
posed that a mechanism for the multiplication of shear might be found in a reflection 
of the dislocation at the exterior surface of the lattice. Frank (ref. 5, pp. 46-48) sup-
posed that when an edge dislocation arrives at the exterior surface, it would not 
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dislocation does not remain straight during its migration, but winds itself 
into the form of a spiral.19 

A double Frank-Read source is illustrated in Fig. 8, where again a sche-
matical picture is given, without paying attention to the development of 
spiral forms, for which the reader is referred to the original papers.18 The 
double source—which may be the more common case in actual crystals—is 
obtained when there are two pole dislocations, extending upward from 
points A and B toward the upper surface of the block. Again these two pole 
dislocations must be anchored. At first the segment AB of the dislocation 
line, lying in the #,2/-plane, is displaced to the right, causing the appearance 
of two segments of screw type (state b); these segments are then displaced 
outward, causing an extension of the segment of edge type and the appear-
ance of two new segments of edge type extending from the poles A and B 
(state c); next these latter segments are further moved outward, producing 
new segments of screw type (state d); finally the latter segments are moved 
toward each other, which leads to their mutual annihilation and produces 
state e, in which again there is a segment of edge type between the poles A 
and B, while a separate closed dislocation line has been formed. The process 

disappear, but the kinetic energy connected with its motion (provided it had suffi-
cient speed) might lead to the appearance of an edge dislocation of opposite sign, 
moving back along the original glide plane and again leading to a shift of one atomic 
distance. At the other exterior surface it might then be reflected as a dislocation of 
the original sign, etc. As an extension of this thought it was mentioned that when an 
edge dislocation arrives at an inclined surface, a screw dislocation might be pro-
duced. Christian had supposed that in certain cases the reflected dislocation might 
move in a different glide plane; this idea, however, seems to have been discarded 
later.18*· b 

18a A. Seeger, Z. Metallkunde 44, 247-253 (1953). 
18b J. W. Christian, Proc. Roy. Soc. (London) A206, 51-64 (1951), in particular p. 

56 ff. 
19 See in particular Read, ref. 4b, pp. 74-75. 
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pictured in Fig. 8 can be repeated an indefinite number of times so that 
an indefinite number of closed dislocation lines can be obtained, each one 
enclosing the next younger one. The area of these closed dislocation lines can 
be increased by the process illustrated in Fig. 6, and they can be driven to-
ward the outer border of the block (not indicated in Fig. 8), which will make 
them disappear from the picture. Every closed dislocation line produces a 
mean shift of the upper part of the block with respect to the lower part, 
always in the direction of the x-axis; any time a closed dislocation line is 
driven to the border, the corresponding mean shift has become equal to a. 

In the picture developed here the whole slip takes place along a single 
glide plane. Although, as mentioned before, there are no experimental data 
concerning simple cubic lattices, it may be noted that in aluminum, which 
has a face-centered cubic lattice and where slip occurs along a (111) plane 
in the direction [10Ϊ], slipping along a single glide plane has been observed 
over distances of the order 1500 to 2500 A.20 

c. Mechanism for the Production of Homogeneous Shear 

An interesting extension of the case pictured in Fig. 7 is obtained when 
we suppose that there is also a screw dislocation in the field along a line 
passing through the point A perpendicular to the plane of the drawing 
and extending from the under surface of the block until the upper surface, 
with characteristic vector [0, 0, a]. In this case the movement of the sweep-
ing dislocation (the segment parallel to the x,y-plsnie) will take place 
along a helicoidal surface, ascending one atomic distance upward (or de-
scending downward, as the case may be) in each complete rotation. 

The result obtained here can be generalized.21 The anchored part of the 
dislocation line need not be normal to the plane in which, or parallel to 
which, the rotation takes place. If the anchored part of the dislocation line 
stretches out on both sides of this plane, with characteristic vectors bi on 
one side and 1)2 on the other side, we shall have at the node bi = b2 + b, 
where b is the characteristic vector of the sweeping dislocation. Since the 
latter must satisfy the condition b · v = 0, where v is the unit normal to the 
plane of motion, it follows that 

bi*v = b2*v 

20 R. D. Heidenreich and W. Shockley, ref. 5, pp. 57-75, in particular p. 60; A. F. 
Brown, Nature 163, 961-962 (1949); D. Kuhlmann-Wilsdorf and H. Wilsdorf, Ada 
Metallurgica 1, 394-413 (1953). 

For comparison it may be mentioned that in the case of aluminum a = 4.05 A.; 
length of the characteristic vector of a unit dislocation %a \/2 = 2.87 A. 

21 The mathematical formulation of the process is given by B. A. Bilby [Phil. Mag. 
[7] 44, 782-785 (1953)]. Bilby is rather concerned with a more general problem, to 
which we shall briefly return in Section II-5 (c). 
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(The sign conventions are sometimes taken in a different way.) Now as 
mentioned in Section 1-5(6), every time a closed circuit is described en-
circling a dislocation line, we move forward with respect to an ideal lattice 
without dislocations, over a distance equal to the characteristic vector of 
that dislocation. Hence in every turn of our sweeping dislocation, the 
dislocation suffers a displacement of magnitude bi or of magnitude b2 (or, 
rather — b2), depending on the direction of rotation. Of importance is only 
the step or pitch bi-v = b 2 v perpendicular to the plane of rotation. When 
this step is different from zero (which means that bi and b2 have a screw 
component in the direction of the normal v), the sweeping dislocation in each 
turn ascends (or descends) over a distance equal to this step. (The word 
"ascend" is chosen, since "climb" has been adopted by Read for the 
nonconservative motion of a dislocation line. See Section 1-5(a) and refer-
ence14.) 

Since in each rotation the sweeping dislocation produces a shift of magni-
tude b of the part of the lattice on one side of the plane of rotation with 
respect to the part on the other side, the result of this process is a homo-
geneous shear of the part of the lattice traversed by the sweeping dislocation 
line, while ascending (or descending) along the anchored dislocation line. 
This distinguishes the process from the original Frank-Read source, where 
the entire shear is concentrated along a single glide plane. 

3. THE FACE-CENTERED CUBIC LATTICE 

a. Unit Dislocations 

Metals crystallizing in the close-packed face-centered cubic lattice are 
Cu, Pb, Ag, Au, AI, and Ni. Plastic slip occurs in octahedral planes, like 
(111), in the direction of a diagonal of a cube face, like [10Ϊ], etc.15 

The unit cell of the lattice is usually pictured in the form of a cube with 
side a, and contains 4 atoms. Such a cell, with some of its atoms, has been 
represented in Fig. 9. The lattice can be described by various systems of 
basic vectors; the following system is symmetrical: 

Ma, y2a, 0]; [^α, 0, Y2a\; [0, Y2a, Y2a] 

This set determines a unit eel with volume J^a3, containing one atom. They 
are the shortest lattice vectors and thus correspond to closest atomic pack-
ing. All other lattice vectors can be built up from this set. 

The three perfect unit dislocations have these lattice vectors as charac-
teristic vectors. 

One could imagine a dislocation with vector [j^a, Ya, 0] to be obtained 
by making a partial cut according to a plane (110) and driving the two 
sides apart over the distance Υαλ/2. However, we arrive at a more satis-
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FIG. 9. 

factory picture by starting from the octahedral plane QPR (111) with the 
atoms Q, F, P, E, Ä, D. These are represented again in Fig. 10, together 
with the corner atom B (above the plane of the drawing of Fig. 10) and an 
atom C still higher (in Fig. 9 BC = FB = Hay/2). The sides of the 
triangular meshes in Fig. 10 are Ηα\Ζ^>\ the distance between successive 
octahedral planes (measured perpendicularly to the plane of Fig. 10) is 
Hay/%' The atoms in successive layers are situated so that each atom fits 
into a triangular hollow between the three atoms below it. Since a layer 
of atoms can fill up only one-half of the available hollows, the next layer 
comes above the other half of the available positions, while the third layer 
comes just above the atoms of the first layer. When the positions Q, F, 
- - - D are labeled a, the positions of the atoms in the next layer β and those 
in the third layer 7, the regular sequence of the layers can be represented 
by the scheme · · · aßyaßyaßy 

Now suppose that part of a ß layer is removed. We can bring together the 
layers immediately above and below it by approaching them over the dis-
tance }ia\/S perpendicular to the (111) plane, that is, by moving the 7 
atoms over the vector [Πά, Ύ/φ, Υφ\ Since this layer must come into the 
relation of a β layer to the a layer below it, it is necessary at the same time 
to introduce a shift parallel to the plane QPR (111) of amount Hay/§ in 
the direction RF, that is, over the vector [Hä, }£ä, H<A- The atoms which 
originally were in 7 positions are then brought into β positions. The total 
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FIG. 10. 

resulting shift is determined by the sum vector [}^ä, }^äy 0], or with a change 
of sign by [^α, 3^α, 0], in the direction of CB or BF in Fig. 9. In this way 
we have obtained the desired perfect unit dislocation. 

The part of the original β layer which has been removed can be bordered 
by an arbitrary dislocation line in the (111) plane. The direction QP [110] 
would give a glide plane parallel to the cube face QPB (001); such a glide 
plane, however, is not observed. The directions QR [Oil] and PR [10Ϊ] 
give as glide planes octahedral planes OQR (111) and OPR ( i l l ) (not 
pictured in Fig. 9). To illustrate the second case, Figs. 11 and 12 have been 
constructed. In Fig. 11 the plane PRS has been taken as representative for 
( i l l ) and Fig. 12 pictures the situation of the atoms P, G, S, H, Ä, E in 
this plane and that of the atoms F, B, C above it. The glide direction is 
parallel to PS or FB [110]. 

Figure 13a gives a rough schematical section of the system of layers 
parallel to QPR (111) by a plane (101), which plane in Fig. 11 passes 
through the atoms Q, By S, E. This plane cuts QPR (111) according to the 
line QE [Ϊ2Ϊ], and PSR (111) according to ES [121]; it is perpendicular to 
both. Since we had assumed that the ß layer was bordered by a line parallel 
to PR, the dislocation line is perpendicular to the plane of the paper in 
Fig. 13. 

I t must be observed that the transition from the γ situation to the ß 
situation in the layer above the partly removed ß layer is obtained by a 
gradual distortion, combined with a distortion in opposite sense of the a 
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FIG. 12. 

layer immediately below the ß layer. This distortion is accompanied by ten-
sions in the lattice. Higher up above the y-ß layer, and similarly lower down 
below the a layer, the distortions distribute themselves over greater and 
greater distances and consequently become weaker and weaker, so that they 
soon become practically unobservable. 

The migration of the dislocation can take place by movements of the 
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atoms parallel to PS. The magnitude and the direction of an individual 
jump can be represented in Fig. 12 by a vector like BC of length ^a\/2. 
The direction oi PS cannot be easily represented in Fig. 13, since it is 
neither parallel, nor perpendicular to the plane QSE (101); it would only 
be possible to indicate its projection ES on this plane, which makes an angle 
of about 109.5 deg. (2 tan" 1 \ / 2 ) with the direction of QE [Ϊ2Ϊ].22 

b. Frank's Sessile Imperfect Dislocation 

In order to obtain a satisfactory fit of the atoms on both sides of the re-
moved part of the ß layer, the shift of magnitude %ay/§ parallel to RF in 
the (111) plane is not necessary. Another good fit is obtained if we restrict 
to a relative displacement of the atoms in the adjacent a and y layers in a 
direction perpendicular to the (111) plane. It is evident, however, that in 

22 The unit dislocation [}^a, J£a, 0] can be decomposed into edge and screw com-
ponents in various ways, depending on the dislocation line. With respect to a dis-
location line parallel to PR [ΙθΓ] there will be an edge component [J^a, J^a, Υ±α\ and 
a screw component [^α, 0, \4fi\. With respect to a dislocation line parallel to QP [Ϊ10], 
it would be of the pure edge type. The same unit dislocation also could have a dis-
location line perpendicular to the plane QPR (111); in that case there would be a 
screw component [J£a, J£a, }ia], combined with an edge component [%α> %α, \%α\. 
This latter decomposition will be considered in a different sense—with dislocation 
line parallel to PR—in Section 11-3(6) and (c). 

Figs. 13a-13c can also be considered as sections by a plane (110). Taking the dis-
location line perpendicular to the plane of the drawing will now make this line to be 
parallel to [Ϊ10], that is, to QP. The dislocation vector [J^a, }£a, 0] would then be in 
the plane of the drawing, and the same applies to the vectors of the imperfect dislo-
cations considered below in Sections 11-3(6) and (c). 
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this case a γ layer will come to follow immediately upon an a layer. Thus 
the original stacking order is disturbed and we arrive at the order 
• · · aßyayaßy · · · . This means that we have obtained an imperfect disloca-
tion, since the stacking fault can be recognized over the whole region where 
the ß layer had been removed. A schematical representation is given in Fig. 
136. In this case there are no horizontal distortions in the 7 layer above the 
partly removed ß layer, nor in the a layer below it. 

This imperfect dislocation cannot migrate. Its characteristic vector is 
[}ία> λΑα<> }i<A™ Dirt there are no rows of contiguous atoms with this 
direction in the lattice, so that no migration can take place in this direction 
by simple jumps. A migration of the dislocation line in the plane (111) would 
require the removal or the introduction of atoms, which can only be the 
result of diffusion processes. The imperfect dislocation considered here is 
therefore called a sessile imperfect dislocation (also called a Frank partial 
dislocation).24 Its dislocation line must be situated in the (111) plane, that 
is, in a plane perpendicular to its characteristic vector. 

c. Shockley's Glissile Imperfect Dislocation 

A comparison of Figs. 13a and b shows that their difference is due to the 
fact that in a a 7 layer, through distortions parallel to the (111) plane, 
passes into a β layer, whereas this does not take place in b. The distortion 
from 7 positions immediately above an a layer to β positions is also possible 
without the accompanying removal of a part of a β layer; this has been 
indicated in Fig. 13c. Here it is supposed that in the layer marked 7-β, 
along a line through the point X, appropriate horizontal shifts of the atoms 
have been introduced, of amount %a\f§ parallel to RF (making an angle 
with the plane of the drawing of Fig. 13). The line through X in that case 
marks a discontinuity of the structure: on one side of it the atoms are in 

23 In order to define the characteristic vector by means of a circuit in the way ex-
plained in Section 1-5(6), we remember tha t in the case of a perfect dislocation as 
pictured in Fig. 13a we can use any closed circuit encircling the edge of the partially 
removed β layer. With an imperfect dislocation the circuit cannot be closed, since it 
may not pass through the region where the stacking order is disturbed. In the case 
of Fig. 13b we s tar t from a point 1, considering it as belonging to the upper par t of 
the lat t ice, go around the border of the part ial ly removed β layer, and end at the 
point 2, considered as belonging to the lower par t of the lat t ice. This circuit is 
"mapped" onto a perfect lat t ice; if 2 is taken sufficiently close to 1, it will then show 
a closing fault, of amount [>£α, %α, }ia\. 

In the case of Fig. 13c we likewise must s tar t from a point 1, considered as belong-
ing to the upper par t of the lattice, and go around the point X, in order to arrive at 
2, close to 1, but considered as belonging to the lower par t of the lat t ice. When this 
circuit is mapped onto a perfect latt ice, the closing fault will be [%α, %α, %ä]. 

24 F . C. Frank, Proc. Phys. Soc. (London) A62, 202-203 (1949); see Nabarro, ref. 4, 
p . 383; Cottrell , 4a, p . 75; Read, 4b, pp. 98-101. 
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SECTION BY PLANE (lOT) 

FIG. 14. 

7 positions with respect to the a layer just below; on the other side the 
atoms are in ß positions with respect to the a layer. Corresponding shifts 
of position will be necessary in the layers higher up; however, the shifts 
here take a more gradual character, distributing themselves over greater 
and greater distances, so that they become less and less perceptible. The 
tensions produced in this way have the consequence that also the a layer 
and the layers below it will be subjected to certain distortions—of grad-
ually diminishing character—opposite to the distortions in the layers above. 
I t is only in a single layer that there is an abrupt change of position. 

The type of deformation obtained in this way is again an imperfect dislo-
cation. Since it depends on shifts parallel to the (111) plane, the dislocation 
line can freely migrate over the (111) plane; consequently we now have 
arrived at a glissile imperfect dislocation (also called a Shockley partial dis-
location) ,25 Its dislocation line must necessarily be situated in an octahedral 
plane containing the characteristic vector [%a, }/§a, }/&ä], that is, in the 
present case the plane (111). 

A schematic picture of the situation of the atoms in a slightly different 
case is given in Fig. 14. The diagram again represents a section by the plane 
QSE (101) of Fig. 11, but it has been supposed that the transition from the 
normal stacking order (left-hand side) to a faulty order (right-hand side) 

26 R. D. Heidenreich and W. Shockley, ref. 5, pp. 71-74; see Nabarro, 4, pp. 378-
382; Cottrell, 4a, pp. 72-75; Read, 4b, pp. 97-98. 
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is obtained by shifts of amount Ma\/Q parallel to the vector EQ[\2\], and 
thus parallel to the plane of the drawing, the characteristic vector of the 
dislocation being [%a, }{d, %a\. The shift gets its full value at some dis-
tance from the dislocation line, which can be imagined to pass through the 
point X perpendicular to the plane of the drawing. It has been attempted 
to indicate roughly what kind of distortions one may expect in this case, 
but the picture cannot be exact.26 

We thus have found that the perfect unit dislocation [%α, y2a, 0] can 
dissociate into the combination of a sessile and a glissile imperfect disloca-
tion, according to a formula of the type 

[y2a, V2a, 0] = [Ha, Ha, %α] + [Ha, %a, %ä] (3) 

It must be observed that also another dissociation is possible, viz., into two 
glissile dislocations, according to the formula 

[y2a, y2a, 0] = [Ha, y3a, Ha] + [Ha, Ma, Ma] (4) 

This latter dissociation can be illustrated in Fig. 12, if we decompose the 
characteristic vector of the perfect dislocation BC parallel to [110] into the 
components BC parallel to [121] and C'C parallel to [211]. The two glissile 
dislocations therefore are sometimes called half dislocations. Their combina-
tion, so long as they are not wholly separated but still belong together in 
some way, is called an extended dislocation.25'27 

d. Layers in Twin Position 

In the case pictured in Fig. 13c and in that of Fig. 14 the disturbed layer 
is in a twin position with respect to the layer below it. In these cases there 
is only one layer in twin position. Cases with more twinned layers are also 
possible. Figure 15 gives a schematical picture of a case with three layers in 
twin position (stacking order · · · aßyayßaßy · · ·). In such cases each layer 
in twin position is bordered by a dislocation line and the whole package of 
layers, which can always be recognized as being out of step with the rest 

26 It has been assumed that at great distances above and below the disturbed layer 
there is a relative shift (in comparison with the ideal structure) of amount 3^2^ \ / 6 . 
Similar pictures have been given by J. W. Christian (see upper left hand part of Fig. 
4, p. 60, of his paper18b) and by Read, ref. 4b, p. 96, Fig. 7.2. We mention that Read 
also gives a picture of a twinning crystal in which the twinning surface jumps from 
one atomic layer to the next one (see ref. 4b, p. 109, Fig. 7.5). 

27 Cottrell [Phil. Mag. [7] 43, 645-647 (1952)] has pointed out that there is also pos-
sible a dislocation [Ha, Ha, 0] formed by the reaction 

Ma, Hä, Ha) + [Hä, Ha, Ha] = [Ha, Ha, 0] 

It is a sessile imperfect dislocation which has its dislocation line at the junction of 
the stacking faults for two different systems of layers (see also ref. 4a, p. 171-172). 
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SECTION BY PLANE(ΐθΤ) 1 L^jJ 

FIG. 15. 

of the lattice, is bordered by a type of disturbance which we might call a 
"ribbon dislocation.,, 

When the number of layers in twin position is equal to 3 or to an integer 
multiple of 3, the distortions of the lattice are much smaller than in other 
cases. 

The migration of a glissile dislocation over a (111) plane brings the whole 
layer into a twin position. There is no simple mechanism, however, by means 
of which the same glissile dislocation through a rotation can ascend or 
descend into an adjacent layer in order to operate in it. Hence it seems not 
possible to obtain a mechanism for progressive twinning. Indeed, for ascent 
or descent it would be necessary to have a screw component of amount 
}ia\/3 perpendicular to the plane of rotation (111). In principle this could 
be obtained if on one side of the (111) plane we assume a perfect disloca-
tion [3̂ 2a, 3̂ 2̂ , 0] with its dislocation line perpendicular to (111). However, 
if this perfect dislocation is decomposed according to equation (3), both 
components must have their dislocation lines in the same (111) plane. The 
presence of the dislocation line of the sessile dislocation prohibits free rota-
tion of the glissile dislocation line, which can make at most a single turn, 
so that continuous ascent or descent cannot occur. In this respect the face-
centered lattice differs from the body-centered one, which admits a mech-
anism for progressive twinning [Section II-4(c)].28 

28 This was pointed out by A. H. Cottrell and B. A. Bilby, Phil. Mag. [7] 42, 573-
581 (1951), in particular p. 580; see also Cottrell, ref. 4a, pp. 86-89, and Nabarro, ref. 
4, p. 390. 
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UBRO:(llO) 
UKRL :(H2) 

FIG. 16. 

4. T H E BODY-CENTERED CUBIC LATTICE 

a. Unit Dislocations 

Metals crystallizing in the body-centered cubic lattice are α-Fe, Mo, W, 
K, and Na. The observed glide direction is a cube diagonal like [111]; glide 
planes of different types such as (110), (112), and (123),12 have been ob-
served. 

The unit cell of the lattice is usually pictured in the form of a cube with 
side a, containing 2 atoms. The lattice can be described by the following 
symmetric system of basic vectors: 

[^α, K«, τΑα); U4<*> M*> M*]; IK«, ^ α , Ha] 
which set determines a unit cell of volume ^α 3 , containing a single atom. 
These lattice vectors are the shortest vectors in the lattice, corresponding 
to the closest atomic packing.29 

We consequently can form three perfect unit dislocations with these vec-
tors as their characteristic vectors. 

For a description of such a dislocation we consider Fig. 16, in which 
UBRO represents a diagonal plane (110), while UKRL represents a glide 
plane (112). The situation of the atoms in the diagonal plane UBRO is pic-

as The lattice vector [J^a, Ka, Ma] is obtained by addition of the three basic 
vectors. 
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J SECTION ACCORDING Τθ(ΐΤθ) 

FIG. 17. 

tured separately in Fig. 17 with UR [111] in the horizontal direction; here 
UM — MR = ^a\/3. There are three layers of atoms, determined by 0, 
M, and JB, respectively, displaced relatively to each other over the distance 
%a\/3 parallel to UR. Moreover, both in front and behind the plane of Fig. 
17, at a distance 3^a\/2> there are atoms like Q and P in Fig. 16, which de-
termine a layer midway between M and JB; likewise there are atoms like 
S and T, which determine a layer midway between 0 and M. When the 
diagram is completed it is found that there are in all six layers of atoms, at 
distances %α\/Ί> from each other, before we arrive at atoms in precisely 
the same position as those from which we started. The stacking problem 
consequently is more complicated than that of the octahedral planes of the 
face-centered cubic lattice. The order of the six layers is determined by the 
sequence 

a(0); ß(S, T); y(U, M, Ä); i(Q, P ) ; *(£); f(Q', P') 

The diagonal plane (1Ϊ0) contains the characteristic vectors of two perfect 
unit dislocations: 

[Μα> 3^α> Kä] , represented, e.g., by UM 

and 

\ΧΛ^ }4a>> %<*]> represented, e.g., by OM 
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SECTION ACCORDING TO (ΐΤθ) 

F I G . 18. 

6. Imperfect Dislocations 

We can decompose OM into the components OV [}?£a, %a, %a] perpen-
dicular to the plane UKRL (112); and VM [%a, %a, λ/φ\ parallel to that 
plane. The decomposition is similar to the one described in Section 11-3(6) 
and (c), and the two vectors obtained are characteristic for two imperfect 
dislocations. 

The vector [j^a, Y%a, %a]y of length 3̂ *0 V 6 , determines a sessile imperfect 
dislocation, which must have its dislocation line in the plane (112), normal 
to this vector. Its effect is indicated schematically in Fig. 18a, which is the 
analogue of Fig. 136. A stacking fault is produced of a more complicated 
type than the one obtained in the face-centered lattice; in principle it can 
be described by the scheme · · · ^aß^aßyb · · · . Since this scheme would 
bring the atoms in the e layer at a distance of Yay/§ from those of the ß 
layer, which is less than the minimum distance Ya\^S in the normal lattice, 
it is possible that some adjustments will take place affecting the positions 
of the atoms in these layers.30 

30 Cottrell (ref. 4a, p. 77) describes the stacking fault as obtained by the insertion 
of two layers, according to the scheme: 

• · -aßy8y8e£aß· · · 

In this case the atoms in the two γ-layers, separated by a single δ-Iayer, are at a dis-
tance }ia \ / 6 from each other; the same applies to the atoms in the two δ-layers, 
separated by a single γ-layer. Again we may suppose that certain adjustments will 
take place, and it is therefore perhaps better to write the scheme of the text in the 
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The other vector [%a, 3^a, }-iä], of length 3^a\/ö, determines a glissile 
imperfect dislocation. Its effect is indicated schematically in Fig. 186, which 
is the analogue of Fig. 13c. There is a similar stacking fault as in the case of 
Fig. 18a, and again it is possible that there will be adjustments of the atoms 
in the adjacent e and β layers. While there is a conspicuous change of posi-
tion of the atoms on both sides of a line passing through the point X in the 
layer labeled €-7, the changes in the layers higher up, marked f-δ, α-e, etc., 
and in those lower down like β-β, a-a, etc., will be distributed over larger 
and larger numbers of atoms and gradually will become imperceptible. 

The dislocation line of the glissile dislocation must be situated in a lattice 
plane of the general type (112), containing the vector [%a, %a, Υφ\. This 
may be the plane (112) itself, as was assumed in Fig. 186; however, the 
dislocation line can also be situated in the plane (121) or in the plane (2Ϊ1). 
This has the consequence that the glissile dislocation can migrate in each of 
these three planes. In order to pass from one of these planes into another 
one, the dislocation line must first be brought into the direction [111], which 
is common to the three planes; having reached this direction, the migration 
can continue in any one of the three planes. 

c. The Cottrell-Bilby Mechanism for Progressive Twinning 

The circumstance that the two components obtained by the dissociation 
discussed in Part b of this section, need not have their dislocation lines in 
the same lattice plane, makes possible a mechanism for progressive twin-
ning.31 To describe this mechanism in its simplest form, we consider a dis-
location line having the direction [Oil] (parallel to OP, but not indicated in 
Fig. 16), cutting the lattice plane UKRL (112) in the point M. On the 
upper side of this plane wTe suppose the dislocation to be a perfect one, with 
characteristic vector [J^a, %ä, %a]\ on the other side wre continue with the 
sessile imperfect dislocation [%a, y%ä, Ha], at the same time assuming that 
there is a glissile imperfect dislocation with characteristic vector [%ä, Υφ, 
}^a] and a dislocation line, stretching from the node M into some direction 
situated in the plane UKRL· (112). The latter is a possible plane of migra-
tion for the glissile dislocation; the effect of this dislocation is to produce a 
shift of amount }/§a\JZ in the horizontal direction toward the left in Fig. 

form 

and Cottrell's scheme 
-•aßyS*y*8e£aß·-· 

31 A. H. Cottrell and B. A. Bilby, see ref. 28, in particular p. 576; Cottrell, ref. 4a, 
pp. 86-89. For the mathematical formulation see Bilby's paper;21 cf. also Nabarro, 
ref. 4, pp. 387-390. 
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17. The sessile imperfect dislocation [%α, Y^ä, Ya] must have a dislocation 
line in a plane perpendicular to its vector, that is, in the plane (211); the 
direction [Oil] assumed above satisfies this condition. 

When the glissile dislocation makes a complete rotation about the node 
M in the plane UKRL, all atoms of this plane are shifted over the distance 
% α \ / 3 , directed toward the left in Fig. 17. Since, however, both the perfect 
dislocation [Ya, Yä, %a] and the sessile dislocation [%a, λ/φ, }ia] have a 
screw component [%α, y§a, Ya], of magnitude %a\/6, perpendicular to 
the plane UKRL, the sweeping dislocation ascends or descends over this 
distance in each rotation. If it ascends, it will operate successively in all 
the layers parallel to UKRL pictured in Fig. 17. If we suppose that in the 
first move it operates in the plane QP, all atoms are shifted to the left, so 
that this plane is changed into a β plane; simultaneously all layers above it 
suffer the same shift. In the second move the dislocation operates in the 
plane labeled B in Fig. 17 (which has already been shifted to the y position); 
this is ηολν shifted further to the left and comes into the position of an a 
layer. Again all layers above it partake in this second shift. In the third 
move the dislocation operates on the layer containing Qf and Pf; these 
again are shifted to the left, which now brings this la}^er into a situation 
identical with its original position, so that again it is in the "f" position. 
In this way we can continue, and it will be seen that all layers, starting from 
the one containing Q and P, are brought into a position which is symme-
trical with respect to their original position. Hence we are producing a 
twin situation, by operating progressively on all lattice planes above the 
plane UKRL. Mechanical twinning which can be ascribed to this mech-
anism has been observed in a-iron.32 

5. OTHER LATTICES CONSISTING OF A SINGLE SPECIES OF ATOMS 

a. Examples of Lattices 

We mention 
(1) the diamond type, built up from two face-centered cubic lattices, one 

being displaced with respect to the other over the vector [^^a, }/^a, J^ci], 
exemplifying the tetrahedral arrangement of the carbon atoms; the same 
lattice is shown by germanium; 

(2) the body-centered tetragonal lattice, shown by indium; 
(3) the tetragonal lattice of tin, with atoms at the following positions in 

the tetragonal cell: 
[0, 0, 0]; Ma, 0, ^ c ] ; [0, %a, %c]; \Y2a, Y2a, }/2c] 

(4) the hexagonal close-packed lattice, shown by Be, Mg, Zn, Cd, Ti, Zr, 
and Co; 

32 S. W. J . Smith, A. A. Dee, and J . Young, Proc. Roy. Soc. (London) A121, 477-
514 (1928). 
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(5) the hexagonal structure of graphite; 
(6) the fhombohedral lattice of As, Sb, and Bi, approximately a face-cen-

tered rhombohedral cell; 
(7) the complicated rhombic lattice of sulphur. 
Some considerations on the nature of the imperfections which can be 

found in the diamond lattice have been developed by Shockley from an 
analysis of the behavior of the electric conductivity of diamond.33 

A great deal of experimental research has been done on the plastic be-
havior of white tin. As glide directions are mentioned [001], with glide planes 
(110) and (100); and [101], with glide planes (101) and (12Ϊ).12 A description 
of the types of dislocations which will make possible the gliding thus far 
has not been given. 

b. Dislocations in the Hexagonal Close-Packed Lattice 

The observed glide directions in this lattice are those of the usual hori-
zontal crystallographic axes; the glide plane is the basal plane. 

The structure can be derived from the face-centered cubic lattice by sim-
plifying the stacking order to · · -aßaßaß- · · . In Fig. 19 the hexagonal 
arrangement of the atoms P , G, Hi, E, H, Ri, and R is indicated, with 
three atoms F, B, C of the layer above it; the next higher layer will have 
atoms again above P, G, etc. When the mesh width in this lattice is denoted 
by a (corresponding to the value ya\/2 in the face-centered cubic lattice), 
the theoretical distance between successive layers of spherical atoms would 
be Ha-y/Q and the distance between two layers with atoms in the same 
position % α \ / 6 · The axial ratio c/a then would be 1.633. Observed ratios 
are: Ti—1.60, Zr—1.59, Mg and Co—1.623, Zn—1.856, and Cd—1.886. 

By comparing Fig. 19 for the hexagonal lattice with Fig. 12 for the face-
centered cubic lattice, it is seen that a dislocation with vector PG or BC 
in Fig. 19, which moves the atoms over the distance a, is analogous to the 
dislocation represented by BC in Fig. 12. In the notation used for the 
hexagonal system with its three horizontal axes the dislocation BC is de-
noted by [a, 3^ä, J^ä, 0]. 

In a similar way as the dissociation BC of Fig. 12, the dislocation BC of 
the hexagonal lattice can dissociate into two half dislocations, which are 
imperfect glissile dislocations with characteristic vectors:34 

BC'Via, 0, y2a, 0] and CC'[y2a, y2ä, 0, 0] 
33 See a short note by W. Shockley, Phys. Rev. 91, p. 228 (1953). The observations 

by F. L. Vogel, W. G. Pfann, H. E. Corey, and E. E. Thomas [Phys. Rev. 90, 489-490 
(1953)] on grain boundaries in germanium, which has a diamond lattice, give clear 
evidence for the presence of dislocations in this lattice. 

34 See A. H. Cottrell, ref. 4a, p. 76. W. T. Read gives a more extensive discussion, 
(see ref. 4b, pp. 110-113). 
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FIG. 19. 

c. Mechanism for the Transformation from One Type of Lattice to Another 
Type 

An important question which has been studied for several metals is the 
transformation from one type of lattice, stable at room temperature, to a 
different type, stable at higher temperatures. The following cases are 
mentioned as examples: 

cobalt, from hexagonal close-packed to face-centered cubic; 
zirconium, from hexagonal close-packed to body-centered cubic; 
carbon steel, brass, and nickel-iron (which although not consisting of a 

single species of atoms, nevertheless behave as such), from cubic body-
centered to cubic face-centered. 

The transformation from hexagonal close-packed to face-centered cubic is 
the simplest one of these; it is primarily a change of stacking order, ac-
companied by a slight change of dimensions in the direction normal to the 
hexagonal layers. Hence it can be expected that dislocations will play a 
part in the transformation and Bilby has succeeded in finding a system of 
formulas, which describe the type of dislocations needed and their motion.35 

35 See B. A. Bilby, Phil. Mag. [7] 44, 782-785 (1953), and references given there. 
The mechanism proposed by A. Seeger18a is based on the same scheme as the one 

treated in the text, however, with two sweeping dislocations moving in opposite 
sense, so that in the space between the planes swept out a hexagonal domain is ap-
pearing at the expense of the regular lattice outside both these planes. A theory of 
the transformation in pure cobalt had originally been given by J. W. Christian.18b 

Christian assumed that a half dislocation could be reflected into another layer at the 
outer surface of the lattice; according to Seeger,18» Christian later dropped this idea. 
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The mechanism is similar to that \vhich can produce homogeneous shear 
(Section II-2(c)) or twinning (Section II-4(c)). Again we must have a 
sweeping dislocation, rotating in a plane forming the boundary between the 
two regions of the lattice which are transformed into each other; and this 
sweeping dislocation must ascend or descend along a dislocation line 
having a screw component perpendicular to the plane of rotation. Bilby 
points out that the condition b.v = 0 need not be fulfilled in this case, since 
the transformation from one lattice type into another type may involve a 
change of dimensions perpendicular to the boundary. 

To illustrate the principle, we consider the following example: We start 
with a face-centered cubic lattice, having the stacking order · · -aßyaßy · · 
for its octahedral layers of atoms; and suppose that from a certain layer 
downward the stacking order changes into · · · aßaßaß · · · , characteristic 
for the hexagonal arrangement. We further assume that in the cubic lattice 
there is a perfect dislocation with characteristic vector [J^a, %a} a] and 
dislocation line in the direction [111] normal to the octahedral layers. This 
dislocation has a screw component [%a, %a> %a] with a pitch equal to 
twice the distance between the octahedral layers. Since, however, a purely 
axial displacement of this amount would bring a layer into a position at 
variance with the proper stacking order, it is combined with a component 
[}iü, y§ä) }ia], introducing the shift necessary to restore the stacking 
order. 

Keeping to a description with reference to cubic axes, we continue, in the 
hexagonal part of the lattice, along the [111] direction with a dislocation 
having the characteristic vector [%a, %a, %a], which is a perfect screw 
dislocation in the hexagonal arrangement, where the stacking order is 
simpler than in the cubic lattice. 

To account for the difference between the two characteristic vectors we 
assume a glissile imperfect dislocation (a Shockley partial) with characteris-
tic vector [%ä, }/§ä, %α] and dislocation line situated in the octahedral 
plane separating the two lattices, forming a node with the other two dislo-
cations. Such a set of dislocations may have originated during the growth 
of the lattice. 

We suppose that the dislocations [^α, Ĵ >a, a] in the cubic domain and 
[%a> Μα> %°] m the hexagonal domain are firmly anchored, e.g., by the 
presence of foreign atoms. 

The glissile dislocation, on the other hand, will be assumed to be able to 
rotate in the octahedral plane, where it is not obstructed in its motion by 
any other dislocation. When performing one complete rotation it shifts a 
layer in its own plane in such a way that, say, a γ layer is transformed into 
an a layer, which, of course, also shifts the whole lattice beyond this plane 
over the same amount. However, through the presence of the screw disloca-
tion perpendicular to the octahedral planes, the rotating glissile dislocation 
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at the same time ascends (or descends) over twice the distance between con-
secutive layers. If we assume that it ascends into the cubic part of the 
lattice, it consequently will come again into a y layer, which in the next 
rotation is transformed into an a layer, again taking the rest of the lattice 
with it. This process continues, and we obtain the following sequences of 
situations: 

originally: · · · aßyaßyaßy · · · 
after the first rotation: · · -aßaßyaßya- · · 
after the second rotation: · · ·aßaßaßyaß- · · 

etc., as illustrated in Fig. IB and C of a paper by W. G. Burgers on the 
transformation of zirconium.36 Thus the cubic arrangement is transformed 
into a hexagonal one, and it can be surmised that a rotation in the op-
posite sense would produce the inverse transformation. 

If the distance between the layers in the hexagonal lattice is different from 
that in the cubic lattice, e.g., in such a way that the double step %a\^3 is 
replaced by c, we must combine the sweeping glissile dislocation with a 
component having the characteristic vector [c', c', c'], where c' = H C V 3 — 
%a. This dislocation must turn around with the transforming dislocation 
and must be continued as a screw dislocation in the hexagonal part of the 
lattice, so that the resulting screw dislocation here becomes [}?&\/3, }^ic\/S, 
VscV3l 

d. Two-Dimensional Lattices 

Although not referring to real crystals, it must be mentioned that a great 
deal of experimental work and of thought has been devoted to the investi-
gation of dislocations in two-dimensional lattices of bubbles, which can be 
prepared in the form of rafts floating on a soap solution. These lattices have 
a plane close-packed hexagonal structure and it is possible to subject them 
to processes of deformation. Their investigation has been helpful in un-
raveling various properties of dislocations in three-dimensional lattices; 
for instance, dissociation processes can be demonstrated.37 

36 W. G. Burgers, Physica 1, 561-586 (1934), in part icular p . 575. Experiments with 
Co and Li have revealed tha t when the transformation is produced by a change of 
temperature , many stacking faults appear; see O. S. Edwards and H. Lipson, Proc. 
Roy. Soc. (London) A180, 268-277 (1942); / . Inst. Metals 69, 177-188 (1943). 

37 W. L. Bragg and J . F . Nye, Proc. Roy. Soc. (London) A190, 474-481 (1947); W. 
M. Lomer, Proc. Cambridge Phil. Soc. 45, 661-673 (1948); W. L. Bragg and W. M. 
Lomer, Proc. Roy. Soc. (London) A196, 171-181 (1949); W. M. Lomer, ibid. A196, 182-
194 (1949); W. M. Lomer and J. F . Nye, ibid. A212, 576-584 (1952); E. Fukushima and 
A. Ookawa, J. Phys. Soc. Japan 8, 129-130, 280-.282, 609-614 (1953; others to follow). 
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6. DISLOCATIONS IN LATTICES CONSISTING OF MORE THAN ONE ATOMIC 
SPECIES 

a. General Remarks 

A most important argument for the existence of dislocations comes from 
the observations on growth spirals on crystal faces, which bear evidence of 
the presence of screw dislocations and make it possible to count them. The 
measured step heights show that these screw dislocations must be conceived 
in terms of complete lattice cells, or in terms of multiple cells, as is the case, 
for instance, with those observed on silicium carbide crystals. For details 
we refer to the book by Verma.5c 

Plastic deformation is observed with crystals of several types; we men-
tion metal alloys with ordered arrangement of the constituents; alkali 
halides; calcite.38 

Several metal alloys have a face-centered cubic lattice and show slip in 
the same direction as a lattice consisting of a single species of atoms: glide 
direction [10Ϊ]; glide plane (111). Apparently the different species of atoms 
in such alloys behave as if they were identical; migration of a dislocation 
takes place by the displacement of single atoms, and the consequence is 
that the passage of a dislocation through the lattice may produce disorder. 
Diagrams illustrating this effect for ordered α-brass and for ordered AuCu3 
have been given by Koehler and Seitz.39 

b. Rock Salt 

The lattice of NaCl is pictured in many textbooks; it consists of two inter-
penetrating face-centered lattices, one formed by Na-atoms, the other by 
Cl-atoms, displaced relatively to each other over the vector [^α, %a, }^α], 
where a is the side of the unit cube. Cubic faces and diagonal planes contain 
both Na and Cl; the octahedral planes alternately consist of Na-atoms or of 
Cl-atoms. 

The glide direction observed in plastic deformation is [110] with glide 
plane (1Ϊ0).12 This can be accounted for by assuming an edge dislocation 
with characteristic vector [^α, }^α, 0] and dislocation line parallel to 
[001], as illustrated in Fig. 20, which represents the atoms in a (001) plane. 
(Each row perpendicular to the plane of the drawing consists of alternating 

38 Concerning slip in AgCl we refer to J. F. Nye, Proc. Roy. Soc. (London) A198, 
190-204 and A200, 47-66 (1949); cf. also Read, ref. 5b, p. 135. Concerning slip in the 
thallium halides we refer to F. R. N. Nabarro, Phys. Rev. 79, 894 (1950), and to F. 
Seitz, ibid. pp. 723-724. 

39 J. S. Koehler and F. Seitz, J. Appl. Mechanics 14, A-217-A-224 (1947), in par-
ticular p. A-223. 
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F I G . 20. 

Na- and Cl-atoms.) Migration of the dislocation over a plane (1Ϊ0) requires 
cooperative jumps of two rows of atoms (for instance, those labeled A and 
B) into new positions, as indicated by the arrows. 

A screw dislocation with characteristic vector [%a, %ä, 0] and disloca-
tion line parallel [1Ϊ0] has been pictured in Fig. 21. 

A Frank-Read mechanism for continuously increasing shear can be 
imagined as indicated in Fig. 22. We suppose that ML, in the direction 
[110], is a dislocation line with characteristic vector [^α, ^α, 0], which is 
assumed to be firmly anchored. This dislocation is continued by a segment 
which may move freely over the glide plane UBRO (1Ϊ0). When this seg-
ment sweeps round, it produces a shift of the part of the lattice beyond the 
plane UBRO with respect to the part before this plane of amount 3^«λ/2 
in the direction [110] in each complete turn. 

If moreover we suppose that there is an anchored screw dislocation KML 
with vector [%a, %a, 0], where n is some integer, the sweeping disloca-
tion will ascend along KL with step height % a \ / 2 in each turn, so that 
instead of an indefinite shear over a single glide plane, we shall obtain a 
uniformly increasing shear of a part of the lattice. 

c. Calette 

The structure of calcite likewise is pictured in many textbooks; it can be 
described as being formed of two face-centered rhombohedral lattices, one 
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Section according to 
a (OOI) plane 

FIG. 21. 

FIG. 22. 

consisting of Ca-atoms, the other consisting of C03-groups, displaced rela-
tively to each other over the vector [%a, ^α , Υ2α\ with respect to rhombo-
hedral axes, a being the side of a unit rhombohedron similar to the cleavage 
rhombohedron and containing two molecules of CaC03. 
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Two types of plastic gliding are observed. One has glide direction [10Ϊ] 
with glide plane (111), that is, the basal plane of the hexagonal system.12 

This glide process resembles what happens in the face-centered cubic lattice 
with respect to an octahedral plane, or in the hexagonal close-packed lattice 
of Mg, etc. Hence it will depend on dislocations related to those considered 
in Sections II-3(a) and II-5(b). 

The other glide direction [100], with glide plane (Oil), appears in artificial 
twinning, as can be produced by pressing with a knife on an obtuse rhombo-
hedral edge (see textbooks on mineralogy). The characteristic vector of the 
relevant dislocation is not a simple lattice vector, but must be derived 
from lattice vectors by means of a reflection.40 

III. Interactions between Dislocations 

1. STRESS FIELDS CONNECTED WITH DISLOCATIONS 

a. Application of the Theory of Elasticity 

Every dislocation is accompanied by a field of strains and stresses, de-
pending on the characteristic vector, the form of the dislocation line, and 
the properties of the lattice. In the case of imperfect dislocations there can 
be, moreover, secondary effects resulting from the disturbance of the normal 
stacking order along certain lattice planes. 

In the case of a perfect dislocation a good approximation to the stress 
field can be obtained from the equations of the mathematical theory of 
elasticity for continuous media; this approximation is satisfactory at all 
distances more than a few atomic spacings from the dislocation line. A dis-
tinction must be made between the usual form of the theory for isotropic 
media, characterized by two elastic constants (for instance, the shear modu-
lus G and Poisson's ratio v of lateral contraction to longitudinal extension); 
and the theories for crystalline media with more elastic constants. Gen-
erally the two-constant theory already gives valuable results. 

Formulas for the deformation and for the stresses connected with dislo-
cations in a medium with two elastic constants were first given by Volterra.6 

Volterra's expressions for the deformation components were restated in a 
form adapted to the dislocation problem for lattices of infinite extent by 
J. M. Burgers;3 further explicit formulas for displacements, strains, and 
stresses, in the form of integrals extended along the dislocation line, have 
been given by Peach and Koehler.41 We refer the reader to the papers quoted 
or to the textbooks mentioned before, where also information is given con-

40 The principles are treated by Nabarro (ref. 4, pp. 387-389; see also p. 390 on 
calcite). 

41 M. Peach and J. S. Koehler, Phys. Rev. 80, 436-439 (1950); see also F. R. N. 
Nabarro, Phil. Mag. [7] 42, 1224-1231 (1951). 
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cerning the effect of the outer boundary of the lattice and of the movement 
of a dislocation line.42 

b. Atomic Picture 

In the immediate neighborhood of a dislocation line the atomic forces 
play a part which cannot be represented by the equations of the theory 
for continuous media. The problem is complicated, since account must be 
taken of the simultaneous effects resulting from a large number of atoms; 
moreover, the force laws to be applied are not fully known. An important 
method of approximation has been devised by Peierls and has further been 
worked out by Nabarro and by others; we refer to Nabarro's treatment.43 

The calculations give expressions for the deviations of the atoms from the 
normal positions in the immediate neighborhood of the dislocation line, and 
at the same time lead to an estimate of the resistance of a dislocation to 
gliding. The latter resistance is effective in determining the critical shear 
stress of a crystal. No completely satisfactory expression has been given 
as yet, but the following formula for the case of an edge dislocation with 
characteristic vector 6 in a simple rectangular lattice is considered as 

42 General formulas: Read, ref. 4b, pp. 114-123; Cottrell, 4a, pp. 32-37. Cubic 
crystals with three elastic constants: J. M. Burgers, Proc. Roy. Netherl. Acad. Sei. 
(Amsterdam) 42, 378-399 (1939); J. D. Eshelby, W. T. Read, Jr., and W. Shockley, 
Ada Metallurgica 1, 251-259 (1953). General anisotropic crystals: J. D. Eshelby, 
Phil. Mag. [7] 40, 903-912 (1949); G. Leibfried, Z. Physik 135, 23-43 (1953). The in-
fluence of the boundaries of the field is considered by Nabarro, ref. 4, pp. 302-304, 
331-332 (with references to further literature); see also Read, ref. 4b, pp. 132-133 on 
"Image Forces." 

The field of a moving dislocation presents peculiarities in consequence of the finite 
velocity of propagation of elastic disturbances. Hence, when the velocity of a dislo-
cation becomes comparable with the velocity of sound in the medium, terms appear 
of a type as are known from the theory of relativity. See Cottrell, ref. 4a, pp. 41-43 
and the literature quoted there, in particular F. C. Frank, Proc. Phys. Soc. (London) 
A62, 131-134 (1949) and J. D. Eshelby, ibid. pp. 307-314; cf. also Cottrell, 4a, pp. 
66-70. 

43 See R. E. Peierls, Proc. Phys. Soc. (London) 52, 34-37 (1940); Nabarro, ref. 4, 
pp. 348-376, in particular p. 371, formula (43); see also Cottrell, 4a, pp. 58-66 and 
formula (3.13), p. 64; Read, 4b, pp. 24-28. 

The idea applied by Peierls and Nabarro of introducing a sine-function in order to 
represent the force field exerted by the part of the lattice at one side of the slip plane, 
on a single atom at the other side, had already been used by Prandtl, in a model de-
vised to explain the laws of plastic deformation; see L. Prandtl, Z. angew. Math. u. 
Mech. 8, 85-106 (1928) [a short preliminary description had been given by Th. von 
Karman, Encykl. Math. Wissenschaften Bd. IV-4, Art. IV-31.24, pp. 767-770 (1914)]. 
Prandtl's paper was followed by a paper by U. Dehlinger [Ann. Physik [5] 2, 749-
793 (1929)], who used the sine-function to calculate the positions of the atoms in the 
neighborhood of a dislocation (see p. 769, formula 1). 
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typical: 

Tcrit. = _ exp ^ - — j (5) 

It is supposed that the lattice spacings are equal to a and b, respectively, 
while f = M a ( l ~ v)~l- The occurrence of the exponential factor is the 
reason why the critical shear stress comes out much smaller than the shear 
modulus G, as was known from the experimental results on good pure 
single crystals. 

The resistance against climb of a dislocation cannot be obtained from the 
same picture: it involves problems of diffusion of atoms or of vacancies 
through the lattice, which must be attacked in a different way. No results 
have been given so far. It can be expected that this resistance will be much 
larger than the resistance to gliding, except at high temperatures. The re-
sistance to climb may be of importance in connection with the tensile 
strength of crystals. 

c. Strain Energy Connected with Dislocations 

A recoverable energy of distortion of the lattice is connected with the 
strains accompanying a dislocation. The part of this energy stored in the 
healthy regions of the lattice can be calculated sufficiently accurately from 
the theory of elasticity, whereas the atomic picture is necessary in order to 
find the part of the energy stored in the region immediately surrounding 
the dislocation line. By way of example the following expression is men-
tioned for the energy per unit length of a straight dislocation extending 
along the axis of a cylindrical crystal:44 

E = A ,f ** N (1 - v cos2 a) In r-± (6) 
4ir(l — v) 7*o 

Here b is the magnitude of the characteristic vector of the dislocation, a 
being the angle between this vector and the dislocation line (0 deg. for a 
pure screw dislocation, 90 deg. for a pure edge dislocation); n is the radius 
of the cylinder; ro is a quantity of the order of the atomic spacing. The pres-
ence of r\ in the formula shows that the energy depends on the exterior 
dimensions of the crystal (and to a certain extent also on the shape). When 
a crystal contains a large number of dislocations with characteristic vectors 
of various directions, so that their vector sum can be taken equal to zero, 
the dependence on n becomes less important. 

The circumstance that the energy is proportional to the square of the 

"Nabarro, ref. 4, pp. 334-336; Cottrell, 4a, pp. 37-41 and p. 51, formula (2.58); 
Read, 4b, pp. 120-122 with formula (8.12), p. 118, for r0 ; further: F. C. Frank, 5a, 
pp. 89-92. 
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characteristic vector has the consequence that the energy of a dislocation 
with a large value of b usually can be reduced by decomposing the disloca-
tion into unit dislocations and making these migrate in such a way that 
their dislocation lines are rather widely separated. This is the reason why 
unit dislocations are more common than multiple dislocations and why the 
latter have the tendency to dissociate, as has been mentioned before 
[Sections 1-3 and II-1(6)].45 

When a straight segment of a dislocation line is displaced between two 
of its points in such a way that it becomes curved, the energy of the field 
increases. It follows that when the dislocation line is free to move, it will 
tend to return to its original shape with the smaller energy. This can be 
interpreted by saying that there is a tension along every dislocation line, 
which tries to straighten it and to reduce its length. The magnitude of the 
tension is approximately46 

T ^ 0.5 Gb2 (7) 

d. Forces on Dislocations 

When a crystal contains a number of dislocation lines, the total energy 
of the field consists of the energies of these dislocations, each considered 
separately, plus a number of terms depending on the interactions of the 
fields of the dislocations with each other. The energy of each separate dis-
location, moreover, will depend on the position of the dislocation line with 
respect to the boundary of the crystal. Finally, if external forces are acting 
on this boundary, the expression for the energy of each dislocation wall 
present a term depending on the internal stresses produced by these forces. 

By means of suitable displacements of the dislocation lines it may be 
possible to decrease the energy of the field (an example was already men-
tioned at the end of c above). In such cases there will be a tendency for 
appropriate displacements to occur, and we say that the dislocation lines 
experience certain forces. 

The magnitude of the force acting on an element of a dislocation line is 
defined in such a way that when this element migrates over a certain dis-
tance normal to itself, the work done by the force over that distance is 
equal to the work done by the exterior forces (if the migration of the element 
is accompanied by displacements of the outer surface on which these forces 

48 Compare Nabarro, ref. 4, pp. 376-377; Cottrell, 4a, pp. 70-72; Read, 4b, p. 38. 
Data on the stable types of dislocations, resulting from such dissociation processes, 
are given by F. C. Frank and J. F. Nicholas, Phil. Mag. [7] 44, 1213-1235 (1953). 

46 N. F. Mott and F. R. N. Nabarro, ref. 5, pp. 1-19, in particular p. 8. Cf. Cottrell 
[ref. 4a, pp. 51-53], who mentions the value of the coefficient in the formula as being 
due to Nabarro. Attention should be called to "kinks" in dislocation lines (see Read, 
ref. 4b, pp. 46-48; Cottrell, 4a, pp. 65-66; F. Seitz, 5a, pp. 26-27). 
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act) plus the decrease (or minus the increase) of the energy stored in the 
lattice. This work is spent irreversibly in overcoming the resistance against 
the migration of the dislocation. Part of it may go into kinetic energy, if 
the speed of the motion is sufficiently high, but this kinetic energy will 
usually be dissipated later on. 

The connection between this force and the stresses in the field at the spot 
where the element of the dislocation line finds itself is rather complicated.47 

The main result can be stated as follows: Assume first that the dislocation 
is not of pure screw type, so that the characteristic vector b and the ele-
ment ds define a single glide plane. Consider the shear stress in this glide 
plane, derived from the existing stress field, and take the component of the 
shear stress in the direction of the characteristic vector. This component, 
multiplied by the magnitude | 6 | of the characteristic vector, gives the 
force per unit length acting normal to ds in the glide plane. The direction 
of this force is such that it will tend to produce gliding which decreases the 
energy of the field and thus eases the stresses. If the dislocation is of pure 
screw type, any plane through ds can be taken as a glide plane and in each 
glide plane we shall find a certain force normal to ds. There will be one 
position of the glide plane for which the force will have its maximum value; 
in the perpendicular position of the plane the force vanishes. 

Glide will actually be produced only when the magnitude of the force is 
sufficient to overcome the resistance to glide. 

Nabarro has pointed to an interesting conclusion which can be drawn 
from this result :47 Consider a crystal which has a particular glide plane with 
a particular glide direction, and which is subjected to certain exterior forces; 
the latter may be applied in different ways, depending, for instance, on the 
exterior form of the crystal. Since the resistance to gliding experienced by 
the relevant type of dislocations has a definite value, depending on atomic 
properties (compare Section 111-1(6)), the exterior stress will be able to pro-
duce gliding only if it always has the same shear component along the glide 
plane in the glide direction (law of constant resolved shear stress).48 

When the dislocation is not of pure screw type, so that there is a definite 
glide plane, it is possible that there appears also a force component per-

47 The full expression was first given by Peach and Koehler.41 An area S is con-
sidered, perpendicular to the characteristic vector b of the dislocation, and the vector 
traction f is calculated, acting across S per unit area. Lines of force are imagined 
corresponding to f and an analogy is introduced with the force experienced by a con-
ductor carrying an electric current in a magnetic field. A somewhat different deduc-
tion has been given by F. R. N. Nabarro, Phil. Mag. [7] 42, 213-214 (1951); see also 
ref. 4, pp. 299-302; Cottrell 4a, pp. 18-19 and 43-45; and the extensive deductions 
given by Read, 4b, pp. 55-67. 

48 This law had been found experimentally by E. Schmid, Proc. 1st Intern. Congr. 
Appl. Mechanics, Delft, pp. 342-353 (1924), in particular p. 349. 
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pendicular to the glide plane, which will tend to produce climb; usually, 
however, the resistance to climb will be too large for obtaining any effect 
in this respect.49 

In so far as the stress field considered is depending on exterior forces, on 
the presence of a boundary, or on the presence of other dislocations, we can 
distinguish between exterior forces on a dislocation, "image forces" result-
ing from the presence of a boundary, or forces between dislocations. The 
latter will be considered in Section III-2(a). For image forces we refer to 
Read.50 

I t must further be observed that when a dislocation line is curved, part 
of the stress field to be considered is the result of the dislocation itself. The 
general mathematical rule to be observed is as follows: Find the whole 
stress field caused by the dislocation itself, by other dislocations, "images" 
in the exterior boundary of the lattice, and exterior forces acting on the 
lattice. Subtract from this the field of a straight dislocation, tangent to the 
actual dislocation line at the point where the force must be calculated, and 
having the same characteristic vector. The limiting value of the remaining 
field when one approaches the dislocation line determines the force on the 
dislocation line at that point. This rule is similar to that for the magnetic 
force on a curved conductor.61 

2. INTERFERENCE BETWEEN DISLOCATIONS 

a. Forces between Dislocations 

The forces between parallel dislocations of edge type had already been 
considered by Taylor,52 but more precise and more general results have been 
given later, for which we refer to the textbooks mentioned before.53 

A few results will be summarized here. 
(i) Two parallel edge dislocations with parallel glide planes (compare 

Fig. 23, where an inverted T indicates a dislocation with its "extra plane of 
atoms" directed upward, as in Fig. 1 or Fig. 2, while an ordinary T indi-
cates a dislocation of opposite type). When the dislocations can only move 
in their glide planes, there is attraction between dislocations of like sign if 
the coordinates x and y of the second dislocation relative to the first one 
satisfy the relation \x\ < \y\, and repulsion if | x \ > \ y |. For dislocations 
of opposite sign the forces have the opposite direction. With like signs there 

49 Read, Ref. 4b, p. 62. 
50 Read, Ref. 4b, pp. 65 and 132-133. 
51 Read, Ref. 4b, p. 65. The "straightening" effect mentioned in connection with 

formula (7) of the text can also be explained on this basis. 
52 G. I. Taylor, ref. lb, in particular p. 377 ff. 
63 Nabarro, Ref. 4, pp. 305-310; Cottrell, ref. 4a, pp. 45-51; Read, ref. 4b, pp. 124-

135. 
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is stable equilibrium at a; = 0; with opposite signs there is stable equilib-
rium at x = d=?/. Read gives a very clear discussion of the effect of these 
properties on the reaction of a lattice to external shear stress. 

There is also a force perpendicular to the slip plane. In such cases where 
climb might be possible, two like dislocations will repel each other, while 
two dislocations of opposite sign will come together and annihilate each 
other. 

(ii) Two parallel screw dislocations repel each other when they have the 
same sign, and attract each other when the signs are opposite. 

(Hi) When the dislocations are not parallel, the forces exerted on each 
other will not be uniform along the whole length of each dislocation. If they 
are free to move, the nonuniformity of the force may lead to the appear-
ance of curved parts. 

The fact that parallel edge dislocations of the same sign, when lying in 
the same glide plane, and also parallel screw dislocations of the same sign, 
always repel each other, is of importance in connection with the Frank-Read 
mechanism for producing indefinitely increasing shear as described in Sec-
tion 11-2(6). This mechanism requires that a great number of dislocation lines 
all move in the same glide plane, so that when one of these lines is stopped 
by some irregularity, the repulsive forces will slow down the migration of 
its successors. The result is that a series of dislocation lines can pile up, one 
against the other, and the whole system becomes locked. This case has been 
treated by Eshelby, Frank, and Nabarro.54·55 

64 The possibility that in a crystal, subjected to a deformation process, a system 
of "arrested" dislocations might be formed, which by their field of stresses will 
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For the interaction between dislocations and other lattice imperfections 
the reader is referred to Chapter 5 by Dr. G. J. Dienes. 

i>. Crossing of Dislocation Lines 

A different form of mutual influence of dislocations on each other occurs 
when the migration of dislocation lines leads to crossing. Such crossing 
leaves traces which increase the complication of the field; they lead to a 
higher amount of stored elastic energy and also may impede the further 
migration. 

The analysis of what happens when dislocation lines cross each other 
requires a large amount of geometrical reasoning. A clear discussion of the 
most important cases is given by Read,56 who states the general result that 
when a dislocation cuts another one, each dislocation acquires a "jog" equal 
to the component of the other dislocation's characteristic vector, normal to 
its own slipping plane. Read adds that a jog in general produces a drag that 
slows down the motion of the dislocation. There are also cases in which a 
trail of vacant lattice sites will be formed. 

A simple example, referring to two edge dislocations, is indicated sche-
matically in Fig. 24. Here ABCD represents the extra plane of an edge dis-
location (dislocation line BC), with characteristic vector in the y-direction. 
I t is supposed that the dislocation line migrates to the position B'C\ so 
that the extra plane of atoms is brought to the position A'B'C'D'. In the 
same block, EFGH represents an extra plane of atoms corresponding to an 
edge dislocation with original dislocation line EH and characteristic vector 
parallel to the z-axis. The migration of BC produces a jog KKf in that line, 
so that the dislocation gets the shape E'K'KH. The diagrammatic sketches 
(a) and (6) indicate in what way the coordination of the layers of atoms 
above and below the glide plane of BC is changed: d, which originally was 
connected with 4, is now linked to 5, while 4 becomes linked to c. 

3. NETWORKS OF DISLOCATION LINES IN CRYSTALS 

a. Dislocation Lines in the Virginal State of a Lattice 

The observations on growth spirals on crystal surfaces, together with 
the general picture developed from theory and experiment concerning plas-

counteract the forces derived from exterior stresses, had been brought forward by 
W. G. Burgers and J. M. Burgers [Nature 135, 960 (1935) and also in Verhandel. Roy. 
Netherl. Acad. Sei. (Amsterdam), Sect. 1,15, No. 3, 209, 212 (1935)]. 

A systematic picture was given by J. D. Eshelby, F. C. Frank and F. R. N. Na-
barro, Phil. Mag. [7] 42, pp. 351-364 (1951); also Nabarro, ref. 4, pp. 311-315. 

«See N. F. Mott, Phil. Mag. [7] 43, 1151-1178 (1952), in particular p. 1158 ff.; 
Cottrell, ref. 4a, pp. 104-107, 155-156, 177-180. 

66 Read, ref. 4b, pp. 79-90; Cottrell, 4a, pp. 172-175; see also A. Kochendörfer, 
Z. Elektrochem. 56, 283-294 (1952), in particular p. 293 and Figs. 13,14,15. 
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tic deformation of crystals, give convincing evidence for the presence of 
dislocations in all natural crystals. A further support to this view can be 
derived from observations on the photolytic deposition of silver in silver 
bromide crystals, which makes the dislocation lines visible, so that they can 
be directly seen with a microscope.57 

Consequently one can say that every crystal carries as its birthmark a 
system of dislocations, which may be considered as determining the "per-
sonality" of the individual crystal. While a number of properties, such as 
density, crystallographic symmetry, and elastic moduli, are mainly de-
pendent on the pattern of the unit cell and are only slightly influenced by 
imperfections, there are other properties—the so-called "structure-sensi-
tive" properties,58 e.g., the critical shear stress and electric conductivity— 
which are strongly dependent on the presence of structural imperfections, 
amongst which dislocations play a primary part. 

The idea that some kind of semiregular imperfections should be found in 
all crystals had originally been brought forward by Darwin and by Ewald, 
in connection with results concerning the reflection of X-rays.59 Later on 

67 J. M. Hedges and J. W. Mitchell, Phil. Mag. [7] 44, 223-224 (1953). The reader is 
also referred to an article by A. J. Forty [Advances in Physics 3, 1-25 (1954)] which 
appeared after the preparation of the present chapter. 

68 This term was coined by A. Smekal, "Handbuch der Physik," Vol. 24-2, 
Springer, Berlin, 1933. 

69 C. G. Darwin, Phil. Mag. [6] 27, 685-688 (1914); P. P. Ewald and M. Renninger, 
Intern. Conf. on Physics, London (Papers and Discussions) 2, 57-61 (1934). 
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Zwicky propagated the same idea on the ground that the ideally perfect 
lattice cannot represent the state of minimum free energy for an atomic 
lattice.60'61 

Since nonsessile dislocation lines can migrate, we may expect that they 
will tend to some equilibrium configuration, determined by a condition of 
minimum energy. In particular it can be foreseen that the tensions in dis-
location lines meeting at a node should make equilibrium.62 The pictures 
obtained by the photolytic deposition of silver give support to this idea. 

It must be observed, however, that at room temperature (and to an even 
greater degree at temperatures below 0° C.) a configuration with an ab-
solute minimum of free energy probably will not be reached. The forces 
between the various dislocation lines in a number of cases may not be able 
to overcome the resistance to gliding, so long as insufficient heat motion 
does not help to jump over some threshold, and there also will be other 
obstructions (foreign atoms and other lattice imperfections) impeding free 
migration. Hence what is brought forward in the following lines can apply 
to the virginal state of a lattice only with a certain approximation. Some 
features will come to greater significance at higher temperatures (see Sec-
tion 111-3(6). 

The spatial network formed by the dislocation lines in so far as migra-
tion gives sufficient freedom, probably is of such a nature that more or less 
regular arrays appear, forming boundary surfaces between small domains 
of healthy lattice. A crystal thus will present a kind of "mosaic" pattern, 
with differences in orientation between the various domains. Observations 
on the reflection of X-rays have shown that such orientation differences are 
present, with an order of magnitude from a few minutes to about one degree. 

Much attention has been given to this "substructure." W. L. Bragg 
compared the mosaic with a foam structure, the transition layers between 
the blocks being analogous to the films which separate the bubbles in a 
foam.63 Bragg also proposed a picture of an interface between two domains 
with slightly different orientation, and stressed its mobility.64 (We shall 
come back to the latter point in Section III-3(c).) A description of such 
boundaries in terms of dislocation lines was proposed by J. M. Burgers, who 
gave pictures of an array formed by edge dislocations (see Fig. 25) leading to 
an angle of tilt between the two domains; and of an array formed by screw 

60 F. Zwicky, Proc. Natl. Acad. Sei. (U. S.) 15, 253-259, 816-822 (1929); Helv. Phys. 
Acta 3, 269-298, 466-467 (1930). 

61 Concerning the way in which dislocation lines can originate during incipient 
growth of a crystal we refer to A. R. Verma, ref. 5c, p. 148-158. 

62 F. C. Frank, ref. 5a, p. 100; N. F. Mott, Proc. Phys. Soc. (London) B61, 729-741 
(1951); Nature 171, 234-237 (1953); see also F. Seitz, ref. 5a, p. 21. 

w W. L. Bragg, ref. 2, pp. 108-109. 
64 W. L. Bragg, ref. 2, pp. 54-55. 
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1 2 3 4 5 

(a) 

dislocations (Fig. 26), separating two domains rotated relatively to each 
other.65 (These arrays satisfy the condition of mobility.) A twist boundary 
formed by a double screw system was described by Read ;66 it seems prob-
able that this picture will give a better representation of the actual situa-
tion. 

Since as a general rule the angle of tilt or of twist between two domains 
separated by arrays of this kind is determined by the ratio of the length of 
the characteristic vector to the spacing of the dislocations, a spacing of the 
order of 100 A. or more will lead to angles of the observed order of magni-
tude. 

The following data on the density of dislocation lines in the virginal state 
of a lattice may be of interest. Hedges and MitchelPs pictures show meshes 
of about 2700 A. side.57 Verma, from observations on growth spirals on 
carborundum crystals, finds 104 to 105 screw dislocations per cm2.67 Dawson 
and Vand give numbers of the order of 106 for paraffin crystals.68 Forty and 
Frank mention 104 per cm2, for silver crystals grown from vapor.69 

The volume of the individual healthy domains is estimated to be of the 
order of 10~13 cm3., which leads to linear dimensions of the order of 2000 to 

66 J. M. Burgers, ref. 3, in particular pp. 319-325; ref. 2, pp. 28-30. 
66 Read, ref. 4b, p. 179, Fig. 12.2; see also Nabarro, ref. 4, p. 323, Fig. 24; Cottrell, 

4a, pp. 89-93; J. H. van der Merwe, Proc. Phys. Soc. (London) A63, 616-637 (1950), 
in particular p. 626, Fig. 4(a). 

67 A. R. Verma, ref. 5c, p. 83. 
6 8 1 . M. Dawson and V. Vand, Proc. Roy. Soc. (London) A206, 555-̂ 562 (1951). 
69 A. J. Forty and F. C. Frank, Proc. Roy. Soc. (London) A217, 262-270 (1953). 
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FIG. 26. 

4000 A. Seitz estimates that each block is girded by approximately 10 dis-
location rings, which gives 1014 dislocation rings per cm3.70 The dislocation 
lines on the surface of a block would then be spaced at something like 
300 A. 

b. Influence of an Increase of Temperature 

Increase of temperature leads to greater mobility of the dislocation lines: 
heat motion at many places will help to overcome resistances to gliding, 
while the increased velocity of diffusion of atoms and vacancies will give a 
greater possibility for nonconservative migration (climb, in Read's termi-
nology). At the same time the anchoring of dislocations by foreign atoms 
becomes less effective. 

70 F. Seitz, ref. 5a, p. 22. 
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This increase of mobility induces rearrangements which were impossible 
in the virginal state of the lattice at room temperature. The processes taking 
place at higher temperatures are characteristic for annealing. 

While such processes can occur in a virginal lattice when heated, they 
become of even greater importance in the case of lattices which have been 
subjected to plastic deformation, so that the original arrangement of the 
dislocations has been disturbed, while the lattice has been charged with an 
extra amount of distortional energy. 

Amongst the atomic displacements occurring we may discuss two 
types:71·71a 

(1) Displacements which produce a rearrangement of imperfections, so 
that a configuration appears, more favorable from the energetical point of 
view; e.g., coalescence of vacancies and interstitial atoms; recombination 
of two suitably oriented dislocations of opposite sign; and accumulation of 
originally dispersed dislocations in planes separating lattice regions of 
different orientation. The latter process is an intensification of a tendency 
already considered in Section III-3(a). As mentioned there it leads to the 
creation of lattice regions which are more or less free from dislocations. 
This process has been called "polygonization" by Orowan and Cahn.72 When 
occurring in a virginal lattice, the differences in orientation will never be 
large. However, when annealing is applied to a lattice which had been 
subjected to severe plastic deformation, it can be expected that domains 
may appear with large orientation differences. Also such large angle grain 
boundaries can be conceived as being connected with dislocations; they can 
be built up from a double set of dislocation lines of edge type.73 

(2) Displacements of the boundary planes between two adjoining lattice 
regions of different orientation. The possibility of such displacements had 
already been discussed at the Bristol Conference of 1939.64·65 Displacements 
of this kind are equivalent to the growth of one lattice domain at the cost 
of another and constitute the basic phenomenon observed during re crys-
tallization. W. L. Bragg and later Smith74 have compared the movement 
of the boundaries toward equilibrium positions with the movements of the 
films in a soap froth. It can be expected that the boundaries tend to arrange 
themselves in such a way that they include definite angles, corresponding 
to equilibrium between the relevant surface tensions in the boundary planes. 

71 W. G. Burgers and T. J. Tiedema, Acta Metallurgica 1, 234-238 (1953). 
71a W. G. Burgers, Proc. Roy. Netherl. Acad. Sei. (Amsterdam) 50, 598 (1947). 
72 E. Orowan, Communs. congr. Soc. frang. metallurgies Paris (1947); R. W. Cahn, 

J. Inst. Metals 76, 121-143 (1949). 
73 J. M. Burgers, see ref. 2, last paragraph of p. 28; W. G. Burgers, ref. 71a; see 

further Nabarro, ref. 4, pp. 322-329; Cottrell, 4a, pp. 89-93; Read, 4b, pp. 173-186. At-
tention may also be directed to C. S. Smith, ref. 5b, pp. 392-400. 

74 W. L. Bragg, ref. 2, pp. 108-109; C. L. Smith, Rapport IXe Conseil phys. Solvay, 
Bruxelles, pp. 11-44 (1951). 
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The rate of displacement of an individual boundary during annealing is 
governed by a balance between a driving force derived from surface energy 
and degree of curvature, and certain resistances. Surface energy and re-
sistances are both dependent on the structure of the boundary and on the 
difference in orientation between the adjoining lattice regions. For bound-
aries separating regions with large orientation differences the surface energy 
is relatively high,75 while the resistance is relatively low. 

Observations on recrystallization have shown that displacement in conse-
quence of annealing seems hardly to occur when the difference in orientation 
is small, or when the difference in orientation corresponds (exactly or ap-
proximately) to a twin position.76 

For further questions we refer to textbooks and to a few special papers.77 

c. Displacement of Sets of Dislocation Lines Under the Influence of Ex-
ternal Stresses 

When two lattice domains, making a small angle with each other, are 
separated by a regular array of edge dislocations of the type pictured in 
Fig. 25, it will be seen that simultaneous migration of all dislocation lines 
to one side will result in a tangential displacement of one block with respect 
to the other block, as is evident from a comparison of states (a) and (b). 
This phenomenon has actually been observed by Parker and Washburn in 
experiments with zinc; and by Vogel in experiments with germanium.78 

It is found that this migration is completely reversible. For the theoretical 
treatment we refer to Read, who considers this type of experiment as a 
powerful tool for studying the basic atomic mechanism of slip.79 ·80 

(d) Grain-Boundary Energy 

In Section III-l(c) it had been mentioned that a strain energy is con-
nected with every dislocation line and an expression for the magnitude of 

76 On surface energy connected with large-angle boundaries see Read, ref. 4b, pp. 
188-196; also W. T. Read, Jr., and W. Shockley, ref. 5a, pp. 129-139; 5b, pp. 352-371; 
further Cottrell, 4a, pp. 93-97. 

76 T. J. Tiedema, W. May, and W. G. Burgers, Ada Cryst. 2, 151-154 (1949); P. 
Lacombe and A. Berghe*zan, Compt. rend. 228, 93-95 (1949). 

77 Cottrell, ref. 4a, pp. 151-215; also papers in Progr. in Metal Phys., I-IV. Forpoly-
gonization see A. Guinier, ref. 5b, pp. 402-436; for recrystallization see W. G. Burgers, 
Rapport IXe Conseil phys. Solvay, Bruxelles, pp. 73-156 (1951). 

78 J. Washburn and E. R. Parker, J. Metals 4, 1076-1078 (1952); C. H. Li, E. H. 
Edwards, J. Washburn, and E. R. Parker, Ada Metallurgica 1, pp. 223-229 (1953); 
F. L. Vogel and co-workers, paper quoted in footnote 33. 

79 Read, ref. 4b, pp. 197-211. A diagram illustrating the displacement of a transition 
surface formed by a set of dislocations of the same sign was already given by W. G. 
Burgers [Physica 15, 96, Fig. 2 (1949)]. 

80 See also W. Lomer and J. F. Nye, and E. Fukushima and A. Ookawa87 on experi-
ments carried out with bubble rafts. 
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this energy per unit of length of the dislocation line was given in equation 
(6) for a particular case. It will be evident that a strain energy will also be 
connected with a boundary formed by dislocation lines. This so-called grain-
boundary energy is of great importance in problems referring to the struc-
ture of polycrystalline material, and methods have been developed for its 
experimental determination. 

When the spacing of the dislocation lines is regular, an expression can be 
given for this energy per unit area of the boundary. Let D be the spacing 
of the dislocation lines, so that the total length of these lines per unit area 
will be 1/D. In a similar way as was done in equation (6) the energy per 
unit length of a dislocation line can be written E0 (In rx + constant), where 
Eo is a quantity depending on the characteristic vector of the dislocation, 
its orientation, and the elastic constants of the lattice; while n is a measure 
for the dimensions of the domain in which the dislocation line exerts its 
influence. The "constant" depends on details of the atomic arrangement in 
the immediate neighborhood of the dislocation line, and also on the precise 
definition of n . In the case of regularly spaced dislocation lines we can use 
the spacing D in the place of r\ and wrrite the formula E0 (In D + constant). 

Now in the case of a simple tilt boundary between two domains which 
are separated by an array of dislocation lines, the angle of tilt 0 is inversely 
proportional to D. The total length of dislocation lines per unit area of the 
boundary consequently will be proportional to 0 and it follows that the 
energy of the boundary per unit area will be given by an expression of the 
form 

Eo ^(constant - In 0) (8) 
This formula was first published by Read and Shockley, and a detailed 
analysis of its deduction and its implications is given by Read, who also 
considers its extension to general grain boundaries.81 It appears that the 
relation between grain-boundary energy and angle of misfit in all cases has 
the same form as equation (8), although both EQ and the "constant" de-
pend on details of the relative orientation. 

According to its deduction the formula is valid only for small values of 
0; comparison with experimental data, however, has shown that in many 
cases it gives a satisfactory picture even for angles reaching 40 deg. For 
details the reader is referred to Chapter 7 by J. Fleeman and G. J. Dienes. 

Looking back over the preceding pages, we have considered (1) the exist-
ence of dislocations; (2) their mobility in connection with the character of 

81 W. T. Read and W. Shockley, Phys. Rev. 78, 275-289 (1950); Read, ref. 4b, pp. 
155-170,173-186. Measurements of grain-boundary energy are considered pp. 188-196. 
See also Cottrell, ref. 4a, p. 95. 
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a lattice; (3) the forces acting on dislocation lines and the resistance to 
gliding (and climb); (4) the possibility that systems of dislocation lines may 
obtain arrangements which prevent further migration by the forces they 
exert on each other. 

These are the basic facts on which a complete theory of plastic deforma-
tion of crystals must be built up. To treat this subject adequately would be 
beyond the scope of this chapter. 

We therefore close with a reference to the chapter by G. J. Dienes, on 
"Mechanical Properties and Imperfections in Crystals," and to CottrelPs 
book.4»-82 

82 Since the preparation of this Chapter have appeared: W. Dekeyser et S. 
Amelinckx, "Les Dislocations et la Croissance des Cristaux", Massonet Cie., Paris 
1955, and an extensive paper by S. Amelinckx, Natuurw. Tijdschr. (Gent) 36, 3-206 
(1954-^55). These publications give new data on growth phenomena, poly type struc-
tures, polygonization, and on movements and origin of dislocations. 
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