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C O R R E S P O N D E N C E

The Shape of Frank Loops Studied by High-voltage Microscopy
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A b s t k a c t

It is sh o w n  th a t  o x tr in s ic  F r a n k  lo ops e x is t  in tw o  d iffero n t fo rm s: 0110 h a s  
< 1 1()> ed ges a n d  sh a rp  co rn crs ; tho o th er h as < 1 1 2 )  ed ges an d  ro u n d ed  co rn ers.
T h o  fo rm er re su lts  fro m  g ro w th  o f  th e lo op , a n d  is  s tab iliz ed  b y  d isso c ia tio n  
o f  tho d is lo c a tio n  co re . T h e  la tte r  fo n n  re su lts  fro m  sh rin k a g e  o f  th e  loop , 
an d  is s ta b iliz e d  b y  th e  e la s t ic  e n e rg y  o f  tho d is lo c a tio n . T h e  o b sc rv a tio n s  
in ip lv  th a t  th e  a b so rp tio n  o f  v a c a n c ie s  b y  a  loop  o ce u rs  b y  a  ra te -co n tro llin g  
p ro eess  d iffe ro n t from  th e  a b so rp tio n  o f  in te rs t it ia ls .

C a l c i ' lat ions  by Brown (I9(i7) on tho basis o f anisotropic olasticitv 

suggest that the equ ilibrium  shape o f Frank dislocation loops in copper 

may be hexagonal w ith somowhat rounded edges along (112) direetions in  

¡ I I I ¡ planes. Observations o f such loops have shown tliem  to be eitlier 

irregularly shaped or to adopt a fonn with straight edges along (110) 

direetions in ¡111} planes. Previous stlidies in copper include the obser- 

vation o f proton-irradiated cop])er (Mazey and Barnes IÍX58) and quenched 

copper (Clarebrough. Segall and Loretto I !)(>()). In addition , sonie 

observations by Dobson. (¡oodhew and Sm alln ian (1 ÍH>7) in quenched 

a lum in ium  show tha t Frank loops in tliis material are o f the (1 10) type 

when formed. bu t cliange to a circular shape on annealing. The 

calculations o f Brown predict th a t in a lu in in iiun  the loops w ill have 

m in im um  elastic energy if they are alinost circular. The elastic 

e(|iiilibriinn simpes for co])])er and nickel resulting from Brown’s (19(37) 

calculations are shown in lig. 1: a lum in ium  is elastically so isotropic tha t 

the equ ilibrium  shape differs by less than  0-2°o from a eircle.

The high-voltage mici'osco])e provides a very useful means o f stiKh’ing 

the simpes o f Frank loops. I t  has been shown (Ipohorski, Spring and 

(¡oringe 1972) th a t under suitable irradiation conditions at elevated
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temperatures Frank loops o f ii]) to I /:m iu diameter can begrown. These 

loops result from clustering o f interstitials produced by the electrón 

irradiation. W ith  a high-temperature microscope specimen stage, the 

loo|)s can be made lo grow or shrink. and the ilux o f vaeancies and inter­

stitials can be crudely eontrolled by ehanging the electrón beam intensity 

and voltage.

l’íg. 1

Calculated shapes for Frank loops

Copper Nickel

The equilibmmi simpe of Frank loops in copper and nickel, computed by the 
W’ulít eonstniction un the basis of the elastic energy as descrihed by 
Brown (líttiT). The shape for aluminium eannot he distinguished from 
a circle.

We wish to report the results o f experiments 011 electron-irradiated 

co])])er. Spark-eut. annealed. dise specimens of .Johnson-Matthey 

puré copper vvere irradiated in the Cambridge high-voltage 

mierosco])e w ith (>()() kev electrons. Thick arpas (approximately 300 nm 

th ick or more) were ehosen for irradiation. and the irradiation temperatura 

was approxim ately 200°c. Large Frank loo])s vvere produced. These 

were often irregular in shape. probably due to stresses in the foil resulting 

from eontam ination (see Ipohorski and Spring l(M¡9. also Mazey and 

Mames 1!M>8). In  some specimens. however. good regular loops could be 

formed: they were always o f the ( I 10)-edged. sharp-eornered form 

(fig. 2 a). W’hen such loops wei'e allowed to anneal at the same tem- 

perature for about 10 m in. away from the electrón beam. they were 

transformed to the rounded (Il2 )-edged  form (fig. ’2b). Further 

electrón irradiation very rapid ly  retnrned tliem to the original form and 

the proeess could be repeated several times, the loops eventually becoming 

unstable, un fau lting  and si i p] »i ng from the foil. Figure 3 shows a 

comparison o f the equilibrium  elastically-controlled shape from fig. 1 

w ith the equilibrium  shape o f an annealed loop. eorreeting for viewing 

normal to the ¡111} plañe o f the loop. The predicted and observed
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(íí) l-Yank loops in coppcr as grown bv electrón irradiation at l’ OO'V. The slij) 
traces are- parallel to 110 directions. (b) Frank loops in eopper after 
annealing at 200°c for 10 min without irradiation. The slip traces are 
parallel to 110 direetions.
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simpes are in cióse agrcement. although the observed shape is slightlv 

inore rounded i lian the theoretical shape.

From tlíese experiinents it is difficult to say w ith certainty whether 

the ( I  10)-edged"loop is unufable. bu t unable to chango shape beeause core 

diffusion is too slow: or i/tef'tsfable, requiring energy to be converted to 

the ( I  l2)-cdged forni. It, is clear tha t the ( l  l2)-edged form is stable or 

metastable. as the calculations basecl 011 elasticity show.

I' ig.

( 'omparison between observed and calculated loop sliapcs.

It  seenis probable th a t the ( 1 10)-edged forin is metastable, since earlier 

calculations (Brown I!)(57) suggest tha t the probable energy of a jog in 

the dissociated Frank dislocation is great enougli to stabilize tha t form. 

W hen the loop is growing. jogs in the extended Frank dislocation run to 

the corners of the loop and it is forced into the (1 10)-edged form. This 

clearly irn plies th a t the growth oí Frank loops is controlled by the 

n-uclmtion o f jogs on the extended dislocation. However. when the loop 

is shrinking. jogs run  in from the corners and the loop is forced towards 

the { I 12)-edged form. W hen it is in th a t form . jogs are in  plentiful supply. 

The Frank dislocation cannot dissociate when it is parallel to a (112) 

direction. so it  wonld apjiear th a t the slirinkage o f the loops is controlled 

by the motion o f jogs in the undissociated Frank dislocation. The 

experiments clearly show th a t the absorption of vaoancies occurs by a 

different ]>rocess from the absorption o f interstitials; or more generally, 

th a t grow th and shrinkage o f loops are not symmetrical ])rocesses.
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W hen the jogs are more closely spaced tlia n  the length over whicli the 

extended Frank dislocation is constricted, the energy per jog w ill beeome 

very small. as it will not include the energy o f constrietion. Thus it is 

possible for both the (110) and (112) fornis to be stable or metastable. 

and for the Frank loo]) as a whole to lmve two equ ilibrium  (or, more 

corred ly. meta-eqnilibrium) simpes. Clearlv further studies o f different 

metáis, combined w ith theoretical analysis, could lead to a determ ination 

o f the energy associatcd w ith  jogs in Frank disloeations.

Til is note confirma and extends the prelim inary aceount o f tliis work 

presentad at the V I 11 h In ternationa l Congress on Electron Microscopy. 

(¡renoble, 1970 (S])ring and Brown 1970).

A'ole added in proof.— Observations o f Frank loops in the (112) form 

were briefly reported by I). J .  Mazey and II . S. Barnes, V Ith  In t. Cong. 

for Klect. Microscopy. K yo to , 1 !)(>(>, p. 377. A  fuller account is in 

pre])aration by Mr. I). J .  Mazey.
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