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When one first studies crystalline solids, great emphasis is placed on the 
striking regularity and perfection of the atomic arrangement therein, a 
perfection extending in all directions. This is a good starting point, but in 
studying physical properties such as strength or transformation rates, we 
soon learn that the rare, local deviations from perfection are just as impor
tant. The simplest type of such defects occurs at a point in the lattice_ For 
example, if one lattice site is unoccupied we say the site is vacant and call 
the defect a vacancy. If there is one more atom than lattice sites in a region, 
the resulting point defect is called an interstitial (see Fig. I-I). [n the next 
chapter we will study diffusion and find that the easiest ways to move atoms 
in a metal crystal is by means of these point defects. 

A second common class of defects extends along a line inthe crystal. 
These are called dislocations. Their existence was hypothesized in the early 
1930s to explain the fact that metal single crystals shear at loads thousands 
of times smaller than would be calculated for an absolutely perfect crystal. 
In the intervening years, dislocations have proved to be of value in explain
ing a wide range of phenomena connected not only with plastic deformation, 
but with transformations, grain boundaries, diffusion, etc. In the last decade, 
various microscopic techniques have been developed which allow the study 
of the shape, density, and motion of individual dislocations, so they have 
long since passed from the realm of hypothesis to that of established fact. 
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figure 1·1. (100) plane of close-packed lattice showing various point defects. 

Our primary aim here is not to study plastic deformation. However, 
the main purpose of carrying out transformations is to affect the strength 
and ductility of an alloy, and if we are to discuss how transformations affect 
the strength of solids, dislocations are essential. In addition to mechanical 
strength, the atomic mechanisms involved in annealing and transformation 
processes often are best described with dislocation models. For these 
reasons we begin our study of transformations with a discussion of elemen
tary dislocation theory and several applications which will be used later. 

1-1. strength of perfect crystals 

The reader may have the impression that a piece of metal deforms homo
geneously, and isotropica"y. This is often an adequate assumption for 
engineering purposes. However, if the deformation is studied on a micro
scopic scale, one observes that the metal deforms not like putty but like a 
deck of cards. The shear occurs by slip on definite crystallographic planes 
and in definite directions (usually on close-packed planes and in close
packed directions). Shear also occurs in discrete bands of these planes so 
that after shear an originally plane surface examined under a microscope 
has a surface contour which resembles that of a sheared deck of cards. 

If a single crystal is deformed in shear, it is found experimentally that 
there is a minimum, or critical, shear stress required for slip. Table 1-1 gives 
values of this critical shear stress resolved onto the shear plane (CRSS), for 
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sent two adjacent close-packed planes of atoms in a crystal. The displace· 
ment of the top plane from its equilibrium position is designated by u. For 
small strains, the shear is elastic, and Hooke's law gives for the shear stress T 

U 
T= G

d 

where G is called the shear modulus. 

(1-1) 

For larger strains, though, T must be smaller than given by Eq. (1-1) 
since T = 0 for u = b/2 (Fig. 1-2). Thus at u about equal to b/4 the shear stress 
T must go through a maximum. The simplest relation between T and u which 
gives th is behavior is 

. 27ru 
T = a Sin T 

The constant a is evaluated by equating (dT/du)u-+o from Eqs. (1·1) and (1-2). 
This gives 

Gb . 27rU 
T = -Sln-

2-rrd b 

If b ~ d, the maximum value of T, at U = b/4, is Tm ~ G/27r. 

(1-3) 

Table 1-1 gives the observed shear stress and G. It is seen that in close· 
packed metals flow occurs at roughly G/10 5, not G/27r. A more exact equation 
for T versus u than Eq. (1-2) lowers the predicted value of Tm to more like 
G/30.However, this doesn't remove the violent disagreement between the 
observed flow stress and the flow stress that would be found if all the atoms 
sheared simultaneously. 

Before proceeding to show how dislocations can explain the low ob
served shear stress, we should comment briefly on the attainability of this 
ideal strength Tm in real crystals. Such strengths are often found in small 
IIwhiskers" that can be grown by special techniques. Study has shown that 
these strong crystals are free of dislocations. The production of large pieces 
of metal of such perfection is impossible. Any commercially produced large 
piece of metal has a high density of dislocations, and the only way to 
strengthen such alloys is to produce a high density of barriers which inhibit 
dislocation movement. For example, steel piano wire can be produced to 
give this ideal strength. The strongest precipitation-hardened aluminum 
alloys also approximate these strengths. In each case the microstructure 
consists of a distribution of fine hard second-phase particles in the metal 
matrix. The means of attaining such microstructures and the reasons for 
their high strength will be developed in detail in the later chapters of this 
book. 
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1-2. slip with dislocations 

The high stress required to shear a perfect crystal results from having to 
shear all the atoms in a plane simultaneously. A similar problem arises in 
trying to move a large rug by pulling steadily on one side. It is much easier 
if one moves the rug by propagating a ripple across the rug. A dislocation 
resembles this ripple in several ways. Both are relatively easy to move once 
formed. I n both cases the slip is localized to the region of the defect, the line 
defect being the boundary between the slipped and the unslipped region. 

edge dislocations 

To illustrate slip by means of dislocations, considerthe shear illustrated 
in Fig. 1-3. Here an edge dislocation is formed by slipping part of the top half 
of the crystal relative to the bottom. The central two figures show crystals 
with edge dislocations which are said to be of opposite sign propagated half
way through the respective crystals. In each case, slip of magnitude b has 
been moved halfway across the crystal, but the lattice is unaffected except 
in the neighborhood of the dislocation. The model on the far right represents 
either of the crystals after a dislocation has moved all the way through. 

It is important that the reader understand the slight atomic movements 
involved in translating the edge-dislocation core by one interatomic distance. 
Figure 1-4 shows an edge dislocation in a close-packed plane of soap bubbles. 
Note the symmetry about the center vertical plane. Consider the atomic 
motions that result from moving the dislocation infinitesimally to the left 
or right. For every atom moving away from an equilibrium position on one 
side of the dislocation core, there is an equivalent atom moving toward an 
equilibrium position on the other side. For every atom that must be forced 
out of its lowest energy position, there is an atom in almost an equivalent 
position moving toward a lowest energy position. Thus the net force required 
to move the dislocation will be small. An accurate calculation of the actual 
flow stress required to move a dislocation is difficult and uncertain. The main 
conclusion is that the stress needed to move a dislocation through an other
wise perfect crystal is much less than 0 / 30 and is as low as or lower than the 
observed shear stress of single crystals. 

In addition to the mode of motion, note these other aspects concerning 
the edge dislocations shown in Figs. 1-3 and 1-4. 

1 The dislocation is, the boundary between the slipped and unslipped 
parts of the crystal. The lattice is perfect on either side of the dislocation. 

2 The relative displacement of the two halves of the crystal caused 
by the dislocation is designated by the vector b, which is called Burgers 
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figure 1-3. On the left is a cube of metal with arrows indicating the applied shear stress. 
The center shows two models of crystals in which slip has moved part way across each; 
equivalently, edge dislocations of opposite sign have been formed on the surface of each 
and moved part way through the crystal. The figure on the right represents the crystal 
after either dislocation has passed completely through. (Photo courtesy of R. de Wit, 
Naval Research Lab.) 

vector of the dislocation. It is the most important single characteristic of the 
dislocation. 

3 In an edge dislocation the vector b is normal to the dislocation line, 
that is, to the end of the half plane. This is the definition of an edge 
dislocation. 
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figure 1·4. Edge dislocation in two-dimensional, close-packed laltice. 

4 Dislocations of opposite sign moving in opposite directions give the 
same fina I shear. 

S When two edge dislocations with opposite Burgers vectors meet on 
the same glide plane, they annihilate each other. Consider both the edge 
dislocations shown in the central two figures of Fig. 1-3 forming on opposite 
sides of the same glide plane. When they meet, they combine to form one 
complete plane. This would again give the slipped crystal shown on the 
right of Fig. 1-3. 

screw dislocations 

We have defined an edge dislocation as one in which b is normal to the 
dislocation line. If b is parallel to the dislocation line, the dislocation is said ' 
to be a screw dislocation. Figure 1-5 shows a crystal containing a screw dis
location. Note that the atom planes in this crystal form one long spiral start
ing on the top and proceeding to the bottom. Thus the name "screw dis
location." (Problem 1-4 shows this in another way.) Figure 1-6 shows the 
atomic positions around the core of a screw dislocation. Again there is 
symmetry about a plane along the dislocation line and normal to the glide 
plane. Thus the stress required to move the dislocation is quite low. 

Going back to the five points listed above in discussing edge disloca
tions, it can be seen that they apply equally well to screw dislocations, 
except that point 3 must be replaced by the definition of a screw dislocation, 
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figure 1·5. Crystal conlaining a screw dislocalion. Nole thal if all vertical lines in 
lhe figure were eliminaled, lhe remaining planes would form a spiral ramp. (Pholo 
courtesy of R. deWil, Naval Research Lab.) 

namely, that b lies parallel to the dislocation line. In point 4 of that list, the 
designation "positive" and "negative" is often replaced by "right-hand" and 
"left-hand" dislocations due to the convention of designating screws in this 
manner. 

1-3. other dislocation characteristics 

So far we have considered only straight dislocations which are either pure 
screw or pure edge. There are also curved dislocations of mixed screw and 
edge type which can give slip. A commonly met example of a curved disloca
tion is a full loop such as that shown in Fig. 1-7. For now imagine that th is 
loop nucleated as a very small loop inside the crystal and then expanded to 
the loop shown. Instead of one-half of the crystal being slipped and the other 
not as in Figs. 1-3 and 1-5, the area within the loop is slipped by b relative to 
that outside the loop. If this loop expanded until it camethrough the surface 
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on all sides, the crystal would look like that on the right side of Fig. 1-3. In 
going around the loop, the nature of the dislocation changes continuously 
from edge to mixed screw and edge, to screw, to mixed screw and edge, etc. 
Figure 1-7b also shows a section through the crystal normal to the loop that 
emphasizes how the opposite sides of the loop will annihilate one another 
upon meeting. This must be the case if the unslipped area within the loop 
grew from a perfect crystal and could shrink back to th-at state if the applied 
shear stress was removed. 

The dislocation loop helps illustrate another general property of a 
dislocation, namely, a dislocation cannot go part way through the crystal and 
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figure 1-6. Arrangement of atoms around the core AD of a screw dislocation. ABCD is 
the slip plane. The open circles are the atoms in the plane above the slip plane, while the 
closed circles represent the atoms just below the slip plane. (From W. T. Read, " Disloca
tions in Crystals," McGraw-Hill Bo?k Company, New York,1953.) 
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figure 1-7. Sketch of dislocation loop on glide plane. (a) A view from the top indicating 
b, screw and edge parts, and slipped and unslipped regions. (b) A section along A-A' 
of (a) showing that the edge dislocations on opposite sides of the loop will annihilate one 
another if lhe loop shrinks and the two come together. 

then end inside the crystal. Closing on itself in a loop allows the dislocation 
to be completely contained within the crystal, but does not violate this rule. 
One way to illustrate the impossibility of a slip dislocation ending within the 
crystal is-to point out that a slipped region must have bounds and these 
boundaries are slip dislocations. This is not a general proof since not all 
dislocations are slip dislocations, but it illustrates the rule. Another general 
aspect of this rule treats the intersection of dislocations within a crystal. In 
this case the vector sum of Burgers vectors of the dislocations going into 
the intersection or node is zero. We will deal relatively little with nodes so 
will not pursue this point further. 

To conclude this discussion of general properties of a dislocation, let 
us consider the definition of a Burgers vector in more detail. The operational 
definition implied above could be given as follows: Given a block of an 
elastic medium, make a cut part way through the block, shift one side of the 
cut relative to the other by the distance b, and stick the two sides of the cut 
together again. This could give the configuration shown in either Fig. 1-3 or 
1-5 depending on the direction of the shift relative to the edge of the cut. An 
alternative definition involves something called a Burgers circuit and is given 
in Prob. 1-6. 
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1-4. dislocation climb and cross-slip 

So far we have considered dislocation movement only in the glide plane. 
Both edge and screw dislocations can move on a plane other than their 
initial glide plane, but the mechanism by which this is accomplished in each 
case is quite different. 

edge-dislocation climb 

An edge dislocation can, in principle, be made by making a cut normal 
to the glide plane, inserting an extra half plane of atoms, and then closing 
the cut. Figure 1-8a shows the result. Note that the glide plane of such a 
dislocation is fixed. The dislocation cannot move normal to the glide plane 
unless atoms are added to or removed from the inserted half plane. Figure 
1-8b also shows that the annihilation of vacancies at an edge dislocation can 
move the dislocation upward. By reversing this process and creating va
cancies an edge dislocation can climb downward. 

This discussion can b_e generalized as follows: Given any closed loop of 
dislocation, the area of this loop projected on a plane normal to Burgers 
vector cannot change unless atoms diffuse into or out of the loop. Diffusion 
occurs slowly even at high temperatures and it does not occur at all at lower 
temperatures; thus in deformation, dislocations must move so as to keep 
this projected area constant. As an example, consider the loop in Fig. 1-7. 
This has zero projected area on the plane normal to b. Increasing the loop 
diameter increases the length of edge disloca~ion as well as screw. However, 
equal lengths of positive and negative edge dislocation are produced as the 
loop expands, keeping the projected area constant. 
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figure 1-8. (a) Crystal containing edge dislocation and vacancy. (b) The vacancy has 
moved over to the bottom of the edge dislocation and been annihilated, thus moving the 
edge dislocation upward. 

/ 
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The use of this rule of constant projected area in another type of situa
tion is developed in Prob. 1-7 . 

. ~ 

cross-slip 

Whereas an edge dislocation can glide on only one plane, a screw 
dislocation has no area projected on a plane normal to b. Thus a pure screw 
dislocation can and does change its glide plane. I n principle, a screw disloca
tion can glide on any plane. In fact, it glides on only one or a few families of 
planes. In fcc crystals this is the {Ill} family. Thus, if a screw dislocation 
moving on the (111) glide plane meets an obstacle, say a precipitate particle, 
it can change to anot~er glide plane, say the (111). It will glide above or 
below the particle, and can then return to a (111) parallel to the original (111) 
glide plane. The change from the (111) primary glide plane to the (111) sec
ondary glide plane is called cross-slip. The surface relief resulting from cross
slip is shown in Fig. I-g. This is a schematic diagram showing the progress of 
one dislocation. The name "cross-slip" was coined for the macroscopic 
observation that the slip plane sometimes varies for a given slip-band to give 
a corrugated slip-band similar to that of Fig. 1-gc. This corrugation is particu
larly common in bcc metals where it is often referred to as \ "wavy slip_" 

1-5. dislocation energy 

Sinc'e a dislocation is a defect, it d isru pts the regu larity of the lattice and th us 
increases the energy of the crystal. Unlike a vacancy, whose distortion 
extends out only a short distance, the strain caused by a single dislocation 
is still significant at distances of over 100 ao from the core. Two important 

(a) (b) (c) 

figure 1-9. Diagram showing surface relief resulting from screw dislocation moving 
down and around an obstacle which isn't shown. (a) The screw dislocation on the primary 
slip plane. (b) Cross-slip has occurred and the dislocation is moving on a secondary 
glide plane. (c) The screw dislocation has returned to the primary glide plane. 
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consequences follow immediately from this. First, the total strain energy 
associated with the strain around a dislocation is quite large. Second,through 
these extended strain fields, dislocations whose cores are far from each other 
still interact and change their position so as to decrease the total strain 
energy of the lattice. In the preceding sections we have discussed primarily 
the geometric aspects of dislocations. However, when a cold-worked piece 
of metal is heated (annealed), the changes that occur will be primarily those 
that decrease the energy of the metal. A study of this decrease will require a 
knowledge of how dislocations interact and can rearrange themselves to 
decrease their energy. An understanding of the energy associated with 
individual dislocations and arrays of dislocations is desirable primarily for 
this reason, though it will also enter other aspects of our study. 

energy of a screw dislocation 

The stress field around a screw dislocation is simpler than that around 
an edge dislocation, so we will treat it first. The thin shell in Fig. 1-10 shows 
the elastic distortion of the material around a screw dislocation. The distor-
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figure 1-10. (a) Distortion in thin shell around axial screw dislocation. (b) The shaded 
strip of (a) after being unrolled. 
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tion is a pure shear in which the strain is given by 

b 
')'rO = 27rr 

The elastic shear stress accompanying this strain is 

Gb 
TrO = G')'rO = -

27rr 

The elastic energy of the thin shell shown in Fig. I-lOa is thus 

1 Gb 2 dr 
dEs = 7];TrO')'rO dV = -4 -

1r r 

(1-4) 

(1-5) 

(1-6) 

This equation from elasticity is valid for small strains, but is an inadequate 
approximation for large strains. Thus Eq. (1-6) is valid for all of the crystal 
beyond some radius ro from the core, ro being equal to a few b. The energy 
within this core region of r < ro is only a fraction of the tota! and is usually 
taken care of by lowering ro judiciously. 

If the dislocation lies along the axis of a cylinder of radius R, the 
energy per unit length of a screw dislocation Es can be given by the 
integral of Eq. (1-6) between ro and R. 

Gb 2 R 
Es = -In-

47r ro 
(1-7) 

Several important things about a dislocation can be deduced simply from 
inspecting this equation. We will develop each in more detail below, and 
only introduce them here. 

1 Es varies as In R. It is dependent on the size of the crystal or on the 
state of strain of the lattice far from the dislocation core. Since Es is spread 
over a large volume of the crystal, relative to the volume of a unit cell, this 
means that dislocations will interact with one a-nother, or with point defects 
over distances much greater than the lattice parameter ao. 

2 Es is proportional to b2
• This is as it must be since the elastic strain 

energy Es is in general proportional to the strain squared. At the end of Sec. 
1-3, b was defined as being equal to the displacement involved in forming a 
dislocation. Thus the strain at any point around a dislocation is proportional 
to b, and Es proportional to b2 follows. 

3 The energy of a dislocation is proportional to its length, so that the 
strain energy will decrease if the dislocation length decreases. Another way 
to express this is to say that the dislocation has a line tension just like a 
rubber band. Thus a curved dislocation will tend to decrease its length, for 
example, a dislocation loop will tend to shrink under the influence of this 
line tension. 
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The energy of a dislocation is large. If ro ~ 10-7 cm, R ~ 10-4 cm, and 
b ~ 3 X 10-8 cm, then E8 is about Gb 2/2 per centimeter. This comes out to 
about 6 ev/plane of atoms normal to the dislocation line, or over 108 ev/cm. 
A vacancy by comparison has an energy of about 1 ev. An intuitive feeling 
for the magnitude of such numbers will come with time. Suffice it to say that 
this is a very large amount of energy relative to those involved in phase 
changes which often are approximately 0.01 ev/atom for solid-state trans
formations, 0.1 ev/atom for melting, and 1 ev/atom for vaporization. 

( 

energy of an edge di$location 

The stress field around an edge dislocation is more complicated than 
that around a screw dislocation. Inspection of Fig. 1-3 should make it clear 
that in addition to shear stresses along the glide plane, there are tensile or 
compressive stresses above and below the glide plane. However, an analysis 
of this problem shows that the stress along any radial line decreases as l/r. 
Thus the energy again !ntegrates to an equation similar to that of Eq. (1-7), 
namely, 

E = Gb
2 

In ~ 
e 471'"(1 - v) ro 

(1-7 a) 

where v is Poisson's ratio and is often between 0.2 and 0.4 for metals. Equa
tion (1-7a) differs from Eq. (1-7) only by the constant(1 - V)-l. Thus the three 
points enumerated above about the energy of screw dislocations are equally 
valid for edge dislocations. 

1-6. stress to expand a dislocation loop 

We have now established that dislocations can give slip at relatively low 
shear stresses, and that the energy per unit length of dislocation acts as a 
line tension. To discuss how dislocations give slip in real metals, we must 
understand the interplay between the shear stress which tends to expand a 
dislocation loop across the glide plane and the line tension which tends to 
shrink the loop. 

force on dislocation from r 

The force Fa exerted on a segment of a dislocation due to a shear stress 
r can be obtained from an energy balance argument. Consider the volume 
element shown in Fig. 1-11 which contains a dislocation and which is acted 
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figure 1-11. Model used for calculalion of force on dislocalion due to shear slress T. 

on by a load L. Th is load creates a shear stress. 

L 
T =-

wl 
(l-8) 

If th is load is just sufficient to move the dislocation, the work done in moving 
the dislocation a distance w is Fsw. But this work is also equal to the work 
done on the crystal by the load, namely, Lb. Equating these two and using 
Eq. (l-8) gives 

Fs = Tb 
1 

(l-9) 

That is, the force per unit length of dislocation is Tb. This result is independ
ent of whether the dislocation is edge or screw. 

stress to expand dislocation loop 

If a dislocation loop is to expand on a glide plane, the length of disloca
tion must be increased. But to a first approximation, the energy per unit 
length is a constant, so increasing the loop diameter requires that work be 
done. For now we ignore the fact that the energy per unit length of disloca
tion differs slightly for edge and screw dislocations and talk only of a constant 
energy per unit length, or line tension 3. 

Consider th~ incremental enlargement of a circular loop shown in Fig. 
1-12. The increase in the energy of the dislocation loop in this displacement 
is 21T'3 dr. This energy is provided by the applied shear stress which does 
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figure 1·12. Infinitesimal enlargemer;i of dislocation loop with Burger's vector in plane 
of paper. 

work 21rrF$ dr in the process. Equating these two energy terms gives for the 
minimum required stress 

~ 
T =-

rb 
(1-10) 

Thus for a given stress T only those loops of radius r > ~b/T will expand. 
Those with r < ~b/T will shrink. 

In the following section this equation is used to calculate the stress 
required to generate new dislocations through the operation of something 
called a Frank-Read source. A more important application will come several 
chapters hence when we discuss the strengthening of alloys due to closely 
spaced, impenetrable barriers. The flow stress for the alloy is that stress 
required to bow a dislocation segment out between two adjacent barriers. 
If the barriers are close together, the radius r of curvature is small and Eq. 
(1-10) predicts high values of the flow stress that agree with those found 
experimentally. 

1-7. dislocation multiplication 

Dislocations are produced in metals during solidification. A cubic cent i
meter of a casting contains roughly 10 7 cm of dislocation. If a shear stress is 
applied to such a metal, one might guess that many of these dislocations 
would glide out, giving shear and decreasing the dislocation density. In 
fact, this density of dislocations is totally inadequate to give the shear strain 
found in metals, and more important, the density of dislocations in a piece 
of metal doesn't decrease but greatly increases with deformation. Thus some 
mechanism must operate which allows new dislocations to be generated. 
Furthermore, this generation, or multip lication, mechanism must be able to 
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/ 

operate at a very low applied shear stress relative to 0, that is, roughly 10-4 

or 10- 50 (see Table 1-1). 
Before describing the mechanism wh ich is thoughtto operate, consider 

one which does not operate, namely, the nucleation of new loops from points 
within the crystal. Assume that a small loop of radius lOb is formed by a 
fl uctuation on a glide plane. From Eq. (1-7) one can deduce a line tension of 
about Ob2/ 2. Putting these numbers in Eq. (1-10) tells us that an applied shear 
stress of 0 / 20 would be required to enlarge the loop. Th is disagreesvio
lently with the low observed flow stress of <0/ 10 4, so a mechanism other 
than homogeneous nUcleation must be sought. 

The above argument indicates that the shear stress found to give 
plastic flow in single crystals can bow out loops of a radius of only roughly 
~105b. A mechanism which meets this requirement was first proposed by 
Frank and Read. When a dislocation is generated in a crystal as a growth 

• Tb 
~ .# Tb 

D ~D' D~D' 
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(d) (e) 

figure 1-13. Successive slages in the development of a dislocalion segment pinned at 
D and D' 'and operaling as a Frank-Read source. The arrows indicale the force acting 
on the dislocalion at each point. 
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fault, it doesn't lie on one plane alone, but lies on on-e glide plane for a 
distance and then jogs up to another parallel glide plane. When the dis
location leaves the glide plane it will be cons!dered as pinned. Thus when a 
shear stress is applied, the segment in the glide plane between the pinning 
points will bow out, as shown in Fig. l-13a. If the applied elastic shear stress 
is less than 2'J/ lb, Eq. (1-10) indicates that the segment will come to equi
librium at a radius of curvature given by 3/ rb, as shown in l-13a. However, 
if r > 2'J/ lb, the segment will bow out through the successive stages shown 
in Fig. l-13b. Note the configuration in Fig. l-13d. When the dislocation loop 
has expanded to this point, the slipped regions coming around on either 
side of the pinning points have almost met. When these two lobes meet, the 
two separate, slipped regions merge, and the only remaining unslipped 
region is that unshaded region of Fig. l-13e. The beauty of this mechanism is 
that a new dislocation loop has been generated without altering the original 
dislocation segment. Thus this segment is free to go through another cycle, 
generating another loop. This generation of successive loops can proceed 
indefinitely. 

This mechanism allows dislocation multiplication to occur at shear 
stresses consistent with the observed single-crystal flow stress. For example, 
if l = 105b for a given segment, and we take 3 = Gb2/ 2, this segment could 
operate as a source for r > 10-5G. This seems to be the operative mechanism 
in many cases. 

1-8. interaction between dislocations 

As an introduction single dislocations were discussed, starting with straight 
dislocations and progressing to curved dislocations and loops. We now 
consider how dislocations interact with one another in arrays, a topic which 
will be of primary importance in our application of dislocations. 

A dislocation sets up a stress field in the lattice surrounding it. One 
way to derive an equation for the shearing force this first dislocation exerts 
on the second is to multiply the shear stress due to the first dislocation by 
the Burgers vector of the second; that is, we use Eq. (1-9), Fs = rb. Another 
approach is to note that the force between dislocations acts so as to decrease 
the total elastic energy of the crystal. If moving the dislocations apart will 
decrease the energy, it follows from mechanics that a force exists which 
tends to move them apart. 

screw dislocations 

The interaction between parallel screw dislocations is particularly sim
ple. The force acting on a screw dislocation a distance r away from the origin 
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and a parallel screw dislocation of the same sign at the origin is given by 
combining Eqs. (1-5) and (1-9). Equation (1-5) gives the shear stress at the 
second dislocation due to the one at the origin, and Eq. (1-9) says that for 
this shear stress the force per unit length is 

Gb2 

Fs = Tre b = G'Yre b = 2-
7rr 

(1-11) 

This force is repulsive and acts along a line normal to the two dislocation 
lines. 

Qualitatively one can get the same result by saying that if the two d is
locations come closer together, their strain fields add, thus increasing the 
strain around them and thereby the energy of the crystal. Consider the case 
in which the two dislocations are moved together until the cores merge into 
one dislocation of Burgers vector 2b. If El is the energy of a dislocation of 
Burgers vector b far from any other dislocation, the energy of the crystal 
containing the two merged dislocations is 4El while the energy for the case 
of two dislocations far apart is 2E1• Figure 1-14 shows the variation of the 
energy of the crystal with separation r for this case. The slope of this curve 
is given by Eq. (1-11) through the equation 

Fr = _ oE = Gb
2 

or 27rr 
(1-12) 

where Fr acts along the radial line normal to the two dislocations and E is 
the elastic energy of the crystal due to the two dislocations. 

For screw dislocations of opposite sign, the forces differ only in direc-

E 

---------~-~-~-~-~-----

OL-------------------------------~~ 
r 

figure 1-14. Plots of energy vs. separation distance for two parallel screw dislocations 
of the same and opposite sign. 
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tion. If the two dislocations are far apart their energy is 2E j ; if they come 
together, their strain fields tend to cancel one another until, when the two 
cores merge, they annihilate each other, and the energy goes to zero. This 
decrease in energy as the two approach means that there is an attractive 
force between them. 

edge dislocations 

The lack of circular symmetry around an edge dislocation makes this 
problem more complicated. However, if we consider parallel edge disloca
tions with parallel b gliding on the same plane and possessing parallel b's, 
the force between the two, F x, is 

Gb2 

Fx =----
27r(1 - v)x 

(1-13) 

where x is the distance between the two dislocations. This is the same as 
Eq. (1-11) except for the term (l - V)-1 which we know is associated with the 
energy of an edge dislocation. Again curves similar to Fig. 1-14 follow for 
parallel edge dislocations of parallel b. 

Equation (1-13) is similar to Eq. (l-11) because on the glide plane an 
edge dislocation sets up only shear stresses. However, an edge dislocation 
is formed by squeezing a half extra plane of atoms into the lattice. This sets 
up a compressive stress in the lattice above the glide plane and tensile 
stresses below where the extra plane ends. See Fig. 1-16b. If two parallel edge 
dislocations of the same b are placed one above the other, these tensile and 
compressive strains tend to cancel. Thus this configuration is stable with 
respect to glide, that is, trying to move the dislocations from directly above 
or below one another increases the energy of the lattice. Figure 1-15 shows 
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figure 1-15. An edge dislocation and arrows indicating how an identical edge dislocation 
would glide in the various regions. 
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a dislocation and the arrows indicate the direction an identical edge dis
location will glide in the various quadrants due to the interaction of the strain 
fields of the two. 

Note that an edge dislocation above or below the two lines at 45° is 
moved in toward the center, while one to the left or right of these two lines 
will move away. 

1-9. interaction between point defects and dislocations 

In addition to the interaction between two dislocations, the interaction 
between dislocations and point defects can be important. The strongest 
interaction occurs with impurity atoms. These locally expand or contract 
the lattice. The elastic energy of the crystal will be decreased if a large atom, 
one that expands the lattice, comes to reside in the region below the extra 
half plane of an edge dislocation where the lattice parameter is already 
increased. An interstitial atom which locally expands the lattice would also 
decrease the elastic strain energy if it diffused to this region. SUbstitutional 
impurities smaller than the matrix atoms will segregate to the compressed 
region. In this approximation impurities do not interact with or segregate to 
screw dislocations since there is no dilatation of the lattice by screw 
dislocations. 

Since the strain field set up by a dislocation extends over a large 
volume, impurities some distance from the core will be influenced by an edge 
dislocation and migrate toward its core, provided the temperature is high 
enough to let them diffuse. 

After an "atmosphere" of impurities has segregated to an edge dis
location, the dislocation is said to be pinned by it. In the absence of such an 
atmosphere, applied shear stress would move the dislocation away. How
ever, if the movement of an impurity to the dislocation core decreased the 
crystal energy by U, moving the dislocation would require an additional 
work of nU, where n is the number of impurity atoms adsorbed per unit 
length. Low stresses are not sufficient to tear the dislocation away from its 
atmosphere. As a result, the dislocation can glide only as fast as its atmos
phere can diffuse along with it. If the temperature is too low for solute 
diffusion, the dislocation will be pinned and can't move. At some higher 
stress the dislocation will be torn away from its atmosphere. 

1-10. low-angle grain boundaries 

When two crystalline regions, or grains, of different orientation meet, the 
transition region is called a grain boundary. Soon after the invention of the 
dislocation it was pointed out that when the misorientation between the 
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figure 1-16. (a) Two simple cubic lattices with a common [100] axis normal Lo the 
paper. (b) After joining to Jorm a low-angle tilt boundary. (A boundary is tilt iJ the axis 
of relative rotation lies in the boundary.) The elastic strain and structure oj the boundary 
are described with edge dislocations. (From 1V. T. Read, Jr., "Dislocations in Crystals," 
McGraw-Hill Book Company, IVew York, 1953.) 

grains was smal l, the structure of the boundary was best described with 
dislocations. As an example, consider the two grains shown in Fig. l-16a. 
If these surfaces are brought together, the atoms in the boundary will 
accommodate to the two lattices in a manner best described as the dis loca
tion array of Fig. 1-16b. This boundary made up entirely of edge dislocations 
is referred to as a symmetric tilt boundary. One lattice can be brought into 
co incidence with the other by a rotation of e about the [100] axis normal to 
the paper. Note thatthe dislocation spacing D is given by the equation De = b 
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or 
b 

0=-
D 

(1-14) 

The validity of this model has been experimentally verified bychecking 
this equation for low 0; the spacing D can be measured by etching tech
niques which form a pit where each dislocation meets the surface. () is 
measured by x-ray techniques. 

Our discussion of the interaction between edge-dislocation pairs indi
cates that the elastic energy of the lattice is a minimum when the disloca
tions lie one below the other. Note that midway between two adjacent dis
locations in the plane of the boundary, the strain fields cancel one another, 
that is, the net strain goes from tension to compression. The strain at a 
distance much less than D from the dislocation is that of a free dislocation, 
but at distances comparable to D/2 above or below the dislocations the 
strain fields cancel out. Thus it is reasonable to approximate the energy 
due to one dislocation in the wall by the equation 

Gb 2 aD 
E e = 47r(1 _ v) In b (1-15) 

where a is a constant, roughly equal to unity, whose exact value could be 
determined from ro and an exact integration of the stress field due to all 
dislocations. Note that the energy per dislocation decreases monotonically 
with D. 

To get the grain-boundary energy, consider an area of unit depth and 
unit height along the boun'dary shown in Fig. 1-16. The number of disloca
tions in this area is D-l = B/b. Thus the energy per unit area of boundary 
is D-l times Eq. (1-15) or 

GbO 
Eb = 47r(l _ v) (In a - In 0) (1-16) 

which is of the form 

(1-17) 

where Eo = Gb/47r(1 - v) and A = In a. A plot of this equation is shown in 
Fig. 1-17. 

In Chap. 3 the experimental means of measuring Eb will be discussed. 
For now it suffices to say that Eq. (1-17) fits the available data well for small 
0, say 0 < 6°. For larger values of 0, the distortion in the boundary becomes "" , 

larger and the atomic structure of the boundary is less well described by a 
dislocation model. Also, the small strains assumed in the elasticity theory 
leading to Eq. (1-17) are exceeded. Equivalently one could say that as D/2 
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() 

figure 1·17. Plot of grain-boundary energy vs. misorientation for a low-angle grain 
boundary, after Eq. (1-17). 

approaches ro, Eq. (1-17) becomes a very poor approximation. Figure 1-18 
shows several grain boundaries of varying 8 in a bubble raft. Note that only 
the one with a small 8 is clearly described by a dislocation model. 

Note that the plot of Eb versus 8 in Fig. 1-17 is concave downward. 
This means that if two low-angle boundaries, each of misorientation 81, 
merge to form a new boundary of misorientation 82 = 281, the energy of the 
new boundary is less than that of the two initial boundaries. This result will 
be returned to in our discussion of annealing processes since the merging 
of dislocation arrays into fewer, higher-angle boundaries is one of the 
processes that decreases the energy of the crystal during annealing. 

twist boundaries 

The boundaries described above contained only edge dislocations, and 
separated grains rotated relative to one another about an axis which lies in 
the plane of the grain boundary. If the two grains are rotated relative to one 
another about an axis perpendicular to the boundary, the boundary is called 
a twist boundary and can be described by two orthogonal sets of screw dis· 
10cation. I Figure 1-19 shows the arrangement of the atoms in such a boundary. 
The cylinders in Fig. 1·19a show the type of rotation involved in forming such 
a boundary. 

1 I n the close-packed fcc and hcp lattices, twist boundaries usually lie on close-packed 
planes which have threefold or sixfold rotational symmetry. A twist boundary is 
then made up of not two but three sets of dislocations, one lying along each close
packed direction. 
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figure 1-18. Bubble raft showing several grain boundaries of varying misorientation 
o. Note that only the boundary of smallest 0 can be described by a dislocation model. 

(Courtesy of C. S. Slnith.) 



(b) 

(a) 
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Before After 

figure 1-19. (a) The cylinders show that the rotation of two halves of a crystal form a 
twist boundary. (b) The atomic arrangement in a twist boundary made up of two orthogonal 
sets of a screw dislocations. (From W. T. Read, Jr., "Dislocations in Crystals," McGraw
Hill Book Company, New York, 1953.) 
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An analysis of the energy of this type of boundary shows that again the 
density of dislocations is proportional to e, and that the range of the strain 
field associated with each dislocation decreases as lie. Thus an equation 
of the type given by Eq. (1-17), and plotted in Fig. 1-17, is again obtained. 

In general the boundary joining two grains which are misoriented in 
an arbitrary fashion will contain both edge and screw dislocations of more 
than one Burgers vector. However, the structure is again related to that 
shown in Figs. 1-16 and 1-19, and again the energy increases with mis
orientation in a manner given by Eq. (1-17). 

1-11. partial dislocations 

In the preceding treatment, the dislocations discussed are such that they 
leave perfect lattice in their wake. If the lattice on one side of a plane is 
displaced relative to the lattice on the other side, there is some minimum 
displacement 0 required before the lattices match perfectly again. The 
magnitude of this repeat distance 0 depends on the lattice and the direction 
of the displacement, and will be smallest in a close-packed direction of a 
close-packed plane. In principle one can discuss dislocations whose b is 
smaller than o. However, the movement of such a dislocation would shift 
the lattice on either side of the glide plane by less than o. As a result the 
lattices on either side of the glide plane would not match and the movement 
of the dislocation would create a plane of mismatch in the lattice that would 
have a large energy associated with it. Dislocations with b = 0 are called 
complete or perfect dislocations. Dislocations with b < 0 are called partial dis
locations. The partial dislocations found in nature are limited to those which 
bound a mismatch plane of relatively low energy. For example, consider 
the ordered lattice of Fig. 1-20. Note that along the most closely packed 
(100) direction the repeat distance ao is twice the interatomic spacing d. In 
the ordered lattice shown, the energy of the crystal is lowered if the A atoms 
are surrounded by B atoms, and vice versa. In some crystals, like NaCI, the 
energy difference on going from an ordered to a disordered structure is 
extremely large, so they always are found in the ordered state. In many 
intermetallic phases, though, the energy change on ordering is small. Thus 
it is energetically possible to move a partial dislocation of b = ao/2, leaving 
a plane of A-A or B- B nearest neighbors behind. In ordered alloys, this 
planar defect is called an antiphase boundary because the periodicity of the 
atomic arrangement changes phase here. The antiphase boundary shown 
is bounded by partial dislocations. 

Though the energy of an antiphase boundary may be low, it is always 
finite. For this reason the partial dislocations found in nature travel in pairs 
as shown in Fig. 1-20. Interestingly enough, there is an equilibrium 
separation between the dislocations in a pair. It was shown in Sec. 1-8 that 
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figure 1-20. Two partial dislocalions in an ordered laltice. Note antiphase boundary 
on glide plane between the two partials. [From P. A. Flinn, Trans. AIME, 218:145 (1960).J 

dislocations of like sign and similar b, on the same glide plane, repel one 
another. Thus the repulsive force between the dislocations shown in Fig. 
1-20 will vary as Gb2/ r where r is the distance between the two partial disloca
tions. Unlike the elastic energy of a dislocation, the energy due to the ribbon 
of antiphase boundary is highly localized. Thus the energy per unit area of 
ribbon), is a constant. The energy of the ribbon, for unit depth, is thus )'r. 
This is equivalent to a force), per unit length pulling on each dislocation, 
tending to pull them together. The two dislocations are thus acted on by two 
forces, one independent of r, the other varying as r - 1• At equilibrium, they 
are equal, so r eq is 

(3 
rcq = -

)' 
(l-18) 

f3 will be Gb2/ br(l - v) for an edge dislocation. If )' is quite large, the two 
partials merge into one dislocation of b = ao. If )' is small, the dislocation 
dissociates into a pair of partials as is shown in Fig. 1-20. 

1-12. stacking in close-packed lattices 

The fcc and hcp crystal structures found in many metals can be constructed 
by the close-packing of spheres. To aid the discussion of slip and partial 
dislocations in these lattices, we review here the packing of spheres that 
leads to these two structures. 
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figure 1-21. Close-packed plane of spheres. These define A sites. The next close-packed 
plane can go in either the B sites or the C sites. 

I magine a close-packed plane of atoms (represented by circles in Fig. 
1-21). If this plane fills the A positions, the next plane of atoms can go in 
either the sites labeled B or those labeled C, but cannot go in A. Given more 
layers that are to be close-packed, each layer must lie in A, B, or C sites and 
two successive layers can't lie in the same type of sites. If the sequence 
repeats every other layer, e.g., ABABAB ... , it is hcp and the only close
packed rows lie in the basal plane of the figure (Fig. 1-21). If the sequence 
repeats every th ird layer, Le., ABCABCA ... , it is fcc, and there are 
close-packed rows running both in, and at an angle to, the plane of Fig. 1-21. 

1-13. slip in fcc crystals 

Figure 1-22 shows the close-packed (111) plane of an fcc unit cell. If this 
plane is called A, the slip of the B plane above the A plane requires shifting 
the B layer by the vector labeled t[110]. That is, slip requires the passage of 
a dislocation of Burgers vector t[110].1 Consideration of Figs. 1-22, 1-23, or 

1 For those not familiar with this notation for a vector: To construct the vector [hkl}, 
construct a vector connecting the origin (0,0,0) with the point [h,k,l}. This determines 
the sign and magnitude of the vector, since its length is (h2 + k2 + 12)~~. Its magni
tude is adjusted by multiplying this base vector by the appropriate fraction. The 
resulting vector is always in units of ao, which we omit. Some authors write the vector 
a[hkl). 
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y 

figure 1-22. (111) plane of fcc unit cell showing slip vector j(110] plus alternate -!-[121] 
plus -k[211]. 

your own model made out of hard spheres, indicates that the translation of 
the B layer directly from one B site to the next requires that the B layer 
rise up over the side of the A atoms. This would distort the lattice. An alter
native route "through the valley" is possible which would involve less 
distortion. In terms of sites, this "valley route" shift of the B plane is from 
B sites to C sites to B sites. The corresponding vector displacements are 

A position 

figure 1-23. Atomic arrangement around an extended dislocation. 
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indicated in Fig. 1-22. For this case one can write the vector equation 

-HilO] = i[i2i] + -g.[2ll] 

In dislocation terminology we are saying that the slip dislocation of b = ~[ilO] 
dissociated into two partial5 of b = i[i2i] and b = i[211] respectively. The 
faulted layer created by passing only one of these partial dislocations along 
the (111) plane is called a stacking fault since instead of the usual ABC . .. 
sequence one obtains ABCACABC . . . in this region. A stacking fault is 
shown in Fig. 1-23. The energy per unit area of this stacking fault is often 
low since the atoms in it have the correct nearest neighbors, but incorrect 
second nearest neigh bors on one side. 

In view of our previous discussion of partial dislocations in ordered 
alloys, it should come as no surprise that 

1 The dissociation of a -HilO] dislocation in a close-packed lattice into 
two partial dislocations involves a decrease in the elastic strain energy of 
the crystal. 

2 The two partials tend to travel in pairs and have an equilibrium 
spacing given by an equation similar to Eq. (1-18). 

If the stacking-fault energy is low enough to allow a separation distance 
greater than 1 or 2 atom diameters between the two partials, the dislocation 
is referred to as an extended dislocation. Figure 1-23 shows the atomic dis
placements involved around an extended dislocation. 

The equilibrium spacing between partials found in metals is roughly 
5 to 30 A, though in certain alloys it can be appreciably larger. Ribbons of 
stacking fault can be shown up relatively easily with the electron microscope 
and this spacing measured directly. Striking movies have been taken show
ing the moving ribbons of stacking fault lengthening as the trailing partial 
is pinned and then shrinking when the trailing partial tears away from its 
pinning points and catches up to its partner. 

The above discussion applies equally well to extended dislocations 
and slip in hcp structures. A different and interesting use of partials is found 
in the twinning of fcc crystals. Twinning can be brought about by partial 
dislocations. Since twinning involves a shear and occurs under applied 
shear stresses much less than the theoretical strength of Gj30, a dislocations 
mechanism is required for an explanation. We will develop this topic in some 
detail in the later chapters of this book in discussing martensitic reactions. 

problems 

1-1 Draw a figure similar to Fig. 1-3 for a positive and a negative screw dislocation . 
1-2 Draw an edge dislocation and on the same figure dot in the positions of the atoms 

after the dislocation has shifted by b. 
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1·3 How can two edge dislocations with opposite b vectors meet to form a row of 

vacancies? A row of interstitials? 
1·4 Construct a screw-dislocation model as follows. U sing a stiff paper or flexible 
cardboard, make half a dozen 4- X 5-in. rectangles. Pile them and cut through the 
entire pile from one side to the center. Shear the two faces of this cut in the direction 
normal to the pile, a distance equal to one paper thickness, and then tape the adjacent 
edges together. This makes a screw or spiral surface and also constitutes a model 
of a screw dislocation. 
1·5 Given a crystal containing a dislocation loop as shown in Fig. 1-7, let the loop be 
moved (at constant radius) toward a corner until three-fourths of the loop runs out 
of the crystal. This leaves a loop segment which goes in one face and comes out the 
orthogonal face. Sketch the crystal, label edge and screw components, and show the 
surface relief if any. 
1·6 Given a plane in a perfect crystal, a circuit as is shown in Fig. 1-24 closes on 
itself if the circuit is constructed such that opposite sides traverse an equal number 
of units of ao. 

a Draw a diagram similar to Fig. 1-24 containing an edge dislocation. Note that 
with equal numbers of a on opposite sides the circuit fails to close by one a. This is 
equal to the Burger vector of the dislocation, and the construction of such a Burger 
circuit can be used to define b for any dislocation. 

~ , 

'--

Jao 

~ Start and 
finish 

figure 1·24 

b On a diagram similar to Fig. 1-5 but containing a screw dislocation, make a 
Burgers circuit and show that the resulting closure failure lies parallel to the dis
location line. 
1·7 Consider a disk of atoms inserted between close-packed planes in a crystal. 
This produces a dislocation loop which is edge on all sides as opposed to the loop of 
Rg.1-7. 

a Draw a cross secUon through the crystal normal to the loop. 
b If this dislocation glides parallel to its b vector, slip occurs along a cylinder. 

How might the dtslocation be' shaped so as to still lie on this cylinder but contain 
segments of screw type? 

c Diagram how these screw segments might move off the cylinder without 
violating the theorem of constant area on a plane normal to b. (For answer, see 
W. T. Read, Jr., "Dislocations in Crystalsr " p. 51, Fig. 4.5, McGraw-Hili Book Company, 
New York,. 1953.) 
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1·8 Given an edge dislocation in a crystal, whose top two-thirds is under a compres
sive stress (j acting along the glide plane (see Fig. 1-25): 

a If diffusion occurs, which way will the dislocation move? Explain why and tell 
where the atoms go that leave the dislocation. 

figure 1·25 

b Using techniques similar to those of Sec. 1-6, derive an equation relating the 
stress (j to b and to the force tending to make the dislocation move in the vertical 
plane. 

c If the edge dislocation is replaced by a screw dislocation, which way will the 
dislocation tend to move? 
1-9 Draw an edge dislocation in a crystal and tell which way it will climb (up or down) 
if the surrounding crystal has 

a An excess of vacancies. 
b An excess of interstitials. 

1·10 Consider two impenetrable barriers and a dislocation under the influence of a 
stress tending to move it through the barrier (see Fig. 1-26). 

~ Dislocation 

figure 1·26 

·a Show the contours assumed by the dislocation as it bows out and passes 
through the slot. 

b Calculate the maximum stress required to move the dislocation through this 
slot in terms of G and b. 

·c If this determines the shear strength of the material, what must D be to 
attain ;a 'strength of G /100? 
1·11 ·a Construct a plot similar to Fig. 1-14 for the case of two identical parallel edge 
dislocations which continue to lie one above the other as climb occurs. Justify your 
plot qualitatively by explaining how the strain energy changes with vertical separation. 

b Do the same for parallel edge dislocations of opposite sign. 


