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ABSTRACT 

Irradiation induced climb of dislocations due to preferential 

absorption of interstitial* was studied by irradiating Cu-Al alloys of 

different stacking fault energies at elevated temperatures in the beam 

of the Hitachi 650 kV electron microscope. Nucleation of rhombus 

shaped perfect dislocation loops was observed, and their growth was 

studied at different temperatures and with different electron fluxes. 

The sides of the loops lay accurately on the two {111} planes which 

contain the Burgers vector and were often bowed out slightly on these 

glide planes. Rotation of the loops on the glide cylinder away from 

the pure edge orientation was observed, as well as loss of loops by 

slip along the glide cylinder to the foil surface. These observations 

suggest that the jog density on the loop sideo is low. It is shown 

that at a given temperature there exists a minimum damage rate for 

growth, and that this is strongly dependent or. stacking fault energy. 

This is discussed in terms of a model in which the rate controlling 

process in the climb of these loops is assumed to be the nucleation of 

jogs. 
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I. INTRODUCTION 
A great deal of research has been done in recent years on the 

1-24 problem of void growth in irradiated metals. It is generally 
accepted that the growth of voids by the absorption of vacancies 
during irradiation requires the existence in the metal of sinks which 
have a preferential attraction for interstitials, so thst an excess 
of vacancies is left to diffuse to essentially unbiased sinks such 
as grain boundaries or free surfaces. Since Interstitials have a 
larger strain field than do vacancies, they are more strongly affected 
by the strain fields around dislocations, and this should lead to an 
enhanced diffusion rate of interstitials to dislocations. It is 
generally accepted, therefore, that dislocations are the biased sinks 

2 3 required to explain void growth. ' The enhancement of the diffusion 
rate of interstitials over that of vacancies by the strain field of a 
dislocation will lead to climb of the dislocation at a rate 
determined by the difference in the arrival rate of the two types of 
defect at the dislocation core. However, if an energy barrier exists 
for the process of absorption of point defects at the dislocation 
core, the climb rate of a dislocation may be controlled by the rate 
at which absorption occurs rather than by the rate of diffusion of 
point defects to the dislocation. Clearly, any such factors 
affecting the climb of dislocations are of importance in the study of 
irradiation induced void growth in metals. Theories of void 
formation in metals generally assume diffusion controlled dislocation 
climb (e.g., Harkness and Li ). In the present work evidence is 
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presented which suggests that in metals of low stacking fault energy 

dislocation climb may sometimes be controlled by the rate of jog 

nucleation. 

Most theories of irradiation creep in metals also Involve mecha

nisms dependent on dislocation climb processes. Creep due to prefer

ential climb of favorably oriented dislocation loops has been dis

cussed by Ashby. Preferential nucleation and growth of dislocation 

loops oriented so that their climb would lower the creep stress have 

been considered In detail by Brailsford and Builough, who concluded 

that preferential nucleation was more important than preferential 

growth. Lewthwaite has also treated the preferential nucleation of 
8 9 10 favorably oriented dislocation loops. Glttus ' ' has written a 

series of papers elaborating a theory of climb controlled glide of 

dislocations in which creep stresses are relieved by the climb of dis

locations around obstaclas. Thus, factors affecting dislocation climb 

are also of interest in the study of irradiation creep. Although 

evidence indicating the presence of internal stresses during irradia

tion was found in this work, these stresses were not observed to have 

much effect on the growth or nucleation rates of loops of different 

orientations. However, the observation of an activation barrier to 

climb in this work should be of interest in creep studies. 

Voids may be produced in metals by irradiation with neutrons, ~ ' 

ions, or electrons, and it is useful to consider briefly 
25 26 the differences inherent in these irradiation techniques. 

Irradiation of metals with sufficiently energetic particles results 
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in collisions in which the incoming particle imparts sufficient energy 
to a metal atom to knock it out of its lattice site, leaving behind 
a vacancy. The metal atom displaced in this primary collision is 
called the primary knock-on, and the energy it absorbs is a function 
of the energy of the Incoming particle (E-), the masses of the 
incoming particle (M,) and the metal atom (M,), and the direction 
taken by the primary knock-on after the collision. The maximum 
energy transfer to the primary knock-on occurs for a heid-on col
lision, and is 

4M rM 2 

E 2 " <M2 + M 2) E l ( 1 ) 

The primary knock-on dissipates its energy by electronic excitation 
and by collisions with other atoms in which secondary knock-ons are 
produced, until eventually it comes to rest *s an interstitial. 
In irradiation with neutrons produced in a nuclear reactor each 
primary collision produces many secondary knock-ons; this is also 
true of irradiation with ions of a few keV or more, whereas in the 
case of irradiation with electrons of 1 MeV or less only one or two 
vacancies and interstitials are produced by each primary collision. 
Since the probability of hitting another atom increases as the 
primary knock-on loses its energy, it travels shorter and shorter 
distances between producing vacancies. This results in a very high 
concentration of vacancies near the end of the primary knocV-on's 
path, with the interstitlals (secondary knock-ons) moving out of the 
vici. '.ty and dissipating their energy as heat. The zone of high 
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vacancy concentration and temperature which is produced is called a 
displacement spik* , and it may result in the aucleatlon of a small 
void or vacancy type dislocation loop. 

Although the spatial distribution of lattice defects differs 
for thsse three types of irradiation (e.g.! displacement spikes are 
produced only by ions or neutrons and the penetration depth of ions 
and electrons is quite small), they all result in concentrations of 
lnterstitials and vacancies which arc well above the thernal 
equilibrium concentrations. The supersaturation of these lattice 
defects provides the driving force for the nucleatlon of voids or 
dislocation loops, both of which have been observed as a result of 
irradiation by each of the three irradiations discussed. Since ion 
irradiation and electron irradiation in a high voltage electron 
microscope (HVEM) are capable of producing an average defect super-
saturation several orders -JL magnitude greater than that obtainable 
in nuclear reactors, these methods have been extensively used to 
investigate the probable effects of long term irradiations in nuclear 
reactors. 

The absorption or emission of point defects by a climbing dis
location requires the presence or nucleatlon of jogs whose formation 
is probably more difficult in FCC metals due to the splitting of 
perfect dislocations. In FCC metals, perfect dislocations with 
Burgers vectors b • 4<110> are observed to dissociate with a 
reduction in energy into two Shockley partial dislocations with 
Burgers vectors b » 4 <112 > separated by a ribbon of stacking fault 
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whoae width depends inversely on the stacking fault energy. ' In 
order for this configuration (known as an extended dislocation) to 
climb, the stacking fault Bust climb in the direction perpendicular 
to tha fault plane. This Is expected to occur by the formation and 
motion of extended Jogs, as will be discussed in sore detail in 
section IVC. In general, the formation of jogs is expected to be 
more difficult on the more widely extended dislocations In metals 
of lower stacking fault energy. In the present work the effects of 
stacking fault energy and irradiation damage rate (which controls 
the supersaturatlon of point defects) have been studied by observa
tions of the growth rate of prismatic dislocation loops. A perfect, 
or prismatic, edge dislocation loop is a loop of edge dislocation 
which may move by glide along a cylinder or prism parallel to its 
Surgers vector. Prismatic loops formed in FCC metals by quenching 

or irradiation <?«jage are often observed to b<! approximately rhombus 
33 34 shaped, ' as In this work. Such loops have sides which H e in the 

two (ill) planes which contain the Burgers vector, and are expected 
to be dissociated in these planes. Growth or shrinkage of these 
loops must occur by climb, and tha observation In this work that the 
sides lie accurately In their (ill) pLines Indicates thst the jog 
density must be low, suggesting that the rate of growth is controlled 
by the rate of jog nucleatlon rather than by diffusion. In a suf
ficiently high supersaturatlon the Jot, density might become high 
enough to produce rounded loops whose growth would be diffusion 
controlled, whereas In low supersaturations the stacking fault energy 
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might ba expected to have an effect through ltu Influence on the 
rate of jog formation. 

Tha growth of dislocation loops In pure FCC metals during 
irradiation In a high voltage electron microscope (HVEM) has been 
observed by several authora. " Both Frank loops (with b. - yclll> 
Burgers vectors enclosing s stsetting fault) and perfect loops have 
bean observed. Especially In the case of tha hlghar stacking fault 

42 36 39 metals Mi * and Al the loops tend to have rounded corners 
60 61 42 Indicating high jog densities. Brown, Mskln, Norrls, and 

43 Urban and tfllkena have presented approximate treatments of the 
problea of diffusion controlled loop growth in thin foils during 

40 41 electron Irradiation. Brown and Mskla predict that loop size 
42 should be proportional to the 1/3 power of tlae. Norris finds 

this to be the esse only in certain conditions, whereas he predicts 
a constant growth rata (which fita his observations) when the foil 
surfaces are tha dominant sinks for point defects. Urban and 

43 Wllkena obtain a constant growth rate which Is s function of 
capture radii for absorption of interstltlala and vscsncles by dis
locations, and discuss tha probable teaperature dependence of thia 
growth rate. 

The effect of stacking fsult energy on dislocation climb has 
66 AS 66 

bean mentioned by Adda, Brlahall at al., and Wolfenden ° aa a 
poaaible factor In Irradiation induced void growth. Wolfenden's 

46 observation of void growth in Cu-IOZ Al (per cent of Al will be 
given as weight per cent in this paper) Is the only example of 
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vold foraatlon in low stacking fault energy material! other than 
47 atalnleaa atael. Levy at al. failed to observe any voids in 

Cu-7Z Al neutron irradiated under conditions siall.*r to those of 
Wolfenden. Many factors other than the Influence of stacking 
fault energy on cllab are involved in these studies. The present 
work 1* an atteapt to study more systeaatically the effect of 
•tacking fault energy in irradiation daaage studies. 
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ll. EXPERIMENTAL PROCEDURES 
Copper-aluminum alloy* with 1.0, 3.5, and 7.5 weight per cent 

aluminum were prepared fro* 99.99.IX pure copper and 99.9999X pure 
aluminua. Oriented aingle crystals of theae composition* were then 
grown under vacuus in graphite Molds using an induction furnace. 
Theae cryetale were chemically thinned to .002 to .003 inches thick, 
and 30 am diameter dlaca were spark cut from thea. Thin foils were 
prepared by jet electropolishing these discs with equipment supplied 
by E. A. Fischione Co.; a solution ccoalatlng of on* part nitric 
acid and two parta methanol was uaed at -40 eC with 5-10 volte and 
10-20 milliaaps. 

Irradiation of theee foils waa carried out uaing an Hitachi 
HU 650 electronaicroecope operated at 650 kV. The damage rate waa 
varied by defocuaeing the beam with the aecond condenser lena. A 
typical growth aeriea waa obtained by aelccting an ares, setting 
the condcnaer lena, and then taking micrographs at intervals without 
changing the condenser lens setting during the photographic ex
posure; the photographic exposure time was varied to compensate for 
the different beam curxent densities used for each irradiation 
sequence. 

The beam current density was then determined by moving the foil 
out of the field of view, removing the objective aperture, and taking 
a measurement. Either a lithium detector or a Faraday cup was used 
to make theae measurements. Both the cup and the detector were 
mounted under the camera aud were deaigned and calibrated by 
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D. Howitt. In the caae of the experiments where the climb rate was 

determined aa a function of damage rate for a given alloy composition, 

nearly all irradiations were perforated in adjacent areas of the bane 

foil by returning to the irradiated area after each measurement of 

beam currant density. 

Sine* the diatrlbutio.i of beam currant density with position in 

the baa* la not uniform, thla distribution was measured for a few 

condenser lens settings. This waa done 1/ successively moving the 

beam, taking a reading with the stationary detector, and taking a 

micrograph to determine the beam position. 

Heating of the specimen during irradiation was accomplished with 

a double tilting hot atage developed for the HU 650 microscope at 

49 

LBL. In thie hst atage the specimen is heated by a small DC re

sistance heating coil which is double wound to reduce magnetic dis

tortion of the electron beam. The temperature calibration of the 

atage waa accomplished by operating it in a bell jai with a .003 inch 

thermocouple spot welded to an unthlnned specimen disc, and noting 

the stable temperature resulting from a given power input. The same 

measured power input was found to reproduce the same stable tempera

ture to within about il5°C on successive runs. Although It was 

necessary to allow 15 or 20 minutes for temperature stabilization to 

occur when the power waa turned on, the stage stopped drifting and 

became quite stable after this, enabling micrographs to be taken 

without cooling to room temperature. 
The growth rates of the loops were measured on contact prints 
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using a magnifier; care was taken to select the same loop on each 
micrograph by checking Its position with respect to stationary features 
in the foil. Since the loops were rhombic In shape, the separation 
between both pairs of parallel sides was measured. The growth rate 
was taken to be the rate of increase in this measurement. 

Since it was not possible to nucleate loops at temperatures 
above about 400°C, growth rates measured at 450°C were obtained using 
loops initially grown at temperatures below 400°C. 
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III. OBSERVATIONS 

Nucleatlon and growth of Interstitial dislocation loops was ob

served over a range of temperatures. It was found that there was an 

upper limit to the temperature range in which loops may be nucleated 

by the most intense beam available with the HU 650 microscope (about 

1.0 amps/cm with the beam focussed). Loops could not be nucleated in 

a clean foil above about 400°C. At room temperature a very high 
14 3 

density of loops (about 10 loops per cm ) was generally formed, but 

these never grew to a size which permitted them to be resolved as loops 

rather than as black dots (Fig. 1). At higher temperatures the number 

of loops nucleated decreased, and individual loops grew to large 

enough sizes to enable their shapes to be clearly resolved and their 

growth rates measured. Loops nucleated below 400 C still grew in 

moderate beam current densities above this temperature, and it was 

found that they could be made to grow in the focussed beam up to about 

540°C. Above this temperature both nucleation and growth were impos

sible, but observable shrinkage (with the beam turned off) was not 

found to occur until about 670°C. Observations of the shrinkage of 

these loops at high temperatures were complicated by their loss due to 

slipping out of the foil along their glide cylinders. Although visual 

observations of loop shrinkage were made, the shrinkage rate was very 

rapid once shrinkage began, and series of micrographs were not 

obtained. 

A. Nature of the Loops 

The loops observed were always perfect type loops with -r<110> 
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Burgers vectors, and they always had the shape of a rhombus or 

parallelogram. Figure 2 shows a pure edge perfect dislocation loop 

whose sides are dissociated and therefore lying exactly in the two 

{ill} planes which contain the Burgers vector. The (110) plane of 

the loop intersects the (111) and (111) planes along the [ll2] and 

[112] directions respectively and so the loop sides lie along these 

directions. By using a stenographic projection corresponding to the 

exact orientation of a foil as determined from the diffraction pat

tern, the projections of the rhombus shapes for each of the six 

possible 4<110> Burgers vectors may be easily determined. The loop 

shapes observed were always reasonably close to these idealized 

shapes. In particular, since in a 110 foil two (ill) planes are seen 

edge on, certain loop sides are observed to lie accurately on these 

planes as expected. Deviations from the expected orientations of the 

sides lying in inclined {ill} planes are probably due to the loops 

being rotated somewhat from the pure edge orientation as discussed in 

section IV A. 

Figure 3 shows a set of loops grown at 300°C in a 3.52 Al foil 

and then cooled to room temperature in order to take stereo micro

graphs. The Thompson tetrahedron* and projected rhombus loop shapes 

shown In Fig. 3b are drawn for the foil orientation of Fig. 3a using 

the Klkuchi diffraction pattern. Since g - 111 in Fig. 3a, §*b - 0 

for loops of types A, B, or C. However, since these are edge 

*For a discussion of the notation and use of the Thompson tetra-
31 hedron, see Hirth and Lothe, page 300. 
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dislocations, contrast is not completely extinguished in this diffrac

tion condition, and weak images of these loop types are noted on the 

micrograph. (Due to the orientation of the foil, type B and C loops 

have almost exactly the same projected shapes; therefore, this shape 

is simply marked as B on the micrograph.) The shapes of D and E type 

loops are similar, but type D has a more acute angle than does type E. 

Note that the D family of loops shows consistently more elongated 

images than the E family. The F type loops are seen on edge as short, 

heavy black lines. In Fig. 3c g » 002, and only the A type loops 

(parallel to the foil plane) and the F type loops (perpendicular to 

the foil plane) show the weak contrast -due to the g*b » 0 condition. 

The g'ft » 0 condition does not uniquely determine the Burgers vector 

of the loops. However, the edge-on view of the F type loops in 

Fig. 3a shows that their loo? plane is {110}, and the fact that 

g.f - o for the A type loops in both Fig. 3a and Fig. 3c shows that 

b • 4<110> for these loops. Thus we may postulate that all loops are 

pure edge perfect loops and test the results of this assumption. 

First, we see that the g*£ - 0 condition for the F type loops in 

Fig. 3c is consistent with this assumption. Next we observe that the 

A type loops have sides along <112> directions and so we further 

postulate that our edge type loops are dissociated in two {111} 

planes. This assumption leads us to expect the loop shapes of Fig. 3b 

and allows us to assign tentative Burgers vectors to the loops on the 

basis of their shapes. Since the observed g-b « 0 conditions fit 

those predicted by our assumptions, we may conclude that the loops are 



-14-

ln fact prismatic loops of the shape shown in Fig. 2. 
The images of the loop sides which lie in inclined {ill} planes 

are noticeably wider than those of the sides lying in edge-on {ill} 
planes. This is probably due to the fact that the loop sides are 
dissociated; for the sides lying in edge-on {ill} planes the stacking 
fault ribbon is seen edge on. 

Careful Inspection of the Images of the A type loops in Fig. 3 
reveals that even though these loops must be nearly parallel to the 
foil surface they are frequently not rhombus shaped but appear as 
parallelograms. Such deviations from the equilateral shape are not 
so easily observed in the images of the loops which lie on inclined 
planes, especially since the shape of these images is affected by the 
inside-outside contrast phenomenon. 

The image of an inclined interstitial or vacancy type dislocation 
loop may be either inside or outside of the actual position of the 
dislocation core, depending on the sense of the inclination of the 
loop relative to the diffraction vector and on whether the loop is of 
interstitial or vacancy type. In Fig. 3a the images of the D family 
of loops are more elongated than those of the E family because the D 
type loops are in inside contrast while the E type loops are in outside 
contrast. Both are interstitial type, but the inclination of the loop 
plane is of the opposite sense. Since the tetrahedron is unambiguously 
oriented by means of the Kikuchi diffraction pattern, we may use the 
rules of Hirsch et al. to show that the loops are of interstitial 
type. It is necessary to rely in this case on the fact that the type D 
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loops have a more acute angle than do those of type E, in order to 
determine sense of the inclination of the loop plane. Figure 4 shows 
a pair of micrographs of a 111 foil taken with opposite senses of the 
2?0 diffraction vector, with the deviation parameter s being positive 
in both cases. The tetrahedron is again unambiguously oriented using 
the Kikuchi pattern, and types AD and CD loops, with the opposite 
senses of inclination with respect to the beam, may be seen to switch 
from inside to outside contrast In the manner expected of interstitial 
type loops. Notice that some type AC loops go from outside contrast 
in Fig. 4a to inside contrast in Fig. 4b, while a few (on the right) 
exhibit the reverse behavior. This could happen if some were of 
interstitial type and some of vacancy type, or it could be due to 
opposite senses of inclination of the loop planes. Since these loops 
are nearly edge on, and since rotations from the pure edge orientation 
are present due to internal stresses which may vary with position in 
the foil (see below), the latter explanation is the more likely one. 

Notice that there are virtually no loops of types BC or AB ob
served here, although they should be in contrast. Since g'b » 0 for 
loops of type DB, they are not observed. 

The absence of type AB and type BC loops in Fig. 4 may be due to 
suppression of their nucleation by the action of internal stresses as 
suggested by tewthwaite and Brailsford and iullough in their dis
cussions of irradiation enhanced creep. Generally, all of the six loop 
types which were expected to be In contrast were observed, but no 
really systems tic attempt was made to study this question. Micrographs 



-16-

taken with different diffraction vectors and orientations would be 
necessary to determine whether all six loop types were present in 
equal nuabers in each case. Notice that very few edge-on loops are 
observed in Fig. 14; this nay be another case of suppressed nucleation 
of one family of loops. 

Deviations of about ±5° from the pure edge orientation may be 
observed in the images of the F type loops in Fig. 3, which are seen 
edge on. Such rotations from the edge orientation may be due to small 
stresses in the foil and would cause the images of inclined loops to 
change shape. The sides which are dissociated in (ill) planes seen 
edge on would lie in the same direction in the image since the rota
tions occur by glide in the {111} planes, but the other sides would 
deviate from the projected <112> directions for loops which are ro
tated from the pure edge orientation. The presence of shear stresses 
which rotate the loops may also cause the sides to bow out on their 
gilds planes. In many cases the loop sides lying in the inclined (ill) 
planes are seen to be rounded, while the sides in the edge-on {ill} 
planes are quite straight. This is what one would expect if the sides 
were bowed out in their glide planes but not heavily jogged. Figures 
3, 10, 14, and 15 show good examples of this aort of image. The sides 
whose glide planes are seen edge on are generally observed to be quite 
straight, indicating that they have few jogs. In particular, the A 
type loops in Fig. 3 have all aides dissociated in edge-on glide 
planes, and these are all quite straight. 

Some loops in Fig. 3 are observed to have irregularities which 
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resemble steps or very large superjogs. Figure 5 shows some series of 
the growth of loops with such irregularities. Generally these tend to 
remain on the loops during growth, although sometimes they seem to 
heal up. They do not move along the loop sides In the regular manner 
which might be expected If they were superjogs whose passage was 
responsible for loop growth. They may be due to interactions with 
nearby small loops, but In most cases no nearby loops are seen to com
bine with the Irregular loops. In a few cases a growing loop develops 
a group of these steps on one corner as it grows, as in Figs. Sc and 
5d. These loops may be approaching the depleted zone near the foil 
surface. The loop sides seen in edge-on planes may have such irregu
larities, but aside from these they are quite straight. Indicating a 
low jog density. 

B. Growth of the Loops 
Figure 6 shows a set of loops which were grown with the beam 

focussed to its smallest spot. Due to the variation in beam current 
density across the diameter of the beam, loops nucleate and grow more 
rapidly in the center of the beam, resulting in larger loops in the 
center. The measured beam profiles for two different settings of the 
second condenser lens are shown In Fig. 7. Since at 20,000 times 
magnification the maximum dimension of the photographic plates used is 
equivalent to six microns, the variation of the beam current density 
across the area viewed Is fairly small for the more defocussed beam. 
Nearly all irradiations were done using a measured beam current 
density less than 0.1 A/cm in order to minimize the effect of the beam 
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proflle. Tha rather uniform loop alze diatribution in Fig. 3, for 
2 inatance, waa obtained with a bean current density of 0.061 amps/cm . 

Figures 8a-g show plota of loop size versus time for the growth 
sequences in Figs. 9-15. There are apparent Irregularities in the 
growth of Individual loops; in aeveral caaaa, for inatance, a growing 
loop seems to be the same size on too aucceaalve micrographs. This is 
certainly due in part to tha accuracy of tha loop aize measurements. 
Wheraaa the average Increase in alze between micrographs ia often only 
0.2 sai (on a 20,000x micrograph), the width of the dislocation image 
ia about 0.1 am. However, in soma cases loops se^m to stop growing 
for aeveral successive intervals, and in these cases actual cessation 
of growth must occur. 

There rre also rather large differences In the average growth 
rates of different loopa in the same irradiation sequence. These dif
ferences may be dua to different daptha of the loopa in the foil, 
different local stresses, or variations of the damage rate with posi
tion in the beam. 

The growth rata of individual loops doea not aeem to be a function 
of their sisa. Figure 16 shows some plots of sise versus time for 
individual loops which wsre observed over a large sise range. Indi
vidual aize aeaeuraaanta for thsse loops are at most 0.2 ma off the 
straight lines drawn for their growth. 

Tha variation in tha growth rata with electron flux was determined 
at 300*C and at *50*C; the results are plotted in Figs. 17s (300*C) 
and 17b (4S0*C). The error bare for the growth rata Indicate the 
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maxlmia and minimum growth ratea observed, excluding Instances of 
loopa which did not grow at all for long periods. The error bars for 
* are based on estimates of the accuracy of the conversion of the LI 
detector reading to amps/cm and of the variation In beam current 
density Inherent In a mora focussed beaa. Notice that in Fig. 17b 
tha growth rata falls to zero balow a minimum flux * « • which 
decraasaa with Al content. This result la not based on axtrapolatlon 
of tha curves; any flux at or balow * . for a given alloy was ob
served to give a growth rata lasa than .008 Ji/sec (.001 mm/ain as 
•assured on alcrographa taken at 20,000x magnification). 

Dislocations initially present in the foil were often observed 
to climb into helicea. Good examples of this are found In Figs. 10 
and 11. As they grew, the helices exhibited a strong tendency to 
develop straight segments which lay accurately in (ill) planes. 
Thus, the tendency to remain jog free was present in the helices aa 
wall aa in the loops. Tha helices lncraassd their diameters at 
about tha asms rate as did tha dislocation loops. 
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IV. DISCUSSION 
A. Loop Geometry 

The observations indicate that the loops grown were perfect 
interstitial loops of nearly edge character whose sides were dis
sociated in {111} planes, resulting in the rhombus or parallelogram 
shape shown in Fig. 2. A prismatic loop has its least line length at 
the pure edge orientation, but since the opposite sides interact with 
each other, the equilibrium orientation is several degrees away from 
pure edge, and is a function of loop size since the interactions be
tween sides decrease as size Increases. 

Since opposite sides of such a loop are of opposite sign, shear 
stresses acting on them cause them to move in opposite directions on 
their glide planes. This causes the loop to rotate away from its 
equilibrium orientation, increasing the energy of the loop until the 
rate of energy increase balances the shear stress and a new equilib
rium is reached. Notice that since the loop sides remain in their 
{111} glide planes the loop does not rotate as a rigid body. A dis
location line which is constrained at its ends bows out with a radius 
of curvature 

*•-? . (2) 
where T is the magnitude of resolved shear stress along the Burgers 
vector In the glide plane. Therefore, it is to be expected that loops 
whose sides show a small radius of curvature will be rotated well off 
their equilibrium (near edge) orientation. The equilibrium orienta
tion of perfect near edge rhombus dislocation loops has been 
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considered by Bullough and Foreman, and their calculations nay be 

extended to determine the equilibrium orientation under any applied 

stress. Bullough and Foreman's calculation assumes that the loop 

sides remain straight and lie in their {ill} glide planes throughout 

the rotation. Theje assumptions will be retained here; it is not 

expected that the curvature of the sides will alter the elastic 

energy of the loop appreciably. A more important source of error 

will be the assumption that the resolved shear stress is equal on all 

sides of the loop, which would not generally be the real case. 

The condition which determines how far the loop will rotate under 

a given stress is that the energy increment (dE/d$)d$ due to further 

rotation through a differential angle dd> must be equal to the Increment 

of . k (dW/d$)d$ done by the applied stress. The side length in the 

pure edge orientation is denoted by L , and :t Increases to 

L • s f c ( 3> 
during rotation; $ is the angle between the side and the pur* edge 

aide (Fig. 18). The work Increment in rotation of the loop is 

dW - 4TbpdA , (4) 

where dA la the differential area swept out by the side and the factor 

of four is due to there being four sides. Since 

d A - - ^ . (5) 

^ - ^ P (6) 
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and since 

— - — . (7) 

e P 

Bullough and /oraaan considered rotations about the <100> major 

axia and tha <110> minor axla of a rhombus shaped prismatic loop and 

showed that tha energy minimum was deapar for rotation about the 

major axis. Their calculations use an expression for the total 

elaatic energy of the loop uiiich is plotted for different loop sizes 

in Cu in Fig. 19a; Fig. 19b shows the equilibrium orientation of the 

loop as a function of stress for different size loops. These are 

calculated on the assumption that the resolved shear stress is equal 

on all sides and that the rotation is about the <100> major axis. The 

results for the minor axis (Figs. 19c and 19d) are quite similar, 

except that there is no minimum in the energy. The minimum appears 

only for smaller loops. 

A loop whose pure edge orientation is inclined to the foil, and 

which has sides which lie in inclined {ill} planes, will show curvature 

of its sides if stresses are present which bow the sides out on their 

glide planes. Consider a foil which is viewed exactly along the [110] 

direction. The inclined loops may rotate by glide in such a manner 

as to produce a more nearly rectangular shape or a more acute shape. 

Depending on whether the rotation of the loop is about the major or 

the minor axis (or some general axis), the more rectangular shape may 

produce an image in which the sides appear either curved outwards 
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(convex) or curved inwards (concave). Examples of loops with convex 

and concave images are shown in Fig. 20. Figure 21 shows the pro

jected shapes of an inclined loop viewed exactly along a <I10> direc

tion for different values of the angle $. The sides are drawn straight, 

because they may in fact be either convex or concave. Comparison of 

individual images with these shapes gives an approximate measurement 

of the deviation from the pure edge orientation of individual loops. 

The observed radius of curvature of the loop sides may be competed 

with the radius of curvature which is calculated to be necessary to 

maintain the observed loop orientation. Similarly the measured radius 

of curvature may be used to determine the expected rotation which may 

then be compared with the observed rotation. A number of such com

parisons are listed in Table 1. The calculated values given are for 

rotation about the <100> major axis. 

The measurement of the angle <j> by comparison with the shapes 

drawn in Fig. 21 is complicated by the change of shape which accom

panies small changes in the viewing direction (as in Fig. 3) and by 

the curvature of the sides. The measured values of $ are therefore 

probably only accurate to about ±5°. Measurements of the radius of 

curvature of the loop sides are complicated by the inclination of the 

loop plane tJ the viewing direction and by effects of image contrast. 

Since the image of a dislocation does not lie exactly at the disloca

tion core, the radius of curvature of the dislocation line may not be 

accurately represented by its image. 

The measured radii of curvature in fable 1 are all considerably 
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Table I. Measured anc Calculated Radii of Curvature for 

Rotation about the <100> Major Axis 

R (U) $ (degrees) 
Loop # L (u) 

Meas. Calc. Meas. Calc 

1 0.2 

2 0.2 

3 0.15 

4 0.15 

5 0.15 

6 0.15 

7 0.15 

8 0.3 

9 0.1 

10 0.3 

11 0.1 

0.4 

0.4 

0.3-0.4 

0.3-0.4 

0.3-0.4 

0.3-0.4 

0.3-0.4 

0.5 or 
more 

0.5 

0.3-0.4 

0.5 or 
•ore 

17.9* 

17.9* 

11.4-19.1 

11.4-19.1 

11.4-19.1 

11.4-19.1 

11.4-19.1 

2.8 

6.2 

1.0 or 
less 

7.2 

5 >30 

5 >30 

8-10 >30 

8-10 >30 

8-10 >30 

8-10 >30 

8-10 >30 

20 >30 

15 28 

30-35 >30 

10 28 or 
less 

*These orientations are unstable — the loop should rotate to the 
other side of the edge orientation. 
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smallcr than those calculated from the observed loop orientations. 

This means that the stresses which are necessary to produce the ob

served radii of curvature should rotate the loops much farther from 

the edge orientation than they do. Apparently the loops resist rota

tion, possibly due to the presence of a Cottrell atmosphere or to some 

resistance of the loop corners to glide. 

Although the observed and calculated loop rotations do not agree, 

the curvature of the loop sides must be due to glide. Curvature due 

to climb would be visible in the images of loop sideb lying in edge-on 

{111} planes. However, this observation is complicated somewhat by the 

fact that we do not in general see these planes exactly edge on. It is 

desirable to have a separate proof that loop sides whose images are 

curved are bowed out in their glide planes rather than by climb. The 

loop marked A in Fig. 22 is seen to disappear by slipping to the foil 

surface, leaving behind a short segment of dislocation and a faint 

image resembling a shadow, where the rest of the loop intersected the 

surface. The shadow image has the shape of the intersection of the 

glide prism with the foil surface. Before slipping out of the foil, 

the loop is seen to have had a pronounced curvature of its sides, but 

the sides of the shadow image are quite straight, indicating that the 

curvature of the sides was due to glide rather than climb. 

The zero stress equilibrium orientation of a loop is farther away 

from pure edge for a smaller loop, and it takes more stress to rotate 

a smaller loop from this orientation. A given stress will therefore 

produce different orientations for different loop sizes, and a loop 
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vhich grows under constant stress should change its orientation as it 

grows. Figure 22 shows a series of micrographs of a loop which rotates 

slowly as it grows under the influence of an approximately constant 

stress (as indicated by the curvature of its sides). 

Perfect dislocations in FCC metals of low stacking fault energy 

are generally observed to be dissociated into a pair of Shockley 

partial dislocations separated by a ribbon of stacking fault. The 

sides of the prismatic loops in this work are segments of perfect dis

locations which are expected to be dissociated in the {ill} planes in 

which they lie, as illustrated in Fig. 2. The dislocations at the 

loop corners are stair rod dislocations, which are required to conserve 

the Burgers vector at the junction between the Shockley partials on the 

two {111} planes. It is assumed that all the stacking faults are 

intrinsic; if the order of the Shockley partials were reversed on any 

side, an extrinsic fault and a different stair rod dipole at either end 

would result. It is generally considered most likely that perfect dis

locations split in such a manner as to produce intrinsic stacking faults, 

and this assumption will be made in this discussion. The possibility of 

the presence of some extrinsic faults should not greatly affect any 

arguments presented herein. The line tension of the stair rods at the 

loop corners probably pulls the Shockley partials together slightly at 

the corners, producing the partial constriction illustrated in Fig. 2. 

The equilibrium width d of the stacking fault ribbon on an extended 
31 dislocation in an FCC metal of stacking fault energy y is given by 
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2 
d . -2- . <t}$ ( _ 2vcos2B> 
a 8iry (1-v) u 2-v ' " w 

where v is the shear modulus, b is the magnitude of the Shockley 
Burgers vector, and 6 is the angle between the perfect a/2<110> 
Burgers vector and the dislocation line. Notice that for a prismatic 
loop which has rotated away from the edge orientation under the action 
of a shear stress, tbe stacking fault width is decreased by the devia
tion from pure edge character. For a dislocation about 20° from pure 
edge under no stress, d is only about six tenths of the value for a 
pure edge dislocation. 

The presence of stresses in the foil will in general affect the 
31 spacing between the Shockley partials (Hirth and Lothe, page 330). 

Whether this spacing is increased or decreased depends on the direction 
of the resolved shear stress on the slip plane. The component of re
solved shear stress acting perpendicular to the perfect Burgers vector 
either increases or decreases d depending on its sense. The component 
acting parallel to the perfect Burgers vector must tend to decrease d 
in a constrained dislocation such as a loop. The maximum effect of 
stress is to add or subtract a term of the order of Tb (where T is the 

s 
resolved shear stress) to the stacking fault energy y in Equation 9. 

g 
Since the maximum observed shear stresses were of the order of 10 

2 2 
dynes/cm , Tb is of the order of 2 ergs/cm . Thus in the IX Al alloy 
d should be only slightly affected by stress, whereas the spacing in 
the 7.5X Al alloy might be strongly affected by stress. In the absence 



-28-

of etreaa, the valuaa of d for a pure edge dialocatlon In the alloya 
uaed In thla work are 54.2 A for 1Z Al (Y - 30 erge/ca2); 163 A for 
3.SZ Al (Y - 10 erge/ca 2); and 813 A for 7.SZ Al (Y - 2 erga/ca 2). 

52 Thaee value* of Y ware obtained froa Howie and Swann. Recent weak 
beaa aeaaureaanta of the etacking fault energlea of thaae alloya by 

14 Cockayne give •lightly different valuea: Y • 5, 15, and 30 erge/ca' 
for the 7.5Z, 3.5Z, and IX Al alloya. The value of Y la known to ln-
craaaa aoaewhat with teaperatura, and thla would reault in a change 
in d vitli teaparature. 
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*• Distribution of Point Defects In Thin Foils Purina Irradiation 

The diffusion of Interstltlals and vacancies to the foil surfaces 
during Irradiation produces a variation In the point defect concentra
tions with depth in the foil. Quantitative analysis of the rates of 
growth of dislocation loops due to clustering of point defects thus 
requires knowledge of the distribution of the defects In the foil. The 
usual approach to this problea is to say that there exist denuded cones 
near the foil surfaces In which the point defect concentrations are 
too low to causa growth of dislocation loops or voids, while in the 

21 41 center part of the foil conditions are assumed to be uniform. ' 
53 Foreman has considered the problem of simultaneous production, 

recombination, and diffusion to the surfaces of vacancies and inter
stltlals during irradiation of thin foils. The steady state Is reached 
when the rat* of loss of point defects from a slab of material parallel 
to the foil surface is equal to their rate of production R. The rate 
of loss consists of the recombination rate plus the net rate at which 
the defects diffuse out of the slab, given by Pick's second law of 
diffusion. Also, in the steady state interstitial* and vacancies must 
be lost at the aurface at equal rates, which means that the inter
stitial and vacancy concentrations C. snd C are related by 

C i D l " Cv Dv ' ( 1 0 ) 

where D. and D are the interstitial and vacancy diffusion coeffi
cients , 

D i - * V i 
Dv * X \ \ ' ( 1 1 ) 

/here X is the interatomic jump distance, y . and y are geometrical 
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53 conatante which are both nearly unity, and 
v t - v Q *xp(-E B l/kT) 

V y - v 0 axpC-E^/kT) , (12) 

vhare E . and E_ are the migration energlea for interstltials and •x mv 
vacanclaa and v. la th* vibration frequency of the atom In the direc
tion of the saddle point. The vecancy concentration profilea are 

OB 

given In Fig. 23, where C/C la plotted aa a function of the nor-
aallied dapth in the foil for different veluea of the parameter f: 

f - ^ . , (13) 
VlV 

where 5 la the coordination number for interstitial-vacancy recom
bination (6 = 1 0 ) , t la the foil thickness, and R la the point defect 
production rate in displacements per atom per aecond (dpa/sec). C is 
the recombination limited vacancy concentration in bulk material, 
given by 

(14) 

The value of R la determined simply from 
R - *a , (15) 

o where 4 is the beam current density in electrons/cm sec, and a is the 
displacement cross section for 650 kV electrons; at this energy a is 

-24 2 54 
about 25 barns (one barn » 10 cm ) for both Cu and Al. Thus if 

o the beam current is given in amps/cm , 
R - 1.56 x 10"** dpa/sec (16) 
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The partial molar free energies of vacancies and Interstitial*, 
G and G., are Important in determining the nucleation rate of dislo
cation loops or jogs. They are given by 

C - kT ln(C /C°) 
V V V 

G± - kT InCCj/cJ) , (17) 
0 0 

whe.e C and C. ars the equilibrium vacancy and interstitial concentra
tions! 

Cv" " « J ,P< Sfv / k " E f v / k T ) 

C°± - exp(S f ±/k - E f l/kT) (18) 

Values of f, C , G• , and G, are given for 300°C in Table II and 
for 450° C in Table III for different foil thicknesses and damage rates. 
The superscript n refers to the value for bulk material or very thick 
foils; C. is related to C by Equation 10. These values refer to the 
maximum concentrations in the center of a thick foil. The beam current 

2 densities used in this work varied from .001 to 1.0 amps/cm 
(1.56 x 10~ to 1.56 x 10~ dpa/sec), and the foil thicknesses were 
generally 0.4 to 0.5 microns. The values used for the various 
parameters are as follows: 

s - 10 

X - 2.56 X 

V 
. Y - 1 'v 
• 10 sec •1 

Emi - .05 eV 
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I , - 1.16 «V 
I f t - 4.0 eV 
E f v - 1.17 eV 
S f l - 0.S k 
S f v - 1 . 5 k 
k - S.617 x 10" aV/ca (Boltimann's constant) 

The value of v., the vibrational frequency of an atom in the lat
tice, was assumed to be the saae for interstitial! as for atoms in 
normal lattice positions. The choice of v. was w i s from several 
sources. ' ' Foreman's use of v Q - 10 sec - seems unjustified. 
The values used for the migration energies, formation energies, and 
formation entropies were obtained from Cahn. The value of E,. haa 
a marked effect on the calculated value of G., and it ahouid be noted 
that theoretical values for E,. range from about 2 to 6 eV. The 
values of the other energies are more generally agreed upon. 

The partial molar free energies and the vacancy and interstitial 
concentrations given in Tables II and III represent the maximum values 
possible for the given conditions in a thin foil. If the parameter f 
is greater than abou? 10 , theae values are attained at the center of 
the foil (see Fig. 23), but for f < 10 the maximum concentrations and 
(3 values are less than those in the tables. For large values of f the 
diffusion profiles in Fig. 23 have a flat region in the center of the 
foil and a rapidly decreasing point defect concentration as the sur
faces are approached. This type of profile suggests the denuded zones 
mentioned earlier, whereas the profiles for values of f less than 
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Tabla II. Point Dafoct Dlatrlbutlon Paraaatara at 300°C* 

t ft f 
C " «7 Mr) ^ <«V) 

.40 io- 3 9.6 x 10 7 4.00 x 10" 4 2.46 0.71 

.45 i i 1.5 x 10 8 n •i II 

.50 H 2.3 x 10 8 it •• II 

.55 •1 3.4 x 10* n II II 

.40 10"* 9.6 x 10 6 1.26 x 10"* 2.41 0.65 

.45 II 1.5 x 10 7 II II « 

.50 II 2.3 x 10 7 II II «i 

.55 If 3.4 x 10 7 II It w 

.40 10" 5 9.6 x 10 6 4.00 x 10" 5 2.35 0.60 

.45 Iff 1.5 x 10* It II II 

.50 II 2.3 x 10 5 II II II 

.55 II 3.4 x 10 5 II II It 

.40 10" 6 9.6 x 10 5 1.26 x 10" 5 2.29 0.54 

.45 II 1.5 x 10 4 II II It 

.50 II 2.3 x 10 4 i i It It 

.55 •1 3.4 x 10 4 it II II 

.40 10" 7 9.6 x 10 4 4.00 x 10~ 6 2.24 0.48 

.45 II 1.5 x 10 3 II II II 

.50 It 2.3 x 10 3 II It II 

.55 11 3.4 x 10 3 II tl II 

*t Is given in microns, and R in dpa/sec. 
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Tabla III. Point Defect Distribution Parameter* at 450°C* 

t * f <£ <% (eV) C^ (eV) 

.40 10" 3 1.17 x 10 6 3.50 x 10" 5 2.20 0.44 

.45 " 1.79 x 10 6 

.50 " 2.62 x 10 6 

.55 " 3.70 x 1C 6 

.40 10"* 1.17 x 10 5 1.10 x 10" 5 2.13 0.37 

.45 " 1.79 x 10 5 

.50 " 2.62 x 10 5 

.55 " 3.70 x 10 5 

.40 10" 5 1.17 x 10* 3.50 :t 10~ 6 2.06 0.29 

.45 ''' 1.79 x 10 4 

.50 " 2.62 x 10* " 

.55 " 3.70 x 10* " " 

.40 10" 6 1.17 x 10 3 1.10 x 10" 6 1.99 0.22 

.45 " 1.79 x 10 3 " " " 

.50 " 2.62 x 10 3 " " " 

.55 " 3.70 x 10 3 " 

.40 10" 7 1.17 x 10 2 3.50 x 10~ 7 1.91 0.15 

.45 " 1.79 x 10 2 

.50 " 2.62 x 10 2 

.55 " 3.70 x 10 2 " " 

*t la given in microns, and R in dpa/sec. 
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4 about 10 exhibit a sere gradual variation of concantration with depth 

In the foil. Notice that while f Increases linearly with R, It is 

proportional to the fourth power of the foil thickness t, and It de

creases exponentially with temperature. Thus good diffusion profiles 

are obtained in thick foils at low temperatures and with high damage 

rates. 

The presence of dislocation loops in the foil will have some 
53 effect on the diffusion profiles In Fig. 23. According to Foreman, 

the dislocations may be approximately treated as a continuum non-

preferential sink by adding a term pD C to the recombination rate 

before solving the diffusion equation (o here is the dislocation 

density). In fact the dislocations are preferential sinks for inter-

stitials, but the interstitial bias is small enough that It may be 

Ignored for this purpose. Foreman showed that a dislocation density 
10 2 of 4 x 10 /cm in a h micron thick foil has the effect of markedly 

Improving the diffusion profiles in Fig. 23 so that even for f » 1 
3 the profile is better than for f - 10 without the dislocation sinks. 

However, this is a rather high dislocation density, and in this work 
8 2 the loops constitute a dislocation density of only about 4 x 10 /cm 

so that the diffusion profiles of Fig. 23 are not appreciably affected. 

It is instructive to consider briefly what becomes of the point 

defects after they are produced. The diffusive flux of defects to 

the surface is easily computed from the concentration gradient at the 

surface, which was determined during the solution of the diffusion 

problem. For a foil 0.5 microns thick, a beam current of 0.02 
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amps/cm , and a tenperature of 450°C, there are 1.32 x 10 defects/sec 
12 produced per square centimeter of foil, of which 3.64 x 10 

2 defects/cat sec or 27.6X leave the two foil surfaces. Under these 
-8 conditions the auuclaun growth rate measured was about 1.6 x 10 

o 
cm/sec for a loop density of about 10 per square centimeter of foil 

with an average side length of 0.1 micron. A simple calculation shows 

that this corresponds to the absorption of 6.4 x 10 interstitiale/ 
2 cm sec, which is about 5% of the defect production rate. Thus, 55! 

of the iuterstitials produced are absorbed by climb of the dislocation 

loops, 27.6% are lost at the surface, and the rest recombine with 

vacancies. At lower temperatures the fraction of the defects lost 

at the surface Is smaller, all other conditions being equal. 

C. Jog Formation on Extended Dislocations 

A unit jog on an undissociated edge dislocation is simply a step 

in the extra half plane of atoms above the slip plane; the dislocation 

on one side of the jog lies in a slip plane one interplanar distance 

higher than on the other side of the Jog. A row of interstitials added 

to the edge of the half plane produces a pair of jogs of opposite sign, 

as does the addition or emission of a row of vacancies. The emission 

of interstitials from a dislocation is essentially impossible because 

of the high energy of formation of Interstitials. Jogs of the same 

sign nay combine to form superjogs of height greater than one inter-

planar spacing. 

Consider a pair of opposite sign superjogs on an undissociated 

perfect edge dislocation in an FCC metal. If this dislocation 
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31 dissociates, the superjogs will also tend to dissociate, forming 

the extended superjog pair shown in Fig. 24a. It is assumed that the 

dislocation segments not on the original glide plane are dissociated 

on the other {ill} plane containing the Burgers vector; all faults are 

intrinsic. The acute jog has a stair rod dipole with opposite Burgers 

vectors y6 and Sy of the type a/6<110>, and the obtuse jog has a 

stair rod dipole with opposite Burgers vectors AB/fiy and fiy/AB of the 

type a/3<100>. The line tension of these stair rod dislocations 

probably pulls the Shockley partial dislocations together somewhat at 

the jogs, producing a partial constriction. In the case of jogs of 

unit height (also called jog lines), the strain fields of the stair 

rods must almost completely cancel each other since the stair rods 

are of opposite sign and only one interplanar distance apart. Their 

line tension is then only due to the energy of the dislocation core 
32 given by Friedel as approximately 

E - - ^ (19) 
core 4TT V ' 

with C about cne or two. Friedel estimates the energy per unit length 
2 

of a closely spaced st j.r rod dipole as about pb /25, where b is the 

magnitude of the perfect a/2<110> Burgers vector and p - 5.46 x 10 
2 dynes/cm is the shear modulus for Cu. Equation 19 with X, « 1.5 gives 

2 the line tension of a stair rod dipole as about vb /19 for a/3<100> 
2 stair rods or Ub /38 for a/6<110> stair rods. Estimates of the line P 

2 2 energy of the a/6<110> dipole vary from jib /45 to lib /12 according 
58 to Kuhlmann-'riilsdorf. 

The representation of a jog line as a dipole separated by a 
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stacking fault is questionable since the stacking fault is really 

within the dislocation core region. However, it is conceivable that 

there la some effect of stacking fault energy on the core energy of 

such a configuration. 

The mechanism of formation of jogs on a dislocation which is 

already extended Is not well known. Several models have been sug

gested. ' " The simplest model requires the formation of a con

striction in the dislocation by pinching together the Shockley 

partial* to form a segment of perfect dislocation which may then 

climb by the formation of a Jog pair (Fig. 24b). The energy of such a 

constriction consists of the work done in forcing the Shockley 
59 32 partial* together, and Is approximately ' 

2 Ub d K)' • wc - - $ - Ii«r-1 . (20) 

where d is the equilibrium width of the stacking fault given by 

Equation 9. Since one constriction is required on each side of the Jog, 

the energy necessary for jog formation is 2W ; the values of 2W are 

14.1, 49.2, and 289.7 eV for pure edge dislocations in the 1%, 3.531, 

and 7.5Z Al alloys In the absence of stress. 

The existence of constrictions on widely extended dislocations in 

Cu-Si and Cu-Al alloys has been experimentally observed by Carter and 

Ray by the use of weak-beam dark field electron microscopy. However, 

these constrictions were observed in material which had been deformed 

by bending before preparation of thin foils, and were probably formed 

by dislocation interactiona during deformation. 
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The energy of an extended jog pair is the sum of the energies of 
the stair rods, the extra lengths of Shockley partials, and the extra 
area of stacking fault. The Shockley jogs may be assumed to have only 
the energy associated with their cores, given by Equation 19, because 
they are very ahort and their strain fields are lost in those of the 

32 31 
dipolas (see Friedel, paga 172, and Hirth and Lothe, pages 230 
and 247). This is especially true if the two jog lines are close 
together since then the Shockley strain fields cancel each other. 
The energy associated with the extra stacking fault may be neglected 

2 since for f - 10 ergs/cm it amounta to only .004 eV per atom length 
of jog line. Using Equation 19 for the energy of the stair rods 
(with C - 1.5), and denoting the magnitude* of the a/6<110>, 
a/3<100>, and a/6<112> Burgers vectors as b », b._.» , and b 
respectively, the energy W. of the extended unit jog pair is given 
by 

2 
M. ,,,, 2 + , h 2 w •""•111-a ( n ) 

where d... - 2.09 X is the spacing of {ill} planes. This may be a 
slight overestimate because there is probably a small decrease in 
energy associated with a partial constriction of the dislocation, but 
the difference is certainly no larger than the other uncertainties 
involved. The values of W. for a pure edge dislocation under no 
stress are 11.9, 35.1, and 174.6 eV for the 1Z, 3.5Z, and 7.5Z Al 
alloys respectively. The values of W. and 2W are both much greater 
than G. in the present experiment (about 2 eV from Tables II and III). 

Wjp * I f <2bY«* + 2W + ̂ T ^ 
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Since G. is much less than either W. or 2W , an interstitial i Jp c' 
cannot form a jog pair without thermal activation. However, the dif
ference between G. and these formation energies is so large that the 
rate of thermal jog formation in this supersaturation should be 
negligible unless some mechanism operates in which several Inter
stitials participate. For instance, if the interaction energy W. 
between two Jogs formed on an initially straight dislocation is taken 
into consideration, the total energy of formation of a pair of jogs 
separated by a distance D is given by 

A G - W f + Wmt-K- < 2 2> 
where W, is the elastic energy of a pair of Jogs (e.g., W, or 2W ), 
and t • /6 a/4 is the jog spacing per interstitial. For undissociated 
jogs W. Is given by 

Wi»t " " H T «» 
31 a cording to Hirthe and Lothe (page 247), where K. is a positive 

constant; this expression would be somewhat different for extended 
jogs, but the general form would be the same at larger separations. 
If we differentiate AG with respect to D and set the result equal to 
zero, we can find D*, the critical separation beyond which the jogs 
separate spontaneously by absorption of interstitials. D* then gives 
AG*, the activation energy for jog pair formation; 

H 
D* - I -^~ 1 (24) (¥) 
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** * »f " "5T " - V <»> 
The activation energies found using this model are still of the same 

order as W or 2W and would yield negligible jog nucleatlon rates. 

A number of alternate models for the nucleatlon of jog pairs on 

extended dislocations have been suggested. In most of these 

models the questions of the activation energy for nucleation of a 

stable jog pair and the possible effect of stacking fault energy have 

not been discussed. Two of the more interesting models are Illustrated 

in Pigs. 25 and 26. The triangular step on the stacking fault ribbon 
63 in Fig. 25a was suggested by Thomson and Balluffi, and a similar 

configuration was discussed by Escaig, and by Friedel, page 172. 

Thomson and Balluffi referred to the dipoles which extend into the 

fault as stair rod dlpoles, whereas Escaig considered them to be 

Shockley dlpoles. In the case of stair rod dipoles, illustrated in 

Fig. 25b, each additional interstitial (or vacancy) produces the same 

small Increase in the length of the stair rod dipoles. This is easily 

seen if the dipole 6&-B6 is imagined to move one row to the left with 

the absorption or emission of each point defect. The associated in

crease in energy is only about 0.2 eV, and the absorption of an 

interstitial with G. = 2 eV Is therefore accompanied by a considerable 

decrease in the free energy of the crystal. The first point defect 

must produce the three short jogs A3, Y8, and Ay in addition to the 

constant increase in the stair rod dipole length. The core energy 

of these jogs is about 0.3 eV, so for supersaturations such that G 

is larger than about 0.5 eV the growth of this type of triangular 
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atep need not be thermally activated. The configuration would grow 
with a continuous decrease in the free energy of the crystal until it 
reached the other side of the extended dislocation and formed a 
double jogllne aa in Fig. 25c. This model suggests that the aplitting 
width of extended dislocations ahould not affect the rate of Jog 
formation (except for the possible difference in dipole core energy 
In crystals of different stacking fault energy, which would only 
affect the critical superaaturation below which Jog formation becomes 
thermally activated). It should be noted here that the description 
of the atomic dlaorder aaaoclated with the addition of one point 
defect to the edge of the fault as an array of dislocations la very 
approximate. However, it may give results of the correct order of 
magnitude and will be used in the abaence of more detailed calculations 
of the energy of such a configuration. 

The reaults of the present work Indicate that Jog formation on 
extended dislocations is a thermally activated process even for 
G * 2 eV (in this range of Y) *nd that the activation energy for the 
proceaa is a function of the stacking fault energy. 

In the caae of Escalg'a model for the triangular step, ' the 
above arguments still hold except that the dipole energy is 3omewhat 
increased since the. Shockley Burgers vector is of greater magnitude 
than that of the stair rod. 

Thomson and Balluffl, Eacaig, and Friedel (pages 169-173) 
also note that the formation of a Frank loop in the ribbon of 
intrinsic stacking fault can eliminate the fault on the Interior of 
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the loop. Thia loop may grow out to the edge of the fault and combine 
with the Shockley partiala to form a perfect dislocation at either edge. 
The perfect dislocations formed do not lie in either of their slip 
planes, and it is difficult to see how the resulting configuration 
could form a jog pair. Aa discussed by Friedel and Escaig, this 
process requires actlvaftlon energies of the same order aa thoae for 
the triangular steps already discussed. It would not be expected to 
be thermally activated in the preaent experiment, and should be only 

slightly affected by the stacking fault energy. 
63 Thomson and Balluffl suggested that a row of point defects 

along one of the Shockley partials of an extended dislocation may be 
thought of aa a small prismatic dislocation loop which may dissociate 
to form an extended Jog pair. This has also been discussed by Hirth 

31 and Lothe (pages 531-533); the model is illustrated In Fig. 26. 
While such a model seems reasonable for the absorption of a row 

of point defects, it aeeas unlikely that the configuration of Fig. 26c 
will dissociate by glide to form a complete jog pair as suggested 
by Birth and Lothe and Thomson and Balluffl. While the Shockley 
partials yA and BY at the top of the step will tend to repel each 
other, It must be realized that the YA Shockley is one member of a 
dipole whose net interaction with the By Shockley must be very nearly 
zero when the dipole is closely spaced. The short Shockley jogs B<5 
and 6A would not interact nearly as strongly as like segments of long 
dislocations, and probably provide insufficient force to extend the 
configuration across the fault against the line tension of the stair 
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rod dlpoles. Also note that when the separation between the jogs is 
••all the attraction of 5B to BS will nearly balance the repulsive 
force of <5A. 

These arguments are no longer valid when the height and separa
tion of the jog pair become large enough because then the stress 
fields of the Shockley partials on the same side of the loop no 
longer overlap completely. Thus at some critical size the loop will 
dissociate to form an extended jog pair. 

Now consider for a moment a small prismatic loop in the bulk 
material as In Fig. 2. When this loop Is very small, the repulsive 
interactions between the Shockley partials on opposite sides of the 
fault are partially cancelled by the attraction of the Shockley 
partials on the other side of the loop. Thus small loops should 
not be extended to the same distance d as large loops or long straight 
dislocations. The value of d as a function of loop size may be com
puted from the force of Interaction of two coaxial prismatic loops 
of the same size. For circular loops Grilhe and Seshan conclude 
that the splitting d becomes about that of long straight dislocations 
when the loop diameter is of the same order as the equilibrium value 
of d. 

Grilhe suggests that we may distinguish two cases. Let r 1 be 
the radius above which a small loop formed adjacent to an extended 
dislocation spontaneously dissociates to form an extended Jog pair, 
and let r, be the critical radius for nucleation of loops. The 
critical radius r. will be smaller near the dislocation because the 
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straln field of the existing dislocation nay aid in the nucleatlon 
process, r, is also a function of the supersaturation. In the first 
case, when r, near the dislocation is less than r., the rate controlling 
step for climb (i.e., for jog nucleation) Is the formation of the 
loop. In the second case, when r, > r., jogs are nucleated directly. 

The stacking fault energy clearly affects r.. The effect of 
stacking fault energy on r, for loops near an extended dislocation 
would be due to the change in the strength of the strain field of the 
Shockley partial at the opposite side of the stacking fault ribbon 
with the fault width. Both Shockley partials have some edge component 
which favors the presence of interstitials on the tension side of 
the half plane, and therefore reduces r.. This effect would be 
greater for small values of d, so for alloys of high stacking fault 
energy the value of r, should be smaller. Thus for the case r- < r., 
the stacking fault energy would affect the jog nucleation rate through 
its effect on r,. For the case r. > r., the jog nucleation rate would 
be affected by the influence of stacking fault energy on r.. These 
arguments are equally valid for the double jog model of Fig. 26, and 
for the case of small loops nucleated near a dislocation but not at 
first combined with It. However, it seems likely that small loops 
which are very close to a dislocation will combine with it in the 
early stages of their growth due to the attraction of the opposite 
sign Shockley partials of the loop and the extended dislocation. 

This model is in qualitative agreement with the observations of 
the present work in that it provides a stacking fault energy dependent 
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activation energy for Jog nucleation. This activation energy is 
probably low because it involves the participation of several point 
defects in the formation of the critical sized nucleus. However, the 
model is not yet developed sufficiently to make quantitative pre
dictions of the values r, and r, and the energies sssoclated with 
them. It Is Important to realise that the classical treatment of the 
nucleation of dislocation loops by condensation of point defects is 
unable to quantitatively explain the observed loop densities In 

31 
quenched metals (see Hirth and Lottie, pages 560-564, for a dis
cussion of this point). This is probably either due to the over-
estimation of the energy of very small dislocation loops by the use of 
expressions valid for larger loops, or due to heterogeneous nuclea
tion. In any case the present understanding of the nucleation of 
small loops is not complete, and it is therefore unlikely that the 
above arguments concerning the nucleation of loops near dislocations 
will be made quantitatively satisfactory in the near future. The 
approximate dependence of r. and r, on stacking fault energy may, 
however, be determined. 

Once formed, Jogs may move along a dislocation by absorption of 
whichever type of point defect formed them. The process by which 
this absorption takes place on extended Jogs or superjogs is uot well 
understood but should have a lower activation energy than that for Jog 
formation unless it is necessary to l'ann a constriction before 
absorption or emission can take place. In the case of a Jog line, the 
absorption of a point defect does not result in any change in the jog 
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configuration except that it is moved over one step. However, the 
addition of one point defect to an extended superJog would involve 
the creation of extra lengths of stair rod, and this may have to 
proceed by some mechanism similar to those discussed above for jog 
nucleation. However, in a supersaturatlon such that jog nucleation 
is slow, one would expect any barrier to jog motion to be less 
Important than that for Jog nucleation. 

D. The Rate of Jog Nucleation 
The rate of nucleation of jogs on a dislocation loop may be 

31 expressed as 
J - Zwn. , (26) 

where n Is the number of nuclei of critical size on the loop; u is 
the frequency with which the critical nuclei absorb another Interstitial, 
thereby becoming stable with respect to further growth. Z la the 
Zeldovich factor, which takes into account the fact that nuclei of 
the critical size plus one point defect may shrink by thermal activa
tion if their energy is not sufficiently smaller than that of the 
critical size nucleus. Z is given by Feder et al. as 

f-0 2AG/3i 2K ^ T * 2 " I Skf-^J • <27> 
where AG is the change in free energy of the crystal due to formation 
of the nucleus, 1 is the number of point defects in the nucleus, and 
1* is the number of point defects In the critical size nucleus. The 

31 value of Z for loop nucleation is about 0.1, and we may use this 
value in the absence of a detailed nucleation model, u is given by 
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w - C^Nvt , (28) 

where C* Is the interstitial concentration at the loop, v is the 

interstitial jump frequency, and N is the nuaber of interstitial sites 

adjacent to the critical size nucleus. Notice that N is a function of 

the critical size. One should also take into account the possibility 

of diffusion of lnterstltlals along the dislocation to the critical 

nucleus. The concentration of critical nuclei n is just 

„ c. v-AG*/ kT , ( 2 9 ) 

where AG* is the activation energy and n is the number of nucleation 

sites on the loop, 

n g * j , (30) 

where L is the length of the loop sides, and I - /b a/4 as before. 

Since the loops in this work are observed to remain rhombus 

shaped and straight sided throughout growth, they must have low jog 

densities, or at least they must have approximately equal numbers of 

opposite sign jogs. The average spacing between jogs should be con

trolled by the relative rates of jog nucleation and Jog motion. 

Since we have observed that the loop growth rate falls to effectively 

zero for damage rates which should still yield appreciable super-

saturations of point defects, it is reasonable to postulate that the 

growth rate is determined by the rate of jog nucleation, rather than 

by the rate of diffusion. If the rate of jog motion were very large 

compared to the jog nucleation rate, jogs would move along a loop 

side to the loop corners before new jogs were nucleated. In this 
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extreme case, each jog or jog pair formed would contribute an entire 

layer to the loop side. If n were given by Equation 30, the result

ant increase in the jog nucleation rate with loop size would lead to 

a growth rate which increased linearly with the size of the loop. 

This is clearly not the case, but we may not discard the possibility 

that the jogs move completely across the loop side in the time inter

val between jog nucleation events, because it is possible that the 

jogs nucleate preferentially at the loop corners. In this case the 

number of nucleation sites is not a function of the loop size. The 

presence of the stair rods at the loop corners is expected to result 

in a partial constriction of the stacking fault ribbon there, which 

would favor jog nucleation. Also, as shown schematically in Fig. 27, 

the formation of a jog at the corner would require the formation of 

only one stair rod dipole, rather than the two dipoles which are 

required to nucleate a pair of jogs on the loop side. 

In the case where the rate of jog motion is not great enough to 

allow them to disappear at the loop corners before more are nucleated, 

they will disappear by meeting and annihilating opposite sign jogs 

moving in the other direction. Each jog then adds only a partial 

layer to the loop side, and so even though more jogs are nucleated 

per unit time on a longer loop side, the climb rate is independent of 

the side length. Thus we may distinguish t*»o cases in which a con

stant growth rate may be expected in jog nucleation controlled growth. 

In the first case jog motion is very fast, and nucleation is con

centrated at the corners. In the second case jog nucleation occurs 
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all along the loop sides at a rate great enough to ensure that they 

do not all have time to travel to the loop corners before new jogs are 

nuclea ed. In both cases the loop growth rate F is proportional to 

the rate of jog nucleation J. The present work does not give us any 

meane o determine which of these two cases is the real one, since we 

cannot directly observe the process of jog nucleation and motion. The 

Jogs probably move by absorption of interstltials with a lower activa

tion barrier than that for jog nucleation, but whether they move very 

quickly relative to the nucleation rate is uncertain. It is also not 

certain whether they nucleate preferentially at the loop corners. 

The variation of V with the damage rate R is not simple. As R 

increases, Z, C*, N, and AG* all change. For the purpose of discussion 

consider the simple nucleation model discussed in section IV C. 

Clearly AG* is a function of <; through D* (Equation 24). N, the 

number of sites adjacent to a critical nucleus, is also dependent on 

the size D* of this nucleus, which varies with G.. Z, given by 
2 2 — 

Equation 27. depends on 3 AG/3i, which will vary with G . Finally, 

C', the Interstitial concentration at the loop, is a function of R. 

At very low growth rates, C' may be equal to the interstitial concen

tration . of the curves in Fig. 23, since very few interstitials are 

being absorbed a a concentration gradient due to the loop w juld not 

be expected. The effect of the strain field would tend to build an 

atmosphere of point defects at the loop so that C' may actually be 

somewhat great T than the average concentration in the foil. For 

higher growth rates a concentration gradient should be established 

as interstitials are absorbed at the loops, so that C' should be 

somewhat less than the average concentration. 



-51-

In the absence of a more complete model for the jog nucleation 

process we cannot accurately predict the dependence of Z, N, and AG* 

on G.. It Is clear that If G. is as insensitive to the beam current 

density as indicated in Tables II and III, AG* mubt he a very strong 

function of G.. Since in the simple classical treatment of homogeneous 
31 loop nucleation (Hlrth and Lothe, pages 560-564) AG* and the critical 

radius r* are not analytical functions of G, we would not expect AG* 

for the case of Jog nucleation by Grllhe's model to be. Attempts to 

calculate AG* from the curves in Fig. 17b, baaed on reasonable 

assumptions for the variables in the Jog nucleation rate, yield curved 

lines on plots of log AG* versus log G., indicating that these are 

probably not simply related. 

The observations of the present work may all be .- lalitatively 

explained by Grilhe's suggested model of jog nucleation. The activa

tion energy for nucleation of loops in the bulk material should be 

larger than that for jog nucleation because jog nucleation is aided 

by the stress field of the existing dislocation loop, xhls was ob

served experimentally as the fact that It is possible to grow loops 

at a temperature at which it was no longer possible to nucleate loops 

due to the smaller supersaturation attainable at higher temperatures. 

The stacking fault energy is expected to have an effect on the values 

of both r. and r_, so that regardless of the relative magnitudes of 

these quantities, lower stacking fault energies should increase the 

activation barrier for jog nucleation and thus loop growth. This is 

observed experimentally as an increase In the beam current density 

or supersaturation required for loop growth as stacking fault energy 

decreases. 
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Since the loop growth rate is controlled by the Jog nucleation 
rate, the interstitial concentration at the loop is probably not too 
much less than that in the bulk of the foil, and once formed the Jogs 
should travel quickly in this supersaturation. Their motion may 
involve the absorption of clusters of interstitials below the critical 
sice necessary to nucleate new jogs. 

68 Johnston «t al. have observed the passage of large superjogs 
along the aides of Frank loops in gold during annealing. The motion 
of such superjogs was alow enough to observe at successive stages 
only at the lowest annealing temperatures. In the present work many 
loops are observed to have what look like superjog pairs on some 
sides, but often these features remain during further growth, 
indicating that they do not contribute to growth (Fig. 5). The 
superjogs observed by Johnston et al. were of the order of 100 A 
high, and it would be difficult to distinguish features of this size 
in the present experiment. 

The large activation energy for jog nucleation is reflected in 
the observation that the loops do not shrink at measurable rates 
until quite high temperatures. Shrinkage would have to occur by 
vacancy absorption at the loops because of the high formation energy 
associated with emission of interstitials from the loops. The 
driving force for shrinkage is the reduction of the line energy of 
the loop rather than the reduction of any supersaturation of point 
defects. Measurements of the shrinkage rates of loops at different 
temperatures might yield an activation energy for jog formation 
which could be compared with the results of the present experiments. 
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Such experiments would have to be done using loops whose glide 
cylinders were parallel to the foil surface to prevent their loss to 
the surface by prismatic glide. 

Factors affecting the growth rate T of different loops during the 
same irradiation may be divided into two main categories. First, 
there are a number of factors which may affect the width of the 
stacking fault ribbon. These Include the stress, loop orientation, 
loop size, and temperature. The stress may vary with position in the 
foil. Loop orientation is a function of both stress and loop size. 
Loop size should not affect d once L > d, which is much smaller than 
the loop sizes measured in this work. Temperature is expected to be 
quite constant during a given irradiation (±5°C or less). 

The second category Includes factors which affect the point 
defect concentration contributing to loop growth. These are depth 
in the foil, position in the beam, and possibly the proximity of 
other loops. Due to the point defect profiles in Fig. 23, loops at 
different depths in the foil should grow at different rates. Since 
most loops are not parallel to the foil surface, as they grow they 
should also grow into regions of different point defect concentration, 
possibly leading to faster growth of some sides of the loop. Pipe 
diffusion would reduce this effect, as would competition of loop 
sides for point defects. The proximity of other loops might affect 
the growth rate through competition for point defects, although 
definite evidence of this was not obtained, since careful stereo 
measurements would be necessary to establish loop proximity. Position 
in the beam has an effect on the damage rate through the beam profiles 
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of Fig. 7, although care was taken to minimize this effect. All 

these factors contribute to scatter In measurements of the growth 

rate. 
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V. CONCLUSIONS 

Nucleation and growth of prismatic interstitial loops was ob

served during irradiation in the HVEM at different temperatures and 

damage rates. The loops remained rhombus shaped throughout growth, 

with sides lying on {ill} planes, suggesting low jog densities. 

Initially straight dislocations far away from edge orientation were 

observed to climb into helices with straight sides lying on (ill) 

planes. 

A minimum damage rate 9 . was found to be necessary to induce 

growth at measurable rates. This, together with the low jog densities 

observed, was taken to indicate that climb was controlled by the rate 

of jog nucleation rather than by the rate of diffusion of point 

defects to the dislocations. * was found to be smaller for alloys 

of higher stacking fault energies, and this was attributed to the 

influence of stacking fault energy on the process of jog formation on 

extended dislocations. The growth rate was found to be constant for 

individual loops observed over a large size range. 

The process of jog formation on extended dislocations has been 

discussed. The energies required to nucleate jogs by the formation 

of constrictions or by the direct formation of extended jogs are much 

larger than G.. Modification of the jog nucleation model of Fig. 26 

by Grilhe yields an activation energy for jog formation which is 

dependent on stacking fault energy. This model qualitatively agrees 

with the observations of this work. 

Some evidence suggesting suppressed nucleation of certain loop 
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orientations was observed. Although this may be relevant to some 
theories of irradiation creep, ' a more systematic study, including 
analysis of the stress state in the foil, is needed. 

Further work should include weak beam observations of the loop 
sides. A more complete study of the rotation of the loops would also 
be Interesting. Annealing studies of loops whose glide cylinders are 
parallel to the foil surface should yield valuable information. 
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FIGOXE CAVTIORS 

Fig. 1. Characteristic "black int" defects produced at rooai tenpera-
tura. 

Fig. 2. Schematic drawing of an extended rhombus shaped prismatic 
loop. 

rig. 3. Loope grown In Cu-3.3 wt. Z Al at 300*C with • • .061 aapa/ca 
a) {-111 
b) Thompson tatrahadron and projactad shapes of pura edge rhoabua 

loopa for Vlg. 3a. The bean la 4* off <110>. 
c) g » 002, same araa. 

Pig. 4. Loopa grown In a 111 oriented foil, 7.5 wt. Z Al. 
a) g - 220, a > 0. 
b) g - 220, a > 0. 

Tig. 5. Loopa which exhibit irregularities. 
a) A loop which develops a vary large pair of superjogs on one 

side. 
b) A loop which develops an irregular shape and then reverts to 

the mora regular shape. 
c), d) Loopa which develop a number of superjogs at one corner. 

Fig. 6. Loopa grown in a focuaaed beam, 300*C, 3.5 wt. Z Al. 
Fig. 7. Beam profilea for focuaaad and dafocuaaed beams. 
Fig. 8. Plots of loop alios versus time. 

a) 1.0 wt. Z Al, 300*C, * - .043 amps/cm2 

b) 3.5 wt. Z Al, 300*C, t - .081 aapa/ca2 

c) 3.5 wt. Z Al, 300*C, • - .061 saps/ca2 
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d) 7.5 wt. X Al, 3006C, * - .035 amps/cm2. 
e) 1.0 wt. X Al, 450°C, * - .020 amps/cm2. 
f) 3.5 wt. Z Al, 450°C, * - .016 amps/cm2. 
g) 7.5 wt. X Al, 450°C, * - .049 amps/cm2. 

Fig. 9. Growth series of the loops of Fig. 8a. 
Fig. 10. Grovth series of the loops of Fig. 8b. 
Fig. 11. Growth series of the loops of Fig. 8c. 
Fig. 12. Grovth series of the loops of Fig. 8d. 
Fig. 13. Growth series of the loops of Fig. 8e. 
Fig. 14. Growth series of the loops of Fig. 8f. 
Fig. 15. Growth series of the loops of Fig. 8g. 

Fig. 16. Plots of loop size versus time for a few Individual loops. 
In the plots which show two lines, the upper line Is for the loop 
sides lying In edge-on (ill} planes. 
a), b), c) Cu-3.5 wt. X Al, 300°C. 
d), e), f) Cu-7.5 wt. X Al, 300°C. 

Fig. 17. Plots of the growth rate T versus the damage rate • for 300°C 
(a) and 450 CC (b). 

Fig. 18. Geometry for calculation of the loop rotation under stress. 
Fig. 19. a) Loop energy veraua $ for rotation about the <100> major 

axis. 
b) Plot of the stress required to hold a loop at a given orienta

tion for rotation about the <100> major axis. 
c) Stress versus $ for rotation about the <110> minor axis. 
d) Loop energy veraua $ for rotation about the <110> minor axle. 
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Flg. 20. a) Two loopa which have concave projected shapes; one Is 
nearly edge on. 

b) Typical convex loop images. 
Fig. 21. The projected shapes of Inclined loops viewed exactly along 

[110] for different values of •• 
Fig. 22. A series of micrographs of a loop which rotates as it grows 

under an approximately constant stress. Mote that the loop on 
the right slips out of the foil leaving a shadow image in d). 

Fig. 23. The variation of the normalised vacancy concentration with 
depth In the foil for different values of the parameter f. 

Fig. 24. a) An extended jog pair. 
b) A constricted jog pair. 

Fig. 25. a) A triangular Jog nucleus on an extended dislocation. 
b) The triangular nucleus with stair rod dipoles. 
c) The completed form of Fig. 25b. 

Fig. 26. Formation of a pair of jogs on an extended dislocation by the 
growth of a rectangular jog nucleus. 
a) A row of point defects along one Shockley dislocation. 
b) Collapse of the configuration to a perfect loop. 
c) Extension of the perfect loop. 

Fig. 27. An extended superjog nucleated at a loop corner. 
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