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ABSTRACT

Using the resonant bar technique, the decrement and modulus of high
purity, oxygen-free silver single cryﬁtals (p 295°K/p L.2°k & 2500) have
been measured (at roughly 25 kc) over the range from 4° to ldOoK at
various strain amplitudes between 10—8 and 10-5o The addition of 40 ppm
of oxygen or less to high purity silver reduces the internal friction
over most.ofbthis temperature range by almogt two orders of magnitude.

It further appears that oxygen can be removed from'silver in a completely
reversible mannér by annealing in vacué at sufficiently high temperatures.
Such treatments not only restore the initial high damping level but also
the temperature and strain amplitﬁde dependence characteristic of the
oxygen-free material. The kinetics of the desorption of oxygen in a
vacuum of about 6 X lO_6 torr have been followed at temperatures between
870° and 1000°K by measuring the changes in the decrement and modulus
with time in a crystal initially containing about Lo ppm oxygen. It is
found that the decremenf reéové;s in at least two separate stages, one
having an activation energy of 0.67 * 0.06 eV and the other an activa-
tion energy of 2.6 #* 0.4 éV. The presence of.oxygen also results in a
relaxation peak at 5650%, which is not present in oxygen-free silver.

A theory is_developed which relates the relaxation to the dragsging of

interstitial oxygen pinning points by moving dislocation, From the
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interpretation of these results, the magnitude of the attractive
interaction between oxygen and dislocations 1s estimated to be

0.25 i'.OH eV, Thé addition of oxygen, since it effectlively elimin-
ates_dislocation contributions to the internal rriction and moduluy,
prbves of value in interpreting the observed behavior of high purity

oxygen-free gilver.
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I.. INTRODUCTION

Internal friction generally refers to the dissipa-
tion of the @echanical energy of a vibrating solid which
takes place even when the solid is complefely isolated
from its surroundings. The study of this internal con-
version of mechanical energy to heat might then be expec-~
ted to provide useful information about the structure of
the solid, if the process giving rise to the dissipationv
can be identified; A number of sourceé of intermnal frié-'
tion in metals have been reéognized for some time and were
finally put on a firm phenomenological basis by Zenerl in
1948, prominent exampies being the thermoelastic effecf and
the stress-induced ordering of solute atoms. As early as
1940 Read2 recognized that the motions of dislocations re-
present a considerable and perhaps the major source of
internal frictibn:in metals’. With the development of dis-

3-5

location theory s @ theoretical basis was later provided
for the interpretation of dislocation contributions to in-
ternal friction.

| Internal friction phenomena were comprehensively:
reviewed by Nowick6 in.1953 and since have been the subject
of a number of later reviews7'll. In particular, the re-
view by Niblett and Wilkslo was concerned with dislocation

contributions to the internal friction in metals. Dislo-

cation contributions to the internal friction in metals can



be broadly grouped into three catogorieslo'll: 1) Peaks in

the decrement as a function of temperature which presumably
correspond to relaxation processes involving dislocations;
2) an amplitude-independent, frequency and temperature de-
pendent 'background' component of’componenta; 3) an ampli-
tude~dependent component which depends on temperature but
is at most only slightly frequency dependent. A brief de-
scripfion of the internal friction phenomena associated,
directly or indirectly, with dislocations in metal crystals
as weli as some of the theoretical mode1s advanced to ex-
plain them follows,

In the first category, the»most obvious feature of
the internal ffiction of deformed or even lightly handled
‘materials is the appearanée of a peak (or peaks) at low

‘temperatures (T < 200°K). Such peaks were first observed by

Bordoni12 in several f.c.c. metals and later by others in

13 15

b.c.c. and h.c.p.lg metais, as well as in ionic crystals
All the experimental evidence indicates that these low
temperature peaks, which Are loosely termed Bordoni peaks,
arise from a relaxation process in which dislocations play
an essential role. Much of the interest in the Bordoni
peak, both expgrimental and theoretical, arises from the
possibilitj that the experimentally observed activation
energy for the peak may, through a suitable theoretical

model, be related to the magnitude of the Peierl's stressl

in a given material. This possibility was considered in a



general sense by Bordonilz, and a quaﬁtitative model was
first proposed by'Mason17. Mason considered the thormql
activation of the entire free length of dislocation lying'
between pinning points across the Peierl's barrier into
the adjacent potential trough to be the activated process.
However, the large shift of peak temperature predicted by
this model was not subsequently observed in exporiment,

and Seeger18 proposed a more detailed model for the acti-

vation prosess., Iﬁ Seeger's model the free length of dis-

" location moves over the Peierl's barrier by the thermal

activation of a relatively short segment of dislocation
followed by the lateral motion of the end configurétions
(kinks) of the segment under the applied stress. Seeger
has shown that the kink pair is stable and will separate
under the applied stress only if the kink sepafation is

greater than some minimum value, d The barrier which

crit’
must be overcome by thermal activation is then approximately

and

the sum of the Peierl's energy of.the segment,_dcrit,

the energy required to form two half-kinks. The activation

energy for the Bordoni peak, H is then

B?

Hp = W, d_ .. + U © (I=1)

where WP is the Peierl's energy pervunit length, and Uk

the energy required te form a kink. The consideration of
19

is

the thermal generation of kink pairs in detail by Donth
has led to a more refined theoryzo which has been able to

account quantitatively for most of the experimental facts
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rel&ting to the Bordoni peak. Further refinements of the
Seeger-Donth theory, in particular the influence of kink

motionzl, kink-kihk interactionszg,'and internal stresses

23
oh the relaxation process, which have been considered in
an attempt to explain the remaining discrqpancies between
theory and experiment have not been entirely successful.
.Of the #grioustthor mechaniumszq proposed to
account for fhe Bordonl peak, the kink diffusion theory of

25 and the dislocation-dipole reorientation

Brailsford
theory of Gilman26 appear oh the bésia of present experi-
ment#l evidence to be as reasonable, at least qualitatively,
as the Seeger;Donth fhoory.

Unlike Seeger, whé considered a kink to make the
transition from one Pei§r1's valley to the next over a
’large disfance compared to the intératomic‘spacing,.
Brailsférd25 has assumed that kinks are abrupt; and that the
transitiqh is ﬁade in a distance.of the ordef of one'atoh
spacing along the dislocation. Brailsford then shows that
the thermally~activated lateral motion of such aﬁrupt kinks
under an oscillating stress leads to internal friction of
the'relaxation type. Again, in contrast to the Séeger—
Donth treatment,.the kink diffusion model makes use of the
dislocations which do nof lie along close-packed directions

(i.q., those which contain a number of intrinsic or builte

in kinks).



Gilman26 has noted that a proﬁinont feature of the
structure of deformed materials is the existence of edge-
disiocation dipoles (debris dipoles), which consist of two
disloﬁations of opposite sign on separate glide planes.

Such a configuration has‘two positions of stability, sep-

‘arated by an énergy maximum, for which'the line between

the pair makes an angle of 45° with the slip direction.
Small segmentb of the pair can reorient from one stable
position to the other by thermal activatibn and thus lead
to a relaxatipn type internal friction.

All three_of‘the above theories are possible dis~-

location relaxation mechanisms in plastically strained

'solids, and all depend primarily on intrinsic properties

of dislocations themselves. The configurations required by
each theory, i.e., close-packed_diqlocations, non;close
packed dislocations, and dipoles, are all known to exist in
deformed materials. It is possible that all three'mech;
anisms may contribute to anelastic behavior in a single
material, although not necessarily in comparable strengths.
As regards the Bordoni peak, only further refinement of
both theory and experiment can lead to any positive iden-
tification as to the mechanism responsible in any given
material.

In the temperature range between 100°K~300°K

Haaigutiz7 has observed several additional peaks in the
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internal friction of a large number of metals immediately
following deforhation, which appear from his work to be
relaxation'péaks. From the-anhealing behavior and activa-

tion energies observed, Hasigut128

has concluded that dis-
locétions‘asaocigted with point defects are responsible

for the peaks and hau”prOposed a model which is based on
the motion of dislocation kinkg which are trapped by point
defects, and whicﬁ.leads to a relaxation type of internal
friction. Observations of interna1‘friction peaks in this
temperature,range_ha#o not been widespread, possibly due to

the rapid annealing reported at robm femperature;

In deformed b.c.c. metals with interstitial im-

purities an internal friction peak is observed in the temp-

erature'range 100‘0#50050.' It is apparent that the presénce
of both interstitial impuritieﬁ‘gnd dislocations are-re-.
quisite for_the observatiox}zg-Bl of the peak which is
usually'referred to as the cold-work peak (CWP). The acti-
vation enérgy for the peak, in all systems investigated, is
about 0.5 eV higher than the activation-energy for bulk ‘
diffusion of the interstitial which causes the CWP. Of the

9, 30-3% advanced to explain the CWP, only

several theories
thé mérc recent fheories of Booﬁesl and of SchoeckBo éppear
to be Adequate to account for the experimental observations
on the peak. vBoono and Wert35

induced relaxation of'ordered‘interstitial clusters in the

have proposed that the stress .
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immediate vicinity of dislocations giQes rise to tﬁe cwp,
Since a detailed treatment of such a model would involve
both the size and assuméd geometry of the clustefs. this
theory is necesqarily only qualitative. SchoeckBo? on the
other hand; has proposed a detailed atomistic model for the
CWP, in which the relaxation arises from the motion of
dislpcations which, in order to move, must drag bound in-
terstitial impufitie; with them.

A detailed theory of internal friétiou which falls
into both the sécond qnd'third categories was given by
Granato and Licke’® (G-L) in 1956. Their model, which is

37

based on earlier ideas put forth by Koehler~ ', assumes that
dislocations in a metal are pinned by impurities (point |
defects) with an average spacing Lc and by the nodes of the
dislocation network with a spacing LN' Under é small alter-
nating stress the dislocatyoﬁ segments bow out between
pinning points and their motion, which is damped, is like
that of a vibrating string and has a resoﬁance charécter.
For most crystals this dislocation resonance is of the order
of 100 mc; at much lower frequencies Granato and Licke have
"shown that the decrement due to the bowing out of loops is
A 4

= (12004, AwB /172 €) . L (1-2) .

I
where () is an orientation factor relating the applied
stress to the resolved shear stress on the slip plane; W ,

'the applied angular frequency; B, the damping constant;



'C, the dislocation line tension; JL..‘the_dialocation
density; Ao = 8Gb2/ T 2C i G, the shear modulus; and L,
the average loop length, is
1/L = 1/Lc_+ l/LN.

Since the motion of the bowing loops under»an‘applied
stress.results in an additional non-elastic strain, a
modulus defect is also present and is given, according to
G=L, by _

( AE/E); = (600 A/7r?) - 12 O (1-3)

As the stress is further increased, a point is reached at
which the force on some pinning point within a network
_length LN, arising from the dislocatioﬁ line tension, ex-..
ceeds the binding force between this point and the dis- N
location. Since the force eierted on a pinning point is
proportional to thq length of adjacentvloopa, breékaway
occurs for gll pinning points within the network length,
_'and the dislocation then bows out with a length Ly. As the
stresg is decreased, the loops, now of length LN' collapse
until they are repinned. This, then, results in a closed,
static hysteres;s loop every half-cycle, and thus gives
rise to an additional amplitude-dependent, but frequency-
independent, contribution to the internal friction. By
assuming a constant LN and a Poi#son distributidn in Lc

corre3ponding to a random impurity distribution along the

dislocation line, G~L obtain : -



Dy = (€ /7€) exp (-C, /€ () o (x-4)
where | -
¢, = (o ALY /L) - c, o (@-5)
and | | |
¢, = (TW/kbRE) F, /L., (1-6)

In the above expréssiohs, b is the lattiée constant, R is a
resolved shear stress factor, and Fm is the maxiumum bind-v
ing force between a dislocétion and ah impurity pinning
~point. The degree to which this theory has been substan-~

tiated by experimental observations is discussed in detail

by Niblett and Wilkslo, and by Gordon38. Invparticulér,
the Lz, L[‘r relation between (AE/E)I and AI has been well
verifieng’Qo, and the dépendence of"AH on 60 given by

(I-4)yhas been observed in a great number of experiments.
More recently the &ibrating string model has had consider-
able éuccess in explaining the annealing résponse of 'AI
in neutron irradiated copper41. The major discrepancy
between theory and experiment is that the frequency depenn
dence of ‘AI predicted by Eq. I-2 has not been observed at
frequencies below 100 ke, This discrepaﬂcy may be due in
part to the fact that at lower frgquencies.thermal depinning
may cause the effective loop iength to increaae42.

A somewhat difforent view of the role played by

impurities with respect to intermal friction arising from
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dislocation motion has been given by Weertman and Sal=~

1 _
43 44,45 1nis theory applies the Mott-

kovitz and Weertman
Nabarro théory46 of solid solution hardening to the motion
of dislocations under an alternating stress. In this view

impurities give rise to a stress field with a wavelength

A= b/c%. where b is the atomic spacing and ¢ is the atomic

fraction of impufities. Under an applied stress, dislo-
cation loops can qvercome‘the smallest of the barriers
preseﬂted by the stress field and thus move a distance of
thevorder of A . qu an Alternating streﬁa their motion is
hysteretic and for small amplitudes lébds to‘an intermal

friction43 of‘the form:
/A = AE/E z.lo'a.Aaz / (‘7c)4/3 (X=7)

whereqk is the dislocatibn'density. énd 37 is thQ'Cottrell

misfit parameter. The model thus leads to an amplitﬁde and
frequency independent contribution to the infernalffriction.
In the past therq has not been a great deal of experimental

support for this view; in particular, the internal friction

is usually much more sensitive to the concentration of point

defects than Eq. 1=7 w§u1d indicate. More recently, how=
ever, several investigatorsk7‘49 have found some experi-
menﬁal suppo:# for certain features of this model.

At high temperatures most metals exhibit an internal
friction which rises exponentially with temperature. vThe

experimental observations can be roughly separated into two




groups. The observations which fall into the firsf group
are characterized by relatively high activafion energies,

of the order éf 1-2 eV, and an inverse frequency dependence.
' Theoretical explanations for this type of internal friction
caﬁ generallyvbe.described in terms of the thermal activa-
tion of dislocations ovér internal stress barriers. The
exponential temperaturé dependence and inverse frequency
dependenqe are then readily explained as the result of a

very long relaxation time for the activated process. Dis-

45 50

location climb s, vacancy production at dislocation jogs~ ,
vacancy creep of subgrain boundariessl. and the formation

of jogs by the mutual intersection of dislocationdsz' 53

have all been considered as the activated process. The wide
range of activation energies observed, 0.8-2.1 eV in copper,
for example, suggeét that é number of therﬁally activated
.procesbes may contribute to the internal frictién at high
temperatures;

The second group comprises those observations for
which the apparent.activétion energy is consideraﬁly smaller
(6f the order of a few tenths of an eV). There is also
some evidence that this internal friction is independent of
fréquency8. Mason8'54 has named this type of intermal
friction "temperature activated hysteresis'" and has pro-
posed a model in which the internal friction arises from

the exchange of energy between adjacent vibrating dislocation



loéps when their mutual pinning point is momentarily lost.
‘The observed actiiation energy is then the binding energy
between the dislocation and the pinning defect. A>simi1af
interpretation of these relatively low &ctiyation energies
can also result from a consideration of the effects of

temperature on the models, proposed by Granato and Luck036
and Weertman and Salkovitng,.desﬁribed previously. The
effect of temperaturo'qp such models has been treated by

Leibfriedss,-Teutonico, Granato and Lﬂcke56

’ andvFried0157
from someWhét different points of view.

This cbmpletes our not-so-brief account of the ex~
pected phenomena and‘some of the.interﬁrétations advanced .
for them. We would like now to present s@mevconsiderations
pertingntfto the preSent investigation.'

The preSenﬁ investigation was'underfakep as_part of
a program to study the influence of oxygen on the mechanicalk

58-60.

properties of silver and dilute silver alloys There

is evidence that oxygen, which is believed interstitial in
silver (the activation energy fof'diffusion is 0.5 eV61'62
as compared to values of ~2 eV for substitutional solutes)
‘inte#aéts strongly with dislocations as well as with im-

63

purities and vacanéiesGQ, The addition of oxygen to
silver thus provides one of the few systems with a face=-
centered cubic structure in which the interaction of inter-

~stitial impurities with dislocations can be studied.
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Bqdy-centerod cubic metals, cpntaining interstitial
impurities have been studied extensivély, and it has been
founa that the'binding energy between dislocations and in-
terstitial impurities (0.3~0.5 eV) is considerably greater
than that estimated for substitutional impurities (0.1 to
0.2 eV). The increased binding of interstitials to dié-
locations in the b.c.c. structure afises-from thé fact
that the diéto:tions.produced by interstitials haié lower
symmetry than the lattice and thus intfoduce a stress fiéid
with a shear és well as a hydrostatic component.‘ Ip
éddition, the magnitude of the distortibn arising from the
presence of an interstitial is generally_larger,thap that
arising from a substitutional impurity. 'On_the other hahd,
in the close~packed f.c.c. structure the only interstitial
- site (the octahedral poéition) large enough to accommodate
an impurity has the same sxmmefry as the lattice; Further-
MOre, for silfer the misfit of a neutral oxygen atom in
this site is comparable to the misfit (~10%) of typical
substitutional impurities. On this basiﬁ alone, we would
not then expect oxygen to be mére effective than an equi-
valent concentration of substitutional impurity in re=-
stricting the motion of dislocétions in silver, |

Experimentally, however, it is observed that oxygen
has a much more pronounced_efféct on the mechanical pfo-

perties of silver than substitutional impurities. It has
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beeﬂ foqndGO, for examﬁle, that the aadition of as liftle
as 100 ﬁpm ofvgxygen to silver raises the yield stress of
silvér éinglé cr&stals by about a factor of three and also
results in the introddctibn of a sharp yield point. Fur-
thermore, it‘has been ob_ajerved59 that the 'background' in—'
ternal frictioh af ~ ] cps is 1oweredvﬁy more than an order
of magnitude by the additionvof onlyVBO-SQ ppm 02. The ex-
periméntal resuits for other metals and the theories pro-
posed to account for these results indicated that the use
of interngl friction might.provid§ useful information
concérning the intera#tion of §xygen'with_diéloéations in
siiver.
. FOf the yariouslinternal friction bhenoména. it is
apparent that the amplitude-independent fbackground' and

the amplitﬁde—dopendent damping will be mgst'sensitive to
thevaddition Qf impurities or éoint defects, iInjparticular,

65 66

interpretations of experiments on aluminum -, lead , and’

vc0pper67’ 68 in terms of the theory of Granato and Liicke
for the amplitude-dependent componqnt indicated it might be
possible to oﬁtain an estimate of the bindingkenergy of . |
oxygen to dislocations by making such méasurements over‘é
wide temperafﬁre range., Since oxygen is quite mobile in.

j.silver, this wouldvrequire that the measurements be made at

temperatures well below room temperature. Additional in-

formation on the interaction between oxygen and dislocations ,-.
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might also bévexpected from a study oé the 'background’
intermnal friction during the addition or removal of oxy=-
gen. .Such measurements would have to be ﬁade at rela-
tively high tgmperatures. |

The primarf objective of this'investigation, then,
is to determine what effect, if any, the addition of_oxygen
has on both the amplitude~independent and amplitude~depen=~
dent components of the internal friction of silver.over the
temperature range from 4°K to 1000°K. Since a survey of
the 1iteraturé_revealéd that the relatively few measurements
which had been made on silver were concerned with grain

69-71

boundary relaxations in polycrystaline material or

with various relaxation peaks observed below room tempera-

ture in deformed samples

72=75

y this necessarily involves
the measurement of these same quantities in oxygen free
silver. In addition, it was anticipated that measurements
of this type might make it possible to obtain a quantita-
tive éstimate of the strength of the interaction between
oxygen and dislocationé.. | |

A secondary objective of the investigation concerns
the possibility of using oxygen, as irradiation-produced
point defects have been used, to pin or otherwise restrict
the motion of dislocations, thus providing a tool which can:
aid in interpreting the internmal friction phenomena assoc=-

iated with dislqcations in silvexr.
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In order to carry out these iﬁvestigations an
apparatus,hqs been designed and constructed to measure the
infernél friction and Young's modulus over the.tempgratura _
range from °K to 1200°K., The resonant bar techniqu96 has
been employed‘because it is particularly suited for.meaau’
urenents over a_wide.range of sfrain amplitude. To avoid
thermoelastic’ or grain boundary reiéXation éffgéts, single
crystal specimens vibrating in a 1ongitudinai half-wave
mdde_have been employed. An electrostatic drive is utilized
- since this bermits measurements to be.made'ovor a wide =
temperature range withogt the necesgity Of attaching other
.matqrials to the specimen. Because'ofithe»stféng chemical

affinity of oxygen to metallic impurit;és, silver of the

highest putity avéilable has been used, and extreme care has

been taken to insdre that cqntamination does nbt océur in
the process of specimen preparation. A description of'the'
apparatus and the exﬁerimental procedufes followed in the
preparation, mounting, and measurement of samples is given
in Part IX. |
Throughout this paper,Athe logarithmic decrement,v
A, will be used as a measure of the internal friction.

This quantity is defined by
A = 1n (An / Am_l) = dW / 2W (1=8)

where An and An+1 are successive amplitudes of a body

oscillating in free decay, dW is the energy dissipated per

e e - PP - e i~ B
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cycle, and W is the energy stored in the body. /A is re-
lated to the width of the resonance response curve of a

specimen driven in forced oscillation by
O =T, - £) NIE - (1-9)

where fz and fl'are'the frequencies at which the amplitude
of wvibration hgs fallen to 1/2 of its maximum at the res-
onant‘frequency.fmf These relations are valid when the
damping is small and independent of amplitudg, and must bq
modifigd-othérwiseG. They may, however, be used as a good
approximation provided the amplitude dependence is not
very great, as was the case in the present experimenté.
Since internal friction arises from the fact that
real materials do not exhibit perfectly elastic behavior,
the measured elastic modulus is always lower than the true
elastic modulué by an amount AE. This difference is termed
the modulus defect and is expreésed as the ratio AE/E. |
Most theories for the interna; friction also lead to ex~
pressions for AE/E and, thus, as Nowick6 emphasized,
simultaneous measurements of both /A and AE/E are of im=
portance in comparing theory and experiment. In accord
ﬁith'the experimental observations, we have separated A
into two' components AI and AH and have taken AI equal to
the value of decrement at low strain ampiitudes so that we

can write

A= O;+ 4. (1-10)
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A similar notation is also used for AE/E, viz.
AE/E = ( AE/E); + ( AE/E) . (I-11)

The reéults of the measurements are presented in
Part III. In Part IV tﬂe results for pure silver and the
influence of oxygen are discussed and compaied to other
experimental results, primarily for coéper and aluhinum,
and, where bossible; interpreted 6ﬁ the basis of current

theories of internal friction.



- IXI. EXPERIMENTAL APPARATUS AND PROCEDURES
A. APPARATUS

l. General Description. As mentioned previously,

' measurements are made on specimens vibrating in the half=-
wave extensional mode. The specimen, in the form of a
rectangulaf baf. is supported vertically between two knife
edges at the cénter:.or nodal piane. The decrement is
determined either by measuring directly the decay of free
vibratioﬁé or by;détermining the width of the resonance
respbnée curve in foréed oscillation. |

76

An electrostatic drive and an FM detection system
are employed fq excite and measure, respectively, the
specimen vibrations. Both drive and detection are accomp-
lished at one end of the Specimen by the use of simple
filtér networks to separate the respective signals. This

72 and later by others??—79,

combination, first used by ﬁordoni
has two obvious advantages: 1l)nothing is attached to the
specimen which could affect the measuremeﬁts or possibly
restrict the temperature range over which the decrement can
be measured, and 2) only one end of the specimen is utilized
thus greatly simplifying the design of the apparatus.‘ The

only major disadvantage is the precise'alignment nécessary

for obtaining the required range of strain amplitudes.

With the present apparatus decrements as low as
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lx10—7 and as high asv5x10-2 can be measured at strain

9 5

amplitudesAfrom‘leOG to 1x10"°. However, the prqduct
of decrement.and the strain.amplitude is limited to a
value of approximately J.xlO-'8 by the nature of the |
electréétatic Qrive sys%em._ This is discussed in more
detail in part B, gsection 5.

A feature unique to this apparatus‘is the wide
(2°K to 1200°K) temperature range which can be covered
without remoﬁnting the specimen. This was made possible
by using two separate electrode assemblies of basically
similartdesign,'one being employed with a furnace for
measuremenfs between 300°K and 12QO°K, and the other with
a‘cryostat for measurements from 2°K to.300°K. The»speci-
men holder wa§ iﬁterchangegble in the two assemblies, thus

allowing the specimen to be transferred without being de-

mounted from the knife edge supports.

2. Specimen Holder and Electrode Assembly. With
the electrostatic drive and FM detection system, the
driving force and detection sensitivity'are both in-
versely proportibnal to the-squére of the specimen-electrode
spacing. It is deéirable; therefore, to: 1) operate at
as small a spacing as possible, 2) maintain this spacing
‘constant. and 3) keep the support losses negligibly small
over a wide temperature range. The first requiremeﬁt can

be met only by precise alignment of the specimen and
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electrode and the second by allowing for external ad-
justment of ihe spacing. In order to satisfy the third
requirement without sacrificing the first two, thoe as-
sembly was made as rigid as possible, taking care to in-
sure that any_apparatus resonances were far removed from

the desired 10-40 kc¢ operating range.

(a) Specimen Holder. A sketch showing construc-

tion details of the specimen holder is given in Fig. 1,
and a photograph of a mounted specimen in Fig. 2. The
holder is made of Type 304 stainless steel and is thrcaded
for installation in either of the two electrode assemblies.
The holder is slotted to accomodate the knife edges, thch
are held rigidly in contact with a hold~down ring by a
pair of set screws., Positive alignment of the holder with
respect to the electrode assembly is accomplished by the
use of flat parallel ground alignment surfaces.

In the or;ginal design, the knife edges were also
made of 304 stainless steel with a 45° blade angle. The
edges were machined straight to within 0.001 in. and had
a maximum edge thickness of 0,001 in. It was found, how-
ever, that specimens tended to loosen in these knife
edges on béing raised to high temperatures. Increasing
the initial penetration of the knife edges into the
specimen from 0.0005 in. to OfOOIS in. resulted in re-

crystallization in a narrow band (1/16-in. wide) at the
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knife edgés, and, in most cases, aome;lposoning still
occurred. . | |
The‘difficulty was eventuélly traced to thé'differ-
ential thermal expansion between the 304SS knife edges and
the 1/8=in. thick silver specimen, which amounts to about
0.001 in.‘iovéf the temperature range from 300°K to 1000°K.
‘Tévovercome this.problem if was decided to make the knife
edges out of a material with just'slightly less thermal
expansion than the BOQSS”hoider,vthus ¢ompensafing for the
higher expansion of the silfef spegimeh;< Type 310SS
filled this ﬁeed admirably, givihgiléss_than 0.0001 in.
differential expansioﬁ bver-thé'spdéimen width from 4°K to
1000°K. At the same time, thg’blad§ éng1e was\rqd@ced to’
. 25°, and»q brécision,édga'was.grqunq t§ within 0.0002 in. 
with a maximum'gdge thiﬁknessuof 0.0002 in.‘ This was done
in order'fo reduce the deforhation caused when the‘blaaes‘
are forced into the spQCimen}durithmounting. The result-
ing knife edges»pfoved very successful in eliminating
loosening as w911 as rebrystallization. Completely Satisf'
facﬁory mounting was accomplished with an initial blade

penetration of 0.0005 in.

(b) Electrode Assembly. The deéign of the electrode
assembly is similar to that used by Fineao. A schematic
diagram of the eléctrode assembly and support tube used in

thé high temperature apparatué is given in Fig.'3. ~The
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assembly used for low temperature meaéurements differs
only in minor details, such as in the design of the
support used for the specimen holder. The electrode is
held in an insulated holder which is incorporated in a
flanged, water-cooled head. Provision is made for micro=-
meter adjustment of the vertical position of the electrode
as well as for tilting the electrode to secure optimum
alignmenf with respeét to the spécimen. The electrode,
the electrode holder, and the support tube are fabric@ted
from'Type‘BOQSS, while the head assembly is of bréss‘

| The electrode itself consists of a 1/2 in. dia.
x 1/8 in. thick disc having a 1 in. long shank which is
press fitted into a 5/16 in. dia. x 1/32 in. wall tube.
The upper end of this tube is press fitted into an insul-
ating (Lava-~A) sleeve in the el¢ctrode~holder. The vertical
position of the electrode iP adjusted by.avstandard micro-
meter head which can be read to the nearest 0.0001 in. A
slotted key together with a ring and collar assembly,
which couples the upper end of the electrode holder to the
micrometer shaft, gives the electrode a 1 in. vgrtical
travel without rotation. A vacuum tight seal is pro#ided
by a doﬁble O-ring groove in the water-cooled head.
Electrical connection is}made through a braided copper wire,
insulated with ceramic beads,; which is brought out of the

system through a Stupekoff seal.
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In the unit employed for high éemperature meass-
urements, the support tube for the specimen holder con-
sists of a 1% in. dia. x 0.065 in. wall stainless stocel
fube approximately 16 in. long, which threads into the
brass head. The lower end is also threaded to accom-
modate the specimen holder, and the threads are polished
to éliminate sticking.

A platinum/platinum-lo% rhodium thermocouple is
introduced through a Stupekoff seal in the brass head.
The thermocouple wires, insulated and supported by two-
hble alundum spaghefti, are brought down the inside wall
of the support tube. Just above the specimén hdlder the
wires are bent so that the thermocouple juncfion.is
positioned close to (i.e., within 1/8 in.) but not in
contact with the specimen.

Near its lower end, the electrode passes throqgh
a close fitting polished alundum collar which is supported
horizontally by three set screws threaded‘into the support
tube, Adjustment of the relative positions of the three
set screws allows the collar to be positioned off center
by as much as 1/8 in. in any direétion. This makes it
possible to applj a slight tilt to the electrode in prder
to correct for any’misalignment of fhe specimen. |

In the low temperature apparatus the 30458 suppoxrt

tube is 1 in. in diameter and 30 in. long with a 0.028 in.
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wgll. Vertical alignment of the elecérode is provided
by a 1 in. long Teflon collar, which fits snugly into
the support tube and is attached to the electrode near
the‘loﬁer eﬁd; The upper end of the Suﬁport tube is
silver‘solderéd into a brass collar which threads into

the electrode assembly. The lower end is silver soldered

~into a heavy-walled copper can 2 in. in diameéer and 5 in.

long into which the specimen holder is threaded.' After
the specimen is ihstalled; a vacuum tight seal is made

by soldering a copper lid to the base of the can with
Woods metal. fwo 1/8 in. dia..holés were drilled approx-

imately 1/2 in. deep into the upper pbrtion of the can

~to accommodate the Au-2.1%Co/Cu thermocouples used to

measure the temperature. The beads of these thermocouples

were imbedded in smail copper junctions which fit angly
into the 1/8 in. dia. holes. This allowed thevthermo-

couples, which change caiibration when heated above abdut
30°C, to be removed during soldering. Good thermal con-
tact between the copper junction and the specimen can is

obtained by securing the junction with a set screw.

3. Vacuum Furnace. To carry out the high temp-
erature measurements, the electrode assembly was inserted
in an evacuated stainless steel tube equipped with water-

cooled flanges; this tube, in turn, was surrounded by a
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résistance wound furnace. The high t;mperature electrode
assembly described above mated with the upper flange, and
a connection to the vacuum system was made at the lower
flange. This arrangement and some of the details of the
furnace construction are shown schematically in Fig. &.

| The 18 in. long furnace was supplied with three
independent windings on a 3% in. ID alundum tube; The
central winding, which was 12 in. long, was of Kanthal
while the two end windingé were of Nichrome. The latter
wefe approximately 4 in. long and hence they overlapped
the center winding by approximately 1 in. at either end.

Preiiminary measurements-of the'vertical temp=-

erature gradients showed that,.while these could be
eliminafed by a Suitablé adjustment of the power iﬁ the
end windings,.the gradiénts ﬁere quite sensitive tq the
 power adjustment. Since the planned experiments inclﬁded
'warmué runs over the range from room temperature to 800°C
or 900°C, as well as runs at constant temperature,vaddi-
tional thermal ballast was needed. This was provided by
placing a copper sleeve (1/2 in. thick x 16 in. long) in- |
side the.alundum fgrnace tube. Subsequent measurements
showed that the tqmperaturevgradient.could be reduced to
within 1°C over a central 8 in. length with only crude ad-
Justment of the power input to the end windings. However,

the fdrnace_ngw had-a high thermal inertia which proved



27-

v sdmeﬁhat disadvaﬁtageoua in making rabid,changes bf
temperatufe,

: Chrohel-alumoh thermocouples placed af the center
of each of the three windings near the outer surface of
the copper sleeve were used for control purposes.-»Becauso
of the large thermal mass Qf the sleeve, a simple on-off
controller of the'moving vane type, together with an
Xactline modulator in series with the control therimocouple
(to artificialiytshorten the control cycie), was found to
provide better,contrpl than mdré QOphistiqated proportional
control systems. For periods up to 24 hours the'temper-
ature remained constant w1th1n iO 5¢C; control withln
il 5°C could be achieved for perlods up to two weeks. .The
end w1nd1ngs were supplied w1th power contlnuously, the
settlngs being manually adjusted every 25°C to 50°C to the
optimum values determlned by the previous gradient meas-
urements, | |

The cont;oller used, namely a Brown type K pyro-
meter; was‘mbdified by the addition of a clock drive to
the control point setting. This made it‘possible to sweep
continuogsly through the temperature range from SO‘C tov
800°C at a rate of about 30°C per hour.

' The vacuum system consists of a 2% in. oil diffusion
puﬁp backed by a 5 ¢fm Duo-seal forepump. The diffusion

pump is trapped using a liquid nitroggh reservoir equipped
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with an automatic fill. A gate valve.and roughing manif
fold allow the system to be pumped from 1 atm. to 10”5

mm Hg in approximately 10 minutes. Typiéal pressures ob-
tained were 6x10-6 mm Hg at 750°C with a sﬁmple in place
and 2xld-6 mm Hg at room temperature.

Originally, it was planngd to carry out anncals in
an inerf atmosphere in the hope that the rate of evapor-
atiqn.ofysilver from the sample might not be too excessive
- at tgmpératures up to §OO°C, To provide,pure; dry helium
for’this pufpose, as well as'for use as an exchange gas,
a'helium purification train was qonStructed. whichvconsists
of three components in the following sequence: 1) a mo-
-lecular.sieve-type drying unit operating at tank pressure,
2) a titaniuh_furnace?operating at 800°C, and 3) a liquid
nitrogén cooled silicé g'elvtrap.~ Provisioﬁ for storing the
purified helium was also made; However, itvwas found that,
although the actual loss of silver from the sample was
negligible, deposition of silver_on the electrode surface
prevented measurement of specimens‘which had been held
above 750°C for even shortperibds.' This then determined
the high temperature limit (1000°K) for @easurements on
silver.

k. Cryostat. A 4 in. ID stainless steel liquid
helium Dewar, obtained from Cryeﬁco, formed the basis of

the cryostat. The construction of this Dewar along with
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 various modifigations_*hichvwere made‘is illustrated_in
Fig. 5; The inner &4 in. ID x 36 in. long chamber is
double Wallea and vacuum insulated over the léwer 24'in-
The inner wall is of stainless steel while the outer wall
in contact witﬁ the liquid nitrqgén'reservoir is of copper.
The ﬁpper 12.in. long section is fabricated from single
walled 0.015 in. thick stainless steel. A Styrofoam plug
with a central opgning large enough to accommodate tho
2 in., diameter specimen chamber‘is insertedbin the upper
thin-walled portion to prevent ité collapse ﬁheﬁ evacuating
the chamber. |

The entire chamber is suspended from the top qf the
25 liter capaqity outer‘DewAr by a stainless steel collar.
which is tapped'and supplied with an. O-ring grqove}to'
acéommodéte a l/z-in;-thick'brass cover flange. This
flange was machined to pqu?de an O-ring seal for the
electrode assembly. It was alsb eqﬁipped fithﬁvacuum
tight heater and thermocouple féed-throughs as well as
fittings for filling and evacuating the inner Dewar. |

A Nichrome heater, approximateiy 8 in. long and
capable of supplying’up to 100 watts, is placgd inside
the inner Dewar in ordér to provide a means fof cbntrolling
température and the warmup rate. This heater is wound in.
the form Qf a3 in; diameter helix on a threaded nylon

frame which rests on the bottom of the inner chamber.
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when positioﬁed in the cryostat, the Sottdm of fho speci-
men chamber is located 1% in. above the base of the inner
Dewar and is centered with respect to the heater coil.

With the specimen‘chamberfinstalled, approximately
two liters of liquid helim were required to cool.ﬁhe‘ |
cryostat from 78°K to 4°K and an additional one liter to
cool the transfer tube. The usual practice was to transe
fér approximately five liters in. all so that, aftorteqﬁi~
libfium was established? the helium level was approximatély
2 in. above the tdp of the specimeﬁ chamber. Under these
conditions the specimen chamber could.be maintained at
4,2°K for more than 24‘hours if desired. The temperaturo
qould be lowered to épproximﬁtely 2°K by pumping on the
inner Dewér with a me¢hanicél punmp-. |

In making a warmup run, the usual procedure was to
'rgduce the fémperature to 2°K and start the warmup with the
pump running by supplying power to the heater. With proper
manuai adjustment of the heater current, the warmup rafe
could be controlled at 10°K to 15°K per hour. When.the
last of the helium evaporéted, usually somewhere between
30°K and 40°K, the pﬁmp was shut off and the pressure in
the Dewar was adjusted to ’VSOO/( of He so:as to maintain
cxchangevbetween the heater and specimen chamber. Under
these conditions, the equilibrium temperature of the specc-

~ imen chamber was 80°K, ‘Warmup rates between 10°K and 30°Kk
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per hour could aiso be maintained.to 360°K_by suitable con-
trol of the power input to the heater. |

Above liquid nitrogen temperature, accurate temper-
ature control could be achieved by using the output of the
Au-2.1%Co/Cu thérmocouple to monitor the power supplied»by
the heater. Control to within 0.1°K for a 24 hour period
was accomplished using a Leeds and Northrup type G pro-
portional control system. If desifed, such long term
temperature control could be obtained down to temperatures
of about 55°K by pumping on liquid nitrogen placed in the

inner Dewar.

5. Electronic Measuring Equipment. A block dia-
gram of the:eéuipment used for excitafioﬁ, detection, and
measuring is given in Fig. 6. The dotted linés in- the fig-
ure indibate alternate signal routes. In part, the present

779

'system and those used by previous investigators aro

quite similar, the main differences being in the Qethods
employed-in‘the'measurement of the damping.

Three requirements governed the choice or désign of
the components: i) low noise level, 2) ease and smbility
of calibration, and 3) linarity of resbonse. The first re-
quirement was essential if measurements were to be carried
out at low (~10f8)-strain amplitudes. It‘was also antici-

pated that the measurements would extend over long periods

of time and that a large number of individual measurecments
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would be made., Hence, from the standéoinf of con#enicnce,
it was considered desirable to eliminate, insofar as pos=—
sible, frequent recalibration or tedious correction of
the faw déta. In the description that follows only those
features.which_are uﬁique to the present system or which
were designed to circumbent some eXpérimental difficulty

will be described in detail.

(a) Excitation. A General Radio 1301B beat fre=-
‘quency oscilla{or,'capable of supplying up £o 50 volts
RMS to the'specimen, was employed as the source of the
drive signal which was applied between the specimen and
electrode through a low pass filter. In érder'to provide
the necessary frequency sweep, a clock moﬁor and a ten
turn Helipot were coupled to a linear (%0.1 cycle) fre=
quéncy vernier on the oscillator by means of gear trains.b
A fixed DC.bias across the Helipof yvielded a DC signal
proportional to the position of the verniér, which covered
a 200 cycle frequency range. Through a suitable choice of
gears, this same arrahgement could also be used to drive
the main tuning dial so as to give a wider frequency.sweep.

Two alternate methods were employed for exciting the
specimen vibrations:

(i) Pure AC Drive. The signal from the

oscillator is fed to an amplifier capable of supplying up

to 650 volts RMS into the load presented'by the low paSs

fran | et TS o 2 I ARy - R



filter and the specimen. In this case, the vibrational
frequency of the driving force acting on the qucimen is
twice that of the osciilator. This is becausé the driving
force is proportional to the square of the potential bet~
ween the specimen and electrode.

(ii) DC Biased Drive. Up to 1000 volts

DC bias obtained from batteries was applied across the
electrode along with the AC signal available from the oscil-
lator. 1In all cases in which this method of excitation was

used, the ratio of the. . DC to the RMS AC signal was greater

.than 20. Under these conditions the frequency of the driv-

ing force is that of the oscillator. The 1000 volt limit
on the DC bias or peak AC signa1 corresponds roughly to

the potential at which discharge occurs between the speci-
men and electrode in vacuum when the normal gap of 0.001 in.
is employed. .

(b) Detection. The specimen-electrode gap was in-
corporated, through a high pass filter, in the tank circuit
of a conventional 5 mc electron-coupled Hartley oscillator,
which is thus frequency modulated by the specimen vibra-
tions., The signal is then amplitude 1imited and demodu~
lated by a Foster-Seely discriminator. The discriminator
balance is indicated on.a microamneter (ilQﬂa) coupled to
the output by an audio filter.

The audio signal, which is proportional to the
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specimen amplitude, is amplified and fed through a
Krohn-~lite 300 AB variable band pass filter. This filtor
Qas usually set tq‘give~a 2 kc band»width. The RMS wvalue
"of the resulting Qignal isAmeaSured with a Hewlett-Packard
FQOOD VTVM. Details §f the responsefdf‘the various compo-
nents and noise levels are givéh in pérf B, sections 2

and 5.

'(¢) Measurement of the Decrement and Resonant
Frégueﬁcx, As.mentioned previbusly,.both the resonance
methqd.and the decay method were utilized, thé fqrmer fori
décremenfs Above about leO-q and the decay methéd for

4

measurements of A below 5x10  '. The resbnance‘method can
be used at damping levels as low as lxlO-Q, and the decay

. _ . 1 .

- method up to 1x10 2; however, above about leO_1 the reso-

nance method gives higher resolution.

(i) The Resonance Method. The 400D VTVM

providés an AC output proportional to the scale reéding

on all rangés. This signal was amp;ified, rectified, and
filtered to give a DC output proportional to the fuli

scale reqdingjand linear déwn to 1% of full scale. In or-
'der to tobtain this degree of linearity with the availéble
iO volt.RMS full-scale signal, a full wave bridge was con=-
sfructed using‘Hoffman Uniwﬁunnel diodes which begin to
conduct in the forward direction at less than 50 mv. Trial

variation of the bridge load and the full scale input level

"‘\
N\
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resulted in the desired linearity.

This DC signal was applied to the Y-axis éf an
ElectrosInstfuments Model 500T X-Y recorder,vwhile the
X~-axis was driveﬁ by the oscillator sweep. Use of the
range switch on the VfVM then allowed the strain ampli-
tude at resonance to be varied continuously without fall-
ing below about 1/3 of full scale on the VTVM.

Once the initial calibration of the oscillator sweep
and rectifier outputs had been made, all of the information
(i.e.; strain amplitude, resonant frequency, and resonance
half-width) required is obtained by sweeping through the
appropriate frequency range to record the resonance curve
and measuring the oscillator frequeéncy at any convenient
point on the X-axis. The oscillator frequency is measured
to the nearest 0.1 cycle by tﬁking a 10«second count on a
Hewlett~Packard Model 521C pounter.'

(ii) The Decay Method. Two additional

prieces of equipment were built in order to make measurc-
ments of the damping in free decay, namelyban amplifier
with variable 0-20 db. gain (in 1/2 db. steps) and a decay
gate. The amplifier provided a constant output tovthe de=
cay gate for any desired strain amplitude (to the neareét’
1/2 db.). The circuit diagram of the transistorized decay
gate is given in Fig. 7. Basically, it consists of upper

and lower pulse height discriminators which are foilowed by
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an anti-coincidence circuit. The iatéer is so designeod
that an outputvpulse igs delivered only when the inbut pulse
‘height falls between the levels determined by the discrim-
inators. | | |

Both discriminators are continuously variable from
1 v to lC v. The unit operates satisfactorily from 5 ke
to 100 kc¢ and shows little or no drift. vDiscrimination,is:
extremely goédeith less than 1% chaﬁge'in signél‘reQuired
at either gate to go»ffom "no count'" to "full count." In
operation the gates are usually set in the ratio-e_%;O.GOG
and, prior to decay, the sample amplitude is_édjusted just
abofe the upper:gafe.

With the specimen vibrating at resonance at the de-
sired strain amplitudé, the oscillator frequehcy is re—.
corded as before. The counter inpdt is then switched to
the decay gaté oﬁtput, and the drive turnea off by a re-
lay which also operates the external gate of the counter.
The counter then records the number of oscillations made
by the specimen as its émplitude falls by e-%. Ir n is
number of such counts, the decrement is simﬁly 1/2n. It
was found, however.‘that for values of the decrement of
10“5 or lower, the above procedure was incohvenient. At
these damping levels the resonance is less than l.cyqle
wide which makes adjustment to resonance difficult, cspe-

cially when changing temperatures at 20°K to 30°K per hour.
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Therefoi., a phase detector was constructed which,
in conjunction with a voltage variable capacitor (Semi-
cap) installed in the oscillator, continuoﬁsly maintained
the specimen at.resonénce. A cifcuit diag:am of this
arrangemeﬁt is given in Fig. 8. It should be pointed out
that the operation of the phase detector depends on com-
paring fhe phase of the specimen signél to that of the
driv~ oscillator and, hence, it can only be used with the
DC biased drive method described above. The circuit oper-
ation ié as follows: The reference signal from the Gen-
eral Radio BFO is first fed through a simple phase shift
network to allow adjustment for phase shift iﬁ the
apparatus. Thevoutput of the IN1305 tfansistor used for
phase detection is amplified by a Philbrick P-2 solid
state DC amplifier and applied across a type 6.8s5C20
semicap incorporéted in the, tank circuit of the variabig
200 kc oScillator used in the BFO. A microammeter (:thFa)
in the output circuit provides a visual indication of de-
viation from balance. Since thg circuit is capabie of
adjusting the oscillator frequency by 50 cycles for a 0.1
.cycle deviation from resonance at decrements up to 10'4,
only intermittent manual frequency adjustments were re-

quired to keép the resonance within the control range.
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B. PROCEDURES

A 1. Specimen Preparation and Handlihg.=ASingle
crystals of both <100, and ‘<1117 orientations were
grown from "oxygen free" 99.9999% silver* in high purity‘
graphite crucibles by a modified Bridgman technique. Afe
ter'a‘longihigh température anﬁéal in argon,; the crystals
' wefabcarefully removed from the mold and cut to the de-
sired lqngth.by spark erosion. They were then'given'a
light etch to eliminate any'surface contamination, after
which their weight and dimensions.were measured. The
specimens were then either storéd under argon for future
use or traﬁsfefred to a special mounting jig in which the
crystal could be accufately aligned and mountéd in the.
-specimen holder; Throughout all of the abo#e procedures
elaborate‘precautidns‘were taken to avoid contamination or
deformation 6f_th9 specimens. For example, the specimens
were never‘picked up by hand or treated in such a way that
they were subject té a bending mémént. They were always
supported horizontally along their entire length when be-
ing mounted or otherwise handled, and, once mounted in the
specimen holder, they were carried or transportedvin a

vertical position.

*Oxygen-free 69 grade silver supplied by Comnsolidated
Mining and Smelting Co. of Canada Ltd., Electronic
Products Division, Spokane, Washington. Their analysis
specified less than 0.7ppm oxygen and approximately
O.1lppm Cu, Pb, and Bi as the only detectable impurities.
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(a) Growth of Single Crystals. All melt-

ing and‘cfystal growing operations were carried out under
a dynamic vacuum of approximately 10™° m Hg in tho~
roughly outgassed ultra-high purity graphite crucibles.®*
For this purpose the crucibles were supported vertically
inside a long Vjcor tube which formed part of an induction
heéted zone melting unit._ Stock material was firét pre-
pared by casting the'69 grade Ag info bars of appropriate
size and shape. Prior to casting, the graphite mold was
6utgassedfbr several hours at 1300°C with the charge sus-
pended above by means of a winch. The charge,'previously

etched in hot dilute HNO,_, to remove any surface contam-

3
ination, was then lowéred into the c¢rucible and cast into
1/4 in. x 1/8 in. x 5 in. long bars. The silver was held
molten under vacuum for about 1/2 hour and then direction=-
"ally solidified by slowly raising the induction coil.

| The resulting bars of silver, along with 2 in. long
seed crystals of the desired orientations, were etched in
dilute HﬁOB, washed, dried, and loaded into machined chan-
nels in a previously outgassed split graphite crucible.
Crystals were then grown by passing a molten zone verti-

cally through the charge at a rate of about 1 in. per hour.

The seed crystals had been prepared in a éimilar manner from

*Supplied by United Carbon Products, Bay City, Michigan,
who specify less than 10 ppm total metallic impurities.



wliQ=

a suitably ofiented‘spherical seed. Four single crystal
bars 1/4 in. x 1/8 in. in cross-section and approximatoly
12 in. long were grown simﬁltanedusly; two each of the
(ill?f and '<100>’;orientati§ns. Seed orientations were
selectqd'sp that the 1/4 in. wide surfaces of the crys-
tals were parallel to. {110} in both cases. The orien-
tations were subsequently checked by the standard Laue
back reflection technique and found to lie within £2° of
the desired orientations.

‘Before being cut to appropriate length, the aé-
grown crystals were anne#led in high purity'argon‘for 5
days at 900°C and furnace cooled at 20°C pér'hour to room
' temperature. This was accomplishéd‘by placing the graph= {
ite crucible containing the crystals in a fused Quartz
tube which was subsequently outéasséd to 1x10™7 mm Hg at
300°C;’f1ushed and filled w}th Linde reseafch grade argon.
The quartz container‘was then inserted iﬁ a vertical, re-
sistance-heated furnace in which the temperature gradient
élong the length of the specimens was maintained at less

than i3°C.

(b) Specimen Preparation. ‘The anneéled"
crystals were.now'transferred fro@lthe split mdld to a.
élotted aluminum tray for cutting. This was done by gently
placing the tray over the two crystals in one half of the

mold and inverting both the tray and mold as a unit. The

N
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moid then was carefully lifted off leaving the.two 12 in.
vlong.crysfals reéting on the tray. Next..the c:ystals
were slid gently into place against the alignment lips on
either side 6fbthe tray, and Duco éément was applied to
hold them'firmly in placg.

The traj contdining the cryﬁtals was then insorted
in a machined track which was mounted in a "Servomet" spark
cuttaf. This track had’previoﬁsly been aligned so that it
was precisely'pgrﬁendiculaf to the cutting blades. Sever~
al cuts were made simultaneously on the finest'cufting
range, three 22 in} long specimens suitable for the inter=
vnal friction measurements being obtained from each bar.-
The ofigin#l seedg.ahd other sections removed were used
for orient#tion and residual resistivity measureméntq. The
Duco cement was disgolvedvby immersing the tray and the
crystals‘in acetone; and the specimens_were then trans-
ferred to supporting slings fashioned from 0.001 in. thick
Mylér sheet. Trahsfer was accOmpliéhed by gently.sliding
the Mylar between crystal and tray. |

With the specimens now supported in the Mylar

slings, they are given a light etch in 50% cold HNO,; this

3;
is followed by a half~hour rinse in distilled water and
finally by an acetone rinse. After drying;'the crystais

are weighed to within 0.05 grams. and placed on a traveling

stage microscope, which is used to measure the specimen

R e Wempds
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length to the neafeét 0.0001 inch. Tﬁe specimens are
then'stored, stili supportad in the Mylar slinéa. in an
argon-filled box or else mounfed directly in the specimen
holder. | |

(¢c) Specimen Mounting Procedure., In order

to mount the specimens in the knife edges with a minimum of
handling and still obtain the precise‘alignment which is. |
required, a special mountigg Jig was éonstructed. A pho=-
tograéh of the_jig is given in Fig. 9. The specimen holder
itself is loqated‘ih'a spiit collar in which the two op-
.~ posing micrometer heads, used to adjust the knife edges,
~are inserted. The vee blocks aré of Teflon aﬁd serve to
maintain the specimen'axis accurately pérpen@icuiar'fo the
alignménf.surféces on the specimen holder.-_Adjﬁstment of
the position of the crystal between the knife edges to 
within d.dQOl in. is accomplished byvusing.the micrometer '
~at onevend of the vee biocks. | |

Mounting is carried out as follows: A ponsx{ed
dummy steel specimen is placed in fhe vee blocks, and the
specimen holder is fotated inside the collar ﬁntil the
knife edges are accurately parallgi to fhe wide specimeh
dimension. The holder is then clahped in place by tight-
ening down the collar. This done, the knife edgeé are tem-
porarily retracted'énd clamped lightly in place against the

holdihg_ring with the set screws. The dummy is now removed

”\



and the silvér crystal is transferredhfrom its Mylar sling
to the vee block. After positioning ﬁhe spacimon with tho
end micrometer, the opposing micrometer heads aro now used
to bring the Iknife blades up to the specimen surfaco until
avdifffaction pattern is obsorved betwoeen the spocimen and
either Imife edge. The kaife edgoes are then alternatoly
adjusted in 0.0001 in.‘stéps until eéch hgs boon Advancad
by 0.0003 oxr 0,0004 in. The set scroews holding the knife’
edges are then tightemed and the micromcters rotracted.
Finally, the Jjig is turned om ond ianto a vortical‘position
and the spacimén holder is carefully romovoed from tho col-
lar and insertéd in one of the two electrodo assomblios,

2. Strain Amplitudo Calibration. In this soction

the method used.to détermihé the detection sensitivity,

i.e., the output signal at the VIVM for a given spacimon

strain amplitude, will be dpscribod and a calculation will

be given of the strain amplitude to be expected for a give-

en drive voltagec. For convenient reference, the symbols

and units employed in this and the following sections are
listed below: -

| C = spoéimen-electrode capacitance 9@Mf)»

C, = offective oscillator capacitance (uur)

d_ = specimen-slectrode spacing (cm.)

L = Bpeéimen length (cm.)

A = cross~sectional area of w¢ad of spocimon (cmzj

£, = FM ogci;lator f?equency (cps)
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G = gystem gain

v, = discriminator output voltago (volts)
Vv = volfagevmeasured at VIVM (r&s'volts)
€y = maximum specimen strain amplitﬁdo

specimen mass (grams)

g
u

0 = specimen density (g/cc)
\'2

m drive voltage at specimon (rms volis)

r

A

= specimen resoncit frvqucncy (cps)

<
]

DC bias botwecn spocimen and eloctrode (volis)

>
B

logarithuic decrement of specimon

o]
|

m Young's modulus of specimoen

The maximum sirain amplitude, which occurs.ut tho
:center of the specimen for the halfewave extensional modo,
is given by

€, = T SL/L . (II-1)
where §L is the displacement of the end of the spocimen

from its equilibrium position. If we mow assume that C_
&

can be regarded as a parallel plate capacitor with an arsa
agual to the cross-sectional arca of the specimen (this

assumption was verified by direct meaéurement), then

Cc 0.569 A/d _ IX-2
g = 05 9 A/ . | (11-2)

e 2 .

The frequency chango, SfH' of the FM oscillatoxr
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is related by ch by
- f . "‘1
5C3/C0n 2 Sty /Ty (XI-4)
Equation (II-%4) will be taken as the definition of C_.
Noting that -

$L = Sdg

and substituting Eqns. (II-3) and (II-4) into (II-1) givos

Eom (l.?B}ﬂ'ACo / LfHGCg) g Vo b N (I1-5)
where the constant ¥ is dofined by
ng = XvD = X\'?Z"vo / G. | | (X1-6)

The effective oscillator capacitanco, Co, was de-

termined by measuring £, with known capacitances (=+1%) ro-

placing the specimen-eléct:ode gap, and Y was evaluated by

p* a8 a function of

The linear relationship, (II~6), was found to hold

measuring the discriminator ontpﬁt, v
£
over a =% 100 kc raage with \o’ = YO.304 mv/cycle. The frao-
quency of the FM oscillator could be tuned ovex a 500>1~:c
range by means of a tén-turn Duo~dial coupled to the tank
capacitor. In operation the oscillator i«ras tuned for zero

DC discriminator output, for which £, = 5.005 mc.

H

A detailed calibration plot of the oscillator dial
reading at balance vs. the known capacitance across the
specimen~electrode gap provides a quick means of evaluating
the specimon-electrode capacitance. Calibrations of this

type, as well a8 determinations of Co‘ wore carried out
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sepérately for both electrode assemblies. Thus,\with a
specimen of given iength and crogs—sectional area mounted
in fhe system, the strain amplitude caiibration'is nado
by noting the dial reading at balance with‘tho elect:odo
retracted, and then lowering the eloectrode until balahce
occurs at the dial reading corresponding to tho dosirod
value of Cg.3 |

In order to provide an independent chock or alter-
nate calibration method, the strain amplitude expucted for

a given value of the damping was calculated from the moas-

uréd drive voltage, Vo. The equation of motion of the
' : 81 '
specimen can be written-
‘ 2 - A2 . : '
b u(x,t) : - E 3 u(:;.vu) - =S(X-L/2)‘W(t), (II~7)
2 — \ 2
ot | 0 x - | »

where u(x,t) is the displaccmont from equilibrium at time
t of an elemeat of the specimen located at position x with
- respect to the center, ¢ (t) is the stress applied at one

end of the specimen and £ is the effective modulus. TFor a

iwt

simple harmonic driving stress, J(t) = T, e , and with
the boundary conditions
u(0,t) = 0 and 'léugzgt) = 0,

s = L/2
~ the steady state solution to oquation (II~?) can be shown
by the usual method of soparation of variables and eigone-

- function expansions to bo

W ,
S
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. (=]
u(x,t) = nzao Re {Anl sin(anx')o'm)tg ' (11-8)
where
A 2(E /o ) -w> -t /L (X1-9)
n " |%n'= g il 0; : |
and ' ‘
a_ = (2n + 1) TT/L. (11-20)

If the driving froquency is equal to that of one of tho

normal modes, i.e.,

| | \1 2 E‘ /o (II-11)
w = wn = v an E 8 o . .

and we allow for the presence of damping6 by substituting

B3, (L + i O/7p) | (XI-12)
Eq. II-8 becomos
u(x,t) g’(ﬂf&/@i L A)sin [(2n+l)7Tx/L}.§inu£t.  (II-13%

For the fundamental mode (n=0) the solution at resonance is

" then

ulx,t) = (Wo/‘nTLfiA)sin(T{x/L)sin(Z'ﬂ'fot-). (XI-14)
Since & (x,t) = du/yx, the maximum strain amplitﬁdo is
2 .2 '
€, = (W/Ahr] L748) G (11-15)

We must now expressiyo in terms of the drive voltage. The
stress at the end of the specimen for an applioed voltage,

Vv, of angular.frequancy'u%, is
T = v2y (9x104)877'd§, (IT-16

whezxre



i

v h’VD + YE‘VO 8in Wpyt,

80 that

2 2 .2 g 2 . et
Ve s (V)T + VD o+ 2(2' V)V singt - vieos2qt.  (II-17)

-

_ .
It is seen that for VD=0 the dominant texrm is -V;cqszuﬁt,

whoreas, fdf‘VD>>V° the torm QJEWVDVOSinubt prodominatos.
Thus, for the pure AC drive we haveo, in torms of moazsuiod

parameters,

o

T, = (8.77 x 10"6)v§ c2 /A%, (11-18)

("=}

For any given specimen, LEgs. iI45 and II-15 can bo

_writtéﬁ in the form'

Eo m AV, / C G - (11-19)
and \
2 .2 e o
go = ﬁ cg Vo /AT | | (11-20)

where o« and ﬁ are_constants;which‘depend only on‘the spoc-
imeﬁ dimensions and.the'fixed parameters oi the systom,
namely, Co and ¥. These exprossions can be combined to
_give ‘
o .

A = 9’Gc§ V3 /& v s ) (Ix-21)
The decreéement was calculated periodicaily from this ex-
| pression and compared with the measured decremenﬁ to be
sure that the system response had not changed. .Agreoment

~within a few per cent was gonerally obtained., The cali=-

bration wasvrechecked if the calculated and moasured
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values did not correspond within - 4%.
The long term stability of the systom responso was

found to be very good with the exception of the variablo

| band pass filter. The insertion loss of this unit was

quite sensitive to small changes in the charactoristics
of tubes omployed and to the band pass settings. horo-
fore, before each run the band pass was adjusted for a

constant insortion loss of 2 db. over a 1 kc wide range;

this corresponded to a 4-6 kc band width setting.

3. Temperature Measurements.

(a) High-Temporature Apparaius. Thoe out=-

put. of a calibrated Leeds and Northrup platinum/platinum=-
10% rhodium thexrmocouple is recorded by a type G Spaeedo-
ﬁax equipped with automatic‘cold'junction‘cbmpénsation and
having a full scale senéitivity of two miilivolts. This

allowed the thermocouple EMF to be read to the nearest

1 AV, giving a sensitivity to temperature change of 0.1°K.

No differonqes wifhin * 2uv could be detected betwoon the
recordéd EMF and that measured with a potentiometexr using
a distilled water-ice bath refereonce. The c&libratod out=-
put of the thermocouple agreed with the standard tables to
within 0.5°K over the range from 300°K to 1300°K.

The largest source of uncertainty in tho measurc-

moent of the spoecimen temperature arises from the fact that
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the thermocouple is‘not in actual con£5ct with the speci~
meh. On continuous heating or cooling in vacuum (~10-§mm
Hg) at about 30°K per ﬁour it was estabiished, by hyster=
esis measuroantS, that the specimen tqmpératuro lags bow
hind or 1eads that of the thermocouple by approximately
1.5°K. Below about 500°K the temperature lag in vacuum
Wi aomgwhgt greatqr; hénce.'in;this,range,'a low pressure
of Ho waé usgad és an exchange gas,

(b) Low Temperature Apparatus. The oute

put of the calibrated Aﬁ-z.l%Co/Cu tharmoéouple,-which
measures the temperature of the copper specimen can, was
displayed on thé same focorder described above. This
provxded a sensztivxty to temperature change of %0, 5°K
between 2°K to 6°K, and better than =+0.05°K above 15'1{.
The thermocouple was.calibrated.at the boiling points of
He (4.2°K), H, (20°K), and N, (78°K) using ice-distilled
water reference bath as a standard. The measured outputs
were compared with those tabulated by Powell et a182. It
was found that good agreement with the published table was
obtained for each of the three calibration values when the
corresponding tabulated values were multiplied by 97.47
+0.01%. Using this conversion, a new_table was thén cone=
structed from which therchouple'EMF could be converted

directly to temparature.

It is known that the Au-a 1%Co alloy used is not |
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stable whon_héated above about 325°K. Therefore, to avoid
recalibration before or after each run, the thqrmocouple
Junction was never heated above this temperature; only
raroly, in fact, was it warmed above 300°K. Nevertheless,
it was rachiibrated'after a period of six months, and it
was found that the EMF at 4.2°K (with a 0°C referenée)_had
changed by only 6'uv out of 9.6 mv. A trial warmup run.
was aliso made using a dummy silver specimen to which a

second calibrated Au~2.1%Co/Cu couple was attached. With

‘approximately 20 ux of He exchange gas in the specimen

Vchambe:, no lag was observed between the temperature of

the specimen and the can up to 40°K when the warmup rate
was‘maintained at 20‘K.per hour. At the same warmup rate
the lag was less than 1°K in the range from 40°K to 300°K.
Similar results were obtained from hysteresis measurements
at temperatures aboie 80'K."Hence, even without correc-
tions for lag, the maximum uncertainty in the measurements
of the specimen temperature is believed to be only =+ 2°K,

4, Operating Procedures. In most cases, the dec=-

rement and the resonant frequency were measurgd as a func=
tion of time for several hours to as long as several days
after the specimen was mounted in the high temperature
apparatus. This was done at various temperatures betwoen
room temperature and 150°C in order to follow the so~called

K8ster effect, the recovery of A and f_ after deformation.
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The first'meaSurement could generally be mgde within about

10 Or'IS.minutes after mounting at room temperatgre. At

| highér temperatures, the'specimeh did not reach equilib-
rium until 10 to 20 minutes After if was inserted in the
pre-heafad furnace, so théf the fifst measgrement’was made
apﬁroximately 1/2 hour after mounting.

Using either apparatus, ﬁhg decrement could cone
vvﬁiently be measured #sia.function of timé,.and hence
tempefature; during a continuou# warmup or cooling run.

- The time corresponding to each meagurementIWas determined
to the nearest 0.1 minute using a digifal clock which was
é&ndhroniZQd with the strip chart on which the fufnace or
cryostat temperatures were recbrdqd. Generally, oﬁly
about 30 to 4Q>seconds were réquired to measure both the
decrément and the resomant freQﬁency'by either the décay :
or resonance methods. Measurements could, thergfofe. Be}

" made as close tOgefher as‘I/z‘K, if desired, even aﬁ warm;
up rates of 30°K per hour. An exchﬁnge gas was used in |
‘all runs made in the low temperature apparatus. Measure-
ments of ¢ﬁ»as a funetion of the pressufo of the‘chhapge
gas showed that acoustic radiation losses contributed iésé
than 1x10-7 to the decrement at pressures up to 1060/4. 

In the low temperature apparatus, the FM oséillator
frequency, with the dectrode retracted. was independent of -

temperature over the whole range. However, in the high
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temperature apparatus the oscillator frequency decreases
with increasing temperature, probably due to changes in
Co assqciated with the temperature dependence of the di-
electric constants of the insulators employed. Several
dummy runs wefa made, and the effect was found tp be quite
reproducible. Appropriate corrections could, therefore,
be applied to.the oscillator setting so as to maintain the
strain amplitude calibration.during a continuous heating
or cooling run. |
Measurements of the strain amplitude dependence at
a fixed temperature were usually'made‘starting at the low-
est amplitude and going on up to the maximum attainable.
The sPecimeﬁ was never excited at high amplitudes for more
than 10 to 15 sqconds during these runs. _Immediately after
the highest amplitude was reached (e.g. within 30 seconds)
repeat measurement was made, at lower strain amplitudes to
check for any permanent changes or time~dependent effeéts.
Measurements at close intervals of strain amplitudg could
be made over the entiré range in approximately ore hour.
Oxidation treatments were carriéd out in the meas=
uringvappératus with the specimen in placé. VThe érystals
were saturated with oxygen under static conditions at“
oxygen pressures up to 1500 mm Hg and temperatures up to
850°K. It was originally planned to make measurements of

the decrement and resonant frequency during saturation as
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wéll as during subsequen£ removal ofAtho oxygen in a high
vacuum. However, it was found that it ﬁas impossible to
make measurements with oxygen in the system at tempera-
tures above approximately 500°K due to ionizatipn. Thus,
the specimen could only be mé&sured at close intervals 6f

time during the desorption process.

5. Limits on Range and Accuracy.

(a) Temperature. The operating range of

‘the apparatus, as designed, is>from 2°K to about 1200°K.
However, as wés ﬁointed out earlier, the evaporation rate
of silver is such_as ﬁd preclude measureméntsvat tempera-
tures much above 1000°K. Aithough the absolute accuracy
of any single tamperature measurement‘is + 2°K, the fela-
tiveispecimen temperatures determined during.any individ-
ual run are known to be better thén i.sz‘K;‘

(b) Strain Amplitude. In evaluating the

strain amplitude from Eq. II-5, the largest source of error
arises from the uncertainty in value chosen for Cg. It is
estimated that this quantity can be determined to within

+ 3% so that the absolute accuracy of strain amplitudes
quoted herein is +6%. However, relative strain amplitudes,
such as are obtained during measurements of A as functionv
of strain amplitude; afe reliable to better than 0.5%. The

strain amplitude range which can be covered depends on the
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noise level, the spaecimen-electrode séacing, and the wvalue
of the decrement at the highest strain amplitude used. It
was found that reproducible measurements could not be made
for signale-to-noise ratios less than five. This limited
the lowest strain amplitudes obtainable with a 0.001 in.
gap to about 10-8. However, on a few particularly woell~
aligﬁed specimens, measurements have been made at strain
amplitudes as low as 3x10-9. As noted previously, the
uﬁper limit on the strain amplitude is usually determined
by breakdown discharge across the specimen~electrode gap.
For a 0.001 in, gap in a vacuum of the order of ].xlOm5 this .
occurs at 1000 volts. Consequently, the product tﬁeo is
limited to values less than about .1:':].0"8 depending on the
type of drive used. |

(¢c) Decrement. The precision with which
the decrement can be measu?ed is better than = 1% when the
signal-to-~noise ratio exceeds a value of 5. The figuré
+ 1% represents the actual reproducibility of duplicatq
measuxrements by the resonance method or of successive meas=-
urements by the decay methode. In the range in which pre-
cise measurements could be obtained by both methods, agree-
ment between the two was generally within £ 2%. However,
if the decrement is markedly strain amplitude~dependent,
the disparity in the two sets of measurements c#n be as

high as 10%.
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It is difficult.to determine experimentnily what
portion of the measured decre@ent is dﬁg to support losses
and what portion is contributed by the specimen itself.
ﬁowever, it was found that the decrement of oné gilver
specimen dropped from about 3x10™3 to 5x10f6 when it was
safurated with oxygen at 450°C while mounted in the appa-
ratus, The valu; 5:‘:10"'6 then represents aniupper limit to
the external losses at 450°C. Decrements as low as lx.lO"6
hgve been measured at low temperatures on an internal. =
oxidized Ag=-1%Mg épecimeﬁ. Thus; for pure éilver,'whiCh
exhibits minimum damping values of AIleo-q; we can safely
assume that the extérnal losses are negligiblq. If we as=-
sumé that the‘external_losses simply add to the speéimen
damping,tthén, with the res§1ution of 1% obtained, any

features greater than A—lx10h7 in the decrement of the

dxygen-éaturated material would have been visible.
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III. RESULTS

A. INTRODUCTION

The results of this investigation have been assem-
bled uhdar-six.genorgl headings: 'I)TimGQdopondont effects
in 6-9's silver including a description of the annealing.
behavior at high temperatures; 2) the variation of the
damping and modulus with temperature at low (4-2x10“8)
strain amplitudes in oxygen-froe-6-9'§_silvor from 4°K to
1000°K; .3) the éffegt of oxygen on the damping and modulus
over thié same.temberaturc range; &) the strain amplitude
dependenﬁe of the damping at variou; fixed temperatures in
oxygen-free 6=9's silver and in 6«9's silver containing
approximately 40 ppm oxygen; 5) the changes iﬁ the damping
'and modulus with time during oxygen paturation ahd during
subsequent Vacﬁum desofption at‘temperatures between 715°K
and 1000°K; 6) miacallano&us obsorvatiéns which do not
conveniently fit into any of the above categories.

The logarithmic decrement, A , has been used
throughout as a measure of the internal friction. Changes
in the modulus are usually expressed directly in terms of
the measured resonant frequency, fm. However,vin cases
where it is desired to compare the'magnitude of the modulus
change with the corfasponding chahge in 4 , as a function
of strain amplitude. for example, the data are inen in

terms of the fractional change in modulus AE/E. Since

»
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the modulus is proportional to the square of the resonant

ffequency3|AE/E is simply related to the change in fm by
AE/E = 2 Afm / £ . (I‘II-l‘)

The resuifs reported here comprise over 10,000
separate measurements of the damping and resonant frequency
on a total of six separate crystals. More than halfiof
these measurements were made on a single specimeh, for
wﬁic}:data'ﬂéve been obtaiﬁed over the entire temperature
fange in both the oxygeh-frée and oxyggn-safurated condition.,
A suhmary of thé'measurements cafried out on each crystal
and the sequence in which they were made is given‘in
Table I. |

The impurity contents quoted in the table for
6-9's silver refer to the spectrographic analysis pro-
vided by the supplier along yifﬁ the starting material.

The crystais grown from this material have not been an-
alyzed directly. However, in order to obtain some in-
dicatioh of the purity level, fhe residual resistivity ratio
9273°K;/'94w2°K was aetermined on the as-received material,
on one of the vacuum cast rods from'whiéh the crystals were
gfown; and on a representative single crystal from the same
batch'6f specimens as those listed in Table I. These meas-
ﬁrements were made_by the eddy current decay method83. The

observed resistivity ratios were 4200 for the as-received 4«

silver ingot, 2500 for the vacuum cast rod, and 2600 for
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the single crystal, Tﬂus, it appears that only minor con-
tamination has been introduced by the melting and crystal
growing operations.

It sﬁould be mentioned in this connection that the
measurement on the as-received material was made on an in-
got having a cross section of approximately 3/4-in.x3/4-in.
for which the decay time at room temperaturé was considor—
ably longer tﬁan the "ring~-time" of the coils employed; in .
contrast, the other measurements were made using 1/%-in. x
1/8-in. rods for which the decay timgs at room temperaturo
were only of thevorder of 1.5 to 2 times the ring-time.
Cbnsequentiy, the resistivity ratios obtained for the vac-
uum cast fod and for the single crystal definitely repre-
sent lower limits, and it is probable that the total im-
purity concentration does not exqeed that of the'original
silver ingot by more than a’'factor of two at the very most.

Facilities for measurement of the oxygen conteﬁt
iwere not available, and, considering the nature of the
present experiments, it was felt that the effort needed to
develop a suitable analytical technique would probably.not
Be'justified. For this reason, the oxygen cbncentrations
quoted throughout this paper were calculated from the
solubility data of‘Eichenauervand Mﬁller61, whose results
have recently been confirmed by Podgurski and Daviest.

All specimens of any one orientation, although ob~

-
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tained from different bars, were actually grown from por-
tions of the same seed crystal. In the tables and figures
whiéh follow the same letter identification is applied to
all cryatals‘cut from a single bar. All data reported,
"with the exceptionvof the strain amplitude depéndonCe.meas-
uremonts at room femperature on speqimenIIZA, were obtained
'.oﬁ ‘(1117’ orientgd‘apeéimens. When 12A was annealed at
high fempefatures éxtensive'recrydtallization occurred,
-which pfevenfed fqrther meaqurement, Previous_examination
of the <(10q> specimens had shown them éll to be badly
_striatad,'i.e., these crystals geheraliy contained several
low=-angle grain boﬁndaries running parallel to the growth
&irectién; \It-iS'possible'that é'éonnection exists betwéen
these striatiops>andvthe extent of reéf}stallization ob-
served. In any case, it was felt that little would,be loar-
ﬁed‘coﬁcerning any possible’' orientation dependencevuntil‘
'<100>v specimens of perfection comparable to the ;flli>'

specimens could be grown.

B. TIME-DEPENDENT EFFECTS

The time-=-dependent phenomena reported beléw are of
three general typesf 1) effects aﬁsociatedeith excitation
of the specimen at high strain amplitudes, 2) the recovery
of the damping and modulus éfter mounting or transfer, an&

3) changes in‘thé damping with time during cyc¢lic annealing
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at high temperatures.

l. Effect of Excitation at High Strain Amplitudoes.

Repeated checks have failed to reveal any pronounced time-

dependent effects due to excitation at high (~5x10-6)

strain amplitudes in 6-9's silver, such as have been ob-
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served by other investigators in copper ‘', aluminum -, and

.84

Icad 7. Ao attempt was made, for example, to induce zuch

6

effects by allowing a specimen to oscillate at € = 5x10°
for nearly one hour at 400°K. ﬁuring excitation, the damp-
ing at both the high and low amplitudes increased slowly by
about 10% and was observed to decay back to its original
value in A few houré after excitation was discontinued. It
was therefore concluded that time-dependent effects of this
kind are not of major consequence and, indéed, caﬁnot be
conveniently studied in the 6-9's silver. on the other
hand, a prohounced.time-dependence was observed in measure-
ments made at 715°K on a specimen containing about 20 ppm
oxygen. Since the damping in this crystal was essgntially
indgpendent of strain amplitude below ~1x10"5. the result
was that the limit Z\&O = 10"'8 was reached almost immedi-
ately after breakaway, and hence the time dependence could

not be followed.,

2. Recovery after Mounting. In all speciméns of
6-9's silver the damping at low strain amplitudes was ob-

served to decrease, and the modulus, as indicated by the
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fcsonant frequency, to increase progressively with time
after mounting. A similar effect, although somewhat roc-
duced in magnitude is observed on tfansferring the specie~
men from one apparatus to another. The firast measuroments
aftér'mounting were usnally obtained within 15«30 minutes,
and.the recoVery of the damping'and modulus was then fol-
lowed forx periods up to :three days at various temperatures
from room temperatura'to about 380°K. A typical plofvof
the recoverable part of the.damping, AI(t) - Afﬁl And the
change in résbnant frequency‘during recovery,[}fm, at room
temperature is shoﬁn in Figf 10, A similar plot of Aq{t)
- Af(®) va. t at 377°K is given in Fig. 11. When the dif=-
'fefencefin the values zﬂx(t) obtaihed 12 hours apart was .
less than 3%;'the recovery was assumed completed and this
value of &\ was takoﬁ as AT(“Q.' As can be seen from these
- figures, the recovery timeé are of fhe order 6f 5C hours
at 293°K and 4 hours at 377°K.
| The magnitude of this recévery effect was found to
vary considerably from specimen to specimen. Thﬁs, the
ratio of tha initial §a1u9 of the decrement to that meas-
uraed after reéovery was essentially complete, ranged from
2 to 6 after mounting and from 1.5 to BIafter transfer; It
also appears that, in addition to the imnitial relatively
rapid decay of the mounting or transfer damage; a consider-

ably slower recovery process is taking place which leads to ™
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a further reduction in the damping at room témperature by
aﬁ much as a factor of 50% after times of the oxrder of two
months. A summary of all observations of this type is
given in Tabie II. It is considered significant that
neither the specimen containing 40 ppm 0,, nor the 1% Mg
alloy crystal showed any measurable change in either the
damping or modulus after mounting or transfer.

| Since the time dependence of the recovery is of
some interest, an attaﬁpt was made to fit the data to a
variety of functional relationships (see Part IVeSection
A). The data seem to be best represented by the Granato-

Hikata relationas,

Aft) =D o (1 + 5633, (111-2)

The full lines drawn in Figs. 10 and 1l are plots of Eq.

III-2 using the values of the constants o and }? listed in

. Table IX.

2. Annealing at Higher Temperatures. As the temp-

erature is raised to about 320-340°K, after first allowing
the crystal to recover at room temperature, the damping is
observed to decrease to a level approximately half of the

recovered room temperature value. This decrease was at

first attributed entirely to annealing but it was observed.

that, on subsequent cooling to room temperature, the dampe
ing was always higher than the value obtained at the an=

nealing temperature by about 20-50%. The results on several
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épecimens all showed that the damping attains a minimum
value somewhere between room temperature and the highest
annealing temperature employed. The general trend was for
the minimum to shift progressiﬁely to higher temperatures
as the annealing temperatufo,was increaged.‘

On further increasing the temperature, in steps of
SO’K'té 100°K, the damping is observed to rise monotoni-
cally. Holding at a given tompefature for times of fﬁom
2 to:ls hours gemerally resulted in only a small reduction
in damping of the order of 10%. The equilibrium values of
the damping obtained in three such runs on separate crys-
tals are shown as a function of 1/T°K in Fig. 12. The av=- ( )
erage holding time at temperature for each of the runs is \
iﬁdicated néxt to the épecimen numbef; As can be seen from
the figure, the data are fitted reasonably well by straight
lines at higher temperatures, indicating that the damping
at high temperatures can be describéd by an Arrhenius-type
relation

~H/RT
A =Ce (III-3)

where C is a constant and H the activation enefgy. The

values‘of H obtained from the slopes of the lines drawn in

Fig. 12 are 0.22, 0.25,‘and 0.33 eV/atom for gpecimens 34D,
BQC,Iand 23C respectively. Unfortunately, only the anneal-

ing run on specimen 34C could be continued beyond this —~—

point. It was not possible to carry out additional meas- , -

4
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urements on crystal 23C because of extensive deposition of
silver on the electrode at ~ 1100°K, while crystal 34D was
severely damaged and misaligned when the electrode was
accidentally brought into contact with it.

Since annealing at fixed temperatures up to 1000°K
resulfed in only relatively small decreases in the danping,
it was decided to carry out a cyclic annealing treatment
on spocimen 3§C in the region between 500°K and 1000°K.
This seemed of interest, because it has been observod86 by
etch pif studies on copper that c¢cycling of this kind re-
sults in a larger decrease in the dislocation demnsity than
can be produced by a long anneal at a fixed high tempera-
ture. The warmup run on specimen 34C was therefore inter-
rugtsd at about 900°K, and the specimen was allowed to cool
overnight to 550°K at roughly 40°K per hour. The values of
A measured during subsequeat heating and cooling cycles
are shown in Fig. 13 as a function of 1/T°K. The full lines
represent the measuremenés made on heating. In all cases
the heating and cooling rates were maintained between 30°K
and 40°K per hour wih pauses of about 2 hours being made )
every 50=100°K in order that equilibrium measurements could
be obtained. The dashed line labeled (1) represents the
initial warmup. On the curves labeled (2) and (3) measure-
ments were made as close together as every 4°K, while on
later runs only the equilibrium points were meaéured. This

7
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eyclic annealing operation was\discontinued when viﬁtually.
identical résults. reproducible to within z+ 5%, were obe
tained on three successive'cooling cycles, numbers (6),
(7), and (8). From studies of this type the following ob-
servations have been made: '

1) The data for any one cycle can be represented
as exponential in 1/T. The slope of log A vs. 1/T°K
(Fig. 13) appears to decr;ase slightly with each succeeding
cycle. Even after as many as eight complete cycles, how-
ever, the apparent activation energy, H, has only dropped
from 0.25 eV to 0.22 eV. |

| 2) Good reproducibility is achieved in any given
cooling and subsequent heating cycle up to about 875°K.
This is true both when the temperature is changed continu-
ously or when the temperature is varied in step-wise fash-
ion, and the crystal is held at each temperature for times
as long as 4 hours.,

3) After warming to temperatures above 875°K, tho
damping is observed to decrease with time, as indicated by
the arrows in Fig. 13, and this annealing process sometimes
continued for as long as 48 hours. For example, the an=-
nealing kinetics at 1000°K after cycle (3) are shown in
Fig. 14, where the chaﬁge in the decrement and the resonant
frequency AI(t) - A_I@O) and zAfm/-Fm are plotted as a

function of the time, t, after reaching 1000°K, 4QI(“9
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correspoﬁds to the value of ZLtmqasured after t = 72 hours.
Littie can be said concerning the actual functional form
~of the time dependence since, as can be seen in Fig. 13,
considerable annealing has taken place before reaching
1000°K. Thus, neither the initial level of damping, nor
the equivalent time at 1000°K are known. However, the
magnitude of the modulus change, 2 é}f/f, during anneal-
ing can be compaer with the éorresponding éhange in the
decrement as is done in Fig. 15. The data appear to fall
on a reasonably good straight line, and, since both scales
in Fig. 15 are identical, the ratio of AI(t) - AI(DO) to
2 /A\f/f is nearly unity. This then ﬁould indicate that
the annealing kinetics are the same for both the modulus
and decrement.

4) A reasonably pronounced peak in the damping is
observed at about 950°K on each cooling cycle. The nature

of this peak is described in more detail in part C below.

C. THE TEMPERATURE DEPENDENCE OF THE DAMPING IN 6-9's
SILVER AT LOW STRAIN AMPLITUDES

One of the primary objectives of this work was to
obtain measurements over the whole temperature range on a
high purity silver crystal in the annealed condition. Su;h
measurements were actually carried out on specimen 34E.
‘However, it is generally observed that the decrement is

raised appreciably as a result of transfer, and does not
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fully recover. We now believe that the low temperature
measurements are really characteristic of wvery lightly
deformed material;, In fact, the present low temperature
data on silver show a great similarity>to previous measw=
urements on other f.c.c. metals which had been lightly
deformed. The results obtainéd at low temperaturé may,
thoerefore, correspond to a considerably different dislo-
vcation structure than that pre&ailing in the well-annealed
specimen measured at higher temperatures.

The manner in which the low amplitude, £, = 3x10"8,
decrement and the resonant frequency vary with temperature
over the entire range investigated is illustrated in
Fig. l6_fdr crystal 34E. The lpw temperature measurements
shown in Fig., 16.were made five days after transfer of the
annealed crystal frdm fhé high femperature apparatus to the
cryostat. Also plotted in.Fig.UIG are the corresponding
low tempgrature measurements on this saﬁe crystal after
saturating with oxygen at 820°K. Essentially the same
general behavior is exhibited in Fig. 17, which represents
a composite of the low temperatuie damping data on crystal
34D aﬁd high temperature measurements on crystal 34C.

For descriptive purposes the temperature range may
be divided into four parts.

1. 4°K - 120°K. From liquid helium temperatures

to about 40°K the decrement increases nearly linearly with
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temperatura. Above this temperature it rises much more
rapidly, reaching a plateau or broad maximum bgtween 70°K
And 110°K. Superimposéd on this characteristic background
rise, a number of small peaks or irrogularities are evi=-
dent; these.ara in general accémpaniod by steps, which may
represent possible modulus defects, in the frequency vs.
tomperature curve. A summary -of the var%ous 'peaks"ob-
served in this temﬁerature range in 6-9's silver is given
in Table IIXI. The damping is quite reproducible in this
fange, and the measurements show little or no scatter.

| An expanded piot of the data shown in Figs. 16 and
17 and the results of additional measurements on other
crystals in this same temperature range are given in Figs.
19«21, Fig. 19 illustrates the overall reduction in ZlI
after successively longer anneals at room temperature
following'mouhting. As indicated, the upper and lower
curves refer to crystal 34C measured after 2 days and 8
weaks of recovery at room temperaturé, respectively. The
middle curve corresponds to crystal 23C after one week at
rodm temperature and is included for comparison. It ap-
pears that room temperature annealing has reduced the level
of the damping above about 70°K by a relatively greater
amount than that below 70°K. Nearly all of the 'peaks!

listed in Table IIIX are evident in the uppermost curve of

Fig. 19. An expanded plot of fm for this run is shown in
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Fig. 20, Modulus steps corresponding to each of these
'peaks' can also be distinguished, the mdat noticeable
béing those at 21’, 43°, 82°, and 92°K.

Fig. 21 shows the results of measurements of the
modulus and damping on crystal 34E. This specimen had
undergone the cyclic annealing treatment described ptevi-
ously and was allowed to raecover 5 dayg at room temperature
after transfer. The low temperature dampihg'spectrum is
quite similar to that exhibited by crystal 23C which had
received a comparable room temperature anneal.

2, 120°K -~ 300°K. At least four additional peaks

at about 130°K, 170°K, 205°K, and 250°K are observed in
this range (see Table III); however, the modulus data ex-
hibit only an overall defect and separate, wéll-defined
steps are not discernible. The measﬁrements of [}I in thig
range seem to be so@ewhat erratic with variations of the |
order of X 3% not uncommon. The points plotted in Figs. 16
and 17; in fact, represent averages of 5 or more measure=-
ments within each 5° temperature interval.

3. 300°K -~ 550°K. In this range A decreases mo-

notonically with temperature and reaches a minimum’atf-550°K
as seen in Figs. 16 and 17. Certain irregularities in the |
damping are also evident. For example, on either heating
oxr cooling several small spikes (these are described more

fully in section G) were generally observed (see Fig. 17).
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These spikes were not reproducible and were mnever obsorved
on sweeping through the same temperature range again., Thoy
varied in width from as little as 5°K to 50°K. Morever, it
was founa that the background damping level was generally
about 10% higher when this temperature range was traversed
on cooling as opposed to heating.

4, 550°K - 1000°K. In this fange the damping in-

creases quite smoothly with temperature, and'good reprodu~
cibility is obtained on heating and cooling if times of
order of 12 to 15 hours are allowed for equilibration.

This is true, however, only when cycling is carried out
within this temperature rénge. If the spgcimen is held be-
low 550°K for any length of time, the dambing values meas-
ured on a@bsequent heating are invariably about 20% lower

_ than would otherwise be obtained if the specimen were never
cycled below 550°K. ,

A peak in damping is also observed at approximately
950°K, and a broad bulge is often found near 900°K which
may correspond to still another peak. The damping be-
havior at high temperatures is shown in detail in Fig. 22.
In this particular cycle, the data points above 825°K were
obtained in a single continuous heating and cooling run at
33°K per hour.

The following observations have been made concern=

ing the 950°K peak:
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1) It is most pronounced when measurements are made
on contiﬁhous cooling from temperatures above about 975fK;

2)_the peék is only slightly in evidence when the
measurements are méde on continuous heating starting from
a temperaturo well below the peak; |

3) the peak is observed, although reduced in height,
when equilibrium measurements (3-12 hour holding times) are
mage either in ascending or'dopcending order;

4) the peak height on continuous cooling does not

appear to depend on the timeispent at temperxratures above

950°K;
5) the peak temperature :was never observed to have

shifted by more than a degree or two under any conditions.
The characterization bf the temperature dqpendcnca
in this range is somewhat complicated by the presence of
the peak. quevér, a log z&I vs. 1/T plot.for all runs
exhibit a reaéonably linear portion in the range between
600°K and 950°K.as'shown in Fig. 13. This linear portion
corresponds fo an apparent agtivation energy of about

0.22 eV,

D. INFLUENCE OF OXYGEN ON THE DECREMENT AND MODULUS OF
6-9t's SILVER FROM 4°K TO 380°K '

The results of a low temperature run on crystal 34C
after it was saturated with oxygen in the high temperature

apparatus ara.presented in Figs. 23 and 24. Calculation
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shows that this crystal contained aboﬁt 40 ppm 0, at equi-
librium (825°K-2 atm. 02).6l In order to retain most of
the oxygen in‘solution,.the specimen was quickly withdrawn
from furnace and allowed to coolhin air. However, this
procedure resulted in looseniﬁg and tilting of the specimen
in the knife edges, thus necessitating that the crystal be
removed and remounted before it could‘be measured. Prior
‘to remounting, the érystal was efched deeply in an ammonium
hydroxide-—H202 mixfure, approximately 0.002 in. of silver
being removed from all'dimensions; the specimen was then
remeasured and weighed and, as indi;ated in Table I, it was
also relabeled 34E.

Referring to Fig. 23,.thé main features apparent in
the damping spectrum of_the oxygen;saturated crystal below
100°K are: 1)A plateau éxtending from 4°K to 10°K, 2).a
small peak at 42°K, and 3) a broader somewhat less pronoun-
ced peak at 75°K. However, compared to the damping in this
same.specimén in the oxygen~free condition (Fig. 21), the -
most striking difference is that the overall level of the
damping has been reduced by more than two orders of magni-
tude. Furthermore, although the two peaks at 42°K and
75°K seem to be present in oxygen-free silver (see Fig.'zl)
as well, the measurements on 6-9's silver do not Show any
indication of a rise in lSI at the lowest temperatures,

such as is seen in the oxygen~saturated specimen.
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' :
Fig. 24 gives the details observed from 1l00°K to
300°K on a more compressed vertical scale. The three small
rather narrow peaks at 140°K, 148°K, 160°K, and the complex
peak structure which exists above 20b°K are to be mnoted.
To establish whether or not these features were reproduc-
ible six separate runs were made both on heating and cooling
through this range; Qne.of these runs waé also carried out
at a much highér strain amplitude,. namely, E4= 5x10-6. On
each run every’feature of the damping spectrum was dupli-
cated‘to fhe minutest detail. In the run made at the higher
straiﬁ amplitude, thé thfee small peaks remained unchanged
in magnitude and temperature, Although they were now super- .
imposed on a higher background. _Above'about 200°K, the high
amplitude run coincided ekaétly with the previous run made
- at lbw amplitudes. This behavior is'éonsistent with the
observed strain amplitude dependence described in Part E.

After this last series of measurements, the oxygen-
séturated specimen was‘transferred to the high témperaturo
appératus, ahd the measﬁrements were‘extended to ~380°K.
A relatively narrow, well defined peak in the damping was
observed at 365°K (see Fig. 16) and a corresponding modulus
defect was also present. The observed modulus defect was
éonsistent with that expectedl for a si@ple relaxation peak
of fhe observed (ésMAX = 2.6x10-3) height. It is obvious

from Fig. 16 that a peak of this magnitude could not have



been pfosent in the oxygen-free Btate;

Except in the vicinity of the peak near 365°K, the
damping of the oxygon-saturétod crystal at all tempera-
tures is at least two orders of magnitude lower than that
of 6-9's silver. It appears, in fact, as thdugh fhe pres-—
ence of oxygen has completely eliminated any dislocation
contribution to thé damping or modulus. If so, the modu-
lus of the oiyg;n-saturated material at low strain ampli-~
tudes should actually represent or at least closely approx-
imate the true elastic modulus of silver. A large plot was

- therefore made of fix vs. T, based mainly on the data ob-

tained below 300°K. It was found that the values of f-_
above 120°K, as well as th§ three measurements made.at
715°K, 770°K, and 820°K immediately after saturation, all
fell on a good straight line, the deviation of any single
point from this line being less than 2 cycles. An analy-
tical expression was thﬁs obtained from which the valﬁe of

\

fzx could be calculated for temperatures above 300°K. This
experession was then used to obtain the high temperature |
values Ofmfox shown in Fig. 16. Since it was felt that the
modulus data for 34E containing oxygen didvapproximate the
true elastic modulus, the quantity.(fix - fﬁ) / fix then
represents the fractional dislocation contribution to the

modulus. This quantity is shown for the frequency data of

Fig. 16 in Fig. 18.
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E. STRAIN AMPLITUDE DEPENDENCE
Detailed measurements of the strain amplitude do-

8 5

}pendence over the range from 107" to 10”7 were carried out
.on specimen 34D from 4°K to 300°K and an crystal 34C from
300°K to lOOQ‘K. Similar measurements were made between
4°K and 300°K on specimen 34E containing 40 ppm of oxygen,
and on cryst#l 34C after saturating with okygen (~20 ppm)
at 715°K. The results of these measurements are given in
Figs. 25-28. |

| The absence of'any pronounced time dependent phen-
omena, as noted in part B, made it possible to perform
closely spaced measurements at high strain amplitudes. For
the times (~10-20 seconds) involved i# any one measurement,
such small time-dependent effects as were observéd could be
considered'unimportant: No hysteresis effects greater than
a few peor c;nt were observed on returniﬁg to low‘straiﬁ

: amplitudes after meaéurements at the highest amplitude ate
tainabie with the 6-9's silver specimens. Although the
strain amplitude dependent damping in the well-annealed
crystal (34C) did show considerable scatter near room tem~
perature, this was neither systematic nor reproducible.

The detéils of tholobservations can best be described sep-

’arately for each of the speci@ens examined.

1) Specimen 34D - 4°K to 300°K. For this crystal,

the strain amplitude dependence was determined at eight
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tomperatures spaced approximately 40°K apart. Most of the
data obtained are presented in Fig. 25, although the mcas-
urements made at 155°K and 264°K have been omitted for the
sake of clarity; the strain amplitude curves for these two
temperatures are of essentially the same shape as that at
210°K., Obvious features diSplayed in Fig. 25 are the min-
imum observed in’ all the curves, together with the lack of
any well defined "breakaway" point corresponding to the on-
set of amplitude dependence. It also appears that two sep-
arate processes are contributing to the strain amplifude

dependence. This is particularly evident in the curve ob-~

tained at 210°K. Thus, it was found that all the strain

amplitude curves could be resolved into three components:

I corresponding to

the observed minimum, and two additional strain amplitude

an amplitude independent background, A

dependent components, A and A both of which seem to

H; H}
obey the Granatoe-Llicke relationship36

DBy = (€, /€, exp (-Cy; /E) (III-4)

L

where clL and C2L are constants independent of strain amp-
litude. The justification for such a separation as well
a3 details concerning the method of analysis employed will

be given below in Part IV-Section B. It might be mentioned,

however, that both components appear to reach a maximum

near 100°K. The behavior of both components as a function

of temperature for various strain amplitudes can be seen -



«78-

in Fig. 29.

2) Specimen 34C - 300°K to 1000°K. Measurementi.

over this témperature range were made at approximately 50°
to 100°K intervals. The strain amplitude dependence may
be separated roughly into two regions, 300°K to SSQ°K and
550°K to 1000°K, and is illustrated in Figs. 26 and 27
respectivelj. The curves shown in Fig. 26 could not be
fitted successfully using fhe two component scheme de-
scribed above, and the data exhibit considerable scatter.
Above 550°K the curves shown in Fig. 27 all reach an ampli-
-tude independent plateau at high strain amplitﬁdos. The
damping level corrésponding to this‘plateau is observed tog
increaseiwifh temperature up to abouf 750°K after which it
remains constant. At 1000°K the damping is amplitude in-
dopendent, except for the slight rise observed at very low
strain amplitudes.

3) Specimen 34E (40 ppm 0,) - 4°K to 300°K. The

strain amplitude dependence of the oxygen-saturated crys-
tal was studied at only a relatively few temperatures since
the behavior, which is illustrated in Fig. 28, could not be
characterized in aﬂy simple way; In addition, almost no
amplitude dependence was observed above ~ 200°K. In con-
trast to the behavior of all the oxygen~free silver speci-
mens there is no indication of a rise in /l at the lowest

strain amplitudes. As with pure material, however, the

“ﬂ\g -



N

~79=

strain amplitude at which the decrement becomes amplitude

dependent is nearly independent of temperature.

F. KINETICS OF OXYGEN SATURATION AND VACUUM DESORPTION

J. Saturation, As mentioned previously, changes

in the damping could not be measured durihg saturation be-
cause lonization occurred in-ihe.specimen-electrode gap
with oxygen in'thé system. However, the following obser-
vations can be made: 1) exposure to oxygen for times of

12 hours or less at 715°K causes a reduction in the damping
of 6~9's silver, measured atvthis temperature, of more than
two orders of magnitude, 2) this time is comparable to that
required for oxygen to‘diffuse completely through the spec-

imen, according to calculations based on the diffusion data

of Eichenauer and MﬂllerGl, and .3) the oxygen concentration

‘needed to achieve this reduction in A_ is less than 40

I
. 61, 62
ppm, as derived from recent solubility data . These

obsqrvations are based on measurements made in vacuo on
crystal 34C immediately following saturation at 715°K,

770°K, and 820°K at 2 atm. O In addition, during an

5
attempt to make measurements at lower temperatures and
pressures, the damping was observed to decrease by more
than 25% after ogly a 30 minute exposure to 100}1_of O2 at
600°K. The total amount of oxygen which could have been

introduced under these conditions is calculated to be less
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than 0.1 ppm. Thus it apﬁearé that only very small quan-
tities of oxygeh are reqqired at these temperatures to re~
duce the damping to very low levels. This conclusion is
confirﬁed by the desorption studies reported below.

‘2. Kinetics of the Recovery of the Damping during

-the Dosorption of‘Oxygen in Vacuum. The initial experi-
ménts of this type wer; carried out on crystal 34C before
it was remounted. It was found that after saturating with
oxygen at 715°K the decrement measured immediately follow-
ing evacuation of‘the system was A'lxlo-s as coﬁpared to
A’2x10-3 béfore saturation. The damping remained at this
low levél for approximately 45 minutes, after which it in-
creased rapidly (within <5 minutes) ﬁo about 8x10'5. Over
thg next 30 hours the damping rose slowly but somewhat er-
ratically to roughly 1x10-4. The temperature was then
raised at 50°K per hour to 770°K. During this heating
period /o was observed to decrease to a value of ~ 2x10°
and then to remain sensibly constant‘at this level for sev=-
éral hours. Again, the temperature was faised at ~ 40°K
per hour, this time to 1000°K, and the specimen left over-
night in a dynamic vacuum of -7x10-6 mm Hg. The initial
high damping level, characteristic of oxygen-ffee silver
before saturation, was completely recovered aftervﬁhia 12~

hour vacuum anneal at 1000°K. The temperature was then

cooled to 825°K in 50°K'steps and it was found that previcus
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equilibrium measurements on crystal 34C in the oxygen-froee
state were also reproduced within close limits. It thus
appeared that oxygen could be added to silver in order to
eliminate dislocation contributions to damping and modulus
and then removed in a completely reversible manner by a
vacuum heat treatment. It was at this point that the spe-~
cimen (34C) was resaturated with oxygen and cooled rapidly
to room temperature, ’

When this crystal (now designated J4E) was eventu-
ally reheated to 1000°K and the oxygen pumped out, it was
found that the decrement was nearly three times greater
than the value measured (on crystal 34C) at the same tempore
ature before saturating and rémounting. This specimen was
therefore cycled as described above (part C) in aﬁ attempt
io reduce the damping. Although the behavior on cyciing
was similar in all respects to that observed breviously,
the final level of the decrement was séill ~1l.5 times that
originally obtained on 34C. |

Since prolonged exposure of the apparatus to oxy-
gen at temperatures near 1000°K did not seem advisable, it
was decided to carry out the kinetic studies by saturating
at somewhat lower temperatures (i.e., 600°-700°K) and then
desorbing the oxygen in a vacuum at temperatures between
850°~1000°K: A standard annealing and saturation treatment
*It was not possible to carry out desorption experiments at

lower temperatures because the kinetics were much too slow,
as it turned out.
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6 mm Hg) at

.was adopigd, viz., heating in vacuum k~7x10"
1000°K for ~~12 hours, slow cooling (40°K per hour) to
770°K, and saturation with oxygen for 12 hours at 2 atm.
pressure.at 770°K; this treatment introduced approximately
40 ppm of oxygen intq the crystal. Pumping was then start-
ed, and the femperature was raised rapidly (~200;K per
hour) to the desired level, following which &) and £ were
measured at close intervals of time. After eAch‘run below
1000°K, the crystal was heated to 1000°K and held there
for 12 hours to insure complete removal of dxygen before
beginn@ng the next run.

Ihe results of such kinetic measﬁrements at 875°,
900°, 925°, 975°, and 1000°K are shown in Figs. 30-35.
Plots of log A vs. log t at 875°K and 975°K are shown in
Fig. 30. As can be seen, the rebovefy of the damping as-
sociated with the removal of oxygen from the crystal appoars
to proceed by a multi-stage process. In Fig. 30 the gni-
tial level portion of the kinetic curve at 875°K has been
designated stage I, the next step has been labeled stage II,
and the final recovery step, stage III. It is also possible
that stage III actually corresponds to two separaté stages.
All three stages were visible at 875°, 900°, and 925;K, but
at 975°K and 1000°K it appears that stage I and probably
also stage II had already been completed before the first

measurement could be made. In addition, a distinct break
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scen in stage III at 875°K is only apparent as a slight
' éhangé in slope at 975°K and 1000°K. |

Since the level of the damping at the end of any
given stage is itself a function of the temperature, the
fractional recovery of ZSI in stages II and III has been
normalized and the data at all temperatures are thus re=-
plotted in Figé. 31 and 32 on a logarithmic time scale.
The modulus data has been similarly analyzed.and plotted
in Figs. 33 and 34. An activétion enexrgy appropriatc to
stages 1I and III may then be detérmined from Figs. 31-34
using thé method of cross~cut887, A summary of the essen~
tial results is given in Table IV,

In all runs the damping was followed foxr as long

8 7

as possible at three strain amplitudes: 3x10° ", 3x1077,

and 3x10'§. In the oxygen-free condition the damping is
nearly amplitude independent over this range; similarly,
little amplitude dependence was detected at any stage of
the oxygen removal process. In a duplicate run at 975°K,
however, a separate peak in /A was observed at each straih
amplitude as time proceeded. The peaks correéponding to
each strain amplitude were well separated in time and oc-
curred in order, the peak at the highest strain amplitude
being the first to appear, etcef This behavior can be seen

quite clearly in Fig. 35. Associated with each peak shown

in Fig. 35 a step or defect was observed in the frequency
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vs. time curve for which the relationship ZSMAX =2T/2(AL/E)
appears to hold.
G. MISCELLANEOUS OBSERVATIONS

1. Multiple Resonances. Well defined multiple re-

sonances had been observed in a number of <100> oriented
SpeCimens at high temperatures duringvsome of the initial
runs made with poof knife edges. These_effects.could all
be.traéed évehtually to loosening of the specimens in the

\ knife edges, or in one case, to extensive recrystalliza-
tion. A transient tfiple resonance was obsofved, however,
in the tempefature range between 260°K and 280°K in specimen
34D which does not seem to be attributable to external
causes. For example, the damping in this same crystal had
previously been examined in detail without noticing any-
thingrpnusual, and ﬁhen the measurements werevrepeated im-
mediately‘following the obs'ervance of the triple resonance
they again failed to reveal any trace of this\phenomena.
During a continuous heéting run; a small additional resé-
nance appeared about 10 cycles below the specimen resonance;
this additional resonance grew in amplitude with increasing
temperature and was quickly followed by the appearance of

a third resonance about 20 cycles below the main resonance.
On raising the temperature further, a temperature was

reached at which all three resonances became of'eqﬁal
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magnituae. lBeyond this temperature the two higher fre-
quency resonances were found to decrease in amplitude and
finally disappear. The separation of the three resonances
remained constant over the 20°K interval in which they
occurred,'whilé the frequency of the triplet shifted by
approximately 100 cycles corresponding to the normal shift
of resonant ffequency with temperature. The decrement, as
measured by the amplitude at a constant drive Qoltage; in-
cfeased smoothly, reaching a maximum at the temperature at
which all three resonances were of equal magnitude, and
then decreased.smoothly to a value compatible with an ex-
trapolation of the data at lower temperatures.

| Multiple fesonances which do not appear to be due
to extermnal causes have been reported by a number of other

23’38 but as yet no satisfactory explanation

investigators
has been offered for this phenomena.

2.. Peak at 42°K. The measurements reported above

have revealed a peak in damping at about 42°K in both 6-9's
silver and 6-9's silver containing 40 ppm of oxygen at a
frequency of 27 kec. A peak at this temperature was also ob=
served in the 1% Mg=-Ag alloy specimen (crystal 23 AM). The
damping of the Mg~doped crystal as a function of temperature
from 4°K to 100°K is plotted in Fig. 23 along with the cor-
responding data for 6~9's silver éontéining oxygen (40 ppm).

The peak at 42°K (ZAMax = 2x1077) is quite well resolved
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and occurs on a well defined linear background. This run
‘on the Mg alloy crystal was made one day after the speci=-

men was mounted.,

3. :Behavior below 10°K. In addition to the fea-
tures described earlier, the low femperature measufements
have refealed: |

1) Indications of a peak at ~7°K in 6-9'sg silver
(specimen 34D = Fié1 15), together with | |

2) a slight rise in the modulus below 7°k (34D -
Fig. 16), and |

| 3) a rise in the damping at low temperatures be-
ginning near 10°K in silver containing 40 ppmvof qugeh
(34E - Fig. 23), which is absent in oxygen-free crystéls

of the same purity 1evel.
We woﬁid like to simply'add at this point two additional
Vobservations.‘ First, careful ex#miﬁation of the heasure-
| &ents made on the 1% Mg alloy (23C - Fig. 23) has.failed
to show any anomalous behavior in this temperature range.
Second, a rise somewhat similar to that found in the oxy-
gen=-saturated silver, although considerably greater in
mégnitude; has been observed in an internally oxidized
Ag-1% Mg alloy.

4, The Occurrence of Spikes in the Damping-during

Heating or Cooling. During measurements in 6-9's silver,

several spikes or sharp irregular peaks in the damping were

observed, as mentioned in section C. Such spikes have also
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been observed in the temperature range from 80°«300°K in
an internally-oxidized 1% Mg-Ag alloy crystal. In this
specimen the spikes were of the same order of magnitude

k

(1077 to 10-3) as those observed in 6-9's Ag. However,

the background level in the internally oxidized alloy is
only of the ordér of 10-5; and hence the spikes represent a
prominent feature of the damping spectrum in this material.
Some pertinent observations regarding the appearance of
these spikes on heating and cooling are as follows:

1) The temperaturé at which the spikes occur is
completely arbitrary and unpredictable;

2) the spikes frequently occur in groups of two or
more af closely spaced temperature intervals;

3) in general the spikes are quite asymmetric, the
damping often rising abruptly on one side and falling off
more gradually on the other; contrary to the observations of
Filmer et a1.89, however, the sense of the asymmetry ié not

apparently related to the direction of the change in temp-

aerature.

4) these spikes do not seem to represent discontin=-
uous changes in the damping since up to 15 measurements per
1°K have beeh obtained on some spikes for which the decrément
varied smoothly with temperature. Somewhat similar obser=
vations have been reported by other investigators in alumi-

505 89 53, 88

and copper . The nature of these spikes is
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still in doubt. They may be due to transient changes
either in the dislocation structure, or in the dis-

tribﬁtion-of pinning points along the dislocations.
s
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IV. DISCUSSION

_ Before cdnsidering the results of the measurements
in more detail; a few general remarks may help in providing
some overall perspective. The primary objective of these
experiments was to establish the effectiveness of oxygen in
pinning down dislocations in silver. From the results of
measurements degcribed above it is apparent that the pres-
ence of oxygen does indeeé lead to a marked reduction in the
internal friction of silver even at high temperatures. The
interpretation of this obsafvation, however, depends to a |
large extent on the manner in which dislocations coﬁtribute
to the observed damping in the oxygen~free material. The |
discussion, therefore, is primarily concerned with inter-~
preting the behavior of the oxygen-free material consistent
with the factvthat oxygen effecti&ely eliminates dislocatiog
contributions to the damping.

For this reason we have separated the discussion
into sections based on the phenomena exhibited by 6-9's
silver, i.e.,, recovery after mounting or transfer, dependence
on strain amplitude, and the tamperature dependence of ZSI.
while the final section is concerned with the kinetics of
oxygen saturation and desorption.

A brief description of the internal friction pheno-
mena associated with dislocation motion and the theories

proposed to account for these phenomena has been given in the
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iﬁtfoddction. As we shall see, a numbér of these models
appc¢ar to account satisfactorily for the various contribu-
tions to'fhe internal friction in 6-9's silver. waever,
in view of the absence of any previous work on sil?er‘single
crystals, the interpretation of some 6f the observed phe-~
 nomemna in terms of a particular model‘is”diffi¢u1t_since
additional information (i.e., the effectbﬁf deformation or
frequency on the obsefved behavior) wﬁich was not obtained
from'thé present study would'Be required. Thg application
of these modéls which trodt dislocations as simple line do~
_fe@ts to silver 6an»be‘queétioned since in silver disld—
cationé»are extended. The relativeiy low staCkiﬂg fault

energy of silver (*30.ergs/cm2)101

would lead us to expect
~an eéuilibrium separation of partials of‘~ 20 Angstroms.
quever, most treatments make the reasénable assumption
that both partials behave as, if they were rigidly bound
together énd move aé a unit. “

At this point it ﬁill be convenienf to coh;ider a
few general relations pertaining to dislocations in silver
Which will be_needed in any comparison of theory and ex-
periment.b-

| In thevf;c.c. silver lattice dislocations lievin
<1117 planes and slip occurs in the LllO] direction so

that the magnitude of the Burgers vector, b, is a /\ 2 where

a is the lattice conStant.' The value of the shear modulus,




-9l

- " 6
G, appropriate to the {lll} planes is then %(Cll-°12+°44) .

The effective line tension of a dislocation, C, is

usually taken as A-%sz. However, Stern and Granato9q have

91

shown from the work of de Wit and Koehler that to a good

approximation the line energy (energy per unit length) of a

dislocation can be written

B, = (6%/4T7) 1n (R/r) [ K, - K, cos zqﬁ] (IV-1)

where R and r are the usual cut-off radii of the elastic
stress field, and ¢ is angle between the dislocation and its

Burgers vector. The constants Kl and K2 can then be written

in terms of the elastic constants by equating IV-1l with ex-

92

pressions developed by Foreman for the line energy of a

pure screw dislocation (4>= 0) and a mixed dislocation

( ¢ =1/3). For silver at room temperature we obtain

11 dynes/cm2 and K2 s 0.897 x 1011 dynes/cm2
93

using the values of the elastic constants

given below. The
line tension, which is formally identified with EL(¢)+EL[4(¢)

is then given by
c($) =(b?/4m)1n (R/r) [Kl + 3K, cos 24{] ) (IV=-2)

The values of the dislocation line tension appropriate for
pure screw (Cs) and pure edge £Ce) dislocations are given
below using R/r = 104.

Since longitudinal stresses and strains are employed

experimentally while theory is developed in terms of shear



stresses and strains on the slip plane, an drientation fac-
tor relating the longitudinal quantities to those in s1ip
plane is'required. The factor {X appearing in Eqs. I-2 and

36

I-3 can be shown

L =V'Ele—éj>—)"2 fRi' (IV-3)
i |

to be

where E(©,¢ ) is the modulus appropriate to thg.experimental
modé employed, G the shear modulus appropriate to the slip
plaﬂe,vﬁi the resolved shear stress factor, costin@cos@,
ofvthe ith slip system, © the angle beﬁween'the specimen
axis and the normal to the slip'plahe; and ¢ thevangle in
‘the slip plane between the pfojection‘of fhe'specimen‘axis
~and the s;ip direction. If we asSume/all slip systems are
equally'populatéd; which is not unreasonabie for undeformed
crystals, {L turns out to be neariy indépéndent of orien-
tation for extensional mbdep»in f.c.c. crystals, the vari;
ation in E (Ypung's modulus) compensating for the.vériation
of the sum. Vglues of L for <111 and <100 crystals
are listed below, as well as fhe éorresﬁbnding values of E
and R (for these orientations .Ri is either =zero Sr R for -
each slip systen.

For conveniehge then, we list numerical values for

the following quantities which will be used throughout the

paper:
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a = 4.08 x 10 cm . b = 2.88 x.107° cm
: 11 2 11 2
¢y, = 12.5 x 10 dynes/cm ’Elll = 12.1 x 107 dyngs/cm
11 2 11 2
)
C1p = 945 x 10 dynes/cm Eio0 = 4,36 x 107~ dynes/cm
ey = 4,64 x 10ll dynes/cm2 G = 2.54 xVIOll dynes/cm2
Rio0 = \6'/ 6 | Q00 = 0-189
Rijp = V079 | g = 0.177
C, = 0.54 x 10'4 dynes C, =3.77 x 10'4 dynes

In carefully prepared undeformed silver single
crystals dislocations appear to be arranged in a random
three dimensional network. In specimens which have dimen-
sions comparable to thbsé ﬁsed>here and which were prepared

by esséntially the same techniques described in section II

6 7

dislocation densities are of the order of 5x10 to 2x10' as

measured by etch pit count594. The average length, LN’ of

dislocations in such a network is related to the total dige=

location density,dA- « For an f.c.c, lattice this reldtian
5

is

_/\.LfI ~ 1 . (ITV~i)

The mean free path of dislocations measured94 in crystals

4

with as-grown densities of 2x107 is ~5x10" " cm. Since the

network length is of the order of one-half the mean free

path, we obtain Asz & 1.3 in good agreement with IV-i.

- The value of the damping constant B, which is presumed to
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arise from the scattering#of thermal phonons by the siress

95

field of the dislocation, has been given by Leibfried as
2
B = 3 kTZ/10 a“ V_ (IV=-5)

where Vs is the effective shear wave velocity and 4 is the
number of atéms pef unit cell. For silver at 300°K we ob-
‘“tain 149 x 10-4. There is some evidence“(see tern and
Gf;nato9o for a discussion of tﬁis poeint) that IV-5 under-
estimates'the'phbnOn-scattering by about a_factor.of five.
For the sake of définiteness we will take thé calculated‘
valué.of | |

6

B = 0.63 x 10™° T (°X) dyne-scc/cm=.

. We will now consider the results of section III in more
‘detail.

A. RECOVERY AFTER MOUNTING OR TRANSFER

As pointed out, especially by Nowick96vand Van

9

Bueren,, fwo different types of recovery of the daﬁping gnd
modulus have been observed after small deformation; i.e.,

- a strongly'amplitude-de?endent form of recovery seen at low
’énd intermediatevfrequgncies ( lcps=-50kceps) and an: amplitude
independent-type which is manifest at intermediate and high
fréquenciés (10 ke = 100 mc). These effects and those

occurring at larger deformations have all been loosely

termed the "K8ster effect" after K8ster97, who first made
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such studies in 1940. Granat& et al.85 have attempted to
explain both'types of recovery observed after small de-

formations in terms of the vibrating string model, on the

assumption that the recovery is associated with the migra-

tion to and subsequent pinning of dislocations by defor-
mation produced point defects. By further assuming that the
rate of arrival of point defects at dislocations is govermned

98

by the Cottrell-Bilby relation they derive relations for

the change in AH' VA and (L\E/E)I as a function of the

I’

time, t, after deformation. The relationships given by

Granato et al. for the change in the damping and modulus are

DL(t) -8 () u A, (1 +42/3)"" (1V=6)

( BE/E)(t) = ( AE/E) (o) = -( AE/E), (1+4t%/3)=2 (1v-7)

0

~where

Ag = 8,(0) = A (00),

(Iv-8)
(mz/xs)R = (GE/E)I(O) - ( AE/E) (°¢),

and theAquantities_ AT’ ( AE/E)I are as previously defined

(Eqs. I-2, I=3). The recovery parameter 4 is given by

B= (NETe, L, /b%) . (Wb / x1)?/3 (1v-9)

where W = binding energy of the defect to the dislocation,

D = diffusion constant for the pinning defect, and c, =



atomic fraction of pinning defects in £he lattice. The
subscript zero on the loop length L denotes the value
immediately after deformation. Granato et al. have been
able to account satisfa@torily fof‘d number of previous
observations using thesevrelations, and other invéstiga-

65,67,74,99

tors have also observed the predicted time de=
pendence of one or more of the quahtities [Xi. ( AE/E)I
and ‘SH' v | |
Only '-AI and ( AE/E)I ‘have been measured in»this ,
investigation and then only under rather limited condi-
vtions. The present meagureménts are not ideally'suited for
comparison with the theory since 1) medsurémenfs‘could not
be made immediately after mounting or transfer, and 2) the
deformation itself is not necessarily uniform from specimeh
) to‘specimen. Nevertheless, we have attempted to analyse
the measurements reported here using the Granato-Hikata
model, and a summary of the results is given in Table II.
As can be seen in Figs. 20 and 21, the fits are
réasonably good. A variety of other functional forms were
tried in an attempt to Eharacterize the time dependence of
AI' These included e’t", (1+ 4 t™)™™ and simpler power
laws, with n = 1/2, 2/3,_1, 2 andm= 2, 3, 4, 5. Neither
the power law nor the exponential forms gave a satisfactory,

fit to the experimental data. The form (1 +§tn)-m was

considerably better,:and the best fits were obtained for
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n=2/3’m=lio

By determining AR' ( OE/E) 5 and ¢, at wvarious

0
temperatures it should be possible to derive wvalues of the
diffusion coefficient, D, for the pinning defect and hcnce
to estimate the activation energy for migration of this do-
fect. Granato et al. have analysed the modulus data of
Smithloo on copper and obtained 1.0 eV for thc migration
energy, which they associate with that of a monovacancy in
copper. We cannot, howevcr, determine an activation encrygy
from the present measurements since ;? is proportional to
co, the bulk defect concéntration and Co in turn, is rola-~
ted to the amount of deformation received which is not no-
cessarily the same in each case. The migration energy of
monovacancies in silver, 0.82 eV, as determined by quench-

87

ing measurements sy would require that the ratio

5333°K /¢?293;K be ~ 13, whe;eas the obsoerved ratio is of

the order of 2. Thus, <o in the two cases would have to

~vary by a factor of 7, which seems somewhat unreasonable,

considering the small range of ;3 for all measurements. An
activation energy of 0.2 =~ 0.4 eV would appear to be much
more in line with the observed temperature dependence Qf ;9-

The values of .A. and Lo_required in Eqs. I-2 and
I-3 to account for the observed magnitude of Z}R and

( AE/E)R are reasonable when we realize that only a rela-

tively small fraction of the volume of the crystal near the

PR VP
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knife édges is involved. This is appafent from the fact
that'thé magnitude of the recovery is mearly as large after
fransfef as after mounting. From Table II we seevthat Lo
is of the order (3 x _10"1f cm) of the expected network length

L This is to be expected since no matter how large a loop

N.
is generated by the deformation, the mean length between
jogs produced by intersection with the existing network will
determine Lo.' The loop length would not be expected to be

appreciably reduced by a random distribution of available

pinning points. The impurity concentration is ~10‘6 and for

an estimated 1=-2% deformation the point defect concentration

9, 87 is ndt expected to be much.larger; Even if

introduced
~the total concentfation is as high as\lQ-S? the loop length .
determined by a random distribution is an order of magni-
tude larger than’Lo.

If we assume ohly'z%.of the total volume of the
crystal is affected by deformation at the knife édges, then
the density of fresh dislocations near the knife edges would
be approximately fifty times the value (~6 x 10°) given in
Table II, or 3 x 107 / cm®. An increase in dislocation

94 for the

‘density.of this order is about that expected
estimated 1-2% deformation at the knife edges.

If we take Co as 10-6, W as 0.2 eV, and assume
D = b° Vv, € “Em At , where ‘DD is the Debye frequency

1 " .
(~10 3 / sec), then, using the values of ﬁ and L, given in

0

I
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Table II, solving IV-=9 for E,, yields values of EM ranging

7

M

from 1.0 - 1.2 eV, while for c = 10°

0.9 - 1.1 eV. Thus the magnitude of ;9 is clearly not con-

we obtain EM =

sistent with an energy of migration for the pinning defect
of 0,2 - 0.4 eV. The results here are inconclusive. Al-
though the temperature dependence would indicate that, in

silver, faster moving defects, such as interstitials or di-

‘vacancies® may be involved ‘in the piming, the magnitude ofjﬁ

is not in agreement with this view, 'Before any interpret-
ation can be made measurements would have to be made immede-

ately after deformation (to provide a more stringent test of

- the model) over this same temperature range. In addition,

the deformation should be of .a reasonably reproducible ﬁuture.
No changes are observed in AQI or f after mounting

specimens containing 40 ppm 02, and, of more significance,

no change is observed on transf{er. This would then indicate

that no changes in the dislocation structure are introduced

by mounting or transfer or, alternativeiy, that the damping

associated with any changes is recovered quite rapidly

(€10 min.). In either case the observations provide fairly

direct evidence that oxygen is effective in restricting the

motion of dislocations.

*The migration energy of divacancies in silver is estimated
to be 0.57 eV from quenching experiments %/, while inter-
stitials are presumed to migrate with a somewhat lower
(0.1 - 0.3 eV)Q’w’uenergy.

.
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"B. INTERNAL FRICTION AT LOW TEMPERATURES

vAlthough our ihtended pufpose was to measure the

internaivfrictidn of annealed gingle crystals of silver be-
tween %4.2° and 300°K, the results definitely show that
'despite great care in handling, permanenf changes in the
dislocation structure of the annealed specimens Qouldvnot
be avoided. This is apparent from the observation that the
decrement increases 6n transfer and does not fully recover.
Moreo%er,_as'will Se seen, the damping behavior at low tcm-
peratures shows a much greater similarity:to that of lightly
defdrmed fececC, metalq‘than.to the behavior of well annealéd
Crystdls. Although a cer£ain amounﬁ of handling damage was
_expected during mounting, the magnitude of the increase in (-
A on transfer was somewhat‘surprisihg and points out the
difficulty in making measurements on well-annealed crystals
of high purity at low temperatures.

| No measurements at low temperatdres 6n annealed or
lightly deformed Ag single crystals have been reported with
'which the present fesults can be compared. All prévious |
work has been carried out on fairly heavily deformed silver
of substantially lower purity, mostly on polycrystalline.
specimens. However, pertinent measurements have been made
on copper, for which quite extensive low témperature data
are avéilable, and the rgsults obiained on copper will, thore-

fore, be used as a basis of comparison. TR

The experimental observations reported here (Figs.
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16-21) indicate that the internal friction of 6-9's Ag at
low temperatures can be characterized by: 1) A spectrum of
diséréte relaxation processes below 120°K (the evidence for
this is based mainly on the modulus data--see Fig. 20);

2) a series of broad peaks between 120°K and 300°*K, and

3) a relatively high 'background' internal friction on
which 1) and 2) are superimposed. This 'background' rises
fairly rapidly between 40°K and 100°K, reaches é Broad
maximum and decreases with temperature from ibO’~300°K.

In the discussion to follow we will consiaer first
the structure observed in the modulus and decrement of sil-
ver, which we believe to be aésociated with the various de-~
formation produced peaks reported by other invegtigators.
The discussion is limited primarily to a comparison with the
results of other experiments,; since neither the effect of
varying amounts of deformation on the 'peaks' nor their
frequency dependence was in;estigated.

The 'background' which accounts for the majority of
the observed internal friction will be considered next. As
will be seen, it appears that this contribution to the in-
ternal friction can be explained in terms of the lateral
displacement of built-in dislocation kinks as treated by
Southgate and Attardloa. In the third section the results
of the measurements of the amplitude dependence of the in-

ternal friction are discussed in terms of the interpretations
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made for the léw amplitude. behavior,

In the fourth and final section we will discuss the
effect of interstitial oxygen on the internal friction of
6-9's silver and in addition consider the possible mecha-
nisms by which oxygen gives rise to those additional fea-
tures observed in the internal friétion'which are not
present in oxygennftee silver.,

1. Structure at. Low Températures. Deformation-

produced,relaxétion peaks in the temperature range between -
‘4°K and rbo@ temperature were first obéerved by'Bordoniv2
in copper, silver, lead and aluminum. A great man& experi-
mental iﬁvestigations have sincé'been c#rried'oﬁt on these
peaks, mainly in Cu. No attempt will be made here tofdé-

scribe the experimental detail relating to these peaks. For

these details the reader is referred to comprehensive re-
o 10

views by Niblett and Wilksl®, and SackZ®® and to a number of
. papers presented at the recent Internationai Conference on
Lattice Defects in-Tokyo.'

However, the principal experimental observations
may be summarizgd as follows: The Bordoni peak is observed
in both deformed polycrystals and single crystals And does
not anneal.out until relatively high temperatures (700°K in
copper). In addition to the main peak at~ 80°K in copper,

a subsidiary peak (the Niblett=Wilks peak)yis observed at

~40°K at a frequency of 40KC. Both peaks are about four
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times as wide as would be expected foria single relaxation
process. For rélatively large deformations (10%) the backe
ground is very low from 4° to 300°K. However, observations 
on copperloB' 104 indicate that in lightly deformed material
these peaks are nearly obscured because they are superim-
posed on a relatively larger background damping. This backe-
ground increases raéidly with temperature in the wvicinity
of the peaks, réaches a plafeau, aﬁd then, in some casos,
continues to increase and, in others, decrease with tcmper-
ature up to 300°K. In annealed specimens, on the other
hand, the démping is usually considerably lower and rises
monotonically with femperature, the general trend being

- concave upwards. The peaks are reduced by the addition of
impurities but not neériy to as large an extent as the
background.

Relatively few measurements, all corresponding to
fairly large deformations and all on material of nominal
99.99% purity, have been made on silver. Bordoni and co-
workers72 have investigated the damping in deformed poly-
crystals at frequencies between 10 KC and 1 MC. The meas-

73

urements of Okuda were made at about 1 cps on polycrystal=-

line wires deformed at liquid helium temperatures, while

74

those of Stern were made at 15 MC and 65 MC on single
crystals, DBordoni et al. and Stern observed only a single

peak, somewhat wider than the corresponding‘Bordoni peak in

&
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copper, while Okuda observed two peaks after deformation at

4.2‘Krwhich,'however,vwere not resolvable after a_prolongod

room temperature anneal. The results of all these measuro-—
| ) . )

monts, from which an activation energy of 0.098 cv, and a

73

frequency factor of 6x101l have been derived ,'would leoad
us.to expect the Bordoni peak at 25 kc¢ at about 75°K. Sq?~
eral irregularities in the damping and corresponding modulus
defeéts have gctually been observed near this temperaturce in
6-9's Age. Invaddifion, a rather broad peak at about 75°K

is found in the O2 saturated specimen which may correspond
to the main Bordoni peak,

The present results on silver below 120°K éxhibit
many features in common with the observations made by
Thompson athHolmes;og on single crystals of copper
(99.999%). Thompson and Holmes have found four distinct
éteps in the modulus-temperaﬁure curve for an "annealed"
sample énd seven such steps in a lightly (3.25%) deformecd
sampleg-corresponding irregularities or peaks supecrimposed
on a sharply rising background were also observed. They an=
alysed their results in some detail by assuming that each
modulus step corresponds to a single relaxatioﬁ process. DBy
‘malking the further assumption that the same éttempt fre-
quency applies for each procéss, Thompson and Holmes were

able to calculate a relaxation spectrum from the usual

relation (Zenerl).
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A = TTOE/E)wT/' (1 +@D?), (IV=10)

The resulting sum of the individual relaxations was found
to give a reasonable fit to the observed shape of the
Bordoni peak in deformed polycrystalline copper. Thompson
and Holmes have suggested that the separate relaxations may
each correspond to a different'possible dislocation config-
‘uratién,_i.e., to pure edge, purescrew, and the wvarious
mixed dislocations possible in an f.c.c. lattice. They have
made tentative assignments based on arguments concerning the
relative strength of the vdrious components. Although we
do not feel that the present measurements are preéise enough
to justify such a detaiied analysis, the existence of at
least five separate relaxations at 22’, 4o, 62°._72°, 92°K
(see Table III) séems to be’'indicated, These may correspond
to heretofore unobserved structure of the Bordoni pealk in
silver, although this cannot be concluded with cértainty on
the basis of the present measurements. Further méasurements
of A , includiné closely spaced modulus measurements, on
samples which have been deliberately deformed in a controlled
manner might resolve this questioh.

Although the 'relaxations' appear grouped near 75°K,
where at the measurement frequency we would expéct to find

the Bordoni peak, the component at about 42°K is a much more

B SR IR
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' peféistent feature of the internal f;iétion of silver. In
the_measurements on 6-9's silver containing‘vho ppm 02, the
peak at L42°K is much more prbminent than the broad peak
observed at 75?K,_whi1e.in the 1% Mg alloy this pealk is
clearly resoived'onva'well defined background (see Fig. 41),
whereas no peak isvévident near.75°K. This behavior is just
opposite to thét observed in copper, in which low tempera-

103

ture annealiﬁg- , the addition of impuritiesgg, and irra-
diationlog all reducé the height of Niblett-Wilks peak withv
respect to the hain Bordoni peak. ' .

If we assume that the peak at &29K arises from a
single requation‘process, the activatidnvenergy>can be.
estimated from the peak width, W, at half maximum using thé

r-elationl

W= (1/Tl‘- 1/T,) =.2.63 k/H 0 (Iv-1ld

where‘Hbis the activation.energy and k is Boltzmann's con-
~stant. The value of the activation energy pbtainéd'is
0,05 eV = 0,01 eV, which is of the same order (0.045 eV) as
that quoted’> for the Niblett-Wilks peak (at about 40°K) in
copper.

As menti@ned previously,‘ORuda73 has observed two
peaks in deformed polycrystalline éiiver at about 0.8 cps.

We would expect to find the 42°K peak observed here at 23°K
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at 0.8 cps, if H = 0.05 eV, and Okuda's data do indeed

show an indication of a bulge at -about this temperaturec.
Immediately after deformation (16%) at 4.2°K, Olkuda found a
single‘peak at 37°K which decreased initially in height on
room temperature annealing (40 hours) while a second peak
appeared at 50°K. .On prolonged (112 déys) annealing at

room temperaturé both peaks are observed to grow. Neither
peak is shifted in temperature during annealing; In similar

73

experiments on copper deformed at 4.2°K by Okuda and also
Bruner and Mecslos, the Niblett-Wilks peak (21°K) dccfcases
continuously with§u£ shifting while the Dordoni peoak (L6°K)
first decreaseé_and theﬁ ihcreases and shifts to higher
temperatures. Thisvdifferenée in annealing behavior might

be explained if we assume that the main Bordoni peak in |
copper actually consists of two unresolved peaks which ex-
hibit an annealing behavior §imilar to the two peaks observed
by Okuda in éilver.

From the present observation of a peak at 42°K and
the results of Okuda's measurements, the existence of at
least three separate relaxation peaks in silver in the tem-
perature range of the Bordoni peak seems well established.
The results obtained here also indicate that an even larger
number of discrete relaxations might be involved. The obf.

servations of Thompson and Holmes and the observed annealing

behavior of the main Bordoni peak in copper would indicate
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that the'aame is also true of cOpper.“It would appear : , e
then that aftempts to explain the width of the Bordoni peak
ahd shifts of peak temperature with annealing or alloying
solely in terms of a broadened or changing distribution of
relaxation times is mnot justified. It would also appear
hasty at tﬁe present time tb_exclude the possibility that
the oﬁserved multiplicity érises from two or more dissimilar
mechanisms involving intrinsic dislocation properties.

Although thé resolution is somewhat poorer at higher
temperatureﬁ because of the observed (£3%) irregularity in
the damping measurements,; the existence of three or possibly
four relatively broadipéaks seems to be indicated'af 1309,
170°, 205°, and 250°K, all =+ 10°K (see Figs. 16 aﬁd 18). A
somewhét similar set of peaks has been observed at l&&‘,
153°, and 204°K by‘Papazian59 at about 2 cps inv6-9's‘silvqr‘
single crystals strained 2% at room temperatufe. Hasiguti27
has alsg reported a set of peaks at 1 KC in cold-rolled
polycrystalline silver (99.99%) at 173°, 200°, and 245°K,
with activation energies of 0.2240,02, 0.37 £0.04, and
0.46 £ 0.05 eV, respectively, which he has attributed to
point defect dislocation interaction528. Because of un-
certainties in the aétifatioh énergies and peak temperatures
it is not possible to decide whether there is any correspon-

dence between the peaks found in the present experiments and

those seen by?Papazian or Hasiguti. However, the peaks
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observed here as well as those reported by Papazian scem to
be relatively staﬁle with respect to room temperéture an-
nealing, while those observed by Hasiguti disappeared after
one day at room temperature; this behavior could possibly
be related to differences in the purity of the silver

employed in the various experiments.

2.'Background' Internal Friction. The 'background'

in 6-9's silver represents the majority of the damping ob-
served Eelow 200°K, Estimates baséa on the magnitude of theo
observed modulus stebs (see Table III) indicate that the
more or less discrete relaxations obser&ed‘between k.2°K
and 120°K can account for at most 16-15% of the damping.
Thompson and Holmeslo[i have attributed the 'Background'
which in most of their specimens continues to increase with
temperatﬁré above 120°K to the ZXI of the Granato-Licke
theory. In their treatment the temperaturg dependence of
ZSI arises from the increase of dislocation loop length
with temperature. But, as they point out, this explanation
would not seem to be valid for specimens for which A de-
creases with increasing temperature. At present this de-
creasing type of 'background' has not been satisfactorily
explained, In the discussion to follow we will attempt to
show that the 'background' contribution to the internai
friction arises from the motion of dislocations, and in

particular from the lateral motion of built-in kinks.
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Thei earliest. model used:to describe the: motion of
dislocations under very small oscillating stresses involved

: i o
- treating. a dislocation as an extensible'string. This analo=-

gy was first proposed. by Koehler3?‘and‘subsequentlyvdevel-

voped:by«Granato‘and-Lﬁcke?gwaThéiequatfon_oﬂ motion of a

.dislocation-in the KGL model is '~ = ...

D e
AT

i

e PR e S
7_*5%% -c‘—i—,‘% "ﬂ“‘b o C (IV-12)

h)'

where' A is - the effective mass per unit 1ength of-disiocatioh,"
B.is;aqdamping'coefficient, and C ‘is .the line tension.
wGranato,and-Lﬁcké.ﬁhow that for. a reasonable range of .

values. of: B. the. dislocation motion is'overdamped, and the
;inentialaterm,ianq.°IV-lz_can;beuneglected.

oo For the boundary. conditions appropriate to a dis-

location of length L, the KGL model leads to

- 1/Q = AAT =QAAOL2/#‘ [wr/ 1+ wz‘,);,zj o (IV-13)
and, |
BE/E = QAALY/ [1 /1 +w 2] . (IV=1h)

‘where

.

~=12B/7 ¢ | (IV-15)
and the other symbols are as previously defined (see Page 7).
For w<< {/1" Eqs.. IV=13 and IV-14 are identical with the. pre-

s

vious expressions (Eqs. I-2 and I-3) when the factors 5!
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and 3! re#ul£ing from an éxponential distribution of loop
lengths are taken into account.

While the extensible string analogy might be ex-
pected to provide a reasonable model of the actual motion
of dislocations at high temperatures, the periodic nature
" of the lattice in which dislocations exist must be taken into
account at low temperatures, If we then_coﬁsider that dis—‘
locations lie preferentially in poﬁential wells defincd'by
the close-packed directions in the glide plane, then their
motion in the glide plane will consist of the latefal
motion of kinks which pass over the Peierls barrier from
one potential trough to the next. As mentioned in the in-
tfoduction, the relation between kink motion and intermal
friction has been considered by a number‘of authors. In
particular Seeger, Donth, and Pfaffzo have proposed that
the thermal generatiOn of kink pairs in loops lying ertirely
in the close-packed direction is responsible for the Bordoﬁi
peak, while Seeger and_Schiller22 and Brailsford25 have .
treated the motion of intrinsic or built-in kinks in loops
which lie at an angle to the close-packed direction. In
what follows we will considexr only dislocations which contain
intrinsic kinks and will not expressly consider the thermal
generation of kinks.

Although it is not obvious that a treatment bf the

motion of dislocations in terms of the lateral motion of
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iﬁtrinsic kinks will lead to the same form for the internal
friction as thé KGL model, Southgate and Attardloz have
shown that botﬂ the theory of Seeger and Schiller and:that
of Brailsférd can lead to an equation of motionvfor the
dislocation of the same férm as Eq. IV-12. In both cases
the inertial'term can be neglected for frequencies in the
kilocycle range, and we are thus led to Egs. IV-1l3 aﬁd
IV-14 for the internal friction and associated modulus de=-
fect. Thus ihe motion of a disldcationiby tﬁe lateral dis-
placement of intrinsic kinks caﬂ be described at least
formally, in terms of the motion of an extenSiblé‘string.
The actual physical interpretations given the damping co-
efficieﬁ£ B and the effective line tension C in the three
models ére considerably different. As we shall see below,
these differences result in a‘considrable‘change in the pre-
dicted temperature dependence of the internal frictien and
modulus defect. |

In the KGL model the line tension arises from the
stress~-field energy per unit length éf thé straight dis-
location, while the damping coefficient, which in Eq. IV-12
is the damping per unit length of dislocation, arises from
the scattering of thermal phonons by the m§ving dislocation
line. In the model of Seeger and Schiller the line tension

arises solely from the mutual inverse~square law repulsion

of the kinks. The effective damping, which is again assumed
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to arise from the scattering of thermai phonons, is 1argef
; )

than in the KGL model due to the higher velocity attainocd
by the kinks for the same overall motion of the line. In
contrast‘to’Seeger and Schiller, Brailsford considers kinks
to be abrupt and their lateral motion as thermally activated.
The kinks ha%e é mobility'/4 and a diffusion constant D. In
the original treatment Brailsford did not consider the
changes in the total elastic enefgy of the dislocation with
kink redistribution. However, the model leads to an cffect-
ivé line tension drising from pressure on the kinks due to
concentration gradienté (or more precisely due to grddients
in chemical potential). The damping coeffibient Tfor the
dislocation is simply inversely proportibnél to thevkink
mobility. |

In the table below the appropriate values of B and C

e models is given in terms of the

4

in Eq. IV-12 for each of th
lattice plaﬁe spacing a, the kink dénsity Py the.diffusioﬁ
constant D, the mobility u , the daﬁping coefficient per
unit length of dislocation afisingvfrom phonon scattering
Brs

a straight dislocation C

the line tension arising from the stress field energy of

0’ and the line tension arising from

the interaction of the stress fields of the‘kinks.cl,

KGL Seeger and Schiller Brailsford
\ o
5 2

C C, o Cy D Juapg,
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The stress field of a kinked dislocation is quite
complicated but as a rough approximation to its energy we
may take the sum of the energy of a straight dislocation
passing through the end points and add to this the inter-
action energy of the kinks. The effective line tension is

then C = C. + C which is probably somewhat of an over-

0 1’

estimate. From Foreman92 for an isotropic crystal

co'= (sz / 4T (- 2v) (1 =) in(R/¥) for an edge dis-
location and (sz'/ 41r) (1 +9) (1 -3) 1a(R/r) for a scrow
while from Southgate and Attarat©? Cl = (Gb2 / 4m) (1 - 2v)

(1 =v) (lnpoL + ¥ ) for screw kinks on an edge dislocation
and (Gb2 / L) (1 +v) (1 -9) (1lnp L +¥ ) for edge kinks on
a screw dislocation. Thus

lh(poL) +Y

c. /C. = ' IV-16"
1 0 In(R /y)

_for both edges aﬁd screws where ¥ is Lulers constant and
the other symbols are as previously defined. For R /r= 10&,
apg, = 3x10"2 and L = 3x103a the ratio C1 / CO = 1/2, Fof a
kinked dislocation in silver then we need to muliiply the
values qudted previously (p. 93) for the line tension by a
factor of about 1.5. |

For frequencies in the kilocycle range and loop
lengths of ~10-4cm both the KGL theory and the theory of
Seeger and Schiller as presented here will lead to values of

7 (Eq. IV-15) at room temperature, which are small compared
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to 1 /w, so that the intermal friction would be expected to
increase monotonically with temperature from 4°K to 300°K.
If we assume then that the lateral motion of kinks is

thermally activated with a diffusion coefficient of the form

D =D e-.H/kT

o (IV-17)

and assume the validity of the Einstein relation D=/4kT'
then at temperatures below the maximum for which wiT>> 1

we would expect an internal friction from Eq. IV-13 of

-H / kT

A= (8 L AGp®p a’p) /T w kD) e . (IV-18)

0o

This is indépendent of bqth the loop length L and the
effective line tension C. From Eq. IV-18 we sce that a plot
of 1In(T-4) vs.-l/T should yield a straight line whose slope
is equal to H/k. Such plots have been made for the avail-
able low temperature data (Fig. 19) for\which the results
are shown in Fig. 36.

From about“40°K up to the maximum or shoulder ex-
hibited by the internal friction the data fits a straight
line with a slope corresponding to an activation energy of
H = 0.020 eV for each of the runs of Fig. 19. DBelow 40°K
the internal friction decreaées much less rapidly than
Eq. IV-18 would indicgte‘and remains substantially above
apparatus background even at températures as low as 4°K.

llowever, if the activation energy for kink motion is as small
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as 0.02 eV, the zero poinf oscillations of the kinks thom-
selves could giye rise to an appreciable mobility indepon-
~dent of’temperature.  The classical result (Eq. IV-18)
should apply to a temperature of approximately hﬂk / k
where Dk is the kink vibrational frequency. Although
fairly localizaead, a kink would be expected to have a vibra-
tional ffequency somewhat lower than thé Debye fréquency,
so that a departure at ~40°K (which for silver is about one
fifth of the Debye temperature)’is_not at all unreasonable.

The shift of thé pésition of the maximum‘yith rooin
temperaturé annealig is c§nsiderable. A two-month anneal
resulted in a shift of the maximum from 104°K to G68°K. We
can make use of thi§ largé temperature shift to obtain aﬁ
independent check on the activation energy through applie-
cation of the model to the data of Fig. 36.

While we would normally expect_roo@ temperature
annealing to result only in é reduction of the loop lemngth,
L, through pinning, in silver of the purity used here somo
rearrangement can take place in times of the order of months.
While we do not expect any appreciable change in A. , the
average value of .<apo>> might change considerably.

| From Eq. IV=18 the internal friction at low tempe=~
ratures (below the maximum) is aALf”<ap0> while the in-

ternal friction at the maximum is IAM'*<épo>-°L2. At the

we have

temperature of the maximum internal friction, TM‘

. . . . 4= . - - [y S A ) . i g
oy r o w, meMaWERA ., T At NP B T . T B e e NEETL e AR 4w e
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/W= T~121T eH/kIM. Using the indices (1) and (2) to
| - Zapo M |
denote the runs corresponding respectively to one day and
two months annealing at room temperature, we obtain the
following relation
Ay A2 1)/ A2 AS () T (2)
1[4, (1) A (2) T,(1) /7 Ay A7) Ty (2)] =
- - (IV-19)
H / k) Ll / Ty(2) -1/ TM(llj
Substituting the appropriate values from Fig. 36 we obtain
H = 0,018 eV. This is in very good agreement with the value
0.020 eV derived from the low temperature slopes.

We can now consider the magnitude of the internal
friction and the relaxation time to see if these load to
reasonable values of the parameters involved, namely_/L, L,
apg and DO. For the lower curve of Figs., 19 and 36, setting

a = %Y3'b, using the values given on P. 93 for the known

parameters and the value Il = 0.02 eV, Eq. IV-18 yields
J\D0<hpo>= 95 uac-l, (1V=-20)

where ail quantities are in cgs units.

For the concept of a kink density to make sense, we
must have ap025>a./ L, while the approximations made in ob=-
taining the above expressions (heglect of second order terms
.in'p) reqﬁire apo<<%, which‘is the maximum for an f.c.c.
lattice. Thus for typicai’values (10~“cm) of L encountered
we require %>>apo>>33i0;40 Eq. IV-20 assumes all dislocations

contribute to the relaxation with ap, = sin® = constant.
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The only reasonable assumption we can make concerning © is
2

that it is random. Thus <apo> = -_%:.(l - COS8 QM) A @M .

If kinks are not strnctly abrupt but have a width w, then

presumably dislocations for which sin® > a/w will behave

as strings rather than kink chainslllf. Thus the integra-

tion should be terminated at GM = a/w, and IV-20 becomes

-/\-(a/w)2 DO = 95, If we take /Al = lO? and estimate Dox:'Dkb

whefe (a/w)\)< ‘9 < v p? we flnd 19a> w > 7a.  Thus we seec that

2

only ~10 per cent of the total ‘dislocation denslty is offect-

‘ive in contributing to the internd frictiom, if wo talo G,,:lQ-l

Py

From Eq. IV-13 the magnitude of the 1nternal friction

at the peak is, again integrating over 6 ,
| 2 p .2
Dyax = 1?4 L /Tr3 c, (IV-21)
‘where 'A'E = 8./L<ap0> .
' "Before making numerical estimates from Eq. IV-21, wo

need to consider to what extgnt the line tension C arising

from the stress field is increased by the kink gradient

pressure term D //J a2 Py in silver. Taking <apo> = 10 -

a = %Pb, and maklng use of the Einstein relation D :.-/u kT,
we find D //u a p0 = 4,78 x 107 -7 T(°K) ergs / cm. For the
lower curve of Figs, 19 and 360, the‘ contribution at the peak
vtemperature' (68°K) would be 0.33 x 10—1* erg / cm, compared‘
to a contfibutidn of 2.2 x lO-Ik érg_/ cm arising from the
stress fleld of a kinked 60° dislocation. Usiﬁg the value

-4
2 5 x 10" " _erg / cm for the total effective line tension at

o



=119~

68°K, A = 3.95 x 10—3. A= 107,‘and the values given on

MAX
p. 93 for the other constants, Eq. IV-21 yields a value for
the loop length of L = 1.6 x lO'%yn This is about one-half
the network length, L., expected for these specimens and
seems consistent with the known purity and the fact that the

specimen has been held for a considerable time (~two months)

at room temperature.

Thus far we have assumed a delta function distribution
of loop lengths. If instéad we assume the loop lengths are
distributed exponentially, the only modification to the dis-
cussion so far will be that the average loop length derived
from IV-21 will be a factor of 2.1 smaller90. The inﬁofnal’
friction is independent of the iéop lengtﬁvdistribution bo-~
low the maximum. A distribution of loop lengths will, however,
lead to a considerable broadent:r of the maximum. At 300°K,
for the lower curve of Fig. 19, the model predicts an internail
friction of 1.0 x 1073 for a delta function distribution and
a value 6.0 x lO"2 for an exponential distribut;on. A direct
comparison with the measured value (2.7 x 10-3) of the inter-~
nal friction (Fig. 18) is not meaningful for a number of reasons.

First of all, the peak at about 250°K will make an
ﬁnknown'contribution to the internal friction aﬁ 300°K. Sec-
ondly, we expect a contribution to the internal friction from
vthe scattering of thermal phonons. Using the values éf the

parameters derived above for an exponential loop length dis-

tribution and the value B = BT / <apd> y this contribution
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to the internal friction is 8.6 x 1072 at 300°K.

A third objéction to using this model at higher
temperatures‘is the fact that we have not considered the
effect of thermally gencrated kink pairs on the motion of
the dislocation line. If #e assume the losses associated
with the thermal‘géneration of kink pairs reabﬂ a maximum
at the temperature of the-Bordoni peakzo, then at 300°K
thermal kinks cén be generated in phase with the applied
stress. We can foughly take this into account formally'by
replacing the average kink density, Pg? with an effective
densiiy, which increases.with temperature. Finally, if the
barriér to kihk motion is as small aé 0.02 eV; then at
foom temperature it is comparable to kT, énd it is no longer
clear how to calculate the kink mobilityll9.

' In determinations of B in the KGL model from internal

10, 20 at room temperature, the value

friction-meésurcments
of B is invariably sﬁbstantiélly largé: than Leibfried's
féfmula (Eq.'IV-S) would indicate. Since at sufficiently
high temperatures we expect‘the mobility to be determined
primafily by phonon scattering, and an effective value of
{apy? = a/w = 10™1, this may be due to the effect of
kinks. However, the fact that the intermnal friction is
found to decrease up to 500°K in the present experiments

~would indicate that at room temperature the mobility is

determined primarily by the presence of a finite Peierls
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barrier for kink motion.

In summary, then,‘#e see that the thermally gctiva-
ted motion of intrinsic kinks can account very satisfacto=-
rily for the magnitude and temperature dependence of the
obsefved "background' 'internal friétion. -The model lcads
to an activation energy for kinl motion of 0.0Z#0.0CZ eV,
and accounts satisfactorily foi- the breadth of the maximum
as well as the large shift in the temperature of the maxi-

mum with room temperature annealing.

3. Strain Amplitude Dcpendence. We would now iiko
to discuss the observed amplitude depéndence (see Fig. 25)
at low temperatures (T<300°K). Three features of the amp=-
litude dependence should be moted: 1) All the curves sﬁow
a rise at low strain amplitudes, or, alfernately, a minie
mum in /\ as a function.of strain amplitudc; 2) A begins
to increase with increasing strain amplitude at very low
(~3 x 10-8) strain amplitudes even at 4.2°K; 3) an inflec=
tion is observed in some of the curves of A vs. €, at
about eO = 1 x 10-7.

The rise in A at low sirain amplitudes which is
accompanied by an increasc in modulus may possibly be evie
‘dence for the exhaustion of kink motion on dislocations

lying at small angles to close-packed directionslls"lIG.

This same effect has been observed over the entire tempe~

rature range (4.2°K = 1000°K) on all 6=9's silver specimens
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studied. A similar rise has been reported in other metals

53, 106, 107 at or abdve room

by several invéstigators
tempemture. At the present time any attempt at a quantita-
tive discussion would not seem justified;

>The'first detailed treatment of the‘amplitude depend-~
ent internal friction is tﬂat of Granato and Licke givén in
the introductiqn. As can be seen from Eq. I-4, a plot of
ln(é% . AH)vs. l/gb should yield,avstraight.line having a
| Such plots are ggncrally rd—

slope ¢, and an intercept ¢

1 2°
ferred to as Granato-Lucké plots. It is often observed that
:in high purity materials curved plots 6f.tﬁis type are ob-
t’ainedlpv especially at the lower strain amplitudes. IHow-
ever, the G-L plots which have been prepared from the stfain
amplitude data given in Fig. 25 (taking the amplitude inde~-
pendent component AI_equal to the mini&qm observed value

of thé decrément in each case) Are indeed good straight

lines up fo strain amplitudes of about 10-7 at all tempoera-

tures between 4.2°K and 300°K. (See Fig. 37.)

At approximately this same strain amplitude, some
of ‘the curves in Fig. 25 exhibit an inflection indicating a
marked change in the amplitude dependence. Further evidence
.for this change in ‘AH is apparat when we §onsider the ratio

ins defect (AE/E)H to A

of the amplitude dependeﬁgfmo, He

According to the Granato-Llicke-theory this ratio, ¥ , should
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be a comnstant of the order of unity. A plot of ('A);fl/l‘l)f,Ar

VS. <AH>is shown in Fié. 38 for the data at 4.2°K given

in Fig. 25. As can be seen in Fig. 38, (Ae/e); = 0.64 AH
initially. However, at higher values of ZBH an.almost dis-
conﬁinuous departure from this linear ;elationship isvob-
served, which corresponds to the strain amplitude at which

4

g departs from the G-L relationship (eq I-4). A similar
result holds for the data at other temperatures. The valuo
of r determiﬁedvat each temperature is listed in Tablé V.

This suggests that there are two separate contri-
butions to the obsefved strain amplitude dependencc at low
temperatures. One of these contributions, i.e., that ob-~
served at the lower strain amplitudes, appears to be ade-
quately described by Eq. I-4 up to ampiitudes of the order
of 1077, Eq. I-4 would indicate that the intermnal friction
will reach a maximum a# 60 = C2 and decrease at higher
amplitudes as l/'éo. Experimentally it.would appear that
the internal friction reaches an amplitude-~independent
plateau at which AH =(C1/C2\e"l corresponding to the max-
imum value of Eq. I-4., This component, which has been

designated ZXH , has been subtracted from the total observed

1
amplitude~dependent decrement ‘AH’ and the difference, de=
noted by A, , has been replotted in Fig. 39 as 1ln €,4

2 O TH,
vs. 1/ €5+ Again the data fall on a reasonably straight

line, although the fit is somewhat poorer than that obtained
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at lower strain'amplitudés.» It thus abpears that both
coﬁtfibufions initially obey the Granato-Licke relation
(I-4),

The presence of two components can be interprected
in terms of two separéte systems of dislocations, each béing
characterized by different values of Lc, LN’ and Fm.

Studies9o’ 108

of irradiation pinning in copper single
‘crYStals also indicate that the irradiation data can bes
be accounted for by assuming two independent dislocation
systems are contributing to Zli, although in the present
case the possibility of a single system with both stroﬁg
and weak pins cannot be rﬁled out.

While the expefimental data appears to exhibit the = _
predicted dependence on strain amplitude, the magnitude of
the constant C2 determined from the experimental data is two
orders of magnitude smaller Fhan one would expect for rea-
sonaﬁle values of the parameters involved (Eq. I-6). Thus
mechanical breakaway from pinning points cannot account for
the oBserved amplitude depende?ce. In addition, from
Table V in which the values of"g

1 2

both amplitude dependent components are listed for each of

and ¢, corresponding to
the temperatures at which;measurements were made, it is
apparent that both AH and AH exhibit' ;haxima as a

! ‘ 2

function of the temperature. The Granato-Llicke theory as

outlined in the introduction does not take into account tho (”\
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fact that thermal energy may assist diglocations’in brealk-
ing away frém pinning points, nor does it allow for the
possibility that Lc may also be a function of the tempcra-
ture, i.0., that the number of pinning points may change
with temperature. While we do not expect the pinning point
distribution on the dislocations to change appreciably be-
low ~ 200°K, the effect of thermal forces on the depinning
process is expected to berlargess’ 56. The values of Cl
and C2 determined may then only represent curve fitting.
In this case C2 represents the strain amplitude at which
the internal friction reaches a ma#imum while the gquantity
0.368 Cl / C2 gives the magnitude at the.plateau.*

| The thermal oscillations of a pinned dislocation
have been considered by Leibfried55 to a limited exténf,
while Friedels7 has consideréd the effect of thermal break-
away on the amplitudé depen@ent internal friction; Leib-
fried's treatment is concerned primarily with the oscilla-
tions of the iine at zero applied stress, while Friedel's
treatment is only valid over a severely limited range of
both temperature and strain amplitude. Recently an attempt
has been made by Teutoﬁico, Granato and Lﬁck056 (TGL) to

include the effects of thermal activation in detail, but the

*

The separation of A, into two components would still secm
Jjustified, however, 'since the shape of some of the curves
as well as the relation between 4, and (AE/E)H indicate
two components are contributing. .
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Problem is quite complicated and has not yet been satis-

factorily resolved to the extent that a direct quantita-

tive comparison with experiment can be made. Their results

do, however, predict that a stress threshold for depinning
will still exist in the presence of thermal fluctuations.
In addition, the results of Teutonico et al. indicatc that
‘AH should go throughAa maximum as a function temperature
for a given stréih amplitude.

For a dislocation loop with a single pinning poiut
TGL calculéte the potential energy of the configurafion as
a function of the pin-~dislocation separation using a
linearized form of the Cottrell interactionlo9. ‘Thcy find
.that below a critiqal stress,Qﬁr, oﬁly a single enexrgy min~
imum corresponding to the pinned state exists, whiie aboye
a second critical stress, ETB,vagain only a single energy
ﬁinimum corresponding to the unpinned state eﬁists. At
intermediate stresses both minimums exist separated by an
energy maximum. For a loop of length 2L with a single pin-
ning point at the center, the mechanical breakaway stress,

which is the same as in the original G=L treatment, is

Ug = 2V2'U, /“3r°bL ; (zv-22)

where U0 is the magnitude of the pin~dislocation interac-

tion emnergy, and Ty is the distance of closest approach of

Fa
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the pinning point to the dislocation. The lowest stress at

which thermal breakaway is possible is giéen by

S =6 Cry / bL2, (IV-23)

~For typical values of L we see that this leads to a critical
strain amplitude &, = U, / RE. of the order of magnitudo
of the observed minimum.

The TGL treatment may also account for tho obscrved
minimum, since at stresscs lower than U\‘the disblaccment
of the dislocation line néar the pin is determined primarily
by the line tension, and the pinning point is leoss effoct~
ive in restricting the motion of the dislocation. Although
we expect that kinks will modify the fbrm of the inter=
action between the pinning poiﬁt and the dislocation, tho.
‘results of TGL will not bé appreciably changed as long
as the range and magnitude of the interaction is not great-
ly different than that given by the linearized Cottmll |
interaction.,.

The fact that appreciable amplitude dependénco iy
observed at 4.2°K wbuld, however, require that the kinks be
considered expressly in any rate calculations. This doecs
not completely rule out the interpretation placed on the
'background?! internal friction, since the majority of dis-
locations will make aﬁpreciable angles with the close-packed

direction. From the discussion in Section 2, the valuc of

e

Lo
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a/w"lohl‘derived from the 'background' insures that oven
. at low temperatures ~90 pef cent of the dislocations aro
mobile.

Let us assume then that dislocations which are mo-
bile at low temperatures give rise to the observed amplitude
dependencé through depinning. Since we have ruled ow the
possibility of mechanical breakaway, the temporature, |
amplitude, and'fréquency dependence will all be determined
by the rates at which thermai depinning and repinning occur.

110 |

In a subsequent paperxr Granato et al. calculato
the rate at which thermal depinning occurs using Vineyard’slll

treatment of absolute rate theory. They derive a rate con=

stant for depinning of

) : - AU/KT v ol
rj = veff e (1V~21)

where -AU*-U0 for stresses well bglow the mechanical brealk-

4 .
19

' \ _ i
away stress, and the ‘effective attack frequency veff

N /N ;- o
Vegre =1 Vi /T Yy ‘ (Iv-25)
i=l l=2. . ' v v

v : ‘
where the ~Di‘*ui are the eigenfrequencies of the crystal

R -t
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with the dislocation in the pinned and'saddle point con-
figurations, respectively. Granato et al. trecat the dis-
location as a continuum string and cut the numbgr of modcs
off at N = 2L/b. (It is assumed that the vibrational modcs
associated with the lattice cancel out in tho ratio taken
in IV-25.) By assuming the pin exertis a forcc on thc dis-
location at only oﬁe point, they are able td calculate the

’ 3
»i and ?i directly and evaluate

YV off" They £find vcf_f

is independent of L and depends only on the magnitude and
form of the interaction force. For the linearized Cottrell

interaction they find
2 P
veff = (U, / 8Cb“) Q/@ . (IV-26)

Contributions to the internal friction can arisc in
a number of ways with depinnihg: 1) A dynamic hysteresis
loss resulting from the phase lag between the dislocation
stréinvand the applied stress; 2) an enhancecment of other
loss processes through an increase in the effective loop
length at high strain amplitudes, and 3) a étatic hysteresis
loss. The third case can only arise if we exclude thc pos-
-sibility of simultaneous breakaway from two or more pinning
points and assume that breakaway from a single pinning point
results in the breakaway of the whole network longth. While

we cannot make quantitative comparison with experiment cven
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in the relatively simplé case of break5way from a singdio
pinning point, we would expect a éohtribution of type 1)
to reach a maximum: at a temperatufe for which w~ [' ., The
obserfation of a maximum in.thé amplitude dependence at
about 75°K and 105°K would imply (from Egs. IV-25, 20) that
.Uo was of the expected (0.leV) order of magnitude for a

pin-dislocation interaction®?,

Thusiwe seé that the TGL theory can account seni-
qﬁantitatively for a number of features of the observca
~amplitude depehdénge;}invparticular: The appearance of
amplifude dependence at very low amplitude; the felétively’.
small témperature.deﬁendgnce of thé aﬁplitude at which the
internal frictioﬁ“inéreases appreciably,-énd ﬁhe fact that
- the magnitude of.ZXH pésses through a peék at relat;vely low
températures. On the ofher hand, the tempefatures at which
the»two amplitude'dependent‘components appear to rcach a
maximum coinéide closely with temperatures at which there is
evidence of structure ét low amplitudes. The.possibility

that the observed amplitude dependence is indeed relatod to

processes résponsible for the structure can not be ruled out.

4, Influence of Oxygen. ihen we compare the in-

ternal friction of a crystal in the oxygen-free.condition
to that observed in the same crystal containing 40 ppm of
oxygen (Fig. 16), it is apparent that thev'backgrbund'

decrement has been reduced by necarly two orders of magnitude




-131-

to values less than 10-5. While this reduction is substan-
tially gfeater tﬂan that observad‘for considerably higher
concentrations of substifutional impurities, it can be un-
derstood simply on the basis of the higher mobility of
oxygen as compared té substitutional impurities;

On the basis of thermodynamic gquilibrium. Cottrollq
has shown that the atomic fraction of impurities at a dis-

location is given by

c c. o Yo / XT (IV-27)

d ® “o

where <o is the atomic fraction of impurities in the lattice

‘far from the dislocation, and U, is the impurity-dislocation

0
binding energy. This equation should applys for values of
Cq UP to saturation for which Cq = 1/2. In order to rcach

equilibrium with respect to the dislocation, the impurity

must diffuse distanées of the order of the spaﬁng between
dislocations in times of the order of days. At low tem-
peratures, then, the atomic fraction of impurities at a dislo-
cation will be characteristic of the temperature for which

the diffusion coefficient

D =0D e'H/kT

o (IV-28)

is of the order LN2 / 105 == lOml-3 cmz/sec. For oxygen

(D, = 3.66x1072, H = 0.50eV) this will be 240°K, while for

112

typical substitutional impurities in silver (D

::’Vl,

v 0
1 = 2.0eV) this will be ~720°K. If we take UO = 0.leV in

Lq. IV-27 for both oxygen and substitutional impuritios,
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_then, at low temperatures oxygen would result in 25 times
as many pinning points'as.an eqﬁal amount of substiﬁutionai
iinpurity. Taking.Uo = Q.zév (which we believe to be the
magnitude of the oxygen dislocation interaction) and assum-
ing equilibrium is reached at ~ 250°K, Eq. IV—g? yields

€q / €y = 104. Thus, at low temperatures 40 ppm 02 will

reduce the average loop length to values less than 10~7 cm.
On the basis of any of the models considered for the inter-
ﬁél friction this wiil be sufficient to account for.the
observed reduction.

The amplitude dependeﬁt internal friction for the
oxygen-saturated specimen (Fig. 28) is similariy reduced ih
magnitude, while the‘strain'dmplitude at which amplitude
dependence appears_ié a factor of 50 higher. The magnitude
of AH (taken at £he highest st'rain‘amplifcude of 10™7)
a?pears,to reach.a maximum between 120°K and 166°K. No-
amplitude dependence is obser;ed above about 220°K. .There
does not appear to be any‘evidence for two amplitude depen-
dent componénts. The observed behavior is qualitatively
what we ﬁould expect, on the basis of the TGL theory dis-
cussed above, for a ten-fold reduction in loop length if UO
is 0.2 eV. However, for a binding energy of 0.2 eV, we
eipebt that'the dislocations are nearly saturated with

oxygen so that the origin of this amplitude dependence is

not at all clear. The lack of amplitude dependence above
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220°Keliminates the possibility of obtaining information
on the oxygen-dislocétion binding.energy through the study
of amplitude dependence. h

The structure observed in the internal friction of
the oxygen-saturated specimen occurs generally in same tem-
perature ranges in which structure was apparent in the un=
saturated condition. It would appear that the structural
features are less sensitive to avreduction in the loop
length than the 'background' internal friction. This would
indicate that oxygen may prove of wvalue in re%ealing struc-
tural features obscured by a high ‘'background.’

59

Papazian has observed in measurements'on sagle
crystals at 2 cps three peaks which are definitely associ-
ated with the presence Qf oxygen in silver. These poaks are
found at 130°, 180°, and 260°K. The corresponding activa-
tion energies, derived from a Wert and Marx plot are 0.37%
0.04eV, 0.50%0.04keV, and 0.74£0.04eV respectively. Con-
sequently, these peaks, if present, shoﬁld be observed at
185°x10°K, 255’:10°K; and 370°%20°K in measurements at ~27
kc. The two lower temperature peaks which>both depend on
the square of the oxygen concentration, Papazian assigns to
the stress induced reorientation of oxygen-pairs.

From Papazian's data we can esfimate the peal heights
expected in a {111 érystal containing 40 ppm 0,. For the
130° and 189‘K peaks we would only expect heights of 5x10_6

and 2x10'-5 respectively. Thus, they may represent part of
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the structure observed here (Fig. 24) in this tempemturo
range. The upper peak which was found to be nearly inde-
pendent of the oxygeﬁ concentration ﬁay very well correspond
to fhe'peAk seen ét 365‘K in the present experiment. This
peak is‘clearly absenﬁ in fhe oxygen-free silver and consti-
tutes.the major feature of the damping observed in specimen
BQEV(Fig. 16) containing 40 ppm. 0,. From the shift in pecak
temperature with frequé;cy, making use.of Papazian's data,
and assumning a simple relaxafion,.we obtain a value of
0;7510.04eV for the activation energy associatea with this
peak.. We can also estiﬁatc the activation enefgy from the
half-width of the peak (Eq. IV-11) since it exhibits a
moduius defect compatible with a single relaxation of the
observed strength (ZXMAX'z 2.6x1072). From Eq. IV~lllwé
obtain an activation energy of 0,71%0.06eV from the half-
width which agrees closely with the value of 0.75%0.0keV
obtained from the temperature’shift° Papazian's observaiion
that the peak nearly disappears with deformation at 77°K and
reappears following.room temperaturé annealing would indicate
‘that the relaxation ariseé from the presence of oxygen at
_the dislocations and that this peak is due to an oxygenldis—
location interaction. | |

A model which leads to an intermal friction peal of
the relaxation type arising from the motién of dislocations

30

with impurity atmospheres has been proposed by Shoeck to




=135~

explain the cold-~work peak observed in most b.c.c. metals
containing interstitial impurities. Briefly, the model
assumes that dislocations are pinned along their length at
fixed points, (i.e., nodes or substitutional impurities)
with an average spacing LO, and that interstitial impurities,
with an average separation SL<<LO, further pin down the dis-
location to the extent that it'can move'only if the inter-~
stitials along its length diffuse with it. As we shall sec
below, the application of this model with some modification
to silver containing oxygen c@n explain the expérimental ob-
servations on the peak occurring here at 365*°K and lecads to a
value for the binding energy between oxygeh and a dislocation
in silver of 0.25%0,06eV,

We will consider a length of dislocation Lo‘pinned

at the points x = 0, L  and designate displacement normal

0

to the dislocation line by y. Each segment of this disloc-
ation of length §L will contain by definition one oxygen
atom. The force acting on such a segment §L, and thus on

the oxygen atom, under an applied stress will be

F = b+ §L - C(~ %{3 JSL (IV-29)

§L

2
The term C(=~ SX= ) arises from the fact that the dislocation
is pinned at x = O, LO and thus must bow between these points
resulting in a reaction force due to the curvature, i.e., in-~

creased length, of the dislocation. The velocity, v, of the

g
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oxygen atoms, and, therefore, of the dislocation, is de-
termined by the mobility of the okygen. Since the mobili-

ty, }4 y is defined as the velocity per unit force, we have

B UF -
Vo= i = MF¢p (IVv-30)
Thus, the equation of motion of the dislocation is

%% =,uSL (Sb + C'%E}i )e (IV-31)

We can rewrite Eq. IV-=31 as

6L, ’3'% - c "?x& = Tb (Iv-32)

which is the familiar string equation (Eq. IV=-12) with
‘B = 1/*48L. Assuming only one lowest energy site per
atomic plane threaded by the dislocation, §L, is related

" to the atomic fraction of oxygen at the dislocation by

&L: a/c

where a~b is the atqmic spacing along the dislocation line,.
Making use of the Einstein relation, M = D/kT, we have
B = chd / aD. I

| The solution to Eq. IV-32 is given by Eqs. IV-13, 14.

We can now characterize the rélaxation_by the parameters

Ax = 4Gb2,-ﬂ--fLL02 / T3 ¢ ' (IV=34) "

and

P



T = kT 2 / wr2peD (1v-35)

cq Lo
where 4 is the atomic fraction of oxygen at the dislocations)
D is the diffusion coefficient of the bound oxygen, and the

other symbols are as previously defined. The atomic fraction

of oxygen at the dislocations, ¢ is related to the atoniic

d!
fraction in the lattice far from the dislocations, Cqr by
Cottrell's relation

Ug / kT ' (1v=36)
cd=coe :
Where_UO is the binding energy between oxygen and the dis-
location. Eq. IV=36 should apply as long as cd<(l/2, and
equilibrium between dislocations and the surrounding lattice
can be maintained,; and should thus apply in the present case.

Before we can apply the theory, we need to know the

appropriate value of D for an oxygenvatom bound to a dis-

location. If we write
D = Dy e EM/KT L (Iv=37)

This requires specifying Do and EMD
In applying this theory td the CWP in b.c.c. metals,
30

Schoeck and Mondino take EM as the sum of the activation
energy for diffusion in the bulk and the binding enOfgy of
the interstitial to the dislocation. Accoxiing to Schoeck

and Mondino, this is due to geometry of the b.c.c. lattice,

which requires the interstitial to move out of the slip plane
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13

of the dislocation line in order to foilow’its motionl??,
In the f.é.c. silver lattice the interstitial can move
parallel to the slip plane, so tht EMchn be taken equal

to the activation energy for the migration of oxygen in the
bulk, since we have no a priori reason fér assuming other-
wise as long as the oxygen remains bound to the dislocation.

As regards D Schoeck and Mondino -take DO appropri=

o'
~ate to bulk diffusionvof the interstitial without comment.
In the case where the interstitial remains bound to the
dislocation, Fr_eidel5 has pointed out,in considering a
similar problem in relation to microcréep5£he effoctive
frequency at which the diffgsion barrier.is attackéd is that

appropriate to the dislocation rather than the interstitial.

He talkes the lowest frequency mode of dislocation,

, o _ A
bV, / §L = ¢V, | ‘ (Iv-38)

55 the effective frequency for which D, =VDO(inters£itial)Cd.
This wouid eliminate the factor Cd in Eq. IV-35, giving a
relaxation time independent of Cd; The dragging éf aﬁ inter-
stitial is essentialiy thersame problem as the breakaway of

the dislocation from its pinning point as treated.by Granato

et alllo. The difference i3 in the form of the potential at
the pinning point. Iﬁ the treatment of Granato et al. veff

is independent of the loop length, and depends only on tho force

constants, BzU / Bz”j., at the saddle.and equilibrium

configurations.
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The expression derived by Granato et al. for ‘chf

(Eq. 34, p. 2738) is

Vorsr = (s® vy / 10.8¢) ¥V (IV-39)

where § = = 32 U / ay2~at y = 0 (equilibrium configuration), |
and s = ratio of X; / X;: The subscr;pts e, s refer to the
equilibrium and saddle point configdfétions. Use of IV-39
with U = Emﬁ(l + cosRWy/b), as a simple approximation to the
~ diffusion barrier, yields vefo:»D' Since this form un-
doubtedly underestimates veff we will usovDO = DO (oxygen).
Inserting LEgs. IV-36 and IV=37 into Eq. IV-35 we sce thaf

the activation energy associated with the relaxation is

H=EL_, + U (IV-40)

M o°?

Assuming saturation does not take place.
F?r UO = 0.25 eV saturation will occur at 2060°K for

5¢ Ug can be found assuming saturation at 260°K with
cdvz'%, This is in agreement with Papazian's observation

that the pealt temperature is independent of the oxygen con-

40 ppm O

centration for 45 ~ 600 ppm 0,

From Eqs. IV-35, 36 we have, assuming JLl = JLZ‘

log(f2T2 Az / flTl Al) = (EM / k) (1/'1{‘l - 1/T2) -

log2cy - U, / KT, (IV-41)

o
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where the subscripts 1 and 2 refer to 260°K and 365°K res-

0

binding energy of oxygen to a dislocation.

~pectively. Eq. IV=41l then yields U, = 0.21 eV for the
However; there is a serious'objection to the use of

the model at such high interstitial concentrations, since

it does not take into account the effect of line tengion on:

‘the diffusion of a single interstitial. Consider the figurc

below.
) SL b d —> 110
o -~ . _ P _
e o =0 —0 —>
a SL v c

The circies répresent interstitials along a dislocatiqn
.with_an avéraggvspaéing SL = b/cdb .In an f.c.c. lattice
the closest packingvof intérstitials is along <1102 .

The presende of a high concentfation of interstitials will
then:lead t&,a‘situation some&hat analagous to a high
Peierls stress. If we treat the segments between pinning
.pointsvas a string, then the wotion of the line can be do-
séribed in tefms of the lateral diffusion of kink§ correépond~
ing to a jump a-3b. A jump of the type c;9d, corresponding
to kink pair genér_'ation9 will not lead to a relaxatién'ex—
cépt in the presénce of relatively iarge internal'or applied

23, 114, 115

stresses. Since above room temperature we arc

dealing with.well-ahnealed single crystals, we do not cxpect
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any appreciable internalvstrcsses. Therefore; the applied
stress would have to be large crnough to compensate for theo
difference in energy between states ¢ and d arising from
the increase in line léngth. From the figure above, the
energy difference between ¢ and d due to the line length
change 1is

2€k = 2C[\J SLZ + a2 - SL:] ’-‘-"Caz / §L = Cazcd / b.
In order to havevany’appreciablé relaxation, this must be
balanced by the work done by the Applied stress during the
transition, W = G ab SL = Gabg / c4° Thus,‘ the appliecd

stress must be at least

Qq, = Caci /vb3o (IV-42)

R

If we compare <SR with the minimum stress for thermal
breakaway in the TGL theory, Eq. IV-23, we see they aro com-

- parable. Thus we do not need to consider either breakaway

or jumps of the type c-d if ¢ > 5 x 153, since the maximum
applied stress in all the present experiments was less than
T = 1077 G.

We can describe the motion of the line then in terms
of transitions of the type a~9b'(below'400’K; at.leastj¢
The line_tension will also cause thg motional energy EM to bé
lowered in a jump. a—»b, since the line will be shorter in the
intermediate position. From the figure this amounts to a

lowering of E, by a2C cd-/ 4b. A slightly more detailod

M

’
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calculation (taking into account the discrete geometry)

gives nearly the same result so that EM becomes

/ 2 : ' .
- Vel
Ey = Hy = a"C cy / Lb, | (Iv=43)

If we choose to describe the motion of the ‘line in torms
of the lateral diffusion of ‘kinks', the diffusion coeffi-

cien't‘ of the 'kinks' is

y
2, ~Ep /KT
D = (Dy / eg) e

. (v

where D, = D, (oxygen).

From our previous discussion (pp 110 ff) the relax-

*
ation time and peak height are given by

. /
r.o2 2 2 .. Em /KT _ o, -
= [LO kT ¢ /T CD,a (apk)-_l e "M =1/ ap; (Iv-45)

= 4Q6p2 A Lg / ¢ , (TV-46)

and_ AMAX

where pk is the density of a-~b type"configurations or 'kinks.'

A little care is needed in relating ap, to ¢, and © , the

d
angle between the dislocation and the close-pa-cked <1107
direction. For siné> cq the dislocation .will be able to
acc_:omodate all the interstitials withqut deviating from a
straight line so that ap, = 0. For .cdgsine)/ ¢4 / 2 we will

have one 'kink' for each excess interstitial, so that

ap, = ¢4 - 8in® . For 0£sin® L ¢, / 2 we will have one

»
A more detalled treatment followuvr the approach of \IJ.noxuya

et al. ylelds identical results.
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'kink' for each interstitial, so‘that apy = sin ©&. Since
in the f.c.c. lattice sin& ¢ 4, we will approximate

8in® ® © . Thus, if we write _/\.(e) d® as the dislocation
density for which © lies between e and ©+ d6& y, we havo

£ o~r A )
Ya

A= Qypx /A ./L(e)[wTk( ®) /1 + wz’rl‘z (e ):[ do (IV-47)
) ,

since ap,,. = 0 for 6 2> c, and c, is limited to a maximum

value of %, the upper limit in IV-47 becomes cqr The integ-
ral will be split in two parts, O =- <4 / 2 and ¢, / 2 - ¢y
using the appropriate values of apk. With a chango of

variable in the second integral and a little algebra, wo

find Cd/2
- S ‘
A = WTAyax /JL E/\.( 6) »f.fl.(cd ~©e) mdé (IV-4id)
A
where ‘T is defined in IV-45.

Before we can continué, we must make an assumptioxl
concerning the angular distribution .A(© ). Since we arec
dealing wifh a materiai with a low Peierls potential whaich
was annealed at high temperatures, the only reasonable
assumption is that © is random. Thus A(o) = constant =

2. L. Thus IV-48 becomes

b= eqlguy [* 108 7 %%+ 1)] (1V-49)

where x = ZW’IV/ c The function in brackets is similar to

d.
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the relaxation function with a maximum value of 0.8 at

X = %. We can then approximate IV-49 by a single relaxation

function
£ n 2 2 : &
D= 20, W 7 1+ w"TH) (Iv-50)
: & ' o i s ‘
p = 3 . Y T ; . 8 )
where AMAX = 0.4 4. AMAJ{ anda wLE = Wt/ Cq- Thus wae soc

and the rclax-

i 3
that both the relaxation strength, ZKMAX'

ation time, Qag ar

that cy = % at 260°K and.jL(z cps) = JL(28,kc); we find

» are proportional to ¢ Assuming as before

that our information on c

4 8t 365°K is included only in the

- change in Eé with ¢ . Thus the value deriyed for'UO will
be quite sensitive to the value taken for C in'Eq.»IV;Qj.
.Sinée our knowledge 6f C iS somewhat limited, we have talken
the value appropriate to.aniedge dislocation as a lower
1limit and twice this value as an uppér limit. Forvfhose
va;uesvof C we find UO = O.22IéV and 0.28 eV respcctively.
Wé conclude the model leads to a valge foxr the bindihg en-
ergy, U,, of oxygen to an edge dislocafién éf O;25i01ﬁ eV.
Usiﬁg this Valuevfér Ugr we are in a‘position to
compare the model with the experimental observations; In.
Fig.iQO the experimentally measured peak is compared with
both Eqs. IV=49, 50. As can:be seen, thevapproximate'rela-
tion IV=50 fits tﬁe data quite well, whilé IV-49 leads to a
somewhat broader peal., 'This may indicate thét %»slightly

larger value of U, might be more appropriate. Substituting

0]
the observed values of AMAX and T(365°K) into I1V-50, we

-
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can solve for the quantities Jm and Lo2 / C. The other
parameters entering are all known and are listed on p. 93.

We obtain

dﬁ,: 2.8 x lO7 cm/cm3

| Loz_/ C = 4.6 x 10-4 cm? / dyne.

The value obtained for the dislocation density A is very
reasonable, although it is a factor of 3 higher than that
expected for these crystals (see pp. 93-94). TFor a valuo

of C appropriqfe to an edge dislocation, we obtain

Ly = 1.5 x lO"lk cm. The value of L, would appéar reason=-
able since it is of the order of the expgcted network length
Ly®1.9 x 10™% cm.

Although the experimental observations on this peal
are rather meager, the preéent model appears to account
quite satisfactorily for the Available data. The'model,
suitably modified for a b.c.c. lattice, might also éqcount
quite directly for a characteristic feature of the CWP in
b.c.c. metals, nahely that the peal temperature and peak
height both depend on the inifial interstitial content for
low concentrations. At higher concentrafions the peak tem-
perature and peak height are indépendent of the interstitial

content in agreement with IV-50.

As regards alternate explanations for the present
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peak, we cén‘not ruie out the possibility that orderecd
interstitihl clusters at dislocations give rise to the
relaxation. While this theory, due to Boone axi Wcrtjs,
is necessarily énly qualitativq; the presenﬁyexperimontal
observati§ns are not in disagrecment with such an intcirpret-
ation. In_faét,'Papazian's'ohscrvdtipn ofvwﬂat apbear to
bo oxygén pair peaks QOuld suggest that'tho:pdssibility‘of
the formation of 1§rger clusters dofiﬂitely exists. The
possibility that thevfelaxatioh ariéos from.tho.alternato
precipitation and sblutidn‘ofvAgzo,'aftor'Mura}et al.33»
éan bgvruled out'due,tq'the very lérgé chénges in volume
required for AgéO precipitgtion intérnally‘ih the silver
lattice., |

- We would now like to;procéed to a diséussion of tho

data obtained at higher temperatures.

C. INTERNAL FRICTION AT HIGH TEMPERATURES

The most obvious feature of the damping in well-

annealed'6-9's silver specimens (Figs. 16 and 18) is the

I

apparent (Fig. 13) that above this minimum the damping can

pronounced minimum in {3 at'about 550°K, It is further

be characterized as expdnential in 1/T°K with an apparent
activation energy of about 0.22 eV. In general, the mag-
nitude of the damping at higher tempefatures could be re-

duced by an order of magnitude by cyclic annealing without
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appreciably changing the apparent activation energy, whero=-
as the daﬁping at room temperature was only slightly ru-
duced by this annealing treatment. From observations ox
the annealing behaviour at low (~400°K) temperatures, we
conclude that the major effect of annealing is to shift the
position of the minimum to higher temperatures; It thus
appears that two processes are contributing to the damping
in 6=9's silver above room temperature, one process which
gives rise to the decrease in damping at lower tempcraturcs
and a socond for which the damping increases exponentially
with temperature,

We will first consider the lower temperaturc region,
in which the damping is decreasing. The only ﬁrevious meas -

urements on pure silver above 300°K are those of K&storpg,

71 70

Pearson and Rotherham’ =, and Nowick® . None of these
investigations exhibited a minimum in ZX._ All were made at
relatively low frequencies oﬁ-polycrysta;line material and
were cohcerned primarily with grain boundary relaxation
phenomena., However, other investigators have found a
minimum iﬁ the damping in this temperature range in copper

15 67

single crystals. Pittengerl and Beshers ' have both ob=-
served a minimum in the damping in high pﬁrity annecaled copper
cryStals ét abéut 500°K, Stevensll6 has'obsérved similar
minimums in'impufityedoped copper crystals (0.05-0.5% Cu or

Ni) for which a broad peak is observed Jjust below room tem-
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Perature. Whiie we feel thié deéreasing contribution to
the internal friétion'is related to the decreasing ‘back-
ground’ observéd here at lower temperatures, it is also
conceivable that the observed decrease borfesponds to tho
high temperature sidé of a peak juét below room témporaturo.
Since we were not able to make measuremeﬁts_below,rooﬁ tem-
peratﬁre Wifhout the intervening transfer, we cannot decide
ibetween these. However, the’fact‘tﬁat we do obéervg a damp~
ing which is decreasing with temperaturé for all spocimons
in both appafatgs atk300‘K, and considering that all of_tﬁe
peaks reported inAﬁure f.c.c. metals in thé range Bolow.
300°K are observed to anneal out wcll'bélow thé temperatu-
res uéed here, we feel that the first possibility is the
more 1ikely. The observed decrgase cannot be'considereq a
hysteresis effect due to annealing;;as suggestod by Beéhérs}
since the damping is reproduciblé on'heatiﬁg and cooling in
this rangé. The possibility ihat tﬁé observed decrease in
A is the result of a decrease in the average ioop lengti,
for example by the disassociation of'pinﬁing point clusterSQl
into a larger number of individual pinning points, can be
eliminated sincevthe modulus defect incfeases over the en-
tire teﬁperature range.

At high temperatures the internal frictioﬁ of most

metals exhibits an exponential rise with temperature. From

the discussion in the introduction it would appear that the
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present results fall into the'sécond category, i.e., tlhe
phenomena MaSon8 has named "temperature-activatod hysterosis"
resulting from the thermal depinning of dislocations.

In Mason's model the energy loss associated with the
internal friction arises when two adjacent.vibrating dige-
location loops are momentarily freed frém their common
pinning point by thermal fluctuations. The resulting encrgy
trahsfer between the two loops takeg place irreversably and

gives rise to the observed damping. Mason obtains
2 , ' -
N = (W{6'b v, /7)) N, oxp(-UO / KT) (Iv-51)

where b=zBurger's vector of the dislocations, VS is the shcar

wave velocity, N, is the total number of pinning points, and

o

UO is the binding energy of the pinning point to the dis-

location. Although IV-51 indicates a damping independent of
frequency, Mason's model leads to an inverse frequency de;
pendence. At one point in the derivation8’ ;7 of IV-51, the
logarithmic decrement is associated with -(1/W)dwW/dt, wﬁcro
W is the stored energy. Since -(1/W)dW/dt is fwice the
attenuation, of= £, IV=51 éhou.].d b§ corrected by a factor
1/2f. o

The same frequency. and temperature dependence can

43, 56, 57

also be obtained from models which include the

effect of temperature on the static hysteresis models of

36 44

Granato and Llicke or Weertman . ..
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We do not feel that any of the above models are
appropriate_to the present case. Ffom our attempts td
measure the frequency dependence by exciting higher harmo-
nics of the specimen, we concluded the damping is indcpcn;
dent of frequency at best and more likely increases with
increasing freqﬂency. Secondly, all of the above models.
assume the concéhtratibn of pinning points is indepondent
of the temperature, Even for the relatively high diffusion
energies (1.5-2.0 eV) observed for substitutional impuritics
in silverllz, we expect that equilibrium betweoen dislocations
and the éurfoﬁndiﬁg'latticé could be maiﬂtained aﬁ tempera~
tures as low-as 550°K.

As we shall sée,'thé present results can be satis-
faétorily explained from a consideration of the cifect of
a change in the average loop length, arising either from.
an.increase in temperature or:sfrain amplitude, on the
démping arising from the scaktering of thermal phonons.

The KGL (string) model predicts

A (L). = (DA, wB / 1T 3c) N(L) L5 : (IV-52)
I 0 . v
~and '

(AE/E) (L) = (A, /T2 ww) L | (IV-53)

‘where ‘AO = 8Gb2 /TT?C and N(L) is the loop length distrib-
ution function, i.e., SN(L) L dL = A . The average loop

length L0 will be determined (irst by thb network length
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LN and second by the additional pinning arising fxrom a
random distribution of point decfects on the networlk. If
the average number of poiht defcects per network length, n,
is lérge (n>5), N(L) can be upproximated by a Poisson
distribution, independent of the distribution of nectwork
lengths. Integration over the loop length then givc;

Egqs. XI-2 and I-3. In this case.the average loop length is
inversely proﬁortional to the point defect concentration,

at the dislocation. If equilibrium is maintained, c¢

Cdi d

will be given by Eq. IV=-27. Thus ZSI will dincrcase oxpo=-

néntially with temperature with an apparent activation

energy of 4U while the modulus defect will risc with an

O’

apparent activatioﬂ energy of 2U provided the applied

o'
stress is less than the minimum stress, (IT(Eq. Iv-23),
required for thermal breakaway.

In the.present case, the total impurity conéentrdtion,

€ is less than 1O~6,.so that at‘the lowest tcmperatufcs,
550°K; at which equilibrium is feasible, the concentration
cy is of the order of 10™% for Uy = 0.2 eV. This concen-
tration corresponds to about one pinning'point per networlk
length.' Since we expect the distribution of network léhgths
to be relatively narrow, N(L) will change considerably #5
pinning points evapérate. Tﬁe simple interpretation given

above for the apparent activation energy will then be in-

correct.,
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As an appfoximation to the present case, let us take
a delta-function distribution for the network lengths, LN’Y
and assume each network length has either one or no pinning
poiﬁts. In this case the distribution function N(L) will
be

N(L) = A/LN[(Zf / Ly) H(.LN - L)+ (1-f) §(L - LN)]

| | | (IV=-54)
~whére &§(x) = Dirac delta function, H(x) is the Heavisido
unit function, and f = c4 Ly / b is the fraction of notworl
lengths which are pinned. With this form for N(L), integ-

ration of IV-52 and IV-53 yields
A; = (QB, @B /T OALE (1 - 26/3) (xv-55)

and

(AE / B); = (.O;AOJLL;/#)(I-I.‘/Z). N (IV-56)

Since we believe that the observed amplitude Qépend-
ence arises from the effect on AI and (AE/E)I of an in-
crease in loop length at high amplitudes, then for high _
amplitudes at 1000°K we expect f=0.. Information on the
total ﬁodulus defect is évailable for sPecimens BQC aﬁd_
34E.from-0xygen saturation. In the table below the maximum
measured modulus defect ( A‘E/E)N = ﬂAOJL Lﬁ/n.“=(AE/E)I+ (AE/E.)“-

and the total decreménf, AN "ﬂAO'A‘LfI . wB-LI‘?I /T{z.C, are



-153-

listed for both specimens in the anncaled state as well as
the derived quantitiedtﬂ’rﬁ = W3 Lg /TT2 c, A/B and

JLL§ / C. Since.flAO is propbrtionai te E,, / C the value
of E“‘determined from the measurements at 1000°K was used

in calculating the values of -A/B and J\Li / C.

Specimen  (AE/E)y Ay wT, A/B JkLg/c
34C 1.58x10"2  4.2x10™3  0.26 1.2x10°  7.1x10°
34E 2.10x10"2  6.2x10"2  0.30 1.5x10°  9.4x10°

If we assume the value of B lies somewhere between
the theoretical value at 1000°K (6.3x10'4) and 5 timos this

90 5

value” , then A for these specimens must be between 8x10
and 5x106. These valueé are about an order of magnitude
less than the estimated as-grown densities, and would appear
reasonabie in light of the eipected effopt of cyclic anno#l—
ing. The significance of the last column depends on the
value taken for C at 1000°K. VWhile we might expect C to
exhibit the femperature dependence of G, this turné out to
be true only for Cs; CE decreases considerably faster with
temperature than G. The values calculated at 1000°K are
2.72x10-4 and 0.25x10-4 ergs/cm for Cs and CE respectively.
To be consistent with the model, we should assumeq&Lg = 1.

The resulting values of C from the table (1.4x10°4 and
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,1.1x10-4) would éppear closer to Cs.
Since the.model appearS'to'account satisfactorily
for the high temperature limit of the decrement and modulus
defect, we can now consider the tempewmiure dcpend0n¢§- Vo
expect the modelﬁtdvprovide a rcasonable approximation to
the actual sifuafion at higher temperétures, At lpycr
temperatures‘fhe increased probgbility of morc than a single
pinning point per network length orAthe fact that oquiliu-
rium may'nb 1ongorbbé;rcached can load to large dc&iat;onn.'
Unfortunafely, due fo the presence of'the peak'bbs&rvod il
~950°K, we can not hope to gain anyvquantitative infofmation__
on the temperature depénden@e of £ from the moasurements o
A _However,‘the‘modglusAdefect data on 34E (Fig. 18) doos
not suffer from thié objéctiOn, since repeated attémpts have
failed to,feveal‘any.modulus irreguiarities asSociated-With
this peak. ' | _ ‘
From Eq.‘IV~56 and the’ relation f>= (cOLN / b)eHe/ T

‘we see thgt a plot of lpg[}fleAst/TTz) - AE/E);]YS. 1/T
should yield a straight line with a slope of UOW/ k- and an
intercept at 1/T = O.of'IIAOJ&LﬁcOLN /. 2 T2 b, Assuming first

that the quantity'flAO is independent of temperature (i.ac,

B/ Cs is independent of T), the data of Fig; 18 does indeod

yield a straight line from 1000°K to ~600°K, Delow 600°K

the measured modulus defect is larger than IV-56 predicts,

I

possibly indicating multiple pinning or lack of equilibrium.

«
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From the slope of the plot we ind UO = 0.17 eV, and froa
the intercept cy LN /2b = L.leo-z. If, on the other hand,
wao assume_thatlldo exhibits a temperature dependcence
appropriate to E“‘/CE we again find a good fit over the
temperature range 600°K to 1000°K with Uy, = 0.13 eV and

2

LN / 2b = 1.9x10°°., Thus in either case c. is certainly

€o _ o
less than 10-6, so that the impurities present can casily
account for the observed effects.

~Since the épecimen will contain both cdge and screw
dislocations as well as the 30° and 60°_mixéd dislocations
and several different impurities, we cannot éttach any G-
rect significance to the value of UO obtained. Ilowever, the
values (0.13 - 0.17 eV) do appear to be of thé right order
of magnitude for an impurityfdiélocation biﬁding; For sub-
stitutional impurities in éilver the only significant con-

tribution to the binding energy arises from the size

effect98' 5, for which

U, = [(1 +V) / 3wl -V )] G AV’ /R, (Iv-57)

where Ro is the distance of closest approach of the impurity
to the dislocation with an edge compdnent of the Burgers

‘ ) »
vector of b'. AV is related to the difference in atomic

volumes AV of the solvent and solute by5 AV/= 3(L =V ) -

X AV /{2(1_- 2\)')’)(i + (1 +9) %s] where Xs and X are the
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compressibilities of the solvent and solute respeciively.
' /

If we take b = RO = JS‘b / 3 for a Schockley par-

tial, then for the known impurities Cu, Bi, Pb Eq. IV-57

yields U, = 0.20, 0.42, and 0.35 eV respectively al room

0
temperature. Since the interaction energy is elastic in
origin, the measured values of UO will exhibit the tempera-~
ture dependence5 of DNV where V is the atomic volume. Thus
the’ values calculated from IV-56 should be compared to 1.33
times the experimental value (0.13 - O.l? eV).

The strain amplitude depéndence observed at high
temperatufés (Fig. 27)-w0uld also éeem,to be in quantitativev
agreement with this model. From our'previbus discussion of

the TGL model we associate the strain amplitude, €M, at . ‘

which the minimum decrement occurs with the stress'§t which
thermal breakaway iglfirst posgible, i.0., REG‘GM = Qﬂr.
From the data of Fig. 27 and Eq. IV-23 we find L ®> / C =
2.6x1073, with L = Ly / 2 and o = B/3'b. For this same
specimen (34C) the high femperature low amplitude data
yielded AL _® / ¢ = 7.1x10° ana -A/B = 1.2x10%. Thus we ob-
tain A= 2.7x10° anda B = 2.2x1073 at 1000°k.

We can also obtain information on the temperature
dependence of f from the data of Fig. 27. We.expéct tﬁe'
'internal friction on the high amplitude plateau, [}p, to Be

”glven by Eq. IV=5 5 with £ = O, while the 1nternal friction

"eO = epiw1ll correspond to the equlllbrlum value of f -at
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the temperature at whiéh the strain amplitude measqumonts
were made. Thus from Eq. 1V-5% we have f = 3/2[i - A(GM) /
Ap]' A.log f vs. 1/T plot as before indicates Uy = 0.20 eV
and 2 c Ly / 3b = 3.1x10-2 in very good agreement with valuos
oltained from the temperature dependcence of the modulus de-
fect at low amplitudes,_under the assumption that E,,/ C is
independent of temﬁerature. This latter assumption is con-
sistent with the observation that ePP which is proportional
to C /'Em is very nearly independent of temperature.

The lack of any evidence for a pronounced temperature
dependence of E”;/ C would seem to indicate that rolatively
few dislocations”lie along <112) directions, since we
would expect approximately a third‘of such dislocations to
be edge dislocations. This would seem to reenforce our
conclusion, based on the small modulus defect at 4.2‘,‘that
in the cyclic annealed specimens nearly all the dislocations
lie near <110 directions.

The fact that a net decreasé of é factor of 3 in
(AE/E)I and more than an order of magnitude in ZBIhas oc=-
curred during cyclic annealing (Fig. 13) could be explained
solely on the basis of a narrowing of fhe distribution of
network lengths, LN. The total .dislocation density, A N
and the average network length need nof necessarily have

changed. On the other hand, there is evidence from etch

pit studies in copper86 that similar cyclihg results in a
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greater reduction iﬁ the dislocation density than that ob-
tained solély by an anneal at a fixed high te@perature.

However, the time-depencent elffects, which have bccp
observed ddring cyclic anneéling, appear to be extiromely
complex and are difficult to interpret. The migration of
excess vacancies introduced during cobling;to dislocatiogs
might be expected to aid in dislocatién_rearrqngcmcnt and
annihilation, ultimately resulting in a lower Qislocation
density. If this is indeed the case, the fact that changos
in [XI do not occur until the tgmperature is agéin raised
above 900°K might be explained by a'very high (~3 eV)
activation energy for the rearrahgement pfocess. This,:
however, is highly speculative, since rearrangement processos
aré only poorly understood, particularly in the casoc of
materials with loﬁ stacking fault.énergies, in whi;h the
climb of extended dislocations is involved. -

The annealing behdvior.aside, it appears that the
KGL model can quite successfuliy account for the temperature
and strain amplitude dependehce o%served at high tempera-
tures, and, as we shall see below, further évideﬁce in
support of our interpretatioﬁ of the obsef%atiohs in térms
of this model can be derived from thékoxygen desorption
studies,.

Wé have not been_able.to establish the origin of the

peak observed at 950°K. The. details of our observations on
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this peak were given in Section III, Part C-4. A careful
study of the data on the resonant fquuencics in this toem-
perature range has failed to rcvecal a modulus dcfoc? A550C—
iated with this peak. We, therefore, feel that this peak
may not correspond to a relaxation processe. ‘On tﬂevothor
hand, its appearance at a single well-defined temperature
and the fact thét it is observéd on heating as well as
cooling, provided sufficient time is allowed for cquilib-
fation, indicéte'that this peak cannot be attributed to a
simple hysteresis effect. A number of investigatbrss?'53'1;6

have reported a peak at about this temperature in copper,

although no details have been giVen.v

D. INTERNAL FRICTION AND MODULUS CHANGES DURING

OXYGEN SATURATION AND VACUUM DESORPTION

Although it‘was not po§sible to make measufcmenté
while the crystal was being exposed to oxygen, A is observed
to decrease to very low values (~2x10—5) in times comparable
to those required for oxygen to diffuse through the specimen.
These low values are observed after saturation at tempera-
tures from 715°K to 825°K. It is appafent that even at
these relatively high temperatures the addition of as little
as 20 ppm O2 is effective in eliminating the majority of
any dislocatidn contribution to intermnal friction. This

conclusion is reinforced by the fact that a linear extra-
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polation of the modulus data on an oxygen-saturated crystal
at temperatures between 100°K and 340°K agrees to within 1

part in 104 with the modulus mecasured at 715°K immodiately

following saturation.

The series of standard desorption runs carried out
on Specimen 34E arg'summar;zﬁd in Table IV, Pfcvious meas -
urements on specimén 34C had assured us that the process of
oxygen saturation and subseduent removal was completely re-
versible with respect to'measﬁrements of the damping, and
that 24 hours at 1000°K in vacuum following saturation would’
"assure this repfoducibility.

The recovery of { during vacuum desorbtiqn was Oobe
served to occur by a multi-stage précosg, as is clearly
seen in Fig. 30 for the fuh at 872?K; Tovallowvfor_the
possibility that a reéovery stage may have been present
which was completed before the first measurement’wds made,
the initial level portions obéerved.in_the runs at 872°K,
898°K and 923°K were designated Stage I. This'sfage may, in
fact, correspond to thebdamping level of fully saturafed
speciméns. At these same three temperétures, Z& begins to
rise at a relatively rapid rate soon after the measurements
are started and eventually rea;hes a temporary plateau.
~This rise is designated stage II. At 975°K and 1000°K only
‘thé very end of stage II is observed. The remainder of the
recovery has been designated étage iII. The magnitude of

the recovery in eachﬁstage'was observed to be a function of
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temperature, and is designated as ZXR' In order to analyzo
the recovery curves we have followed the procedure described
by Damask and Diene587. If the same recovery stages aro
being observed at various temperatures, and if cach separate
stage does indeed correspond to a singly activated process,
then a plot of A/ ZXR vs., 1In{i) for éuch temperatuire should
yield a series of.parallel cusves., Furthermorce, fhc times
required to recover some fixed fraction (4 v/ ZXR) of the
damping in a given stage should bevproportionai to cxp(if/KkT),
where I is the activation énergy of the proéoss. Tho data
for both stage II and stage III have been analyzed in this
fashion and are shown in Figs. 31 and 32 respeétively. As
can be seen, the cﬂrves at éhe various temperatures are.‘
reasonably parallel. The values of log(t%) vs. 1/T for a
cross-cut at 4O/ [&R = 1/2; shown in Figs. 41 and 42, yicld
good straight lines cdrresponding tq activation energies
of 0.67%0.06 eV for stage II{and 2.63x0.4 eV for stage IIIL.
A similar analysis of the ﬁoduius data.(Figs. 33 and 3&5
yields essentially identical activation energics for the two
stages.A The errors quoted correspond to the fangc ol activ-
ation energies obtained by taking cross-cuts at wvarious
values of VAV AR'

We expect oxygen to interact strongly with any met-
allic impurities present in 6u} samples to form internal

63

oxide particles “. For the present low impurity concentrations
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and relatively low saturation temperature (825°K) we expect L
the particles formed to be of atbmic diménsions, i.e. oxygén
impurity pairs. Since the strains associated with such
pairs are large, their interaction with dislocations will bLe
substantially greater than the interaction of either oxygon
or the substitutional impurity alone. Since the pair must
dissociate in order to diffuée,its mobility will be quite
low,.thﬁs reduéing its éffecti?eness in pinning disiocations.
The increased maghitude of the interaction with dislocations
can, however, lead to a larger number of pinning points |
than an equivalent'Substitutidnal.impurity d;stribution,
sinée the dislocations can gain more in binding énergy'than
‘they lose in line ehergy by Bowing’out to include a iarger ) ra
number ofvpinning'point546. In light of the model developed
in the previous section we believe that pinning by such
impurity-oxygen pairs acéouﬂt# for the reduétion in the
decrement and modulus which is recovered in stage III.
Ffdm'the solution to the diffusion equation for the
specimen geometry we have found that the times required for‘
the completion of stage II should correspond to the reductiﬁ
of the average bulk oxygen conéentrafion to less than«i pPpitt.
We therefore propose that the recovery of & in stage IT
corresponds to the removal of frece oxygen from dislocations.
As we saw from our discussioﬁ of ihe peak observed af 365°K

(p.134ff), at intermediate concentfations individual oxygen
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atoms can be expected to pin dislocations. At the highest
temperatures at which étage II is‘observed (923°K); our
criterion (Eq. IV-42) for pinning rather than breakaway
from or diffusion with the dislocation is just satisficd

at the highest strain amplitude (2x10-6) utilized, assum=
ing an oxygen dislocation binding energy of 0.25 eV. On
the basis of.this modgl we can now attempt to interpret the
observed activation energies.

We will assumelthen that the initial level portion
of the recovery curves (stage I) corresponds to those dis-
locations which are not effectively pinned by oxygen. We,
therefore, subtrécfed this value from the valués measured
during stége II. In general we can write { oxr AE/E as the
product of a function of temperature times a function of
the.number of variable pinning points, ice. A = A(T).f(np).
If we define AR = A(T)[f(o) - f(no)] where n, is the
inital number of variable pins, then A/ 4, = f(np) /[f(o)
-f(noj]. In the case of oxygen pinning we will have
f(0)>>kf(no), thus A/-AR is independent of n,. Since
stage.II is complete well before stage III begins, and we
do not expect the oxygen-impurity pairs to be mobile, £(o)
shquid'bé independent of temperature. Thus a cross-~cut.
ﬁade ét a particular value of 4/ A R shoﬁld_correspond to
a cohstént vaiue of np. | |

- Since the times required for oxygen to diffuse out of
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the specimén are long compared fo those required to recach
local equilibrium, the problem will be that of migration
to the sﬁfface in the presence of traps. In this casec, we
expect that the activation energy deterimined will lic‘sqmo-
where_between8_7 Ey (oxygen) and Ey (c:xygen) + Uy, where Ug
is the binding energy of oxygen to a disldcation. Since
EM (o#ygen) is 0.50 eV, the observed activation energy of
0;6730.06 eV leads us to a lower limit of 0.17%.06 eV for
the binding energy of oxygen to a dislocation; At room t -
rerature we expect this lower limit to be 0.22x.08 oV,’whicﬁ
is within our estimate. of 0.2520.006 eV based on the inter-
pretation of the peak observed at 3065°K.

| Stage III will correspond to the dissoéiation of
oxygen-impurity pairs.' For tho expected large oxygen=-
impurity binding the observed activation energy should be
equal to the sum of the binding energy and the migration
energy of oxygen. Thué-the observea activation energy
(2,6320.4 eV) indicates an oxygen-impurity binding energy
of 2.1340.4 eV. Since we have several impurities present,
we might expect a number of suéh stages. In fact, the data
woﬁld seem to indicate this is the case but that the sprcad
in energies is fairly small. For Cu, however, additional
experimehtal data on the diséociation is availabie;

Podgurski and Davie562 have recently measured the .

equilibrium dissociation pressures of CuO in silver (€O, 2wtit) «
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They found in particular that the rcaction

Cud (s)+=Cu + % 0,
proceeds to equilibrium in silver in the temperaturec range
of the present experiments with a heat of reaction of
1.8620.01 oV. Within the present estimatoed error this

agrees quite well with our estimate of 2.131£0.4 eV.

At high temperatures, then, we conclude tlat the in-

ternal friction and modulus defect due to dislocations are

reduced by two mechanisms when 6xygen is introduced. The
initial reduction, which can amount to an order of magni-
tude, is due to the pinning of the dislocation networlk by
internally oxidized trace impurities. A further reduction

occurs from additional pinning by individual oxygen.
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V. SUMMARY AND CONCLUSIONS

A. DISLOCATION CONTRIBUTIONS TO THE MODULUS AND

INTERNAL FRICTION OF 6-9'S SILVER.

While our intended purpose was to measurc.tho in-
ternal friction énd modulus of well-annecaled specimcns at
low as well as high temperaturés, the rolativeiy émall
amounts of handling involved in mounting or transfcrbwcrc‘
found to cause a transient, order of magnitude, incroasé in
the internal friction, the majority of which is reqovcréd
in 24 hours at‘room'temperature..'We believeo this increasQ
and its subsequent recovery arise from deformafion occurring
near the knife. edges on which the speciméns are mouhtod,
While.the_analysises indicates the pihning of dislocgtions
by thé diffusion of poinf defects is responsible for tho
observed time dependence, wé,were not able,bon the basis of
our somewhat limited observations, to derive é value for theo
migration energy of the pinning defect. The additional do-
crease observed (in times of the order of several weeks at
room temperature) would appear to be assoéiatéd with small
changes in the dislocation (and/or pinning point) configur-
ation in the bulk of the specimen. |

The uncertainties resulting ffom‘the room temperature

transfer notwithstanding, it would'appear'that the dislocation

contribution to the internal friction of well-annealed 6=9's

z’/.’\
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silver initially increases with temperature reaching a broad
maximum near 100°K, decreases to temperatures of :00-500°K,
and then increases up to the maximum temperature of the ob-
servations (1000°K). Superimposed on this ovorall behavior
a number of small peaks are observed, primqrily bolow 300°K,
On‘the other hand, the modulus defect increasos with in-
creasing temperature over fhe entire temperature range
(4.2-1000°K).

At high temperatures (i.o0., above the observed mini-
mum) theé observed temperature and strain amplitude depcnd-
ence of both the internal friction\and modulus defoct are
very satisfactorily explained on the basis of £he vibrating
string (XGL) model,.when the pufity ofvthe present matoerial
is taken into account. The scattering of thermal phonons
would appear to provide enough drag on moving dislocatious
to account for the magnitude of the observed damping. The

application of the KGL model leads to a value of the damp-

1ng_constant, B, about three times larger than Leibfried's
theoretical estimategs, and a aislocation density foi the
-6

cyclic annealed specimens of A. = 3-5 x 10" . 1In addition,
the measufements indicate that the binding energy of trace -
impurities (Cu, Bi, or Pb) to dislocations is 0.17-0.20 oV.
Alihough we are not able to explain the somewhat complex
behavior observed during cyclic annealing, it appears éuCh

treatment reduces the dislocation density by a factor of
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from three to six. Thcrc is also some indication that this
treatment results in larger fraction of dislocations which
lie near thé‘close-packed <<110;> dircctions.

At low temperatures it does not appear possiblo to
come to any definite conclusion as to the mechanism or
meqhanisms’responsible for the observed internal friction
and modulus defect. This is particularly true as regards
the origin of the observed structural features (péaks). Wa
wish, however, to emphaSize the following observations:

1) In the temperaturg range normally associated with the
so~called Bordoni pealk, at least three and as many as five
separate pealks occur; 2) the peak observed here at 42°K
does nof appear to correspond to any previously reported.
peaks in this temperature range, and 3) at higher tempera-
tures (T>120°K) at least three additional peaks occur which
are not appreciably affected by robm.température annealing.

Alfhough the magnitude'éf the modulus steps associae
ted with the peaks would indicate that they contribute oxly
10-20 per cent of the observed iﬁternal friction and modulus
defect, wo cannot rule out the possibility that whaf we haye
termed the 'background' internal friction is just the sum of
a large number of discrete peaks. We have shown, howecver,
that the temperature dependence of the 'background!, the ob-
ser?ed effect of room temperature annealing, and the differ-

ences between the as-grown and cyclic annealed specimens at
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low temperatures could arise as resut of a finite Pcierls
barrier to the motion of intrinsic kinks. he application

102, 114

of the kink-diffusion model to the present results

would require that the activation energy for kink diffusion
be 0.020+0.002 eV.

The amplitude dependence of the internal friction
and modulus does not appear to be the result of a static
hysteresis mechanism, although the rosﬁlts at low tcmpera-
.tures can be fitted by‘two Granato—Luck036 components. Thc
observed behavior would seem to arise from an ingroase in
the effective loop length at higheriamélitudes due to
56 |

thermalvdepinning of dislocations.

B. THE INFLUENCE OF OXYGEN.

The addition of as little.as 40 bpm of oxygon reduccs
the internal friction ofv6-9's siiver by two ordefs of mag-—
nitude below 800°K and by at least an order of magnitude
above 800°K. Whilé we canvunderStand that-the effectiveness
of oxygen in pinning dislocations at low temperatures arises
from its high room temperature mobility, this same high
mobility would be expected to drastically reduce its effect=-
~iveness at high temperatures, since one wquld expect oxygen
to be able to follow the motion of the dislocation by
diffusion. |

We have‘developed a model for the dragging of inter-

stitial impurities by dislocations which is essentially an
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30

extension of the model proposed by Schoeck to explain tho
cold work peak observed in b.c.c. metals containing intoer-
stitial impurites to relatively high interstitial concen~
trations along the dislocation. The model lecads to a
relaxation loss in which the strength of the relaxation as
well as the relaxation time depend on the interstitial con-
centration along the dislocations. We believe the peak
observed here‘at 365°K is the result of the proposcd meche
anisme. Application of the model to the presént observa-~

59

tions and those of Papazian on this pealt leads to a valuo
for the binding energy of oxygen to a dislocation of

" 0.25%0.04 eV. Furthermore, with this value for the oxygcn~
dislocation binding energy'we expect on the basis of the
model that 40 ppm of oxygen will be effective in pinning

the majority of dislocations up to temperatures of tho ordor
of 800°K.

A study of the rates’a£.which the modulus anq in—.
ternal friction return to the pre-oxygen saturation levels
during vacuum desorption indicated the recovery occurred in
two stages, characterized by activation energies of 0.67x0.06
eV and 2.6%0.4 eV. We believe the initial recovery stage
corresponds to the elimination of oxygen pinning points from
the dislocations. The observed activation energy would then

indicate that a lower limit to the oxygen dislocation bind-

ing energy at room temperature is 0.,22%0.07 eV. The slowor
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recovery stage we believe corresponds to thq elimination
of pinning points resulting from the internal oxidation of
trace impurities present in these specimens. The obscrved
activation enefgy would indicate that the dissociation oi
oxygen—impurity bairs requires 2.liQ;4 eV in reasonablo
agreement with the observed dissociation energy pf Cul in
silver®? of 1.86£0.02 oV.

While we have becn able to arrive at a valuc for
the binding energy of oxygen to dislocations of 0.25%£0.04
oV, the precision with whidi we know this energy lcaves much
to be desired. On the other hand, it appears that the in-
troduction of oxygen to silver can be of considerable value
in a study of dislocation contributions to the intecrnal
friction, since its elimination of such contributions
allows us to determine a base agaihst which the modulus

changes associated with dislocations can be measured.
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Table I. Summary of Measuremonis.
Specimen Measufcment Temperature Fig.
12A <@Od> Recovery after mounting 377°K 11
< 0.2 ppm Recovery after transfer 340°K, 372°K ~=
Cu, Pb, Bi
23C <11L> vs. temperaturo _
ofie week after mounting 4°2.300°K 19
<0.2 ppm o : _
Cu, Pb, Bi <AI vs. temperature 300°-1000°K 12
2341 <100y 4. vs. temperature 4°-100°K 23 .
Ag - 1% Mg
34D 111 A_'vs. temperature : :

: ' ofie day after mounting 4°~300°K 19
<0.2 ppm _ B ' S
Cu, Pb, Bi \. vs. temperature 4°-300°K 17, 19

tWwo mos. after mounting

Z3ﬁs. Btrain amplitude 4“-300°K‘ 25, 29
Recovery after transfer 294°K ———
D, vs. temperature 300°=1000°K 12

T A S S ——
T —————

Continued on next page
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Table I. (Cont'd.)

s

e

p———

Recovery after mounting

A vs. strain amplitude

Oxygen saturation and

—

Temperatureo Fig.
293°K 10
300°=-1000°K 12
500°~1000°K 13
300°-1000°K 17
300°-1000°X 26, 27
750°=1000°K ===

Specimen 34C was relabeled 34E following
oxygen saturation and rapid cooling to room

A vs. strain amplitude

Desdrpti‘on kinetics

Specimen Measurement
34c 111
X0.2 ppm AI vs. temperature
Cu, Pb, Bi
' . Cyclic annealing
‘ AI vs, temperature
desorption
temperature.
34 <111 AI vs. temperature
40 ppm
oxygen
AI vs. temperature
oxygen desorbed
<0.2 ppm Cyclic annealing
Cu, Pb, Bi
AI vs. temperature
30 ppm
oxygen
< 0.2 ppm A. vs. temperature
Cu, Pb, Bi

ohe week after transfer

4*~.300°K

50°=300°K

300°=-390°K

1000°K

500°=1000°K

" 300°-1000°K .

875°=1000°K

4°~300°K

16, 23,
24

28

16

30=35

16, 21




Table II. Recovéry after mounting or transfer.q

Specimen T°K Agx10>  Bx10° '(%)Rxloi‘_ £, £, Ax10® Ax15° L-Oxlo"'-'* Fig.

34c® 293  10.7 3.75° 10.4 26754 26895 5.60 3.2 3.1 10

1242 377 6.5 1202 meem mmemm mmeee 3,00 e e 11

12A° 372 7.85  10.5 18,0 ~ 15925 16072 2.00 6.8 2.6 -

124P 340 6.7 7.8  comem cmmne maee- 4. ko -— _—— - :_,
34p° 294 11.9 3.50 16.5 26561 26782 3.50 6.7 2.6 - F

a. . )
Recovery after mounting.

bRecovery‘after transfer.

cRecovery after transfer following 8 weeks at room témperature,

dThe values of A and L

I-3 using the measured values of A

eﬂ is in units of (minutes)

¢

-2/3

rhare b e 1

T A Pt gy om0 S

appearing in the table are calculated from Egs. I-2 and
and ( AE/E)p.

TLEZTE

T~ ~ £ pocu e
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Table IIX., Structure at low temperatures. (T<C300°x)
Specimen 23C 23AM 34D 34D 34E 341
Anncaling® 1 week 1 week 1 day 2 mos. 1 week 1 day
Composition 6=9'sAg Ag-l%Mg 6-9'sAg 6=9'sAg 6-9'sAg 4Oppm O,
Background' ~1073  ~10"2 . ~10"3 = ~10"3  ~10"3  ~107°
Temp.
7°K eecene cmeo - 7x10‘4m ------------------
10°K eme—e- cm———— mm———— m——— - em——— 2x107°p?

1x10'4 2x10” ¢ b -
22°K 4P mmmmee VP 1x107%p  2x107 7 m ceemen
2x10 m 5x10 "m
o ' "l* }
37°K - - s o0 o e 310 M @ eeweee eecccee | esccee-
L] - '5 "‘l*
41°K = eeeee- 2x1077p ~==-ee  1X10TTp mwmmms eme—ee
2x10‘4p 4 5
o } . - - ap ws . .- o - 00 om a0 on wn - -
42°K 1x10'4m —————— 5x10" 'p 1x10 “p
-l
44 OK - o m = wy o - e o = e o 3xlo-l*m - e ws oo o lkx:l.o 4p -------
3x10" 'm
-4
- 4x10" "m
3x10~% . (3x107%p -l
2x10 ‘m 3x10 "m -
3x10 m 5x10 m
82°K 3x10‘4m —————— 6x10‘4p ——meee hx10™%m

Continued on nékt page
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Table IIX. (Continued)
Specimen 23C 23AM 34D 34D 34E 34E |
Temp. '
-l =4
2x10" 'm - (2x1077m
S \ ;4 .
lloox - Gy W O W0 @ - G mS S om WY ] xlo—l*p AP M AR GRER $Z2 0202090 PR eNEt MmN S eEa A e S
‘ 2x10 m
130°K . peak Cmm——— —————— peak pealt = mm==--
140°K specimen w=wwama - o o o o= - s e Y 2xlO_5p
- lost _

. ~06_
170°K e o e e - pealk poak = eme—— -
200°K ( peak e e
210°K = o o pealk ot o o

0 broad - Broad e e _ Lhota=3.C
237°K { peak peak - ix10 “p
245°K B . pealk o o o o o
255°K \ o a an o peak - o o e 0
280°K = o o e e 2 - e o e peak poak - o o o

a ] , : .
Recovery time at room temperature after mounting or transfer.

bPlateau extending to lowest temperature of measurement.

©Additional structure

(See Fig. 24)

at both higher and lower teaiperatures.

MIndicates the obsefved value of the modulus defect AE/E;

PIndicates the height of peak or irregularity above 'background.'®

—

v ——

e



Table IV. Summary of results obtained during oxygen desorption.

- 872°K 898°K 923°K 975°K 1000°K

ruhare .
Stage. H(eV) AR ¢y A, t, Oy t, Ay ty - ty

I Labadend od . 103 ) - 2.8 . - o 503 hadada hadadad - o =

, , 15.0 15.5

II 0.67 0.7 254 6.0 196 18.0 151 ———— ———

IIIX 2.63 40,0 15800 15.0 cont'd 18.0 2480 34,0 379 41.5 195
at ’ ‘ ' - :
1000°K

After ' . , i

:: RES e 53,5 === 5305 --- 52,0 === 52,0 === 57.0  ~=-

1000°K .

. 3 ) ’ oy V
magnitude of damping recovered in units of 10 °,

aAR

b

time in minutes required to recover 1/2 AR'

n

ty

b P A

2 B T e T T o T =
e T e el e« THEY e D T REDT L 333 fe e P e S ik 7 A B TN T 4 T (37 Mk T £ = o £1e 1 % 7 e an e <4 i s mm mea ST T T T

-Lg'[-
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Table Ve Analysis of amplitude dependent

internal friction® (specimen 34D).
o
Tox | A0l c,x10%0 ¢ox10”7  x cx10M% ¢ x10?
4.2 0.24 1.0 1.41  0.64 | 22 5.75
k9 1.7k 6. 1.73  0.40 48 . 6.15
77 k.05 7.7 1.54 0.32 56 5.7
104 3.88 11.0 . 1.kl  0.51 49  5.4
155 3.57 b6 1.11  0.65 19 5.1
210  3.59 2.2 0.92  0.87 | 12 k.6
265 3.09 6.0 1.55 1.35 33 7.5
6

299 1.56 | - 4,2 1.52 1.'08,_ 10 ; 5.

4The internal friction has been separated into three components,
vize, A=48y + Oy + AH
] X

b | : . \ ,
AH, and AH& are both of the form Aﬂ = (Cl_/ eo)exp(-cz/eo)

°_rg(AE/E)H/AH |
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Specimen

-

]

b //////

f

Knife edae— Ty

(T —

Holding ring

Set screw Alignmens

surface

MU-34065

-

Fig. 1. Specimen Holder
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ZN-5979

Fig. 2. Photograph of Mounted Specimen
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Micrometer
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- Ring and collar
assembly
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?
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RERV V%4

S\

Electrode holder

Lava -A ).
. \ ,'
insert : =Xt

ﬁ:\/electrode

——— Specimen holder

Specimeni

Fig. 3. Electrode Assembly and Support Tube
. . MU-34066
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Electrode

/ossembly
~Furnace ]
tube’ : %—;

=

Support
tube
Alundum
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o1 g Windings
40 |
Copper 217 g : '
V] R '
sleeve 215 V|7
‘ '~¢ ; Sty .
¢ ’ Th_”‘_—*?’—§pecunen
- ' L7 o holder
Specimen A AL
shield Tyt | ]
iz Ly
. bral [
: ot /{49/, ¢ y Vacuum i
nsulation y/ connection
MU-34067

Fig. 4., High Temperature Apparatus
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Electrode '

ossembly ————_ Vacuum connection
Pumping ~ Thermocouple

line leads
Liquid-nitrogen
fill Low-heat-leak
neck
Styrofoam RIS
plug u‘w- S .
S ' : Support tube
Liquid helium
Thermocouple N

junction N /‘\

Copper
specimen.___ |
chamber | |

Liquid
nitrogen

- Vacuum
\ ? jocket
\

?000900000

e | T =—Nichrome

L & - __/ } heater
. wires

MU.34068

Fig. 5. Low Temperature Apparatus
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T S T e e S e e e e 7
; :
High-pass ;o FMo | Balance
filter i oscillator { meter
|
-
Lo;v'—“pass t Discrirﬁinotor
ilter | e
e e L e -l
= i
Amplifier |
\ 4
Specimen -
rms ' Band-pass |
voitmeter ” LA dc bias f,-,,f,’, E
Power ' ' . v F
omplifier Counter | VTVM
d . |
\ | __
' ‘l _ Decay “Amplifier
gate (1/2-d8 steps)
| ulefiatindinde B
: Phaose = : /
|| detector [~ mE=TTY
i § !
. . ]
| | ]
e et | |
l Orive | dc 1 Balance !
{ | oscillator |l : omplitler { |- meter
: : L
] D o, e e
| |1 — .
I'l sweep |__1 | Recorder. i Recorder || Rectifier
{ unit { : X axis Y axis ; fiiter
e e v . . o d o —— -,
MU-.34069

Fig. 6. Block Diagram of the Electranic
Measuring System '
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. +10V
+10v
IN36 S
ouf | & 2w 2T oy
2NTH 56 ™
2 2 2% éznru »
9% 75 E—f" 3.9¢
: 100 pF 4OV si0v
Schmite
-lov Trigqer oo
L8x
2NTH (660
e +10v
+10V Ons shot
T
r Al +10V
won  jwse! ” 1
INse| e T T o
i : _@D s
aNTH 14-‘
- 250pF 7.8
) % 5oopr @“ Nroe
" 20 |20 S 24 5009 anNTH 1000 Qinf
@003 | - 1038 BNC
78 OO0 b 4 Ceromic
7.8% 2o Tp 20% $7.9h N, Output
rq}_-go. "Lower®
-V

MU-34070

Circuit Diagram of the Transistorized Decay Gate

(A1l resistors are 1/2 Watt, and all capacitors are

silver mica unless otherwise specified.)
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uTcC . IN702A
- Reference in
in
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MU-34071

Fig. 8. Circuit Diagram of the Phase Detector Used to

Maintain Resonance
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ZN-5977

Fig. 9. Photograph of the Specimen Mounting Jig (two views)
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Fig. 10, Recovery of the Decrement (A ) and Resonant Frequency (0O)

“after Mounting at 293°K for Specimen 34C. (The solid lincs shown
correspond to the time dependence predicted by thcorys.)
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34D (8 nrs.)

x

ZIIIC ' (ll hi*s e )

O 23C (2 nrs.)

2

e i A A e B £ AL S S sl S A

1.00 | a 2.0

: : 1000/7 (°K ) = 8
figs 12+ The Decremont during Initial Varmup for
Several Specimens as a Functioo ol 1/T (°K). (The
times iudicated in thoe figure ore the eguilibration
times. at each temperaturc,) '

3.00
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Fige 13. The Decrement during Cyélic. . Anncaling of
Cyclic fancaling of Spadmen 34C. (Successive cycles
are labeled in soquence following the indtical

warimup (1).)
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Fig. 15, The Change in the Modulus as a Function
of the Change in‘the Decrement for the Data of Fig. 14.
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Containing 40 ppm 02 (®) as a Function of Temperature.
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Fig. 18. The Modulus Defect, A4E/E = (ng - fuzb/%gy as a function of Temperature

; ‘for Specimen 34E, (See Fig., 16 for corresponding decrciment measurements.)
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Figl 290
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The separation of AH:into two compenents is described in the text (122 f£1).
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Fig., 31.
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Recovery of the Decrement during 02 Desorption,
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Fig. 32. Recovery of the Decrement during O, Desorption. Stage III. (The fraction
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of the decrement recovered in Stage IXIT is plotted as a function of log t for

several temperatures.)
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Fig. 36. Analysis of the Low Temperature 'Background! Internal Friction.
(The quantity In(AxT) is plotted as a function of 1/7T (°K) for the low

19.)

temperature mcasurenents of Fig,
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Typical GranatoeIllicke Plots for the Amplitude
Dependent Component of the Decrement.

(The plots
log(AH'éo) VSe ]_./eD correspond to the data of Fig. 25.)
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Contribution Expected from AI-Il in Fig. 37.
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Fig. 40. Comparison of 365°K Peak Observed in 6-9fs

Silver Containing 40 ppm O, with the Theory Given in

the Text (P. 134 frf). (Thé solid line corresponds to
Eq. IV-49, while tho dashed line is an approximation

to Eq. IVe49 given by Eq. IV=50.)
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Fig, 419 Determination of the Activation Energy for Stage I1IX,
the time rcequired to recover one-half the decrement is plotted as a function
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Fig. 42, Determination of the Activation Energy for
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






