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IRRADIATION INDUCED DISLOCATION CLIMB IN Cu-Al ALLOYS
OF DIFFERENT STACKING FAULT ENERGIES

Thomas Herbert Kosel
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California
ABSTRACT

Irradiation induced climb of dislocations due to preferential
sbsorption of interstitials 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
ghaped perfect dielocation loope was cbaerved, and their growth was
studied at different temperrtures 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 al?ng the glide cylinder to the foil surface. These observations
suggest that the jog density on the loop sider 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 18 discussed in terms of a model in which rhe 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
problem of void growth in irradiated metall.l-za 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 prefarential attraction for interstitials, so thst an excess
of vacancies is left to diffuse to essentially unbissed sinks such
as grein bouundaries or free surfaces. Since interstitials hsve 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 dislocatioms. It is
generally accepted, therefore, that dislocations are the biased sinks
required to explain void grawth.2’3 The enhancement of the diffusion
rate of interstitials over that of vacancies by the strein 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 dislocatior
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
irrediation induced void growth in metals. Theories of void -
formation in metals generally assume diffusion controlled dislocation

cliwb (e.g., Harkness and Lia). 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 Alhby.5 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 Bullough,6 who concluded
that preferential nucleation was more important than preferential
growth. Lewthwaite7 has also treated the preferential nucleation of

8,9,10 has written a

favorably oriented dislocation loops. Gittus
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 obstacles. Thua, factors affecting dislocation climdb
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 wer: not observed to hsve
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,n-n'46 -

1ona,15—19 or elect:romi.zo-24 and it is useful to consider briefly

the differences inherent in these irradiation techniques.25’26

Irradiation of metals with sufficlently 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 (El), the masses of the
incoming particle (Hl) and the metal atom (Hz). and the direction
taken by the primary knock-on after the collisiorn. The maximum
energy transfer to the primary knock-on occurs for a heud-on col-

lision, and is

MM
MM, "

E, = w—=—E
2 (H1 + Hz) 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 bigh
concentration of vacancies near the end of the primary knocl-on's
path, with the interstitials (secondary knock-oms) 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 nucleation of a small
void or vacancy type dislocation 100"27—30

Although the spatial distribution of lattice defects differs
for these 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
interstitiale and vacancies which are well above the thermal
equilibrium concentrations. The supersaturation of these lattice
defscts provides the driving force for the nucleation of voids or
dislocation loops, both of which have been observed as a result of
iriadiation by each of the three irradistions discussed. Since ion
irradiation and electrcen (rradiation in a high voltage electron
microszope (HVEM) are capable of producing an average defect super-
saturation several orders i magnitude greater than that obtainable
in nuclear reactors, these methods have been extenaivsly 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 nucleation 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 bp - -;<110> are observed to dissociate with a
reduction in energy into two Shockley partial dislocations with

Burgers vectors b. - %‘112> separated by a ribbon of stacking fault
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vhose width depends inversely on the stacking fault energy.
order for this configuration (known as an extended dislocation) to
climb, the stacking fault must climb in the direction perpendicular
to the fault plane. This 1s expected to occur by the formation and
wmotion of extended jogs, as will be discussed in pnre detail in
section IVC. In general, the formation of jogs is expected to be
more difficult on the more widely extended dislocations in metale

of lower stacking feult energy. In the prceent work the effects of
stacking fault energy and irradiation demage rate (vhich controis

the supersaturation of point defects) have been studied by observa-
tions of the growth rate of priematic dislocation loops. A verfect,
or prismatic, edge dielocation loop 1is a loop of edge dislocstion
which may wove by glide along a cylinder or prism parallel to its
Surgers vector. Priematic loops formed in FCC metals by quenching

or irradiation ¢.sage are often observed to b: approximately rhombus
lhnpod?s'34 as in this work. Such loops have sides vhich lie in the
two {111} planes which contein the Burgers vector, and are axpected
to be dissociated in these planes. Growth or shrinkage of these
loope must occur by climb, and the cbservation in this work that the
eides lie accurately in their {111} plunee indicates that the jog
density must be low, suggesting that the rate of growth is controlled
by the rate of jog nucleation rather than by diffusion. In a suf-
ficiently high supersaturation the jop density might become high
enough to produce rounded loope whoee growth would be diffusion

controlled, whereas in low supersaturations the stacking fault energy
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might be axpected to have an effect through its influence on the
rate of jog formatiom.
The growth of dislocation loops in pure FCC metals during

irradiation in a high voltage electron microscope (HVEM) has been

observed by several suthors. 373 poch Frank loops (with b, = §<111>

Burgers vectors snclosing a stacking fault) and perfect loops have

been observed. Especially in the case of the higher stacking fault

42,36 3 the loops tend to have rounded corners

indicating high jog densities. lrovn.‘o )llltin.u Norru."'2 and

metals Ni and Al
Ucban and llilkm“ have presented approximate treatments of the
problem of diffusion controlled loop growth in thin foils during

40 41

electron irradiation. Brown  and Makia = predict that loop size

should be proportional to the 1/3 powar of time. Norrill‘2 finds
this to be the case only in certain conditions, whereas he predicts
a constant growth rate (vhich fits his observations) when the foil
surfaces are the dominant sinks for point defects. Urban and
Huhu‘s obtain e constant growth rate which is a function of
capture radii for absorption of interstitials and vacancies by dis-
locations, and discuss the probable temperature dependsnce of this
growth rate.

The effect of stacking fault energy on dislocation climb has
been mentioned by Adda,*® Brimhall et al.,*> and Wolfenden®S us o
possible factor in irradiation induced void growth. Wolfenden's

46

observation of void growth  in Cu-10Z Al (per cent of Al will be

given as weight per cent in this paper) is the orly example of
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void formation in low stacking fanlt energy materials other than
ateinless steel. Levy et 11.“ failed to observe any voids in
Cu-7% Al neutron irradiated under conditions similar to those of
Ho:lhmlcn."6 Many factors othar then the influence of stacking
fault enargy on climb sre involved in thess studies. The present

work i= an attempt to study more systematically the effect of

atacking fault energy in irradiation damage studies.
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II. EXPERIMENTAL PROCEDURES

Copper-aluminum alloys with 1.0, 3.5, and 7.5 waight per cent
aluminum vere prepared from 99.993Z pure copper and 99.99992 pure
aluminum. Oriented single crystals of these compositions were then
grown under vacuum in graphite molds using an induction furnace.
These crystals were chemically thinned to .002 to .003 inches thick,
and 30 mm diameter disce ware sperk cut from them. Thin foils were
prepared by jet slectropolishing these disce with equipment supplied
by E. A. Fischione Co.; a solution ccasisting of one part nitric
acid and two parts methanol was used st -40°C with 5-10 volts and
10~20 milliamps.

Irradiation of these foils was carried out using an Hitachi
HU 650 electronmicroscope operated at 650 kV. The damage rate was
varied by defocussing the beam with the second condenser lens. A
typical growth series was cbtained by selecting an ares, setting
the condenser lens, 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 curient 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 these measurements. Both the cup and the detector were

mounted under the cumera aud were designed and calibrated by



-9~

D. Havitt.“s In the case of the experiments where the climb rate was
determined as a function of damage rate for a given alloy compositionm,
nearly all irradiations were performed in adjacent areas of the same
foil by returning to the irradiatsd area after each measurement of
beam curzsnt density.

Since the distribution of beam current density with position in
the bess is not uniform, this distribution was measured for a few
condenser lens settings. This wes done L' successively moving the
bean, taking a reading with the stationary detector, and taking a
micrograph to deternine the beam position.

Heating of the specimen during irradiation was accomplished with
a double tilting hot stage developed for the HU 650 microscope at
l.Bl.."9 In thie hot stage the specimen is heated by a smell DC re-
sistance heating coil which is double wound to reduce magnetic ¢is-
tortion of the electron beam. The tcmperature calibration of the
stage was accomplished by operating it in & bell jar with a .N05 inch
thermocoupl. spot welded to an unthinned specimen disc, and noting
the stable temperature resulting from a given power input. The same
messured power input was found to reproduce the same stable tempara-
ture to within about £15°C on successive runs. Althcugh ic was
necessary to allow 15 or 20 minutes for temperature stabilization to
occur when the power was turned on, the atage 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
betwesn both pairs of parallel gides 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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I11. OBSERVATIONS

Nucleation 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 ampa/cmz with the beam focussed). Loops could not be nucleated in
a clean foil above about 400°C. At room temperature a very high
density of loops (about 1014 loops per cm3) 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
obgervations 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 %<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
{111} planes which contain the Burgers vector. The (110) plane of
the loop intersects the (I11) and (11D planes along the [112] and
[112) directions respectively and o the loop sides lie along these
directions. By using-a stereographic 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 §<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 {111} planes are seen
edge on, certain ioop sides are observed to lie accurately on these
planes as expected. Deviations from the expected orientations of the
sides lying in inclined {111} 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 3.5% Al foil
and then cooled to room temperature in order to take gtereo micro-
graphs. The Thompson tetrshedron* and projected rhombus loop shapes
shown in Fig. 3b are drawn for the foil orientation of Fig. 3a using
the Kikuchi diffraction pattern. Since E = 111 in Fig. 3a, E'g.- c

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

*For a discussion of the notation &nd use of the Thompson tetra-

hedron, see Hirth and Lothe,31 page 300.
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dislocatiﬁns, contrast 1s not completely extinguished in this diffrac~-
tion condlition, and weak images of these loop types are noted on the
nicrograph. (Due to the orientation of the foil, type B and C loops
have almost exactly the same projected shapes; therefore, this shape
15 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 E = 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 E-g = 0 condition.
The §-§ = 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 loop plane is {110}, and the fact that

3-3 = 0 for the A type loops in both Fig. 3a and Fig. 3c shows that
b= %<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 E‘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 nﬁd 8o 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 E'g = 0 conditions fit

those predicted by our assumptions, we may conclude that the loops are
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in fact prismatic loops of the shape shown in Fig. 2.

The images of the loop sides which lie in inclined {111} planes
are noticeably wider than those of the gides lying in edge-on {111}
planes. This is probably due to the fact that the loop sides are
dissociated; for the sides lying in edge-on {111} 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
80 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 cype.5° 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 1s of the opposite iﬁﬁse. Since the tetrahedron is unambiguously
oriented by means of the Kikuchi diffraction pattern, we may use the
rules of Hirsch et al.so to show that the loopa 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
230 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
senseg of inclination with respect to the beam, may be sezen 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 Lewthwaite 7 and Brailsford and '3u110ugh6 in their dis-
cussione of irradiation enhanced creep. Generally, all of the six loop
types which were expected to be in contrast were observed, but no

really systemstic attempt was made to study this question. Micrographs
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taken with different diffvaction vectors and orientations would be
necessary to determine whether all six loop types v;e present in
equal nunbers in each case. Notice that very few edge-on loops are
observed in Fig. 14; this may 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
changs shape. The sides which are dissocieted in {111} 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
wvhich rotate the loops may alsc cause the sides to bow out on their
glide planes. In many cases the loop sides lying in the inclined {111}
planas are seen to be rounded, while the sides in the edge-on {111}
planss are quite straight. This is what one would expect 1f the sides
were bowed out in their glide planes but not heavily jogged. Figures
3, 10, 14, and 15 show good examples of this sort of image. The sides
whose glide planes are seen edge on are generally observed to be quite
atraight, indicating that they have few jogs. In particular, the A
type loops in Fig. 3 have all sides dissociated in edge-on glide
planee, 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 superjogse 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
e group of these steps on one corner as it grows, as in Figs. S5c 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 dismeter 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 dif erent settings of the
second condenser lens are showm in Fig. 7. Since at 20,000 timee
magnification the maximum dimension of the photographir platee 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 messured besm current

density less than 0.1 A/cn2 in order to ainimize the effect of the beam
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profile. The rather uniform loop size distribution in Fig. 3, for
instance, vas obtained with a beam current density of 0.061 ampa/cmz.

Figures 8a-g show plots of loop size versus time for the growth
sequences in Figs. 9-15. There are apparent irregularities in the
growth of. individual loops; in several cases, for instance, a growing
loop seems to ba the same size on tun successive micrographs. This is
certainly due in part to the accuracy of the loop size measurements.
Whereas the average Jn.rease in size between microgrephs is often only
0.2 sm (on a 20,000x micrograph), the width of the dislocation image
is about 0.1 mm. However, in some cases loope se«:d to stop growing
for several 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 ioops in the same irradiation sequence. These dif-
ferences may be dua to different depths of the loops in the foil,
differant local strecses, or variations of the damage rate with posi-
tion in the beam.

Tha growth rate of individual loops does not seem to be a function
of their size. PFigure 16 shows some plots of size versus tims for
individual loops which were observed over a large size range. Indi-
vidual size mesasurements for these loops are at most 0.2 mm off the
straight lines drawm for their growth.

The variation in ths growth rate with electron flux wvas determined
at 300°C and at 450°C; the results are plotted in Pigs. 17a (300°C)

and 17> (430°C). The error bars for the growth rate indicate the
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maxinum and minimum growth rates observed, excluding instances of
loops whicﬁ 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 anpl/cnz and of the variation in besm current
density inhereant in a more focussed baan. Notice that in Fig. 17b
the growth rate falls to zero below a minimm flux & nin® which
decreases with Al content. This rssult is not bassd on extrapolation
of the curves; any flux at or below 0-1n for a given alloy was ob-
served to give a growth rate less than .008 £/wec (.001 mm/min as
measured on micrographs taken at 20,000x magnification).

Dislocations initially present in the foil were often observad
to climb into helices. 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 accuretely in {111} planes.
Thus, the tendency to remain jog fres was present in the helices as
well as in the loops. The helices increased thsir dismeters at

about the same rate ey did the 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 gince 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 decresase 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
R-_'E ’ (2)

whers 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 dislcocation loops has been
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congidered by Bullough and Foreman.51 and their calculations may 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 {111} glide planes throughout
the rotation. Thede 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 d¢ muet 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 Le. and .t increases to

L

P o

during rotacion; ¢ is the angie between the side and the pure edge
side (Fig. 18). The work increment in rotation of the loop is

dW = 6rbpdA ’ )
where dA is the differentisal area swept out by the side and the factor

of four is due to there being four sides. Since

2

-l (5
2L 2
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and since
dE _ dw
2
cos , 8
r=So8t , dE (8)
ZLesz dé

Bullough and ior¢l|n51 considered rotations about the <100> major

axis and the <110> minor axis of a rhombus shaped prismatic loop and
showed that the enargy minimum was dasper for rotation about the
major axis. Their calculsiilons use an expression for the total
elaatic energy »f the loop wiich is plotted for different loop sizes
in Cu in Fig. 19a; Fig. 19b shows the equilibrium orieuntation of the
loop as a function of stress for different size loops. These are
calculated on the assumption that the resolved shear stress 1is 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 envrgy. The minimum appears
only for smaller loops.

A loop whose pure edge orientation 18 inclined to the foil, and
which has sides which lie in inclined {111} planes, will show curvature
of its sides if strerses 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
a8 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 couvex
and concave images are shown in Fig. 20, Figure 21 shows the pro~
jected shapes of an inclined loop viewed exactly along a <il0> direc-
tion for different values of the angle ¢. The sldes 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 compared
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 I. The calculated values given are for
rotation about the <100> major axis.

The measurement of the angle ¢ by comparison with the shapes
drawvn 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 cucvature 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 t> 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 Table I are all considerably
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Table I. Measured anc Calculated Radii of Curvature for
Rotation about the <100> Major Axis
R (M) ¢ (degrees)
Loop # L G
Meas. Calc. Meas. Calc,
1 0.2 0.4 17.9% S >30
2 0.2 0.4 17.9% 5 >30
3 0.15 0.3-0.4 11,4-19.1 8-10 >30
4 0.15 0.3-0.4 11,4-19.1 8-10 >30
5 0.15 0.3-0.4 11.4-19.1 8-10 >30
6 0.15 0.3-0.4 11.4-19.1 8-10 >30
7 0.15 0.3-0.4 11.4-19.1 8-10 >30
8 0.3 0.5 or 2.8 20 >30
more
9 0.1 0.5 6.2 15 28
10 0.3 0.3-0.4 1.0 or 30-35 >30
less
11 0.1 0.5 or 7.2 10 28 or
more less

*These orientations are unstable -- the loop

other side of the edge orientation.

should rotate to the
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smaller 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 locp sides must be due to glide. Curvature due
to climb would be visible in the images of loop sides lying in edge-on
{111} planes. However, this observation is complicated somewhat by the
fact that we do not in general see these planea 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 intersecti .n 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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which 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 dissoclated 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 {111} 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
intringic; 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 comsidered most likely that perfect dis-
locations split in such a manner as to produce intrimsic 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

ub
s , (2-v) 2veos28B
d= 8.".Y (ﬁ) (1 - 2=y ) [ (9)

where U is the shear modulus, bs is the magnitude of the Shockley
Burgers vector, and B 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, the 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
epacing between the Shockley partials (Hirth and Lothe.31 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 'rbs (where T is the
resolved shear stress) to the stacking fault energy y in Equation 9.
Since the maximum observed shear stresses were of the order of 108
dynes/cmz, 'rbs is of the order of 2 ergs/cmz. Thus in the 1X Al alloy
d should be only slightly affected by stress, whereas the spacing in

the 7.5% Al alloy might be strongly affected by stress. In the absence
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of stress, the values of d for a pure edge dislocation in the alloys
used in this work are 54.2 & for 1% Al (v = 30 ergs/c-z); 163 ] for
3.52 AL (y = 10 ergs/cu®); and 813 R for 7.5% AL (v = 2 ergs/ca’).
These values of Y were obrained from Howie and Suunn.sz Recent weak
bean measurements of the stacking fault energies of these alloys by
Cocklyncla give slightly different values: Y = 5, 15, and 30 orgl/cnz
for the 7.5%, 3.5X%, and 1X Al alloys. The value of Y is known to in-
35

crease somewhat with tempersture, and this would result in a change

in d witl. temperature.
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B. Distridution of Point Defscts in Thin Foils During Irradisticn
The diffusion of interstitials and vacancies to ths foil surfaces
during irradiation produces a variation in the point defect concentra-
tions with depth in the foil. Quantitative snalysis of the rates of
growth of dislocation loope due to clustering of point defects thus
requires knowledge of the distribution of the defects in the foil. The
usual approach to this problem is to say thst there exist denuded zones
near the foil surfaces in which the point defect concentrations are
too low to causs growth of dislocation loops or voids, while in the
center part of the foil conditions are assumed to be uniform.zl'al
Forc.nnss has considered the problem of simultaneous production,
recombination, and diffusion to the surfaces of vacancies and inter-
stitials during irradiation of thin foils. The steady state is reached
when the rate of loss of point defects from a slab of material parallel
to the foil surface is squal to their rate of production R. The rate
of loss consists of the recombination rate plus the net rate at which
the defscts diffuse out of the slab, given by Fick's second law of
diffusion. Also, in the steady state interstitials and vacancies must
be lost at the surface at esqual rates, which means that the inter-

stitial and vacancy concentrations Ci and Cv are relaced by

CIDi - chv » (10)
where D1 and Dv are the interstitial and vacancy diffusion coeffi-
cients,

2
Dy = ATV
D, = A%y an
v Yoy

there A is the interatomic jump distance, Yi and Yv are geometrical
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constants which are both nearly ul'x:lt:y.53 and
vy =Yg cxp(-B.ilkT)
v, = Vo exp(-E_ /kT) , (12)

where E - and E-v are the migration energies for interstitials and
vacancies and Yo 1s the vibration frequency of the atom in the direc-
tion of the saddle point. The vacancy concentration profiles are
given in Fig. 23, where Cv/C: is plotted as & function of the nor-
malized depth in the foil for different velues of the parameter f:

¢ . —RES T (13)

vvyiyvl

vhere § is the coordination number for interstitiesl-vacancy recom-
bination (§ = 10), t is the foil thickness, and R is the point defect

production rate in displacements per atom per second (dpa/sec). C: is

the recombinetion limited vacancy concentration in bulk material,

a0 RY’, ;!
&=\ Y. 8 a4

vy

given by

The velue of R is determined simply from

R=4¢0 , (15)
where ¢ is the beam current density in electrons/cmzsec. and O is the
displacement cross section for 650 kV electrons; at this energy O is
about 25 barns (one barn = lo-zacmz) for both Cu and A1.54 Thus 1if
the beam current is given in amps/cmz,

R = 1.56 x 1040 dpa/sec (16)
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The partial molar free energies of vacancies and interstitials,
E; and Ei. are important in determining the nucleation rate of dislo~-

cation loops or jogs. They are given by
= 0
Gv = kT 1n(Cv/Cv)

0
Gi = kT ln(Ci/Ci) s (17)

whe.e Cg and cg are the equilibrium vacancy and interstitial concentra-

tions,

cd « exp(s, /i - Eg k)

c) - exp(Sg, /k = Eg /kT) (18)

Values of f, C:. E:, and E: are given for 307°C in Table II and
for 450°C in Table III for different foil thicknesses and damage rates.
The superscript « 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
densities used in this work varied from .001 to 1.0 amps/cm2
(1.56 x 10.7 to 1.56 x 10-4 dpa/sec), and the foil thicknesses were
generally 0.4 to 0.5 microns. The values used for the varfious
parameters are as follows:

§ =10

A=2.561%

Yy= Y, " 1

3 -1

1
vo 10" "sec

Emi = ,05 eV
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= 1.16 eV
E,, = 4.0 eV
£, = 1.17 oV
S,, = 0.8k
S, =15k

3 cV/cl3 (Roltsmann's constant)

k=8,617x 10

The value of vo. the vibrational frequency of an atom in the lat-
tice, vas assumed to be the same for interstitials as for atoms in
norsal lattice positions. The choice of Vo vas na’e from several
loutccn.ss'56'57 Poreman's use of Vo " lﬂlsnoc-l seems unjustified.
The values used for the migration energies, formation energies, and
formation entropiss were obtained from CJhn.ss The value of Ef1 has
a marked effect on the calculated value of EI, and it should be noted

35 The

that theoretical values for Efi range from about 2 to 6 eV.
values of the other energies are more generally agreed upon.

The partial molar free energies and the vecancy 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: 106, these values are attained at the center of
the foil (see Fig. 23), but for f < 106 the maximum concentrations and
G 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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Table II. Point Defact Distribution Paramaters at 300°C*
L] -y -—did
t R 4 c' Gt (aV) Ggi(cV)
-3 7 -4
.40 10 9.6 x 10 4.00 x 10 2.46 0.71
.45 " 1.5 x 10° " " "
.50 " 2.3 x 10° " " "
.55 " 3.4 x 10° " " "
.40 1074 9.6 x 10° 1.26 x 10°* 2.41 0.65
45 " 1.5 x 107 " “ .
.50 " 2.3 x 107 ” " "
.SS " 3.‘ % 107 " " ”»
=5 3 =5
.40 10 9.6 x 10 4.00 x 10 2.35 0.60
.45 " 1.5 x 10° " " "
.50 " 2.3 x 10° " " "
.55 " 3.4 x 10° " " "
: 3 5 3
.40 10 9.6 x 10 1.26 x 10 2.29 0.54
.45 " 1.5 x 104 " " "
.50 " 2.3 x 10 " " "
.55 " 3.4 x 10* " " "
=7 3 3
.40 10 9.6 x 10 4.00 x 10 2.24 0.48
.65 (1] 1.5 x 103 L1} " "
.50 1] 2.3 x 103 L] ” "
.55 " 3.4 x 10° " " "

*t is given in microns, and R in dpa/sec.
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Table III. Point Defect Distribution Parameters at 450°C*
¢ R £ c, G, (V) T, (V)
.40 1073 1.17 x 10 3,50 x 1073 2.20 0.44
.45 " 1.79 x 10° " " "
.50 " 2.62 x 10° " " "
.55 " 3.70 x 10° " " "
.40 107 1.17 x 10°  1.10 x 107> 2.13 0.37
.45 " 1.79 x 10° " " "
.50 " 2.62 x 10° " " "
.55 " 3.70 x 10° " " “
.40 103 1.17 x 10*  3.50 « 1078 2.06 0.29
.45 E 1.79 x 10 " " "
.50 " 2.62 x 10 " " "
.55 n 3.70 x 10% " " "
.40 1078 1.17 x 100 1.10 x 1078 1.99 0.22
.45 " 1.79 x 10° " " "
.50 “ 2.62 x 10° " " "
.55 " 3.70 x 10° n " "
.40 10’ 1.17 x 104 3.50 x 1077 1.91 0.15
.45 " 1.79 x 10% " " "
.50 " 2.62 x 102 " " "
.55 " 3.70 x 10° " " "

#t is given In microms, and R in dpa/sec.
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about 104 exiibit a more gradual variation of concentration with depth
in the foil. Notice that while f increases linearly with R, it is
proportional to the fourth power of the foll 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
effect on the diffusion profiles in Fig. 23. According to rorcnan.53
the dislocations may be approximately treated as a continuum non-
preferential sink by cdding a term pDva to the recombination rate
before solving the diffusion equation (p 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
of 4 x 101°/cm2 in a % micron thick foil has the effect of markedly
improving the diffusion profiles in Fig. 23 so that even for f = 1
the profile is better than for f = 103 without the dislocation sinks.
However, this is a rather high dislocation density, and in this work
the loops constitute a dislocation density of only about 4 x 108/cln2
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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llpl/c.z, and a temperature of 450°C, there are 1.32 x 1013 defects/sec
produced per square centimeter of foil, of which 3,64 x 1012
defectn/cnzlec or 27.6% leave the two foll surfaces. Under these
conditions the maximum growth rate measured was about 1.6 x 10_8
ca/sec for a loop density of about 109 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 10ll interstitials/
clzlec. which is about 5% of the defect production rate. Thus, 5%
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 emaller, all other conditions being equal.
C. Jog Formetion 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 irterplanar 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 may 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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dissociates, the superjogs will also tend to diasocinte.31 forming

the extended superjog pair shown in Fig. 24a. It {s assumed that the
dislocation segments not on the original glide plane are dissociated
on the other {111} plane containing the Burgers vector; all faults are
intrinsic. The acute jJog has a stair rod dipole with opposite Burgers
vectors Y§ and 8y of the type a/6<110>, and the obtuse jog has a
stair rod dipole with opposite Burgers vectors AB/Sy and §Y/AB of the
type a/3<100>. The line tenaion of these stair rod dislocacions
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 atair 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

given by Friede132 as approximately

2

b
Eore ” Ql:ﬂ— 19)

with 7 about cne or two. Friedel estimates the energy per unit length
of a closely spaced st ..r rod dipole as about ubp2/25, where bP is the
magnitude of the perfect a/2<110> Burgers vector and u = 5.46 x 1011
dynes/cm2 is the shear modulus for Cu. Equation 19 with 7 = 1.5 gives
the line tension of a stair rod dipole as about ubp2/19 for a/3<100>
stair rods or ubp2/38 for a/6<110> stair rods. Estimates of the line
energy of the a/6<110> dipole vary from ubpzlhs to ubp2/12 according
to Kuhlmann—'dilsdorf.58

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 regior. However, it is conceivable that
there is some eflect of stacking fault energy on the core energy of
such a configuration.

The mechanism of formation of jogs on & dislocation which is
already extended is not well known. Several models have been sug-
;cstcd.59'61-64 The simplest sode1”? requires the formation of a con-
striction in the dislocation by pinching together the Shockley
partials to form a segment of perfect dislocation which may then
clisb by the formation of a jog pair (Fig. 24b). The energy of such a
constriction consists of the work done in forcing the Shockley

partials together, and is cpproximat¢1y59'32

ub_2a a\”
Wc - _LSO 1In F; N (20)

vhere d is the equilibrium width of the stacking fault given by
Equation 9. Since one constriction is required on each siZe of the jog,
the energy necessary for jog formation is ZHc; the values of ZWC are
14.1, 49.2, and 289.7 eV for pure edge dislocations in the 1%, 3.5%,
and 7.5Z Al alloys in the abaence of stress.

The existence of constrictions on widely extended dislocations in
Cu~Si and Cu-~Al alloys has been experimentslly observed by Carter and
Rnyso by the use of weak-~beam dark field electron microscopy. However,
these constrictions wrre observed in material which had been deformed

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

by dislocation interactions during deformation.
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The energy of an extended jog pair is the sum of the energies of
the stair rods, the extrs lengthas of Shockley partials, and the extrs
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 short and their strain fields are lost in thoae of the
dipoles (see Fricdc1.32 page 172, and Hirth and Lothe.31 pages 230
and 247). This 1is especially true if the two jog lines are close
together gsince then the Shockley atrain fields cancel each other.

The energy associated with the extra stacking fault may be neglected
since for vy = 10 crgl/cn2 it amounta to only .004 eV per atom length
of jog line. Using Equation 19 for the energy of the stair rods
(with £ = 1.5), and denoting the magnitudes of the a/6<110>,
a/3<100>, and a/6<112> Burgers vectors as byé' bAB/Gy' and bs

respectively, the energy W, of the extended unit jog pair is given

Jr
by
woedd 2,02 o 3udyy b, 2 o
jp  8r Y$ AB/ Sy an ’

vhere d,,, = 2.09 X is the spacing of {111} 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 ij for a pure edge dislocation under no
stress are 11.9, 35.1, and 174.6 eV for the 1%, 3.5Z, and 7.5% Al
alloys respectively. The values of wjp and ZWC are both much greater

than Gi in the present experiment (about 2 eV from Tables II and III).
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Since E; is much less than either ij or ZHC. an interstitial

cannot fqrm a jog pair without thermal activation. However, the dif-
ference between E; and these formation energies is so large that the
rate of thermal jog foxmation in this supersaturation should be
negligible unless some mechanism operates in which several inter-
stitials participate. For instance, if the interaction energy "1n:
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

G » (22)

oo

AG = Hf + "int -

where Hf is the elastic energy of a pair of jogs (e.g., wjp or ZHC),
and £ = /6 a/4 is the jog spacing per interstitial. For undissociated
jogs "int is given by

K
- - Aot
Wint D (23)

a:-cording to Hirthe and Lothe31 (page 247), where Kint 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 spontanecusly by absorption of interstitials. D#® then gives

AG*, the activation energy for jog pair formation;

3
K, 2
D = ( ime_ ) (24)
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G.D*
AGk = W - Kint - GiD
£ D* [

(23)

The activation energies found using this model are still of the same

order as W, or ZHC and would yield negligible jog nucleation rates.

ip
A number of alternate models for the nucleation of jog pairs on
extended dislocations have been luggented.61-64 In most of these

models the questions of the activation energy for nucleation of a
stable jog pair and the possible effect of stecking 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
in Fig. 25a was suggested by Thomson and Balluffi.63 and a similar

2 page 172.

configuration wa8 discussed by Escaig,64 and by Friedel,
Thomson and Balluffi referred to the dipoles which extend into the
fault as stair rod dipoles, whereas Escaig considered them to be
Shockley dipoles. 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 6B-BS 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 E; = 2 eV 1is therefore accompanied by a considerable
decrease in the free energy of the crystal. The first point defect
must produce the three short jogs A8, v8, 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 suchthat c

is larger than about 0.5 eV the growth of this type of triangular
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step 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 jogline as in Fig. 25c. This model suggests that the splitting
width of extended dislocations should 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 supersaturation below which jog formation becomes
thermally activated). It should be noted here that the description
of the atomic disorder associated with the addition of one point
defect to the edge of the fault as an array of dislocutions is very
approximate. However, it may give results of the correct order of
magnitude and will be used in the absence of more detailed calculations
of the energy of such a configuration.

The results of the present work indicate that jog formation on
extended dislocations is a thermally activated process even for
E; 2 2 ¢V (in this range of y) and that the activation energy for the
process is a function of the stacking fault energy.

In the case of Escaig's model for the triangular atep,3z'64 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 Balluff1.63 Eacaig,64 and Friede132 (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



43—

the loop. This loop may grow out to the edge of the fault and combine
with the Shockley partials to form a perfect dislocation at eiiher edge.
The perfect dislccations 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. As discussed by Friedel and Escaig, this
process raquires activation energias of the same ordar as those for

the triangular steps already discussed. It would mot be expectad to

be thermally activated in the present experiment, and should be only
slightly affected by the stacking fault energy.

Thomson and Balluff163 suggested that a row of point defects
along cne of the Shockley partials of an extended dislocation may be
thought of as a small prismatic dislocation loop which may dissociate
to form an extended jog pair. This has also been discussed by Hirth
and !..ot:hc:’1 (pages 531-533); the model is 1llustrated in Fig. 26.

While such a model seems reasonable for the absorption of a row
of point defects, it seams unlikely that the configuration of Fig. 26c
will dissociate by glide to form a complete jog peir as suggested
by Hirth and Lothe and Thomson and Balluffi. 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 interactiom with the By Shockley must be very nearly
zaro vhen the dipole is closely spaced. The short Shockley jogs BS
and SA 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 etair
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rod dipoles. Also note that when the separation between the jogs 1is
small the attraction of §B to B§ will nearly balance the repulsive
force of 6A.

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 Selhan65 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.

Grilhe66 suggests that we may distinguish two cases. Let r 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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strain field of the existing dislocation way aid in the nucleation
process. r, 18 also a function of the supersaturation. In the first
case, when r, near the dislocation is less than tl. the rate controlling
step for climb (i.e., for jog nucleation) is the formation of the
loop. 1In the second case, when r, > rys jogs are nucleated directly.

The stacking fault energy clearly affects . The effect of
stacking fault energy on T, 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 . 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, < s
the stacking fault energy would affect the jog nucleation rate through
its effect on r,. For the case T, > Ty the jog nucleation rate would
be affected by the influence of stacking fault energy on ;. 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 rl and r, and the energies associated with
them. It is important to realize 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
quenched metals (see Hirth and Lotho.31 pages 560-564, for a dis-
cussion of this point). This is probably either due to the over-
estimation of the snergy 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 ry 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
thie 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 1>rm 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 thies may have to
proceed by some mechanism eimilar to those discussed above for jog
nucleation. However, in a supersaturation such that jog nucleation
18 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

expreaaed31 as

3= m, (26)

where nc is the number of nuclei of critical size on the loop; w is

the frequency with which the critical nuclei absorb another interstitial,
thereby becoming stable with respect to further growth. Z is 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. 2 is given by Feder et 31.67 as
-@%6/31) %
Z= —_—imit @n
2nkT ’

where AG i1s the change in free energy of the crystal due to formation
of the nuclﬁys, i is the number of point defects in the nucleus, and
i* ig the number of point defects in the critical size nucleus. The
value of Z for loop nucleation is about 0.1.3¥:and we may uge this

value in the absence of a detailed nucleation model. w is given by



48~

w=CNv, , (28)
where c; is the interstitial concentration at the loop, vi i8 the

interstitial jump frequency, and N is the number 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 interstitials along the dislocation to the critical

nucleus. The concentration of critical nuclei n, is just

n s (29)

=AGH
ne AGH /KT
c s
whare AG* is the activation energy and n, is the number of nucleation

sites on the loop,
L
LA (30)

where L is the length of the loop sides, and L = Y6 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 reasomable 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

gide 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 ng 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 cormers 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 cormer 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 cormers 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 two cases in which a con-
stant growth rate may be expected in jog nucleatioﬁ 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 ' 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 wotion. The
jogs probably move by absorption of interstitials 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 T with the damage rate R is not simple. As R
increases, Z, C;, N, and AG* all change. For the purpose of discussion

congider the simple nucleation model discussed in section IV C.

Clearly AG* is a function of E; 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 Ei. Z, given by
Equation 27, depends on 32AG/312, which will vary with El. 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-
tratior . of the curves in Fig. 23, since very few interstitials are
being absorbed a- a concentration gradient due to the loop w.uld 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
somevhat great ~r 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.
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In the absence of a more complete model for the jog nucleation

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

on E;. It is clear that if E; is as insensitive to the beam current
dengity as indicated in Tables II and III, AG* must be a very strong
function of E;. Since in the simple classical treatment of homogeneous
loop nucleation (Hirth and Lothe.31 pages 560-564) AG* and the critical
radius r* are not analytical functions of G, we would not expect AGH
for the case of jog rucleation by Grilhe's model to be. Attempts to
calculate AG* from the curves in Fig. 17b, based on reasonable

assumptions for the variables in the jog nucleation rate, yield cirved

lines on plots of log AG* versus log E;, indicating that these are

probably not simply related.

The observations of the present work may all be ;ualitatively
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. .his 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 attainab®z at higher temperatures.
The stacking fault energy is expected to have an effect on the values

of both r. and Ty 80 that regardless of the relative magnitudes of

1
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 mot 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
size necescary to nucleate new jogs.

Johnston et ll.68 have observed the passage of large superjogs

along the sides of Frank loops in gold during annealing. The motion

of such superjogs was slow 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 &
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. Measurcments of the shrinkage rates of loops at different
temperatures might yield an activation energy for jog formation

vhich 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 I' 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 oriemtation,

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 cob~
served during irradiation in the HVEM at different temperatures and
damage rates. The loops remained rhombus shaped throughout growth,
with sides lying on {111} planes, suggesting low jog densities.
Initially straight dislocations far away from edge orientation were
observed to climb into helices with straight sides lying on {111}
planes.

A minimum damage rate ¢min 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. ¢min 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 Ei. Modification of the jog nucleation model of Fig. 26
by Grilhe66 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,6'7 a more systematic study, including
analysis of the stress state in the folil, 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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FIGURE CAPTIONS

Characteristic "black ¢ot" defects produced at room tempera-

ture.

Schesatic drawing of an axtended rhombus shaped prismatic

loop.

3. Loops grown in Cu-3.5 wt. X Al at 300°C with 9= .061 amps/cn’

a)
b)

€)
4.
a)
b)
S.
a)

b)

e)s
6.
7.
8.
a)
b)
()

g1

Thompson tetrahedron and projected shapes of pure edge rhombus

loops for Tig. 3a. The besm is 4° off <110>.

';’ = 002, same area.

Loops grown in a 111 orisnted foil, 7.5 wt. X Al.

3= 2%, s>0.

$= 320, 8>0.

Loops vhich exhibit irregularities.

A loop which develops a very large pair of superjogs on one
side.

A loop which develops an irregular shape and then reverts to
the more regular shapa.

d) Lloops which develop a number of superjogs at one corner.
Loops grown in a focussed beam, 300°C, 3.5 wt. X Al.

Beam profiles for focussed and defocussed beams.

Plots of loop sizes versus time.

1.0 wt. X AL, 300°C, & = .043 amps/ca’

3.5 wt. % Al, 300°C, & = .081 amps/ca’

3.5 wt. X Al, 300°C, ® = .GCL amps/cm’

T e e ke
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d) 7.5 wt. % AL, 300°C, ¢ = .035 amps/cm’.
) 1.0 wt. X Al, 450°C, ® = .020 amps/ca’.
£) 3.5 wt. X Al, 450°C, ¢ = -016 ampa/cm’.
g) 7.5 wt. X Al, 450°C, & = .049 amps/ca’.

Fig. 9. Growth series of the loops of Fig. 8a.

#ig. 10. Growth series of the loops of Fig. Bdb.

Fig. 11. Growth seriee of the loops of Fig. 8c¢c.

Fig. 12. Growth series of the loops of Fig. 8d.

Fig. 13. Growth series of the loops of Pig. 8e.

Fig. l4. Growth series of the loops of rig. 8f.

Fig. 15. Growth series of the loops of FPig. 8g.

Fig. 16. Plots of loop size versus time for a few individusl loops.
In the plots which show two lines, the upper line is for the loop
sides lying in edge-on {111} planes.

a), b), c) Cu-3.5 wt. % A1, 300°C.
d), e), £) Cu-7.5 wt. % Al, 300°C.

Fig. 17. Plots of the growth rate I’ versus the damage rate 9 for 300°C
(a) and 450°C (b).

Fig. 18. Geometry for calculation of the loop rotation under stress.

Fig. 19. a) Loop energy versus ¢ for rotation sbout 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 versus ¢ for rotation about the <110> minor axis.
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b)
21.

-68-

a) Two loops which have concave projected shapes; one is
nearly edge on.
Typical convex loop images.

The projected shapas of inclined loops viewed exactly along

[110] for different values of ¢.

22.

A series of micrographs of & loop which rotates as it grows

under an approximately constant stress. Note that the loop on

the right slips out of the foil leaving a shadow image in d).

23,

The variation of the normalized vacancy concentration with

depth in the foil for different values of the parameter f,

z‘l

a) An extended jog pair.

b) A constricted jog pair.

2s.
b)
c)
26.

a) A trisngular jog nucleus on an extended dislocation.
The triangular nucleus with stair rod dipoles.

The completed form of Fig. 25b.

Formation of a pair of jogs on an extended dislocation by the

growth of a rectangular jog nucleus.

a)
b)
c)
27.

A row of point defects along one Shockley dislocation.
Collapse of the configuration to & perfect loop.
Extension of the perfect loop.

An extended superjog nucleated at a loop cormer.
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