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ABSTHACT

We investigate the problems of the guantitative analysis of dislo-
cation pinning at very low tcusperatures and stress the importance of
Strain amplitude, mcasurement temperature, and eventual depinning. The
variation in pinning rates boctween 9 K and 1bU K are compared with theo-

ries and the influence of electron energy is discussed.

INTRODUCTICH

! and Granuto—Lﬁcke2 (K-GL) that dislocation

The proposal by Koehler
motion may be impeded by discrete pinning defects has provoked conside-
rable nnniysis and discussion. Despite the successes of this vibrating
atring.model,-npplication in the llz to kliz frequency range remanins pro-
blemeticul and open gquestions have arisecn cxperimcntally3'b. Liicke et
315 have c¢specially expressed the importence of the influence of measu-
rexent struin amplitude. We have performed detailed internal friction
and modulus measurements at lov frequency (~ 700 Hz) on well-anncaled

copper samples Juring electron irradiation Lo further clarify existing

problens.
SIKATG AMPLITUDE STUDIES °

In an atteapt Lo verify to very low irradiation temperatures the
squared-functionanl dupendence predicted Letween the modulus defect and
the disloration danging in the (K-CL) mod:l, we have confirmed for our
experiments Lhe importance of applied strain umplitude6. As secn in Fig.?
the zlupes of o lag~lapg plot of the normulized modulus defect and norme-
lized dwnping changes in o lov temperuture irradisted sample, exhibit a
decrcase in value townrd on expected thCureLiéul value of 1/2 with decre-

asing ctrain amplit.ude.

Ve have alsoe establiched thal during electron irradiation a pewk in
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the Jdumping can occur while the modulus defect decreases continucusly,
the presence of which 1s dependent op strain amplitude and temperature.
Fig. 2 suwaanrizes these results, The pezk is largest at high strain as-
plitudes, diminiches and disappesrs ut the lowest applied strain amplitu-
des. Tluse etfects are in contrast Lo the experimental and theoretical
results of Simpson und Sosin et al (SS)T'B of a peaking effect during
irradiation which they attribute to point defect dragging Ly moving dis-

locations und report as essentually strain amplitude-independent.

No peunking effect i5 ubserved for irradiation temperatures below
60 K, evea at large applied strain ﬁmplitudes. Although the defect dreg-
ging model of (SS) does noct explicitly include a tempersture depecndence
treatment, it sugpests a peuking effect in the damping at all irradiation

temperuturces, Seegcr9'lo and Hornung'o have presented further analysis in
which they attribute the "peuking effect” in irradiated mctals and its

strong temperature dependence to a "dislocution-enhanced Snock effect”.
I

PINRING-RATE MEASUREMENTS AT LOW TRMPERATURES

Many questions have been raised in trying to understand and verif&
the various (one-interstitial and separute conversion-two-interstitial)
models. Important wiong attempts to resolve these questions are the expe-~
rimentsl results of Thompson and L’uck11 in irradiated copper, who show
that the pinning-rute measured above 77 K goes through 2 mininum near
100 K. The minimum is taken us evidence of a thermal conversion mechanism
in the two~interstitial model. 'I'he ratio of pinning.rutes in their study
cbtained between €0 K und the minimum "80/"160 is =15, Our pinning-rate
measurements at very lov temperatures, have shown that the effect of mea-
surement temperuture is important when interpreting pinning-ra.e results
12. From Pig. 3, the pinning-rute measured at b K exhibits a maximum neap
70 K wherc the ratio n?O’"h is ~ 5, Then it decreases to a minimum near
15 K and subsequently increases. The ratio of pinning-rates at the mi-
pimum (n70/6”“)= 1.9) is wbout ten times cmaller than the Thompson-Buck
result, In Fig. h we show the ratio of numbers of pinners 'Em,zb/nyT,tr’
deduced from modulus and damping measurenents respectively, by meusuri-g
at b K and at T K following nu jrradiation ﬁt T K. The ratio is not too

different from ore up Lo uboul 'f\) K, after which it increases abruptly.
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Thus the guantitstive analysis of pinningz-rute datu token ot verious
measurciont temporatures 1s guestionulle, and furiner suggests the exis—
tence of two classes of dislocations, of which, one form beconmes dominant

during measurcment above 80 K (the Bord.ni peak range) end along which
perha; s line diffusion may Lu:ke place,

Separate gquantilative analyses of tle pinning-rate minimum have been
proposed based on the conversion-two-interstitial model, differing direc-
tly in restrictions oun migration. An analysis presented by Simpson and
Sosin'3 assumes that Utages I and 11l defect forms migrute three-dimen—
sionally. This model fits the Thompson-Zuck pinning-rate minimum results
quite well above 80 K by accounting for impurity effects. Ve have exten-
ded this calculation to lover temperatures using their parameters and
find agreement through the maximum in pinning-rate near 70 K down to U0 K,
belov which the values determined theorctiéal]y become severs) orders too
small. This difference below 40 K indicuztes the importance of other pro-
cesses, namely, the direct creation of point defects at dislocations
vhich we will discuss later.

Concurrently, Frank and Seeger'b have propused a conversion-two-
interstitial model vased on the presence of Stage I defect configurations
vhich migraute one-dimensionally. Two tyj=s of crowdiop defects are postu-
lated, the "on~line", migruting in the direction of its self-vacancy end
having a small chonce of pinning dislocutions, if it is not converted ;
end the "off-line", which has a grester possibility of intercepting dis-
locations before converting. The threshold energy for the creation of
on-line crowdions is given as aboul 9 eV end for off-line crowdicns as
about 19 eV. This energy difference has received support experimentally

by Roth and co-vorked's, but is not confirmable by experiments performed
as a function of variable incident elecctron energy, which we discuss next.

INFLUENCE OF ELECTPON ENERCY

The defect production end annihilation mechanisms for different va-
lues or the incident electron energy were studiced at 20 K, followed by
isochronsl measurements up to room temprruture. The electron doses were
chosen such that the magnitude of pinning during irrediation at each
energy studied would be approximately tie smee. The sumple was well an-

; nealed before each change in eclectron crnergy. Fig. % summarizes these re-

sulte where the number of pinners n, per Jdisloestion length, as deduced
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Ly the Grunsto-Liicke models from damping measured at 9 K, is plotted as a
function oi anr.~al tepperature. TWo piruing regions appear. Stage I neur
LO~70 K, and Stuge II1 in the range of 1L0-200 K. Depinning is evident
sbove 200 ¥, particulurly in the resulis obtained following irradiaticn
at 0,7 MeV and abliove.

We may then distinguish three numbers experimentally : those defects
crecated on dislocations by irradiation at 20 K, n, % arriving during Ota-
ge I, n; ; andn;, during Stage 11I. In Fig. 6 the corresponding effec-
tive cross-sections n/¢ are plotted as & function of meximum transfer
energy. The values of threshold energies for Stage I and 117 appear not
very differeat, thus not confirming the model of Frank and Seeger. Addi-
tional experimental studies at lcwer energies are in progress to clarify
this crucial point. These additional experiments are hoped also to eluci-
date the small evidence of lower threshold energy for creation occurring

at dislocatiouns exkibited in curve n..

STABILITY OF DEFECTS Gii DISLOCATIOHS

The possibility of defects diffusing along dislocations has always
been neglected in the interpretation of pinning-rates. In the earlier
pinning studies of Kecefer et al16 a reduction in pinning takes place
during isochrcnal anncol 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 depeﬁding on the sam-
ple measured, vwith depinning more apperent from modulus measurements than
Trom éamping measurements., Fig. 7 shows this clearly for a sample exhibi-
ting the largest amount of depinning. The damping exhibits pinning in
Stages 1 and 1I1. Small depinning occurs ebove 70 K with a larger amount
after 200 K. By contrast, the modulus results show strong depinning bet-
teen 120 and 170 K, Such a discrepancy tetween derived pinning point num
bers may be explainalle by a two-dislocation modcl incorporating different
line tensions for the scparnte Jdisloention types. Thus the internal fric-
tion being measured may well correspond to dislocntions with apparently
the weukest line tension nince the modulus defect is prodbably influenced
by & superposition of the contributions of both dislocation types as

discussed by Thompson and hnck". Defect mobility along one dislocation
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type would then be fixed opr restricted, while along the other, gefects

woulil b allowed tu migrate.

CONCL(X:}I()H‘:}

We huve demotistrated that pumerous experimental precautions must be
realized ! e the usual interpretation of dislocation pinning experi-
rents can be Jone guantitatively.

Measurciments of Lhe pinning-ratl.e at very low temperatures show that
it goes throngh a maximum at 70 K.

The variation of the pinning with the electron energy is of impor—
tance in 1dentifying the defect species, we have shown only a small dif-
ference exists betueen Stages 1 and 111 threshold energies, and sre thus
not in agreement with the crowdion version of the conversion-two-inter—
stitial molel. .
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