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SUMMARY

Different internal friction theories based on the prescnce of point
defects at dislocations are compared with experimental results in irradiated
muetals and their con’ition of validity are discussed. Then the experimental
results oltained in irradiated copper on the creation of point defects at
dislocations and subseguent annealing behavior are compared with several

theoretival models.

Internal friction permits Jirect study of puint defects by analysis
of aunisotropic defect relaxation peuks (e.g. Snoek peak) or of pairs of defects
-10 -6
.. 10  at.

conc.) thuce is better sensitivity to indirectly study point defects by their

(c.g.'Zener praks). When the concentrations become quite low (10

modification of the Jomping of dislocations. In the first part, we shall discuss

differenr theories which permit an interpretation of the internal friction due
to dislozation dampime in the presence vt point defects. In the second part,
we will analyze the mechanism of point dertect creation at dislocations and
finally the iptormation yiven by this kind of measurement on the modeis of

point delect annib:lotion.

{. Theories ol dis!ocation interpal foictiae in the presence of point defects
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Mach intunsl triction analysis has been based on the interpretation
that, in addition to viscous drag and inatial effects, dislocation line motion
- in response Lo external stress = is impeded by disvrete pinning defects as
proposed by Keehler o aml Cranato-Liicke 2 . Despite the noted successes in

applyiny this vibi.ting strine theory to explain point defeet induced chonges
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in the ronbolug and dumping of materisls, open questions remain.

In the s rain umplitude independent repion, at 0°K and at KHz

frequencies, the fundamental relationships are given by
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where N is the dislocation density, w the angular frequency, L the average

dislocation lenglh, T, the line tension and LI uz are terms dependent on
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other parameters including o Jdistribution of dislocation lengths.

Beiple and Birnbaum 3  have shown that the variations in modulus

and the internal friction with frequency well verify the Granato-Lucke mudel
for frequencies w > 20 KHe, but for lower frequency values, the internal

friction deviatus from prediction and pives too large values of the damping.

The arrival ot point defects on dislocations results in a reduction
ot the averag; distocstion length L, hence Q-l and AM/M, and a proportionality
between ([.H/H)2 and O-l is expected. This has been experimentally verified
during jrsadiation in copper in the YHz frequency renge, in 1956 by Thompsun
and Nolmes & . Since then, other investigators have observed deviativns from
this relationship which they have ottributed in the vibrating string model
to l;o dislovation types S . More recently, Simpson, Sosin and coworkers 6
have shown a relationship nearly linear between the modulus defect and the
internal friceion in irvadiated copper. Lucke ¢t al. 7 have given evidence

that the neasurement strain amplitude influences the results obtained.

As expected From theoty, & similtaneous decrease in both the modulus
detect and the damping should ocenr duting irradiation as dislocation pinning
is accomplished. Almost all investipgators report experimental changes following
prediction, but scvera) ovhservations have been reported which exhibit marked
deviations. Simpson=Susin et al, 6, 8 have pointe’ out that during irradistion
and measnrewents ot low trequencies (500 Hz) in copper, the dampinyg, may increase,
1teach a maxiomm and decrease, similtaneonsly, the modulus defcect decreaseas
monotonically, Clearly this peaking eftect is inconsistent with the K.G.0..
model. Simpson and Sosin have proposed that point defect drag accompanying

dislocation mution in vesponse to exteinnl  stress can  account
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for this effect, aml they have presented a wodel valid in the strain amplitude
independent ranpge based on this assumption. Qualitative and reasonably guod
quantitative agrecment was found between experimental results and their model
predictiuns in irradiated copper. Using two dislocation components, account
was also possible for the linear dependence between the damping and wmodulus

defect.

In our Grenvble group, Lauzier and coworkers 9 have studied the
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effect of strain amplitude irn low temperature irradiated copper. Figure 1
shows the damping change during electron bombardment plotted as a function
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of irradiution time for several strain emplitudes. The magnitude of the
peak in damping effect is larger at higher strain amplitudes, diminishes snd no
longer is apparent at the lowest measured strain smplitudes. This result is in

}
6.
:

contrast vith the essentually amplitude-indopendent observations of Simpson,
Sosin et al., and the theoretical results of the dragging model. The temperature
dependence of the peaking in our results is also interesting ; in this sample,

a peak is no longer observed for irradiation temperatures below 60 K, even at
large strain amplitudes. Although the defect dragging model does not explicitly
include a treatment ofAtenperature dependence, it would suggest that a peaking
Aoffect in the damping be observable at all temperatures. Figure 2 presents a

logarithmic plot of the normalized modulus defect, damping huring irradiation

st 9 K for several strain amplitudes. The slopes of the curves decrease with
ltrn{n amplitude tcwards the value 0.5, at low strain amplitude (; l0-7),
cxpeétcd from the Granato-Lucke model. In summary. for the samples we have
studied, the peaking effect and deviation to the Gramato Licke theory appear wiih

increasing strain amplitude.

Seeger and Hornung 10 It have proposed another analysis of the
internal friction of dislocations in the presence of point defects. In pinning
models, @ point defect interferes only when it finds itself on s dislocation,
which is what Sueper qualifies us a model of "all or nothing”, whercas physi~
cally one should think that the internal friction and associsted modulus defect
vary progressively when point defects approach dislocations. Sceger and Hornung
have made a theoretical study of this lonp-range point defect-dislucation inter-
action whiéh is Jurmally equivalent to the point defect~Bloch wall interaction

T P P s a W  T

in ferromagnetic materials. They show that in the case of anisotropic Jelects
which cia reorfent, us for example, the Jumbbell inf c.c.materjals, two effects

can be prusent

Vo A redintribotion of dumbbel]l axes occurs through dislocutivn interactions

LRGP @ W -
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characterized by o relanetion time W
»

l|.z - ll6(vIl + lvn)

vhere Vp is the reorientational jump (requency withuvut migration and Yu is the
miprational jump frequemcy. If a dislocation vibrates with a frequency

f >> I;:z. its amplitude is reduced gradually when establishing an inner
structure vrientation und a mechanical after effect is observed comparable

to the reorientational magnetic after-effect, where the role of dislocations

is played by Bloch walls.

2. The seconlphenomen®n to occur is defect diffusion in the stress field of

dislocationsito minimige the system energy. The change in spatial distribution

of defects would be characterized by another relaxation time T, $ WL Bornung
]

12 has shown that for a screw dislocation, <110>, in an isotropic crystal

Ty = Il7v"

Using this form, Seeger 11 snulyses the experimental results of stage 111
internal friction in copper and nickel. For the case of nickel, both the re-
orientation and diffusion aré observed separately in different temperature

ranges, corresponding to 1., >> LWL thus v
| ]

3
should be of the same order, hence, Vv

R >> y* For copper, 1'.2 and 13

R <« Yy and reorientation occurs together

with migration.

. 1t is particularly interesting to usnalyze the results during stage 1
using this model where at present two couflictini interpretations appear :
crowmlion, one~dimcnsional migration versus three dimensional migration. In
the case of crowdion, one should view uniquely the phenomenon of migration
to dislocations or to Bloch walls. Pur dumbbel), one should observe & superpo-
sition of orivntation effects and Jiffusion in two different ranges of tempe-

rature, it the relaxation constants 1' 2 and 13 are Jifferent.

FPigure 3 presents the results of Soulie et al. 13 for the internal
friction as measnred at & K in electron irradiated nickel following bonbardment
at 10 K with a flux of ¢ = 12.10" clectronl/cnz, shown as a function of iso-
chronal anneal temperature. The npper curve was measured aiter demagnetization
to remove the Bloch wull contribution and it is ohserved that a reduction in
dislocation motion occurs in the tcmpernluré range of 55K to 80K. The lower
curve measured before demagnutization shows evidence of the point defect-Bloch
wall interaction. In elfect, because vl the strong magnetostriction of nickel

n periodic mechanical stress.induces Bloch wall vibration. The magnetic after
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elfect occurs und the Bloch wa'ls are stabilized by reorientation or diffusion 4
of puint defects. The internal friction corresponding to wall movement diminishes :.%

between 45K to 55K. The phenomenon disappears at higher temperatures by annihi-

e
-

ve

lation of iuterstitials by vucancies during stage Ig.

These wwo appearing effects are rather displaced in temperature and

A W
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we are led to attribute the interstitial-dislocativn interaction near 65K to

o~
s

the diffusion of interstitials to dislocations with a relaxation time T, which

-

3 X,
we have verified experimentally is independent of the dislocation density, -
and the effect of the interaction of interstitials with Bloch walls near 50K £,

by the mechanism of revrientation of interstitials with a relaxation time

e
Tl.2 << 1, The experimental results, obtained during an isothermal annesl ?W;;
to 52K correspond perfectly with the results deduced from the theory of Neel tjg
14 for after effect reorientation. E'i
Seeger equally accounts for the peaking effect by the theory of ?_3
long-rung: interactions. Dumbbells revrient themselves in the neighborhood '~§’

of dislocations with a relaxation time 1, . If dislocations vibrate under ﬁ’*;

1,2 .
the influence of an external field, with a cumparsble frequency f, the dis-

tribution of dumbbell axes will be out of phase with respect to the stress
and one observes a large energy dissipation. It is the "dislocation enhanced
Snock effect” which would be independent of the amplitude as. long as the
vibrational amplitude of the dislucation remains less than the surrounding
"Snuek cloud”, For the.conditionn, 1|'2 - l/f,, s P“kiFW%,ﬁgffﬁh'°%;b?--
obscrved which decreases and Jisappears rapidly when the temperatures is
reduced, contrary to the predictions of the dragging model of Sosin.
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Experimentally, for the most part, in the copper samples studied by

-

Lauzicer, the peaking effect was absent at irradiation temperatures below 60K.

Nevertheless, in samples with s larpe Bordoni peak present, the peaking «ffect

v T

«xists at 3JOK. In the Seeger Lypothesis, this last observation could be sttri-

buted to an enhanced Snuek effect of interstitials in Stage 1.

To eonclude thisn first ssction, we sec that as point defects arrive

at Jislocations, several etfects are superimposed : a) a pinning effect due to

oa W, W

defects situated on dislocation which reduce the free sepment lengihs, and b)
a Jong range interactiom between point dufects and Jislocations May occur related
to reorientat fon and defect Jiffusion mechanisms.
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When the mumber of point defects arriving on dislocation
scpments is small, Sceger indicates that the Granato-Licke pinmning
mechanism con be valid if the cifects of loop length reduction becomes

more important than long range interactions.

Experimentally then, as ascribed by the results just presented
the best conditions for observimp G. L. type pinning occur . .en very low
concentrations of point defects are used together with very low strain
amplitudes to climinate complicating effects, as for example, the peuking
effect. Subacquently, the following sections, centered on point defect
creation and annealiog studies in copper, will present results under

those experimentsl conditions.

I1. Point defect creation mechanisms

.

When a metal is irradiated at very low temperature, beiow that

ot stage ]E' it is found that proxressive pinning of dislocation lines
occurs. At these temperatures, interstitials created in the bulk crystal
are immobile and the pinning points are those which result from dynamic

creation of point defects on the dislocutions.

One can easily estimate the direct creation of Frenkel pairs in
the stacking fault region between two partial dislocation components. Additiv~
nally, other creation processes which consider focussed events such as the
dynsmic crowdion or the focusson have been discussed by Leibfried 15 , Bauver

and Sosin 16 )and Kamada et al. 7 .

The first mechanisw is kiown as the dynszmic crowdion. During inter-

action with an electron, an atom is ejected il energy greater then the thres-
hold energy is transmitred und a vacant site remsins. Computations show that a
collision scrie with replacement follows the main event with s tcﬂdencj to
focalize along the close packed J rections of the crystal. The energy lost
A per interatomic distance traversed is several tenths of an ev. Gibson et
al, B wsupgkest a v.lue of 2/3 ev. in copper. 1f the focussed chain intersects

with a dislocation on the faulte!l repion between partial dislocation components,!

defocusaing oceurs, ‘ollowed by thw creation of an interstitial near the Jdislo-

cation which lenves far behind s vacancy. The threshold energy To of this

event is taken us the same as that in the crystal.

The second mechanism known as focusson creation was tirst proposed



http://t9i.it

by Silsbuee 19 who considered a transfer of energy along the close-packed
crystallographic directions but without interstitial transport. In a perfect
crystal, focussons propagate, proxressively losing their energy by thermal
vibration and dv nut produce defects along their trajectory. However, if the
focusson traverses & disordered region,a Frenkel pair can be created. The
threshold encrgy T, for this phenomenon can be much less than in the crystal

and vacancies as well as interstitials may be created near dislocations.

Bauer and Sosin 16 have estimuted the cross section of the focussed
collision mechanisas

T
»

do
f‘—,r-d'l'

T, * &
n, is the number of pinners on a dislocation segment of length lo' 4 is the
electron dose, T. is the maximum energy transmitted to an atom and To the
displacement threshold energy om dislocation, A is the energy loss by an
atomic jump in the focussed chain, A is the length of the chain in atomic
units, w 1s the width of the stacking fault of the dissociated dislocation

and d0/dT is the effective differential Rutherford cross section.

In our Grenuble group, Lauzier 20 has studied these mechanisms
in cupper. lle has measured on the same sample, dislocation pinning during
electron bumbardment at 20K for different values of the incident electron
snergy.

Figure 4 shows the variation with T, of the experimental values

ngxl, and of the: €alculated values by direct creation nDIQ or by focussed

collisions npl¢. using the numerical values A = 0.6 ¢V, W = 25.10-8 cm,
1,210 e, T =18 eV and 20 ev.

This comparison indicates that the focussed collisions are probably
not very important in copper and thst most of the defects are cruated on the
dislocations by direct mechanism. Also it appears that few creation events
have 8 threshold enerpgy lower than 16 ¢V ; additiona) experiments are nesded

to very low e¢neigies to further clarify this point.

111. Point delect ammihilation models

Dislocation pinning experimentns have becn exctensively used to
study vorious models of point defect annihilation since for small concentra-

tions of defects (I().9 eme 10710 for exumple) the probubility of forming




defect complexes (divacancies and diinterstitials) is low. The observed
piuning stages have been attributed to the migration of simple intersti-

tials or vacancies.

The cxperiments pertormed by Thompson and Buck 21 in copper
have generatel considerable discussion. They have been interpreted by dif-
ferent theoretical models and have been submitted to numerous criticisms of
their experimental conditions. The pinning rate measured at temperatures
above 77K goes through a pronounced minimum near 160K. The ratio (my,. /n)gcy)

is the order of 15. The authors interpret the minisum by a two-interstitial

model with conversion. Crowdions migrate during stage Il (50K) and dumbells . ?J~
‘during stuge 111 (above 180K in these experiments). The activation energy

observel in this temperature range is in effect too small for vacancies.

The diffusion length of a crowdion before conversion to a dumbbell diminishes

B BT vith the temperature which explains the lower pinning rate betwveen 80K and
} ol 160K.

Aft' " A quantitative analysis of these results has becn proposed by

Simpson and Sosin 22 using a tvo-interstitial model with thermal conversion,

but where the two interstitial types can migrate in three dimensions. Defects

VISl 0P 2t GuBad o ¢

present in stage | correspond to a <111> type, and in stage 1I1, to an <100>

interstitial type. By irtroducing an impurity intersction term, the quantitative ¢
results of Thompson and Buck are directly fitted by this model. :
, Concurrentlv, Frank and Seeger 23 have pronosed a quantitative analy-}

»

sis of the results of Thoupson'and Muck based on the hypothesis of ‘one dimensfo-

nal migruiion in stage 1. This necessitutes the existence of two types of crow-
dion defects : the on-line crowdion migrating on the direction of its own vacomy
and haviog a very weak chance of pinning n‘dlllocntion if it is not converted, and
the off-line crowdion,to the contrarv, havine a nossibility to intercept dislo-
cation before converting.»

Stage I pinning corresponds, therefore, to the arrival of off-line
crowdions. Between BOK and 150K, there will be therma) conversion of the two
crowdion types intu dumbells, with stage 111 corresponding to the pinniug of .
dislocations by dumbbells. The threshold energy for creation should be 9 eV '
for on-line crowdions and on the order of 19 ¢V for off-line crowlions. This
theury is sopported by the experimental results of.léch and co-workers 24

who show that the threshold energy is much less for pinning rates measured at

400K than fur those measured at BOK. Nn the othet hand, the hypothesis is not

confirmed in the results ubt,inod in ouy yroup 20 during isochronsl anncvaling




of a copper sample fur different values of the incident energy. Figure 5 shows
the number uf pinners o per dislocation length Jdeduced frum measurements of the
internal friction at 9K using the Granato-Liicke theory, presented as a function
of the anneuling temperature T. The electron dosea vere chosen such that the
amount of pinning due tu each irradiation would be spproximatively the same.
The pinning stages 1 and 111 sre exhibited and above 200K a depinning appears.
The numbers of pinners n, and n reaching a diilocatiun segment during

1 111
stage 1 and 111 can be deduced and are presented in figure 6 showing the

cross sections nllﬂ and n___ /@ for these two stages as a function of the

1391
maximum trensfer energy 'r.. Rot too large a difference in the threshold energies

appears between Stages I and I1I.

These experiments near threshold are crucial to testing the model

and additionsl results are necessary in particular to separate intrinsic and

impuritics effects.

Rather than continue to develop theuretical models to explain the

I

results of Thompson and Buck, ! would like to present the arguments of expe-
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rimentalists who have voiced quite early sgainst a precautiousless quantitative

interpretation of dislocation pinning.

-~ aept

Keefer 25 has shown clesrly the influence of measurement temperature

on the results deduced from experiment. In particular, sn irradiation at 77K
followed by anneal at 150K introduces s pinning effect if the measurement is
made -at 4K and a depinning effect if the measurcment is made at 77K. This re- .
sult §s due to the fact that there are several dislocation types which intervene ;
ditferently following the Messureument temperature. Liicke ot al | 7"havc shown that -
the pinning rate of dislocations measurced at 77K for very small strain, presents

-
’

only a weak minimm as a function of irradistion temperature,

Lauzier and Minier 26 have extended the pinning rate measurements to
very Jow tempuratures (liquid heljum temperatures range). Figure 7 shows that the
pinning rate measured at 4K goes through a maximum near 70K with the ratio
("70KI"4K) 5. Then, n decreases until around 1500, but the ratio ("BOKInIAOK
+ 1,5, being abunt ten times smallesr than Lhe ratio given by Thompson and Buck.

)is,

They have also studied the influence of mesasurement temperature on the numbur

of pinners. Figure 8 whuws the reatio of the number of pinners deduced by mea~

suring at 4K and ot TK, followiny an irradjation performed at TK. The ratio is

nol Luo dilJerent Irom one, up to about 70K, but after, increasss considerably, "

This confirms wull the unistunce of tw) clanses of dislocations of which one

o' %




form becumes dominant in weasurements above 80K, essentually the same tempera-

ture range as the Bordoni pesk. In the secund class of dislocations, the phe~
nomenon of Jdefect redistributioning has probably ipduced a reduction in the
pinning rate or even depinning in the uxperiments of Keefer. These conclusions
contest strongly all quantitative analyses of pioning rates obtained from mea-
surements at different temperatures. Moreover, dislocation depinning by defect
line diffusion must be also carefully considered. Untfl the present, line dif-
fusion has alvays been neglected in the interpretatioms.

In the earlier pinning experiments of Keefer et al 27 a reduction
fn pinning takes place during isochronal anneal detwveen 90 to 170K, particularly

in samples having very small defect concentrations.

Our last results 20 show that depinning in this temperature range ls
more or less accentuated depending on the sample measured, vith depinning more
apparent from modulus measurements than from internal friction measurements.
Figure 9 oshows this clearly exhibiting for the internsl friction a classic
behavior where pinning is observed in Stages 1 and 111 during isochronal anneal
and measurement at 4K. Smsll depinning occurs after 70K and larger scale depin-
ning occurs after 220K.. In contrast, the modulus results exhibit strong depin-
ning between 120 snd 170K.

These sesulcs may yet be explsined by s model using two dislocation
types. In one form, the point defects would be fixed in position, in the other,
they:-ay be sllowed to migrate. Thompson and Buck 21 have shown that the in-
ternal friction measured may vell be sssociated merely with the dislocation type
having the weakest line tension while the modulus messurements appesr to super-~

impose the Phenomens taking place on the two types of dislocations.

IV, Cundilus jons

The study of point Jefect pinning of dislocstions Is certainly in-
teresting because it allows observation st very low defect concentrations, but
numeToUs experimental precautions must be reallzed hefore the results can be
interpretsd quantitatively. All the me-nnrémcnto must be performed on the same
sample at very low strain amplitudes and at corstant temperacure for both the
internal friction and the elastic modulus, It nppears sdvantageous to work
when possible vn samples containing well characterized dislocations, for
example as in the single crystal expsriments of Parf et al 28 .

.
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Depinning should be carefuliy considered since it can be observed
in copper in the range 90-160K which is the temperature region where couti-
wing controversy exists cumcerving various annihilation models.

The study of the dynamic creation of pinners on dislocations lines
by clectron bombardment in the liquid helium temperature range shows that in

copper, the foccused collision mechanisms are not the most importanmt.

The variation of the nnn.alfu; of point defects as a function of
the incident energy of the electron beam has not indicated in copper a large
differsnce in the threshold energies ot stagea I and I1I, which is expected
from the tvo .aterstitials wmodel, including ons dimensionnal migraction in

stage I. It may be noted that in nickel, & compsrison of the internal friction

due to interaction of interstitials vith dislocations and Bloch walls has
established that a three dimensionnal migration occurs duriang stage 1.
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Fig. &

Pig. 8

FIGURE CAITIONS

Variation of the damping of a copper sample plotted for several
amplitudes ¢, as a funccion of irrsdiation time st (a) 160K,
(L) 115K, (c) 75%, and (d) 6OK.

Logarithmic plot of the fnverse normalised modulue defect Hn
versus inverse normalized demping Gn of s copper sample for
seversl] strain smplitudes ¢ during irradiation st 9K.

Variation of the damping q-' of an electron irradisted nickel
sample measured at 4K as s function of the isochronsl snneuling
temperature. e measurements before demagnetization, .....

measurements after demagnetization.

Variation with the meximum transfer energy T-. for the experi-
mental creation cross section ne‘lﬂ, the theoretical cross

section due to direct mechanisms nbli. and focussed collisions
n'..,‘u .

Variation of the number of pinners n during isochronal annealing

for several electron encrgies E.

Varjation of the cross sections corresponding to stages I and

111 as a function of the maximum trunsfer energy T..

Pinning ratc measured at 4K versus irradjiation temperature T

e from damping measurements ny and o from modulus measurcments
nY"

The ratios "VLI"YT of the pinning rates from modulus meosurements

at 4K and TK and anI"ZT

irsadiation temperature T.

from damping, measurements versus the

¥ig. 9 s varfation of the frequency and the damping of an electron frradiated

copper sample during Isochronal anncaling.
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