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Abstract
Simultaneous measurements of damping and elasticfmodulus

of copper as effected by electron irradiation above room tempera-

ture have been made. These data do not follow the stahdard

analysis, usingbthe Gfanato-chke theory for damping,‘iﬁ which
point defecxg,created by irradiation, are presumed to act'as firm
pinning points én dislocation lines. It is proposéd instead
that these defects are dragged.aiong b§ the dislocatidn line

moving under oscillating stress.
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The analyses of'a large number of experiménts on intefnal friction
in metals have Eeen Based, with remarkable success, on a theoretical for-
mulation of Koehier;l amplified in detail ﬁy Granaté and~Ldéke,2 the G-L |
theory. This theory, a string-model for dislocation bdwihg under applied
stress, is best known for its predictions, at reasonaﬁly_igw ffequenciés,

for the strain amplitude-independent decrement and modulus'change; 51 and

AE

(—E)I’ and for the higher strain amplitude, amplitude-dependent decrement
: - AE
and modulus chaqgef by and (—E)H:
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B-is a viscous dahping constant, w is the angular‘drive_ffeQueqqy,QLis

tHe tdtal 1engtﬁuéf 4is1ogatibn line per unif volume; L ié;ﬁhef;vé;age_
length of dislocaﬁiéﬁ betweén pinning poiﬁts, and a, b,caﬁ&.d afe constants
(see Réf. 2). The,LAIand L2 dependences in Eqs; (1) andl(?) are watermarks
of the G-L theory,'“irradiafion experiments are particulérix weli suited

for testing tﬁis Lé-LZ prediction since the accretion of défects on dislo-
cation Iines‘durihé"ﬁémbardmént or subsequent‘énnealingtprbVides a controlled
method for abparénfly’systematically shorfeﬁing the loop lengéh, L, whilé
not affecting ani 6thér pérameters. 'If we let :

AE/E : N (4)

Y = (8E/E)



and

z = &5, » (5)

the G-L theory predlcts a proportionality at low straln anplltudes between
Y2 and Z during 1rtadiat10n. (The subscrlpt 1 has been. suppressed the
subscript o designates initial values. Backgroundpcontributlons to the
decrement or moddlus.are presumed:to be subtracted.,) On;occasion, snch
fits have been reperted;3 more commonly, the proportionality has not been
oheyed By invoking the concepts of two dislocation types,a’5 further
agreement, partlcularly with Eqs. (1) and (2), has been achleved at the
expense of introducing more parameters into, the analysis.
| A second concern nith the G-L theory centers on itsipfediction of

linear frequency dependence of 5 The reported valuesfever a'telatively
wide range of frequenc1es have shown little, if any, dependence on fre-
quency, at relatively low frequency (e.g., near or below 1 kHz)

The observattons reported here show that the G;L tha;ty must be
amended or that a new damping mechanism must be censidetedIF

In the experinents reportedAhere, copper foils were. irradiated in.a
configutation simidar to that reported previousl§<hy Sosinfand.co-workets.
(However, the method.of sample oscillation was electrostatic in the present
experiments,drather:than magnetic; so that no iren foii was“needed.) Data
points were taken epery three seconds, only a few of the data p01nts are
displayed in Fig;hi,f The samples were annealed to 725° c. prlor to the ini-

" tial irradiationeand”to 460°C between irradiations, in place. Little or



no amplitude dependence was found in the strainvamplitude.range employed
here, as determinedfby varying the drive by a‘factor of sfﬁ. Clearly
Eq. (3) does not apply to the present work,
The main experimental results,which lead to the conclu31on that the
G?L theoery does,not:extend to these data,are presented:in fig. 1, a plot
of Y = versus both time and Z~1 for five irradiations at'the indicated
temperatures. According to Eqs. (1), (2), (4), and (S),.one mould expect
Y~ versus Z-] to be linear. Fig. 1 demonstrates thatjsuch a relationship
is not correct, ‘The;Curves for the lower temperature irradiations are
better described by.a Y -1 proportionality to Z-} while a power " propor-
tionality to Z-l,”with n>1, is better at higher temperatures;
The data 1in the inset of Fig. 1 were obtained duringithe.course of

the irradiations.‘ABut the importance.of this figure 1§3£ﬁat such a plot
is free from. considerations of defect diffusion models 31nce both.Z and Y
should each reflect, simultaneously, the number.of defects on dislocation:
lines independent of how these defects arrived there.‘ ln contrast, the
main data in Fig. 1 show the actual time-dependence of Y- 1. Note the ex-
cellent proportionality between Y"'1 and time, except at initial times, over
the range of times shown. A plot of Z-1 versus‘time shomsla similar linear-'
ity for early times but the simple irradiation temoerature dependence of
the main plot in‘Figill is less clear,

"The data of figdl were obtained using a tough pitch,felectrolytic
99.9% grade copper,semole; a.second~sample of 99.999% (Asjand'R) purity was
'used to obtain the_results shown in Fig. 2. The lineerity of Z-1 and Y-1

on time, after transients, is again apparent.



We note that impurities play a minor role in these data., This ob-
Servation, arrived ‘at on comparison of Figs. 1 and 2, confirms the conclu-
sion of Thompson et a1.3 deduced indirectly after a detailed analysis of
their data on'gamma-irradiated copper at 11 kHz, We‘believe that the minor.
impurity effect obsetved here is due to different dislocation arrangements
in the two samples. |

The hypothe31s that the proportionality of Y -1 o;isz on t may he
due in some mannet.to a constant rate of defects accumulated on dislo-
cations by atomicldisplacements directly in the region of dislocation is
ruled out by Fig,h3.' Here the sample was irradiated'fofEZZ second55 The
beam was then shut off, but the change in Y-1 continued.withAno'change in
character 1n1tially.' Clearly diffusion overllong distances'is involved.
This is further implied by an Arrhenius plot of In (dY /dt) versus inverse
temperature which yields a straight line with slope of about 0.17 eV; the’
implication of this low.enetgy is discussed below. |

'It‘is highly‘teasonable to conclude, therefore,'that del/dt and
dZ /dt are measures ‘of the rate at which defects are added to dislocation
lines. The relative rates at which defects are added at l and 2 MeV are
dthen.well predicted,hy standard radiation damage displacement cross_sections.

" The experimental'results presented here are'supplemented by a consid-
erable amount of,futther observations,which illustrate the complex roles
of irradiation tempetature, purity content, annealing tempetature, etc.
The theoretical model which explains these observations is correspondingly
complex. Therefore, we do not propose to present-a fullAmodel here to

explain these dependenCes;.rather we shall ‘merely indicate'some aspects of



this model, which suffice to explain the observations reported in this
letter, by treating a limiting case.

The ma jor feature of our model is that damping of disiocations on
which point defects -- interstitials and, probably, vacaneies -~ have
accumulated,'is‘determined mainly by the damping charaeteristies of the
point defects being dragged with the oscillating dislocation line, rather
than with the line”friction itself. In this spirit, the iimiting case.of
our model is treated by a force equatlon where the force is presumed to
be concentrated‘entirely on the n dragglng points (i.e., p01nt defects),

resulting in a viscous behavior given by

¢: +an) dt = gbL L (6)

where‘Bd is the danping constant for each of the n dragging,points, Bo
~is the damping constant approprlate in the absence of p01nt defects, and
L is the length of - dislocation between flrm anchor po1nts (e g dlsloca-

tion nodes). In addition, o is the applied stress of angular frequency, wr
o = A sin w t . 'h ' 7)

b is the Burger s'vector of the dislocation; y is the dlspiacement of the
dislocation from its positlon in the absence of app11ed stress, and t is
time, A

In the fullltheoretical treatment, y is obviously'deoendent on posi-
tion along the dislocation line, through the inclusion of- dislocat1on line
tension and through the boundary conditions at the two ends‘of the dislo—

cations; these omissions in our extreme case treatment do not effect the



conclusions in any significant manner.
The strain associated with the dislocation motion in this treatment
is

- ABTF S ®

€dis

and the damping is

, 2
, _ _E _nEAD L ' '
6. = 2§edis dc_u)(s +nB,) ° ‘ ' 9)
A o-o o d .

-TheAimportant features of this model are 1) the frequency dependence,
w-l, is inverse to the normal G-L theory, implying that'the dragging point
effects as formulated here becomes less important at higher frequency (theA
full treatment shoms that the effect also becomes less importantAat still
lower frequencies)'and 2) Z“1 increases linearly with the number of drag-
ging points, n. The last point explains the general linearity of Z -1 with
time when cognizance is taken that a steady . state is quickly established
in these experiments in which the rates of creation of p01nt defects, their

arrival at dislocations, and their loss from dislocations are in constant

ratio (this can also.be demonstrated analytically). The activation energy
-1 -

of O.l7:ev,obtainedlfrom the Arrhenius plot of ln dz 'versus inverse
temperature is, we propose, the difference between the diffusion of p01nt
defects to dislocations minus the energy of migration donn dislocations.
Note that this limiting case model is inadequate to treat the behaV1or
of the modulus defect since the line tension of the dislocation was ignored

in Eq. (6). More complete analysis indicates that Y -1 is»proportional to

time at relatively early times, then becomes even more strongly dependent



3
on time subsequently, with a limiting time dependence of 'Y - -1 a tZ . Thus

Y is a stronger function of time, in the low frequency range, than 2 --

the reverse: of the conclusion which would be drawn from an L2-L4 G-L model.
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Figure Captions

" Figure 1, Tﬁé'ndrmalized inverse modulus defect plotted as a function
of'fime for the indicated temperatures. The sample material
wés qbpper (99.9%) and the production rate was 2.5 x 1010
defééts/sec. cm3. The inset shows a plot of the normalized -
iﬁverse modulus defect versus the normalféed inverse decre-

ment. -

Figure-Z. The normalized inverse modulus defect and decrement plotted

.as a function of time for the indicated -temperatures.

Figure 3. The normalized inverse modulus defect plotted as a funétion :
of time for the indicated temperafures.'.The vertical line

at 22 seconds indicates.the end of the pulse irradiation.
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