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ABSTRACT 

Vie investigate the problems of the Quantitative analysis of dislo
cation pinning at very low temperatures and stress the importance of 
strain amplitude, measurement temperatuis, and eventual depinning. The 
variation in pinning rates between 9 K and lUO K are compared with theo
ries and the influence of electron energy is discussed. 

INTRODUCTION 

1 2 
The proposal by Koehler and Granuto-Liicke (K-CL) that d i s l o c a t i o n 

motion may be impeded by d i scre te pinning de fec t s has provoked cons ide

rable nnri]ynis and d i scuss ion . Despite the successes o f t h i s v ibrat ing 

s t r i n g model, appl icat ion in the Hz to kHz frequency range remains pro-
3 I» b lemot ic i l and open questions have arisen experimental ly ' , Lucke et 

a l ? have e spec ia l l y expressed the importance of the inf luence of measu-

rexent s tru in amplitude. We have performed de ta i l ed internal f r i c t i o n 
and modulus measurements at low frequency (^ 700 Hz) on well-annealed 

copper samples during e lec tron irradiat ion to further c l a r i f y e x i s t i n g 
problems. 

STKAJH AMPLITUDE STUDIES 

In an attempt to verify to very low irradiation temperatures the 
squared-functional dependence predicted between the modulus defect and 
the dislocation damping in the (K-CL) mod->l, we have confirmed for our 
experiment;) the- impurtance of applied strain amplitude . As seen in Fig.1 
the sîopoa of n lo^-loc plot of the normalized modulus defect and norma
lized dumping cl.ung'/:i in a low temperature irradiated sample, exhibit a 
decrease in value toward nn expected theoretical valuu of 1/2 with decre
asing strain amplitude. 

V.'o have aJ:;o established that during election irradiation a peak in 
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tin.- Jwr.jint'. can occur uh ' l e the modulus defect decreases cont inuously , 

tin- presence o f which i s dépendent or» s t ra in amplitude and temperature. 

Fig . 2 juixiuirizes thes i r e s u l t s . The» pc&k i s l a r g e s t a t high s t ra in am

plitude:; , dimini-hco and disappears ut the lowest applied s t ra in amplitu

des . 1l i ; ;e e f f e c t s are in contrast t o the experimental and t h e o r e t i c a l 
7 6 r e s u l t s o f Simpson und Sosin et al (SS) * of a peaking e f f e c t during 

i rrad ia t ion which they a t t r ibute t o point defect dragging by moving d i s 

l o c a t i o n s und report as essentual ly s train amplitude-independent. 

No peaking e f f e c t i s observed for irradiat ion temperatures below 
CO K, eve.i at large applied s tra in amplitudes. Although t h e defect drag
ging model of (SS) does not e x p l i c i t l y include a temperature dependence 
treatment, i t suggests a peaking e f f e c t in the dumping at a l l i rrad ia t ion 
temperatures. Seeger ' and llornung have presented further a n a l y s i s in 
which they a t t r ibute the "peuking e f f e c t " i n irradiated metals and i t s 
strung temperature dependence t o a "dislocation-enhanced Gnoek e f f e c t " . 

PINNIHG-RATE MEASUREMENTS AT LOW TEMPERATURES 

Mnny quest ions have been raised in trying to understand and v e r i f y 

the various ( o n c - i n t e i ! , t i t i a l and separate c o n v e r s i o n - t w o - i n t e r s t i t i a l ) 

models. Important among attempts to resolve these quest ions are t h e expe

rimental r e s u l t s o f Thompson and L'uck in irradiated copper, who show 

that the pinning-rute measured above 77 K goes through a minimum near 

iGO K. The minimum i s taken us evidence of a thermal conversion mechanism 

in t h e t w o - i n t e r s t i t i a l model. The r a t i o of pinning rates in t h e i r study 

obtained between 80 K and the minimum nucJn*(ti i* *15. Our p inning-rate 

measurements at very low temperatures, have shovn that the e f f e c t o f mea

surement temperature i s important when interpret ing pinning-ra'„e r e s u l t s 

"". From Fig. 3 , the piiming-rute measured at U K e x h i b i t s a maximum near 

70 K where the ra t io n~c/nl» i s ~ 5. Then i t decreases t o a minimum near 

1J0 K and subsequently increar.es. The rat io of p inning-rates a t the mi

nimum ( n 7 Q / n j ) , 0 ~ l-î») i s about ton times smaller than the Thompson-Buck 

r e s u l t . In Fig . '» we show the ra t io of numbers of pinners n , ,/n ,- _ , 

deduced from modulus and damping meucuroncnts r e s p e c t i v e l y , by neasuri-'g 

at 1» K and at T K following mi i rrudintion at T K. The r a t i o i s not too 

d i f f erent from one up to about '(i) K, a f ter which i t increases abruptly. 
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Thus the quantiUstivir ana lys i s of pir.ni:i^-rali' data taken at various 
measur'-::.:::t ten]>crut-urea i s quest ionable , and further suggests the e x i s 
tence of tv:o c lashes of d i s l o c a t i o n s , of which, one form becomes dominant 
during measurement above 80 K (the Bordeni peak rar.ge) and along which 
perha;^ l i n e di f fus ion may l;ike p lace . 

Separate quant i ta t ive analyses o f the pinning-rate minimum have been 
proposed based on the c o n v e r s i o n - t w o - i n t e r s t i t i a l model, d i f f er ing d i r e c 
t l y in r e s t r i c t i o n s on migration. An ana lys i s presented by Simpson and 
Sosin 3 assumes that s tages I and III defect forms migrate three-dimen-
s i o n a l l y . This model f i t s the Thompson-Suck pinning-rate minimum r e s u l t s 
quite wel l above 80 K by accounting for impurity e f f e c t s . We have exten
ded t h i s ca lcu la t ion t o lower temperatures using t h e i r parameters and 
find agreement through the maximum i n pinning-rate neor 70 K down t o fcO K, 
below which the values determined t h e o r e t i c a l l y become several orders too 
small. This d i f ference below kO K i n d i c a t e s the importance of other pro
c e s s e s , namely, the d irec t creation of point defects at d i s l o c a t i o n s 
which we w i l l d i scuss l a t e r . 

Il» 
Concurrently, Frank and Seeger have proposed a conversion-two-

i n t e r s t i t i a l model based on the presence of Stage I defect configurat ions 
which migrate one-dimensionally. Two types of crowdion defects are pos tu
l a t e d , the "on- l ine", migrating in the d irec t ion of i t s se l f -vacancy and 
having a small chance of pinning d i s l o c u t i o n s , i f i t i s not converted ; 
and the " o f f - l i n e " , which has a greater p o s s i b i l i t y o f in tercept ing d i s 
l o c a t i o n s before convert ing. The threshold energy for the crention o f 
o n - l i n e crowdions i s given as about 9 cV and for o f f - l i n e crowdion3 as 
about 19 eV. This energy d i f ference has received support experimentally 
by Roth and co-worked ' , but i s not confirmable by experiments performed 
as a function o f variable incident e l ec tron energy, which we d i s c u s s next . 

INFLUENCE OF ELECTION H1LRCY 

The defect production and annih i la t ion mechanisms for d i f f erent va

lues o f the incident e lectron energy were studied at 20 K, followed by 

isochronal /rieusurements up t o room température. The e lectron dosed were 

chosen such that the magnitude of p inni tô during i rradiat ion a t each 

energy studied would be approximately U.e same. The sample was we l l an

nealed before each change in e lectron energy. Fig. 5 summarizes these r e 

s u l t s where the number of pinners n , per l i s l o c a t i o n l e n g t h , as deduced 
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l.y the Urauato-LiL-U'* models fron damping measured at 9 K, i s p l o t t e d as a 

function of unreal temperature. Two pirtiing régions appear. Stage I near 

tO-70 K, and Stage III in the range of lkO-200 K. Depinning i s ev ident 

above 200 K, part icu lar ly in the r e s u l t s obtained fo l lowing i rrad ia t ion 

at 0 ,7 MeV and above. 

We may then d i s t inguish three numbers experimentally : those d e f e c t s 

created on d i s l o c a t i o n s by i rrad ia t ion at 20 K, n ; arr iv ing during S ta 

ge I , n. ; and n-j , .hiring Stage I I I . In Fig. 6 the corresponding e f f e c 

t i v e c r o s s - s e c t i o n s 11/$ are p lo t ted as a function of maximum trans fer 

energy. The values of threshold energies for Stage I and 117 appear not 

very d i f f e r e n t , thus not confirming the model of Frank and Seeger Addi

t i o n a l experimental s tud ies at lower energies are in progress t o c l a r i f y 

t h i s cruc ia l po int . These additional experiments are hoped a l s o t o e l u c i 

date the small evidence of lower threshold energy for creat ion occurring 

at d i s l o c a t i o n s exhibi ted in curve n . 
c 

STABILITY OF DEFECTS OiJ DISLOCATIONS 
The possibility of defects diffusing along dislocations has always 

been neglected in the interpretation of pinning-rates. In the earlier 
pinning studies of Kcei'er et al a reduction in pinning takes place 

. during isochronal anneal between 90 to 170 K, particularly in samples 
containing very small defect concentrations. We show that depinning in 
this temperature range is more or less accentuated depending on the sam
ple measureJ, with depinning more apparent from modulus measurements than 
from damping measurements. Fig. 7 shows this clearly for a sample exhibi
ting the largest amenait of depinning. The damping exhibits pinning in 
Stages I and III. Small depinning occurs above 70 K with a larger amount 
after 200 K. By contrast, the modulus results show strong depinning bet
ween 120 and 170 K. Such a discrepancy between derived pinning point num
bers m.iy be explainable by a two-dislocation model incorporating different 
line tensions for the scparnte dislocation types. Thus the internal fric
tion being measured may well correspond to dislocations with apparently 
the wetifceat line tension rince the noduluu defect is probably influenced 
by n superposition of the contributions of both dislocation types as 
discur.r.ed by Thompson and l»nck . Defect mobility along one dislocation 
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won] 11 b«: allowed to mi crate . 

coucwcions 
We have dcmwtist rated that numerous expérimental precautions must be 

realise.I ! i\ re the usual interpretat ion of d i s l o c a t i o n pinning experi 

ments can be done q u a n t i t a t i v e l y . 

Measurements of the pinning-rute at very low temperatures show that 
i t goes through a maximum at 70 K. 

The variat ion uf the pinning with the e l ec tron energy i s of impor
tance in ident i fy ing the defect s p e c i e s , we have shown only a small d i f 
ference e x i s t s between Stages I and III threshold e n e r g i e s , and are thus 
not in agreement with the crowdion version of the convers ion-two- inter
s t i t i a l model. 
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