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STAGE 111 DISLOCATION PINNING
IN SILVER RESULTING
FROM GAMMA IRRADIATION

Abstract

The objectives of this work were to test the validity of the vibrating
strirg dislocation mode! in silver, to determine in which annealing stage long-
range migration first occurs, to measure the migration energy and identify the
defect responsible for observed annealing, to investigate the possibility of dis-
location pipe diffusion, and to obtain an estimate of the efficien. y of disloca-
tions in trapping point defects. A brief summary of the history of research in
the fields of radiation damage, point defects, and pertinent dislocation effects
is presented. Relevant results from theory and previous experiments are dis-
cussed. Apparatus capable of continuously measuring changes in the elastic
modulus and internal friction during gamma irradiation over the temperature
range from <4 K to well above room temperature is described. A nove! hollow-
cylinder sample geometry permits use of a source strength of only 1 C1.  Sur-
vey experiments over a wide temperature range and isothermal irradiations
above room temperature are discussed. The results are explained 1n terms of
the Koehler-Granato-Licke vibrating string dislocation model and the
Thompson-Buck-Hur.tington-Barnes delect-dislocation interaction model, Con-
sistent results are obtained under the assumptions of wide dislocation splitting
and the presence of two dislocation componenta, Long-range 1aigration
appears to occur first in Stage I in silver, The activation energy for the
observed Stage lI[ annealing is about 0.48 eV. The responsible dvfect is most
likely the single interstitial atom, FIpe diffusion is necessary to explain the
cesulis, The trapping efficiency of dislocations could not be determined

because of the presence of more than one dislocation comyonent.
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I. Introduction

T.roughout past centuries, the development of civilization has been
closely associateu with mankind's use of materials, This fact, of course,
often has been used in estimating the period and degree of advancement of past
cultures from their archeological remains.,

[n modern times, having reached the limits of capability of materials
found to be native to the environment or created morc-or-less by happensiance,
man has turned to development of new ones. [n so doing, he has found that
progress depends to an increasing degree on his depth of understanding of the
structure of matter and of processes occurring in rnaterials on the atomic
scale, This is particularly true wheu a combtinav.on of particular properties
is required ag, for example, in the wall of a nuclear fusicn re: ctor where
thermal, mechanical, nuclear, and chemical requirements are tightly
circumscribed,

Recently, expanding technology and its conser.ent accelerated use of
natural resources has brought about incressed concern about their depletion.
Development of means of -reprocessing and reuse of rinterials as well as ex-
traction of ever more dilute concentrations of them will, no doubt, draw upon
our understanding of atomic structure arnid processes to a greater degree than
has been the case heretofore.

This thesis study was undertaken with the intent of coatributing to devel-
opment of this understanding. The particular topic chosen, dislocation pinning
in silvel resulting from gamma irradiation, is relevant, aince it deals with
defects on an atomic scale in a metal: defects that determine maay of its prop-
erties, among them being the all-important mechanical ones. In addition, it
examines the basic processes of raodiation darnage, a phenomenon ol great
technological importance in the nuclear age,

Part Il deals with the history of relevant topics in solid-state physics.
Part III discusses the current objectives and outlines the experimental
approach, and Part IV treats the application of theory and previons experimen-
tal results to the present study, Part V describes the experimental apoaratus,
while Part VI relates the survey experiiments, Part V'l covers the quantita-

tive experitnents, and conelusions are given in Part VIIL,

. .
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I1. General History of Fields
Having a Bearing on the Present Study

Three priancipal topics shared amorg satid-state phyaics, solid-state
chemastry, and metallurgy apply to this study, namely, radiation dameoge,
point defects, and dislacations, Fach has received considerable aitention and
is discussed in detail elsewhere as referenced, The matn events in the hig-
tory of cach of these topics will be summarized here, o provide a setting for
description of the present work,

In cxamining these three areas of study, one finds that they ore clesely
interrelated, Noae of them, of course, {a completely understood, and prog-
ress in one area has often necegsitated making assumptions abou: the others,

Radiation damage will be considered first,

A, RADIATON DAMAG!?

Radioactivity was discovered by Becquerel in 1806, [n the years follow-
ing his discovery, interest turned toward the study of penectration of matter by
radiation.  The varly work concerned {tan)f with the "'stopping power’ of mate-
rials Tor the radiation rather than with the concomitant effects on the mate-
rials themselves. This work led to the clucidation of the primary interaction
proresses between radiation and matter, For the present work, the most
important of these arce the photoclectric effect, explawned by Einstein in 1905,
the Compton effect (1923), and Rutherford scattering (1911),

The first serious interest in the lasting effects of radiation on matter
arose during the Second World War, when Spedding and Teiler pointed aut 1n
1942 tha* "the presence of high radiation flux might cause changes in the

! Subsequent calculations by

mechanical preaerti2s of reactor materials.”
Wigner showed that energetic weutron. would be able to displace a significan
number of atoms from their normal lattice sites, Thesc predictions led to
studies of reactor and cyclotron radiation damage, primarily for applied
purposes.

After the war, there was a lull in the work until the early 1950's, when
several groups began systematic studies directed toward development of basic
undersiinding of the radiation-damage process, in addition 1o the continuing
zpplied work in nuclear reactor development, The field came to include the
effects of the heavy charged particles such as protons, deuterons, alphas,
heavy ions, and fission fragmenis, in addition to those of fast electrons, fast
and thermal neutrons, and gamma rays, in all types of solids. Most recently,
interest has arisen in the effects of radiation damage ln aerospace equipmen:
and high-energy accelerat_rs. Efforts in the field have been directed toward

determining the threshoid energy for atomic displacement, the nature of the
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iateratomic collision mechanisms (including reploccement colhisions, (nrusmg.g
and channeling), the magnitude of encrgy-loss mechanisms, and the number
and physical arrangernent of displaced atoms.

The current situation in the radiation-damage field is that the primary
interactic.i mechanisms between radiation and matter are understood, but a
complete understanding of behavior after th: primary interactions is still ta be
developed. Specifically, it is known how much energy a flux of a given type of
radiation of a known encrgy will deposit in a given volume of a solid: and 1t can
be estimated how much of this energy will be used in producing Frenkel pairs,
but the number and physical arrangement of the pairs cannot be predicted with
much certainty, particularly in the case of heavy particle damage,

In the case o! meials, the field of radiation damage merges naturally
into the field of point defects, since they are the only surviving vestiges after
a very short time has clapsed. The next subse “tion will review the history of
point-defect studies, Further details of the history o( radiation damage may
be found in the review articles by Kinchin and Pcase3 and by Seitz and
Koehler® and in the book by Billington and C‘r‘awford.5 A recent be . in the

radiaiion-damage field was written by Thompson,
3, POINT-DEFECT STUDIES

The regular shapes of solid crystals were first explained in 1665 by
Robert Hooke, who proposed that ti.ey were due to the regular packing of small
spherical particles.7 A similar explanation was made by Haly in 1784.B [n
1848, Bravais showed that there are 14 possible space lattices in which parti-
cles can be arranged in a regular manner‘.9 In 1912, von Laue correctly pre-
dicted that x rays would be diffracted by a regular arrangement of atoms, The
concept of the perfect crystal lattice, with each atom having an identical envi-
ronment in terms of the number and arrangement of neighboring atoms, was
thus firmly established,
In the early years of the twentieth century, the perfect lattice concept
led to the explanation of several properties of crystals, including their spe-
cific heat and their cohesive energy, However, there were some properties
that could not be explained in terms of the perfect lattice, These included
behavior under stress, crystal growth and recrystallization, diffusive proper-
ties, optical and dielectric properties of insulators, photoconductivity, and
some aspects of electrical and thermal conductivity,10
In 19286, Frcnkel” published the first quantitative theory dealing with
lattice defects, based on a suggestion vy Joffel2 in 1923. To explain the elec-
trical conductivity of ionic solids, Joffe had proposed the existence of ions ;
located in interstitial positions, Migration of these ions would serve as the

conduction mechanism, Frenkel calculated the equilibrium concentration of
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atoms that would be found in such positions, giving rise to an equal number of
vacant sites. He showed that such defects would always be prescent at any
temperature above absoluic zero, and this provided the basis for the theory of
point defects in solids, The combinatinn consisting of one interstitial atom
and its associated vacancy has come to be called the Frenkel defect (or
Frenkel pair).

In 1930, Wagner and S(‘honky13 examined all the possible types of point
defects for a binary ionic solid, finding three independent types, These in-
cluded the Frenkel defect on either sublattice, simultaneously occurring
vacancies on both sublattices (sometimes called the Schottky defect), and the
isolated interstitial, By invoking point defects. some of the properties left
unexplained by the perfect lattice concept cou ow be understood.

The point defects were characterized by the energies required for their
formation and migration. T%e first calculation of these cnergies for point
defects in metals was made by Huntington and Seitz for copper in 194 2.” They
found that the formation energy for an interstitial in copper is much greater
than that for a vacancy, whereas the migration energies are reversed in rela-
tive magnitude. T.ater calculations confirmed these findings, The migration

of point defects was modeled on a con puter by Vineyard in 1957,15

using a sta-~
tistical mechanical appreoach. Several other computer madels have since been
used.

Experimeuntal studies of point defects have been difficult to interpre!
unequivocally because of the frequent inability to conclusively identify the
defects respcasible for an observed process in a single type of experiment.
However, it has become clear that the behavior of a specific point defect
depends only on its individual identity and not on its mode of creation, For
this reason, defects can be created by a variety of methods and the results
compared, giving more information than can be obtained with a single type of
experiment. The usual procedure in studying point defects has been to create
them by thermsz ictivation at equilibrium or b the nonequilibrium methods of
quenching, cold working, or irradiation, and to observe their subsequent
behavior by one or more of several methods., Among these are mcasurements
of electrical resistivity, elastic modulus, internal friction, stored energy,
lattice parameter and macroscopic length, hardness, magnetic after-cffect,
positron annihilation, and anomalous transmission and diffuse scattering o:

x rays. Observations have also been made with the electron and field-ion
microscopes,

In early work, experimenters found that, as they created defects and
annealed samples through a range of temperatures, they observed fairly dis-

u16 distinguicshed by the activation energies for the

tinct '"recovery stages
annealing processes and hence by the approximate temperatures at which they

occurred. These stages were labeled, and controversy soon arose over the
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identity of the particular defect responsible for each stage, This disagrec-
ment has continued until now, with various conflicting models being proposed
and modified as new experimental and theorctical results became available,
In an effort to r-solve this dispute, point-defect experiments mainly have
attempted to de.ormine the following information:

1.  Type and configuration of defects present
Formation encryy

Formation mechanism

LI I Y

. Migration energy
. Migration mechanism
Binding energy between deferts

-~ @

. Disappearance mechanism,

One of the most powerful techniques for studying point defects involves
their interaction with line defects, more commonly called dislocations, The
next section will examine the history of dislocation theory, including inter-
actions with point defects and effects on internal friction and modulus defect.

Further discussion of point defects can be found in Damask and Diencs.”

C. DISLOCATIONS, POINT-DEFECT INTERACTIONS,
INTINRNAL FRICTION, AND MODUILUS DEFECT

Among the properties of solids that could not be explained by the perfect
lattice concept was their behavior under stress. It was shown by Frenkel
(1926) that the strength of a perfect crystal would be much greater than that
observed for 1cal solids.18 In response to this, several workers19 in the
1920's and 1930's proposed dislocations and successfully explained the discrep-
ancy. It was later seen that dislocations also account for the presence of slip
bands, anomalously high x-ray reflection intensity and angular spread, and the
observed growth of crystals at low solution supersaturation,

Bragg (1940) demonstrated the presence of dislocations in bubble rafts,zo
Dislocations have since been observed by crystal growth steps, etching, pre-
cipitation, electron microscopy, x-ray diffraction, and field ion emission,

Mott and Nabarro?1 first considered the blocking of dislocation motion
by small strained regions, and Cottrell22 calculated the interaction energies
between small spherical d~fects and dislocations,

Zener23 explained -ue basis for much of the observed internal friction in
metals, but F{eadz‘1 first pointed out the contribution of dislocations to the
internal friction, Koehler25 suggested that dislocations in a periodic stress
field behave like ribrating strings; and Granato and L[Ivke26 solved the vibrat-
ing string equation in convenient form, explaining the observed amplitude-
dependent internal friction in te;;nsgo{ dislcnation breakaway from pinning

points, Thompson and Holmes, and Dieckamp and Sosin29 observed the
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pronounced effects of irradiation on inclastic properties, Work by Stern and
Granato30 and Thompson and Paréal in the M2 region verified the maximum
in the decrement as a function of frequency as predicted by the vibrating
string model,

Current efforts 1.: this ficld have been dirccted toward quantitative tests
of the vibrating string model, cmploying controlled amounts of basic radiation

a
N and controlled dislocation

defects, as in the work of Thompson et nl.,32'
. [
parameters, as in the recent work of Poré and Gubormnn.s" A review

article in this field has been writien by Thompson and Paré.

S



Can.

II1. Objectives and Description of this Work

The objectives cstablished at the beginning of this work were as (ollows:

1. To test the validity of the vibrating striug dislocation model in
silver,

2, To determinc in which annealing stage long-range migration first
occurs in silver,

3. To determinc the migration encrgy of whatever annealing process is
observed, in order to identify the defect responsible,

4. To investigete the possibility of dislocation pipe diffusion,
To obtain an estimate of the efficliency of dislocations in trapping
point defects.

To accomplish these objectives, it was decided to employ the technique

pioneered by Thompson et al,32-34

in their studies of copper. A description of
the experirnental approach is as follows: Point defects were created in tie
metal by gamma irradiation; their behavior was studied by monitoring the in-
ternal friction and the clastic modulus of & specimen that was driven in mechan-
ical vibration; the temperature was controlled in order to study its effects on
the kinetics of the processces taking place; and the damage was anncaled out in
situ after ecach experiment 50 as not to disturb the dislocation structure.

Silver was chosen as the material to be studled in the present work
becausc of the pogsibility of preparing highly pure, well-characterized, single-
crystal specit.ens and because of the availability of results frem previous
work that promised to aid in understanding our own results,

Gamma radiation was chosen for its convenience and its ability to create
a nearly uniform concentration of relatively simple defects over a (airly thick
sample, By the use of a cylindrical geometry, with the source placed inside
the hollow specimen, it was possible to do experimentg with a relatively
small and inexpensive facility., The defects created should be of the most
basic type, since the energy that can be transferred to an atom by gamma
irradiation is limited by momentum considerations. The specimens could be
th.ck enough to withstand the necessary handling without recrystallizing in
subsequent anneals,

Internal friction and elastic modilus measurements were selected be-
cause of their sensitivity to low defect concentrations, This property enabled
us to ensure that complications due to interaction Letween the radiation-
produced defects would not arise,

¢ —— T Ty A = 4 o T crw e o s R | b



IV. Theory and Previous Results that Apply
to the Present Study

In the interpretation of an experiment of this type, one must consider
three particular aspects of the fields whose history was outlined above: spe-
cifically, the creation of point defects by gamma irradiation, their bekavior
during anuecaling, and their interaction with dislocations, giving risc to
changes in the internal friction and the clastic modulus. This section will
review the current state of the theory that deals with these three arcas,

A. GENERAL SUMMARY OF APPLICABLE THEORY

[t may be helpful to consider a general overview of the results predicted
by theory and supported by past experiments before discussing the theory in
detail. Later scctions will amplify the statements made here.

First of all, onc begins with a single crystal of pure sifver in a well-
annealed state. There is a certain density and arrangement of dislocation
lines and small concentrations of vacancies and interstitial atoms present.

The irradiation is begun, and the gamma rays penetrate the sample. Some of
them interac? with eicctrons via the Compton and photoelectric effects. A por-
tion of these rccoil electrons interact in turn with silver atoms by Rutherford
scattering. Some of the atoms are knocked out of their normal lattice pe~i-
tions. If they have enough energy, they in turn can displace others, A portion
of the displaced atoms will spontaneously move back into their original lattice
sites. At sufficiently low temperatures, the rest of these defects will be
"frozen into'' the lattice, leaving one Frenkel pair for each surviving
displacement,

[f the temperature is now raised, or if the irradiation is carried out at
sufficiently high tempervrature, the interstitials and vacancies can migrate
through the crystal by a random-walk diffusion process. If therc are positions
or configurations of lower energy available, the defects will tend to collect in
them. One such lower-energy position is the region near dislocation lines,
The free energy will ther~fore be lowered if point defects can move to pre-
ferred sites in closer proximity to dislocation lines, This places a bias on the
otherwise random diffusion, such that the concentration of defects near disloca~

on lines increases. Furthermore, a recent theory33 {to be discussed in Sec-
tion IV,D) predicts that an equilibrium is set up between defects in the lattice,
those on dislocation lines, and those at "noaes" on dislocation lines,

If an alternating stress is now applied to the specimen by some means,
the dislocations will ! nd to move back and forth in a direction that tends to
relieve the applied stress, [f the frequency of the applied stress is large

-9-
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compared to the frequency associated with the jumping of the point delects,
they will be unable to follow it and will impede the motion of the dislocation
lines,

Since the motion of the dislocation lines constitutes an additional strain
over and above the elastic sirain, and since this strain has components both in
and out of phase with the applied stress, the motion contributes to both the
elastic modulus and, particularly, to the internal friction. If both of these ave
monitored, it is possible to observe arrival of defect pinning points at disloca-

tion lines and thus to gain information about the migration of these defects.

B. CREATION OF POINT DEFECTS
BY GAMMA IRRADIATION

It has been known for many years that the dominant mode of energy loss
for gamma rays of energy less than a few MeV passing through matter is due
to interaction with elcctrons.‘37 This results primarily in ionization and exci-
tation of other clectrons, In the case of metals, because of their high eleciron
mobility, these processes do not result in permanent changes in structure, but
only produce heat, 17 In 1955, [)ugdxa.lc38 first showed that gamma irradiation
can also produce measurable ntomic displaccment effects in metals, This
technique was developed by Thompson and Holmes?? and by others?? into a
precise means of s‘udying point deiects in metals through their effects on the
Young's modulus and, later, the internal friction. In this section we will
examine the advantages and disadvantages of gamma irradiation for defcct
studies, describe the mechanisms of defect production, and estimate the rate

of atomic displacement for 60Co gamma rays in silver.

Advantages and Disadvantages

In comparison with creation of defects by other methods such as heating
and quenching, cold working, and irradiation with neutrons or charged parti-
cles, gamma irradiation offers several advantages for point-defect studies:

a. The defects produced are isolated, randomly distributed Frenkel

pairs. The reason for this will be seen later, The result is that
one is not troubled by having to interpret the effects of la.-ge dam-
age cascades, contamination by injected impurities, or transmuta-
tions (the photonuclear threshold for silver“ is over 5§ MeV).

b. The dislocation structure can be maintained more-or-less undis-

turbed during several experiments on the same sample.

c. Thick samples can be used without seriously sacrificing defect uni-

formity because of the high penetration of gamma rays. (The relax-
ation length for BDCo gamma rays in silver is about 18 mm,} This

-10-



enables onc to use more robust samples and avoids significant
de fect-surface interactions,

d, The experimental facility can be relatively small and independent,
since no reactor or accelerator is needed, once a gamma-ray
source has been produced,

The disadvantages of the use of gnmma rays are the rclatively low cross
aection for defect production, the inability to vary the energy (except by chang-
ing sources), and the phenomenon of gamma heating, The low defect-
production cross section can be counteracted by use of an efficient gecometry
and a source with high specific activity, Combining these practices with meas-
urement of dislocation pinning results in readily obsaervable effects, The
inability to vary energy is balanced by the fertuitous availability of G0(‘0,
which emits gamma rays of nearly the optimum encrgy for production of indi-
vidual defects, Gamma heating is compensated by using an efficient heat-
exchange medium around the sample and reducing the gamma dosc rote to the
lowest value consistent with reasonable duration of experiments,

Maechanisms of Defect Produciinn

For defect production in pure silver by 60Co gamma rays (1,173 and
1,332 MeV), two primary interaction mechanisms are important: the Compton
effect and the photoelectric effect, Although the photoelectric cross section in
this case is less than 1/30 of the Compton cross section {0.28 barns versus

8.9 barns).42 the recoiling electrons thereby created are more cnergetic on
the average and hence make a significant contribution to atomic displace-
mems” (about 40%, as will be secn below)., The photoelectric contribution
becomes more important as the atomic number increascs,

As Einstein pointed out, in the photoelectric process the incoming pho-
ton delivers all its energy to an electron, which then reccils with a kinetic
energy equal to the photon energy less the initial binding energy of the

electron:

T = hr - Be. (Iv-B-1)

PE
Approximately 80% of the interactions occur with the K-shell electrons
because of the requirement of momentum conservation.44 The K-shell binding
energy in a gilver atom is approximately 28,8 keV, For 60Co, with gamma-
ray energies of 1,173 and 1.332 MeV, the majority of photoelectrons thus have
energies of 1.144 and 1,303 MeV, Consequently, in this case the photoelec-
tron ¢nergies are almost equal to the gamma-ray energies.

In the Compton effect, the gamma ray, of energy hv, is scattered rather
than absorbed, and it retains an amount of energy that depends on the scatter-

ing angle, Since the photon scattering angle may range from 0° to 180°, the
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energy transferred to the recoil electron hati a range of possible values, For
a given electron recoil angle ¢ (measured from the forward gamma-ray dirvec-

tion}, the electron kinetic cnergy is given by"s

2
2
Zacon ¢ o, (IV-R-2)
(1 +g)°-a“cos“ ¢

lc=hv

where o 18 vqual to hv/me(~2, m, is the rest mass of the clectron, and ¢ is the
velacity of light. For the present case, this results {n a spectrum of electron
recoil energies ranging from 0 to 1.118 McV, The average energy of the

Compton recoil electrons is about half the maximum value for this gamma-ray

48 A comparison between this value and the cner-

energy range, or 0.56 MeV,
gies of the photoelectrons accounts for the somewhat uncxpected significance
of the latier in creating defects.

The result of the Compton and photnelectric processes is thus the pro-
duction of fast electrons whose ecnergy is of the same order as that of the
gamma rays producing (hern. The range of these clectrons is less than
1/2 mm in silver, When these are completely absorbed, about 95% of the clec-
tron energy goes into ionization and excitation of other clectrons, This energy
is shared with the lattice, and results in the phenomenon of gamma heating.
The remaining 5% is dissipated in encounters with nuclei. Almost all of it

17 Only a very

goes into bremsstrahlung, due to deceleration of the clectrons,”
small part (about 0,0001%) of the cnergy is used in displacing atoms. This will
be demonstrated in the following subsection,

Atomic displacements occur via relativistic Rutherford scattering when
the energetic electrons encounter nuclei at sufficiently small values of the
impact parzu-neter.‘18 [t is of interest to know the maximum amount of kinetic
energy which can be transferred by an electron of energy 1.303 MeV to a

silver nucleus, This can be calculated from the equ:nion49

2T (T +2m el
E,* € (IV-B-3)
Mc

where T is the electron energy and M is the mass of the silver nucteus, The
result of this calculation is E ,=59.9 eV, The reason for this small energy
transfer is the great disparity in masses between the electron and the silver
nucieus,

Since this energy is small compared to the binding energy between the
nucleus and the great majority of its orbital electrons, the entire atom recoils
as a unit. If it has sufficient kinetic energy, it is displaced from its lattice
site, The required energy is called the threshold displacement energy. Ed'
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and has been the object of constderable sludy.so Ed is normally measured by
the use of electron bombardment over a range of energics, during which the
change in a property such as electrical resistivity is monitored, In principle,
the vinlue of 12, would be chosen as the point where the first change in the
measured parameter occurs, In practice, because of hmitationsa on experi-
mental sensitivity, lack of a priori knowledge of the shape of the curve of
property change versus transferred cnergy, atomic vibrations, annealing,
initial imperfections in the sample, and the presence of more than one isotope,
the determunation of I-:d is somewhat approximate. [n addition, Ed is depend-
cnt on crystaltagraphic dirvection, since it is ecasier to displace an atom in
some directions than in others because of the arsrangement of neighboring
atoms, Finally, the probability of displacement is not exactly represented by
a step function that changes from 0 to 1 at F‘d' but should rather be depicted
by a smooth curve, [n spite of these complications, there have been to our
knowledge two experimental determinations of Ed for silver. Lucasson and
Walkero ! assigned an effective value of 28 eV, while Roberts M‘SZ meas-
ured a zero-defect production value of 24 + 1 ¢V, Since polycrystailine sam-
ples were used, the first value represents a type of average over various
crystallographic directions, whereas the second probably represents the value
for the casiest displacement direction, This may account for the Jdiffrrency in
values.

At this stage of discussion, the important point is that, with a maximum
energy transfer of 59.9 eV and a threshold displacement encrgy of 24-28 ¢V, it
is clear that no more than two displacements will be created from a single
electron-scattering event.  In addition, less than one electron in 10 (at | MeV)
causes any displacement at all in silver.sa For these reasons the damage
caused by 60(‘0 gamma rays in silver is expected to consist primarily of sim-
ple, isolated Frenkel pairs, with an occastonal event creating two pairs in

close proximity to cach othrr,

Rate of Atomic Displacement
The rate of displacements per unit volume produced by a gamma-ray

flux density ¢ acting on a total number of atoms per uait valume Na ig given
by

-a,ti = N, bop,, (1V-B-4)

where on is the displacement cross section, This cross section was calcu-
lated by Oen and Holmes 53 for several elements. Their method will be
described briefly, and the displacement rate for the present case will be esti-

mated from their results,
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The Ocn and Holmes method invelved several steps:

1,  The spectrum of recoil electrons was calculated, using the Klein-
Nishina cross section in the case of Compton scattering the Hulme's
numerical results for photoelectric absorption,

2. The average number of disp'aced atoms praduced by a recolil etec-
tron over ite entire rang~ as a function of initial energy wasa calcu-
lated, using the results of M Kinley and Feshbach, For high-Z
elements n numericatl evaluation of the Mott serics, which describes
relativistic Rutherford scattering, was used. The cnergy loss of
the clectrons was calculated, using a formula from Bethé and
Ashkin, A step function displacement threshold energy was
assumed.

3. These results were integrated together to obtaia the total atomic
displacement cross section,

The displacement cross sectiun resulting from photoelectric events can
be taken from I'ig, 1 in the Oen and Holmes paper, In this figure the displace-
ment cross section is shown as a function of atomic number for threce values
of the gamma-ray encrgy. A sharp displacement threshold of 25 eV is used,
which is a reasonable value for silver, since it falls between the two measured
values. By interpolation, a value of about 0,02 barns is obtained. The dis-
placement cross section due to Compton events was not calculated by these
workers for silver (Z = 47). Therefore, it has been obtained by linear interpo-
lation from the results given for Z = 40 and Z = 50, which should be accurate
to one sigr ificant figure. The value is abou! 0.03 barns for a gamma-ray
energy of 1,253 MeV, the average of th- SoCo gamma ray encrgies. The total
atomic displacement cross section is therefore about 0,05 barns, It can thus
be seen that the photoelectric events account for about 40% of the displace-
ments in silver,

The displacement rate is then obtained from Eq. (IV-B-4), Na for silver
is equal to 5.86 X 1()22
is given by ¢ = 3,56 X 10° Q/(cmz-seC), where Q is tie source activity in

atoms/cma, and the average flux deasity in the sample

curies. This equation takes account of the fact that two gamma rays per disin-
tegration are emittcd by G[)Co. Since the experiments used a scurce of activ-
ity 0,962 Ci (at the midpoint of the 34.8°C irradiation), the average gamma-ray
flux density is 3.42 X 109/(c1.12—sec), which is equivalent to a dose rate of

7.4 X 103 R/hr, and produces about | X 107 displacements/(cma—sec).

Uniformity of Irradiation

To make most efficient use of the Jamma rays in this work, a coaxial
cylindrical geomet.,y was chosen; i.e., the silve: crystal was grown in the
shape of a hollow cylinder, and the gamma-ray source was made in the form

of a wand and inserted inside the crystal. This made it possible to do
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satiafactory experiments with a source of about 1 Ci, compared to source
strengths three or four orders of mognitude larger used by other experiment-
ers.  The pennlty paid with guch a geometry i8 a sacrifice of irradiation uni-
formity over the volume of the sample, It is important to obtain an estimate
of the nonuniformity. There are four considerations that have a bearing:

1. The gamma-ray flux density falle off approximately as 1/r in the
sample, in common with any aystem having cylindrical geometry.
The value of 1/r varies from 3,15 cm-l to 2,10 om'l across the
thickness of the sampie and is the dominant factor controlling
uniformity.

2.  The gnmma-ray flux density further decreases with increasing
radius because of absorption in the sample, Since the half-
thickness in this case is 12.8 mm, while the samp!c thickness is
1.59 mm, this factor is not as significant as the first.

3.  The gamma-ray flux density decreases near the ends of the sample
relative to the center plane because of the finite length of the source,
[f the source were of the same length as the sample, this factor
would amount to one-half. In the geometry actually used, the source
was extended beyond (e sample for 0.95 ¢cm at top and bottom in
order to reduce this factor,

4. The ctectron flux deusity, which results trom the primary ater-
actions of the gamma rays, varies with depth in the sainple because
of the electron "build-up effect” that arises from the small but finite
clectron range. This effect would be present even if the gamma-ray
flux density were constant, but is pacticularly siguificant in this
gecometry because all the gaomma rays traversec the sample radially
outward. ({Scattered radiation is neglected.) Thus, there 13 no com-
pensation due to gamma rays flowing in different directions, In
addition, comparing the thickness of the sample (1,59 mm) to the
electron range (a few tenths of a millimeter, denending ~n energy)
indicates that a significant portion of the sample volume may lie
within one electron range of the source, This is the region ix
which the build-up occurs,

A hand calculation was performed to evaluate the electron-fiux deusity
as a fnction of radius at the center plane and at one end glane of the sample.
In this calculation the source was divided into 10 segments, and the vontribu-
tions to electror flux density due to gamma rays from each segment were
evaluated and summed. The calculation took account of the inverse square
loss and sample attenuation losses in gamma-ray flux demsity. [t also took
account of electron absorption in the sam; le. Seif-aksorption ot gamma rays
in the source was neglected, which tends to exaggerate the calculated non-

uniformity.
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It wos assumed that the Compton and photocleclrons are scattered
exactly in the initial direction of travel of the gamma rays creating them, but
with an enurgy distribution predicted by the differential cross sections, In the
case of Compton recoils, this approximation is justified on the basis that, for
a 1.332 MeV gamma ray (the higher energy of the two), the greatest angle that
can occur between the electron and the initial gamma-ray direction and still
give an clectron energy of at least 0,72 MeV (the minimum amount necessary
to produce a displaced atom in a subsequent zero impact parameter collision)
is about 25°, The Klein-Nishina differential cross section is such that the
average angle will be considerably smaller than this, and the shape of the
atomic displacement cross section as a function of energy makes the small-
angle cases even more important,

In the photoelectric case, c)q::er‘\men'.sEJ4 have shown that the distribution
of angles for 1,33 MeV gamma rays is sharply peaked at about 24°, In view of
these facts, 2nd the small distances of travel involved, the straight-on approx-
imation is considered to be valid for present purposes,

The electrons were assumed to be linearly absorbed with a range of
0.036 cm, which is the weighted average for the Compton recoils having suffi-
cient energy to cause displacements and for the photoelectrons, Since the
elec rons will be unable to create displacements after their energy has dropped
below about 0,72 MeV, use of this range will again exaggerate the calculated
nonuniformity of defect production,

The effects of secondary scattering of gamma rays in the silver were
neglected. This is justified on the basis that the relaxation length is 18 mm
for the gamma rays in silver, whereas the sample thickness is 1,59 mm,

The results of the calculation showed that, within 90% of the sample
volume, the electron flux density is within +25% of the mean value, The end
effects amoumed to less than 5%, The displacement uniformity should be at
least as high as the electron-flux density uniformity. If the defect production
rate were proportional to the electron-flux density, it would have the same
degree of uniformity, This would be true if the spectrum of e'ectrons were
everywhere the same eucept for a constant multiplier independent of energy.
This in turn is true except in the region lying inside the [irst electron range,
where the assumption gives an underestimate of defect production, tending to
exaggerate the calculated nonuniformity,

In view of the above considerations, it is considered conservative to
state that the atomic-displacement production rate is uniform to within t25%
of the average value, over 90% of the sample volume,
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C. MORPHOLOGY OF POINT DEFERCTS

When a Frenkel patr s formed by interactios, between an energetic elec-
tron and an atom in the sample, the surviving interstitial may or may not be
the atom which ariginally occupied the surviving vacancy, becatsc of the
possibility of replacement collisions.  The distance separating the vacancy
and interstitial afte the displacemoent process is fimshed may be only a few
lattice parameters or a1t n:tay be many. As pointed out by Sosin and mecr.s—
the worl of Roberts M.SG indicates that the average scparation distance is
very insensitive to the electron energy in silver,

It is of interest to know the morphology of vacancics and interstitials,
This question is simpler in the case of the vacancy. [t is gencrally agreed
that the vacancy occupies a single lattice position and involves some relaxation
of the neighboring atoms., The interstitial, on the other hand, conceivably
could have several distinctly different configurations, These are discussed by
(‘()rbott.57 The existrnce of several possibilities has fueled the debate over
interpret; aon of anncaling stages for many yecars. The principal issue has
been whether there ts only one more-or-less stable configuration of the inter-
stitial or whether there are two. These points of view have come to be known
as the "onc-interstitial model™ and the “two-interstitial model.” More will be
said about these models in the next section,

(‘al(‘ulalmns58 indicate that the stablest form of the interstitial in face-
centere | cubic metals is the ”spht (100)“ or "(100) dumbbell' configuration,
In this form a lattice site is shared by two atoms whosc interatomic axis 1s
parallel to a {100} dircction, and therc is some relaxation by neighboring
atoms. Some workers believe that another form is also at least metastable,
The most frequently espoused andidates are the "crowdion" and the "split
(111Y" configurations. The crowdion, first proposed by Pancth™ for the bee
structu-e, consists of an extra atom crowded into a close-packed {110) row of
atoms in the fce structure with relaxation extending for several lattice spac-
ings along the row, The split {111} ferm is analogous to the split (100) inter-
stitial, but is aligned parallel to a (111) direction, [t is difficult to rule out
or decide between these configurations by calculation, and different workers
have not obtained the same results. It is hoped that new experimental tech-

niques will shed light on the question,

D, MIGRATION OF POINT DEFECTS THROUGH
THE CRYSTAIL LATTICE

Mechanism

As was mentioned in the previous section, when a Frenkel pair is

formed, the distance separating the vacancy and interstitial may have a range
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of values, If the spacing is sufficiently small, tne Frenkel paie will be
mechanically unstable and will cnllapse (anmhilate)} under the driving “oree o
its own stress field, This process requires no thermal excitation and ¢ onsge -
quently will occur even at very low temperatures. [t is therefore difficult ta
distinguish these "very close pairs” fram atoms that never leave their lattice
sites at all.so

Frenkel pairs lorated somewhal farther apart will require somne the rmal
activation to come together and annihilate, but will do so in a very small num-
ber of jumps. They arc termed 'close pa\rs,"m At increased separations
between the vacancy and interstitial, the situation changes from pairs that are
still "aware' of each other's presence through their stress fields to those that
are not. In the latter case, if the separation between different Frenkel pairs
is still large compared to the separation between the partners in a single pair,
"correlated' annihilation will occur. Otherwise, free migration will occur to
other defects, such as dislocations. [In the present work, it is this last proc-
ess that gives rise to observed changes in the Young's modulus and the inter-
nal friction, as will be seen,

The process of migration of point defects in solids takes place by a suc-
cession of discrete atomic Jumps.GQ in the case of vacancy diffusion, the
mechanism is that of successive jumps by neighboring atoms into the vacant
site. When an atom jumps into a vacancy, the vacancy can be considered to
have jumped in the opposite direction,

The mechanism for self-interstitial migration (as diffcrentiat. -{ {rom
migration of {oreign atoms located in interstitial sites) is not agreed upon, It
may involve direct jumping of an atom from one interstitial site to another, or
it may consist of an interstitial atom taking the place of one of the lattice
atoms, pushing it into an interstice (interstitialcy mechanism). A third possi-
bility is the motion of a crowdion along its axis, [n any case, the atomic
jumps involve motion between two positions that arc scparated by an energy

barrier,

Mathematical Representation

There are three approaches toward mathematically representing the
defect migration process: these methods may be called the microscopic, the
macroscopic, and the chemical rate-equation approaches, KEach has advan-
tages; and all three are valid, provided the proper conditions are met, We
will give a brief discussion of each technique and point out its particular
advantages for the present work.

The microscopic approach considers the motion of individual atoms as a
“random walk" pr‘ocess.63 For a cubic crystal structure, the defect is con-
sidered to be equally likely to jump 7 fixed distance X in any of several sym-
metrically distributed directions. Using this assumption, it can be shown that,
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after a total of n such wmps, the rms (root~-mean-square) value of the dis-~

tance of the defect from 1tsa imitial sate is given by
ﬁ — .
VRS - 7. IV-n-1

[f the rate of jumping 18 represented by I (sa that n = T1), {t can be secn that
the rms distance throvgh which the defect moaves s propartional to the square
root of the time.

In the mact. ~copic approach, the migration process is represented by

Fick's laws of d:ft‘l:e:mnﬁ4
Jd--0DW% (IV-D-23

and
dc .
- ¥ Vo (IV-D-3)

where Jis the flux of diffusing defects, D is the diffusion coefficient, and ¢ is
the concentration of defects, These equations are solved using the geometry
and boundary conditions appropriate to the problem at hand.

The cquivalence of these two approaches was shown by linstein, wha

related them by the equation
2
9] =B-k“ r (IV-D-4)

for the threc-dimensional caﬁe.ﬁ5 In the case of crowdion migration, the
factor %is replaced by %, because the diffusion 1s in onl: sne dimension, The
advantages of the random-~walk approach are that it is physically the most
fundamental, and it allows atomic quantities such as vibration frequencies and
jump lengths to be examined. The Fick's law approach, on the other hand, is
more closely related to what can be measured in a macroscopic vxperiment;
namely, the diffusion coefficient, D, Therefore, it permits comparison to the
results of tracer diffusion experiments, for example,

The cheniical rate-equation approach describes the process \n terms of
the average concentration of defects. In this way, geometrical parameters
are kept out of the equations. This approach is mathematically the most
tractable when several processes occur simultaneously. 1t is eyuivalent to
the others, provided the (xperimental conditicns are such that short-term

. . N
transients are unimportant,
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Temperaturc Dependence

The diffusion coefficieats for many solid-state diffusion processes have
been observed to follow the Arrhenius equation, withan experimenta)

uncertainty:
7
D=De QKT (v =1-5)

In this equation, Qs a constant value of energy, ks Boltzmann's constant, T
is the absolute temperature, and D_ is called the "pre-cxponential factar.”
This behavior suggests analysis by absolute reaction-rate theory, which, com-

4
bined with Fq, (IV-D-4}, yields the expr‘essionﬁ"

Tk =& ; Kk = s/ - i
D - %xz Voo.ss, k-AH/KT 1,2 Voeas, k- AE /KT ~PAV/KT (Y -D-5)

Y

for the case of three-dimensional migration, in which A is the jump lengh, v i
is the attempt frequency, AS is the activation entropy, Al is ihe acuvation
enthalpy, AL is the activation energy, P is the pressure and AV is the activa-

tion volume. [t can be seen that Q = AH and D0 = %,-:\2 uoeé‘s/k

. At low valucs
aof P, the last exponential shown can be neglected in comparison to the AE ;
term, so that AH = AE,

In this equation, the attempt frequency v, may be viewed as the fre-
quency with which the defect assaults the energy barrier separating it from
the adjacent site. Its value is expected to be comparable to that of the Ilebye
frequency, 1012-\013 se(‘-l. The term AE represents the height i the cnergy
barrier, which has been observed tc range between about 0.1 eV and 1 eV for
various defects in silver. The term AV corresponds to the increase in crystal
volume associated with the process of the defect moving betweoen one site and
anotber., The val:e is expected lo be a fraction of one atomic volume, The
term AS has been interpreted as the entropy change that results from modifi-
cation of the vibrational frequencies of the lattice-defect syste. when the
defect moves to the saddle »oinl configuration between two equilibrium
positions.67

QOf the parameters appearing in Eq. (IV-D-6), the one that is most read-
ily measured is the activation energy for migration, AE. Since different
defects can be expected to have different values of AE, this parameter has
come to be used as a means of identification of the particular defect responsi-

ble for an observed process.

Annealing Stages 68

As was discussed in Section [[-B, when early experimenters monitored

the resistivity annealing of a metal sample that has been irradiated or
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cald-worked at a low temperature, they found that recovery of the initial
resistivity occurred in a series of more-or-less distinct stages: these were
labeled Stages I to V and werce observed in several metals, Experiments with
higher resolution revealed that Stage 1 was actually made up of several sub-
stages, Efforts were begun to identify the defect process that accounted for
each stage. Controversy soon arose over this assignment and has persisted

until the present.

Annealing Models

At the prescent time there are two primary models for the recovery proc-
ess: the one-interstitial model and the conversion-two-interstitial model,

69: 1) some of Stage [ s

There are several points of agreement between them
attributed to close pair annihilation; 2) svme long-range motion cccurs in
Stage [: 3) irterstitials can interact with impurities to be retained in the lat-
tice; 4) interstitials can interact with each other to be retained in the lattice;
5) some form of interstitial defect persists until Stage [([; and 6) Stage V is
due ta recrystallization. The main area of disagreement surrounds the issue
of whether there are one or two forms of the interstitial that are at least

69 makes the

metastable. The one-interstitial model as outlined by Corbett

following assignments:

Stage 1. Close-pair recombination and free migration of the interstitial take
place, during which the interstitial can annihilate, undergo trapping
at various impurity or physical trapping sites, or agglomerate,

II. The interstitial is released from traps or undergoes rearrangement-
type annealing. Possibly divacancy recovery also occurs, The
interstitial moves to progressively deeper and deeper traps,

III.  The interstitial is released from the deepest trap in the lattice;

and/o. vacancy migration takes place, which cleans up the lattice,

I[V. Trapped vacancies are .eleased where they occur,

Recrystallization takes place,

The conversion-two-interstitial mode170 holds that there is a low-
temperature metastable form of the interstitial which converts, either ther-
mally or by interaction with other defects, to a more stable form that does not
migrate until higher temperatures are reached, This model makes the follow-
ing assignments:

Stage I. Close pairs and free migration of the low temperature form of
interstitial (crowdion or (111} type).

II. Same as one-interstitial model.

III. Migration of the high-temperature form of interstitial ({100}
dumbbell),

IV. Migration of vacancies,

V. Recrystallization,
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The reasoning behind these models is discussed in the Proceedings of
the 1968 Julich Conference.” [n the present experiment, only the processes
that result in long-range migration of a point defect to a dislocation can be
observed, since the defect concentrations ore too low to observe sipmficant
reorientation of defects inthebulk. In addition, the concentrations are sufficiently
low that interstitial-interstitial and vaconcy-vacancy interactions can be

safely ignored.
E, STRESS FIELDS SURROUNDING DISLLOCATIONS

It is in order here to define dislocations and ta discu s the properties
that affect their interactions with point defects as a prelude to reviewing the
interactions themselves, Details can be found in Hirth and I,olho.72

A dislocation, as contrasted with point defects, is a nne-dimensional or
line defect, It exists in two fundamental forms and, in general, is a combina-
tion of them. [f one considers a perfect crystal extending to infinity in all
directions, the edge dislocation can be visualized as an extra half-planc of
atoms having been inserted into the crystal, The edge of the extra half-plane
is then called the dislocation line. Apart from elastic strains, the crystal will
still appear to be perfect at all points except near the dislocation line, where
there will be distortions in the lattice in order to accommodate the extra haif-
plane. The Burgers vector of the dislocation is defined as the vector repre-
senting the error of closure of a rectangular circuit (called the Burgers cir-
cuit) that links the dislocation line, the opposite sides of which consist of equal
numbers of lattice parameters. The edge dislocation is then characterized by
its dislocation line and its Burgers vector, which is typically one lattice
parameter in length and is perpendicular to the line.

The screw dislocation can be pictured as a helical ramp running through
the crystal with the dislocation line defined as the axis of the ramp, The
Burgers vector in this case lies parallel to the line,

As mentioned above, in the general case, a dislocation consists of both
edge and screw components, in that the Burgers vector and the dislocation line
intersect at an angle whose absolute value lies between 0° and 90°,

In fce (face-centered cubic) materials such as silver, dislocations have
been observed to split into two partial dislocations. The effect of a partial
dislocation is to create a region where the atoms do not lie in an fec arrange-
ment, but rather a hexagonal close-packed structure. This region is termed
a stacking fault and is bounded on both sides by a partial dislocation, Such a
structure can occur in fcc metals when the misfit energy due to the incorrect
stacking is balanced by the decrease in the elastic energy of the split disloca-
tions compared to that of a complete (or perfect) dislocation. The width of the

stacking fault is thus governed by this balance, Silver is known to have a low
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stacking fault energy,n and i8 thus expected to have wide stacking faults com-
pared to the other fcc metals,

Dislocations would not be present at all if the crystal were in a state of
thermodynamic equilibrium. However, as a practical matter, it is difficult to
obtain crystals without them since they form spontaneously when a crystal is
grown from the melt and multiply when even small stresses are subsequently
applied to the crystal. Well-annealed fcc metals typically contain 106 or more
dislocation lincs per square centimeter, although concentrations of 102 have
been xachieved.’M

The distortions in the lattice around dislocation lines give rise to a
stress field whose form depends on the dislocation type, The stress field of

screw dislocation, according to linear elasticity theory, is purely shear:

o, =B AV-E-1)

where P is the stress in the direction parallel to the dislocation line on a
plane containing the line, u is the shear modulus, b is the Burgers vector, and
r is the distance from the dislocation line to the point in question.

The stress field of an edge dislocation, in the same approximation, is

given by the following equations:

= _ _ub sin 8 ;s
Or = % " 33(1 - vIT (v-f-2)

. ubcos @ .
96" -E-(T—_T_Qn T (IV-E-3)

_upbvsing .
Cpq = %ﬂ—;—ﬂr—, (IV-E-4)

where 8 is measured from a plane perpendicular to the extra half-plane of
atoms and v is Poisson's ratio, Note that the edge dislcation has both shear
and hydrostatic components and that there is an angular dependence that
changes the sign of the stresses from cne side of the dislocatisn to the other.

F. INTERACTION OF POINT DEFECTS
WITH DISLOCATIONS

As was pointed out in Section [V-A, a crystal containing dislocations and
point defects can achieve a configuration having lower free energy if the point
defects are located in close proximity to and in proper angular relation with
the dislocations, This fact results in the preferential diffusion of point defects
to dislocations and gives rise to a binding energy between them.
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Several possible sources of interaction have been identified. Reviews
are given by Bullough and Newman75 and by Nuburro.76 Those that are rele-
vant for vacancies and self-interstitials in simple metals include the first-
order size interaction,77 the second-order size interaction,w' the inhomoge-
neity interaction?gand interactions relatedtochanges in the vibrational modeg
of the crystal.BO in addition, there is the possibility of shear-stress inter~
actions with point defects that do not have the full symmetry of the lattice
(e.g., split interstitials) and interactions resulting {raom elastic anisotropy,
which gives a dilatational component to the stress field of a screw dislocation,

The first-order size interaction is considered to be the most important.
it arises from the fact that the point defect tends to cause a local compression
or dilatation, and this interacts with the hydrostatic component of the stress
field around a dislocation, Since a screw dislocation has no hydrostatic com-
ponent in the lincar isotropic theory, this interaction should be significant
only for edge dislocations. The effect o{ this interaction is to attract vacan-
cies to the more crowded side of the edge dislocation slip plane and to attract
interstitials to the less crowded side, This is expected to be the longest-
range interaction, since the potential is proportional to 1/r, where r is the
distance between the dislocation and the point defect.

The second-order size interaction results from a consideration of the
interplay of the nonlinear {third order) elastic properties of the crystal and the
dilatation of the point defect. It is a shorter-range effect, the potential being
proportional 1o 1/r2. It becomes particularly significant in the case of a
screw dislocation, since the first-order interaction is absent,

The inhomogeneity interaction, also proportional to l/rz, results from
the fact that the effective elastic constants of the point defect are different
from those of the surrounding matrix, If the point defect is effectively softer
than the matrix, as in the case of a vacancy, it will tend to move to regions of
higher stress around all dislocations, so as to reduce the elastic energy
stored in the small volume it can occupy. By the same token, interstitials,
being "harder," will be repelledfrom regions of highstress, The inhomoge-
reity interaction may be dominant for vacancies in metals where vacancy
dilatation is small,

The vibrational mode interaciion arises from the increase in entropy of
the crystal when a vacancy is inserted., The presence of a vacancy lowers the
frequency of the vibrational modes of the 12 nearest~-neighbor atoms. Accord-
ing to Nabarro,76 it is not clear whether this effect will tend *o move vacan-
cies to dilated regions or compressed regions, but he presents an argument
favoring the latter,

There is little information about the size of the binding energies result-
ing from these various interactions, Thompson g_t_a\}_.33 obtained a value of

0.35 to 0.51 eV for the binding energy of interstitials to dislocations in copper.
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Also, these workers obtained an additional energy of 0,68 eV for the binding
cnergy of interstitials to nodes on distacation lines. Because of the similartty

of silver and copprer, one might expect comparable values in the present work,
G. DISLOCATION PIPE DIFFUSION

We have seen that point defects are able to migrate through the crystal
lattice and that they are preferentially attracted to dislocation lines. The next
question to be considered is whether or not they remain more-or-less station-
ary once they arvive on dislocations. There ig abundant evidence that silver
atoms are able Lo migrate much faster along dislocation lines than through the
bulk latiice.?! The self-diffusion energy associated with this process is 0,78
to 0.85 eV as measured in tracer experimems,82 as compared with 1,76 eV
for monovacancy bulk diffusion.83 I_.ovea4
pipe diffusion that proposcs that the enhanced diffusion takes place by migra-

presented a theory of dislacation

tion of intcrstitials in the core of the dislocation, In this theory the activation
energy for self-diffusion is given by the sum of the formation and migration
energies of the interstitial on the dislocation.

[n the present work, interstitials are formed by the nonequilibrium
process of irvadiation. Therefore, if pipe diffusion is observed, it should
exhibit an activation energy which includes only the migration cnergy of the
interstitial on the dislocation line. The value should therefore be considerably
less than 0.78-0.85 eV if this theory applies. In copper, Thompson et al.
obtained a value of 0,42 eV,

H. INTERNAL FRICTION AND MODULUS DEFECT

The properties measured in the present work are the internal friction
and the modulus defect, It is well to define them here and give a brief discus-
sion of their history before exploring the effects of dislocation pinning in the
next section.

It was pointed out by Robert Hooke, in 1678, that the deformation of a
body is proportional to the force applied to it.85 This came to be known as
Hooke's law and served as the basis for development of the classical theory of
elasticity. On the atoriic level, this law requires that the atoms of a solid lie
in parabolic potential wells and maintain their positions relative to each other
during deformation. In real materials, these conditions are not completely
satisfied, but are sufficiently true for many purposes,

The deviations from Hooke's law are of two types. One type results
from the violation of the first condition, and is expressed by the third- and
higher-order elastic constants, This deviation results in anhaimonic effects

such as thermal expansion, a contribution to the specific heat, and
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phonon-phonon inter:,\cticms.BS The other type of deviation results from viola-
tion of the second condition and results in nonelastic effec's, of which one cate-
gory is called anelasticity, According to Zener, anclasticity is "the property
of a solid in virtue of which stress and strain are not uniquely rclated in the
preplastic r::mge."z3 More specifically, anelasticity necessitates :he inclusion
of time derivatives in the stress-strain equation, and manifests itself in such
phenomena as clastic aftercffect, stress reclaxation at a conslant strain, vari-
ation of modulus with frequency of measurement, internal friction, and modu-
lus defect. We are ¢ ncerned here wi*'. the last two phenomena.

Internal friction (also called damping or damping capacity) results in the
conversion of mechanical energy to heat in a solid in the preplastic range, [t
causes the decay of vibrations in a solid even when there is no loss of energy
to the environment, The modulus defect of a solid is the fractional difference
between the observed modulus of elasticity and the purely elastic modulus,
Both of these cfiects can be caused by changes in the relative positions of
atoms in the solid as the applied stress is varied,

The internal friction and modulus defect can be understood quantitati‘ely
by a formulation that NowickB7 valled the generalized Maxwell approach: Con-
sider a body that is placed under a periudic stress oleiwt. The body will
undergo a strain having two components: the elastic atrain and the nonelastic
strain. The elastic strain is given by € - e'l eiu’t. Note that this is in phase
with the applicd stress, If the atoms kept their relative positions and changed
only their separation distances, this is the only strain that would occur, and
Hooke's law would be satisfied (at least insofar as nonelastic effects are
concerned),

iwt

'-ie)e'™ . Note that there

The ronelastic strain is given by €' = (e'l
are both in-phase and 90°-lagging components, The total strain is therefore

given by

. . iwt . iwt
€= €+ el =l(e) re)~iejje” = (€ ~ieye @t (IV-H-1)
The internal friction is defined as the tangent of the angle between the
stress vector and the total strain vector:

6II

€ e”
2 2 2
L | iy~ 1V-H-2)
tan 61 61 + 6'1 €I1 {

In general, €' << €', so that tan ¢ is small, and can be approximated well by
¢, The phase angle ¢ is therefore a measure of the internal friction and is
equal, for low values of internal friction, to the out-of-phase strain divided by

the purely elastic in-phase strain.
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For a bar sample vibrating in an extensional mode, the purely elastic

Young's modulus is given by Hooke's law:

(]
a
—_

~

(IV-H-3)

The dynamic modulus is given by the applied stress divided by the total

in-phasc strain:

o2 1
oS ﬁ?T:T‘L—‘T' (1IV-H~4)

The modulus defect is then defined as (E - E')/E' and is referred to as AE/E:

n
AE _E-E'_“1
T T TE =:'|1-. (IV~-H-5)

The modulus defect is therefore equal ¢~ the additional in-phase strain due to
nonelastic processes divided by the purely elastic in-phase strain, The rela-
tionship between the modulus defect and the interna. friction can thus be
clearly seen. They are different aspects of the same fundamental process,
There are several ways of measuring internal friction.zs One method is
to drive a vibrating sample in forced oscillation, The driving frequency is
swept slowly through the resonant frequency of the sample, and the vibration
amp] tude is monitored. The width of the resulting resonance peak is then a
measure of the internal friction, Specifically, if Af is the frequency interval
between half-maximum amplitude on the low-{requency side of the resonance
and half maximum onthehigh-frequency side, 1t can be shown that, for small

values of tan ¢,

tan ¢ = 2L (IV-H-6)

gt

where { is the resonant frequency,
A second method is to drive the sample at constant amplitude at its
resonant frequency. The fractional energyv dissipated per cycle is then a

measure of the internal friction, Specifically, for smail values of tan ¢,

tan ¢g% %"’_, (IV-H-7)

where AW is the energy lost per cycle (and therefore equal to the energy that
must be added per cycle) and W is the total vibrational energy stored in the

sample,
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A third method is to observe the decay of amplitude of a sample placed
in frec vibration, The logarithmic decrement (A} is then defined as the
natural logarithm of the ratio of successive amplitudes, For small values of
tan 4,

11>

tan ¢ (1V-H-8)

m

A convenient way of mcasuring 4is to observe the number of cyclea (N}
required for the amplitude to drop to 1/c of ils initial value, Then
)
o= (IV-H-9)
In pulsed ultrasonic experiments it is pogsible to measurec *he attenua-
tion of a sound wave as il passges through the sample, If the stresg~wave
attenuation is expressed by o = 9, exp[-ox], then the internal friction is given |
88
by

tan ¢ = % {(IV-H-10)

where v is the measurcd velocity, o is the attenuation factor, and x s distance !
measured in the sample, Another means of describing internal friction is in
terms of the quality- or Q-factor of a resonant system. In this nomenclature,

tan ¢ = 1/Q. (IV-H-11) !

The first three measures of internal friction are equivalent if the damp- |
ing is independent of strain amplitude. The ultrasonic techaique is normally
carried out at a higher frequerncy than the others, so the frequency dependence
of the damping must be taken into account in comparing values obtained n this i
way with the others, !

The modulus defect is generally measured by monitoring the change in
resonant frequency due to nonelastic processes. The resonant frequency is

linked to the modulus by an equation of the form

fx JE, (IV-H-12)
so that

AE __ Af -H-

== ?'T {(1IV-H-13)
for small values of S‘EE-
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Four principal types of internal friction have been observed in mclulsm:
the Bordoni peak at low temperatures, an amplitude-dependent and an
amplitude~independent contribution around room temperature, and a large
damping at higher temperatures, In addition, various relaxation peaks due to
point-defect effects have been studied. [n pure metals, the contributions
around room tempecrature are believed to be due mainly to motion of disloca~
tions, as was [irst sugpested by liead.ag

In the next section, it will be seen that the modulus defect can be quanti-
tatively related to the internal f{riction when their common underlying mech-
anism is understood. This provides a powarful way of testing theories against

experiment,

i, THE VIBRATING-STRING DISLOCATION MODEL
OF KOEHLER, GRANATO, AND LUCKE

Ir 1950, Koehler25 suggested that a dislocation moving under the influ-
ence of an oscillating appiied shear stress could be represented by the equa-

tion of motion

2 2
Aa—.)l‘rfi-;x-cg—-y-:chcoswt, {IV-~1-1)
912 t axz. [}

where

A is the effective mass per unit length of dislocation and is equal
to 1rpb2, where p is the density of the material and b is the
length of the Burgers vector

y is the displacement of an element of the line from its equilib-
rium position

t is the time

B is the damping coefficient, such that the term in B gives the
damping force per unit length

9
C is equal to 2ub™/x(1 ~ v), where u is the shear modulus and v is
Poisson's ratio, such that the term in C gives the force per unit

length due to the line tension on a curved dislocation
o is the maximum value of the resolved shear stress and

w is the frequency of the applied stress,
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Since this equation also describes the forced vibration of a stretched string
under the influence of viscous damping, this representation of dislocation
motion has come to be called the vebrating-string dislocation model,
Thompson and Paré36 reviewed the model, and their discussion will be fol-
lowed here.

The basic asgumption of this model is that dislocations are free to move
everywhere along their lengths except at certain fixed pinning points, which
might be impurity atoms, lattice defects, jogs, or nodes in the dislocation
network, Each free length bows out under the influence of the applied stress,
The viscous damping force dissipates energy, giving rise to internal friction.
The additional strain caused by dislocation motion gives rise to a modulus
defect.

The boundary conditions for this eguation are established by the pinning
points. A dislocation loop length £ is assumed, with pinning pointa at each

endsuchthaty:Oatx=--.§-andatx =+~,§,

if the origin is located at the center
of the loop.

The net work done by the applied stress during one cycle of oscillation
is given by
27

w
dx/ o b cos vt fl%"tﬁdt. (IV-1-2)
0

W, =
afl

[STEN

The logarithmic decrement is equal to one-half the energy dissipated per rycle
per unit volume divided by the vibrational energy per unit volume (= ag'/zu :

lel
a= 5 {(Iv-1-3)
00 M

Nl is the nu .ber of loops per unit volume. These equations express the inter-
nal friction as a function of the motion of the dislocation line. The modulus
defect can be obtained from a calculation of the in-phase component of the dis-

location shear strain:

2
" = 2 ( 2—”)dx (LV=1~4)
12 L Y (% ® *

]

This eqguation expresses the contribution of one loop of length £ per unit volume,
The total strain is the sum of the elastic strain and the in-phase dislocation

contribution. For NE loops per unit volume,
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o c0 . n
-T+N£ €ype (lv-1-5)

®
3

where Hm is the shear modulus with moving dislocations, and u is the modulus
without dislocation strain, The modulus defect is than given by

TR N, e}
m_ ¢ 12 AE 1
o —0—07“—_ - {IV-1-6}
It is to be expected that the dislocation loops will not all hav. the same
length. To take account of this, a loop-length distribution function N(¢) is
defined such that N(g)dg is the number of loops per unit volume having a length

betweer £ and ¢ + dg, The decrement and modulus defect then are given by

00
[ wlN(l;) dg
A= 0_2__— (tV-1-7)
o /u
and
[ o]
1
f € 1lN(.t) dsa
cE. 0 (1V-1-8)

T 00714 .

The most widely used loop-length distribution function is the exponential,
which represents random uncorrelated pinning point placement:

N(») = & expl-2/2,) (IV-1-9)
£
(o)

where A is the dislocation density and zo is the average loop length, This
function was given first by Koehler.25 Another often-used distribution func-
tion is the delta function, which represents loops that are all of the same
length,

Several approaches have been made toward solution of the vibrating-
string equation for dislocation pinning. Koehler obtained an approximate solu~
tion valid in the kilohertz range. Weertmango obtained a solution in closed
form, but it was extremely complex and difficult to interpret, Granato and
Lﬁcke88 obtained a Fourier series solution and found that the first term is a

good approximation at frequencies low compared to 0.7C/B£g. They also
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developed a breakaway model for amplitude~dependent {nternal friction, Oen,
Holmes, and Robinson‘91 noted that the experimental measurements of
Thompson and Paré®? indicated that the motion of dislocations waa damping-
limited in the MHz region. This led them to drop the {nertia term from the
equation and obtain closed solutions for the over-damped case, Thompson and
Paréas give the following explicit equations for the low~frequency case, using
the exponential distribution:

w/\.tguszw
as (1IV-1-10)
c
and
AE Mg“bz
E. o (V-I~11)

One important result of this model is that the decrement is proportional
to the fourth power of the average loop length, while the modulus defect is
proportional to the second power. In irradiation experiments, it is possible to
change the average loop length without changing A or B, In such experiments,
the average loop length at a time t is given by

200
lo(” =T—+—n~ﬁ$, (1v-1-12)

where 2o 18 the original average loop length and n(t) is the average number of
pinning points added to a loop at time t, This assumes that the loop-length
distribution function is initially exponential and maintainsg its exponential char-
acter as pinning points are added. Thompson and Holme527 showed that this
is true if the pinning points are added in a random, uncorrelated manner.

It is thus seen that, if the contributions to the internal friction and mod-

ulus defect from pinnable dislocations can be separated from any other contri-
butions that might be present in an experiment, it should be possible to calcu-
late the number of pinning points on the diglocations as a function of time,
This separation i normally performed by irradiation to a high enough dose to
achieve complete pinning, The vibrating-string model can then be checked by
comparigen of the pinning point number obtained from the decrement change to
that obtained from the modulus defect data.

The second important prediction at low frequencies is that the decrement
should be proportional to the frequency of the applied stress. This ig also sub-
ject to experimental verification, although it is more difficult in practice.

At frequencies high compared to 0.7C/Bz(2), the model predicts that the
damping should be given by & = wubzA/Bw, and the modulus defect should be
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proportional to the -3/2 power of the frequency. These {requency-dependence
predictions are subject to experimental verification, By measuring A with
etch-pit counting, it also has been possible to obtain a value of B for compari-

son with theoretical estimates that have been given by Nabarro,93 Bra\ilsford,g‘1

and Leibfried.gs
Since this model was conceived, many experiments have been performed

to test its predictions, Most have been conducted on high-purity, well-
annealed copper. These studies have been summarized by Thompson and
F‘ar‘é,36 and more recently by Paré and Gube rman.96 The latter authors
state:

...the string model has, in pure annealed copper, been

verified with respect to frequency dependence, loop length

dependence, and absolute magnitude of the damping in the

high-frequency (MHz) range and data have been obtained

which show the predicted loop length dependence of both

the damping and modulus defect in the low~frequency

(kHz) range,
“Tevertheless, there remain some gaps in experimental confirmation, and dis-
crepancies have also appeared. For example, the absolute magnitude of the
damping coefficient was determined by Paré and Guberman96 and found to be
much greater than that determined from experiments in the MHz region. The
frequency dependence in the low-frequency range has been studied, but the

97-99
In

results are in conflict with the model below 20-25 kHz in copper.
many experimenis, the pinning-point numbers predicted by the damping and
modulus-defect data have been substantially different, causing experimenters
to invoke the existence of two or more types of dislocations with different
values of A, 200, B, C, and point-defect interaction energies.100 In some
cases, irradiation has caused the damping to increase rather than

decrease.g’l’ml_lo3

J. THE DEFECT-DISLOCATION INTERACTION MODEL
OF THOMPSON, BUCK, HUNTINGTON, AND BARNES

As we have seen, the Koehler-Granato-Liicke vibrating-string disloca-
tion model provides an explanation of the internal friction and modulus defect
that result from dislocation motion. It accounts for changes in these proper-
ties as point defects interact with dislocations to shorten their free-loop
length, It does not, however, attempt to treat the kinetics of the migration of
the point defects, nor does it deal with the mechanism of the interactions or
the possibility of pipe diffusion along dislocation lines,

In 1967, Thompson, Buck, Barnes, and Huntington (TBBH) reported the

results of experiments involving several 1sathermal gamma-ray irradiations
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of a copper crysial during which the internal ‘riction and modulus defect were i
monitored. They applied the vibrating-string model and obtained consistent !
results for the internal friction and modulus defect, verifying the model's pre-
dictions with respect to loop length dependence. It was noted that earlier
crystals had not always given these results, presumably because of the pres-
ence of a second dislocation component,

The calculated number of pinning points in these experiments piotted as
a function of time exhibited an initial transient, whose length depended on the
temperature, and a linear portion whose slope increased with temperature in
an Arrhenius fashion, The intercept of the linear portion projected back to
zero time went from positive to negative as the temperature was increased
from one run to another.

To interpret these data, the above-named authors proposed a m(>del33'34
that we shall call the TBHB model, after the initials of their names, This
model hypothesizes the following series of evenis: A gamma ray penetrates
the crystal volume and creates a Frenkel pair via a Compton electron process.
If the defects do not annihilate each other, they are free to diffuse by a random
walk to a dislocation segment. Once on a segment, a defect is free to pipe
diffuse along it and possibly collide with a nodal point trap. [t may be retained
there or be emitted back to the dislocation and from there possibly back to the
lattice. The nodal points can include existing jogs, vacancy clusters, inter-
stitial platelets, impurity atoms, and true dislocation nodes, This scheme
leads to the following set of coupled rate equations:

dnL nL 1 +£0/2
T T Tt n{x,tldx + ¢ (tv-J-1}
T T
LE 'pDLJ_, /2
o
-
an(x,t) %) . "L ntx,t)
ot . p ol (Iv-J-2) ;
t ax o LE DL i
4
on n
N _ -D 8nix,t) __an N P
oy o ZD Onix,t) Bn - (Iv-J-3)
ot ox DU TND
x=tL /2 x=tL /2
and
. +h, /2
2nN+[ nix,t)dx + ny = $t. (IV-J-4)
—20/2
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The symbols in these equations are defined as follows:

nL

N

n(x,t)

LE

DL

DU

ND

is the number of defects in the lattice
is the number of defects in nodal points

is the linear concentration of defects aloung the

dislocation line

is the total number of defects on a dislocation of
length Ly and is given by

+2,/2

ng =f nix,t)dx,

-20/2

This is the experimentally observed pinning-point

number,

is the relaxation time for diffusion of the defects

from the lattice to the dislocation line

is the relaxation time for emission of the defects

from the dislocation back to the lattice

is the relaxation time characteristic of the unit

jump process along the dislocation

is the relaxation time for emission of the defects

from the nodal point trap back to the dislocation.

These relaxation times all exhibit Arrhenius behavior,

D

where:

is the diffusion coefficient for the defect on the
dislocation, and is given by
.2
D =a%2my

where a is the apprapriate lattice parameter,

describes the rate of defect production by the
gamma irradiation, and is given by

¢ = (!LO/A) N, %o,

(IV-J-5)

(Iv-J-8)



A i S n

CariK e i T

£ is the length of the dislocation segment which bounds
the cellular volume to which the model is applied,

A is the dislocation density (number of dislocations/cmz)
NA is the number of Jatoms/cm3

4 is the gamma-ray flux, and

on is the cross section for atomic displacements by

gamma rays.

The relaxation time TLE 18 related to the unit jump time -1 the lattice
TLU by the equation

22
~ O~ ~J-
"LE Z a2 Lu’ (IV-J-7)

and 7; ¢, is related to the bulk diffusion coefficient DB by the equation

2

=2 _J-
DB— . (IV-J-8)

LU
To solve these equations, the above-named authors replaced the coupling
terms

+e /2
f nix,t) dx and n(x.t)/'TDL
~Eo/2

"pL

by average values, and applied a Green's function procedure, After applying
the appropriate boundary conditions, they arrived at the following selution for

nD:

np{t) = (b - Ay g {t - Ut expl-‘r/'rLE)]}

2 L -
8(¢ - A)zo . (_1)(n 1)/2
By 5
7D n=1,n odd
T T
n LE
x 11+ ~ exp(-t/7 ) = ————— exp(-~t/T ‘)], (Iv-J-8)
[ TLE Tn n T E 'rn LE
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where A is a constant (for a fixed temperature} given by

T

LE
A =g —t (IV-J~10)
° oLt &TLE
g, is given by
-1
T T
g, - 1 43_8 _._TND +__TLE) , (IV-J-11)
o DU DL
and Ty 18 given by
217 i
) Tout T (v-J-12)
7 an 7 n"D

By comparison of the predicted nD(t) to the data, they were able to eliminate
some terms from the equation, resulting in the final equations

o T T
__o DU 'LE _ B oya
nL(t) =5z TND TDLt + ¢TLE [1 exp( t/'l’LE)], (IV-J-13)
b T 322
DU [o)
nn(t) = === :———{H* (——-—-T -7 )[1 ~ expl-t/T )]}, (Iv-J-14)
D 2a “ND ”éa ND LE LE
and
1
nN(t) =5 [ot - nL(t) - nD(t)]. (IV-J-15)

The equation for nD(t) gives the behavior observed in their experiments: 2
temperature~dependent transient, a linear portion at long times whose slope
has an Arrhenius temperature dependence, and an intercept that changes from
positive to negative as the temperature is raised.

An important feature of the TBHB results was that the efficiency of dis-
locations for trapping defects was 100%, within the uncertainties involved.
These authors showed that their proposed model was unique, iSssuming the
basic correctness of a trapping (or climb) model, and that all of its features
were reguired by experimental results. Three experimental results were
particularly telling: the temperature-dependent slope, the temperature-
dependent intercept, and the persistence of pinning effects for an indefinite
time after irradiation had stopped. Using this model, they obtained an excel-~
lent fit to the data.
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Thompson, Buck, Huntington, and Barnes obtained an activation energy
for 7 ;. of 0.64 eV, and they interpreted this as indicating that the migrating
defect was the sclf-interstitial. The activation energy for pipeline diffusion
was 0.42 eV, as mentioned before, and the cnergy associated with reemission
of a defect from a node back to the dislocation line was 1,10 eV, The node
binding energy was then comouted to be 0,68 eV, The activation cnergy for
reemission from the dislocation line to the lattice was estimated at 1.0 to
1.15 eV,

K. THE DEFECT DRAGGING MODEL OF SIMPSON
AND SOSIN, AND THE DETFECT MIGRATION MODEI,
OF SIMPSON, SOSIN, AND JOHNSON

In addition to the models described in Sections 1 and J above, a few
others have been proposed to account for the interaction of radiation-produced
defecis and dislocations, The mos. highly developed of these is the defect
dragging model of Simpson and Sosin104 (8S), coupled with the migration
103 (SSJ).

The SS dragging model proposes that, at sufficiently low frequencies

model of Simpson, Sosin, and Johnson

(below a fevsr <Hz in Cu), the point defects no longer act as rigid pinning points,
but are dragged a small amount by the dislocation lines and thereby dissivate
energy. [n this theory, the dislocation lcop length is presumed to remain con-
stant, with a value fixed by the initial distance between nodal points, As point
defects are added to the dislocation line, the damping coefficient (B in the
KGL theory; increases.

Under certain conditions of loop length, frequency, damping coefficient
and line tension, this model predicts an initial increase in the decrement when
pinning points are added to the dislocations, As more pinners are added and
the dislocation motion is increasingly restricted, ‘ne damping reaches a max-
imum value and decreases thereafter. At high defect densities the SS dragging
maodel predicts that the modulus defect should decrease at a faster rate than
the decrement, It also predicts that the damping should be proportional to m.l
at low frequencies, and would become proportional to u:”, as predicied by the
KGL model, only at high frequencies.,

Using this model as the counterpart of the KGL model, Simpson, Sosin,
and Johnson then used a somewhat simpler defect migration model to serve in
place of the TBHB model. The chief differences between the SSJ and the
TBHB models are that the former does not allow reemission of point defects
from the nodes to the dislocation lines, and the time-scale of the experiment
is assumed to be short comparsad to the lattice diffusion transient time, The
SSJ model prediction can be derived from the solutina of the YTBHB model by

assuming t << TR (=1 T and TND T - The result is

~38-
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4T,
= {1 - T - exp(-!/?l)]} ([V-K-1)

n
D TLE

in the nc'alion of Section J, With this solution, the intercept extrapolated
back from the linear portion of the curve is negative definite, whereas it can
be either negative or positive in the TBHB model, The slope has an Arrhenius
temperature dependence, but its value is established by a balonce between lat-
tice diffusion and pipe diffusion rather than bv a balance between pipe diffusion
and node reemission, The transient is due to pipe diffusion rather than lattice
diffusion,

Simpson, Sosin, and Johnson were able to obtain good agreement with
experiments in Cu at a frequency of about 500 Hz, using their dragging and
migration models together. By comparison with experiment, they concluded
that the modulus defect alnd decrement (in the absence of peaking) were both
y .

proportional to {1 + nyy They found that the presence or absence of peaking

in the decrement depended strongly con prior annealing treatment,
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V. Experimental Apparatus

A. REQUIREMENTS

The success of an cxperiment to measure internal friction and modulus

changes caused by irradiation depends on the satisfaction of certain rather

atrict requirements, to wit:

1,

Handling of the sample must be eliminated. Since the dislocation
structurc ran be changed by application of very small stresses, it
is desirable to irradiate and do all measurements and anneals
without moving the sample,

Temperature must be controlled. Since the motion of point defects
is a thermally activated process, it is very sensitive to tempera-
ture, It is desirable to measure and control the temperature to
high precision. The required temperature range is wide, since
some changes may occur near liguid helium temperature (4,2K),
while the need for annealing to stabilize the dislocation structure
requires temperatures of several hundred degrees C,

High vacuum or a very pure incrt atmosphere must be maintained,
since the internal friction of silver has been shown to be extremely
sensitive to oxygen concentration.lo5

The measuring apparatus must not change its characteristics under
irradiation or temperature variation,

It should be possible to turn the radiation flux on and off at will,
Adequate shielding should be provided for protection of personnel,
The flux must be sufficient to give readily observable changes in
reasonable times, It should be uniform over the sample.

The frequency of the applied stress will depend on the experimental
configuration used, [f vibration at regonance is tc be used, the fre-
quency will depend on the size of the sample.

From the operator's point of view, the more nearly automatic the
apparatus can be made, the better. Continuous monitoring of tem-~
perature, intarnal friction, arnd modulus, with autoraatic control of
temperature changes and zl! extraneous variables, is desirable,

B. DESIGN AND GEN. RAL DESCRIPTION

The design of the apparatus used in this work is very similar to that

described by Thompson and Glass,

106 The major differences are in the

method of driving the sample, control of the phase of the driving signal, and

the geometry of the sample and radiation source, The essentials of the design
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are shown in Figs, ' through 4, A general description wil) be given here, and
details will be covered in the following sections,

The silver crystal sample is in the form 1 a hollow cylinder
(Fig, 1}, It is mounted with four small pins at its center plane and is
thus free to vibrate in a longitudinal mode, which is of wavelength equal to
twice the sample length, There are three rod-shaped t'mCo sources, each
attached to the ena of a Teflon wand. LEuach source can be inserted
inside the sample and can be raised to decrease the irradiation or moved to a
storage area by the use of a traveling shield assembly (Fig. 4).

The sample is mounted inside a cryostat-furnace for temperature varia-
tion and control (Fig. 2). A vacuum system consisting of mechanical and oil-
diffusion pumps capable of 10 uPa is attached. A helium purification train
consisting of a charcoal cold trap and a titanium furnace is used to purify
helium for use as a heat-exchange gas,

The sample can be set into vibration by means of an electrostatic drive,
and the motion is measured by an FM detection system (Fig. 3). Both are
accomplished by a single hollow electrode whose position is controlled at less
than 25 micrometers from the top of the sample (Fig. 1). This combina-
tion was first used by Cabaretlo—, and later developed by Bordoni.m8

Measurement of the decrement is made either by obgerving the decay of
free vibrations, the width of the resonance curve in forced vibration, or the
drive voltage required for a constant amplitude of vibration at resonance,

The unique features of this apparatus are its wide temperature range
(less than 4°K to about 1000°K), its irradiation efficiency [an average flux of
about 3.6 x 10!} gamma/(cmz-sec) from a 100 Ci source in a sample of
2.5 cm3 volume], and its automated operation, Mnst importantly, all cpera-

tions take place without moving the sample,
C, SAMPLE FABRICATION

The samples for this experiment had to satisfy several requirements:

1. Their purity had to be as high as possitle, since dislocation pinning
is very sensitive to impurity concentration,

2, They had to be single crystals, to ensure a single resonant fre-
guency throughout several annealing operations,

3. They had to be oriented properly, to avoid coupling to flexural
vibration modes when the sample was driven,

4. They had to be hollow, to allow insertion of the radioactive source.
They had to have flat, parallel ends, to ensure that the driving
force and vibration would be purely axial.
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Fig. 2. Irradiation cryostat-furnace.

6, They had to be of convenient size to fit into the available double
Dewar with its newly~designed cryostal assembly, and rigid enough
‘o preclude severe deformation in normal handling,
7. They had to have some provision for mounting to the holder at the
central nodal plane, with low damping losses.
These requirements were satisfied in the following way: The starting material
was 99.9999% pure silver obtained from Cominco Products, Inc, (Lot HPM
3701), This material was cut to size with a jeweler's saw. It was etched in
50% reagent grade nitric acid and washed with reagent grade methanol or ace-
tone prior to each melting,
It was decided to make the samples 9,525 mm in diameter ard about
63 mm long, with a 6.35-mm-~diameter axial hole for insertion of the source,
The split molds used are shown in Fig. 5. They were obtained frc:: Ultra
Carbon Corporation, who fabricated them from ultra-high~purity graphite and
guaranteed them to have less thar 50 ppm total impurities after fabrication,
An induction furnace with an oil-diffusion-pump vacuum system was
used for all melting., Melting was done either in a vacuum of 0,13 mPa or in
helium gas that was purified by passage through a liquid nitrogen cold trap.
The physical arrangement was as follows: The mold was placed on a stand
fabricated from fused quartz so that it was vertical and located above the
metal housing of the vacuum system, It was then surrounded by a fused
quartz envelope in the shape of a large, inverted test tube, with about 15 mm
minimum clearange between the envelope and the mold. This was attached to
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the vacuum system housing by means of a graded seal and a metal flange fitted
with an O-ring, An induction coil was fabricated to surround (and clear) the
envelope, and was mounted to a vertical variable speed motor drive mecha-
nism, The induction coil was energized by a Lepel radio-frequency power
unit via a flexible water-cooled coaxial cable.

The molds were first baked out at 1200°C for several hours in high vac-

uum using this system. The process for growing a crystal was then as follows:

A hollow silver billet of the proper size was cast in the casting mold (Fig. 5,
left), The silver was melted in a vacuum and 100 kPa of helium was then added
to push it into the mold, The mold was cooled slowly by raising the induction
coil at a rate of about 200 mm /hr to eliminate porosity. The mold was then
removed from the furnace and disassembled. At this stage, the hollow billet
was firmly attac aed to the graphite rod from the center of the mold because of
differential thermal contractiu:, The two were placed in a stainless steel jig
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incorporating a Wilson seal and heated in another vacuum furnace to about
700°C as 10—6 Torr, at which temperature it was possible to pull the rod out of
the billet by careful band pressure. The billet was then cooled and removed
from the furnace, and the excess material cut off with a Servomet spark
machine. The polycrystalline billet was stored under clean conditions,

Next, a spherical single crystal 25.4 mm in diameter was grown in the
crystal growing mold (Fig. 5, right). This was accomplished by heating the iy
entire mold to about 1100°C and raising the induction coil at the rate of
5 mm/hr, (This is known as the modified Bridgman crystal growing tech-
nique.} deveral atte.apts were required to produce a seed that revealed no
striations upon etching. The extra stub was then removed with the Servomet
spark machine set to range 6. The etched sphere showed spots corresponding
to the crystallographic directions,

The growth of a hollow cylindrical single crystal was then accomplished
as follows: The seed was placed in the bottom of the crystal growing mold and
oriented by visually sighting down the axis of the mold so that a (111) direction
was parallel with the axis, The previously=-cast billet was slipped over the
graphite plug-rod for this mold which had been fabricated smaller than the rod
in the casting mold ta allow this to be done at rocom temperature, The mold
was assembled with the plug~-rod raised about 3 mm above its shoulder, and
placed in the induction ‘urnace. The furnace was evacuated and the inductisn
coil positioned so that its bottom was at the level of the center of the seed.
The mold was heated to red heat in a vacuum and ! atm of helium was added.
The silver was then melted down to approximately the center of the seed.

This was accomplished by judicious adjustment of the height of the coil and the
power setting rhile observing the temperature of ihe mold with an optical
pyrometer which had been calibrated to account for the absorption of the fused
guartz vacuum envelope. The induction coil was then raised at the rate of

5 mm/hr and the single crystal grown up from the seed. The furnace was then
slowly cooled over a period of about two hours, The rod was pulled from the
crystal as before, and the seed cut off with the Servomet spark machine, The
hollow crystal was then sliced to length and the ends planed perpendicular to
the axis, agzin with the spark machine, Several crystals were fabricated in
this manner.

The fabrication of these samples was no mean task, Success was found
to depend on slow cooling of the molds, elimination of the vibration in the
apparatus, and prevention of stresses on the silver due to the differing
thermal expansivities af the silver and grapbite. The growing speed was also
found to be important, since siriations developed in the crystals at higher
speeds,

The dislocation structure and density produced by this method of fabri-

cation is not known, but the stresses developed when the crystal was cooled on
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the graphite rod and when the rod was pulled from it no doubt increased the
densiiy over that expected for crystals of simpler shape, Etch pit counting

was not performed,
. Some of the gilver used in growing the final sample had already been
: melted raore than six times because of the difficulty in producing a single

crystal in such an unusual shape,

D. TEMPERATURE MEASUREMEMNT AND CONTROL. —
THE CRYOSTAT FURNACE

As mentioned above, careful measurement and control of temperature is
essential to the success of experiments of this type. This is particularly
important in the region near liquid helium temperature and immediately above,

To accomplish this, the cryostat furnace pictured in Fig. 2 was designed
and built, The basis of this apparatus is a Cryenco stainless steel liquid
helium Dewar. The inner chamber of this Dewar measures 101,6 mm i, d.

X 914.4 mm deep. The bottom 610 mm is double-walled and vacuum-insulated.
The inner wall is made of stainless steel, while the outer wall, in contact with
liquid nitrogen, is made of copper. The upper 305 mm is single-~walled,
0.381-mm-~thick, stainless steel, Fitiings were attached to the side of the
Dewar at the top, to provide for filling of the nitrogen chamber, There is a
stainless steel collar at the top of the Dewar, which is tapped for 6.35 mm
bolts and contains an O-ring groove. This collar mates with the main flange
of the heater-buffer assembly.

The heater-buffer assembly consists of two concentric cylindrical cham-
bers (called the specimen and buffer chambers), the main supporting tube, the
thermocouple tubes, the main flange, and a polyurethane plug, The specimen
chamber is mace of stainless steel, to allow for high-temperature oxygen
experiments. The thermocouple tubes enter the inner can but are hermetic-
ally sealed from it, The tips of these tubes are fitted with small thermal
anchors that were welded to the inside of the inner can at its center height.
The tubes extend up through the main flange and terminate 1n fittings that
ensure a vacuum seal and allow for pump-out.

The heater is a 400-W tubular stainless-steel-sheathed Nichrome ele-
ment with magnesia insulation. It was wound helically onto the specimen
chamber, held in place with small stainless steel strips spot-welded to the
chamber, and vacuum-brazed in place with gold-nickel alloy. The entire
rpecimen chamber with its heater was electroplated with a 1.6-mm-thick layer
of copper and a thin coating of gold, This specimen chamber design is advan-
tageous in that it allows oxygen experiments to be done because of the stainless
steel liner, but retains the beneficial high thermal conductivity of copper to
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reduce thermal gradients. The integral design provides tight thermal linking
of the heater and thermocouples for precise control,

The buffer is a copper can, 88.9 mm in diatneter and 0.762 mm thick,
surrounding the specimen chamber and heater assembly, [t has a pump-out
tube extending up to the main flange so that it can be evacuated or filled with
exchange gas independently of the inner can, The heater leads, inside their
sheath, extend to the top flange through the buffer pump=-nut tube, This pro-
vides insulation to minimize liquid helium boil-off. It was necessary to mount
the top of the heater sheath in a bellows, to allow for difierential thermal
expansion. The top of the bellows was thermally linked to the top flange with
copper braid to prevent overheating.

The main flange contains several fittings. First is the center hole for
the main tube, The hole is surrounded by an O-ring groove and a tapped bolt
circle that mates with the flange on the electrode-sample holder assembly.
The main flange also contains the thermocouple wand sealg, the thermocouple
pump-out fittings, the buffer pump-out line, the heater leads, the vacuum-
jacketed fill line for the 101.6-mm-i,d, Dewar chamber, the Dewar-chamber
vent and pump-out line, and a Dewar-chamber probe hole. Molded onto the
upper 300 mm of themain tube is a polyurethane plug that prevents collapse of
the Dewar wall when the Dewar chamber is evacuated, and reduces gas-
column conduction when the Dewar contains liquid helium,

The heater-buffer assembly is lowered into the Dewar chamber and
bolted to the collar, This provides thethird concentric vacuuin tight chamber,
With this combination it is possible to control the temperature of the sample
in the inner can over a wide range, For the lowest temperatures, liquid
helium is fed into the Dewar chamber and helium gas into the buffer and inner
can, With this arrangement, it is possible to reach approximately 2 K by
pumping on the liquid helium with a mechanical pump (normally it is open to
the atmosphere through a check valve). Using the heater, the temperature
can be controlled up to about 80 K. For higher temperatures, the helium is
allowed to boil off, and the Dewar jacket is kept filled with liquid nitrogen,
This can be used up to room temperature by evacuating the buffer. Above
room temperature, a recirculating water system is connected to the Dewar
chamber. It consists of a pump, hoses, and a combination reservoir, heat
exchanger, and surge chamber, The system is filled with deionized water
and exchanges heat with the Laboratory cooling water loop. The capacity of
this system is such that the deionized water temperature rises only a few
degrees at full heater power,

The actual measurement and control of the temperature is accomplished
by a thermocouple control system, Thermocouples are fitted into wands made
of thin-wall stainless steel tubing, These contain Kovar seals at the top and

are inserted into the thermocouple tubes. The bottom tips of the wands are
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chamfered to mate with the thermal anchors. The tops of the thermocouple
tubes contain O-ring seals so that they can be evacuated and backfilled with
helium gas,

The low~temperature thermocouples were madz of 0.076~mm wire to
reduce heat transfer., Au-2,1% Co/Cu thermocouples were rhos~n for their
high cutput, The wires are glass-insulated, and junctions were made by spot
welding, The beads are insulated from the wands with Teflon tape. For
medium temperatures, copper/constantan thermocouples are used. The high-
temperature thermocouples are Pt/Pt-10% Rh surrounded by ceramic insula-
tors., The low-temperature thermocouples were calibrated against a Honey-
well gerrianium resistance thermometer that was attached to a wand and
lIowered into one of the thermocouple tubes in the same manner. The
Au-2,1% Co/Cu thermocouples are never allowed to rise above room
temperature,

The thermocouples are referenced to an automatic ice-point reference
standard made by Kaye Instruments, Inc. The output of one thermoeouple can
be measured accurately with a Leeds and Northrup K-2 potentiometer, while
that of the other is used for control. The control system is shown on the
block diagram, Fig. 3. It contains an operational amplifier which is connected
to give a gain of 100. The output of this amplifier is then bucked by a regu-
lated 1-V power supply, and the difference is fed to a Leeds and Northrup
Series 60 C.A,T. controller, The controller output drives a magnetic ampli-
fier, which in turn feeds a voltage-dividing resistor bank connected to the
cryostat heater, A separate difference signal is alsc fed to the strip chart
recorder. A motor drive on the bucking circuit enables one to drive the con-
trol temperature in either direction at various speeds.

The accuracy of the temperature controi system is t1/2 K in absolute
value and z#1/4 K in relative value during a given isothermal run, The final
temperature calibration for the runs reported here was made by replacing the
sample with a dummy silver sample of the same size into which a 40-gauge
copper/constantan thermocouple was crimped, The thermocouple wires were
passed out the center of the electrode through a Kovar feedthrcugh. The con-
ditions of specimen chamber pressure and temperature during each run were
duplicated and the sample temperature was calibrated against the chamber
temperature. Corrections were then applied for the temperature changes due

to insertion of the source, as discussed in Section G,
E., SAMPLE MOUNTING AND ELECTRODE ALIGNMENT

A bar that is to be driven in longitudinal vibration ideally should be
mounted exactly at its nodal plane with zero-thickness mounts tnat will sup-

port the sample over the entire temperature range of interest without
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streasing the material or allowing it to loosen. The mount should be either
infinitely compliant or infinitely rigid, to avoid absorbing energy from the
vibration.

In practice, it is not possible to achieve these goals completely, but
satisfactory results have been obtained by various workers using wires, knife
edges, and needles, The wire system, though very compliant, is not satis~
factory for vertical sample orientation; and the knife edges and ncedles,
although very rigid, deform the sample and require accurate correction for
thermal-expansion differences between the sample and the mount, To elimi-
nate these difficulties, we decided to mount the sample on four sliding pins,
spaced 90° apart on the nodal plane. The pins were made by turning down the
tips of stainless steel set screws to a diameter of 0.38 mm, After some
development, they were electroplated with a thin layer of cobalt o prevent
sintering to the silver and coated with a layer of colloidal graphite to promote
sliding. The imporiance of this is discu-sed in Part VI,

Four holes were spark-machined into the sample using the Servomet on
range 6. The cutting electrode used consisted of a gize 80 drill bit chucked
upside down. Accurate alignment of these holes was achieved by using a
specially-built jig, The jig incorporated a V-block with a stainless steel
sample sleeve. The sleeve had four holes spaced at 90°, which registered
with a pin on the V-block. In use, the sample was first located with a microm-
eter screw. Then it was glued inside the sleeve, which had a Teflon liner, with
a home-made conducting glue that was soluble in acetone but not in kerosene,
which was the cooling fluid used in the Servomet machine. This glue was made
by adding powdered graphite to Duco cement. The spark machine was then
aligned by matching the cutting electrode to a sma:l hole drilled at the proper
place in the V-block. The cutting electrode was backed off, and the sample sleeve
was glued to the V-block, matching one of it ‘les to the pin. The first hole was
then spark-machined into the sample. After it was completed, the glue holding
the sleeve to the V-block was dissolved with acetone on a Q-tip, taking care not
to dissolve the glue holding the sample to the sleeve. The sleeve and sample were
then rotated 903 glued, spark-machined, and so on, until all four holes were com-
pleted. The g'-e holding the sample inside the sleeve was then dissolved and
the sample was removed and washed with acetone,

The sample was then carefully mounted in the sample holder by lining up
the holes with the pins and screwing the pins in against the shoulders provided
in the sample holder. The sample holder was then installed in the mounting
assembly, which is shown in Fig. 1, Differences in horizontal thermal expan-
sion are compensated by sliding of the sample on the pins, and the small
size of the pins makes thermal-expansion differences between the pin and
hole diameter< unimportant, By saturating a silver sample with oxygen to pin

its dislocations the background decrement due to this mounting was found to be
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lesg than i.4 X 10—5, about an order of magnitude below the other measure
ments made in fhis work, Actually, it may have been lower than this, smce
it is not known whethey the oxvgen climinated all internal friction in the
cample, itself.

To align the sample and the clectrode accurately, four adjustments were

provided, The adjustment sequence was as follows:

1. The smample-holder mounting assembly was {irst atigr~d approx-
imatcly horizontally with the electrode tube axis, using its three
mounting screws and lock nuts (Fig, 1),

2, The sample holder was then tilted, using its supporting screws
unti! the sample center hole was parallel with the axis of the
clectrode.

3.  The elecirode was then moved horizontally by adjusting the posi-
tion of the electrode centering spider using threc screws,

4. The clectrode cap was thep tilted by means of four set screws
arranged on two axes that are perpendicular to each other and
separated vertically by 25,4 mm. Only two of the screws are
shown in g, 1. This cap design was suggested by a feltow

a
graduate student, Ronald M, anila.m'

The last adjustment was made by first shining a bright light through the
gap and tilting the electrode cap until it was as nearly parallel to the sample
end face as could be judged with the naked eye, Then the 5-MHz carrier sig-
nal was applied, and the elcctrode wus carefully lowered until a small arc
ozcurred. Its location was noted and the e¢lectrode wus backed off and tilted
slightly to increase the pap at that point, This procedure was cnontinucd until
no further improvement could be made,

This design and procedure is effective in coping with variations in dimen-
sions between different samples, and allows rapid and precise adjustment of
the alignment. [t is stable during annealing, protects the sample from me-
chanical disturbance, and guarantces gap alignment tc¢ better than 13 microm-
eters over the width of the sample. This is very essential, because 1t allows
a small gap and hence a low strain amplitude to be used in order to avoud

the amplitude-dependent damping region during experiments.
F. ELECTRONIC SYSTEM

The electronic equipment is shown in the block diagram, Fig, 3. Most
of the system was assembled by M. W. Guinan, who has described it clse-
where,105 {ts functions are to control the sample —electrode gap, to drive the
sample at its resonant frequency and a preselected strain amplitude, and to

measure and record the resonant {requency and drive voltage continuously. [n
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addition, it must bc Jble to plot resonance curves and to monitor the decay of
free vibrations, The temperature control and monitoring system is also
shown. Bwitches are shown in the normal, closed-loop control positinn,

The essential concept is that the electrode —~sample combination forms
a capacitor that is effectively located in the tuning circuit of an FM oscillator.
The resonant fregiency of the oscillator is 5 MHz; and it {s modulated by the
sample vibration, which causes the effective capacitance of the gap to vary,
The frequency of the modalation corresponds to the vibration frequency of the
sample, and the absolute amount by which the modulation shifts the oscillator
frequency corresponds to the amplitude of the gample vibration,

The oscillator output is fed to a discriminator . .rcuit, which puts out
two signals. The first is a d.c. signal that corresponds to the average oscil-
lator frequency. It thevefore reflects the average value of the electrode-
sample capacitance, which is inversely proportiounal to the average gap spac-
ing., This signal is fed to a servo amplifier driving a pulse motor that raises
and lowers the clectrode to maintain o constant gapg spacing,

The other signal coming from the discriminator is an a,c, signal whose
frequency is tha! of the sample vibration and whosc arnplitude is proportional
to the sample vibration amplitude. This signal is amplificd and filtered to
remove nnise, its frequency is counted to t0,3 Hz reproducibly and is
recorded by the strip chart, and it is passed throuph a phasing control and a
variable gain amplificr. The amplifier gain i1 varied in ovder to keep the
sample vibration at constant amplitude, as indicated by the discrimunator
signal, The phasing contral varies the phase relat‘on between its input and
output signals by a few degrees at a rate of 1 Hz and controls the average
phase at the value that produces equal increases in the required irive signal
as the phase is varied in each direction, The voltage aof the output or drive
signal is then measured to about 1% accuracy and recorded as it 1s applied to
the electrode, The high- and low-pass filters are used to prevent interference
between the lower-frequency drive signal and the higher-frequency oscillator
carrier signal, The decay gate is used to calibrate the drive-~signal voltage
measurement, so that the relationship between the internal friction and the
required drive voltage for a given vibration amplitude can be known, 1t is
essentially a differential discriminator that allows the counter to count the
number of cycles between two gpecified vibration amplitudes in a free decay.
To use it, the counter is switched to the decay gate output, the drive is tem-
porarily turned off, and the number of cycles whose amplitude lie inside the
"window' is counted as the vibration decays.

The d.c. voltage supply provides zn adjustable bias to the electrode so
that a wide range of damping and strain amplitude can be accommodated. [t
also ensuces that the drive signal frequency und oscillation frequency are
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equal instead of Leing related by a factor of two, as would be the case with
pure a,c, drive, The d.c. voltage can be known to an accuracy of better than
0.1%.
The VTVM allows precise setting of the strain amplitude, The control ,
level of the variable gain amplifier is set by reference to it,
The oscilloscope provides aconvenient monitor for the system. bDuring
stable operation, it displays an elliptical 1:1 Lissajous figure which is steady
in sizc and rocks gently back and forth at 1 Hz with the phase modulation, Any i
instabilities such as electrode arcing, loss of control, or amplifier distortion
arc immediately apparvent,
To plot resonance curves, the other theee switches shown in Fig, 3 arc placed

in the "down' position, This cannects the variable audio oscillator and amplificr to
the clectrode so that the forcing frequency can be swept across resonance,
The oscillator frequuncy dial is attached to a potentiometer that varies the d.c.
voltage from a small power supply and drives the X-axis of the X-Y plotter,
The V-axis then responds to the specimen vibration amplitude, through the
a,c.~to=d,c. converter. This makes it possible to plot amplitude versus fre-
quency in a quick and convenient manner., The resonance curves give the
damping value to a reproducibility of 1%,

The output data continuously printed by the strip chart recorder are

temperature, resonant frequency, and drive voltage as functions of uime.
G. IRRADIATION SYSTEM

The irradiation system consists of the sources, the remote control
source transfer mechanism, and the storage and shielding pit.

The three sources are composed of cobalt partially activated to so(‘o,
and were obtained from General Elertric Corporation, Vallecitos Nuclear
Center, Pleasanton, California. The nominal activities of the sources are
1.0, 10, and 100 Ci. The exact activities are calculated for cach ¢xperiment
by using calibration data supplicd by the manufacturer and a half-life of
5.263 years.110 The calibrations are certified to be accurate to £5%,

The cobalt is in the form of l-mm-diameter by I-mm-long cylindrical
pellets uniformly spaced in scaled stainless steel tubes of total length 8.5 cm.
These tubes in turn are inscrted into outer stainless steel tubes that are soft-
soldered to threaded plugs above the heated zone, The plugs are screwed into
the ¢nds of Teflon rods, The top of each rod is fitted with an cye screw, an
O-ring, and a cap that screws onto the top of the clectrcde shaft at the top of
the cryostat furnace, This provides a vacuum scal when the source is in the
cryostat furnace.

Because the sources are metallic, it is necessary te provide an electro-

static shield between the sample and the source, which is inserted into it,
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Otherwige, insertion of a source would ~ause a large change in the apparent
electrode sample capacitance which would increase the autematically con-
trolled gap, which would in turn raise the strain amplitude nnd possibly tl.e
obscrved damping, A thin-walled stainless steel tube was therefore welded
10 the end of the clectrode tube, independent of the electrode cap, It passes
through the cap and the sample, extending a few mm below it, This tube also
prevents the source fram rubbing the sample during ingertion and withdrawal,
The gamma-~ray attenuation of this tube is negligible,

This source-sample geometry provides maximum efficiency and fairvly
wnform irradiation, making it possible to obtain a flux of about 3.6
x 10” gﬁmmas’((‘mz-soc) from a 100-Ci source in a sample of 2.5 (‘m3 vol-
ume, with 90% of the sample volume receiving within £25% of the average
damage rate as mentioned previously,

The disadvantages of this design are that it is not possible to obtain iso-
thermal data until about 1 hy after the source is inserted, and it appears that
insertion of the source causes n small initial change in the domping, amount-
ing to at most 4,3% in this work,

The reason for the t-hr delay is that the source insertion changes the
sample temperature, and this length of time is required before a new thermal
balance is restored,  The temperature change is due to gamma heating and the
additional heat-teak path to the cooling bath that is conteibuted by the souree,
These effects were separated by inserting sources with the apparatus held at
room temperature by a water cooling bath, In this case the heat-ieak coffect
should not be present.  The change in vibrational frequency, which s in-
versely proportional 1o the temperature change, was observed, [t was found
that gamma heating is negligible less than 0,1°C) with the 1.0-Ct rource,
which was used in the quantitative experiments of the present work, The com-
bined effects amounted to about 0,4°C for the highest temperature run used in
this work (53°C), This was taken into account in calculating the actual sample
temperatures,

The cause of the small damping change when the saurce is inserted 18
not complerely clear, Sirce it occutrs instantaneously, compared to the pin-
ning observed during the anneals, it seems not to be duce to a rad.aton pinning
cffect, Neither can it be attributed to mechanical shaking of the sampte during
insertion of the source, since it does npot occur with a dumimy source. Rather,
it appears to be duce to the rapid initial change in temperature of the sample
relative te its mounting, necessitating sliding of the mounting pins in the sam-
ple mounting holes, Although precautions were taken to reduce pin-sample
friction, as discussed carlivr, it seems probable that the small friction wiieh
remains gives rise to small deformations near the mounting pins, which

change the damping slightiy. As a consequence of this, the tnitial damping
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value has been treated as a variable parameter with narrow limits in the data
analysis as will be discussed later,

The transfer mechanism (Fig. 4) is used for raising the sources and
transferring them between the cryostat and the storage area. [t consists of a
movable, 110-mm-thick lcad shield mountedon a trolley, which in turn rolls on
an overhead l-beam. The shield can be raised and lowered by means of pul-
leys, cables, and a counterweight, in order to keep the source covered at all
times, The trolley can be locked in position by means of a spring-loaded pin
that engages holes in the [-beam, The sources themselves are carried by a
hook which attaches to the eyc screws mentionad above. The hook in turn is
affixed to a cable which passes up inside the shield to the trolley and thence
over a pulley and out to the control point, All the control cobles for this
source, shield, trolley, and lock pin extend overhead to the control point 5 m
away, wherc they pass over pulleys and terminate in fohs., Remote control is
accomplighed by the usc of these fobs and strategically placed mirrors,

The storage and shielding pit {s constructed {rom 12 tons of lead brick,
The bricks are placed in such a way that the sources are surrounded by 200 mm
of lead when in the cryogtat, and by 250 mm when in the adjacent storage arca.
This effectively protects personnel but retains convenience of operation, The
highest dose rate to operators occurs during transfer of the largest source
and does not exceed 80 mR/hr for a period of 1 min,

H, STRAIN AMPLITUDE AND DAMPING CALIBRATION

To interpret the data from the apparatus described above, one must be
able to convert the measurements of drive voltage at the electrode —sample
gap and discriminator outpat voltage into the logarithmic decrement and the
strain amplitude. To do this it is necessary to solve the equation of motion of
the sample and apply the equations governing the behavior of the electronic
measuring and controi system. Thig has been done by Guinan,los and is
repeated here with some changes,

Consider first a uniform rod of arbitrary cross section with ends per-
pendicular to its axis, center plane mounting, and length L. This represents
the silver sample, The equation of motion of such a rod, driven electrostatic-
ally at x = L./2 by a sinusoidal signat, igtt

82u - E azu N 6( - _[:-) ei.th (V-H-1)
? 8t§ ax2 2/%

where

o is the mass density (kg,’ma)
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u is ‘he displacement from equilibrium in the

x-direction (m)

E is Young's modulus, complex to allow for damping

(Pa)
t is time (sec)
o, is the peak value of the applied s)reas (Pa)

w is the circular frequency of the driving signal tsec™1)

and 6(x - £) has dimensions of 1/length, so that

2
two
[ obe-Bex-n.

=0
Using the boundary conditions

du(x,t)

u(0,t} = 0 and
xX

= O'
x<L
2z

this equation of motion can be solved by separation of variables and eigenfunc -

tion expansion. The solution is shown to be

[ o]
fw t
_ . n ~H-
u{x,t) = Z Re [An sin (anx) e ], (V-H-2)
n=0
where
<]
= o) - -
o e
Here, Re denotes the real part,
_(2n + 1)x H-
e (V-H-4)

and

- E _H-
wn-an\j:. (V-H-5)
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In determining the coefficients An, it is assumed that the driving frequency is

equal to one of the normal mode frequencies, i.e.,

cu = \fal E - H-
w = w =48] = (\~-H-6)

To allow for damping, we set

2 s E 18 -H-
I - 1,0(1 +12), (V-H-7)

where Ais the logarithmic decrement. hen

o
70 :
o 1 . 1(2n + l)rrx] N .
T z - sin [———L—-— sin unt. (V-H-8)

ulx,t) =
X P = R

T el

=0

o

Finaily, if the bar is driven at its fundamental mode (n = 0), the solution
becomes
“o X
ufx,t) = 5= §in 3= sin 27{t, (V-H-9)
47rpl,f(; A

where fo is the frequency of the fundamental (Hz), [t is now necessary to
relate this solution to the parameters of the control system, Since the strain

is defined as € = du/dx, its maximum value occurring at the center plane of

the rod is
‘o H-10)
€ = 33 (V-H-10
v 4pL71 5 A
Also, since the increment of length (uma!) is given by
c
8L = o (V-H-11)
arpl.f A
o
it follows that
€= 7%. (V-H-12)

This relates the maximum strain in the rod to the deflection of its end, for
simple harmoaic motion, [t is the motion of the end that is important to the
control system, as will be seen.

The basis of the electrostatic drive system is that a capacitor is formed
by the electrode and the top end of the silver rod, Its area is e¢qual to the

2
cross-sectional area of the rod. Then, neglecting edge effects 112
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CBB42x 077 A

Cg-® a (V-H-13)
where

(‘g is the capacitance of the gap in I°,

A is 1he area in mz. and

dg is the gap spacing in m,
Also,

-12
-8,842X10 Ang
6d -~ Ty (V-H-14)
g c*

4

where dd_ and 8C_ represent small changes in the gap and capacitance,

respectively, The frequency change of the FMoscillator is related to 6Cg by

6C —26fH
£._H (V-H-15)
C t
o H
where fH is the FM oscillator frequency. This equation defines (‘n tin i} which

is actually a composite of the fixed and variable ~apacitors in the oscillator

circuit and filters, and the stray capacitance of the apparatus. Since §1.=6d ,

the maximum strain amplitude is given by

- -11 .

7.86 X 10 AC vV
[o] o]

(V-H-16)

€0 " Z
Lt‘HGCg

where v is a constant relating the discriminator output to the frequency change

MH: (“H = ‘de), and \’d is the peak voltage of the discriminator output, Vd in

turn is related tc ihe VTVM reading by

Vd = 3@\,0,

whnere Vo is the VTVM reading in Vrms and G is the voltage gain of the ampli-
fier located between the discriminator and the VTVM, This result provides a
method of determining the maximum sirain amplitude with no knowledge of the
damping or drive voltage. A and L. can be obtained by measuring the sample.
C0 is obtained by calibrating the change in oscillator frequency for known
values of inserted capacitance. fH is read from the counter. G can be meas-
ured byusing the VTV M and audio oscillator. v is obtained from a calibration

of the discriminator output voltage versus oscillator frequenc,. Cg is found
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by raicing the electrode, manually adjusting the ¥'M oscillator frequency to the
desired value, lowering the clectronde, resetting the {frequency, and noting the
difference on the calibrated dial. \'n 18 read from the VTV N,

It 1s nlso possible to obtain an independent measure of the strawn ampli-
tude .f the damping and drive voltages are known, This provides a check on
the s.ystem, To accomplish this, it is necessary \o express the strain ampli -
tude in terms of the drive voltage,

As was shown above,

[}
(n:—_'_’o'—’" (V-1{-10}
'IL"f(';.lp

The stress on a capacitor plate is given by“ﬂ

@ ——— (V-H-17)
7.2 x 10 a d’
i
where o is expressed 1n pascals, d_in muters, and V in volts. Since the clectrade

receives both an a,c, signal and a d.c. bias,

Vo= ‘»’D v J2 Vo sinwt, (V-H-18)

4

where V., is expressed in volts d.c,, vy 18 the vrms a.c, F-ive wo'"age, ar

D
is the drive frequency, Then

3 2 2 2
2. . ; oed sin
AY VD +2,/2 Yo VD sin m”t + 2vy sin m[)t

2 . 2 2

= VI P t+v> - 5 2 F_1i-19
Vl) 242 vy VD sinwpl + vy - v cos 2wyt (V=-1i-19)

In the present case, VD >> v {by a factor of at least 15) so that the sample 18

driven at the frequency of the a.c. signal, and

1,60 10" % v, cl
o = o - (V-H-20)
o AZ

Finally,
-20 2

4.00x10 v _Vv_cC°
€ = - OZD g (V-H-21)
° L fo8pA

In using this equation, & must be determined by taking a resonance curve or

by the free decay method.
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A final approach 'g 1o combine Fas, (V-H18) and (V-H-211 and anive for
A

comdarizon can be made quickly, as a continuouz check of the syatem, Thiu

Then, if A ig obtained independently by resonance curves ar free decay, a

calculation results in the equation

soax100 vty o
o D g (VaH-12)

2 P .
Lfﬂ pA (“07\0

During opervation, the actual practice was to periodically obtain the ratio
A"'vo\’l)), where & wag obtajned from free decayas, This ratin varied as much
as 10% over the course of a 600-hr irradiatior, but the use »f frequent free-
decay calibrations made it possible to determine the damping to a precision of
abeut 1%,

The canibration standard for all values of & was taken to be the
resonance~curve method, since thin is independent of all other pacameters no
long as they remained constant during the period of about 1 man that was re-
quirced to plot a curvz, That they did wan demonstrated by the amopothness and

reproducilihity of the curven that were obtained,
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V1. Survey Experiments

Several survey experiments were conducted in preparation for the 1so-
thermal irradiations discussed in Part VII.  The purposes of these expery -
ments were to test and imnrove the operation of the newly fabricated apparatus
and to  “tain a qualitative understanding of the processes to be studied. RBe-
cause these purposes were accomplished simulancously, high precision was
not possible 1in this phaze of the work, bwt canstderable information was ob-
tained, and a firm foundation was laid for the more quantitative work which
tollowed, To present a more coherent account, we have chosen to present the
exp2rimenial procedure and the results tegether, BDiscussion and conclusions
drawn trom the survey experiments will follow and will set the stage for uis-

cussion of the 1sothermal irradiations,

A, ENPLERIMENTAL PROUCEDURE AND RESULTS

After mounting in the cryostat furnace, the first single crystal sample
(labeled No, 5C4a) was anncaled vvernight in hizh vacuum at a temperature of
600°C, This anneal lowered the room-temperature decrement by about a
factor of 2.5 from the frechly mounted value to 2,8 X 10—3. The resonant
frequency at room temperature after annealing was about 24,7 kiiz,

The first experiment was a room-temperature irradiation with the 20-T4
scurce for 120 hr, The purpose wvas to find out whether this source would
cause large enough changes in the damping and frequency in a few hours to be
readily observed, The ircadiation resulted in a 83% reduction in tie decre-
ment and a frequency increase of about 100 Hz, Following this, the sample
was anncaled overnight several times at 6U0°C in high vacoum, cooling to
room temperature between anneals, This was dor.e to find out whether the
room~-temperature damping value would change with successive anneals, [t
was fou - that the first annea. raised the decrement 1o near the value belore
irradiatic 1, llach succeeding anneal lowcered the decrement by a decreasing
amoumt. After six anneals, the room-temperaturc damping became constant
within a fcw pereent,

Sample No, SC4a was replaced by a second single crystal (labeled
No, SC9t) for the next series of experiments, because apparatus difficulties
caused No, SCia to recrystallize, rendering it unusable, This second crystal
was annealed overright four times at 600°C in high vacuum, After each of the
first three anneals, a dummy s« . ce was inserted to check and adjust its
alignment with the hole in the sample. Each time, the sample was disturbed,
and the damping rose slightly., After the fourth anneal the alignment of the
source was properlv adjusted, and its insertion did not result in a damping
increase, The room-temperature damping ai this point was 1.1 X 10_3, and

the rescnaat froguency was about 26,7 kHz,
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The annealed <an%‘>v then was cooled to 1,2 K, 2nd the damping and fre-
quency wer n'ﬁ?('uhlo?e ali n.,ff. continuots warm-up te room temperature,

The purpose was ta establish the preirradiation values of the menitored param-
cters, The warm-up revealed a single broad peak in the internal fri-tion as a
function of temperature, The decvrement rose fram a value of nbout ¥ x 10"3

at 4,2 K to about 5 X 10~3 at 81 K, with a slope that was concave downward,
Then it decreased at a slower rate to roem temperature, where it was equal

to about 1,1 X 10-3 as mentioned above, The slope was concave upward on the
high side of the peak, The half-maximum values »f the deerement occurred at
about 25 KK and 190 K. The warm-up was repcated to check reproducibility,
with the result that the temperature of maximum damping was reprnducibie to
within about 3 K, the decrement values to within about 2%, and the fequency
values to within about 0,02%,

Oncce the starting values were establisted, the next objective was to find
ou! at what temperatures observable changes due to it*l‘adiauon would occur.
The sample was cooled to 4.2 K and the 20-Ci source was inserted, The sam-
ple was irradiated for about 8 hr, during which time its temperature never
rose above 20 K, and then it was slowly warmed to rc.om temperature. Be-
cause of apparatus difficulties (formation of air ice in the electrode), 1t was
not possible to remove the source before the warm-up, so the irradiation was
continued during this period, The damping and frequency were continuously
monitored during the warm=-up, but apparatus difficulties precluded smooth
temperature control. (Upon reaching ronm temperatur-, the source was
removed after a tolal irradiation time of abour 26 hr., At this time the damp-
ing was obszrved 1o iave decreased to 5,0 X 10"]‘ from tg former value of
L1x 1073
was allowed to anneal at room temperature for about 35 hr. During this time

The frequency had inereased by about 44 Hz, The sample then

the temperature rose briefly to about 35°C as a result of controller maifunc-
tion, but spent the majority of the time at room temperature, This anncal
caused the damping to decrease to 4.7 X 10-4, and tne frequency rose an
additional 27 Hz.

The sample was cooled again to 4.2 .\, and another monitored warm-up
to room temperature was performed, The objective of this warm-up was to
determine whether the effects of irradiation that were sc-n after rovm-
temperature annealing could be observed over the entir. temperature range.
A decrease in the damping was observed, which ranged .com about 13% at
4,2 K to about 48% at room temperatvre, The observed peak was drcreased
about 32% in height and shifted down in temperature to 70 K,

:'\This source later decayed to become the 10-Ci source,
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Using the results from this warm-up as a hew set of starting values, the
sample wag again ir ~adiated wih the 20-Ci sowree gear Ligutd nelium temper
ature, this time for about 21 hr, DBecausc of difficulties in transferring liquid
helium, the iemperiture roge to 20 K for about 4 min during this period and
momentariiy rose tc 36 K, When the temperature was lowered again, however,
no changes were obsurved in damping or frequency arising from this problem.
The source was raised from the sample, and another monitored warm-up to
room temperature was porformed, This experiment was conducted to sce if a
larger irradiation dese and better temperature control during warm-up would
reveal temperature regions where changes in dislocation pinning occur, The
results showed an increase in frequency of about 0.06% between 65 K and 90 K
when this run was compared to the previcus warm-up, which appeared to be
significant in comparison to the scatter in the data. There was no significant
change in the damping over the temperature range during the time of the warm-
up, After anncaling was done at room temperature for 3 days, howcver, the
damping had decreased to 3.2 X 10-4.

In order to estimale the damping due to the sample mounting, the sample
was held at 540°C for 5 hr in the presence of 200 kPa of oxygen. This procedurce
resulted in a decrease of the room temperature damping to 1.6 X 10°°, Anneal-
ing at 725°C overnight raised the damping back to only 6 X 10~5. Since this
was too low for quantitative experiments, the sample was unmounted and plas-
tically deformed in axial compression about 0.25%. After the remounting and
anncaling, the damping was about 3 X 10_4. An irradiation with the 96-Ci
source for 9 hr at 100°C showed little damping change. Sample No, 5C9t was
therefore unmounted and set aside,

A third single crystal, No, SC10t, was mounted and anncaled several
times for periods of onz hour each time in high vacuum, at a temperature of
800°C, It was found that the room-temperature aamping was relatively con-
stant with successive anneals after the first anneal,

The next experiments were long irradiations designed to observe the
time scale of parameler changes due to the irradiation-produced defects. In
these experiments, changes in damping appeared to saturate while the fre-
quency continued to increase, even at rather long times. For example, in a
35°C irradiation with the 26-Ci source, the damping was essentially constant
after 120 hi* while the frequency was still increasing after 600 hr, Ina 75°C
run with the same source, the damping had essentially stopped changing in
less than 10 hr hile the frequency was still increasing at 550 hr,

In the cou se of repeated annealing of this and the earlier samples, the
internal friction was usually monitored during warm-up until the temperature
reached about 395°C, when the electrode was raised to prevent roughening of
its polished surface due to condensation of silver, When an annealed sample

was warmed fron. room temperature, the internal friction was observed to
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rise abruptly as the warm-up was degun to an apparent maximum at about
50°C. It then decreased at a mure-aor-less constant rate until -bout 300C,
when it reached a minimum. Above 009, it increased until measurements
were ceased at about 375°C, The height of the initial damping rise appeared
to be greater when the heating rate was incrcased, During cooling from an
anneal that took place at a much stower rate, the damping did not retrace this
path, bul rather decreased to a broad minimum at about 190°C and then rose
monotonically as the temperature decreased to room temperature, arriving
finally at about the same value as was observed before the wacm-up, The
cooling curve appeared to match with the data obtained from 4.2 K to room
temperature in a more satisfactory manner than the warm-up curves did,
since the slopes were of opposite sign,

In addition to this, it was observed that, when a source was i1 serted,
the damping underwent a prompt increase. These observations led to a serics
of experiments designed to invesatigate the effects of sintering at the mounting,
The mourting piis were first electroplated with a thin layer of silver, After
mounting, the sample was annealed at 600°C several times to sinter it to the
r'as. (The sintering was confirmed later upon unmounting, when it was found
that the pins were firmly attached to the sample,) The 96-Ci source weas
inserted with the sample heated to 30°C. {n a time of about 1/2 hr, the fre-
guency was observed to drop by 60 Hz, and the damping rose by 60% on the
same time scale, Then both parameters reversed themselves and changed at
a much slower rate in the opposite directions. 1(hese prompt changes were
greater than had been observed earlier with bare stainless steel pins,

Fcllowing this, the sample was unmounted and new pins were electro-
plated with a layer of cobalt and coated with colloidal graphte. Since neither
cobalt nor carbon are soluble in silver, it is expected that siantering would not
occur and the sample would be able to slide mare (reely on the pins, After
being remounted, the sample was annealed several times at 500°C for 1 hr,
The room-temperature damping was stable after the first anneal, [n sddition,
the damping rose only slightly when the succeeding warm-ups were begun, and
reached a minimum at about 250°C rather than at 300°C as observed previously,
After the sample was annealed, the 96-Ci source again was inserted, The
observed frequency change was now 21 Hz, and the damping increased only 4%,
When the 10-Ci source was used, the prompt frequency decrease was 2.7 Hz,
and the prompt damping rise again was about 4%, With the 1-Ci source there
wss no measurnble change in frequency, but the prompt damping change was
still about 4%, Meodification of the electronic system to permit a lower strain
amplitude reduced the prompt damping changeto less than 2% at 36°C, Inscrtion
and removal of the dummy scurce did not result in a change in damping.

The next survey experiment consisted of an o'sservation of the depinning
process, The purpose was to find out at what temperature it was necessary to

anneal to remave the effects of irradiation, Beluie this time, we nad chosen
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somewhat arbitrarily 600°C; but, now that it was derired to avoud santering, the
1 wesl satisfactory anncaling temperature was sought,
35°C with the 10-Ci source for 355 hr, which lowered the decrem
to 1,7 X lD“ and raised the resonant frequency from 26,610 Hx to 26,4854 Mz,

The sample wad irradiated at

-1
o

oent Jrony 1,5
e
source was removed, and an isochronal anncal was performed, In each cycle of tlus
anncal the specimen chamber was heated 10 a new temperature, helu there for

2-1/2 hr, and cooled back to 35°C, where it was left overmght, The new tensperature
was 20 K higner cach time: and the parameters were measured bath at 15°C and at the
anncaling temperature, as a function of ime.  Figure 6 shows the frequency and
decrement measured at 15°C plotted against the preceding anncaling temperature,
Two valucs arc shown for most temperaturces; one was obscerved ag soon as the sam-
ple ccoled to 35°C lalter the thermal lag), and the other was observed aller the sam-
ple had remaincd there overnight. It can be seen that anncaling began at about 120,
was half completed at about 220°C, and was csacntially finithed at about 360, f
account is taken only of the data obrerved immediately after cooling. lowever, it
can also be seen that, from 220°C to at leaat 340°C, considerable retrenchment an the
mcasured values occurred at 35°C, (An immediate value was not recorded at 3607 ))
After anncaling at 500°C and conling over the weekend, the foom-temperature value
of the damping wos within 2,4%, and the frequency within 2 Hz, of the presrrachation
values, In addition to the 35°C data shown, the mcasurcments at the annealing tem-
peraturcs also rcvealed o trend, At temperatures up to 220, the damping and fre-

quency exhibited apparcent pinning while held at the annealing temperature, At higher
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temperatures, both parameters showed cvidence of depinning at the anncaling

temperature,
B, INSCUSSION

The survey expertments provide useful information about apparatus
operation, sample annealing, preicvadiation values of the frequency and dee-
rement, temperatures at which pinning occurs, temperature range over which
the effects of pinning can be obiscrved, approximate rates of pinning for dit-
ferent temperatures and sources, and behavior of frequency and decrement at
long times.

With regard to the apparatus, the exp-riments show that the use of a
hollow single-crystal sample with a cylindrical irradiation gecometry is fcasi-
ble and makes it possible to observe changes in internal friction and modulus
in a rcasonable time with a rather small source, They also show that gamma
heating is not observed if the source size is about 1 Ci, but it becomes sig-
nificant if th's is increased by an order of magnitude, However, with the
larger sources the temperature change due to heating can be calculated from ;
the observed frequency change.

The oxygen-saturation experiment shows that the damping due to the
maunting could not be greater than 1,5 X 10-5. Qf course, ‘t may be consid-
erably less thap this value. Since the final damping values after irradizions
were always about an order of magnitude larger than this, the damping due to
the mounting is not expected to interfere with the pinning experiments, [tis
also clear that the oxygen is able to remave sources of internal friction that
are not removed by gamma irradiation,

The experiments with different coatings on the mounting pins indicate
that free sliding of the pins in the mounting holes is necessary if the sample is
to remain undisturbed when a source is inserted or the temperature is changed,
It is probable that differential thermal expansion between the sample and sam-
ple holder gives rise to such motion, If the pins are sintercd to the sample,
the resulting stresses unpin some dislocations or generate ncw ones near the
mounting holes, causing an increase in the decrement, Since this would occur
when a source was inscrted, it might be infercred that the {rradiation-produced
defects initially caused *he damping to rise, However, these experiments
show that, in the present case, at lcast most of the damping rise that was
observed in the initial experiments was an artifact due to the mounting and
could be eliminated, We suspect that the small remaining increase is also
due to this effect or to the change in strain amplitude that occurs when a
source is inserted, because of its effect on the capacitance, A particularly
telling point is that the prompt damping change occurs in a time that is com-
parable to that required to reach temperature equilibrium and less than that
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which {8 characterisiic of the later decreases observed. The question of
damping increasc at the beginning of irradiation is important because it bears
on the model proposcd by Simpson and Sosin.“" which attributes such an in-
crcasc to the process of defcet dragging by dislocations, In the present work
we are convinced that the small observed increases arc instrumental and not
physical in origin,

The source-sample alignment problems led to *he use of a concentric

tube to prevent the source from touching the sample. This tube also serves to

reduce {he capacitance change that occurs when the source is inscrted,

The results of repeated anncals after mounting sample No, SC4a show
that about six anneals were necersary to obtain a rclatively constant room-
temperaturce damping value, This could also have been due to sintering at the
mount. [t might be expected that, after repeated warming and cooling, the
volume of the crystal near the mounting pins would reach a morc-or-less
stable dislocation configuration so that the damping would no longer change.

The vroad peak in the preirradiation decrement, when plotted as a func-
tion of tempcrature, can be identified as the Bordont peak, First observed by
Bm-don(,115 it has been studied c.tensively, and several theories nave been

116 The peak temperature obscerved in the present work

advanced to cxplain it,
(81 K) agrees fairly well with that found by Bordcai g.l;l_l.l 17 at comparable
frequencies (75.8 K at 18,58 kHz and §1.0 K at 50.55 kHz) in silver, and the
curve shape is also simiiar, Perhaps the mosi surprising aspect of the peak
obscrved in this work is that it appears in an annealed crystal, Since fully-

6 its presence here indicates

annealed crystals do not exhibit a Bordoni pcnk.“
that there were still some internal strains present, although the targe peak
width corresponds to a small amount of cold work, Since these obscrvations
were performed before the mounting pins were coated to eliminate sintering,
it is possible that differential thermal expansion caused some deformation
near the pins on cooling from 600°C. Apparently this effect was not signifi-
cant on cooling below room temperature, since the peak was reproducible
after recooling to 4.2 K from room temperature, The decrease in peak height
as a result of gamma-irradiation at low temperature and anncaling at room

8 with alumi-

temperature is consistent with the work of Routbort and Snck“
num, Such a decrease has alsc been observed following neutron irradiation of
copper“g'lzo and silmz:.-.121 Niblett and W‘\lkcsl 18
the peak temperature after neutron irradiation of copper by about 4 K, as
compared to the 11 K lowering observed in this work.

The frequency of the annealed sample decreases with rising temperature
in the manner predicted by the temperature variation of the elastic modulus,
The frequency variation in the vicinity of the peak was nox examined in detail,

An 'mportant questio. in point defect theory asks at what temperature

long range migration of a defect f{irst occurs, Since dislocation pinning during

observed a decrease of
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a warm-up after trradlation requires the long range montion of defeets, inter-
nal friction and modulus measurements arc able to aid in finding the answer,
In the present work the source strength and irradiation time used were able to
give only an indication, but {t appcars that the modulus changed a significant
amount between 65 K and 90 K. Although these temperaturces are somewhat
above the range where Stage [ 1s normally observed, it must be pointed out
that this work involved a stcady warm-up rather than the usual isochronal
anncals, and the defect concentration was considerakly lower than in resistiv-
ity experiments, Therefore, it appears that long-range migration of a defect
was observed in Stage |, The damping change that should have accompanied
the frequency change was probably below the precision of measurement,
Stage [ dislocation pinning in silver after low-temperature clectron bombard-
ment hes been reported by Keefer and Rohinson.122 Theae workers also re-
ported threc continuous stages between 60 and 200 K, which they tentatively
attributed lo release of trapped Stage I interstitials, Additional evidence for
long range migration at low temperatures in silver has been obtained in re-
sistivity experiments. This work has been reviewed by Schilling gt_n!.ss

When the irradiated sample was allowed to anncal at room temperature,
subsequent cooling demonstrated that the effects of pinning could be scen in
decreascd damping over the entire temperature range. Taken together, the
survey experiments show that, while a small change occurs at low tempera-
tures, a much larger pinning effect is observed in the region near room tem-
perature and above, It was decided that quantitative experiments could best
be done in the latter region with the apparatus and sources available, [t was
seen that changes there occurred in times long compared to the time required
for tempcei ature stabilization (about 1 hr), but still short cnough to allow
experiments of practicable duration,

The results of the long irradiations have important consequences, First,
the inability to saturate the modulus change means that it is not possible to
obtain a value for the modulus in the completely pinned state with the sources
available, The quantitative interpretation of modulus changes requires a know!-
edge of this value and is therefore not possible in this work., Second, the
apparent saturation of decrement changes at much shogter times in compari-
son indicates “hat the vibrating string model with a single dislocation type is
not followed, since this model requires simultaneous changes in the two
parameters, More will be said about this later.

The depinning experiments show that a temperature of 500°C for 2-1/2 hr
is sufficient 1o remove the effects of irradiation, As a result of these observa-
tions, later sample anncaling was done at S00°C for I hr at a time and proved
to give reproducible room temperature decrement values, The depinning
results will be discussed in more detail later, when a model is invoked to

explain the isothermal irradiatic.i results,
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VII. Quantitative Experiments

A, EXPERIMENTAL PROCEDURE AND RESUILTS

In view of the results of the surv:y experiments, it was decided that the
most definitive work which could be done with the present apparatus would be
a series of isothermal irradiations just above room temperature using the
1-Ci source,

The sample used for these experiments was No, SC10t, Becausc the
thermal history c¢f a sample has been shown to be a significant factor in inter-
nal friction experiments, it will be roviewed in detail. After growing, single
crystal No. SC10 was pulled from the graphite rod at a temperature of about
750°C in high vacuum and then was furnace ccoled., Sample No, SC 10t was
spark-machined from the top section of the crystal and stored at room temper-
ature in air for 41 mo. The ends of the crystal were spark-planed flat and
parallel, and the crystal was given a light etch with 50% reagent grade nitric
acid in deionized water to remove sharp edges and surface tarnish. Mounting
holes were spark-machined into the sample, and it was cleaned with reagent
grade acetone and mounted on silver-plated mounting pins to test the effects of
sintering, as discussed in Part VI, During the course of experiments, the
sample was annealed 16 times at a temperature of 600°C for- 1 he each time,
The first five anneals were conducted in high vacuum and the rest with
100 kPa of purified helium, to promote temperature uniformity and reduce silver
evaporation,

Following this, the sample was unmounted and the nonsintering mounting
pins were installed, after which the sample was annealed eleven times at
500°C for 1 hr each timein 100 kPaof purified helium before t»~  uantitative iso-
thermal irradiations were begun., A similar l-hr anneal was performed once
after each irradiation, The cooling after anneals was always done at the rate
of 135°C per hour down to a temperature of 32°C, where the heater was turned
off and the furnace was allowed to cool at its own (slower) rate to room
temperature,

Five isothermal irradiatiions then were performed in the following
sequence: 34.8, 71,2, 44.0, 53.0, and 24.8°C, In each case, after cooling at
teast overnight from the anneal, the helium gas was pumped out to a pressure
of about 67 Pa. Previously, it had been ¢ _.termined that the presence of helium
at this pressurc did not cause an observable damping increase. The damping
was measured by resonance curve to ascertain whether it had returned to
its unirradiated value. The temperature monitor was checked against the
potentiometer and adjusted if necessary. The furnace was heated to the
chosen temperature as measured by a copper/constantan thermocouple in the

specimen chamber, while the sample was maintained in vibration. In the 34.8'C
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experiment, the sample was held at temperature for 1 day before proceeding,

because of noise in the clectronic dystem, which was corrected,  In the other
runs no such difficulty aroge, and it was possible to proceed immediately with
trans{vr of the source,

Then tae driving signal was twrned off apd the electrode was raised a
small distance, The furnace was backflilled with 100 kPa of purified helitm aad
the top was sceewed off the electrode shaft, The 1-Ci 60(‘0 source was then
moved {rom the storage area to the cryostat furnace and secured with its cen-
ter 0.12 m above the centerof the sample. The electrode cap on the source
wand was tightened and the cryostat furnace was evacuated te about 0.7 mPa,
Fresh purified helium was then admitted to a pressure of 87 Pa, The clectrode
was. lowerced and the vibration drive signal was applied. The damping and fre-
Quency were monitored until the frequency became constant with time, indicating
that the sample temperaturce had stebilized. This occurred about 1 hr after the
specimen chamber had reached temperature,

An initial resonance curve then was made, and damping readings were
taken with the decay gate for cross-calibration, The electrode was raised
slightly, and the source was lowered by hand into the sample, In the 71,2C
experiment, insertion of the source caused a prompt damping increase of
about 10”,, For reasons to be discussed, this increase was judged to be
instrumental in origin. Because of its large magnitude it was decided to ter-
minate this run before complete pinning occurred, but to use it as a test of
whether depinning would ocecur at long times. Accordingly, the source was
raised 0,12 mafter an irradiation of 21,35 hr and the sample vibration param-
eters were monitored for a total of 117 hr.

Because of the large damping {ncrease observed in the 71,.2°C run, it
was decided to lower the source over a period of 5 min for the later runs in
order to minimize the thermal shock., The temperatures of these runs were
also lower, The beginning of these later irradiations was taken as the mid-
time of the lowering operation, The electrode then was lowered and the
vibration drive was turned on, The drive voltage, irequency, and tempera-~
ture were recorded continuously from this point on, After about 1 hr, the
sample temperature again was stable, as indicated by a constant vibration
frequency, At this paoint, a second resonance curve was madce, and the decay
readings were taken again, The isothermal irradiation was then allowed to
proceed and regonance curves and decay readings were taken periodically to
currect for changes in the gain of the control loop, The irradiation was con-
tinued until no further change in damping was observed over a l~day period,

In the 24.8°C and 34.8°C runs, the 1-Ci source was replaced by the 100-Ci
source in an attempt to saturate the pinning. 'Tke large source was )eft in for
162 and 142 hr, respectively, when the damping was no longer observed to
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change over a l-day period. Tac small source was reintroduced to duplicate
tiue meagurement conditiona during the experiments and wns left in u.'il the
damping no longer changed over g 1-day period,

The results of the isothermal irradiations are shown in Figs. 6 through
The data are given in detatl in Tables 1 through 5. The frequency data
were taken from the strip chart and corrected for charnges ia callbratiot and

18,

control loop tracking error by coniparison with the resonance curves taken
periodically throughout the runs, The dawaping data were likewise carrected
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Table 1, Experimental data from 24.8°C irradiation,

I'req,
tHey

T iy e nas Tame ooy (ranus
o D 2o, 00u0 e Decr 246,000

1 +AE+AA 1 4BOE=N)I 6:.S577E¢02 51 2.100E+02 P.ASAE-84 7.688E+02
2 S.00CE+0Q83 1.480E-03 6+585E¢0? 52 2.146E+D2 2.820E-3&8 7.624E+02

3 7.500E+20 1.438E=03 &6.AR32FEen2 S3 2.000E+AR  2.B89RE-8A4 7.631E+82
4 1.02CE+D) 1+4ABE-03 6.6)10E+02 54 2.260E:02 P.T20E-24 7.6A8Ec02
S 1«250E+01 [«380E=03 6.618E«32 55 2.3R9E¢02 2.670E-BA4 7.662E+82
6 1.500E+81 136DE~B3 6A.628Fe0N2 38 2+.350Ee02 2.650E-84 7.678E+82
7 1e750E+G1 1+320E-03 6.644E¢02 57 2.400E+02 2.630E-04a 7.4%1FE0€62
B 2.800E+A1 1.300E-03 6.659E¢32 S8 2.4%8E+02 2.580E-04 7.700E+02
S PR.257E+nN 1+280E-083 6.676E¢02 59 2.5S0EeN2 R.AGQE-02 7.72AL+02
18 2.500E+@! 1.25AE-03 6.684E+07 68 2.61AE+A2 2.950E-04 7.7)9Ee82
11 Re750EeQ( ([«230E-03 6.686E¢02 61 2+550E¢Q2 2.403F-04 7.743E+02
12 3.100E+01  1.200E-03 6.711Ee02 62 2.700%¢82 R.408L-04 7.746E+02
13 3.R27EeJ1  14163E=JI 6.721Ee02 63 2.747E+482 2.388E-04 7.757E+82
14 3.500E+01 141J0E-03 6.733E+02 60 PeBDIECB2 L2.3ISAE-84 7.771E082
15 3.750E+0t 1+870E-93 6.752E+02 65 Q.ASYE+B2 2.310E-@4 7.782E+82
16 4.000E+01 1.04@E~03 6.77QE+02 66 P.900E+BR 2.320E~84 7.785Eea2
17 4.258Ee03! 1«020E-03 6.794QEen2 67 2.950E+02 P.268E-0a 7.808E+82
18 4.5A0EeA1 9.9N0E-0Qa 6.8|2E+02 68 3.000E+32 2.240E~-34 T.814Ee§2
19 4.700E+01 9.A6NRE-0n 6.829E+02 6% 3.050E+02 2.2310E-04 7.822E+82
#0 S5.0CPE+A1 9.3Q0E-04 6¢84Q3Een2 70 J3.100E+82 C.216E-04 ?7.834E+02
21 5.500E+3] K.96AE=-03 6.875E¢02 71 3.1S8Ee02 2.80PE-04 7.038E+22
22 S5.700E+01 R.750E-04 6.8RALe02 72 3+.R00E+Dd2 2.!BOE-0a T7.84)3Feap
B3 6.P0A0E«0] B.2B80E-04 6.914E+02 73 3.25AF«02 2.130E-04 7.4354Fe 92
24 6.500EeN]l 7.850E~04 6&+.954E+02 T4 3.300EeB2 2.120E-04 7.858E+02
2S5 7.005E«0! 7.410E-04 6.994E+02 75 3.2a18+08 2+¢1]10E-'a 7.884FE+02
26 T7.400E+031l 7.870E-04 7.011E+02 76 3.409F¢@32 2.080FK=t¢ 7.8T79E¢A?2
B7 B.000F+31 6.640E-04 7.035E+02 77 3.45GEeB2  2.D040E-04 7.8688E+32
28 B.600FE+Q1 6.2440E-04 T.873Ee02 78 J3.500E¢d2 2.020E=-0a 7.897E+a2
f9 OG.BRRE+(] S5.9Q0E-04 T.109Ee02 79 3.5S@Ee0E 0.020£-0a 7.939F+82
38 9.572E+01 S5.640E-04 7.14Q4E+D2 B8 J3.57RE+B2 2.020E-04 7T.909E+82
31 1.000E4102 S.400E-04 7.|62E+02 81 3J.A16E+(2 1.940E-04 7.942F+02
32 1.050E+32 5.220E-04Q 7.187E+82 B2 Q.ASJEeA2 [ ARNE=(N) T+.978E+92
33 1.100E+02 S.030E«04 7.216E¢02 A3 4Q.297F+0N2 1.830E-04 R.Al14Fe@P
34 1.198E+02 4.780E=94 7.23R8EeQ2 84 4q.5a1%+02 1.790E-~84 8.3408+02
39 1+.200E+(@2 Q«6RAE=-04 7.260E+02 85 Q.T777E+D2 }.750E-Ba d.059E+02
36 1.250E+02 4.420E-04 7.234E¢02 86 S.(JQ0E+02 1.680E-0Q A3.890E+82
37 1.305E+QA2 4.233E-04 7.3iREe02 A7 S.2SAE+N2 1.66AE~0Q A.111EeH2
38 1.350E+02 A1SOE-Q4 7.34lEe0R AR 5.497EeD2 1.640E~Ca B8.130E+N2
39 1.418E+02 3.960E~04a 7.373E«02 89 S.729E+02 1.600E-04 B.149E+02
4p 1.458E+02 3.BBOPE~Q4 7.385E+02 98 5.979F+02 1.570E-04 HA.)70F+02
al 1.500E+92 3.740E~-0Q 7.401E+0R 91 6.21S5E+82 1.550E~04 B8.204E68C
42 1.960E+A2 34630E-04 7.Qa24E+02 92 6.459E+02 1.530E-04 8.220Ee02
Q3 1.600F+92 3«590E-B4 T+443E+02 93 6+.780E+02 1.5008-04 83.24A5E+82
A4 1.659E+02 3.440E-04 T.qb5EeD2 .94 6.9371E+02 1.498F-04 8.251E+02
45 L.787£+02 J.2B0E-B4 7.Q98E+02R 95 7+175F+82 1.450E-P4 B.26BE+02
46 1+850E+02 3+160E-04q 7.522E+02 96 7.312E¢902 1.460E~-0Q B.276F+02
a7 1.898E+02 J.100E-04Q 7.540E+02 97 7.657E¢02 1.420E-02 B8.300E+Q2
48 1.950E+@2 3J.089E-84 7.551E+02 98 7.900E+82 .4B80E-0a B8.314E+92
Q9 L£.Q00Ee02 2.992E-Ra  7.S6SE+02 99 7.95SE+B82 1.410E-04 B8.312E+082
S0 £.050E+02 2.900E-04 7.589E+02 180 1.030E+83 1.2008E-34 9.S511E+92
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Table 2. Experimental data from 34.0°C arradiation,

Freq. breq.

) e

Time boop fmminun Time g o

(hy) Pour, A6 000 hr) 1hee y 2o gom
1 «BE+00 1.240E-233 6.160E+92 51 1.7T60E«0Q 2.780E-04% 7.115E+82
2 1+850E¢00 1.260E-33 6.155Leg2 52 J1.759Ee02 2.730E-0a 7.119€+82
J 2.300E+00 1.250E-3) 6.159E+02 53 1.880E+02 2.A)8F-04 7.]SAEeN2
4 S.900E+00 1.240E-3) 6.1863FE+02 58 1.858KeP2 2.740E-04 7.]72E+02
§  T5CAE+T2 1.220E-03 6.179Ee 02 S5  1.900F«+02 3.750E-04 7.183E¢02
6 1.0BNE+E] 1.17QE~D3 8.108Eep2 56 1.950E+02 PC.600E-Q04 7.183E+02
7 1.5S08E+0! 1.1Q0E-81 6.239E+82 57 2+.000E+02 2.570E-@A4 7.190E+82
8 1<7S0E+B! 1.103E-03 4.264K+¢2 S8 2.A38L+02 2.570E-04 7.219E+62
9 2.008E001 i.ILNE-0) 6.28REs02 59 2.100E«02 2.35J0E-04 7.2)6E+092
18 2.250E+01 1.056E-33 6.IP2Een2 68 Q.150F+02 2.32PE-04 7.248L+02
I 2,500E+0! 9.380E-C4 6.J11Es92 61 2.200L+02 2.4)0E-08 7.345E+02
12 2.7S0C+01 9.7!BE-24 6.323Es02 62 2.261E¢02 2.450C~24 17.264E¢02
1) 3+,300E¢01 9.J50E-0& 6.338E+32 63 R2.J00E+02 (2.4QJ0E-04 7.281E¢62
14 J.250EZ¢0! 9.300F-04 6.)59Ee82 64 2:JS0E+02 2.200E-94 7.300L¢d:
15 3.530E+0! AR.65DE-D4  6.I88Esp2 63 2.4P8E+02 Q.JBOE-94 7.ID7E+02
16 J¢750E+0) RB.Q30E~-DQ 06.a)3Een2 66 2.450E+82 2.010E-0a 7.J@mEe@2
17 Q.000E+N1 4.232E-34 6.433Een2 67 2.499E+@2 2.320E-684 7.312E+82
18 &,R62EeNt  T7.RIIZ=04 5.464E+02 63 2.550E+02 2.338E-04 7.]34E¢02
19 4/SO0E+D)l  7.640E=34 6.484E+02 69 C.60AE+02 2.2805-04 7,352E¢02
20 ALT708EeCG)  7.320E-24 6.503E+02 T0 2.450E+:02 2.200E-P4 7.351E+¢022
2] S¢0ISE-D1 6.960E=94 6.516E+02 71 2.700E282 P2.2J3E-NA  T7.34)E+B2
22 5.J005<0] 6.750E-04 6.533E«02 72 2.730E«@2 2.218E-Q4 T.J61Ee22
2) 5.500E+31 6.550E-04 6.5%43E002 7 2.888E+A2 2.210E-04 7.])86E¢02
24 5.7ABEe0] 8.JJIE-0% 6.567Le082 TA 2.846FEe02 2.180E-84 7.400Ee02
25 6.0900E+01  6.190F-84 6.592E¢32 73 2.900L+02 2.388E-04 7.395EeD2
26 6.300E+01 6.020E~084 6.621E+a2 76 R2.950E¢32 2.130E-04 7.393E+02
27 6.500Es3! 9.770E-84 6.636Ee82 77 J.088F+02 0.1308-04 7.415E+02
28 6.700E*B1 S.710E-88 6.653EeA2 78 1.0%AFZ¢82 PR.110E-04 7.433E+d2
29 7.008E*0! S.540E-08 6.672E¢82 79 J.100E+32 2.130E-04 7.44Q75«02
39 7.200E¢01  5.)30E-24 6.680Ee@2 8A J.150E+02 2.060E-04 7.433Fe¢02
I T7.600Ee2) 5.)320E-04 6.69)Ee02 81 J.208Ee02 2.030E-04 7.435Ee02
32 7.7SRE+Q1 5.180E-A4 &6.T73AEe82 82 J.258E+32 Q2.Q060E-D04 7.458E+D8
3) B8.000E+0! 5.050E-04 6.71)Ee02 83 J.J00FeP2 2.020E-04 7.471E+02
Ja A,600E*C. 4&.79CE-04 6.T763Een2 84 J.350Eep2 2.000E-04 7.473E+02
I5 9.NOOESNY 4L.570E-PA  6.794E+02 RS 3.450E«02 1.930E~04a 7.4371E+¢02
36 9.60IE+0l 4.13IE-0Q 6.819E+p2 86 J+S02E+Q02 1.920E-04 7.497Ee02
37 1.000E+02 4.3J0E-04 6.819E+02 37 J.55AK+02 1.910E-84 T.539E+Dd2
38 1.049E+Q2 4.098E-24 6:846Ee@2 88 J.586Ee02 1.950E-04 7.5]17E+02
39 1.100Ee(2 J.9R0QE-0Q 6.884FeQ2 83 JeA(2Ee(02 1.9Q0E-34 7T.556E+02
48 1.16NEeD2 J.900E-04 6.926E+02 90 4.04a5E+02 1.ASNE-0Q 7.5R3Ee02
q) 1.200E+02 J.6J0E-04 6.932E+02 91 A.286E+02 1.810E-04 7T+613E+02
Qg  1.250E¢A2 3.740E-AQ  6.03REen2 92 5.972E+82 1.620E-04 7.T760E+d2
Q3 1.296E+02 J.493E-04a 6.961E+02 93 6.21)Ee02 1.600E-04 7.788E+02
A8 | +JSAE*QA2 3.410E-84 7.000Ee02 94 B6.450E+02 1.590E-04 T.B0QE+02
45 1.004E402 J.34DE-04 7.027E«@2 95 6.6B2E+02 1.S5T0E-d4 7T.811Ee02
46  1[+4SBEsO2 3. 140E-04 7.029E+02 96 7.M19E+3? 1.57AE-04 7.82JEe02
A7 1.500E+82 3.200E-34 7.036L+02 97 7.219E+32 1.530E-04 7.851:002
28 1.5Q4E+@2 3.116E-04 7.089E+92 98 7.Q10E0d2 1.530E-84 7.876E+02
49 1.600E+02 3.110E-8Q2 7.091E+pB2 99 7.55QE+(12 1.500E-0Q 7.86AE+02
5@ 1.64BE+02 J.000E-34 7.112E+82 190 1.125F+03 1.500E-0a 9.018E+02
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Tabi~ 3, Lsperimental data from 34.09C (rradiation,
I'req. Freq
o tH7)
Tanie | og. {minus Time fop. {munus
th Deer, 26,000) thr) Docr, 26,000}

1 «OE+*d® 1.27085-03 S.708E+NL 51 7.200E+Q) 4.730E-84 6.283F+00
2 9.800E-0) 1+316E~83 5.784E+02 52 7.400F+Q| A4.650E-04 6.297FE+82
1 E2.000E+20 1:298E-~03 S5.711E+a2 S 7.600E+Q1 4.ST0E-84 6.307E+82
4 J.000E+Q0 1.290E~0) 5.717E+02 54 T.8080E+D) Q.A30E-04 6.319E+0D
5 3.500E+00 1.278E~03 S5.728F+00 55 B8.B88AE+B) A.JIOE-0A 6.030E+P2
6 4.000E+08 1.260E~B) S.T24E+02 S6 B.860E+01 4.210E-04 64334E+02
7 S.000E+QQ 1.260E~03 5.733E+02 37 B8.400E+0] A.160E-84 6.]355E+82
8 S5.S00E+20 1.250E~033 5.737Ee22 S8 B.608E+01 4.1Q0E-34 B.373E+02
9 6:000E+00 1.230E-03 5.740E+02 99 8.808BE+0]1 A4.11BE-04 G.387E+02
10 T7.800E+Q30 1.210E~33 5.7%8E«02 60 9.000E+0] 4.070E-04 5.:399E+02
Il B8.Q09QE+@0 1+.190E-Q3 5.761E~02 61 O9.1AGE+@] A.040E~04 6:4304FE+82
12 G.PAQE+B0 1«18PE~2) S.771E+s2 62 1+169E¢02 J.490E-04 6.489E¢d2
13 1.BNNE+O1 1.16BE~9) S.781E+0¢ 53  1.200E+02 J.480E-04 6.+900E+02
14 1+100E+81 1+150E~93 S.787E+02 64 1.280E+02 3.390E-84 6.517E+02
1S 1.800E+01 1.130E~83 5H.799E+0Q2 65 1.317E+028 3.R4AQE-04 6.545E+4@8
16 1.306E+01 1«)110E-03 S.809E+02 66 1+350E+82 3.176E-84 6.559E+Q2
17 1.400E+Q]1 1.090E~33 S5.819E+82 67 1.Q11E+82 3.0N90E-04a 6+578E+22
18 1:.SORE+0]1 1.070E~83 S.829E+02 68 1.4S50E+02 J.040E-04 6+590E+02
19 1.600E+0] 1.060E~33 S5.841E+0Q2 69 1.50Q0E+08 J.000C-04 6.800E+32
20 1«650E+0] 1.040E-03 3.848E+02 70 1+541E+03 2.950E-04 6.312E+02
21 1.760E+3! 1.03¢E~03 5.833E+02 71 1.800E+B2 2.%50DPE-34 6.730E+02
23 1.B0QE+01 1.010E~63 S.863E+02 72 1.651E+0Q 2.840E-04 o0.650E+02
23 P£+.000E+Q! 9.740E-04 S.883E+02 73 1.700E+02 R.8SOE-84 3+.658E+02
24 2.200E+Q] 9.450E-04 S.899E+Dd2 T4 1.750E+0R RT30E-Q04 6.671%+02
25 P£.Q00E+Q!l 9.3I0E-04 5.915E+02 75 1.792E+02 2.7IDE-Q4 6.682E+02
26 2.500E+Q1 9.190E-04 S.923E+82 76 1.8%0E¢02 P.660E-04 6.733E+02
27 2.550E+Q1 9.000FE-Q04 S5.92AE+@2 77 1.889E+08 2.658E-28 6.716E+02
88 £.600E+3]1 B.8B0E-04 S.929E+EQ 78 1.950E+QR 2.540E-84 6.725E+082
29 2.800E+Q1 B.500E-04 5.945E+02 79 R.024E+02 2.560E-084 6.7434E+02
38 J.0QS5E+@3]1 B.260E-04 S5.959E+Q2 80 2.050E+02 2.520E-084 6.749E+022
31 3<20Q0E+01 7.963E-8A4 S.979E+02 Bl 2.]100E+02 2.520E-04 6.769E+a2
32 3.Q1J3E+p1 7.710E-04 6.00QE+H2 82 ©.,138E+0R2 ?2+.490E-34 6.778E+02
33 J.600E+31 T.420E-B4 6.020L+02 B3 P2.200E+02 2.470E-84 6.785E+02
33 3.300E+@1 7.2R20E-04 6.243E+02 B4 2.264E+02 2.420E-84 6.802E+02
35 4.000E+P] 7.020E-04 6.064E+92 85 2.300E+02 2.390E-04 6.811E+02
36 A4.200E+@31 6.820E-04 6.083E+82 86 2.I57E+@82 2.378E-04 6.824F+02
37 4.40@E+@1 6.620E-04 6.182E+02 87 2.400E+02 2.380E-@4 6.829E+82
38 AQ.600E+@1 6.340: ~24 6.11JE+82 88 2.450E+02 2.380E-84 6.831E+«02
39 4.300E+91 6.2RBE-Q4 6.1BT7E+B2 BS 2.5@80E+02 2.310E-34 6.841E+02
40 S.000E+Q] 6.040E-04 6413BE+02 90 2.550E+82 2.270E-04 6.855E+0Q2
41 S.200E+Q1 S5.840E-Q04 6.149E+02 91 2.615E+82 2.270E-04 6.870E+02
42 Se.400E+@l 5S.580E-PA 6.160E+02 92 2.848E+A2 2.200E-04 6.5@7E+02
43 S.600E+31 S5.530E-04 6.1TJE+02 93 3.091E+92 2.13PE-04 6.947E+02
44 5.800E+01 S5.36PE-04 6.185E+02 94 3.3J4E+02 2.08PE-84 6.981E+d2
45 6.000E+01 5.320E-04 6.80J3E+0E 95 3.5TOE+@2 2.020E-04 7T.G16E+02
46 6.200E+031 S.170E-P4 6.219E+02 96 3.8Q01E+G2 1.990E~d4 7.049E+02
A7 6.409E+P) 5.900E-04 6.23BE+02 97 4.088E+082 1.988E-34 7.069E+32
48 6+60QE+Q1l A4.940E-84 6.249E+02 98 4.299E+02 1.936E-84 7.393E+02
49 O6.800E+91 4.840E-04 6.260E+02 99 4.543E+02 1.990E-84 7.128E+@2
50 7.000E+Q0]1 A4.79BE-084 6.271E+Q2 108 4.766E+02 1.870E-24 7.143E+32
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Table 4.

Experimentai data from 53.0°C irradiation.

Freq. ¥req.

(Hz) (H2)

Time Log. {minus Time l.og tminug

{thr Decr. 26,000 NiTY] tiecr, 26,0000
1 +PE*SS 1.1T0E-0) S.REBE+ 31 4948E+@8t 35.210E-ga 3.78iLe08
2 1.000E+00 ).2R0E-0) S.250%+00" 3% S5.000I+91 5.)50L-04 C.7A8K+08
3 2.000E+00 ).210E-083 S5.288K:02 33 S5.238LZ+01 5.070E-04 3S.742E:08
& J.000E¢00 1.190E-¢ S.281E+02 34 3.3800+01 S5.858L-04 5.763E+00

5 4.000L+80 5.294K+02 53 S.480E+0) A.940L-04 S.760L

6 A.500E+80 S.298K+02 S8 S.300K+0) A.A9DE-04 5.777R
7 35.000E+00 1.1{0E-03 5.303E+82 57 S.680T¢81 A.730E-04 S.783E¢80
8 G.080E+8C 1.180E~-83 S.J315E+02 S8  S.708L+01 A.T40E-04 5,790R+08
9 7.000E+82 1.070E-03 35.J30Kk+00 59 S.800K+8! A.680I-04 3,798Kk+00
16 8.080E+20 1.050E-3) S.344R+00 60 S.02RE+Q8L A.630C-04 3.813%+08
1] 9.000E+B0 1.,0J0E-83 S5.J156E+82 61 &6.200E+0) A.548E-04 S.82aK+00
12 1.000E+@1 1.020E-03 5.)69E+82 82 6.400K+01 A.,400L-84 5.8)37F+08
13 1.100E+C1 9.960E-«84 S5.J8RE+082 83 6.680F+81 A.AL10E-04 S.851K:00
14 1.818E+01 9.730E~04 5.396E+02 64 G6.000L+8) 4.J0E-84 5.882K+08
13 1.32PE+D]1 $.930E-64 3.407L+02 63 7+.07RE+0]1 A4.280E-04 3.880L+08
16 1.400E+D] 9.5A0E-Q4 S.419L+08 66 T+608Le81 J.980L-04 3.907L+02
17 1.S00E+8) 9.160E-04 S.4AJIE+PR 67 B.000E+01 J.3I0E-84 3.98aE+03
18 1.680E+Q) B8.960E-04 5.445E+8Q 68 G.200E+01 J+.890E-04 S.935k+08
19 1.700E+01 8.8J0E-04 S5.459E+60 69 B.60PE+0] I.TAOE-84 S5.935L+08
£0 1.80QE+D]l B8.59BE-04 5.488L+02 70 9.000L+8]1 J.600I-84 3.980L+02
£1 1.900E+31 FE.AR3E-04 5.481E+02 71 9.600E+01 3.A70L-04 6.006CE+08
22 2.04dE+d1 E.280E-33 5.489E«02 T8 1.806L+0: J.4J0E-04 68.08283R+02
23 £.100E+031 8.170E-84 S5.502E+08 73 1.850E+08 J3:310K-04 6.049E+02
24 2.200E+01 B.B30E-04 3.5)4Z+02 T4 1.100FE+08 J.080E-04 6.065KE+09
85 £.300E¢31 7.828E-04 5.523Ke00 79 31.130Le02 J.230F-04 &.088L+08
26 2.39SE+@] 7.700E-84 S5.532E+02 76 1.200E+8Q J.120E-04 6.109E+80
27 8.500E+31 7.550E-g4 S.543L¢02 77 1.250E+02 J3.180E-04 6.130K+88
28 2.600E+3]1 T.420E-34 5.351E«08 78 1.300E+@2 J.076E~04 6.138E+90
29 B2.700E+01 7.170E-04 5.566E+02 79 1.3S8E+82 EB+990E-04 6.148E+02
30 2.850E+01 7.090E-04 3.371E+082 B0 1.418E+08 2.980E-04 6.166E+00
31 2.920E+81 7.830E~84 3.576K+88 81 1.4%0L+02 R.9510E-04 6.182E+08
32 3.000E+01 6.910E-P2 5.584E+08 82 1.500E+08 2.866E-04 6.196E+02
33 J.100E+01 6.790E-0% 35.590E+02 83 1+3530FE+80 2.796E-04 6.217E+02
34 3.200E+01 6.620E-0A 5.682E+02 84 1.600E+@3 2.770E-04 6.232E+08
35 J3.300E+Q)1 6.480E-P4 S.611E«02 85 1.653E+02 R2.740E~04 6.25L2E+08
36 3.400E+31 6.380E-84 5.618E+08 86 1.700E+92 £2.710E-04 6.£51E+@2
37 3.500E+81 6.300E-0RA S5.626E+82 B7 1.758E+32 8.720E-0A 6.259E+82
38 3.63JE+01 6.200E-84 S.637E+02 88 1.796E+82 2.688E-24 6.272K+02
39 3.700E+01 6.040E-04 S.6A7L+02 89 1.850E+82 2.600E-04 (.290E+82
43 3.800E¢D1 S.960E-P4 3.657E+02 98 1.89SE+P2 2.5850E-PA 6.305E+P2
4l 3.900E+D1 S5.890E-04 S5.869E+62 91 1.950Ee¢@2 £.538E-04 6.JRIE+02
42 4.000E+D1 5.850E-04 S.679E+d2 92 2.0DPE+P2 2.52PE-84 6.331E+P3
43 AJ10DE+D1 3.750E-C4 S.686E+D2 93 2.0JAE+22 2.520E-84 6.3A2E+@2
44 A.20PE+@) S.670K=-04 S.697E+08 94 £2.100E+@2 2.558E-34 6.JA2E+02
45 A.300E+@] 5.3580E-04 S.783E+02 95 2.151E+02 2.518E-0a 6&.354E+08
46 4.40QE+0] SeS30E-04 S.713E+02 96 2.515E¢02 £.380E-pA G.AI9E+@2
47 A.SOBE+B1 S.408E-P4 S.716E+0R 97 2.62SE+C2 2.340E-04 6.439E+82
A8 4.600E+0G1 5.360E-04 5.722E+0¢ 98 2.8S7E+02 2.280E-@4 6.479E¢@2
49 4.700E+31 S5.2900E-04 S.728E+82 69 3.33DE+02 2.170E-P4 6.556KE+02
S0 4.880E+@1 5.233E-04 S5.734E+p2 198 3.569E+82 £.150E-94 6.579Ke02
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Table H, Experimental data from 71,2 irradiation,

brag, Frog.

v 2y

Time Iy tn.ihus Time I op. imipus

the [T 26, 000) thr) Decr 26,000)
«@E+@0 B.B4A0E-04 4.357E+8¢ 46  3+.638E+PA]1 5.2)0K-84 A.694C08
RBODE-01 9.760E~-P4 1.353E+pL A7  3.700E+D] 5.230F-84 A.788Ek+02
1.003E+00 9.640E-B4 4A.356E+02 A48  J.B800E+81 5.020E-3A 4.703E+2
1.500E+08 9.520E-A4 4A.366E+0Q 49  3.980E+81 3.218E-84 4A.787LepR
1.660E+08 9.410E~04 4.369E+02 50 4.000E+8]1 S.900E-04 4.787E¢00
BeNOGE+*PO 9.C90E-04 4A.377E~82 S1 4+.100F+01 5.178L-04 4.7)2E+p2
2.50BE+DD 9.)80E-PA 4.355EeR2 528 &e200FE+P1 . |6BE-04 AT18Le82
3.0BCE+0Q 8.5 3E-04 4.3%4E+02 53 4«3%0E+@] 3.140E-84 J3.720E+02
3.500F¢00 B8.940E-234 4.Q0|E+02 34  4-433F+681  S.890E-04 A.TRIEOR
4.000E+08 0.810E-04 AAQEE+IR 55  4eCQ0FE+PL 5.390E-84 A.7RIEeOR
4+.500E+@0 B.630E-04 4.418E+p02 56 4.800E+81 S5.950E-04 AJT721Ee8R
S.0D0E+Q20 B.50L0E«08 4.4T6E¢8R 57 &+95RE+01 5.040E-04 A.721Eepp
5,500E+00 B.470E~-04 4.433E+82 58 S5.338E+01 5.010E-804 A.7R9Ee02
6.-9NAE*P¥3 8.,390E-84 4.436E+02 39  S.AG0E+0I A-97DE-84 A4.721E+02
6.50RE+98 B.310E-94 4.446E+82 60 5.500E+81 4A.0COE-84 A4.724E+0802
7.800E+20 R.160E=04 A4.454E+0R 61 S5.TOGE+21 4Q.910E-Aa 4.7)0E+p2
7.50PE+20 B.060E-04 4Q.462E+02 62 5:900E+@1 A4.940E-04 A.T789E+88
A.A00E+33 7.980E-04 4.469E+02 61 6.108E+81 A.B20E-24 A4.734E+02
8.430E+30 7.H86AE-¢2 Q.476E+02 64 6.380E+0!1 4.8320E-34 4.739F«d8
9.000E+00 7.640E-34 4.483E+02 6% 6.3500E+P] A.860F-04 A4.T743E+088
9.500E+D0 7.608E-04 4.49)1E+02 66 6.700E+0) 4&.930E-0Q 4L.747E+08
1.000E+01  7.510E-04 4.499E+Q2 67 6.96AE+A1  4Q.938E-PA  4.750F+02
1.100E+@1 7.3]1AE-04 4&+.512E+0Q 68 7.83SE+@1 Q.93IDE-PA  4.749E+0R
1.200E+B1 T7+150E-04 AQ.S527E+02 69 7.200E+0! 4.858E-04 Aa.749E+02
1.3J00E+31 6.990E~04 4.540E+02 7@ 7.400E+0) 4.920E-pa Aa.7S51E+@2
1< 40PE+0]) 6.850E-04 4Q.554E+02 71  7.600E+@1 A4.990E-Pa Aa.753E+02
1.50DE+0] 6+720E-04 4Q.567E+22 72 7.800E+*@] 4.878E-04 4.759E+@2
1.680E+81 6.6)0E=34 4.578E+@2 73 8.003E+d] 4.87CE-04 4Q.755E+02
1.700E+Ql 6.480E=-34 4&Q+591E+02 74 B8.200E+31 4Q.8TOE~-3Q 4.756E+02
1.80GE+B] 6.370E~-04 4.683E+02 75 B.408E+*pP) 4.B58E-94 4.759E+d2
1+.900E+31 6.250E-04 4.6]15E+08 76 B8.600E+DPl 4.868E-04 4&.763E+B2
2.000E+81 6.150E-04 A4.627E+02 77 8.800E+Q31 4.898E-04 4.765E+@2
2.068E+01 6.080E-04 A.622E+02 78 9.0800E+@] Aq.860E-94 4.767E+02
2.135E+01 S5.960E-P4 AQ.63QEeae 79 9.23BE+*QG1 4.87LE-04 4&.769E+02
2.217E+01 S.A7GE-PA 4.637E+A2 80 0.4P0E+B81 4A.450E-34 42769E+Q2
2.309E+31 5.8.BE-04 4.6A4TE+022 8] 9.600E+0] 4.940E-@4 AQ.769E+a2
2.400E+31 5.720E-04 4.653E+r2 82 9.80DE+d1 4.970E-34 4.770E+02
2.500E+01 E£.600E-04 4Q+658E+82 831 1.080E+02 4.940E~-34 4.779E£+02
2.600E+01 S5.520E-34 AQ.658E¢22 B84 {.020E+@2 4.920E-04 4Q.770E+02
2.920E+01 54420E-04 4.667E+02 8S 1.845E+02 4.810E-04 4.770E+p2
2.908E+@1 5.400E-04 4&.671E+0Q2 86 1.06QE+032 4.778E-@4 A.771E+ag
3.2300E+01 5.380E-04 Q.670E+02 87 1.080E+02 4.78BBE-04 4.771E+02
3.233E+01 $.320E-24 4.682E+02 88 1.100E+02 4.830E-@84 4.771E+02
J.400E+Q1 5.260E-04 4Q.687E+02 89 1.120E+032 4.880GE-34 4.772E+02
3.500E+01 S5.250E-D4 4.,691E+02 93 1.1QDE+*02 4.878E-04 a.772E+02
91 1.160E+92 4.88QE-04 4.773E+02
92 1.170E+Q@2 4.760QE-04 4.773E+02
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to the results from free decays, which were capable of lngher precigion 1o the
damping measurement than were the resonance curves in this damping range,
Consider first the damping dato in the four long runs, The imtal values of A
3 and 148 x 107
ately after the source was inscrted, a change in damping was observed, which

ranged between 1,17 X 10 for the four experiments.  tmmedi -
ranged from a decrease of 0,7% in the 24.8°C run to an increase of 1,3 in the
53.0°C run. This change occurred in a time that was short compared to the
time scale of later damping changes, but comparable to the time required for
the sample to reach a new steady temperature, as determined by previous
experiments, Since this change was also largest when the sample temperature
was most different from that of the inserted source, it is believed to be due ta
the temperature change caused by source insertion and its interaction with the
sample mounting as discussed earlier, and not due to the influence of
radiation-produced defec:s, Hence, it will not be discussed further,

After a steady temperaidre was established, the damping monotonically
decreased at an increasing rate, reached an inflection point, and then leveled
out and appearcd to asymptotically approach a final value, The rate of
decrease of damping increased as the temperature was raised, The final
value of & appeared to be a monotonically increasing function of temperature
for the four runs. "The total change in damping ranged from a factor of about
10 for the lowest temperature to a factor of about 5 for the highest
tempcrature.

In the case of the frequency data for the four long runs, the initial val-
ues were inversely proportional to the temperature, There was a small
change immediately after the source was inserted, presumably due ta the tem-
perature change, It was largest in the 53.0°C run, where it amounted to about
+8 Hz, corresponding to a temperature decrease of about 1,8°C, After about
1/2 hr, the freguency leveled out, presumably because a new temperature was
reached, At the three lowest temperatures, the frequency was then essen-
tially unchanged from its value before source inscrtion, [n the 53,0°C run it
was lower by about 1.8 Hz, Since this would imply a temperature increase
upan source insertion if it were attributed directly to a temperature change,
and since gamma heating is not significani with this source strength as dis-
cussed earlier, the decrease in frequency must ' e explained by other changes
in the sample or mounting., It seems probable that the thermal shack effect
accounts for il, for the reasons discussed above, and therefore it is not
attributed to the influence of radiation-produced defects.

The frequency then rose monotonically, with the lower-temperature runs
appearing to exhibit an inflection point, rhe rate of change then decreased for
the duration of the experiment but did not reach a constant final value within
the time scale of the observations, The initial rate of change increased with
temperature, but the total frequency change at 400 hr amounted to slightly

more than 0.5 % for all the runs,
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As wag mentioned above, in two of the yuns the 1-Ci source was ro-
placced by the 100-Ci source to attempt saturation of the pinning. The results
were as (ollows: (0 the 24.8%C run, the decrement (mecasured under identicat

conditions) decreased from 1,41 X l(l.'I

to 1,20 X 10-4, while the frequency
increasced an additional 0,45%, In the 34,870 run, the decrement decreased
fram 1,53 % 107 10 1,50 10‘4, while the frequeney increared 0,43, In both
cases the damping reached a constant value while the frequency continued to
rise, albeit al an ever-decreasing rate, The frequency change never reached
saturation in the time scale of the experiments. In the 71,2°C experiment, the
damping decreascd rapidly and the frequency correspondingly rose at a high
rate. After 21 hr the source was ruised, and, 40 hr later, the rates of change
reached lower, more-or-lers constant values, which persisted for the dura-
tion of the mecasurements, [t should be noted that the sample continues to be
irradiated when the source I8 in the raised position, but the flux is over two
orders of magnitude leas than when it is inserted, After these runs were
completed, the variation in damping as a funclion of straln amplitude was
measured at 53°C for both the irradlated and arnealed states, The variation
of damping with maximum strain amptitude for the annealed state is shown in
Fig. 17, The range of strain amplitudes uscd in the isothermal irradiations is

1072 T

T Ty
I Ry

3.

Logarithmic decrement (A)
=

-3 [~ r o0 o © o © 0"_{
- ]

N ]

- Rany® used in .

| present .

experiments

]0-4 i Lol [llJ_ll l FE N A SN S W)
1077 1078 1077

Maximum stroin omplitude (e o)
Fig. 11. Strain amplitude-dependence of
damping,

indicated. In the pinned state the damping was constant within experimeatal

%0 7.5 x 1078,

uncertainty from a maximum strain amplitude of 4.5 X 10~

To see if the frequency and decrement would change in the absence of
irradiation, the samgle was held at 34.8°C for 5,5 days in the annealed state.
The results were as follows:
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Time Frejuency a
(days) (Hz) {x 103)
1] 26,613.6 1.61
0.5 26,617.9 1.49
1.5 26,619.7 1.47
2.5 26G,621.4 1.41
3.5 26,621.9 1.38
5.5 26,R23.4 1.39

As can be secen, the frequency continued to change after 5.5 days at an average
rate of +1.8 Hz per day, The damping stopped changing within measurement
uncertainty after 3,5 days, where its total decrease had amounted to about 14%,
After these measur~ments, the sample was heated to 500°C overnight in the
presence of 200 kPa of oxygen inordertopin the dislocations as completely as
possible and to observe the remaining damping, as another check on the sam-
ple mounting. The room-temperature damping was reduced to 1,35 X 1078 by
this treatment.

Finally, the sample was unmounted rnd replaced by a dummy silver
sample for the temperature calibratior, as discussed in Section V,D, above.
A section was cut out of the sample at 2 location midway between the center
plane and one end, It was etched with 50% reagent grade nitric acid in deion-
ized water, washed in reagent grade methyl alcohol, and submitted to the
Analytical Chemistry Section of the Lawrence Livermore Laboratory for spec-
trochemical analysis. The results of this analysis are shown in Table 6,

Table 6. Spectrochemical analysis report for Plate No, 3099, Sample SS-
0856, of silver sample No. SC10t3.

Values are approximate ppm by weight for the impurity elements listed,

Analysis
ppm Elements not detected
Si 30 <150 As
Ca 8 <40 Ba, Ge, Pb, Sb, W
Cu 8 <15 B, Bi, Cd, In, Nb, Sn, V, Zn, 2r
al 2 3 <4 Cr, Mn, Ni, Sr
Mg < 3 <2 Be, Co, M , Ti
Fe 1
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B, ANAILYSIS

A first step in analyzing dnta of this iype is to normalize the changes {n
damping and modulus defect to the total changes over the course of the experi-
ment. [n doing this, onc defines the parameters Y and Z:

_E(w) = Eqt) _, f{e0) = f(1) -R-
Y"an-',ot(m-o vi-5-1)
A1) - Alwo) -
7z = XOT =87 (ViI-B-2)

In these equations, Y and Z are the fractional amounts of the total modulus
defect and damping change that are present ot time t, E is Young's modulus, f
is the frequency, and A is the logarithmic decrment., Y and Z are equal to 1
al the beginning of an experiment, 1f the KGL model holds, Y and Z should
both r:-dnotonically decrease toward zero as the irradiation proceeds. If the
SS model applics, it is possible for Z first to increase to a value greater than
1 and then to decrease toward zero, as discussed previously, If the KGL
model with a single dislocation type applies, it should be found in addition that
Y2 = 7, since the modulus defect in this model is proportional to the square of
the dislocation 'ozy length, while the decrement is proportional to the fourth
power, Such behavior was observed by Thompson and Holmes,“" and
Thompson _e_til.az in copper, and by Foz'nemdlza in silver. In many cther
copper experiments, however, this behavior was not obse rvod.mo' 124-127
In the 58J work, the relation beiween Y and Z was found to be simply Y = 2.
In the present work, Z can de evaluated from tae irradiatira data, since
the decrement reached a constant value at long times, Y, on the other haad,
cannot be evaluated in a straightforward manner, becuuse the frequerncy con-
tinued tu change throughout the {rradiations, Nevertheless, the {act that the
frequency underwent a large fraction of its total observed change whil2 the
damping was essentially constant within experimental error, as in the high
dose rate part of the 34,8°C run, clearly demonstrates that neither Y = Z nor
Y2 = Z is satisfied by the present data. Without further analysis, therefore,
it is possible to conclude that the present work cannot be explained eithe. by
the KGL model with a single dislocation type or by the SSJ approach. As noted
above, it has not been unusual for this to occur in past experimentc. In re-
sponse to such a situation, Thompson and Parémo proposed the existence of
two or more types of dislocations, of which so.ne are pinned mcre rapidly than
others, A similar approach was used by several other workers.l'?4' 128-130
Some workers have suggested that the two types can be identified with edge and
screw dislocations, respectively, Paré and Gubermang6 found that their re-

sults could be explained by the assumption of two dislocation components, one
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of which is present in much smaller concentration than the other but has a
much greater average loop length, However, they rerected this explanation on
the grounds that the lavge difference between the average toop tengths of the
two groups, which was necessary to explain the data, did not scem plausible
and thal the two-component model does not resolve the disagreement hetween
the obscrved frequency dependence of the damping at low frequencies and that
predicted by the KGIL modet,

It appears that there are two possibilities for obtaining a fit of the pres-
ent data to theory by inveking more than one distocation component: [t might
be possible to obtain a fit to either the SS or the KGL tacory, We have chosen
not to attempt a it to the SS maodel for the following reasons:

1. Inthe present experiment, we do not behieve that the damping e.er

exhibits an initial increase that is due to radiation-produced defects,
Althoug™ such an increase is not required in the SS theory, it was
the main reason for invoking this theory in the S8J work,

2, The damping due to the dragging effect is proportional to w l, while
that due to rigid pinning is proportional to w”. If a divect compari-
son can be nade between the S5J copper work and the present silver
work, the relative importance of the rigid pinning compared to the
dragging cffect should be more than a factor of 2500 greater in the
present work because g is a factor of 50 greater, This assumes
that the dislocation parame'ers in the two experiments are similar,
which is not unreasonable, given the similarity of copper and silver.
“upport for this argument comes from the TBBH experiments con-
ducted in copper at a frequency midway between the S8J work and
the presen' work, These experiments were explained very well with
the rigid-pinning KGL model, indicating that rigid pinning is already
dominant at 11 kHz in copper.

In view of these arguments, we chose to attempt to fit the data to the

KGL model, using more than one dislocation component, [n doing this we have
assuned that there are two groups, that both groups may contribute to the
modulus defect, and that only one group is responsible for the pinnable damp-
irg. The reason for using only two groups is that this is quite obviously the
simplest case beyond a single group, I[n general, one might expect that both
groups would contribute to both the modulus defect and damping, However, it
is clear from the experiments using the large source at the end of the 24,8°C
and 34,8°C runs that the modulus defect change nearly doubled itself with little
or no concomitant change in the decrement, This suggests that the second
dislocation group did not contribute significantly to the damping changes ob~
segrved earlier in the experiments,

Using this approach, we calculated the number of pinning points as a

function of time, using the equation
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nt oz -1, (VII-B-3)

in accordance with the KGL. model,  .° was evaluated by using the abserved
values for 30} and A¢e), XM(0) was taken as the maximum value measurved,
In the lowest-temperature run this was the velue prior to source insertion,
and in the others 1t was the value observed 1 he after source insertion, The
plots of n,, versus time obtained from this calculation displayed the following
behavior: At {t = 0, ny

the slope increased until an inflection point was reached, where the slope

= 0} the curves had zero slape,  As the time increased,

began decreasing, At longer times, the slope became approximately constant
until the damping became so low that experimental uncertainty caused too
much scatter in the data for the analysis to be significant, The slope of the
straight-line portions of the curves increased as the temperature increased,
The intercept of the straight line portions at t = 0 was always positive and
decreased as the temperature increased,

When these observations were coupled with the results of the short
71.2°C irradiation, which indicate that the pinning points do not disappear at
long times, at least not at a rate greater than 17 of the pinning rate, it
became clear that this behavior is very similar to that found in copper by
TBBH. In fact, as mentioned varlier, those authors showed that all the fea-
tures of the TBHB model were required by these same observations,  Accord-
ingly, we decided to attempl to fit the present data to the TBUHE model,

In analyzing the TBBH experimenis, the authors found that an excellent
fit could be obtained by using only one transient term from the TBUB theacy,
as des: ibed earlier, Once the linear part of ny, was subtracted off, it was
possible 1o obtain a straight line on a semilogarithmic plot with the remainder,
indicating a single transient whose relaxation time could be determined from
the slope, In the present case, however, a straight line was not obtained,
indicating that more than one transient was present. Accordingly, the n = 1
term in the sum shown by TBHT was retained, giving the following equation

for Ny

8o - A) 22
np = T (1 - go) - (¢~ A)goT[.E + [($ - A)go]t

f8(o - )42 7 .
+ (1 -g )e————]expl-t/7
t D ©TLeT N !
) B - A)Ei( ) o LE v ) (VII-B-4)
+d-A)g 7. - 1~-g )————] exp(-t/7 ), 11-B-4
o LE ”4D o' T R T LE
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or, in a more convenient form,

.
- 1 .
np = [ +St+ {(( + STLE) 7——_;7] expl(-t 71)

LE

"LE
+ STI.E' (1 + S‘TLE) }—Iﬁ capl-t TI.I'J)' (VII-B-3)

where 1 is the intercept of the straight-line portion at t = 0, and S 5 the slope
of the straight-line portion, As can be seen, this cquation contains two tran-
sients in addition to the intercept and straight-line terms,

Because of the complexity of this equation, it was decided to make the
fits with the help of a computer, This was accomplished on a Control Data
Corporation 7600 computer, using a program called GAP (General Analysis
and I_’_]oth'nglal) developed by David Y, F, Lai of the Lawrence liivermore lLab-
oratory. This program in turn makes use of a program called MLR (Minimize
Linear [_{_csidualslaz) developed by R. E, von Holdt, also of LLL.,

Rather than fit to the A data directly, it was decided to fit to log A, in
order to give equal weight to all the data points, sincc the program minimizes
the sum of the squares of the differences betwcen the observed and calculated

values. The fitting equation was then
log A =log (A(uo) + [A(0) - Atlew)) {l +1 + 5t

T

1
+ 1l +S7; Y —————Texpl-t/T))
\: LE TLE " ‘TIJ 1

"LE -4
+ STLE -1+ S'TLE) -,TE——_—?; exp(-t/'rLE) . (V11-B-6)

In performing the four fits, A{w), I, S, TLE and T, were considered as vari-
able parameters for each run, while the A(0) values were taken directly from
the data, as described above,

This analysis resulted in much closer fits to the data. However, two
problems appeared: First, it was now impossible to mathematically distin-
guish between TLE and T since interchanging them does not change the equa-
tion, Even though they arise from different physical processes (lattice diffu-
sion and pipe diffusion, respectively), they were now algebraically identical,
Second, it was not clear that the higher-order terms from the sum were insig-
nificant, in view of the fact that the first term had made an important contribu-
tion, Accordingly, the mugnitudes of the higher-order terms were examined,
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and it was found that only the n = 3 term, ‘n addition to the n = ] term, was
significant. Inclusion of the n = 3 term produced the following cquation for

nD:

) 81
npel+St+ (S"us 36 "Lel ST

1 1
X - -t
jTLE- T B‘[TLE-(TIJTD] )CXP( /'ILE)

+ 8l (I + 87 )__..r.l__] exp(~t/7,)
0 LE 7 g~ 7, 1
1 7./q
“{gp U +STLE) T exp(-S)t/'rl). (VIt-B-7)

As can be seen, there were now three transient terms in addition to the inter-
cept and linear terms, T and T g Were now algebraically distinguishable.
Another set of fits for the four runs was obtained, again fitting to log &, using

the new expression for n. in the fitting cquation:

D

log & = log {a(e) + (a(0) - At} (1 +np)1 . (VII-B-8)

The same parameters were varied ag before,

The result of this procedure was a set of values for A(x), 1, S, TLE!
and T for each of the four irradiations. The values for &(w) were not very
different from those measured in the cases in which the large source was uscd
to complete the pinning, The standard deviations for all four data sets were
about 1%, When plotted on Arrhenius graphs, the values for S, TLE and "
exhibited approximate straight lines.

In view of this success, we decided to fit all four data sets to the TBHB
model simultaneously, requiring exact Arrhenius behavior of 8, TR and T
An additional equation linking the parameters was obtained as follows: As
shown above, the intercept is given by

8(¢ - A)g2

0
I= —— (1-g)-(d-A)g 7 o, {V1I-B-9)

and the slope is given by

§=1(¢-A)g, (VII-B-10)
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From Eq, (IV-J-12),

5
71::?._. (VII-B-11)
Becauge the slope in the TBHB work was tempceraturc-dependent in the
Arrhenius fashion, increasing as the temperature increased, the authors were
able to make the assumptions 8, << 1 and A << ¢. Since this is also observed
in the present work, these assumptions arc adonted here as well,

Combining equations and using these assumptions, oae finds that

lz%ovl- S7LEe (VII-B-12)
T
As noted above,
2
(1v-J-6)

-0
¢——A—NA°OD.

Since L, and @ are not the same for the four irradiations, the following param-

eters were used for normalization:

0" 2 g (VII-B-13)
34.8
and
)
s o, (VII-B-14)
©24.8
where 034 8 is the avera_sz gamma ray flux in the 34.8°C irradiation, and
2024 8 is the average dislocation loop length in the 24,8°C irradiation,

Inserting these equations into Eq, (VI[-B-12), one obtains the final equa-

tion linking the parameters for each run:

= %
leKg @ LS STLE, (VII-B-15)
where
4
.8 24.8 -B-
K= 1’—2- TNA op 034.8’ (VII-B-16)

K was assumed constant for all the runs, since A should not change for a well-
* . .
annealed crystal, The values of ® were calculated by using the half-life of
e
60Co, which @ 5,263 yr.llo The values of £ were obtained by the following

method: The initial damping values for the four long runs were plotted as a
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function of temperature. The values for the 24,8, 44,0, and 53,0°C runs
formed a smooth curve sloping downward as temperature increased, as had
becn observed in previous warm-ups and cool-downs above room temperature.
The 34.8°C value lay below this curve., We reasoned that the curve repre-
sented the normal high-temperature tail of the Bordoni peak in which damping
should be proportional to the fourth power of the loop length, Since the 34.8<C
run was the only one that had been held at temperature overnight prior to the
beginning of the irrudiation, we surmised that pinning must have occurred
during this time, lowering the aver:ge loop lergth and damping from the
smooth curve exhibited by the others, Indeed, the inferred decrease of 9.4%
in the damping is about the same amount as observed in the self-pinning exper-
iment described above. The value of l.‘:‘ required to place the damping values
on the same smooth curve was then computed by assuming the fourth power
loop-length dependence, The final values of " and 1\" for the four runs were
thus calculated to be the following:

Temperature (°C) Date of Midpoint o 2"
24.8 Jan. 20, 1973 0.95694 1,0000
34.8 Sept. 10, 1972 1.00000 0.9729
44,0 Nov, 17, 1972 0.97568 1,0000
53.0 Dec, 9, 1972 0,96803 1.0000

It should be noted that TBBH chose to correct for variation in the initial
average loop lengths of their runs by a different procedure. They assumed
that the damping coefficient is proportional tn temperature as predicted by
Leibfried's theory,]'33 and they adjusted the loop lengths to account for the
obagerved deviations in predicted damping. We have assumed, on the other
hand, that the damping coefficient varies with temperature in the manner pre-
dicted by the Seeger and Schiller theory134 of the Bordoni peak in this range.

Because T, and T E are proportional to 2(2), the loop-length correction
has also been applied to them, Since the slope is equal to ¢go in this approxi-
mation, and since both ¢ and g, are proportional to 2o in the same approxima-
tion, the loop-length correction has likewise been applied to S, Finally, the
source decay factor &* is also applied to S, since it is proportional to ¢,

The final equations for the simultaneous fit of the four sets of data were

then Eq. (VII-B-8) and the following four equations:

T = 0¢¥ 1 exp(-E,/kT) (VI[-B-17)
o]
w2 . _B-
TLE = 4 TLEO exp( ELE/kT) (VII-B-18)
S = ¢#% & 5_ exp(-Eg/kT) (VII-B-19)
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Because of the complexity of the equations, the fit was obtained using an
135 of
Lawrence Livermore Loboratory on a CDC 76080 computer. The initial values

for this fit were taken from the results of the individual fits described above.

n-dimensional least-squares fit routine developed by Richard N, Stuart

The following parameters were varied to obtain th¢ minimum standard devia-
tion: A(0), A(w), El' ELE' ES‘ Tlo' TLEO‘ So' and K. The resulting [it was
tested by interchanging the parameters for T and TLE* whereupon the com-
puter changed them back in the course of refitting. This result indicated that
they had been assigned correctly,

The fit was also tested by starting from different initial values, and the
fitting procedure again reached the same values, The standard deviation for
the best fit obtained was 1.2%, which is comparable to the uncertainty in the
data, The final values for the varied parameters are shown in Table 7, The

results of the fitting are shown in

Table 7, Fitted values of parame-~ Figs. 18 through 22. Figures 18
ters obtained when A(0)
was allowed to vary. through 21 show comparisons of the

calculated to the measuread logarith-

Irradiation mic decrement values, Figure 22

temperature (°C) A(0) A{w)
shows comparisons of the average
24.8 14.5 1.15 number of pinning points per dislcca-
34.8 12.9 1.38 tion loop, as calculated from the
44.0 12.8 1.72 data by assuming a fourth power loop-
53.0 1.7 2.04 length dependence and as predicted
Ei g =0.51eVv from the theory by using the fitted
E, =0.24 eV values for the parameters in
Es = 0.32 eV Egq, {(VII-B-7), As canbe seen, the
TLEO = 8.58 X 10~38 hr fits are very good, with the possible
Tlo = 9,29 X 102 hEl exception of small deviations at the
So = 4,10 X 10° hr beginning of the decrement curves.
K =4.64 X102 hr'! These result from the fact that 4(0)

was treated as a variable parameter
rather than held fixed, This was done because of the known uncertainty intro-
duced in A(0) by insertion of the source,

Another fit was made under the same conditions as the first fit except
that the A(0) values were held to within 1% of the values measured after source
insertion, This was done to test whether the values of the parameters would
be sensitive to the initial damping value, This second fit reached a standard
deviation of 1,4%, slightly greater than the first fit, as expected, The values
of the parameters are shown in Table 8, As can be seen, ELE and K re-
mained nearly the same, while the other parameters changed by varying
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Table 8. Fitted values of parame- degrees, The results of the second

ters obtained when A(0) . : .
was held fixed., fit are plotted in Figs. 23 through 27,

As can be seen, this fit also appears

Irradiation : . .
temperature (°C) ALD) Aloo) to be very satisfactory. It is diffi-
cult to choose between the two fits on
24.8 14.6 1.08 the basis of their standard deviations,
34.8 12.7 1.33 which are both comparable to the
44.0 12.8 L7 uncertainty in the data., Therefore,
53.0 12,1 2.09

we will discuss the two fits together,

ELgp =0.48eV

E; = 0,30 eV C. DISCUSSION

Eg = 0.43 eV

TLE, = 1,86 X 10:; hr Before discussing the implica-
1, = 1,45 X 104 hx_‘1 tions of these results, it is important
S0 =2.22X 10-3hr_1 to point out the sources of uncertainty
K =4,49 X 10 ° hr in the data and the analysis and to

examine whether the results are
quantitatively reasonable. The chief source of uncertainty is the assumption
that the entire decrease in the damping arises from pinning caused by
radiation-produced defects, whereas, in fact, part of the decrease appears to
be due to rearrangemen! of defects already present in the crystal. As was
noted above, the spontaneous decrease in damping amounted to about 14% over
the first 3.5 days at 34.8°C, However, since the crystal was held for about
1 day at this temperature prior to irradiation, the relevant change for the
34,.8°C run is that occurring after the first day, which amounted to about 7%.
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Thig is to be compared to the 51% total change observed after 2.5 days in the
34,8%C irradiation, Unfortunately, no attempt was made in this work to sepa-
rate the spontaneous damping decrease from that due to the irradiation., This
could have been done, for example, by holding the sample at temperature a
few days prior to irradiating, until the spontancous change had saturated. it
18 not known whether previous workers have carried out such a procedure, but
these results show it to be desirable,

A second source of uncertainty is the prompt damping change upon inser-
tion of the source. As noted, this amounts to less than 5% for all the runs
used in the analysis.

Finally, as pointed out above, we have assumed that the pinning of a
single dislocation component is responsible for the entire damping decrease
whereas, in fact, the second dislocation component may also contribute a
measurable change. However, this contribution is expected to be smatl for
the reason mentioned,

Because we do not have accurate knowledge of the magnitudes of these
uncertainties or of their behavior as a function of temperature, it is not pos-
gible to assign error limits to the final results,

Let us next examine whether the results obtained from this analysis are
quantitatively reasonable,. considering the physical basis of the TBHB model,
the measured data itself, and the results of other, previous experiments,
First to be considered are the values of 4{0) and A(w), It can be seenbya
comparison of the values given in Tables 7 and 8 with the data shown in
Tables 1 through 4 that A(0) deviates from the measured initial value of the
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decrement by about 3% in the worst case, This seems reasonable in view of
the fact that the uncertainty in the initial value due to source insertion effects
was ag much as 4.3% in the worst case. The A(w) value in every case is below
the last measured value of the decrement, as it should be.

The energy, ELE' according to the TBHB model, represents the migra-
tion energy of the defects responsible for the dislocation pinning. If the proc-
ess I8 free (untrapped) lattice migration, the value of ELE can be compared
with those determined for Stage [Il annealing of silver in other experiments,
Table 9 is a list of these values, It can be seen that the present values (0.48
and 0.51 eV) are less than the majority of those shown, but agree with the
lowest of them. They therefore do not seem unreasonable,

The term TLEO is the preexponential term in the relaxation time for the
lattice diffusion procesgs, It can be related to that in the unit jump time of the
diffusing defect by Eq. (IV-J-T7):

12 3

If one uses the generally accepted range of values for T Ut 10 to 10-1 sec

[
(comparable to the reciprocal of the Debye frequencyaa), one obtains the

Table 9. Stage Il migration energies observed in other experiments.

Migration energy

Type of experiment (eV) Reference
cw - resist. 0.2 - 0.5 (first part) 136
0.55 £ 0.03 (second part)
q - resist, 0,57 137
e (1.6 and 3.0 MeV)-resist. 0.57 £ 0.04 to 0,71 + 0.02 138
cw 0.60 £+ 0,05 139
n (fast spectrum) - int, frict. 0,64 £ 0.06 123
cw 0.65 140
d (10 MeV) 0.67 £ 0.04 141
cw 0.7 142

Key

cw ~ cold work

q - quenching

e - electron irradiation

n - neutron irradiation

d - deuteron irradiation

resist, - electrical resistivity measurement
int. frict. - internal friction measurement
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result £ /a % 2to8X 104 for the two fits considered together., Since n is
equal to L0862 X 107 -8 cm in s 11ver,14 z must be of the order of 10 cm.
This 18 a reasonable spacing between dlSlOCathﬂ lines for crystals grown in
the same manner as the present ones, since, if a simple cubic network of dis-
locahons is assumed, the relation !\22 = 1 would yield a dislocation density of
10 cm/cm3 This is a value commonly obgerved in crystals seeded for
growth with close-packed external sux-faco.=,s.74
The question of whether the lattice diffusion is trapped or untrapped can
also be answered by consideration of ’TLE . As shown by Thompson and
Buck, 34 4 the motion is untrapped, the attempt frequency, which should be

comparable to the Debye frequency, is given by
N2/3
P et (Vii-c-1)
° ATLE,
where N, is the number of atoms per cm (5.85 X 1022 for silver), nnd Ais
the dislocation density in (cm/cm ). Using a value of A = 108 cm/cm , which

was calculated above, one finds that v, is in the range 2 to 5 X 10 -1,

which is reasonable.BB On the other hand, if the motion in\ slves trapping by
impurities in the crystal, Ve would be given by34
12883 p
Vo THT (VII-C-2)
Eo

where P is the concentration of impurity atoms, From the spectrochemical
analysis, P is estimated to be in the range of 10 ppm, or 10°° fractional con-
centration. Again, assuming A = 106 cm/cm3, one finds that v, would be in the
range of 10El sec-l, which is unreasonably low.86

As pointed out by Thompson and Buck,3 another test to differentiate
the trapped and untrapped cases can be made by estimating the diffusion length
of the defect by use of the Einstein relation [Eq. (IV-D-4)], Eqs, (V1I-C-1) and

(VII-C-2), and the approximate equation

;ze DTLE’ (VII-C-3)
where \[x——z is the diffusion length, The value of the diffusion length should be
comparable to the spacing between dislocations., Applying these equations for
the untrapped case, one finds that \/;—E is about 5 X 10'4 cm, which is about
half the value obtained for the dislocation spacing and is therefore reasonable.
For the trapped case, the result for \/;—2 is about two orders of magnitude
smaller, which is unreasonably short.
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[t must be pointed out that these arguments do not rule out the existence
of deep impuritly traps. If sufficiently deep traps are present, migrating
defects will not escape from them in the timescale of the experiment, and
their only effect will be to reduce the effective rate of production of possible
dislocation pinners.

fn summary, the results of the fits for ELE and TLE. &re consistent
with the interpretation that they represent the free lattice migration of a
Stage 111 defect., As noted by Thompson and 13uck,34 the reason the migra-
tion of such a defect is observed at a temperature usually characteristic of
Stage [V in resistivity experiments is that the defect concentration is so much
smaller and the diffusion leagths are longer in the present experiments.

Turning to the examination of the values for £,(=E,,) we note that the
+BHB theory interprets it as the activation energy for migration of the defects
along the dislocation lines, i,e., as the migration part of what ts usually known
as the pipe diffusion energy. As mentioned in Section IVG, other woz'k82 pre-
dicts the- its value must be considerably less than 0,78 to 0,85 eV, The pres-
ent values, 0.24 and 0,30 eV, satisfy this requirement. [n addition, they are
considerably less than the value obtained for the lattice migration energy,

E| g This is reasonzble, in that migration along theagore of a dislocation is
known to be casier than migration through the lattice, It is interesting that
the ratio of El to ELE for the fit in which A(0) was held fixed is about 0.63,
compared to about 0,66 in the TBHB copper work. This is to be expected, in
view of the similarity in structure of the two metals, and may shed some light
on the relative validity of the two fits made here, since the other fit gives a
1atio of 0.47,

The energy ES, which is equal to Exp - E,., ls interpreted as the binding
energy of the defects to the nodes an the dislocation lines, Thomson and
Ballurfil“ have argued that ES should asymptotically approach the formation
energy of the defects in the dislocations as the nodal points become large.

One might therefore expect that the ratio of ES to E1 might be nearly equal for
metals that are similar in structure, just as is true for the corresponding
parameters in the bulk, This ratio has values of 1,4 and 1,3 for the two fits,
compared to 1,6 in the TBHB copper work, Apgain, the fit with A(0) held fixed
gives closer agreement. The smaller relative value for Eg in silver (0.43 or
0.32 eV versus 0,68 eV in copper) may be explained by the fact that the stack-
ing fault energy of this metal is believed to be much less than that of copper,
leading to more extended nodes, These in turn would produce smaller
stresses in the crystal and lower interaction energies with defects,

Interpretation of the remaining parameters is somewhat less straight-
forward. The term T is the preexponential factor in the lowest-order relax-

o
ation time for pipe diffusion, Making use of Eg, (IV-J-'?), we find that
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2
;o =2 2o, (VI-C-4)
L 2 oo,

where £y is the average length of the dislocation loops, a is the lattice param-
eter, and TDUO is the preexponential factor in the relaxation time for a single
jump along the dislocation line. Using the values of zo/a derived above, one
obtains values of TDUo on the order of 1[)-8 sec, \avshich is quite long in com-
parison to the recipracal of the Debye frequency. There appear to be two
possible explanations., The first is that, because of the low stacking-fault
energy, the dislocations are widely split. In this cage, as Love pointed out,
the defects on the line would also partially "extend,” in that their exact atomic
position would be undetermined within the stacking-fault width, Migration of
such a defect would require the cooperative motion of a number of atoms,
introducing a considerable negative activation entropy for the process.145
Since DU is the product of apPSro:?l:nately the reciprocal of the Debye fre-
quency and the entropy factor e ™', where Sm is the entropy of migration
and k is Boltzmann's factor, a large negative entropy could explain this result
and make a value of 10" gec reasonable,

A second possible explanation is that the average length of the disloca-
tions whose pinning gives rise to the observed damping change is much greater
than the average distance which the pinning defects have traveled before reach-
ing them, If this explanation alone is to explain the d.2crepancy, the required
dislocation length would be of the order of 1 mm. There are two objections
raised to such an explanation. First, it does not seem plausible that disloca-
tion loops would be this long, in view of the thickness of the specimen and the
manner of preparation., Secondly, a fundamental assumption in the derivation
of the TBHB model was that the dislocation length and the spacing between
them are equal, i.e., the dislocations are arranged in 8 cubic lattice., When
this assumption is removed and the derivation is repeated, the result is that
additional terms of the form t2 and t.e-‘"t
Inclusion of these terms would increase the complexity of the fitting equations

must be added to the equation for ny.

and add another unknown parameter, However, it could not measurably im-
prove the fit, since the standard deviations of the present fits are already
within the uncertainty in the data, Therefore, it would not be possible to
judge whether or not the more complex formulation were more nearly correct.
More importantly, the fact that the present fits match the data to the degree
they do indicate that the simpler formulation is adequate. For these reasons,
we believe that the entropy explanation accounts for at least part of the
discrepancy in TDUO'

The terms SO and K can be interpreted by a consideration of the equation

s-% 2o TDUo -(E En ))/kT (VII-C-5)
"2 Ty P MEnp- Epy J/kT,
[}
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which results from Egs. (VII-B-10) and {IV-J-11), with the assumptions, justi-

fied by TBHB, that A << ¢,(2 a/t e, D/TDU ~ 1, and ‘T:‘E/TDL << (23/10)

D/‘TDU From Eq. (VII-C-5),
LT
$ ‘o DU
S =2 —0 (VII-C-86)
° 2 ¥ Typ,

The parameter ¢ can be evaluated from the fitted value of K by using

Egs, (IV-J-6), (VII-B-13), (VII-B-14), and (VII-B-16). Combining these
relations and solving for DU /TNDO by using Lo/a =95 X 104, one obtains a
ratio of about 200 for the fixed-A(0) fit, and a ratio of about 3 for the varied
-Afo) fit, If one uses the value of 10'B sec obtained above for TDU , one
obtains a value for TND in the r nge of 10-11 sec for the first casg and

10-9 sec for the second %ase. The first value seems more plausible in com-
parison to the reciprocal of the Debye frequency, supporting the fixed -A{o)
fit, If, on the other hand, one uses a value for TDUothat is nearer the recip-
rocal of the Debye frequency, then the varied -A(o) fit gives a more reason-
able result for ‘TNDO,

Another check on the fitted value of K can be made by using
Eg. (VII-B-16) and the calculated values for the displacement cross section
and gamma ray flux from Section IV,B, This produces the result that £ /A

=1,5X 10 13 ma. If £, is assumed to be 10 3 em, as computed above, the
value of A comes out to be 7 x 109 (cm/cm ), which is higher than one would
expect for annealed crystals and higher than one would calculate, assuming a
square dislocation network, from the relationship Azg o1,

An alternative approach is to assume that only part of the defects that
were created acted as pinners for the dislocations that gave rise to the damp-
ing. Using values of L 10_3 cm and A = 106(cm/cm3), the result is that only
about one defect in 0 acted as a damping pinner, There are three possible
reasons why this might be true, First, it is known that not all displacements
give rise to freely migrating defects, but that many annihilate. For example,
Corbett Lal.146 found that, in copper, about 80% of the damage created by
1.4 MeV electrons annealed in substages la-Id, which are believed to result
from annihilation of close or correlated Frenkel pairs. A second possible
reason why only a small part of the defects may have acted as pinners is that
there was a high relative concentration of impurities, which may have acted
as deep traps. In fact, the average distance from a radiation-produced defect
to an impurity atom was of the order of 10-6 cm, whereas the average distance
to a dislocation was calculated at 10‘3 cm. Whether or not the defects would
be bound to the impurities probably depends on the species and is not known.
However, TBHB concluded that 100% of the defects in their copper experi-

ments migrated to dislocations.
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A third possible reason for such a low pinning efficiency is that a large
fraction of the defects migrate to dislocations that do not give rise to signifi-
cant damping. Indeed, we already suspected from the frequency data that such
dislocations were present and were being pinned. This explanation is reminis-
cent of one of the possibilities considered by Paré and Gubermnngs—nnmely,
that there are two categories of dislocations, one of which has a much longer
average loop length than the other but is present in much smaller concentra-
tion, The group of longer dislocations could then give rise to virtually all of
the observed damping, because the damping is proportional to the fourth power
of the loop length. However, because of its much lower density, it would
gather only a small portion of the point defects as pinners. At the same time,
since the modulus defect is proportional to only the second power of the loop
length, the shorter dislocation group could make a significant contribution to
modulus changes if they compensate in density for what they lack in loop length
reictive to the first group,

As discussed in Section VII-B, Paré and Guberm&m96 rejected the two-
dislocation-component model on the grounds that it did not explain the discrep-
ancies in the frequency dependence of the damping in copper, and that it did
not seem plausible, Since the frequency dependence was not studied in this
work, we will confine our discussion to the plausibility of the model for the
present crystals,

The best evidence for deciding whether this model is plausible would be
produced by observation of the dislocation structure of the samples, either by
electron microscopy or etch-pit studies. Neither of these techniques was
applied to the present samples, but considerable insight can be gained from
observations on crystals having similar purity, method of growth, and thermal
and mechanical history. Electron microscopy has been performed on disloca-

147 and by Moon and Robinsxcm.l‘}8 Etch pit

tions in silver by Bailey and Hirsch
studies were carried out by Levinstein and Ftobinson,149 Worzala and
Robinson,150 Sabol and Ftobinson,151 and Chen and Hendrickson.152 All these
workers found that the dislocation structure of silver crystals is far different
from the cubic lattice assumed in the TBHB theory, Although much of the
work involved silver that had been heavily cold-worked, the papers by Levin-

152 and Worzala and Ftobinson150

stein and l’lobinslon,149 Chen and Hendrickson,
discuss observations on as-grown, annealed, and lightly deformed crystals, It
should be noted that the present crystals can best be classified as lightly
deformed and annealed, The deformation came about because of the thermal
contraction difference of about 1,2% between the silver and the graphite rod on
which it was grown, the subsequent pulling to remove the rod, and the handling
involved in spark-machining and mounting, The annealing was done at temper-
tures or 500°C and 500°C, as discussed earlier, which are lower than those
used in the etch-pit studies. Levinstein and Robinsor.149 found that as-grown
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crystals had dislocation densities in the neighborhood of 1-5 X 10’ em ™, The
dislocations appeared to tall into two categories. Most were distributed more-~
or-less randomly and exhibited small etch pits. These dislocations were
believed to be in the form of small loops, each of which produced two etch pits
where they intersected the surface, As material was removed, these loops
wer » etched away and were replaced by other loops, as they in turn inter-
sected the surface, In this way, the size of the randomly located pits re~
mained small., The other category of pits was located on low-angle boundariea
and slip lines, These pits grew as etching proceeded, indicating that the dis-
locations giving rise te them had longer line lengtha.

Levinstein and Robinson“g found that a 3% deformation resulted in slip
bands with a cellular appearance; that is, they were "made up of regions of
high dislocation density surrounding regions in which there are no dislocation
lines intersecting the surface,"

Chen and Hendz‘ic.‘,h:.szonl52 found that their as-grown crystals had disloca~
tion densities of 1-5 X 1[)6 cm~2. A 2-week anneal at 940°C reduced the den-
sity to about 5 X 10% 2. The annealed crystals contained "randomly dis-
persed dislocation etch pits with a few subboundaries,”
lightly deformed an annealed cryatal through handling, and reannealed it at
940°C for 2 weeks, they observed well-defined polygonization boundaries,

which they found "somewhat surprising’’ in view of the low stacking-fault

cm’
When these authors

energy of silver,

Worzala and Robinson
the easy glide region. A typical specimen had an average dislocation density
after annealing of 1.8 X 106 em-2. The dislocations were arranged both ran-
domly and in low-angle boundaries, Deformation of 0,1%, which was just past

the yield point, gave rise to clusters of dislocations, which became more

150 described the dislocation structure of silver in

dense as deformation was increased.

In view of these observations, it seems clear that the present crystals
could very likely have had a dislocation structure incorporating a low density
of long dislocations and a higher density of short ones, either as a result of
ingrown subboundaries or of polygonization arising from deformation and
annealing.

The parameter END is interpreted as the sum of the binding energy of
the defect to the node and its migration energy on the dislocation, Its value
thus can be obtained as the sum of ES and EDU' which is 0,73 eV in the case
of the fixed-A(0) fit, and 0,56 eV for the varied-A(D) fit, Using the argument
of Thomson and Balluffi cited above,144 TBHRB compared END to the measured
pipe diffusion energy. For silver, this energy has been measured at 0,78 eV
and 0.85 eV by different authors.sz Again, a comparison in the present case
reveals that a more favorable agreement 1s obtained with the fixed ~A(0) fit,
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The parameter Enes which corresponds to the energy requived to return
a defect from a dislocation to the lattice, has not been evaluated in these
experiments, TBHB obtained an estimate by assuming that the defects were all
accounted for by the sum of those present on the dislocations, on the nodes,

and freely migrating in the lattice, Becausc of the presence of the second dis-
location component and the possible presence of deep impurity iraps, e can-
not make this assumption here, For the same reason, we are not able to cal-

culate the efficiency of dislocations in trapping defects,

In view of the considerations discussed here, it appears that the fixed
-A(0) fit is more nearly correct than the varied-a(0) fit, in spite of its having
a slightly higher standard deviation, It should be noted that, because the fit~
ting scheme gives equal weight to all the data points, and because only a few

points are located at early enough times to have a large effect in determining
the parameters in the transient terms, it is not surprising that the early
points were not well fitted when 4(0) was allowed to vary, or that the standard
deviation increased slightly when A(0) was fixed,

To summarize the discussion presented in this section thus far, it
appears that the following statements are true: 1} More reasonable values for
the parameters in the theory are obtained when A{0) is constrained to match
the value measured after source insertion and temperature stabilization than
when it is allowed to vary; 2) the parameters determined in this way are plau- :3
sible if one allows for wide splitting of dislocations and the presence of two *‘
dislocation components; 3) these two assumptions are supported by the ob-
served stacking-fault energy and dislocation structurea in silver; 4) the time
and temperature dependence of the observed pinning is consistent with the free
migration to dislocations of a single type of defect, pipe diffusion along the
dislocations, and binding of the defects to nodes; and 5) the best value for the
lattice migration energy of the defect is about 0.48 eV, It remains to discuss
: the identity of the migrating defect,

! Gordonl38 recently reviewed the proposed models for Stage [l annealing
in silver, These include the two-interstitial model, the di-interstitial model,
the trapped interstitial model, the interstitial cluster break~up model, and the
vacancy model, In analyzing his data for Stage III resistivity recovery of
electron-irradiated silver, Gordon interpreted the results in terms of the
migration of vacancies to interstitial clusters and the formation of divacancies
in the anneal, followed by migration of divacancies in the latter part of

Stage IIT. In doing so, he assumed that the migration energy of the vazancy
far from any clusters is 0,71 eV, and that the migration energy of divacancies
0.57 eV, This value for the vacancy migration energy is considerably less
than the values determined by Quéré,153 Doyama and Koehler,154 Gertsriken
and Novikov,155 and Ramsteiner, g_t__ai.l 6 in quenching and annealing experi-
ments, which range from 0.83 to 0,88 eV, It is also less than that obtained by
subtracting the vacancy formation energy determined in quenrhing experiments
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from the best value of the self-diffusion energy in 1870 as summarized by
Mehrer and Seegex‘.157 However, the latest self-diffusicn energy measure-
ments by Lam M‘BS indicate that the monovacancy self-diffusion energy is
1,76 eV. Subtracting vacancy formation energies in the range of 1,0 to 1,1 eV
(Ref, 157) then gives good agreement with Gordeon's result, It s conceivable,
then, that the vacancy migration energy could be as low as 0.71 eV. The
author knows of no serious suggestion that the activation energy fnr free
migration of monovacancies in silver is less than this value, particularly not
as low as 0.48 eV. The divacancy migration energy assumed by Gordon is in

good agreement with other measured results, as summarized by Mehrer and

Seegex‘.157

In identifying the defect responcible for pinning in the present experi-
ments, several possibilities can be ruled out. Single vacancies, although
known to be created by gamma irradiation, simply have too high a migration
energy to account for the resuits. Although the uncertainty in ELE as deter-
mined in the present work may be sizeable, it is not likely to be as high as
40%. Support for this contention is found in the fact that the fit with A(0Q) neld
fixed produced a value for ELE that was within 6% of that obtained when A(0)
was varied, [t therefore does not seem to be very sensitive to the fitting
constraints,

Divacancies, although their migration energy is not very different from
that determined here, can also be ruled out on the basis that they are not
likely to be formed in any significant number in the present experiments,
Direct formation by the irradiation is unlikely because of the energy argument
given in Section IV.,B, Formation by the migration together of two vacancies
is not likely because of the small defect concentration present, The same
arguments rule out di-interstitials and interstitial clusters. The only possi-
bility left is the free migration of single interstitial atoms, Since ther= is
general agreement that some type of interstitial migrates in Stage 1, and since
we have seen evidence of this migration in the survey experiments, we are
thus led to embrace the two-interstitial model to explain the present results.
It must be emphasized that this conclusion applies only to the present experi-
mental conditions, It does not rule out the possibility that different defects
may cause significant effects in Stage III under different conditions of radia~
tion type or energy or higher defect concentrations,

Now that we have settled upon the single interstitial as the responsible
defect, it is interesting to attempt an explanation of the depinning results dis-
cussed in Part VI. As was stated in Section VI,A, when the pinned samrple
was heated to annealing temperatures up to 220°C, the damping and frequency
exhibited apparent pinning while held at the annealing temperature, In the
framework of the present model, this can be explained by interstitial atoms
being "boiled off'' the nodes onto the dislocation lines, raising the average
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number o1 pinning points. Yor annealing temperatures less than about 120°C,
this was the only effect which occurred appreciably, so that, when the sample
was cooled back to 35,5°C, the extra pinning points returned to the nodes,
reestablishing the original equilibrium distribution and returned the damping
and frequency to their original values, as observed, At annealing tempera-
tures between about 120°C and 220°C, an appreciable number of interstitials
are also "boiled off" the dislocation lines into the lattice, The parameters
still exhibit apparent pinning when the sample is held at the annealing temper-
ature, since more interstitials are added to the lines from the nodes than are
lost to the lattice, When the sam-le is then cooled to 35,5°C, some of the
interstitials return from the lattice, but a greater number return to the nodes,
causing the average number of pinning points to decrease, as observed., For
annealing temperatures between about 220°C and 340°C, more interstitials arc
boiled off into the lattice than are supplied by the nedes, so that a net unpin-
ning is observed at the annealing temperature. When cooled back to 35.5°C,
however, the interstitiala returntng from the lattice now dominate those that
return to the nodes, and a net pinning is observed when the sample is held at
35.5°C., This last step is somewhat analogous to what took place in the orig-
inal irrad-ation, when a net pinning occurred because not all the interstitials
that reached the lines migrated on to the nodes, Finally, annealing at 500°C
enables the interstitials to escape completely from the dislocations and
undergo longer-range migration in the lattice, so that they annihilate the
vacancies, which were always present as comparatively inanimate partners
throughout the lower-temperature pinning-depinning process. la addition, at
500°C the vacancies are sufficiently mobile that their migration will also con-
tribute to permanent depinning. [t is thus seen that the TBHB moderl with the
interstitial as the migrating defect is able to explain, at least qualitatively,
all the depinning observations.
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VIII. Conclusions

A. The Koehler-Granato-Lucke vibrating string model applied to a sin-
gle dislocation component cannot explain the present dislocation pinning
results.

B. These pinning results are consistent with the vibrating string model
if two dislocation components are assumed, one of which has a much higher
average loop length than the other., Such a structure may result from poly-
gonization or the presence of low-angle boundaries.

C. The results of survey experiments are consistent with long-range
migration in Stage [ in silver.

D. The activation energy for migration of the defect which pins disloca-
tions in Sta_e III in silver using 60Co gamma irradiation and low defect con-
centrations is about 0,48 eV, Thig defect is most likely the single interstitial
atom,

E. Pipe diffusion is necessary to explain the pinning behavior as a func-
tion of time and temperature in these experiments. The migration of point
defects and their interaction with dislocations can be explained by the model of
Thompson, Buck, Huntington, and Barnes.

F. The efficiency of the dislocations in trapping the point defects could
not be estimated because of the presence of {wo dislocation components, only
one of which contributed significantly to the measured damping.
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