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GLIDE AND CLIMB OF PRISMkTIC DISLOCATION HALF-LOOPS IN 
HIGHLY PERFECT COPPER CRYSTALS 

Yasuhiro Miura 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Materials Science and Engineering, College of Engineering 

University of California, Berkeley, California 

ABBTRACT 

Glide and climb of punched out prismatic edge dislocation half-loops 

in copper crystals were studied by a dislocation etch pit technique. Im~ 

proved crystal growing procedures yielded copper crystals of dislocation 

density less than 103 cm/crJ; so that rows of large prismatic dislocation 

half-loop~ (radius:::::: 10µ) with Burgess vectors (110) could be introduced 

by a ball indentation on a (111) plane in an originally dislocation-

free area of the crystal. Both a dislocation etch pit picture and an 

X-ray tr.ansmission topograph proved the low dislocation density of the 

crystals. 

The half-loops were microscopically approximately semicircular in 

shape. For dislocation glide it was found that larger loops were more 

highly mobile than smaller ones. This was attributed to a lower dis-

location step density of large loops. 

Corners of steps were assumed to be rounded; that is, the dislocation 

line at corners of steps lies on planes other than (111). A higher 

lattice frictional stress acts to oppose motion of a dislocation on non-

close packed planes. Therefore, the corners of' steps may act as pinning 

points on gliding dislocation half-loops. It was also found that, within 

a single Tualf-loop, the segment with higher step density was less mobile. 

When hal~loops were annealed at a temperature where diffusion is 
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rapid, they shrank. Macroscopically loops maintained approximately a 

semicircular shape during the process of shrinkage. The shrinkage curve 

2 
r - t was approximately linear (r is the radius of. loop and t is the 

annealing time) and the apparent activation energy of shrinkage was 

~ 1 .::>H eV. The results were best interpreted by a model baaed on vacancy 

formation at the point .of intersection of the dislo~atic;m anQ, the crystal 

surface and pipe diffusion along the dislocation loop. 

•' 

. ... 
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I. INTRODUCTION 

Glide and clinib ·of a ·single dislocation are the elementary processes 

of the mechanical behavior of crystalline solids. It is essential to have 

a well characterized dislocation for the object ·of study. In the present 

work, the motion of indentation punched prismatic edge dislocation half-

loops in copper crystals will be studied, first the glide at ver~ small 

stresses and secondly the climb by diffusion of point defects. 

1. Glide. 

Resistance to conservative motion of dislocation in face centered 

cubic metals has been studied by many investigators using a wide variety 

of techniques. Particularly pertinent to the present work are the experi-

1-8 ments of Young. He found that some dislocations started moving at a 

2 
resoived shear stress of 4 g/mm , dislocation multiplication took place 

. 2 
at 15-20 g/mm · and macroscopic yielding occurred at the stress of· 

2 
35 g/mm • 

The percentage of growth in dislocations moved by the applied stress 

increased monotonically with the stress until approximately 7'Y/o had been 

moved at the yield stress. Fresh dislocations were observed to move at 

lower stTesses than grown-in dislocations. The latter could have been 

pinned by impurity atoms. He conciliuded that impurity pinning does greatly 

affect the motion of dislocations even in highly pure crystals (nomina~ly 

99.99gfo.cu). 

According to Marukawa, 9 dislocation velocity in low dislocation 

density copper crystals is much larger than in LiF3o or silicon iron31 

and the distance moved by a dislocation varies little with the loading 

time. 'l'his suggests that dislocations are held up at widely spaced 
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barriers. 

Petroff and Washburn10 measured the stresses at which indiviidual 

segments of grown in dislocations began to move, obtaining results 

similar to Young's. They attributed the range of critical stresses for 

motion to different jog densities depending on Lhe different dislocation 

lines.. This interpretation was supported by the fact that the critical 

shear stress for motion of a heavily jogged prismatic edge dislocation 
I) 

half ... loop was found to be greater than 50 g/rrrm'-. 

The observations above were.all carried out at room temperature 

using the dislocation etch pit techb.ique·to record dislocation movement. 

T_he main difficulties for an etch pit study on copper are: first, 

the obtaining of specimens of a low enough dislocation density, secondly 

a single etch pit picture can give no information on the internal 

dislocation arrangement. Yet the technique is powerful when applied to 

bulk crystals. 

Previous workers, except Petroff and Washburn, did not pay much 

attention to the internal· configuration of dislocation lines. More 

precise information on dislocation motion in copper crystals can be 

obtained only by careful studies on well characterized dislocations. 

In the present work, the origins of frictional stress are studied 

on dislocations of a particular shape; prismatic edge dislocation half 

loops of various sizes which are introduced by a ball indentation in 

extremely low dislocation density crystals. 

The critical shear stress for motion 0f' .:indentation punched prismatic 

dislocation half-loops of different sizes are estimated using the theo-

11 
retical equations of Bullough and Newman. 
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The twist motion of a half-loop on the glide cylinder under the 

operation of bending stresses is also studied in order to see the 

difference in mobility between the different dislocation segments 

within a single hal~loop. 

2. Climb 

Dislocation motion perpendicular to the glide plane requires the 

production or absorption of point defects and so occurs only above a 

temperature about one half of the melting point of the metal or at 

stresses approaching the theoretical strength. 

Silcox and Whelan, 12 using a hot stage transmission electron 

microscopy were first to directly observe the shrinkage of dislocation 

loops by climb. Prismatic dislocation loops in face-centered cubic 

metals are expected to shrink at observable rates at temperatures where 

diffusion be.comes appreciable. 

The climb mechanism has been considered theoretically by Fried,el. 13 

His theory of dislocation climb is based on vacancy diffusion away from 

jog sites which move along the dislocation line. 

Silcox and Whelan's measurements of the shrinkage rates of pris-

matic dislocation loops in aluminum thin foils were interpreted in terms 

of Friedel's theory. When line tension is the only driving force for 

climb, the loop diameter should decrease with annealing time according 

to a parabolic relation. Silcox and Whelan's experimental observations 

were in general agreement with this prediction. The activation energy 

of self diffusion has been estimated by comparing the shrinkage rates 

of loops of the same size at differenG annealing temperatures. 

The climb model of Silcox and Whelan- .has been universally employed 

by many workers to interpret their experimental results. 
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However, since exaet shape of dislocation loops, the jog density 

and the dislocation core structures are not known, any model of climb 

contains assumptions. 

. .14 
Seidman and Balluffi discussed the climb mechanism for aluminum 

'and suggested that vacancy diffusion a.way from.the dislocation should 

often be the rate-controlling process rather than the vacancy-emission 

rate as was assumed by Friedel. Their analysis is based on an assumption 

that a vacancy dislocation: loop is a perfect torus shaped source of 

vacancies. 

In the present works, the primary purpose.is to know whether the 

shrinkage of indentation punched dislocation half-loops in copper is best 

exp.Lained by an emission or a· .dii'i'usion controlled mechanism. 

For an indentation punched surface half-loop, a smaller apparent 

activation energy for shrinkage might be expected, because vacancies 

can be supplied from the external surface through an easy diffusion pipe 

along the dislocation line itself as well as by .bulk diffusion. 

In the present work, shrinkage rates of half-loops at different 

temperatures are obtained and the apparent activation energy of shrinkage 

is deduced. The shrinkage mechanism is discussed. 
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II. EXPERIMENTAL PROCEDURES 

A. Material · 

Copper rods of 19 nun diameter with a purity of 99.99g{o Cu were 

. obtained from Materials Research Corporation. .Results of spectrographic 

analysis were as followo.; (numbers are in ppm) 

Fe Ni Si Sb Pb Sri Bi Ag As 

<0.7 < 1 <O.l < 1 < 1 < 1 <O.l <0.3 < 2 

* Chemical analy·sis. other elements not detected. 

B. Growth of LowDislocation 
Density Crystals 

Cr Te 

<0.5 < 2 

* Se 

< 1 

* s 

< 1 

One of the main requirements of the present work was to obtain speci-

mens with an extremely low dislocation density, preferably less than. 

3 3 10 cm/cm . Much time was spent on the development of a successful 

cryst~l-growing technique. The procedures whic.n were finally e::;La-

blished are schematically shown in Fig. 1. First spherical single 

crystals of 25 mm diameter were grown by the Bridgemann technique 

(furnace traveling speed was five centimeter per hour), then cylindrical 

crystals of 10 mm diameter were grown with a (111) growth direction 

1,1s;i,ng the spherical crystals as seeds (furnace:·~ traveling speed was 

5 cm per hour). Finally, larger cylindrical crystals, 32 mm diameter, 

were grown using the 10 mm diameter crystals as seeds. A zig-zag shape 

near the seed was used to avoid any direct influence of the dislocation 

substructure in the seed on the dislocation arrangement in the grown 

crystal. Dislocation lines are expected to propagate perpendicularly 

to the moving liquid-solid interface in order to minimize the line energy. 
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All melting was carried out under vacutim. The 32 mm diameter crystals 

were placed on a go~iometer and oriented to be cut by an acid saw into 5 mm 

thick discs with face""Parallel to (111) planes. Thinner discs were cut out 

fbr anomalous transmission x-ray topographs. Discs. were polished on an acid 

lathe and finally cut into parallelepipeds on the acid saw. The geometry 

of the parallelepipeds is shown in Fig. 3. '!'he polishing solution for the 

ccid latbe consisted of two parts HNo
3

, one part H3Po4 and one part CH
3

cooH 

glacial. · Concentrated nitric acid was used for acid saw cutting. Finally 

the parallelpiped crystals were electropolished at room temperature in a 

5C!fo phosphoric acid-4C!{o water solution. 

The dislocation density was revealed by the etch pit technique on the 

(111) faces. Dislocation density of as grown crystals was l - 5xlo5 cm/cm3 . 

Fu1· LlH:! furLher reduction of the dislocation density, specimens were 

annealed at a temperature just below the melting point. By annealing at 

constant temperature ( J,.070°C) for a week the dislocation dP.nsHy was rAnll~Pn. 

from 5><105 to L~105 cm/cm3 and.mnny subgrain boundaries were formed. 

Thermal. cyclic anneaiing was then employed.because of these rather 

discouragaing results from static annealing. There are two convenient 

ways periodically to change the tempera+.ur.e. . . 15 16 Livingston, Young, and 

other workers have cycled the temperature by switching the furnace current 

on and off •. They reported on appreciable effects due to cyclic annealing 

on the rate of change of dislocation density. 

Kitajima et a1. 17 reported excellent results from cyclic annealing by 

translating the furnace back and forth, while keeping the furnace tube and 

specimens stationary. They obtained a reduction of dislocation density 
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down to the order of 103 cm/er) in as gro'Wn crystals which contained 

'• 

. 6 3 
105 - 10 cm/cm . They expiained that the rapid reduction of the dislocations 

was possibly due to the enhanced flow of point defects by the temperature 

gradients within a crystal. 

An annealing furnace (Fig. 3) was designed similar to the one used by 

Kitajima et al. A helium gas atmosphere was chosen because it was available 

' . 
with negligible oxygen and water vapor impurity. 

A temperature-time chart for a typical specimen is shown in Fig. 4. 

Maximum and minimum temperature were approximately 1050°C and 800°C 

respectively. The furnace traveled back and forth at a speed of 100 cm per 

hour. Also the system was designed in such a way that the length of furnace 

travel could be adjusted between 0 and 25 cm on each side of the center and 

the furnace traveling speed could be chosen between 0 to 100 cm per hour. 

A mullite tube was used because of its thermal shock resistance. A tempera-

ture limit switch prevented accidental melting by shutting off furnace power 

if the temperature came too close to the melting point. Specimens were set 

in a graphite boat with their long axis aiong the direction of furnace motion 

so that the temperature gradient within the crystal was maximruzed. 

D. Techniques of Direct Observation of Dislocations 

Most of the experimental results in the present work have been obtained . 

by the etch pit method. X-ray topograph pictures were also taken for some 

thin crystals only to see the actual dislocation structure inside the crysta 1 

and to substantitate the etch pit observations. 

1. Etch Pit Technique 

In theory dislocation etch pits should be formed at the intersection 

between a dislocation line and a crystal surface, because the chemical 
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potential should be higher at and near a dislocation core. Therefore, when 

a crystal with dislocations intersecting the surface is immersed in certain 

etchants, the points of intersection may be preferentially etched. 

Chemical dislocation etch pit techniques for copper have peen developed 

1 W . 18 19· . . 20 th k 0 1 by Lovel and ernick, · Young, Livingston and o er wor ers. n y on 

low index crystallographic planes have successful etch pits results been 

obtained. Dislocation etch pits on the {111) plane are the most reliable 

and give the most uniform size of pits. Almost one to correspondence 

between (111) etch pits and dislocation observed by x-ray topographs of 

the same f?pecimen was demonstrated by Young et aL 5 for a low dislocation 

density crystal (density~ 103 cm/cm). 

The etch pit observations reported here are on (111) surfaces; the 

etchant was that developed by Livingston19 (6ne-p~rt·bromine, fifteen parts 

acetic acid, twenty five parts hydrochloric acid, .and ninety parts distilled 

water). Etching time was 3-7 seconds. Immediately after etching, specimens 

were rinsed in methyl alcohol (rinsing in water before alcohol gave less 

satisfactory results). 

Etch pits were photographed through an optical microscope: magnifica-

tion = 250>~, a white .light:.source with a green filter and the numerical 

aperture of the objective lens = 0.45. Distance between etch pits were 

measured on the photographs with a high resolution measuring microscope 

(the smallest scale division was one micron). From an etch pit picture at· 

an original magnification of' 250X it was found to be possible to reproduce 

reSilts on the distance between the centers of two etch pits in a series of 

separate measurements within ±0.2µ. 

·-· 
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2. X-ray Topography 

The Borman technique5 is appreciable to relatively thick (µt~lo, 

µ: normal absorption coefficient, t: thickness of specimen) specimens of 

high perfection. In a perfect crystal, when an x-ray beam enters at the 

exact Bragg angle two standing wave fields are generated inside the crystal. 

OneYllBve field has nodes at the atomic planes and is transmitted with little 

absorption; 'the other has antinodes at the atomic planes and is highly 

absorbed. The net energy flow is very nearly parallel to the diffraction 

planes and at the exit surface the beam split into two, one diffracted 

beam and the other parallel to the incident beam. Either beam can be used 

for recording topographs. Any kind of lattice defect, dislocations, vacancy 

clusters and etc. will be seen as a shadow. The reason why this technique 

has been difficult to apply to copper are as follows; First, it has been 

extremely difficult to obtain copper single crystals with low enough 

dlslo.cat.i'm density for this method5 (less than· 103 cm/cm3). Secondly, it 

is almost practically impossible to thin down a copper crystal as thin as 

0.5 mm without introducing dislocations (thickness of < 0.5 for copper is 

optimum for the anomalous transmission of x-rays). 

In the present work, x-ray-topographs were taken for some crystals 

only for checking the dislocation structure inside the crystals and for 

stib'sta:ntia·ting dislocation densities measured by an etch pit count after 

thermal cyclic annealing. An (111) diffraction of Mo-Ka radiation was used 

for all pictures. Nuclear plates G-5 (emulsion thickness 50µ) were used 

2 
and the exposure time was about 10 hours for an area of 3 cm . After films 

were exposed, they were soaked in vater .. for fifteen minutes, developed in 

regular x-ray film developer for thirty minutes, dipped in stopper for five 
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minutes and fixed for one hour. 

E. Punching of Prismatic Dislocation Hal~Loops 
.·· 13 

It is known that if the surface of a crystal is tapped with an 

indenter, ·an indent is created along with rows of half-loops of prismatic 

edge dislocations. Loops move ·out along the (110) directions that are 

parFJ,llel to the surface. 

Seitz21 first suggested a process by which glide loops could combine 

to form a succession of prismatic loops. The work done by the force on 

the indenter is transferred into the sum of the energies of the dislocation 

loops created, their frictional losses during motion and surface energy of 

the indent. For a small enough contact-diameter, the local stress can 

reach the theoretical elastic limit, though the force is very small. This 

is why handling or even small solid particles falling on a perfect crystal 

can cause an appreciable plastic damage. In the present work spherical 

glass beads of a diameter approximately 300µ were dropped on the (111) 

surface of the copper single crystals through a vertical gaass tube. This 

indentation probably creates rows of prismatic dislocation loops along all 

six (110) directions, .three of which are towards the inside of the crystal 

and th~ee of which are parallel to the surface plane (Fig. 5). By a dis-

location etching, the rows of prismatic half loops have revealed along the 

three (110) directions on the surface; each single half-loop is represent.ea. 

by a pair of etch pits. Variation of the ~ize of glass particles and the 

height from which a particle is dropped give different sizes of loops. 

I 

•' 
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F. Shape of Half-Loops 

Since etch pits give only the sites of intersection between dislocation 

line·s and the crystal surface, there is no way of knowing what the internal 

dislocation structure is.from a single observation; 

However, by polishing off some known thickness of a surface layer and 

by taking repeated etch pits pictures of the same .dislocation loop at each 

successive· depth until the bottom of the half-loop is reached, a crude three 

dimensional picture of the halfloi.loop can be constructed .. 

A parallelepiped specimen was lacquer-coated, except for a known area 

on the (111) face, and electro-polished. The thickness of the layer removed 

was calculated from the weight ioss. The weight was measured by the 

automatic analytical balance, which has an accuracy of ±0.1 mg. The thick-

ness of the layer removed by each electro-polishing was several microns. 

G. Glide of Half-Loops 

The critical shear stress to cause a hal:f-loop to glide was estimated 

by making use of Bullough and Newman's equationJJ. for the shear stress on 

its glide cyli~der and measuring the spacing between half-loops. The 

total stress on the end loop due to the others in the same row should be 

equal to the lattice friction stress (critical. shear stress) nec.essary to 

move the .loop along its glide cylinder. Cnitical shear stress: T 
c 

= ~ T. 
1 

+LT. 
J 

T .. = 
1 

"[". = 
J 

(T.: contribution of i-th loop) 
1 

( 1) 

v. µb 
1 

4n ( 1-v) a . 
1 

3b µa/ 
4 (1-v) Z. 

J 

(when z/a < 2.5) 

(2) 

(when z/a >> 2.5) (3) 
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where: 

µ: 'shear modulus 

a: · loop radius 

b: Burger's vector 

Zj: distance between the loop under consideration and j-th loop 

v: .Poisson's ratio 

V: constant depends on z/a obtained frum g:r·aph computed by Bullough 

and Newman (V increases as Z/a decreases). 

When the distance between two loops is large canpared with their radius, 

-4 the force between them varies as Z so only the·first and second neighbors 

are important. Bullough and Newman's analysis applies strictly only to 

complete prismatic loops, but the loops studied here were ~alf-loops at a 

surface. Therefore it has been assumed that Bullough and Newman's calcula-

tions will be approximately valid for surface half-loops. 'l'he shear stress 

across a plane, normal to the plane of a prismatic edge dislocation loop. 

and through its center is zero. The normal stress across the same plane 

is not zero, but is small for large loops. Therefore cutting the crystal 

along such a plane should not greatly change the shear stress distribution 

along the glide cylinder. 

By annealing FOWS of loops of different sizes, information on ~ritical 

shear stress for glide-size of loop was obtained. .Twisting motion of half 

loops under the action of a bending stress was also studied by applying 

beniing. loads around the (112) axis of the specimen (see Fig. 2) .. A de-

vice was made for. the bending tests, using · an analytical balance; loads 

can be app'lied with an accuracy of one milli-gram. 

,, 
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H. Climb of Half-Loops 

Indentation punched prismatic edge dislocation half loops are interstitial. 

type and therefore, .they shrink by absorbing vacancies. Vacancies can be 

supplied both 9Y diffusion through the bulk and along the dis1ocation line. 

Shrinkage rate of loops were obtained at three different temperatures. 

Figure 6 shows the apparatus for the diffusion study. It was essentia+ 

for the study of diffusion by the etch pit method that heating and cooling 

of the ~pecimen should be done quickly without surface oxidation orcantam

ination. , In order to achieve a quick heating and cooling, first, the 

furnace was heated up and then the specimen was inserted from the top of 

the tube. During .the insertion process argon gas was made to flow upward 

in the tube to minimize surface oxidation of the specimen. After the top 

was closed and sealed, the argon flow was stopped and a downward helium 

gas f!ow was started. Temperature and time were recorded automatically 

on charts. After annealing for a desired period of. time, the furnace pow~r 

supply was shut off and the tube was cooled down to room temperature in a 

cold blast .of air. A temperature-time curve is shown in Fig. '(. Annealed 

specimens generally maintained good surface conditions. They were,. if 

necessary, electropolished for 15-30 seconds, to provide a clean surface for 

dislocation etch pit formation. This process of ann,ealing and dislocation 

etching was repeated so that the shrinkage rate could be obtained by 

measuring ·at each stage the distances between a pair of etch pits on photo

gr-aphs. From the shrinkage rate-annealing time curves, the apparent acti"".' 

vation energy for the climb process was estimated. 
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III. RESULTS 

A. Effects of Thermal Cyclic Annealing 

Specimens had an average dislocation density of 105 ~ 10
6 

cm/cm3 . 

in the as-grown state. Very few subgrain boundaries were observed. After 

specimens were anneaieu w:iuer cyclic change of temperature the a VF;;!:t'A.ge 

dislocation density over the entire specimen area was reduced to < 103 . 

cm/cm3 as shown in the etch pit picture (Fig. 8). Dislocation populations 

as low as 0 to 50 cm/cm3 were obser-Ved in certain areas (as large as 0.5 

2 
cm). A few transmission x-ray micrographs were taken (Fig. 9) which 

confirmed the low dislocation density. 

Since the study of annealing mechanisms under cyclic changes of 

temperature was not the author's main interest, ueLailed inveatigation of 

the effects of (annealing) variables W'ere not carrled out. However, anneal-

ing timco were varied from .100 h.onrR t.n 200 hours. 'I'he decrease in dis-

location density seemed to saturate after an annealing time of about 

150 hours. Specimens containing subgrains still contained subgrains 

even after annealing. 

B. Prismatic Dislocation Half-Loops 

R9~ett~s of prismatic dislocation half-loops were introduced by drop-

ping s~herical glass particles (300µ diameter) on the ( 111) surface of speci

mens from several different height depending on the desired size of loops. 

A rosette pattern of quite regular shape is shown· in Fig. 10. Each of the 

six branches of a rosette, extendine; along different (110) crystallographic 

directibns; consi::;ts or a row of prismatic edge-dislocation half-loops .. 

A pair of triangular pits represents the two intersections between the 

Iii 
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surface and the two ends of a half-loop of pure edge dislocation. When a 

0 
glass particle hit the surface at an angle other than 90 , it causes 

· several rosettes, the sizes .of which became smaller as the maximum height 

of the bouncing particle decrease (Fig. 11). 

C. Geometry of Etch Pits 

The three sides of the triangular dislocation etch pits are along 

the three (110) directionQ• There are two different combinations of 

(110) which make equilateral triangles on a (111) plane, either a-1 or 

a-2 in Fig. 12. In order to know which of the two is the case, an optical 

microscope·picture of a pitted surface and an x-ray Laue back"'."'reflection 

picture of the same specimen from the same direction were compared. 

Tetrahedron of (111) planes is also shown in Fig. 12. From the analysis 

of Laue spots, it was found that the pyramidal planes of' an etch pit were 

tilted relative to the surface in the same direction as the three inter-

secting ( 111} JJlanes. 

D. Shape of Half-Loops 

Before climb and glide of loops were studied, the initial shape 

of loops under the surface.was examined by sucessively etching and 

polishing off surface layer, (Fig. 13). The amount of material taken 

off in each step was calculated from the weight loss after polishing. 

Typical plots of the distance. between a pair of pits and the depth from 

the surface (Fig. 14-b) are shown for both as-punched (Fig. 14a) and as-

annealed at 550°C. There was no appreciable change in microscopic shape 

within plus or minus a few microns after annealing at a high temperature. 

Approximately symmetrical semicircular shapes were always observed. 
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E. Glide of Prismatic Dislocation Half-Loops 

By making use of Bullough and Newman's approximation, 
11 

critical 

shear stresses for glid,e of prismatic half.,..loops of different sizes were 

calculated. Rows of loops chosen for calculated were those that were of 

regular and.uniform shape and did not have any obvious obstacles ahead on 

their (110) ·directions or any unpaired along the.row which might give rise 

to long s:tresses on the dislocation loop under.consideration. The critical 

shear stress acting along the glide. cylinder at the ·position of the last 

loop of a row was calculated as the sum of shear stresses due to its 
3 

first, second and third neighbors (T = ~ Ti). A sample calculation is 
i=l 

shown in the Appendix. 

Critical shear stresses were calculated for a series of loops of 

different size as punched out, and also, after being annealed at 550°C 

for thirty minutes. The latter should give the critical shear s L:ress . 

required fo
0

r glide at 550"c. Plots of T 1/'r are snown in l" lgi:;. · crit -

15 and 16 and examples of etch pit pictures of rows of' loops of diffe-

rent sizes are shown in Fig. 17. T •t represents an upper iimit for the 
CI'.J. 

true c·ritical shear stress, because it wai::; assumed that the specimen crystal 

was perf'ect except for prismatic di8locations. From Fig. 15 and 16 

(T •t - l/r) it is observed that T . increases when the size of the cri · crit 

half-loop decreases that is, the greater the curvature of' the dislocatlou, 

the. greater force needed to move it) and T •t decreases as temperature cri 

increases, implying that glide involves thermally activated escape of the 

dislocation from barriers. Figure 18 shows the effect of applying a 

bending stress. The twisting motion of some half-loops were revealed by 

etchtng before and after loading. When the size of a loop is relatively 

large, interaction between opposite sides in a half-loop is weak. 

tti 

~1 
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The two ends intersecting the surface act almost like isolated individual 

straight dislocation lines. Figures 18d and 18e show motion of the two 

sides in the opposite directions and Fig. 18f shows twistings in the 

opposite directions, when stress was first applied, the loop twisted in 

one direction (see the pair of etch pits of the middle size) and when the 

stress reversed; it twisted in the opposite direction (see the smallest 

pits). Figure 18a, b and c are the examples where only one side o:t' the 

half.-loops moved tinder the shear stress, while the other sides were pinned. 

F. Climb of Prismatic Dislocation Half-Loops 

The prismatic dislocation half-loops studied were of edge character 

and of interstitial type. It was possible to make the loops shrink by 

dislocation climb if a specimen was heated t6 a high enough temperature 

ror vacancy diffusion to take place. The shrinkage rate was measured for 

three different temperatures namely at 625°c, 645°c and 675°c and an appar-

ent· activation energy for shi·inkage a loop was calculated. A nearly 

parabolic relation between the radius of a half-loop and the annealing 

time is shown in Fig. 19. 

Considering the relatively poor resolution of the technique, the 

average value of the shr:tnk.age rat.e, P = r
2 
/t (r is the radius and t .. 

is .the anneality time), for a given temperature was obtained from the 
n 

measurements of several loops, namely P(T) = l/n L Pi. 
i=l 

The lea13t ... square method has been utilized for obtaini_ng the slopes. 

Figure 20 shows the log P-1/T curve. The slope of the curve was also 

obtained by the least squares method. The error limits of the plots iri. 

Fig. 20 show the limits of scatter due to different loops. The apparent 
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activation energy(E) of shrinkage ~nd the slope. of.the log P-1/T curve 

are related by the equation; E = -2 .303 k x (slope) where k is the Boltz-

mann's constant. From the analysis the apparent activation energy 

E = 1.28±0:30 (eV) was obtained. 

The error limit of the activation energy (E) was estimated from the 

maximWl'l. and the mirlliilln: 'poE£sible slope of lug P-1/T c:urve within the error 
. . . 2 
ranges of P(T) .,; (r /t). 



-19-

IV. DISCUSSIONS 

f\... .Shape of Half-Loops 

From Fig. 14 it is clear that the punched-out half-loops were macro-

scopically not rhombus shape with side on {111) planes (Fig. 2lb) as is 

the case where this .. is;:a more marked preference for the close packed 

plane, but approximately semicircular, which requires the dislocation to 

be jogged on a microscopic scale. 

On an atomic scale the edge of the extra half plane of atoms must 

have i ntime1"01ls' steps. The model of a half-loop shown in Fig. 22 will be 

assumed for the following discussion. The fact that half-loops were 

approximately semiciruclar instead of rhombus shape is of interest in 

connection with their mechanisms of formation. 

In the present experiments no prominent change in macorscopic shape 

were observed even when loops were annealed at a high temperature (Fig. 

14b). At this temperauure diffusion is rapid. This suggests that loop 

energy would not be significantly reduced if the loop were to adopt a 

more angular shape. On the microscopic scale below the resolution of the 

etch pit technique, half-loop may have steps of different sizes depending 

on loop size. This might be expected from a consideration of the mechanisms 

through which a dislocation half-loop is formed and punched out during 

an indentation. 

If a hard ball is droppe4 on the specimen surface, the maximum shear 

stress arises at some distance below the contact surface, according to the 

" theory of elastic contact between spheres developed by Herz and Foppl 

(a flat plane is regarded as a sphere with the radius = oo). 
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Figure 23 shows a possible situation near the point of indentation 

seen f~om (110) direction. It is reasonable to assume that a plastically 

deformed region will be formed underneath the contact surface with the 

glass ball· surrounded by an elastically deformed region. In this situation 

dislocation hal:e1-loops are formed and punched-out in order to release the 

stored strain energy. A reasonable mechanism of loop formation is that 

a small dislocation loop is first formed somewhere on a (111}' plane in 

the heavily stressed region with its Burgers-vector a/2 (110). The screw 

component of the loop would then tend to sweep around the half spherical 

stress contour by a number of successive cross slippings, which may not 

be confined to (lllD planes, forming a pair of prismatic loops; an 

interstitial half-loop and a vacancy half-loop. The interstitial loop 

glides away along a (110) direction and the vacancy loop is annihilated 

within the plast:i.cally d.e!~ormed region. The shape of the loop formecl 

so ·larger loops should ~end to contain longer steps resulting from less 

frequent cross slippings. 

For simplicity of discussion it will be assumed that average length 

of steps (1.) is proportional to the loop radius (r), namely 1. = pr and 
J ,J 

that p is a f'unction of temperature (Fig. 24). 

B. Glide of Half-Loops 

The critical shear stress ( T ) for ·loop motion increA.ses r;:i.t.h~r 
c 

monotonically with the reciprocal of the loop. radius (Fig. 15) and Tc 

decreases when annealed at a high temperature (Fig. 16). These observations 

suggest that the density of pinning points along the dislocation is a 

function of the loop of radius and annealing history. 
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Possible dislocation pinning mechanisms are: 

1. .. Pinning by impurity atoms or vacancy clusters 

2. Long range stress by grown-in dislocations 

3. Surface pinning due to surface roughness 

4 •. Pinning at steps on the dislocation line. 

Pinning by foreigri atoms has reported to be important even for high 

· purity copper ( 99. 999% Cu) -
1 . 2 

Young explained the observed critical shear stress of 4g/mm for 

grown-in dislocation is 99.99<J1, Cu in terms of a·Cottrell atmosphere. 

He observed that fresh dislocation moved at a·ceritical shear stress lower 

than 4g/mm ~. However, there are other possible differences between grown-

in and freshly· multiplied length of dislocation, one of which is a 

difference in jog dens:i ty. 

It is difficult to see how impurity pinning could explain the size 

effect observed in the present experiments; the short range interaction 

between a solute atom and a dislocation should not be sensitive to its 

rmcroscopie :radius of curvature. Pinning by vacancy clusters is subject 

.to the same objection. The x-ray transmission topograph of an annealed 

sample shown in Fig. 9 has dark spots which, according to Young, 
6 

pre-

s:umably are due to yacancy clusters. The density of these spots is compar-

able with the density of dislocation e'Lch pits. Therefore it does not · 

seem likely that these could have been the primary barriers. to dislocation 

glide. 

The long range elastic stress due to grown-in dislocations is negligible 

in the highly perfect c~ystals used for the pr~sent study (The density was 

less than 103 cm/crri and over area larger than the indentation rosettes 
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the crystals were often dislocation free). Any contribution from inter

nal stresses to the critical shear stress for glide of half-loops would 

also be independent of loop size. 

Pinning of the end of the dislocation at the crystal surface could 

make a size dependent contribution to the critical shear stress. On an 

atomic scale even a carefully electropolished metal surface has some 

surface· roughness •. An a-brass surface carefully electropolished in a 

phosphoric acid solution has a surface roughness of 20-lOOA. 23 When 

a dislocation intersecting a crystal surface glides, it is necessary that 

a new surface area is created along the path of. the dislocation wherever 

1he Burgers vector has any component at right angle to the surface. Also 

some change in the dislocation length may occur. A microscopic view 

of a (ill) plane with some roughness is expected to be something like 

Fig. 25. Therefore the applied stress has to supply extra energy for the 

newly created surface area when the dislocation moves. 

Consider glide of a half-loop from a dynamical point of view. The 

situation will be such that a half-loop at the end of a row in a rosette 

during and after the indentation has been made is acted upon by a stress 

equal to the sum of the stress field of all the half-loops behind it 

tending to make it continue to glide along its glide cylinder. Its veloc

ity will have been much higher just at the time of the impact which caused 

the row of loops to be punched out, but it must only gradually slow down 

as the net stress acting on the loop becomes smaller as the di'sl:.ances 

between loops in the row become larger. It is assumed that at the moment 

of' observation_, which is at least a fevt hours after loops were punched out, 

the velocity of the outermost loop in a raw has become so small that th.e 
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displacements over a limited period of time (even f'.or weeks) is not enough 

to be detected by a dislocation etch pit method. For a dislocation held 

at atomic scale pinning points, the velocity of glide can be expressed as: 13 

v = ( W - ob.la ) av0 exp - kT . 

where. 

a = distance moved for each thermally activated event 

v0 = frequency of vibration of the dislocation segment 

W = energy to escape from pinning points 

a = applied stress 

b - Burgers vector 

£ = distance between pinning points 

The contribution of surface pinning can be roughly estimated by 

( 4) 

substituting appropriate quantities in the above equation. Taking surface 
. 2 2 

energy (~) as 1800 erg/cm , W = ~b 
0 8 = 0.7 eV, T - 300 K, v0 = 10 /sec, 

Q 2 2 
b = 2. 5A, a = 5g/mm , a = 10 b and l = 16µ for a loop of a radius 10µ 

.. . .. -2 -3 I one obtains V = 10 - 10 . µ sec. Therefore the loops are not being held 

back primarily because of surface pinning. 

In Section A the shape of the half-loops was described macroscopically 

as semicircu.lar with jogs or steps which were assumed to exist when the 

dislocation changed from one glide plane to another (Fig. 22). For such 

a dislocation the core energy at jogs or at the ends of superjogs might 

be expected to be higher than that in straight segments on {111} planes. 

Consider the atomic configurations at corners of steps: Fig. 26 shows 

two different kinds of corners, one is of acute angle, LMN, and the other 

of the .obtuse angle,· ~' corresponding respectively. to corners of the 

'I 
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heavily stepped side and the less stepped side of a dislocation half-

loop. 

It seems unlikely for a dislocation line to have atomically sharp 

corners as LMN or FQR in Fig. 26. It requires the difference in energy 

between dislocations lying on (111) planes compared to on other planes 
. . 

to be unreasonably large. Therefore it is expected that the dislocation 

will shorten its length by rounding corners as LMN -+ LN or FQR -+ PR. By 

rounding of corners on an atomic scale the segment of dislocation LN will 

be approximately on a (100) type plane while PR will be on a (1]0) type 

plane. Both (100) and (110) planes are relatively densely populated planes 

of atoms.' It will be assumed that a length equal to five Burgers vectors 

is on a plane other than (111}; LN ~PR~ 5b. 

If every corner of each step on half loops of different size has the 

same atomic configuration, the size effects on the critical shear stress. 

'f'l"ll' g11n.P. ot· b.Hli' loopi: can bo explained qualitatively, 

Figure 29 shows shcematic picutres of a large and a small step 

with rounded corners. When the step lengths eet shorter, as is probably 

the case for smaller half-loops, the fraction Of totRl dislocation length 

which lies on planes other than (111) increases. For smaller loops a 

greater fraction of the dislocation line is forced to glide on (110} or 

(100) rather than on (111) requiring a higher stress. Glide on nonclose 

packed planes is expected to be associated with a higher Peierls-Nabarro 

stress·. The critical stress for motion would be expected to be temperature 

dependent.· 
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C. Minimum Energy Configuration of Half-Loops 

It is expected that, for a prismatic ·dislocation loop, the orientation 

for minimum energy will not b'e that of the :shortest; total dislocation length 

vhich is the pure edge orientation, but will be an .orientation that is 

ti.lted on the glide cylinder due to the interactions between opposite segments. 

24 Bullough and Forman have considered the.orientation dependence of 

the elastic strain energy of a rhombus shaped dislocation loop quantitatively. 

Energy variations accompanying rotations about (110) and (001) axes 

were computed. Their results show that a shallow minimum in the energy 

exists away from the pure edge orientation for a large range of loop 

sizes. The sizes of loops studied in the present experiments are such 

that 103 < a/r < 105 (a = diameter of loop, r = radius of dislocation 
. 0 0 

core).· Bullough and Forman's results show that the energy of a loop in 

this size range does not change much when it is rotated within ±20° about 

either a (110) or an (001) axis. 

This could explain the observed scatter in the orientation of hall!-

loops. Only "fricti'OhaJ.:l. stress must be overcome to rotate a half-loop 

0 wihtin about ±20 away from the pure edge orientation. 

Therefore the tilt of a particular set o:t' loops probably depends on 

the stress distribution that existed when the loops were being punched 

out. There are always some irregularities of the surface of the crystal 

and of the glass beads used for indentation. Therefore the stress field 

should seldom be exactly symmetrical. 

Grown-in defects, both point defects and dislocations may also serve 

as obstacles to.the gliding half-loops and can cause rotation away from 

Lhe vure edge orientation. 
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D. Twist of Half-Loops in Glide Cylinder 

In this section nnbility of a jogged dislocation is discussed. A 

large hal:f."-.-loop is in some respects like a pair of edge dislocations of 

opposite sign intersecting a crystal surface. 

According to the half'-loop model in Fig. 22· dislocation - a (ABCD:---) 

is expected to have more jog steps than disloca'Li.orr - a (A'B'C'D'---). 

Under the operation of a bending stress with the bending axis along (112) 

(see Fig. 2) the dislocation-a and the dislocat:iion-t3 are expected to move 

in opposite directions along the glide cylinder. If jog steps act as 

pinning points, the dislocation-t3 should be more easily moved because it 

has fewer steps. 

Various examplE;!S are shown in Fig. 18, where the disloca.t.ion-11 h;:is 

moved while the dislocation-a has not moved under the same stress. 

Thia rcault if further evidt;!Bt.:t;! l.11aL Ju~ or step density is an 

important factor in determining mobility of an edge dislocation. 

Figure 18h suggests an interesting case in which a dislocation of 

type -B was pinned at or very near the crystal surface but the applied 

stress was large enough to bow out the highly mobile straight segments 

inside crystal. Figure 28 explains what has probably happened in case 

of Fig. 18h (refer also to Fig. 22). The segments E'F' and G'H' appear 

to have bowed out in their glide planes and reached the cryst.a,l surface 

and. split into two, leaving small surface loops A' -A' 1 and A' 2 -A' 
3

. 

These experimental results are consistent with the med.el for a pris

matic dislocation half-loop in Fig. 22. 
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E. Climb of Half-Loops 

Important results from the annealing studies are: 

1. Indentatioh punched prismatic dislocation half-loops always main-

tained an approximately .s1!1Idcirculll .. r shape during annealing. 

2. The shririkage curve r
2 

- t was approximately linear (r is the 

radius of .loop, (.is the annealing time). 

3. The apparent activation energy for shrinkage of loops was 1.28 

eV. 

In the following possible rate controlling climb mechanisms are dis-

cussed which might give a reasonable interpretation of the present experi-

mental results. 

a. Dislocation Pipe Diffusion It is generally believed that a 

d . 1. t• . li f "ff . 25-28 s 1 h k. 25 . is oca ion core is a ne o easy di usion. . mo uc ows i first 

considered diffusion along small angle boundaries in terms of the dis-

location structures of such boundaries. 

Both at the core of a dislocation and at an ordinary grain boundary 
. . 

there are relatively open regions through which a vacancy or an interstitia.l 

atom might be expected to move with a lower activation energy than in a 

perfect lattice. In the present case shrinkage of a half-loop can take 

place by diffusion of vacancies along the dislocation core .• becau:;;e the 

two ends of the half;..J.oop intersect the crystal surface and there vacancies 

can be formed. The vacancy chemical potential is different at the crystal 

surface compared to various points along the half-loop, which gives rise 

to a vacancy concentration gradient . 

. If the dislocation pipe diffusion mechanism is the rate controlling 

one, that is, if the shrinkage rate mainly depends on the rate of vacancy 
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diffus·ion along the dislocation line from the crystal surface and the 

dislocation is a perfect vacancy sink, it is expected that dislocation 

segments closer to the surface will receive a larger number of vacancies 

per unit time and climb faster than the bottom part of the hal:f'-loop. 

After some climb has occurred the shape would be expected to change from 

.serriki:rcu:tar· to the more elongated ellipitcal shape shown in Fig. 29a. 

The observed shape of shrinki'ng half-loops was alwayi:; i:;emicircular and 

contradicts.the above assumptions. The model based on the pipe diffusi"On 

as the rate· controlliilg process also fails to predict a linear relation 
. 2 

between r and t RS was observed. 

Moreover, the apparent activation energy E~ 1.28 eV is somewhat 

larger than roughly estimated values of the activation energy of' pipe 

self-diffusion in copper. One eV or about one half of the activation 

t!ilt!L'IS.Y uf bulk self-dif':t\l.sion is perhaps the largest reasonable value .• 

Lhouih .no (')t"IF> Mi:: P.Ver il.oou:ratoly mcuoured tht!: al:tivctL.iuu t:HH:!rgy o'f pipe 

self-diffusion in copper. 

Thus the pipe d:i.ff'lrni nn mi:>r:hani~m doer: not appear to be 1··~\'te \.:uul..rnl l 1 ri~ 

in this case. 

b. Volume Diffusion In this mechanism, vacancl.es diffuse from 

the cryotul 3urfac:e iuLu the lattice and wherever vacancies mP.P.t. t.he dis-

location they are absorbed. But this mechanism again seems unlikely to 

be the rate controlling one for the following.reasons. The activation 

Of • 1 d.ffu · · n V 2~' 29 energy vo ume 1 s1on is ~ c e . By volume diffusion it is 

also true that the closer the dislocation is to the crystal surface the 

more vacancies it should absorb and so should climb faster. 
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The dislocation loop might be expected to become closer to a full 

circle as shrinkage proceeds (Fig. 29) or at least become elongated as 

in Fig. 3la. This is not co,nsistent with the present results. Quanti

tatively it is almost impossible to obtain a reasonably simple shrinkage 

equation. for a volume diffusion controlled mechanism, because the diffu

sion path. are_so complicated and the effects of the elastic stress field 

of the dislocation on the vacancy chemical potential would also have to . 

be taken into consideration. 

c. VacanGy Formation It seems likely from the fact that shrinking 

loops accurately maintain a semicircular shape, which we. assume is the 

shape of minimum energy, that pipe diffusion is .very rapid. An adequate 

supply of vacancies must be available at any pa~t of the loop where the 

radius ·of curvature starts to become smaller than the average so that 

elongated shapes never have a chance to develop. 

Since the measured activation energy for shrinkage was significantly 

smaller than that for volume diffusion there is a possibility that the 

rate controlling step could be the rate of emission of vacancies into 

the dislocation pipe from the point where the.dislocation intersects the 

surface .. 

The idea of this mechanism is that once vacancies are produced at 

the intersection point of the dislocation with the crystal surface they 

rapidly diffuse down along the dislocation line and each point along 

the dislocation loop is able to absorb an equal number of vacancies per 

unit time. Thus the dislocation loop maintains a. minimum energy configura

Llon, a ;Semi-circular shape, throughout the climbing process. The shrink

age rate of the loop is controlled by the rate at.which vacancies are 

produced at the special sites where the dislocation meets surface. 
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Assume the number of vacancies emitted per unit time (?/I) is expressed by 

= v·n·exp 
- u 

3 ( 5) 
kT 

where 

v lattice vibrational frequencies 

n . geometrical factor 

k Boltzmann's constant 

T · · Absolute temperature 

u1 + u 2 - ~ : activation energy 

u1 : energy for an atom to junp· from the core of dislocation into 

a surface site 

u2 atom migration energy· along core of dislocation 

~· decrease in energy of loop per vncancy formed 

The number of vacancies (N) absorbed by the dislocation loop per 

unit tin~~ is: 

where 

r 

b 

2 2 
a ::::: h 

t 

In a 

?/I = 

dr 
dt 

N = 

radius 

7rr 

2 

of loop 

dr 
dt 

Burger's vector 

area occupied by a vacancy 

time 

steady state, 

N· 

2b2 2 
?/I 

2vnb = = 7rr 7r 

dr -dt 
(6) 

on (110) 

l/r exp C-:u/kT) ( 7) 
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u
3 

is a function of the loop .radius r, but its value is negligibly 

small compared with u1 or u2 for the range of loop radii studied in the 

present work. The a.ctivation:energy u, therefore, is assumed to be 

independent of the loop radius r. The dependency of ~ on the radius 

r become important only when the loop becomes extremely small in size. 

Integrating the above equation, one gets, 

2 + 2 r = - K t r 0 
(8) 

where 

K = 

radius when t = 0 

Thus a parabolic r.elat.ion between the radius and the annealing 

time i's obtained. 

Activation energy u1 is the energy for the atom at the intersection 

of the dislocation line with the surface (atom drawn in black circle in 

Fig. 30) to jump on to the surface. 

The possible number of sites (n) which the atoms can jump into iS 

five (Fig. 30). In this process eight atomic bonds have to be cut and 

three new bond produced. u1 is expected to be comparable to the normal 

·vacancy forination energy in the perfect lattice ufV~ l.l eV. 

It is assumed that unless the vacancy that has been created on the 

edge o.f the extra half plane of the dislocation is filled by another 

atom from below during the same thermal fluctuation then it is probable 

that the first atom will jump back. Therefore u2 is related to the 

migration.erergy of a vacancy in a dislocation core. This is expected 

to be much smaller than the migration energy of an atom in the lattice 
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which is less than one electron volt. The above discussion is based on 

the assumption that the crystal is perfect except for dislocation (per

fect edge) and the surface and that the surface is parallel to the (111} 

plane and is nearly flat on at atomic scale. 

~' as mentioned already, is negligibly small and therefore, u = 

u1 + u2 ~ u
3 

is expected to be between 1 ~· 1.5 eV which is in the range 

of the experimentally observed activation energy for loop shrinkage of 

1.28 eV. 

It ·can be concluded that the vacancy emission·inechanism is a possible 

explanation of the observation experimental results on climb of surface 

prismatic edge dislocation half-loops. 

It suggests that the disloca~iun core is suchan easy diffusion 

path that a vacancy subsaturation can be maintained even at surface in the 

immediate vicinity of the di::;loGati9n. end. 
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V. CONCLUSIONS 

The present experiments on glide and climb of prismatic edge dis

location half-loops lead to the :following conclusions:t 

A. Shape of Half-Loops and Glide 

1. ·Prismatic edge dislocation half-loops with (110) Burgers vector 

were found to be macroscopically semicircular in shape. Therefore they 

are jogged or stepped. The step density along the length of a semi

circular loop should be nonuniform. One of the two segment of a half 

near where they meet the crystal surface should have a higher step density 

than the other. 

2. The size. of steps weFe smaller than the resolution of the etch 

pit technique (i.e. less than a few microns).. Considering the probable 

mechanism of half-loop formation, it was suggested that the average length 

of steps could be different depending on the size of loops, a larger loop 

might be expected to have a large average step length. 

3. It was also suggested that corners of· steps could be rounded, 

that is, the dislocation line is not on close packed planes at corners 

of steps. 

4. The larger the loop the lower is the stress r~quired to cause 

it to move along its glide cylinder. 

5. Under applied stresses, half:-loops twisted on their glide cylinders, 

that is, the two segments of a dislocation half-loop near where they 

· meet the crystal surface moved in opposite directions. A higher mobil

ity_· was ·observed :for the segment that was expect_ed to have a smaller 

average step density 

6. From cm sideration of the model for the shape of half-loops and 

their observed behavior under the applied stress from 1 to.5, it was 



concluded that mobility of dislocations under small stress is strongly 

influenced by step density. 

B. Climb 

7. Half loops decreased in size when annealed at high temperatures 

(625°c-675°C). Half-loops maintained an approximately semicircular 

shape during annealing. 

8. The square of the loop radius decreased almost linearly with 

annealing time. 

9. The apparent activation energy of shrinkage was 1.28 eV. 

10. The experimental observation on shrinkage of half-loops were 

best interpreted by a model based on vacancy formation at the point of 

intersection Of the dislocation and the crystal surface and pipe diffu

sion along the dislocation loop. 
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VI. APPENDIX 

SAMPLE OF CAICUIATIO~ OF THE CRrrICAL SHEAR STRESS TO 
MOVE A LOOP USD'J'G BULLOUGH AND NEWMANS EQUATIONS 

The critical shear stress of the·loop is calculated as the sum 

of the shear stresses along the glide cylinder due to the first (T
1

), 

the second (T2 ) and the third (T
3

) neighbors. The geometry and sizes 

of the row of loops are shown in Fig. 31. 

T = 
1 

v = 0.35 

r = 9.38µ 
1 

47r r1(1-v) 

G = 5. 57Xl05 g/mm 
2 

6 -4 
b = 2.5 xlo µ 

2 3.44 g/mm 

11 0.19 obtained from Fig. 1 of Bullough and Newmans paper. 

r = 9.38µ 
2 

z
2 

= 56.3µ 

,.., /,..,r, -
'-'2 c 2 -

r = 11.0 µ 
3 

z
3 

= 78.8µ 

4 (1-v) zri 
L 

3.0 > 2.) 

3b ?, G 
J 

P
3 

= z
3
/2r

3 
= 3.58 > 2.5 

2 = 0.24 g/mm 
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FIGURE CAPTIONS 

Fig. 1. . Established procedures of crystal growth and annealing. 

Fig. 2 .. Size and geometry of specimen for study of glide and climb 

by the etch pit method. 

Fig. 3. 'Apparatus for thermal cyclic annealing. The furnace moves 

··back and forth, while specimen remains fixed. 

Fig. 4 .. · Temperature-time chart for ·thermal cyclic annealing. Maximum 

and minimum temperatures are 1050°C and 800°C respectively. 

Fig. 5. Six (110) directions in which rows of prismatic dislocation 

half-loops are punched out. The plane of the paper is (111). 

Fig. 6. Annealing furnace for study of climb •. After the furnace was 

heated up to.required temperature specimen was insertP.<'l from 

top of tube. 

Fig. 7, 

Fig. 8. 

Fig. 9. 

Temperature-time chaL·L fur arn11=~llng. Note :rapid heating and 

cooling of specimen. 

Low magnification picture of dislocation etch pits on (111) 

surface of an annealed crystal. Note extremely low dislocation 

density. Subgrain boundaries at right probably would have 

climbed out of' the crystal if annealing time had been longer 

Transmission x-ray topograph of annea:led copper. Note lare;e 

dislocation free area. Dark spots probably arc due to vs.cancy 

clusters. g :: (111). 

Fig. 10. Punched out rosette of prismatic dislocation half-1.oops. Etch 

pits on (111). 

Fig. 11. Rosettes of different sizes produced by multiple jumping of a 

glass bead on (111). 

I. 
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Fig;. 12. Et~h pit picture (b) and Laue back reflection picture (c) 

of the same surface from the same direction. Dislocation etch 

pits were found to form as in a-2. Tetrahedron of (111} is 

shown at ABCD. The point D is below the plane of the paper. 

Fig. 13. Etch.pit pictures of a row of half-loops when the surface layer 

was successively removed by electropolishing. 

Fig. 14a. Two dimensional pictures of half-loops as punched out at room 

temperature. If one side of the loop is drawn on a (111) plane 

(above) then the other side does not lie on a (111) plane. 

Therefore the symmetrical semicircle shown below was assumed 

to.be the actual shape. 

Fig. 14b. Two dimensional pictures of half loops as annealed at 645°c 

Fig. 15. 

for one hour. 

Critical shear stress (T ) vs. reciprocal of the radius of c 

half loop (l/r) at room temperature. T increases monotonically c 

with l/r. The point represented by a square box is taken from 

10 
Petroff and Washburn. 

·Fig. 16.· Critical shear stress (T) vs. reciprocal of the radius of half 
c 

loops (l/r) at room temperatu~e and.at 550°C. 

Fig. 17a. Rows of prismatic dislocation half-loops of different sizes 

as punched at room temperature. 

Fig. 17b. Rows of prismatic dislocation hali!-loops of different sizes 

annealed at 550°C for 30 minutes. 

Fig. 18. Behavior of half-1.oops under a twisting shear stress. At a 

relatively low stress, only less jogged segments of half loops 

2 
of type-13 moved (a, band c. T ~ 15 g/mm.. ). In pictures d and 

e, both sides of loop have moved. Segments of type-13 are seen 
,, 
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to have moved farther. 
2 

( T ~ 20 g/mro ) . Reverse motion is 

observed when stress is reversed (f). One side of half-J..oop 

has moved and the other unmoved at a high.er stress where appre.-

2 
ciable dislocation multiplication has taken place (T ~ 4p g/mm, 

pciture (g)). In picture (h) dislocation is pinned at or near 

·.the crystal surface and mobile segments have swept out to surface, 

lea vino su1•race t1al.:t:....loops. A -A ' and A '-A ' (see also '.B'ig. 28). 
q 1 1 3 4 

Fig. 19. Shrinkage curve r vs. t is parabolic. 

Fig. 20. · log p vs. l/T. · The activation energy is obtained from the slope. 

Fig. 21. Macroscopically semicircular half-loop (a) and angular half-

. loop (b). 

Fig. 22. Model of semicircular hali-ioop w:tth steps along {111} planes. 

Step lengths are exaggerated. 

Fig. 23. Mechanism of loop formation. Screw dislocation sweeps .around. 

sphP.:r.ir.al 8t.rPl=il'l onntour by mi.lltiple cr-oec olip. 

Fig. 24. Step size depends on loop size. 

Fig.· 25. Microscopic view of crystal surface. 

Fig. 26. .corners of steps on dislocation on an .atomic scale. Co:rner,s 

are assumed to be rounded for a dista nee equal to ~5b .. 

Fig. 27. Large and 3mall steps - For small ::;L·ev::; 'Lhe fraction of each 

8Pgmi:>nt. i:m nr:in-clo.ie paclr.ed planco . io larger· than ia the ca.le 

for larger steps. 

l<'ig. :28. Schematic picture of what has probably happened in Fig. i8h. 

Sur:face hal:f~loops A' -A' 
1 

and A' 
2 

-A' 
3 

. . 

1·,:• 



-43-

Fig. 29. . Possible shape of half-loops during shrinkage. 

Fig. 30. 

Fig. 3.1.. 

a. Dislocation pipe diffusion controlled mechanism. 

b. Volume diffusion controlled mechanism. 

c. Vacancy emission controlled mechanism. 

View of crystal surface where dislocation meets. The atom 

of shaded circle can jump up to five possible different 

sites on surface. 

. Schematic drawings of a row of half-loops ,r = the radius 

of half loop and Z is distance bet~een loops. 
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