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D ~ s c u s a o ~  ABSTRACT : B. ESCAIG. 

The climb mechanism of extended dislocations is 
hardly observed in a direct way. One possibility is to 
study after a hard quench the growth or the shrinkage 
of those defects which are produced in order to elimi- 
nate the excess vacancies, e. g. stacking fault loops and 
or tetrahedra. 

Loretto reported on recent direct observations of the 
annealing of such tetrahedra in gold, using high voltage 
electron microscopy (cf. Fraser et al., Phil. Mag. 28 
(1973) 1043). Measurements of edge lengths on the same 
area before and after a ten minutes annealing at high 
temperature (938-1 013 K), show concIusiveIy a size 
effect : given a temperature, a critical size no is observed 
below which all tetrahedra are removed while above 
that size only a random removal is obtained. This 
means a size dependent activation energy. Loretto 
interprets it in terms of a shrinkage model by succes- 
sive vacancy emission from jog lines emitted at a tetra- 
hedron edge, nb long, and propagating across the 
tetrahedron face ; therefore the energy of critical 
nucleus is nEa, with Ea = Ej - by - TS, where Ej 
and S are the energy and entropy of the jog line per 
atom plane, and y the stacking fault energy. Hence a 
critical size no(T) follows, owing to the high sensitivity 
of the expontential function to the size n in the expo- 
nent. On the other hand, random removal of tetra- 
hedra larger than no is tentatively ascribed to handling 
stresses and the wiping out of dislocations during 
annealing. 

From the point of view of climb processes, as 
pointed out by Escaig, it is surprising to have such a 
good agreement from a jog line model. It is known that 
such mechanisms yield usually a high nucleation 
energy, for the jog line (e. g. a stair-rod dipole nb long) 
contributes a term nEj to the nucleus energy. There- 
fore it is required to have a strong thermodynamic 
force, e. g. a high point defect supersaturation, for this 

kind of process to take place. This should be the case in 
ageing conditions after a hard quench or irradiation, 
for example, but not during annealing when vacancy 
concentration is almost at equilibrium ; instead, there 
should occur a smaller nucleation energy process, like 
jog diffusion or non conservative tetrahedra collapse 
from corner evaporation as proposed by Escaig (Cryst. 
Lattice Defects 1 (1970) 21 1) ; in view of the size effect 
observed, this last model should be recomputed in 
order to explicit its size dependence, which has not 
been done yet. Indeed, looking at the annealing kine- 
tics derived from the shrinkage model, as proposed by 
Loretto and quoted above, it is clear that the Ej and S 
parameters, chosen for fitting the measured kinetics, 
are taken so as they yield a smaIl nucleation energy, nE, 
with Ea of the order 0.02 eV-0.04 eV. In other words, 
the large unavoidable contribution Ej is balanced by 
choosing a large entropy term, S -- 9 k per atom plane 
with k the Boltzmann constant ; such a value is sur- 
prisingly high, as compared with vacancy entropy, for 
example, of the order k. Low temperature annealing 
studies (such as the one performed by Yokota and 
Washburn, at 573 K, see Phil. Mag. 16 (1967) 459) 
should help in this view, for the entropy contribution 
TS is then no more large enough, even for such high 
values of S. 

Washburn presented only some preliminary obser- 
vations on the climb growth of quench loops during 
irradiation, using high voltage electron microscopy. 
There, the climb processes can be studied under an 
equal interstitial/vacancy concentration produced by 
irradiation. Frank loops are usually introduced by 
quenching low stacking fault energy metals, although 
in the investigated Cu-A1 alloy, no imperfect loop is - 
found. Interstitial condensation seems to give rise to 
very irregular shapes along the loops. Also, as pointed 
out by Poirier, the observations can be very sensitive 
to impurity traces, because the possible int2ractions 
between impurity atoms and interstitjals. 

Another kind of mobility of extended dislocations, 
the glide mobility, was then considered in the discus- 
sion. For covalent crystals, George reported on new 
data he obtained on dislocation velocities and beha- 
viours under stresses in silicon. Dislocation free single 
crystals were first scratched, and half loops expanded 
from the scratch under a homogeneous uniaxial tensile 
stress applied on the specimen, at a given temperature 
and during a given time. Dislocation motions were 
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observed by room temperature Lang topography, 
before and after the stress application. These disloca- 
tions, which are known from weak beam technique to 
be dissociated in their slip plane, are seen here to 
experience a strong Peierls friction and assume hexa- 
gonal shape along < 110 > atomic rows. In relation 
with the dissociated structure of their core, three 
observations have to be noted : 

(1) Above about o - 1 kg/mm2, and.contrary to a 
previous estimation of George et al. (cf. Phys. Stat. 
Solids (b) 53 (1972) 483), velocities of screw and 600- 
dislocations are nearly equal. This has been taken by 
Friedel as an indication that dislocations are disso- 
ciated. For, a perfect screw could be depicted in a simple 
model without any broken bonds ; since its motion 
requires breaking covalent bonds, it should be more 
difficult to move than 600-dislocations which have 
already broken bonds in their cores. If the screw is 
dissociated, in the other hand, there are broken bonds 
in any case, so that screw and 600-dislocations should 
look very similar, as it is observed. Velocities are shown 
to follow the law : 

u = Aom exp - (QlkT) 

with m - 1 (1.1-1.3) and Q - 2.2 eV in all the observed 
temperature range, 500-800 OC. Referring to a double 
kink model, it is to be noted that the velocity, and 
therefore the double kink nucleation rate, does not 
depend at all on loop length, or loop size. However, a 
polygonal shape is always retained during loop expan- 
sion, which is a clear indication that double kinks 
nucleate much more slowly than kinks diffuse along 
the loop. This nucleation rate is not understood from 
current theories available for the time being. 

(2) Below a -- 1 kg/mm2, the activation energy for 
600-dislocations, Q,,,, increases with decreasing 
stresses (up to 2.5 eV at 0.3 kglmm2) contrary to Q, for 
screws, which keeps constant whatever be the stress ; 
this results in 600-dislocations slower than screws at 
low stresses. The obstacles at the origin of this beha- 
viour are not understood. 

(3) Cross-slip has been clearly observed on some 
topographs. At relatively low temperatures, i. e. at 
about 600 OC, cross-slipping occurs close to external 
surfaces, there where both image forces and applied 
stresses favour the bending of the total dislocation in 
the cross-slip plane. At higher temperatures, i. e. 
1 160 OC, and during subsequent cooling, thermal 
stresses are shown to induce cross-slip even inside the 
crystal, far from any surface ; thickening of a glide 
band by double cross-slip has been shown to be effi- 
cient under these conditions. Although it is not clear 
why cross-slip is induced (i. e. widening of the faulted 
ribbon under stresses versus bending of the total dislo- 
cation), it must be recalled that, after all, cross-slipping 
in these crystals may be a process not much more 
difficult than simple glide, despite the splitting of the 
core, since gliding requires already a 2.2 eV activation 
energy. 

Sax1 showed experimental evidences for prismatic 
slip in a Mg-MgO composite deformed along a [1010] 
stress ax i r a t  room temperature and above. The MgO 
content is too small (3-5 %) and too loosely dispersed 
to have any influence on the elastic limit. It follows that 
this limit is mainly controlled by the Mg-matrix. 
Mechanical analysis of glide activation parameters 
shows that yielding is likely due to cross-slip from the 
basal unstressed plane to the prismatic stressed 
plane, with the experimental activation energy : 
Q = Q, + (Q1/o). Experimental values of Q, and Q, 
fit with the Friedel model, Q, being associated with a 
constriction term and Q, with the critical bowing out 
of a loop in the prismatic plane. These quantities 
depend on adjustable parameters like the stacking fault 
energy y and some radius of the perfect dislocation b,. 
It is clear that this last parameter is rather difficult to 
ascertain precisely, and that this uncertainty does not 
influence greatly the choice of y only when y is low 
enough. This is obviously not the case here, where y 
is shown to be of the order 100 ergs/cm2, so that there 
was a general agreement that such an experiment could 
not yield a reliable y value, except for an order of 
magnitude, without a rather arbitrary choice of a b, 
value which influences sensitively the chosen y, what- 
ever be the mathematical sophistication of the model. 

The extensive occurrence of { 110 ) < 1i0 > slip 
in f. c. c. metals discussed by Poirier, showed surpri- 
singly enough for these well-known metals that cross- 
slipping on { 110 ) planes does develop from { 111 ) 
slip under special circumstances, the first of which is 
to have the tensile or compressive axis along < 001 >. 
Previous creep experiments had shown conclusively 
that { 110 ) coarse slip can be developed above a 
temperature TIl0 as well in A1 single crystals as in 
other f. c. c. metals, Ni, Au, Cu, Ag, the ratio Tll,/Tm 
being proportional to the pb/y parameter for all these 
five metals (see Le Hazif et al., Acta Metall. 21 (1973) 
903). New results from constant strain rate compres- 
sion tests performed on Al specimens between 225- 
310 OC, and strain rate 10-5-10-3 s-' , show coarse slip 
bands developing along { 110 ) planes above a certain 
critical stress o, ,,, and following a hard incubation 
stage where slip on the four ( 11 1 ) planes builds up 
first a cell structure 10  in size. From T. E. M. obser- 
vations, Le Hazif and Poirier suggested that the rather 
widely separated { 110 ) glide bands (50-100 Ci) can 
geometrically correspond to those glide planes where 
dislocations would cross only ( 110 ) cell walls which 
might be the most transparent walls to slip. The 
importance of < 001 > orientation for this kind of 
cross-slip, however, seemed to Escaig to be an indica- 
tion that { 110 ) cross-slip, might rather occur in order 
to widen the faulted ribbon under the stresses in the 
new ( 110 ) plane ; the fact that no cross-slip on (1 11) 
planes occurs is indeed explained by this token, by 
which the particular < 001 > stress orientation is 
shown to be a very unfavourable one for widening the 
faulted ribbon by cross-slipping in a < 11 1 > plane. 



Of course, further informations on ( 110 ) dissociation 
have to be known before to be able to ascertain the 
point. Edelin has proposed on geometric grounds the 
dissociation : 

More recently, Vitek has computed from interatomic 
potentials in Al, a fault energy y - 200 ergs/cm2 for a 
stable shift a/4 < 110 > in { 110 } plane. Such a fault 
could result in a dissociated dislocation comparable in 
width with { 11 1 ) ribbons. 

Whatever be the case, further analysis confirms the 
cross-slip origin of the observed { 110 ) slip. The stress 
a,,, for a given strain rate decreases linearly with 
increasing temperature, and the activation energy of 
strain-rate, calculated at constant o, ,,, is found to be 
27.6 kcal/mole, very close to the value 28 kcal/mole 
usually accepted for the cross-slip energy (the constric- 
tion energy) in Al. 

The last paper of this session was given by Di Persio 
which drew the attention to the special importance the 
dislocation splitting properties may have on the brit- 
tleness of some molecular crystals, as examplified by 
,orthorhombic a-sulphur. This crystal structure, as seen 
in Escaig lecture in this session, can be viewed as 
derived from the f. c. c. one so that the main features of 
the Schockley dissociation scheme still hold for slip 
dislocations, with { 111 ) planes as slip interfaces. 
However it turns out that some Schockley partials 
should not be stable in that structure and should 
decompose into a stair-rod and another Schockley, 
resulting in a number of sessile barriers, split in two 
{ 11 1 ) planes at a time along their intersection, quite 

similar to usual Lomer-Cottrell barriers but much more 
easy to form, and making a-sulphur brittle. Di Persio 
presented results of constant strain-rate compression 
tests performed on a-sulphur single crystals in order to 
check two consequences of the model : (1) the relative 
ease of slip systems favouring or not the barriers for- 
mation, and (2) the possible twinning from the barriers 
formed, these acting as twin nuclei when the applied 
stress has a partial Schmid factor zero on one arm of the 
barrier, while being as great as possible on the second 
Schockley partial. 

The first point appears now to be clear : from the 
four crystals which gave useful results, only the one 
oriented for glide along < 110 > basal slip directions 
($ [I101 or 4 [liO] dislocations cannot give rise alone to 
the above barriers) exhibited a plastic slip, with 
visible slip lines and a defined elastic limit. An elastic 
limit of a - 1.25 kg/mm2 - 2 x p was found, 
with a very small activation volume (measured by 
stress-relaxation) of 8 b3. Because two such easy slip 
systems were activated in this test, ( i l l )  [ l i ~ ]  and (1T1) 
[110], numerous slip lines are seen blocked by the ones 
of the other system, forming then a kind of Lomer- 
Cottrell barrier ; it can be shown that this barrier is 
likely to be not so widely split; so that some stress-aided 
thermally activated recombination of the barrier could 
perhaps explain the elastic limit and its small activation 
volume. Whatever be the case, all other samples 
oriented for glide along < 01 1 > or < 101 > non 
basal directions (and activating those slip dislocations 
which are believed to give rise to the expected barriers) 
gave absolutely no evidences of plastic slip, or elastic 
limit, but instead failed after a number of stress drops ; 
slip markings seems to look like rather very thin twins 
but a clear identification is still missing. 


