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ABSTRACT

The presence of oxygen in amounts of the order of 100 ppn
in high-purity silver 1is found to give rise to three low temperature
internal friction peaks. Measurements carried out on single
crystal wire specimens in a torsion pendulum show that.these peaks
occur at 130°, 180°, and 270°K at a frequency of about 2 cps.

The activation energies associated with these peaks are S.S % 1.0,
11.5 * 1.0 and 15.5 £ 1.0 kcal/mole respectively., A study has

been madc of the orientation dependence of the peaks, the variation
in the peak heights with oxygen cqncentration and the response

of these peaks to various annealing treatments. It is shown that
for both the 130° and the 180° peaks the peak height is proportional to
the scuare of the oxygen concentration over the range from 100

to 30C ppm. For both peaks, the maximum relaxation strength is
observed when the crystals are tested in torsion about a {111 axis,
while torsion about (100} results in minimum values of the peak
heights. On the basis of these observaticns and others, the

180°K peak has been assigned to the strecs-induced reorientation

of interstitial oxygen atom pairs whose axes lie along {110p
directions, It is proposed that the defect responsibie for the
130°K peak consists of a pair of oxygen atoms in a vacant lattice
site in the split interstitial configuration. The peak at 270°K

is tentatively ascribed to an oxygen~dislocation interaction.

A search has also been made fur a relaxation peak in
Ag-Mg-0 alloys containing up to one atcmic percent magnesium.

No peaks have been observed in the temperature rangé from 77° tc
290%K. However,the intnoduction of oxygeninto binary Ag-Mg

alloys is found to lower the backgroumd damping probably due
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290°K, However, the introduction of oxygen into binary Ag-Mg
alloys is found to lower the background damping, probably due to

the effective pinning of dislocations by Mg-O particles or clusters.



-

I. INTRODUCTICN

Since the development of the theory of anelasticity by
Zener in 19481, measurenents of the damping or internal frietion
have provided a particularly valuable and sensitive téol for study-
ing the internal structure and atomic movements in solids. Many
sburces of internal friction have been recognized including thermo-~
elastic and magnetic relaxation effects, stress relaxation acrdss
grain boundaries and the stress-—induced ordering of various atomie
or point defect configurations. In recent years increasing effort
has been devoted to the application of internal friction techniques
to studies of diffusion phenomena, as well as to the study of
interactions between defects in metals, and a number of-comprehehéive
reviews dealing with these topics have been published2’3’43

Stress~induced ordering has been jnvestigated most thor-
oughly in body-centered cubic metals containing interstitial solutes
such as carbon, nitrogen and oxygen. In face-centered cubic metals,
on the other hand, the great bulk of previous work has been carried
out on fairly concentrated alloys of the substitutional type and
almost no attention has been given to binary systems containing
only interstitial solutes or to ternary systems involving both
substitutional and interstitial components, The present investi-
gaticn is concerned with stress-induced ordering in systems of the
latter kind, namely, the silver-oxygen system, in which oxygen is
beiieved to be preseht in interstitial solution, and the silver-
magnesium-oxygen system, in which a gubstitutional solute is also
present,

The general requirement which must be fulfilled in order
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for a defect to give rise to an intcrnal friction peak is that

it produce a distortion which has a lower symmetry than the lattice.
In such a case, not all of the positions or orientations available

to this defect remain equivalent when the lattice is stressed,
and,,as a result, a local ordering or reorientation of the defect
will be expected, Consider, for example, an interstitial atom

in the position ($,0,0) in a b.c.c. crystal. This atom produces

a tetragona}l distortion which is greatest in the [10Q) directicn,

If now a tensile stress is applied along the {001 direction, the in-
terstitial atom will be able to lower itsbinteraction energy

with the lattice by jumping or "relaxing" so that it produces its
greatest strain along the ipOﬂ direction, i.e., by jumping to the posi-
tion (1,0,%). This jump constitutes a diffusion process and

hence, at a given temperature, it has a characteristic jump fregquency.
If, instead of a static atress, the stress is applied peripdically
at a frequency much lower than the chatacteristic jump frequency,

the interstitial atom will have ample time to reotient and will
always jump in phase with the stress. On the other hand, if

the stress is applied with a frequency much greater than the jump
frequency, the interstitial atom will not have sufficient time

to reorient, and hence will not contribute to the strain. It is
clear that when the frequency of the applied stress is just equal

to the characterigtic jump frequency the absorbtion of mechanical
energy by the lattice will be a maximum; consequently, a peak in

the internal friction will be observed as the frequency is swept

through the appropriate rangee.
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The phenomenoclogical theory of the anelastic behavoir of
solids was initially developed by Zener. For a "standard linear

1

solid", Zener has shown that the internal friction can be expressed

by the relation: , 't

‘au = A -TTTZEési (1)

where & is the angle ty which the strain lagsvthe stress,‘ﬁﬁ is
the relaxation strength or modulus defect, W is the frequency and
T the relaxation time. Equation (1) yields a symmetrical error

curve with a maximum at aft=\ when “Aow #> is plotted as a function
.of W,

Since the stress-induced ordering of an atomic species

or defect occurs by a thermally activated diffusion process, we

expect that the relaxation time ¢ will be given by a rate expression

of the form
,t"\ - ,C,"\ Q)(?(" E_
° R (2)
-
where H is the activation energy for diffusion and €, , the attempt
frequency, is given by .
! oepl 2)

in which n is the number of elementary diffusion paths available,
J) is the Debye frequency and S is the entropy of activation for
the jump. Because of the strong temperature dependence of ¢,
a peak in the damping is observed at some characteristic temperature
whén the internal friction is measured as a functicn of temperature
at a constant frequency.

The poorest approximation in the preeceding description

is that the relaxation time has only a single fixed value corresponding
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to a uniquely activated process. Assuming Eq. (2) to be valid
and substituting into Eq. (1) it is seen that the peak width, W,
at half maximum should -be
\ | S.28

w=({'%z\='f° (4)
Actual peaks observed in b.c.c. and f.c.c. metals are usually
somewhat broader, although peaks with exactly the theoretical
width have been observed in hexagonal close-packed structures.
Nowick aﬁd’Berry have attempted to determine whether the spread
in relaxation times is due to variations in the attempt frequency
22\ or in the activation energy H? Their results indicate that
both quantities may be variable. To better desctibe the situaticn
Caswell6 has employed a Gaussian distribution in ¢ while Nowick

7

and Berry’ use a Guassian distribution in log 2.

The measurement of the activation enefgy associated
with the atomic relaxation process is best accomplished by deter-
mining the position of the peak maximuﬁuat several different
frequenxies. From the criterion that Y=\ at the peak maximum
together with Eq. (2) we obtain v | _

Wl B~ Blr-1) @
where f5 and fq are the measuring frequencies and T, and Tq are
the temperatures of the respective maxima. Hence a plot of 1ln f
vs. 1/T should yield a straight line whose slope is H/R. Lacking
a broad enough experimental frequency range, the activation energy
may be determined by the method of Wert and Marx.8 Taking log-
arithims of both sides of Eq. (2), rearranging and applying the

criterion that W=\ at the peak maximum yields
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. ny N
H=(\2mg{ SHYT

By plotting all of the available data for 1 cpsVWert and Marx

(6)

have shown empirically that the coefficient of T is a constant

and is equal to approximately 65 cal/mole/°K. This a reasonable
estimate of the activation energy can be obtained simply by noting
the temperature at which the peak occurs.

Previous Work on F.C.C. Metals

As mentioned above, the symmetry of the distortion
prcduced by an impurity or defect must be lower than the symmetry
of the lattice in order for it té give rise to an internal friction
peak. In face-centered cubic crystals, therefore, only config-
urations which involve at least two or more atoms or point defects
can contritute., The relaxation effect which has been most thoroughly
investipated in f.c.c. systems is the Zener peak, which has teen
observed in a number of relatively concentrated (at least 5 at.%)
binary substitutional solid solutions and is thought to be due to
the stress-induced reorientation of substitutional atom pairs.
Gther peaks have been reported in f.c.c. systems which appear to
be caused by the ordering of interstitial-substitutional atom pairsj
mention may be made, for example, of the internal friction peak
observed by Ke and Wang in an 18% Mn austenitic steel with carbon
as the interstitial solute.?. KXe et. al. have also observed a peak in
99.8% pure nickel containing carion in interstitial solution,1o which they
attribute to carbon-vacancy pairs. However, their evidence is not
conclusive and it might be suspected that this peak involves either

a carhon-carbon of a substitutional impurity-carbon relaxation.



b

A peak due to a split interstitial in cold drawn nickel
has been reported by Seeger, Schiller and Krommuller.!l Their
claims are corroborated by magnetic after effect measurements but
disputed by Berry who was unable to reproduce the peak.4 This
peak 1s of interest since it indicates that the split interstitial
configuration, rather than the classical cubic interstitial at
(+,0,0), may be the most stable form of the interstitial in cold
worked f.c.c. metals,

Other relatively simple types of point defect aggregates
which could,»at least in principle, give rise to internal friction
peaks in f.c.c. metals, but which have not been observed, include
interstitial inpurity atom pairs and divacancies. Considerable
effort has been expended in the S€apch for a divacancy peak in
guenched f.c.c. metals without much success.% However, the presence
of a non-equilibrium concentrgtijon of vacancies leads to some inter-
esting effects in substitutional alloys. For example, the quenching-
in of excess vacancies had been shown to resu;t in a decrease in the
average relaxation time for stress~induced ordering in such systems
as Ag-Zn and Al—Mg.12’13 Under equilibrium conditions the time of
relaxation is controlled by the vacancy concentration, which is
fixed by the temperature of measurement. However, in the preseince
of a supersaturation of vacancies, the time between successive
arrivals of a vacancy at the relaxation center is less than the
equilibrium value and, consequently, the relaxation time is lowered.
Nowick and Sladek have found that the decrease in the initial
relaxaticn time is directly proportional to the vacancy supersat-

uration.1?® As the quenched-in vacancies are annihilated at sinks,
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however, the relaxation time gradually increases toward the equil-
ibrium value. Thus, Nilsen has observed that, upon éuenching an
Al1-5% Mg alloy, a peak initially appears at about 50°C which is
quite unstable and rapidly migrates upward in temperature until

it coincides with the stable Zener péak at 15O°C.13 Berry has
conjecfured that this system should show still another stable Zener

- peak at a much lower temperature.A. His reasoning is that since

Mg atoms an Al-Mg are known to trﬁp vacancies, a peak should develcp
which is due to the relaxation of Mg atoms associated with a vacancy.
In contrast to the migrating peak observed by Nilsen, this peak
should occur at a fixed temperature since the solute atom—vacahcy
complex will itself have a fixed, characteristic, relaxation time which

is independent of the wvacancy concentration.

Objectives of this. Investigation

The present investigation was desipned as a search for
a stress-induced relaxation in ﬂhe tcrﬁary system silver-magnesium-
oxygen. This system is of interest for several reasons. It involves
both a substitutional (magnesium) as well as an interstitial (oxygen)
solute and hence seems to offer a good oppurtunity for studying
substitutional-interstitial interactions in a f.c.c. matrix, about
which little is known. Because of the strong chemicai affinifty of
magnesium for oxygen it was flelt that the probability of forming
significant concentrations of Mg-0 pairs would be quite high, even
in very dilute alloys. If so a relaxation shquld be observed, and
thé temperature at which the peak occurs should correspond to the

relaxation time for the jump of an oxygen atom from one interstitial
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position to an adjacent interstitial site surrounding the magnesium
atom. From recent data on the diffusion coefficient of oxygen in
silver"|4 it was estimated that such a peak, if present, would occur
at about 180°K. .

When the preliminary experiments a temperatures between
77%nd 290°K failed to reveal any evidence for the existence of this
peak, the emphasis was shifted to .a study of binary silvef-oxygen
alloys. In order that the internal friction peaks observed in this
system could be confidently ascribed io oxygen alone and not to
interstitial-substitutional interactions it was necessary that the
silver uced be of exceptionally high purity. In the material actually
employed the total concentration of substitutional impurities was
approximately two orders of magnitude less than the amount of oxygen
which could be introduced into the silver by saturating at elevated
temperatures. To avoid possible complications due to grain boundary
relacations, single crystal specimens were employed throughout.

Héving observed a relaxation peak, the use of single crystals also
méde it possible to investigate the orientation dependence of the

peak heights; such information is of value in helping to identify

the relaxation mechanisms.

Previous work on the internal friction of silver has been
carried out by Pearson and Rotherham,15~Koester16 and Nowick.r7 In
each case, the measurements were made at temperatures above room
temperature and were concerned primarily with grain boundary relax-
ation phenomena. It has been shown that the presence of oxygen

. surpresses the grain boundary relaxation peak in silver.
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In their search for a divacancy peak Hasiguti et. al.18

have observed three low temperature (173°, 200° and 245°K at 1 kc¢/sec)
éeaks in 99.99% silver cold rolled at room temperature.. These

peaks all disappeared upon ageing for one day at room temperature.

It has been suggested that these peaks are due to interactions
between deformation produced point defects (i.e. vacancies, interstitials,
etc.) and dislocations.!'? The Bordoni peak in silver has been the

subject of several investigations, see, for example, the work of Okuda.20
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II. EXPERIMENTAL TECHNIQUES

A, Materials

The starting material consisted of ultfa-high purity
(99.9999%) silver containing less than 1 ppm oxygen and a vacuum
melted Ag-1 at.% Mg master alloy prepared from this same grade of
silver.* Two other more dilute alloys (0.1 and 0.5 at.% Mg) were
obtained by induction melting appropriate quantites of there materials
under vacuum (10'6 mm Hg) in thoroughly outgassed high purity
(less than 10 ppm total impurites) graphite crucibles.+

B. Specimen Prepzration

All specimens used in this investigation were in the
form of 1/16" diameter single crystal wires of selected orientations,
which were grown in vacuum (‘IO"6 mm Hg.) in high purity graphite
crucibles by a modified Bridgman technique. The materials were
first vacuum cast into rods about 1/8" diameter and 5" long in a
graphite mold. These rods were drawn to 1/16" diameter and thenv
etched in dilute HN03 to remove any surface contamination. The
polycrystalline wires were them inserted into a previously out-
gassed graphite crucible along with a seed crystal of the desired
orientation, and crystals were grown in vacuum by passing a molten
zone vertically through the charge at a rate of about 10"/hour.
Seed crystals were prepared in a similar manner from a suitablly
oriented spherical seed crystal. Two single crystal wires approx-

imately 8" long were grown simultaneously. Orientations were determined

¥ Both supplied by Consolidated Mining and Smelting Co. of Canada, Ltd.

+ Supplied by United Carbon Products Co., Bay City, Michigan
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by the standard Lzue back reflection technique; the resulting crystals
were found to by of good perfection.

To delermine whether or not any serious contamination
occured during the fabrication and ,rystal growing proceedures, the
residual resistivity ratio was measures on specimens hefore and after
melting.* For the as-recieved silver @NWK/TQfK = 4000, which
is consistent with the stated purity of the material, Melting
in vacuum in high purity graphite reduced this ratio to about
2000. The residual resistivity ratio for a sample of known 99.999%
purity was approximately 500. It is concluded therefore, thaf the
melting and crystal growing operations introduced at most only =z
few ppm total impurities.

The alioy single crystal wirec were homogenized for
approximately three days at 900°C in the same graphite‘crucible
in which they were grown. Homogenization was carried out in a
fused quartz container which had been evacuated and filled with
research grade argon. After homogenization, the quartz container
was withdrawn from the furnace and allowed to‘Eool in air.

Contfolled amouuts of oxygen were introduced into the silver
crystals by equilibrating the specimens in a known partial pressure
of oxygen at elevated temperatures. The resistance furnace employed
for this purpose could be regulated to. give a ﬁét zone about 12"
long in which the temperature was uniform to % 3°C. The specimens
were suspended vertically within this zone and the furnace temperature

was controlled to %19C. To saturated the silver specimens, a static

oxysen atmosphere was maintained within the furnace, the oxygen
% We are indeblted to M.W. Guinan for carrying out these measurements.
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pressure being read on a mercury mancmeter. Twénty-four hours

were allowed for equilibration,¥ after which the specimen was
guickly withdrawn from the furnace and allowed to cool in air.

It was estimated that the crystal cooled to room temperature in
about 15 seconds. This proceedure was adoptedrin order to minimize
possible composition changes caused by the rapid diffusion of oxygen
out of' the specimen durring cooling, as well as to retain the oxygen
in supersaturated solution.

The amount of oxygen introduced at any given temperature
and prescure of oxygen was qalculated from the experimental sol-
ubility relationship given by Eichenauer and'Muller,14.name1y

Qoé (= 140 - Z-:'s:‘;:\::’s * Lz Q..Oé? . (7)
where { is the  olubility in em3 Oy (S.T.P.)/ 100 gm Ag, T the
absolute temperature and p the partial pressure of oxygen in mm Hg.
No analytical determinations of the oxygen content of the specimens
vere made.

The silver-magnesium alloys were oxidized in a similar
manner exéept in a flowing oxygen atmospgere at 1 atm. preséure.

All specimens were oxidized at 600°C. According to Meijering and

21 4

Druyvesteyn, he time required for complete internal oxidation

can be calculated from the relation
2

= —4=< (8)
where x is the distance from the free surface to the center of the
specimen in cm, ¢4 is the equilibriﬁm concentration of oxygen in
the watrix af the surface of the specimen; co the solute concentration,

¥ This time is far in excess of that reguired for eguilibrium
btased in data for the diffusion of oxygen in silver,
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and Dy the diffusion coefficient of oxygen..  With x = 0.08 em,
ey = 7,2x10'5, Cy = 0.01 and D1 = 5x1Q“5 émz/sec, t £ 2 hours. The"
actual time allowed for oxidation was 48 hours..

C. The Torsion Pendulum

Measurements of the internal friction and the dynamic
elastic modulus were carried out in the range from 77° to 290°K
using an inverted torsion pendulum similar td_that described by
Wert.2? _ A scheratic drawing of the aparatus is;shown in Fig. 1.

The available frequency range was from 0.5 to 3 cps and the lowést
decrement measured was 3;5x10'5; this may répresent:the Backgroun&
damping of £‘ne apparatus. -The unit was housed inside a bell jar |
vhich could bé evacuated to less than‘10"5'mm Hg. ‘The'decrement

was measured by observing the rate of decay of'the vibrational
amplitude of the specimen in free oscillation. Térsional oscillations
were initiated by discharging a capacitor through two eiectromagnéts
which were symmetrically placed with respect to the iron end pieces
of thevinertia membef._ In this manner short, reproducible pulses 
were obtéined. Measurements were made on warming up from 77°K to:
~room temperature.

Detection.of the oscillations was accomplished by shining
a lipght beam onto a cylindriecally ground mirror-mounted on the inertia
rmembér. The mirrof focused the beam o a line, which was observed
at the end of a‘twenty four foot long oprical path. 'Thevdecrement
and modulus were meaéured in two waysi

(a) A stopwatch was used to time the decay of ﬁhe

amplitudé of the oscillations on a ruled scale; the decrement
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FIGURE 1
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was then calculated from the relation |
B flge( ) ©)
‘where A is the initial amplitude and An the amplitude after n
cycies.' According to Pétarra,23 the minimum relafive error in
€ will be obtained when n =1.28/% . Thus the cpfimum value
of n is about 12,000 whén. S = 107%. 'Howevér, the mumbter of sﬁinés
which ,ould be counted without introducing too large an uncertaintj
iﬁ the temperature was limited by the warmup rate of the specimens
the maximum time employéd in making_a measurement was about ten
minutes (n £ 1200), during which time the specimen temperature
increases by abput 69 or 79.‘ Long counting tiﬁes.were therefore
used only in regions where the decrement was fairly constant.
It waé estimated that the maximum uncertainty in the measured
deérément,is + 0.2x107% at D = 1074,
o The modulus was determined. by méasuripg the frequency
~of vibrgtipn. One hundred'cycles'were timed with a stopwatch
that couid be read to O.CZ seconds. The period could therefore be
meégured to * 0.0002 seconds, i.e. to abou£ 4 parts in 10% for a
| periodJOf 0.5.seconds. 
| (b)' The_Second:method utilized a sysfém of coupled
.phctocélls, the éutpufs-of which wére fedvinto'apprppriate counting
vcircuité; Three_cells were mounted on a common baSe; in order tq
facilitate correct p051tipning with respeCt'to_thévlight,beam
the base waS-mounted_iﬁ'a track, so- that ithcoﬁld ﬁe shiftéd,relative
to the beam by.means of a micromefef head;. The’individual phqtocells;

" were positioned as illustrated in Fig.‘2. The mode of bperation was
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as follows: To center the light beam, cells A and B were connected
to the counting circults. Everytime the lipht beam traversed the
slit of one of the photocells a count was registered. The photocell
~assembly was then shifted to the left or right until both cells
simultaneocusly failed to register counts. as the vibrational amplitude
decreased to a value less than dimension,"a".\ Cell A was now dis-
connected from the counting circuit and C connected. The decrement
was then measured by allowing the amplitude of the swing (initially
greater than diménsion "pt) to decay below "a", and observing the

difference in the number of counts registered by cells C and B.

Under these conditions the decrement is given by

' 20
o= P (10)

where n, is the number cof counts registered by cell C, _Q,= loge(b/a)

and the factor of 2 arises because two counts are registered for each
complete vibrational cycle, Decrements measured in this manner
agreed closely with those measured by the conventicnal technique
and the values were reproducable to within 5%,

The frequency was measured by an electronic time interval
meter with a ten micro-second time base. The timer was triggered
by & pulse from the counter each time the light beam crossed the slit
of cell C. When the amplitude of vibration had decayed to the poirt
where C registered only one count per cycle, the time interval between
counts was recorded and teken as the period. Unfortunately, the
triggering of the timer was not precise at this extremity of the swing
and hence the accuracy was limited to about +0.002 seccnds/cycle

for a pericd of about C.5 seconds. This can be improved by mounting
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a photocell near the centef of the swing and timingvthe intervaiv :
between every.alternate count.,

Specimens 7" in iengthAandv1/16" in diameter were emplqyed.
They were mounted in the aparatus in split bushing grips. Since
the single crystal wires were extremely soft, care was necessary
during mounting in order to prévent excessive deformation. A
simple jig was designed to support the specimen without introducing
any bending moments while it was being tightened in the grips.

The specimen temperature wss measured by means of a
copper-constantan thermocouple which was fastenéd to the specimen -
at the lower grip. Dummy runs with.thermocouples attached at various
points along the specimen indicated that the temperature gradient
along the wire was less than 30K,

Provision was made for annealing the specimens in situ
by direct resistance heating. For this purpose, one current lead
was qttached to the stationaty loyer grip; the other current lead
was adjustable, and was designed so that it could be onerated
remotely through a4 Wilson seal. This lead could be brought into
electrical contact with the inertia member 80 as %o allow the specimen
to expand freely as it was heated. This method was satisfactory fbr
anneals up to 300°C; at higher temperatures end losses produced
too large a thermal gradient in the specimen.  The pressure in the
apparatus was maintained below 10"5 mm Hg during anneals., For higher
temperature anneals, the specimen was removed from the aparatus
~and suspended in an Inconel tube furnace  in which the pressure was

maintained below ‘IO-6 mm Hg,
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A sirple straining mechanism was consiructed which
could te operated from cutside tihe system throurh a Wilson seal;
tnis made it»possible to strain the specimen in tension while at liquid
nitrpgen temperatures and then measure the damping on subsequent

warmup to room temperature,

D. Mode of Overation

Since come handling deformation was unavoidable, each specimen
was allowed to recover overnight at room temperature after installation.
The specimen was then cooled to 77°K by placing a dewar of liguid
nitrogen around the vacuum jacket and admitting purified helium as
an exchange gas in the vacuum chamber. When ecquilibrium was reached,
the helium was pumped out and measurments were made continuously
on warming up to room temperature as the liguid nitrogen boiled out
of the dewar. The pressure inside the system Qas kept hrelow 10"5 mm Hg
during measurements. 4 compleﬁe run tock approximately five houfs,
which corresponded to an average warrup rate of 40°K per. hour.

The decrement could be measured at approximately two degree intervals
when the photocell detection system was employed (%y;>10-3), or
every three degrees when the scale was used ( S §-1O_3). The strain

amplitude at the surface of the specimen was avout 10
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III. RESULTS

A. Silver-Magnesium-Oxygen Alloys

“In the search for a relaxation peak due to magnesium-
oxygen pairs in internally oxidized alloys, one crystal cbntaining
0.1 at.% Mg and four containing‘1.0 at.% Mg were investigated;
three different .ori'entations were employed, namely, <100>, 410y and Q17).
From a Wert and Marx plot, we predict that an Mg-0 pair peak should ”
occur at about 180°K if it exists. No such peak was observed in
any of the crystals studied in the temperature range from 77° to
290°K. The results obtained with a <110 oriented crystal of the
1% alloy are representative and are repréduced in Fig. 3. Measure-
ments were first made in the as—grown crystal; the measurements were
. then repeated after oxidation for 48 hours at 600°C in 1 atm. of
oxygen and again after annealing for 48 hours at 800°C at a pressure
of less than ‘IO-6 mm Hg. It was observed that, in specimens which
exhibited a high background damping prior to oxidation, internal
- oxidation reduced the background by as much as two orders of
magnitude; in fact, the lowest value of the internal fricticn that
we observed ( & = 3,5x10-5) was in the 111 specimen after it had
been internally oxidized.

B, Silver-Oxygen System

When high-purity silver was saturated with oxygeﬁ, three
demping peaks were observed, .one at 130°K anotﬁer at 180°K and the
third at about 27OOK, all at a frequency of 2 cps. The internal
friétion of a specimen containing approximately 250 ppm of oxygen
is shown in Fig. 4. The two lower temperature peaké are well defined

and are only slightly broadér than would be expected for a single
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relaxation process, while the 270°K,peék is quite broad and has

a poorly defined maximum, The activation energies of -these three

peaks as deduced from a Wert and Marx plot are 8,5+1.0, 11.5%1.0

and 15.5+1.0 kcal/mole respectively. Attempts to deduce the

activation energies from the shift in the temperature of the peak

with frequency failed because of the small temperature change (about AOK)
when the frequency was varied within the limits set by the apparatus.

1. The 270°K Peak

The characteristics of this peak were not investigated:
in any detail., However, this peak was generally present in freshly
saturated specimens and increased in height after 12 hour anneals~at
100° and 200°C.- Both the peak height and the peak temperature were
quite variable., The peak disappeared when the oxygen was removed
by a high vacuum anneal at 400°C. It was suspected that this peak
might be due to an oxygen-dislocation interaction. To check this
hypothesis the simple test employed by Rawlings and Robinson24 was
used. An oxygen saturated specimen which showed the 270°K peak
was strained approximately 3% in tension at 77°K so as to disturb
the oxygen-dislocation equlibrium. The specimen was then aged,
first at room temperature and then at 100°C’to see if the migration of
the oxygen atoms to dislocations would cause the peak to reappear.
The peak was somewhalt less pronounced aftef deformation and tended
to grow on ageing., This indicates that an oxygen-dislocation
interaction may be involved, although the results were far from
‘conclusive.,

2. The 130° and 180°K Peaks

Most of our attention was focused on these peaks. They
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were found to. be highly reproducible, always occuring at 130o and -~
180%K at 2 cps. They were never observed in oxygeri~free  silver

but were present in every specimen which contained oxygen. They
could te removed by vacuum -annealing at 400°C and reappeared when the
crystals were resaturated. The activation energies of the peaks

are 8,5+ 1.0 and i1.5 1.0 kcal/ﬁole respectively. The average

peak widths at half maximum, when plotted vs. 1000/T, are 1.17

for the 130° peak and 0.76 for the 180° peak; thus, the two peaks
are, respectively, 1.9 and 1.6 times as broad as would be expected
for a single relaxation time process;~

a. Annealing and Ageing Response The peaks were always

present after oxygen saturation and could not be eliminated by
successive 36 hour vacuum anneals at 100° or 200°C. No changes were
observed in the peak temperature or heighton ageing in this temper-
ature range. Both peaks disappearéd aiter annealing for 12 hours

at 400°C in a vacuum of 10‘—6 mm Hg,

b. Orieptation Depen&ence The orientation dependence of
the peak heights for specimens saturated at 300°C in 1 atm. of
oxygen, and ccntaining about 250 ppm oxygen, is given in Table 1.
“The individual values shbwed considerable scatter, but the trend is
toward a maximum in the relaxation strength for torsioﬁ about -
<{111) for both peaks.

¢. Dependence on Oxveen Concentration - The manner in

wnich the peak heights varied with oxygen concentration was inves-
tigated by saturating a {111 crystal at different oxygen pressures

at a constant temperature (SOOOC). The;range ofJoxygen_COncentration



TABLE I
Orientation | 100 1 710 { 111
130°K peak 2.0 2.9 45
180%K peak | 0.5 0.9 1.9

The average peak heights of six pure silver specimens
( two of each orientation), all saturated at 800°C ir 1 atm. of
02. The numerical values are glven as ZM”XZ1 .
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covered was from about 100 to 300 ppm. 4 good square law dependence
of the peak height on the oxygen concentration was observed for
both peaks, as shown in Fig. 5.

d. Dependence on Saturaticn Temperature When a (100>

crystal was saturated at different temperatures between 800° and

900°C at a constant oxygen pressure of 1 atm., a slope of about

2.8 was obtained for the 1309K peak when the peak height was plotted

as a function of oxygen concentration on-a log-log scale as in Fig. 6.
For reasons which are not understood, the correspording data for

the 180°K peak were badly scattered and hence the dependence on
saturating temperature could not be determined. In these experiments,
the amount of oxygen introduced into the silver crystal increased as the
saturating temperature was raised. To avoild this'complication another
crystal was saturated at different temperatures while holding the
oxygen concentration constant at about 200 ppm. This was done by
adjusting the partial pressure of oxygen at each temperature in
accordance with the soiubility data of Eichenauer and Muller (see Eq. 7).
Unfortunately, the results again showed considerable scatter and

no éonclﬁsicns cou1d be‘dréwn. | |

3. Deformation Produced Damping Peéks

The internal friction of an oxygen-free silver crystal
was measured after straining 2% at room temperature. Peaks were
found at 144°, 153° and ZOAOK at 1.8 cps, as illustrated in Fig. 7.
These peaks were quite sharp and did not have the characteristic
shape of relaxation peaks. The peak at 153°K disappeared on ageing

for two days at room temperature (see Fig. 7), while the others
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were eliminated by a 12 hour anneal at 300°C. The peaks did not
reappear upon restraining.

It was also noticed that mild handling damage, sometimes
introduced when mounting the specimens, caused the Bordoni peak to

appear. The temperature at which the Bordoni peak occurs in silver

is below 770K,2O and hence, only the high temperature side was

)

observed.
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IV. DISCUSSION

A, Silver-Oxygen System

Before attempting a mechanistic interpretation of thé results
several pertinent features of the silver-oxygen system éhould be
noted. First of all, it has been shown that the solubility of
oxygen in silver is proportional to the square root of the pressure,14
which implies that the oxygen molecule is disscciated at the surface
and -tha oxygen enters solution as the atomic species. It is also
believed that the oxygen atoms occupy interstitial positions in
the silver lattice based cn the fact that the activation energy
for diffusion is only 11.0 kcal/mole as compared to 45 kcal/mole
for self-diffusion of silver and 30 to 50 kcal/mole for diffusion
of known substitutional solutes (e.g., Zn) in silver. The ionization
state and hence the effective radius of oxygen in silver is unknown.
Cxygen has a covalent radius of 0.732 and a crystal or ioniec radius
of 1.42.__The atomic radius of silver is 1.44K-while the "radius"
of the octahedral interstice in the silver lattice is 0.64X. From
geometrical considerations alone it is evident that oxygen atoms
could occupy either substitutional or interstitial sites depending
on the iocnization state. .

It has been found by Quéré that during relatively slow
quenches from temperatures of about €00°C a major portion of the
vacancies insilver are trapped by oxygen atoms.25 A value of 0,35 eV
has been deduced by Quéré for the oxygen-vacancy binding energy.

Finally it should be pointed out that at an oxygen pressure
of 1 atm. Ag20 becomes thermodynamically stable below 190°C,

However, no studies seem to have been carried out on the kirnetics
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of precipitation of Ag,0 from oxygen-saturated silver.

1. The 130° and 180° Peaks

The fact that the relaxation strength for both these peaks
is proporticnal to the square of the oxygen concentratioh'uheQuivbcally
establishes that the atomic configurations responsible for these
peaks contain two oxygen atoms.- The simplest possible configuration
of this type is shown in Figs. 8 and 9. It consists of a pair of
oxygen atoms in nearest-neighbor octahedral -interstices, the ‘axis
of the pair lying-alcng a (110> direction in.the'silver lattice.
(The lattice censtant for silver is 4.083 E.and hence the two oxygen
atoms in such a pair will be separated by 4.038A/2 = 2.89 A.) It is
clear that the reorientation of such a pair can take place by
having one of the two oxygen atoms jump to an adjacent unoccupied
nearest neighbor interstitial position (see Appendix)., Since it
is assumed that oxygen diffuses in silver by an interstitial
mechanism, the activation energy for a peak due to the reorientation
of there pairs should be the same as that for-diﬂfusion. Within
experimental 1imits, the measured activaticn energy for the 1800Kv
peak(11.5 ¥ 1.0 kcal/mole) does indeed correspond to the activation
energy for diffusion of oxygen in silver,(‘H'.O-kcal/’xﬁOle)l4 We
conclude, therefore, that the 180°K peak is caused by the stress—
induced reorientation of pairs of oxygen atoms whose axes lie
along <110).

The’peak‘at'1300K must also involve the reorientation of
an oxygen pair, since its height is proportional {o the square of

the oxygen concentration, but the configuration of this defect
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must differ from that of the {110 interstitial pair. In particular,
since the activation energy for the 130°K peak is only 8.5 kcal/mole
the oxygen pair must have a qonfiguration wnich allows it to redrient
more easily., The reiatively strong binding energy between oxygen
atoms and vacancieé observed by Quéré suggests that the defect
responsible may infblve.a pair of oxygen atoms in a vacant lattice
site; Since it represents the simplest arrangement of thig type,

we postulate that the defect responsible for the 130°K peak consists

of a pair of oxygen atoms symmeitrically nlaced in a vacant lattice site
in what is known as the {100y "split interstitial" configuraticn. This
grouping is illustrated in Fig, 10, Comparison of Figs. 9a and 10b
(bothbof which are drawn to scale) shows that reorientaticn of the
{100 spliﬁ interstitial involves smaller displacements of the
surrounding atoms than does the reorientation of a {110 interstitial
pair and hence a lower activatiun energy would be expected.

The assignment of the 130°K peak to the stress-induced
reorientation of the <100) split oxygen interstitial and the 180°K
peak to the reorientation ofv(j1Q> interstitial oxygen atom pairs
appears to be consistent with all other ohservations which have been
made on this system. For example, some simple calculaticns have
been carried out in the Appendix which indicate that the relaxation
strength should be a maximum for both pair configurations when
torsional oscillations are applied about a {111 axis. The observed
orentation dependence (Table I) is in accord with the prediction.

The mechanism proposed for.the 130°K peak also accounts
for why a slope of greater than two is obtained wheén the peak height

is plotted vs. oxygen concentration for a specimen saturated at



FIGURE 10



37

different temperatures. In this case, the conceniration of split
interstitials is limited by the concentratioh of vacancies in
thermal equilibrium and not by the availability of oxygen pairs.

For example, the equilibrium concentration of vacancies at 800°C

26

is about 35 ppm9

while oxygen is soluble to the extent of 257 ppm.14
The data is also consistent with our observation of a simple pair peak,
i.e., there are oxygen pairs present which are not associated with
a vacancye.

' Since this defect contains a vacancy the 130%K peak
height should be proportional to {p}z\y], where {0) is the con-
centration of oxygen and {V] is the concentration of vacancies.
To observe the vacancy concentration dependence we attempted to
oxidize at differing temperatures while keeping the oxygen con-
centration constant. As mentioned in the results section this
was unsuccessful.

The fact that annealing for as long as 12 hours at

250°C did not remove the peak is consistent with the relatively
high (0.35 eV) binding energy between oxygen and Vacancies as
observed by Quéré.

2. The 270°K Peak

As mentioned previously, the response of this peak to
deformation énd ageing seems to indicate that an oxygen-dislocation
ihteraction is involved; howevér,-;é havé né cbnclusiVe evidence
for believing that this is the actual mechanism. An alternative
possibility,which cannot be disregarded on the basis of thc information
now available, is that this peak is due té the alternate precipitation
and: solution of Ag20 under the application of stress. This mechanism

" has been suggested by Mura to explain the 230°C peak in iron.27



3. Deformation-Produced Peaks

The deformation-produced peaks which we observed in
oxygen~free silver, deformed in tension at room temperaturs,
occured at 144°, 153° and 204°K at 1.8 cps. We have calculated
from the data reported by Hasiguti et. al. at 1 kc/sec, that |
the deformation-produced peaks which they found in cold-rolled,
‘polycrystalline silver should have occured at 1310, 162° and
201°K (all % 25°K) at a frequency of 1 cpsz8 This is quite close
agreement, and we might conclude that the corresponding peaks
observed in both -experiments are produced by the same mechanisms.
Since our silver was oxygen~free and of high purity we may also
conclude that these peaks do not involve impurities but are caused
solely by deformation-produced defects (eg. dislocations, vacancies,
etc.). An interesting point is that the peaks found by Hasiguti
et. al. were broad, while ours are exceptionally sharp. This may
be due to the fact that they used polycrystallins éamples rather
than single crystals or perhaps to the difference ih-Ehe type of
deformation eﬁployed (cold rolling in their case, tension in ours),
since it has béen observed that deformation—préduced peaks ‘are
sensitive to the mode of deformation.?® It is also possible, though
unlikely, that the purity of the silver may have had somé influence
( theirs was 99.99%, ours 99.9999%).

‘B. Silver-Magnesium-Oxygen System

1. Absence of a Relaxation Peak

The absence of ‘a -substitutional magnesiuméintérstitialb

oxygen pair peak in this system requires explaination, The first
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possibility is that there afe no pairs present and that actual
particles of NMgO exist, or that the magnesium and’oxygen form
clusters in the silver matrix contﬁining tens to hundreds of atoms.

The second possibility is that the pairs are present
but that they do not give rise to a relaxation. There are several
reasons why this may be the case.

(a) The first is that if an oxygen atom is strongly
bound to a magnesium on an adjacent lattice site the oxygen atom
may by less mobile than if it were surrounded by silver atoms.

In estimating the temperature at which the peak should occur.we

used the activation energy for diffusion of oxygen in pure silver
(11.0 kcal/mole). Since our temperature range extended only to
290°K we could not observe any peaks due to processes with activation
energies in excess of about 20 kcal/mole. Hence the relamaticn might
exist;but in a higher temperature range.

(b) A related possibility is that there is some electron
transfer from the magnesium to the oxygen. This would greatly
increase the effective radius of the 6xygen atom (covalent r = 0.7‘i,
0_2 radius in crystals = 1.4‘3) and might effectively lock it in the
interstitial hole (r = 0.64 A), and hence not allow it to reorient.

(c) Oxidation causes a great strengthening effect in this
alloy; it is known that internal stresses already exist in the matrix.
Such stresses might effectively cause the Mg-~O pairs to be -ordered
initially, a situation which would not be altered by the small
external stress applied during the measurements.

2.' Background Damping

Since the background damping in our frequency and strain

amplitude range is caused by the breaking away of dislocations
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frbm pinning points , our observation that internal oxidation
lowers the background éonsiderably ieéds to the conclusion that

effective pinning poinﬁs are present in the internally oxidized alloys.
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V. CONCLUSIONS
1. The presence of oxygen in silver causes three internal friction
peaks in the temperature range'froﬁ 750 to 290°K,
2. The internal friction péak at 180°K at 2 cps in oxygén étaurated
silver is caused by the stress—induced reorientation of <110
interstitial pairs of oxygen atoms} that at 130°K is causéd by
pairs of oxygen atoms in a.vécant lattice site in the (100) split
interstitial configuration,
3. The three peaks which have been obcerved in high-purity oxygen
free silver after straining at room temperature do not involve
either substitutional or interstitial impurites but must be associated
with deformation-produced defects ohly,
4. There is no internal friction peak due to magnesium-~oxygen
pairs in Ag-Mg-0 alloys containing up to 1% Mg in the temperature
range 77° to 290°K, |
5. At the stress levels employed in this investigation the dis-

locations in oxidized Ag-Mg alloys appear to be effectively pinned.
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APPENDIX
- In this section we shall calculate the orientation depen-
dence of the relaxation strength of ¢100) and {110) interstitial
pairs. We shall consider first the (100) split interstitial.
In Fig. 10a we have drawn a unit cell of the face-centered cubic
lattice with a split interstitial lying along {010} and centered about
the position (%,1,3). By definition, the axis upon which the two
atoms of the split interstitial lie must be of the (100? type, hence
the nomenclature "{100) split interstitial." The arrangement of
the atoms in the (001) or (100) plane which passes through the
position (%,1,%) is shown in Fig. 10b. The atomic sizes are drawn to
scale taking the lattice parameter of silver as 4.08 i,'the atomic
radius of silver as 1.41 X and the radius of the interstitial oxygen
atom as 0.90‘3. From inspection we see that the distortion caused
by the interstitial pair must be the same in the {001} and {100} direc~
tions. Assuming that the atoms are hard spheres in céntact, we
can calculate the distortions along particular crystallographic
directions. We find that the radius of the interstitial atom
required to just touch a matrix atom is r = 0.219a, where a is the
lattice parameter. The elongation, 25 due to the presence of the
split interstitial (fOf r »0.219a) is then given by
By = Z.A7 ¥ - @52 A (a=1)
Blosy® Ogeony = WA T-3D A ()
with v =1.0% and a = 4.08 &, Sy ;= 0.19 % and S, 0.31 &;
hence, the distortion along the péir axis is approximately 1.5 times

the distortion perpendicular to it. Therefore, we expect that
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when the matrix is strained this defect will prefer a position in which
the axis of the pair is parallel to the tensile axis of the specimen.
As we have stated the pair axis must always be a <10d>; from this
we can predict the orientation dependence.

If a tensile stress is applied along Yde&,'interstitial
pairs whose axes were originaily.parallel to [p1QS or YQOﬂ will
tend to reorient themselves parallel to {jOQS and hence we expect
to observe a relaxation., Consider now a tensile stress applied along
[j1f&. All three <100> directions make equal angles with any (111>7
so none of these orientations will be preferred and no relaxation
peak will be observed. Hence, we expect a maximum relaxation
strength when the tensile axis lies along {100> and a minimum
when tension is applied along {111).

We shall now consider a conventional interstitial pair.
In the f.c.c. structure, pairs of this type have a {110> direction
as the pair axis. One such pair'is shown in Fig. 8. 1In order to
calculate the distortions, the (001) and the (110) planes are redrawn
in Fig. 9, with the same scale as was used in Fig., 8b, The radius
of the.octahedral interstitial hole is found to be r = O.146a, and

the elongations for r.» 0.146a are

,Si_oo\‘x' = 27 - T (A-3)
P s
Sty = 2807 — AU (£-5)

when the axis of the pair lies along {110Y. With r = 1.0 A and
- % S = D o Y _ s
a - 4008 A, S-OO\-&— 0579 A’r q“o.&_ 0. 56 A, and C\L"\o‘s_ 1.14 Ao

Once again the pair axis is the direction of greatest distortion.



Calculation of the orientation dependence of this defect
is more involved than for the (100) split interstitial, since the
relaxation strength will not be zero for stresses applied along
any of the principal crystallographic axés. Consider a tensile
“stress applied parallel to a {111} direction. Three of the six
110> directions are normal to <111, these will be desigrated as
n-type orientations; the other three {110 directions have direction
cosines of q;]_é with <111), these will be called p-type orientations.
If the pair axis is originally in one of the n-type orientations
(specifically, with its axis along {-1-1 Ol as in Fig. 8) it will
cause a distortion along {111} of

Sy % giuol‘ +{§ Smuf ZDC - .38 A (4-6)
If the palr now relaxes to a p-type orientation, the distortion
along Y]‘]']} is
g{\t\l P = % gﬂ_"\'\o‘_\ * "&——\-_5 SY_OO\'&’ Wov - Abq N (a-7)
where the subscripts refer to the directions in Fig. 8. Thus,
g)')“]v\ - g{\\\‘} P = 5% ~ o \@& (4-8)
and we see that a (110) pair will produce a greater distortion
along a <111) when it is in an n—typé orientation; this is opposite
in sense to what might have been expected from a preliminary
observation,

Consider now a tensile stress applied aléng the (001)
direction. There are two ¢110)directicns perpendicular to the <00
(n-type orientations) and four at 45° to it (p-type orientaticns).
The distortion along YO\ due to a pair in a n-type orientation

is given by Eq. A-3. The elongation along YOO‘I} due to a pair in
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a p-type orientation is

=2 3 = 3 - A8 (A=
%Y'cofs ? ﬁ Xi\\g-& *Q XY.T\L‘.S . % ( 9)
where the subscripts again refer to directions in Fig. 8. The
difference in the elongaticn produced along Y9013 by n and p-type
pairs is

= - . Yb .
T * (A-10)

ES{CO{L Q — E;[530{5\A

To calculate the relaxation strength we just also con-
sider the probability that an atomic jump will reorient the pair
into a new type of position, since for the low stress levels that
we employ the jump direction is essentially random. In the f.c.c.
system the octahedtal irterstitial positions also form a face-
centered lattice. In Fig. 11 we have drawn an interstitial position
surrounded by its twelve nearest neighbor interstitial positions. Since
one interstitial atom is located in the center of the figure, the
second atom of the pair must occupy one of the twelve surrounding
positions. Now let us apply a tensile stress along [bOﬂ . The
pair will originally be in an p-type orientation only of the second
atom is located in onevof phe four positions designated as "a" in
Fig. 11. The probability of this bccuring is 1/3. From an "a" position
there are four possible jumps, all of which are to  "b" positions and
all of which rotate the pair axis to a p-type orientation. Thus, the
probability of a jump relaxing the pair is 1, and the total relaxation
probability is therefore 1/3. As a check, consider a compressive
stress applied along KpOﬂ . The relaxaticn will now bg accomplished

by rotating the pair from a p-type orientation to an n-type orientaticn.



7~

100

FIGURE 11



-4,8-

The probability that the second gtom is originally in a "b" positicn
is 2/3. There are four possible jumps from a "b" position, but

only two are to an "a" position. Therefore, the probability of a
jump relaxing the pair is 1/2, and the total relaxation probability
is 1/3, as before.

Consider now a tensile stress applied along a [11i1.

The n-type orientations are formed when the secund atom is in a

"e" position and the p-type are formed when it is in a "d" position.
Relaxation is accomplished by a juip from a p-orientation to an n-
orientation. The probability of the pair originally being of a p-
type is 1/2. Of the four ﬁossible jumps from the "d" positions

only two change the orientation of the pair to n-type, hence, the
total relaxation probability &s 1/4. The same holds for compression
along {111} .

We can now estimate the orientation dependence of the
relaxation strength. For tension along [OOﬂ the probability
factor is 1/3 and the elongation difference is r - 0.146a, hence
the relaxation strength is proportional to 0.33(r - 0.146a). For
tension in the [111) the probability factor is 1/4 and the
elongation difference is 1.15r - 0.16%a, which yields

0.25(1.15r - 0.169a). This may be summarized as
DE g0y R0 - 046 o

._.

- = (4-11)
DEYJ\\.& ~Z".>_(\o\'5 - ,,\Q)q Ck)

o o (=]
For a = 4,08 A and r = 1.0 A this rationis 1.17; for r = 0.9 A it
is 1.21. It should be ncted that this is a much weaker orientation
dependence than that for relaxationof the (ﬁOd)vsplit interstitial.

However, the calculations are based on a hard sphere mbdel which
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" may not be valid for real crystals.

Seraphim and Nowick have shown that the sense of the
orientation dependence of the relaxation strength in torsion is
exactly opposite to that in tension.29 Hence our conclusion is
that both 1007 split interstitials and <1107 interstitial pairs
will show a greater relaxation strength when tested in torsion
about <117> than for torsion abcut 100> and that the effect

should be greater for the <100> pair than for the <110 pair.
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FIGURE CAPTIONS
Fig. 1. The torsion pendulum: a-bell jar, b-base plate, c-vacuum
jacket, d-specimen, e~ specimem support, f-lower specimen grip,
g—u;per specimen grip, h-to vacuum pumps, i-inertia member, j- counter-
weight, k-pulley, l-fine piano wire.-
Fig. 2. Positioning of the three photocell detectors. The incident
- 1ight beam lies in the plane of the drawing.
Fig. 3. .The effect of internal oxidation on the logarithmic
decrement of a <1107 oriented Ag-1 at.® Mg single crystal. O = as
grown, /\ = after oxidation for 48 hours at 600°C in 1 atm. of oxygen,
T = after 48 hoﬁrs at 800°C in a vacuum of less than ‘10-6 mm Hg.
Frequency = 1.6 cps.
Fig. 4. The logarithmic decrement of a {111 silver specimen contain-
ing about 250 ppm Oye  Frequeney = 2.1 cps. -
Fig. 5. The dependence of the peak height for the 130° and 180°
peaks in a pure silver specimen of (111) orientation saturated at
varying oxygen pressures at a éonstant temperature (800°C). The
lines drawn both have a slope of 2,0. 0= 130o peak, D= 180° peak.
Fig. 6. The dependence of the peak height of a {100) pure silver
specimen on the oxygen concentration when oxidized at varying temperatures
and a constant pressure of O, (1 atp.). Slope = 2.8,
Fig., 7. The internal friction of oxygen free pure silver at a

frequency of 1.8 cps. The crystal was strained 2% in tension at

room temperature., The orientation is close,to (11Q7.
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Fig., 8. F.C.C. unit cells containing a pair of interstitial atoms
with their axis along [7103. No scale.

Fig. 9. (a.) The (001) plane of Fig. 8 drawn to scale for a lattice
parameter of 4.08 and an interstitial atom radius of 0.9. (b.) The
(110) plane of Fig. 8 with the same scale as part (a.).

Fig. 10.(a) F.C.C. unit cell with a split interstitial (shaded
atoms) along {010} at the position (3,1,3). No scale. (b). The
(010) plane,of the sam; unit cell, which passes through the position
(3,1,5). The scale is the same as that of Fig. 9.

Fig. 11. The twelve nearest neighbors of an octahedral interstitial
position in f.c.c.. The "a" positions are 1,2,3 and 4.> The "p"

positions are 5,6,7,8,9,10,11 and 12. The "e" positions are

2,4,6,7,9 and 12, The "d" positions are 1,3,5,8,10 and 11.
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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.



