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During the period of this contract, studies of the internsl friction
of gingle crystals were made. The principle investigator was Dr. T, A, Read,
Professor of Metallurgy, and the chief contributors were H. Birmbaum, D. Frankl,
M. Levy, M. Metzger, S, Shapiro, and S. Zirinsky, members of the scientific
ataff, Metallurgy Department, Columbia University.

The work was chiefly designed toc utilize the internel friction measurements
as a tool for the exsmination of the properties of single cryvstals. The investi-
getions can be divided into several phases; the investigation of the effect of
thermal treatment on single crystals (M. Levy, M. Metzger, S. Shapiro), the
investigation of the effect of torsional deformation (H. Birnbaum, M. Levy),
the investigation of the effect of X-Ray irradistion or Sodium Chloride single
crystals (D. Fraakl), and the investigation of the temperature dependence of

the elastic modull of Au-Cd crystals,
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The internal friction measurements were all made by the composite plezo-
electric oscillator method4t, using as transducsr a Straubel-cut quartz rod
having contacting electrodes of chemically deposited silver and electroplated
gold. The gpecimen snd transducer were cemented together umder light finger
pressure with either phenyl salicylate applied at roum temperature or a beeswax-
rosin mixture applied at about 70°C. The assembly was suspended in a vecwmm
chamber by {ine horizontal wires engaging emall transverse nicks located at the
displacement node of the quartz, these suspensions serving also ss eleciricai
contacts,

The specimens were adjusted in length so as to have, within a few tenths
of one percent in most cases, the seme resonant {requencies as the transducers
with vbich they were used. Under these conditioms, since the systems were very
nearly perfectly vlastic, the amplituds distribution was quite closely a sinus-
oidal half-wave in each part of the composite oscillator.

The squivalent geries electric circuit constants of the composite oscillator
vers measured at room temperature near the fundamental resonence frequency--about
70 to 80 XC for the five transducers used--by a capacitance bridge fed from a
stable variable frequency transitron type oscillator. From the equivalent constants,
the decrement and maximum strain smplitude are calculated by the formulae given in
genoral form by Read? and reducing in the present case of one half wavelength in each
part of the composite oscillator to

a :i%i T M (1)
U= (1,292 By 103 (2)
£ob R




) W‘W’Wﬁﬁ:
N

go -

vhere
A = Ratdo of energy dissipated per half

cycle in the specimen to energy stored
in the spscimen; £.is used throughout
as the measure of the internsl friction
end is called the ®decrement®,

R = equivalent resistance of the compoaite oszillator,

e B PRMNARID. S TIOR3 W ST

in olms.
K = 8 x :atio of equivalent inductance to mass of the
g composite oscillator, in henries/gm. This iz a
{ constant for a given transducer, provided that the
specimen and transducer fregquencies ars properly matched.

f, = rescnant frequency of the composite oscillator, in sec,?

o e

M = mass of the specimen, in gms.

U = maximm strain smplitude in the specimen

5 e

L = length of the specimen, in cm.
E = RMS voltage applied to the transducer

A s e

Subseript q denotes quantity for the transdacor.
The formulae (1) and (2) are derived cn the assumption that the specimen is
& homopgeneous anelastic body, by equating the appropriate mechanical energy terms
to the corrssponding electrical energy tems, the elsctric current being the displace-

ment current in the transducer. Actually, since the dissipation is obsorved to very
with the siren amplitude, and since the latter in tuxn varies along the length of
the specinen rod, the specimsn is, in effect, an inhomogeneous material under the

conditions of measurement. However, it has boen shown by Nowick” that, wnder con-
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ditionp of negligible dissipative coupling of higher modes of vibration, formulas
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of the type (1) and (2) are applicable. In the present work we asmume, in view of"
the low values of the decrement observed, that thess conditions are fulfilled.

The quaatities Mg, 7 q» 80d K are determined for each transducer, the
latter by means of the variation of impedance with frequency near resonmance, Each
point cn an internal friction curve is then obteined from measurements of the re-
sistance at resonance, by means of the bridge, and of the applied voltage, by means
of a Ballantine vacuum~tube voltmeter.

The range of ueasurements wag limited in ail cases by ths avallabls driving
voltags. Ia the earlier measurements, this limit was about 2.5 volts, but later
tne signal generator was modified to raise this to .0 volts, about the maximum to
vhich the bridge resistors could safely be subjected.

Also measured in some cases were small but significant changes in the Young's
modulus of the specimen with chengea in driving voltage; the resulting shifts in
resonant frequercy were measured by means of a small calibrated tuning condenser
in the tank circuit of the signal geneorator.
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Yection 3

Effect of Annealing on the Internsl
Friction of Copper end Alwminum Single Crystals
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A+ Copper Crystals
1. Effect of impurity content

Fig. 1 shows the curves of internal friction versus maximm strain
amplitude for four single crystols of differing nickel content following an
anneal for 24 hours at 1050°C. The curves for these crystals show that the
decrement and the strain amplitude dependence of the 99.999% copper sample
are the greatest, and that both decrease as the impurity content is increased
to 0.10 atomlc percent nickel,

It may be noted from Fig. 1 that the lowest measured decrement wes
of the order of 10 cbserved for the sample vith greatest content. In all
subgequent measursments made in this investigation, for similex previous
histories, the lowest decrements were always observed in samples of highest
impurity f.;e;'.tenta s1\.!.“2*,«91' long period high temperature anneals this decrement
vas approximately 1074, On the other hand, even after long high tsmperature
anneals, the decrement of the highest purity samples was 5x107% to 5x10~3 in
agroepent, with previous work on highest purity copper7.

2. Effects of thermal history

In previous investigations it has been observed thet the strain
amplitude dependent internal friction is sensitive to the previous thermel
history of the samples. However, the only conclusion which may be drawm
from the available information is thet the intornal friction of an annealed
cryatal is lower than that of a freshly grown crystal. ZIvem though the dise
location pattern may be stabilized by sufficient annealing at a given temp-
erature, the concentration of solute atoms near the dislocations and tlie con-
centration of wacancies in the crystal may be altered by annealing at different

temperatures. In order to study these pro.esses, an investigation was made of
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the effect on the internal friction of annealing the single crystals at various
temperatures,

First, the samples were annealed under vacuuz of 10~%m. Hg for 96
hours at 1000°C and cooled at a rate of 75%C/hr. to rcom temperature. In all
cases, this long time treatment resulted in the lowest and flattest curves of
decrement versus strain amplitude obtained for the particulaer crysial, see
Fig. 2, curve A. Subsgequent anneels at 1000°C precdvced insignificant changes
from these results.

Figs. 24 3, 4y 5, 6, 7 show the results for amneals at 2509C and 450°C

b4

foilowing ths high tempersture smnanls. Cooling to room temperature wes done
at approxlm*;ely the csame rate as from the high temperature. The 250°C annesl
produced 1ittle change from the starting curves. However, anmealing at 4500
always increased the level of internal friction. In addition, there was usually
a mavked increase in the strain amplitude dependence. Following thls, annealing
for 2/, hours at 1000°C and slowly cooling to room temperature nearly recovered
the origirel high temperature arnealing curve. Exemples are shown in Figs, 2
and 5. On some cccasians, annealing for 24 hours at 2500C and slowly cooling to
roon tempsrature was offective in lowsring the internel friction after an anneal
at 450°C, see Figs. 3 and 7.

In order to determine if this behavicr of internal friction with annealing
temperature was a fimetion solely of the amnea’ing temparature, samples vere ine
gerted into the furnace directly at either 450°C or 250°%C for 24 hours, or taken
first to 9009C for 2/ hours, then slowly cooled to either 250°C, 450°C, or 750°C,
held for 20 hours and slowly cooled to room tempsrature. Typicel results ere
shown in Figs, 6 and 7. The behavior of the internal friction with aumealing
temperature was the same iu both cases and must then have been a fumction solely



BT vonbna Pk el S A e €T

aen EarETL

= SAeLd  tan b e it BN

S ————
P ey ST T

3

of the fina) snnealing temperature. Fig. 8 is a cross plot of the data of Fig. 7.
Thils behavior was obgerved rogardless of the impurdty content of the specimen.

A general chzracteristic of the results following 211 thermal treatments
wes that the intermal friction decressed with time. Ordinarily it was slow,
amounting to only several percent over a day. The greatest decreases usually
were observed in samples containing the most nickel. Figs. 2, 4, and 5 illustrate
this decrease following a A50%C onneal and slowly cooling to room temperature.

The 99.999% sample shows a clight decreass, whereas the crystels with .08 atomic
percent: N1 and 0,10 atomlc percent Ni show large decreases.

B. Aluminum Crystels

The decrements of the aluminum single crystals wvoried between 1077 and
1074, Even in the as grovn condition and after cutting and polishing, the decre=
ments were only rarely above 10"4. Subsequent anneals near the melting point
alvays resulted in a reduction of the internal friction. In general, reproduci-
bility in results obtained witk aluminum crystals was better than that obtained
using copper sirgle crystals. In spite of the fact that the aluminum single
crystals shoved soms hendling effects whereas the copper single crystals showed
1ittle or no handling effects, these offects ir aluminum disappeared quickly even
at room temperaturs. It was also found for t'ie heat treatments used, that little
difference appeared in the behavior of crystals of the two different purities used.
Typical results for a crystal in the as grown condition are shown in Fig. 9.

The samples were amnealed at 640°C, and slowly cooled to room temperature,
air cooled to room temperature, or water quenched to room temperature. Results for
three crystals are shown in Figs.y 9, 10 and 11. It will be noted that tho greatest
strain amplitude dependence was observed when the samples were cooled slowly to
room temperature. The air cooled behavior showed less smplitude dependencs. In
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eortrest, following water quenching, the zamples exhibited low, very flat curves
of internal friction ws. strein amplitude.

The samples were then quenched from 5509C, 430°C, and 350°C after being
amealed at these temperatures for 24 hours, In order to erase the effects of
previous treatments the semples were first annealed at 6400C for a day them very
slovly cooled to the final annealing temperatures. Typical results for this series
of themal treatments are shown in Fig. 12. The striking feature of these curves
is that the level of internal friction incrsases as the quenching temperature is
reduced,

Following quenching from 6€40°C, several samples were given short time
anneals at various tempereturss fram 175°C to 640°C. They were all air cooled
from the amreuling temperatures. These results are shown in Fig. 13. It is to
be noted t¢ as the annealing temperati:.s was raised, the internal friotion at
room temperature became more strain amplitude dependent and increased in level
wtil the annealing temperatures reached 525%C. For temperatures of 525°C and
640°C the internal friction, howsver, was reduced in level and shoved a smeller
strain amplitude dspsndence.



] Discussion

A. Copper Single Crystals
Cottre11® hus shown that the energy of elastic interaction of a solute

AN
.

atom with an edge dislocation for distences greater than several atom spacings
from the dislocation line is given by:

V= 14 Gr3bain . Ty
é(l--_a; & 772 ( T, )

e g X"'*v'-w‘r‘?‘*‘ o

pr—vye

g vhere

il

; V = the interaction energy
D= Polssmnts ratio 2 0.33 for coppe:v.'38

;'i G = the sheer modulus £ 4 x 101 dynes/cm® for copper8

“ x, = atomdc radius of the solvent elem = 1.28 & for copper39
o Ty = atomic Tadius of the solute atom = 1.24 R for nicke1??
i! b = strength of the dislocation = 2.5 g

fi o ® angle from the slip plane of the dislocation

i r = distance fram the center of the dislocation

Substitutica of these valuez yields approximately 0.10 ev. for the energy of
d i (%)

b interaction of a nickel aton with an edge dislocation in cupper. The concentration
of nickel atoms in the vicinity of the dislocations is given by Cyg V/LT where C,

18 the overall concantration of nickel atems, V is the interactica energy given

above, k 18 the Boltzmann constent and T is the absolute tempercture o. These
relations indicate that nickel atoms prefersntiall; segregate in the viednity of
dislocations in the crystals, and thaet tlLe concantration of nickel atems at any

: given distance from the dislocation lines w.)1 be directly proportionsl to the

\[, overall nickel concentration in tha crystal. In order fur the dislocations to move
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freely under the applied strecs, sither the golute atoms must diffuse with the
dislocations, or the dislocations must be torn free of the solute atoms. Since
the measurements of internal friction were all made at room temperaturs, whers

the diffusion rate of nickel in copper is extremely 1ow40, the solute atoms remain
essentlally fixed during a cyecle of vibration.

The cobservations shown in Fig. 1 are qualitatively completely consistent
vith these conclusions. Since no hysteresis in the decrement versus strain ampli-
tude curves were observed vhen the strein amplitude was increased, then decreased,
1t is evident that the disiocations were not torn free of their impurity atmos-
pheress. Thus, as the nickel content increased, the level and the atraln amplitude
depeudence of lhe internal friction decreesed showing that the mobility of the
dislccetions had been reduced by the addition of nickel. Evidence for the low
interaction energy of nickel atoms with dislocations in copper is also given in
thege results, for it is seen that only the erystal containing 0.10 atomic percent
nickel exhibited the low, flat decrument versus strein amplitude curve characte
eristic of crystals in which the dislocations have been thoroughly pinned.

An annlysis of the data of Fig. 1 also shows that the decrement for a
given strain amplitude is proportional to c;" vhere C, is the overall atom fraction
of nickel atoms and x varies between 0.35 and 0.6. Koehler, in his theoretical
treatment found the decrement to be proportional to C;l*, wille Veertman obtained
the decrement to be proportional to G;]J*/9. The comparison wow.. indicate thet
the nature of impurity atom pinning of dislocations is as yet pot clearly umderstood.

An analysis of the results obtained in the study of the effects of thermal
history on the internal f-iction may also be made asswuing the solute atoms dis-
tribute according to the Boltzman relatinsn., Huwever, in order to insurs that such
an apalysis is velid, it must first bo esteblished that the confijuration of the




dislecctions 1s not altered by the thermal tresatments. Therefore, before any
sequence ¢f snnealing treatnments was macde, the crystals were 21l annealed for long
periods at 90C°C -~ 1000%C. Subsequent anneeling for 2/ hours at these temperatures
racduced only minor chenges in the internal friction. In addition, the results
cbiained dld not depend cn the exact manner in which the crystals vere taken to
the annealing teuperatiures of lnterest. No differcncus were observed vhether the
erystels vere inserted directly at tne desired annealing temperature or firut ine-
serted at 900°C and then slowly cooled to the final annealing temperature. These
observations indiccte that the dislocation configuration did remain unsltered
during the thermsl troutments ard that the observed effects of thermal history are
to be assoclated with other imperfections present.

If a Boltemanp distribution of impurity atoms is eassumed, the equilibdrium
cancentration of impurity atoms neer dislocation: would be the least at the highsst
annealing temperature. As the crystal is cooled, impurity atoms diffuse to the
dislocations. However, &t some point in the cooling process the rate of diffusion
wil). be insufficlent to =aintein the equilibrium concentration of impurity atoms at
the dlslocation. Thus, on subsequent ennerling at lower temperatures the impurity
aetan distribution would more closely approach the equilibrium distribution for
these tempseratures.

Some of the effects observed in the copper single cryst:ls may be attributed
to this type of behavior. The internal friction following annesling at 450°C was
always lower than thui after annealing at 750°C. Annealing at 250°C always ylelded
a lovwer internal friction then annealing at 450°C. But by the same argument, the
highest internal fxlction should have been obscrved after annealing a«t 900°C, where-
as, the lowest intorn.l friction was always observed after the 900°C annenl. This
behavior suggests thet a second mechanism mny osperate at the high temperature.




B.  Alwninim Single Crystels

The results obtained on the alurinum single crystal also cannot be
accounted for on the basia of the solute atom dislocation interaction oute
lined above. It is to bs expsetsed that the highest concentratlon of impurity
atons near dislocations would exist after the crystels had been cooled to room
temperature at the lowest rate, and, therefore, that the internal friction
would be lower and less strain amplitude daepeundent for a slowly ccoled erystel
than for a orystal which had been cooled rapidly. Howsver, it was observed that
when the crystals were slowly coclsd to room temperature, they exhibited higher
and more atrain emplitude dependent internal friction than when they were rapidly
cooled to room temperature. The resvlis obtained after annealing and quenching
from various temperatures also show a reverge effect. On the baris of a Boltzsann
distribution, 1t is to be expected that the impurity atom concentrations near the
dislocations sould inwrease ag the snnealing temperature ims decreased. The ine
orcased concentration would result in a loworing of the internal friction. However,
the obssrvations showed that the lower tho temperature at which the samples wero
annealed, tho higher wes the internal frictiom.,

After being cooled rapidly from 6409C the aluminum gingle erystals were
anncaled at various low temperatures for short times, Here, the initial state was
a high temperature state. In this caso one would expect that during the low temp-
eraturc anneals, impurity atoms would diffuse into tho diilocations and reduce the
level and strain amplitude depondence of tho internsl friction. Hovever, just the
opposite wag observed, for as the annenling temperature was raised from 1759 to
420% the internal friction increased and became more strain amplitude dependent.
¥hen the amnealing temperature was raiged to 520°C, the internal friction and
strain amplitude dependence began to decrease, and both decreaszed fuwther when the
sanmples wore ammesled at 640°C., Tho maximum in internal friction with cnnealing
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temperature again appsared as it had in copper. Thase results also indicate that
another mechanism must operate at the higher temperatures.

Since the results obtained in this investigation cannot be simply accomted
for on the basis of the solute aton dislocation interaction gemerally assumed, it
is neceggary to examine more carsfully the conditions existing within matorials
hrving the face-cantered cubice structure. The dislocatione in crystals of this
structure may be separated into two groups. The first includes those dislocatiocas
which exist in aggregates forming the subgrain boundaries in the crystals, while
the gocond comprises thogse disiocatioms existing within the subgrains. The latter
ars probably mainly responsible foir the senergy dissipation within a vibrating
solid. On the busis of the Read-Shockley dislocation model of a low angle grain
bomndsary, the boundaries would consiat of linear arrays of edge dislocatioms end,
as has been notod earlier, it is llkely that principally extended dislocations
oxigt within the subgrains. Susukl heg suggested, the strain field about an ex~
tanded dinlocation in a face-centered cubie corystal is considerably weaker than
the field about a soxrew or edge dislocation. Therefore, the interacticn energy
of solute atoms with dislocations which form the subgrain boundaries in a erystal
will be much greatsr than the Interaction energy of solute atoms with the extended
dislocations within subgraina. Thus, under equilibrium conditions, the concen-
tration of solute atoms within subgrains would decrease as the temperature was
lowered. Cooling rapidly from any amnnealing temperature would leave more solute
atoms withia th» cubgralns than would cooling slowly. The concentration of Impurity
atoms at tho dislocations within the subgrains would be groatest for the most rapid
cooling, and the internal friction of & crystel would, therefore, be lower and less
strain amolitude dependent after the crystal had been cooled rapidly than it would
be after the crystai had beer cooled slowly to room temperature. In a series of
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cbservations in which e crystel was rapidly cooled from various annealing
temperatures, the intemmsl friction would decrecse as the annealing temperature
wvag rolssd. These canclusioms are all conslstent with the results cbtained for
the alwminun single crystals.

The results shown in Flg. 13 for the effects of low temperature annealing
on & gample which had previously been guenced from a high temparature are also
oonglstent with the above ideas. Ab the low temperatures, impurities diffuse awey
from the dislocations within the subgrains, scme of the excess impurity atoms
diffusing into the dislocatlons which form the gubgrain wells of the orystal. As
a regult, the internal friction messured et room temperature increases. After the
crystal bad been annealed at the higher temparature, the internel friction wus ob-
sexrved to decrease, 1.e., the internel friction reached a moximm with annealing
temperature in the neighborhood of 500°C. At the higher temperature cf annesling
impurity atoms diffuce out of the subgrain boundaries tc incrsase the soncentration
within the subgrainn. On cooling, more impurlty atoms are available for pinning
the mobile dislecaticas existing within the subgrains, and ths internsl fricticn 4s
reduced.

The results obtained for the variation of room temperature internsl friotion
of copper single crystals with annealirg treatment are consistent with those cbtained
for sluminmm. Esasentially, the same behavior was obgerved except that for copper the
behavior was found even when the orystals were cooled slowly from the annealing temp~
eratures.

Ag previougly discussed for the results cn the aluminum cxrystals, the
axistence of tw. proferentinl sites for solute atoms in a crystal leads to a decrease
with tempexature of the concentration of solute atoms in the regioms within the sub..
grains. Cooling slowly from any given annealing temperaturo will result in a concen-
tration of impurity atoms in these regions correspanding to an eguilibrivm Yemperature




somevwhat lower than the anneeling temperature, this ®equilibrium temperature®
depending on the diffusion rates of the impurity atoms. For slower diffusing
elements it will be closer to the aunealing temperature than for rapidly diffusing
atoms. Durlng the proesss of cooling to room temperature, some of the solute atoms
in these regions will diffuse into the dislocatioms within the subgrains. The
greatest concentiation exists after amnealing at the highest temperature, so thai
the most solute atom pinning is exhibited after annealing at the highest temperature,
§00°C. fThus, the internal friction following a 900°C anneal is lower and less
amplitude dependent than that following a 750°C anneal.

Since the concentration within the subgraine Cecays exponentielly with
temperature, the concentration of solute atoms at 450°% 1is not very different from
the concentration at 750°C. However, & greater proporticn of the impurity atoms
availeble for pinning the dislocations within t*2 subgrains diffuse into these
dislocations at 450°C than at 750°C. The intermal friction after annealing at
450°C 18 lower than the internal friction after anmealing at 750°C. A similar
interpretation holds for the relation batween the internal frictions following a
250°C and 450°C anneal. Thus, & maximm in the internal friction with annealing
temperature may be expscted.

Results for the effects of annsaling temperature and .ooling rate from
the annealing temperature on the stress strain curves of zinc single crystals
have been reported by Li, Washburn, and Parker, In the rangc of temperature
investigated, it was found that the room temperature yleld stress increased as
the annealing temperature was raised. Increasing the cooling rate from a given
temperature of annsel also increaged the yield strength of the crystal. These
observations shoved that the effects were not altered by tie intentional addition
of swall amounts of either copper or nitrogen to the zinc crystals, but did seem
to be affected by the subgrain structure of the erystals. It may be cuncluded

that the dislocations producing alip were moss difficult to aove when the annealing
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temperature was ralsed ov the cooling raste from the anmealing temperature was
incrensed. There is then a general parallelism between observations of Li,

Washburn and Parker; and those of the present investigatlion.

Effect of quenching copper orystals from high temperature

An unusuel offect was obtalned when the copper erystals were quenched
in vater to room temperaturs afier being amnealed for 24 hours at 1050°C. This
behevior is shown in Fig. L, to 18. During approximately the firat hour after
quenching, the internsl friction decreased and thereafter, it increased. Even
aftor 24 hours the internal friction showed no signs of leveling off. This be
havior wos observed in all orystals ragardless of purity. On but one occasion
was o different behavior obgerved following the quench. In this case, shown in
Flg. 14, the internal friction deorsased in approximately six howrs to a stable
value.

For the annsaling treatment, tho samples were sealed wndor vacuum in
fused silica tubes. In order to quench the specimens, it vas necessary to breek
the tubes under water., In the ono test in which the iuternal friction did not
rise with time, the quenuh was noticeably slowsr dus to difficulty in cracking
the tube. This would indicate that the internal firictlon rise after approximatoly
one hour i1s to be associated with a rapid quench.

Tho shapes of the curves of intormal friction va. time following the quench
suggest that two prccesses tako placo simultaneougly. The ~ffect of one process is
to docrease the internal friction with time; while the other produses en inorease
of the internal friction with time. Since the semples were quenched from near 1000°C,
an exceas of vacencios was prosent over the equilibrium vacancy concentration at
roonm temperature, The excess vacancies, after forming pairs, could diffuse rapldly
to screv dislovations forming jogs cn the dislocations. The jogs, acting as pinning
points, would reduce the mobility of the dialoostions and thus lower the Internal
friction.
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The second process which results in an increase of the internal friction
vith time mey be due to stresses introduced by the inhomogeneous rapid coolir z,
As these stresses are relleved, the dislocations become more mobile, so that the

internal friction would increase with time.
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An investigaticn was made to determine the effect of solute atoms
on the internal friction due to dislocation scources. It has been suggested
by Cottrell that solute atams will interact elastically with dislocationg in
cyystals, Due to this interaction, the mobility of dislscations would be rew
duced by the presence of solute atoms. It is commonly assumed thet the strain
amplitude dependent internsl friction originates from the movement of dislocatioms
in the erystal. Therefore, it 4s to be expected that solute atoms would reduce
the internel frictica.

The investigation was carried out using 99.999 percent cadmiwm single
erystals and alloy single crystals containing up to 0.01 atomic percent mercuzry.
A1l crystals were grown by the Bridgman technique.

X-ray Laue patterns were taken of all crystals to obtain the crystal
orientations. It wss observed that ti3 Laue spots were very shaxp, indicating
a low imperfaction densgity.

The pamples were all annealed near the meliting point and then slowly cooled
to room temperature to determine a reference level of internal friction. The
orystals vere then reannealed neer the meliing point and quenched in water at
room temperature, After this thormnl treatment, the internal friction of the
pample of highest purity showed no change with time. The level of internal
friction was approximately that after the crystal had been slowly cooled to room
temperature. Howover, the decrements of all samples containing mercury decreased
with time. This differance in behavior attributed to the presence of the mercury
atoma, At the high temperature these impurity atoms are mearly wiformly distri-
buted throughout the crystall lattice. After quenching to room temperature, the
moroury atoms diffuse to dislocation sites to reduce the dislocation mobilities.
The data was shown to agree with the relation derived by Zemer for the diffusian
of soluts atoms into a cylindrical precipitate.
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Effect of nickel content. on the internal friction

of copper base single orystals..

A.

B, .
C..
D..

99.999 per cent copper

0.01 stomic per cent nickel
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FIGUIRE 1

Effect of nickel content on the internal frictlon
of copper base single crystals..

A. 99,999 per cent copper

B. 0.0l atomic per cent nickel

C.. 0,08 atomic per cent nickel

D, 0.10 atomioc per cent nickel
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FIGURE 2

Effect of annealing temperature on the internal
friction of & 99.999 per cent copper single crystal.
Tests made in order indicated.

A. 96 hours at 1000°C.

B. 40 hours at 250°C..

C. 40 hours at 450°C.

D. 20 hours at 25°C.

E. 24 hours at 1000°C.

Crystal cooled to room tcmperature at the rate

of 75°C per hour in all tests.
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FIGURE 3

Effect of annealing temperature on the internal
friction of 99.999 percant copper single crystal,.
Tests made in order indicated..

A.. 24 hours at 250°C..

B.. 24 hours at 450°C..

C.. Additional 48 hours at 450°C..

D.. Additional 24 hours at 450°C.

E.. 24 hours at 250°C,

Crystal cooled to room temperature at the rate

of 75°C per hour in all tests.
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Effect of annealing temperature on the internal
friction of a copper single crystal containing

0.08 atomic percent nickel.. Tests made in order

indicated..
A.. 24 hours at 250°,.
B.. 40 hours at 450°g..
C.. 15 hours at 25°,.
D.. Additional 25 hours at 25°C..
Jrystal cooled to room temperature at the rate

>f 109°C per hour in all tests.
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Effect of annealing temporature on tho internal
Trioction of a copper singlo orystal containing
0010 atamlc per sent nieciel, Tests nade in order
indicated,

Ae 20 hours at 900°C, D. 21 hours at 900°C,

B, 40 howrs at 450%C, R®., 1} nours at 4509¢.

C. 15 hours at 2509, F, 21 hoars at 200,
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Effect of annealing tomporaturo on tho internal
friction of a copper sinple erystal contalning
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Tests made in ordor

A,
Bo
Co

24 hours at 250°C,
24 hours at 450°0,

AdCitional 2¢ hours at 450°C,

Do Additional 4G hours at 450°0C,

Crystal eooled to room gamperature at the rate
of 75°C per hour in all tests,
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‘Effect of annealing on the internal friction of a

copper single crystal containing 0,10 atomic per sent
niekel. Crystal annealed 2l hours at 900°C and cooled
at the rate of 100°C per hour o the final amealing
temperature, '

Ae 24 hours at 900°C, D, 2} hours at 750°C.

Be 2l hours at 250°C, E, 2l hours at 250°C,

Co 24 hours at 4,50°C, P. 2l hours at 450°C,
Crystal ocooled to room temperature at the rate

of 100°¢ per hour in all tests,
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FIGURE 10

Effect of the rate of cooling from the annealing
temperature of 640°C on the internal friction of

aluminum single crystal Ye4,.

A.. Quenched into water at room temperature.

B.. Air co- 1 to room temperature..

C.. Cooled at tue rate of 50°C per hour to
room temperature..
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FIGURE 11

Effect of the rate of cooling from the annealing
temperature of 640°C on the internal friction of
iluminum crystal ¥Y-1.

A. Quenched into water at room temperature.

B.. Cooled at the rate of 50°C per hour to
room temperature..

C. Cooled to room temperature in 16 days..
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FIGURE 12

Effect of quenching from various annealing temperatures
on the internal friction of aluminum single crystal Ia.
A.. Annealed at 640°cC,.
B.. Annealed at 550°C,.
C.. Annealed at 450°C..
D.. Annealed at 35000..
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Effeot of 15 rinuto annoals at varlous ternporatures
on the internal friotion of alumimun singlo orystal
Vi,

A. Initial stato: Quonched into rater fron 64000.

B, Annealod at 250°C, E, Anncaled at 520°C,

C. Annoalod at 32°%, F, Annealod at 640°C,

Do Amnnealod at 485°C,

Crystal alr cooled to roor torperaturce alfler these

taor1al treatrients,
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Variation with time of the decrement of a 99,999
per cent copper single crystal after belng quenched
Tfrom 1050°C into water at room temperature.
A, Mex, strain amplitude, 0.21:10'6
Test lislow quench: -6
B, Mex, strain amplitude, 1,0x10
C. Max, strain amplitude, 0.2x10'6

Test 2irapid quench: 3
D, Max., strain amplitude, 1,0x10
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Variation with time of the decrement of copper
single orystal contailning 0,01 atomic per cent
nickel after being quenched from IOSOOC Into

water at room temperature.

A, Maxinmum strain amplitude, 0.2 x 10'6.

B. Maximm strain amplitude, 1.0 x 10'6.
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FICURE 16

Variation with time of the decremsnt of a copper
aingls erystal containing 0,08 atomic per cent
nicksl after being quenched from 1050°C into
water at room temperatura. _

B? Maximum strain amplitude, 0,2 x 10-6.

A, Maximum strain amplitude, 1.0 x 10"6.
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Variation of the internal frietion with time of a

copper single crystal containing 0,10 atomio
ver esnt nickel after being quenched from 1050°C

Into water at room temperature.

A, 10 minutes, E.
B. 20 minutes, F.
Ce 30 mirutes, Ge
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Variation with time of the decrement of a copper
eingle corystal containing 0,10 atomic psr cent
nickel after being quenched from 1050°C into

water at room temperature. ) .
A. Maximum strain amplitude, 0ol x 10"6,

B. Maximum strain amplitude, 2,0 x 10"60
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Section 4

Effect of Irradiation on the Internal

Frictlon of Sodium Chloride Single Crystals
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THE NTERNAL FRICTION OF ROCKSALT SINGLE CRYSTALS

The internal friction of sodiumm chloride single crystals measured by
the composite oseillator method has beca studied by D. R. Fraukl, and as
the results have been previously repor‘badl, only the main results shall
be summarised., The specific purpose of this investigation was to study
the interaction of dislocations with the imperfectioms intrcduced in the
sodium chloride crystals by X~rey lrradiation. It has been previcusly
established? that X-ray ivradiation of sodium chloride produces F and V
centers, the densities of which ars functions of the .ntensitles of irradi~
ation., The photo cherical profJert.‘Lea of these centers have been studied?
and their effect ou the plastic properties of the ionic crystels have been
ommined". The present investigation utilized the internal frictiom
measurements as a measure of the dislocation propeities after various
treatxenta.

The varintion of the deecrement with strain amplitude in the ionle
crystals is similar to Ghat found in metal cryatale5. The modulus decroase
accompenying the increase in internal with strain emplitude is alaso qualita-
tively similar to that cbserved in motals. The medulus shift is found to be
a fumotian of the decrement only and is independent of the strain amplitude
required to produce the decrement, thus indicating that the medulus shift
and tho decrement arise from the some mechaniem. In geveral of the crystals
it was observed that a double valued internal friction vs. strain amplitude
curve was obtuined on inoreasing the driving voltage to the composite oscillator.
On decreasing the driving voltage the initisl curve was retraced, iej only a
slight hysterasis loop was observed. This double valued behavior is the result




of a larze increase in the damping as the driving voltage is increased. The
mocharics of this behavior was not determined although the results indicated
that it vas assoclated with cold work.

Mild photochemical irradiation by X-rays resulted in a large decrseane
in the amplitude cependence of the internal friction. This was proved to
be a volune effect by dissolution of the surface and by irradiation through
a sodium chloride window. Bleaching of the F and F! centers by exposure 1o
visible light did not result in &n increase in the internal frictieon, thus
indicating that the lowering of the decrement was not a result of the direct
interaction of the F centers with the dislocations. These results indicate
that it is the interastion of the V centers with the dislocations which causa
the decrease in internal friction. The irradiation of the crystals causes the
formation of positive and negative ion vastncies which are associated in pairs
cus to the electrica’ interactions. Hcwever the binding energy of an electron
to a negative ion vacancy 1s greater than tho tinding emergy of the vacancy
pairs. This allown the negative ion vacancles to trap electroms with the
formation of F centers and the freeing of the positive ion vacancles. The
positive ion vacancies cen foxrm V conters end éiffuse to the dislocation
1lines vhere they can act as pinning points. The F centers are less mobile and
vill not diffuse apprecislly at room temperature. The pinning of the dislo~
cation by the V centers will cause a decrsase in the internal frictiou. If s
drradiation is carried out at -196°C the internal friction is not decreased,
thus indicatiung ths necessity of the diffusion of tlie centers to attain the de-
crease in decrement. After low temperaturs irradiation, annealing at room
temperature before bleaching causes a large decrease in the internel frictiom.

The effects of coloration may be removed by low temperuture amneels,




been noted.

Saveral affects of thermal treatments on the internal friction have

High temperature annesling followed by rapid cooling in air

resulted in an incrsase in the decrement and in its amplitude dependence.

Following the high tamperature smneals, intermediate temperature anneals

regulited in a decrease in the decrement. These results indicate that

dislocation pinning by some mechanism other them vacancies is operative.

This pinning may be dus to Impurity atoms.
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Section 5

Temperaturz Dependence of the

Elastic Constants of Gold Caudmium Alloys




II A.

Sunmery Terminal Report on Temperature Dependence
of Elastic Comstants of Gold Cadmium Alloys.

This work wes primarily undertaken to investigate the influence
of the tempsrature dependerco of the single crystal elastic constants
upon diffusionless phase changzes in the above alloy system.
4 theoretical analysls was presented by Zenert vhereby the mechanical
equivilence of FCC and BCC structures by a simple shear mechenism was
shown. This relative thermcdynamic stebility as & fimction of tempera-
ture vas cempaved end r diffusiorless phass change toward thermodynemie
atebility was obtained by lettice vibrations. Therefore it was predicted‘
that the BCC sheer diagnol constant 8 (110) [ T10] would change rapidly
with temperature becoming relstively much larger approaching the phsas
transition point. Experimental investigation would he confined to high
tempsrature yphase cublc Au Cd alloys, bscause of their simple structure
lending easy interpretation to detas, and single cryastalas can be retained
only in the high temperature phase. Alloys of 47.5% Au Cd and 50% Au Cd
were pelected becavge of their ccnvenient transformetion bshavior. Single
carystals of erbitrary and eamtiolled orientation were prepared by a modi~
fiod Bridgeman teshnique and properly heat treated. Dynamle olestic
modull wers obtained with these crystals as a fimction of tempersture
(in the high temperature phase only) and prior thermal history. The
composite~oscillator technique wvas used exclusivel;z. The experimental

varisbles for necessary messurement are crystal orientation, specimen

(1) C. Zemer, "Elastic and Anelastic properties of Metals. U. Cnicago Pross
Chap. IV.

(2) S. L. Quinsby, Phys. Rev. 25  p. 558 §1925
L.

Balammth, Phys. Reve 45 p. 715 (192

J. Zacharias, Phys. Rev. 45 p. 116 (1933)
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length and diameter {right circmlar cylinder), specimer nmass, temperature
dependence of thermal expansion, temper.ture deperdsnce of lengitudinal and
teraional resonant frequencles. Details of the technique are explained in
the rLove nentioned references. Sidtable quartz crystuls were prepared and
bonisd with metal specinens for resonaat frequency meagurements. £ sulteble
elecironie oscillator had been built for driving the composite oscillator and
nepsurezent of reconunt frequencles. The naturel specimen frequencies werse
calctlated and with the allied ieasurements, the principal cubic elestic can~

stants were calculateds
(2) 5&3 = I/E = 87 ~ 2(spy - Siz% 44 n12 n226n22 ny2emy? n32}

where ;’ = axizl Yowmg!s modulus
ig: The elastic compliance cosf{icient in the arbitrary oriented
ction of the axis with regard to the crystallograrhic reference

syatem,
slj = The crystallographic compliance coefficieants

ny = directionel cosines appropriate to following transformation
scheme.

fod (o] foor)

X Y Z
oy 13
Yl m my 3
| oo %2 a3

(®) Sghu=1=5@e4 (o1 - 912 -} S [ m?n?
* 1,2 n32 + ny2 n32]
G = axial torsiocnal modulus
The orleniation functions wore determined Ly crystal cricntation meusurements
using the Laue back reflection X-ray technique. Tlermal oxjansion wes determined

by X~ray lattice parameter measurements and linszaer dilo.romet-ic weaswrements.
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Crystals with [100], [110], [11.1} wxisl orientations were necessary for the
torsionsl. messurezents so &, Lo avold {hexual frequency coupling affeets, to
yield accurate moduli values,

Some results obtained are indicated as follows:

Table I 47.5_At% Au-Cd

x10™ cr?/dyne '
Tompersture®t | S Sz Sm K YEn | P, i(ﬁ‘éfz)'
50 11.24 5.446  2.363 1.032 0.9024 12.45 14.11
60 10.91 5.289  2.364 1.026 0.9021 12.09 13.70
80 10.35 5.003 2.370 1.023 0.9038 11.45 12.95
100 9.892 4776 2,383 1,021 0.9076 10.90 12.32
140 9.122 4.393 2,420 1.012 0.9125 9.927 11.17
180 8.536 4.099  2.462 1,01, 0.9233 9.146 10.26
220 8.106 3.883  2.510 1.016 0.9503 8.530 9.556
260 7-785 3.722  2.564 1.026  0.9685 8.038 8.974
320 7.365 3.509  2.650 1.041 0.9990 7372 8.208
360 7.234  3.438  2.709 1.076 1.023 7.073 7.877
Table II 50 At % Au-Cd
Tamperature?C

30 8.919 4275 2,275 1110 0.38L7 10.12 11.60
A0 8.652 4e161 2,280 1.109 0.8832 9.843 11.27
50 80491 4060 2,288 1,111 0.8851 9.596 10,97
70 8.148 3.892 2,304 1.091 0.8897 9.165 10.44
100 7 U4 3.691  2.334  1.084 0.8984 8.633 9.749
160 7,185 3.412 2,397 1.087  0.9198 7.831 8.842
220 6.787 3.205 2,468 1,134 0.9488 7.180 8.094
230 6,482 3.042 2,547 1.195 0.9817 6.634 7.481
320 €.218 2,951 2,500 1.247  1.006 6.308 ".126
360 6.196 2,882 2658 1.295 1.030 6.048 6.833




The principal cuble elastic complianze coefficients 83, 812, Sqq are
listed as a finction of temperature, All other pertiment elastic properties
can be calculuted fron thew’. Also listed are the compressibilitiss, 3(S;142512)
and ratlos of maximum and miniwum crystallographic elastic corutents. The last,
the ratio uf the cubic edge and dimgonsl shear constants are pertinent to the
theorc tric.’ consider.tion previously mentioned. 8, should remain faoirly con-
stent vith temperature clarge for BCC lattice while the diagonal shows constant,
2(S11 - S12) shuuld increase sharply approaching the diffusionleszs phage charge
temperature. Quelltative agre-uent 15 obtained with theory, but no drastic charge
13 obtteined approaching the jlia.e transformation temperatura. Jonosé has quanti..
tatively shown, for tho case of bets brucs, that its face disgonal shLear comatant
5110 = 2(511—812) is positive ne a result of the stabilizing influence of a positive
energy contribution dus to the interaction between tlie fermi energy ot the valence
olectrons ard the first (110) Brillouin zone. Tlia is followed in that higher gold
contezta (lower electrun/oton denegity) shiow ¢ greater elastic anisotropy snd trans-
form at a higher temperaturs.

Table III - Comparative Elastic Proporties

Bets Brass’ 47.5 at % Au-Cd 50 ot % Au-Cq

Temp. C 20 -200 annealed quenched annenled

50 from 550°C 30
28

B 18.2 3.2 11.1 1.1 11.3

200 244,  2.32 70.890 1.10 1.12

0-2

cmg;q, 7..5 8.55 12.5 10.1 10.1

E11/Ey00

2(8y1-842)

___;*_‘3_12__ 8.93 10.4 L.l 1.6 1.6

4) H. Jones, Phil. Mag. 43, 105 (1952)

A ]
§3§ R.F.8. Hearmon, Rev. Mod. Phys. 18 #3 416 (1946)
5) Artman, J.A.P. 23 470 (1952)
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Teble III indicates thet the elastic anisotropy for the lowest temperatures
measured with beta bress (exomorphous to Au-Cd) is not as greet as that for
Au-Cd. The brass i3 steble to lowest availsble temperatures while the Au-(d
tranefoima. This lends suprort to an elasiic anisotropy criteria for diffusion.
less transformation.

Teble IV - Calculated and Experimentally“’
determined Compreasibilites (X2.0~2m?/dyne)

Alloy 3(S31 + 2 Spp) Weibbe Eq. Detirmined % DIff,

Cu Zn 0.938 0.948 1.0
Cu 7Zn 3.9A2 0.913 2.0
55 4t¢ Cu~Zn 0.927 0,924 0.3
51.7 At% Cu-Zo 0.861 0.808 6.0
47.5 A% Au-Cd 1.03 0.998 5.0
50 At% Au-Cd .11 1.02 8.5

The above data indicates that the abeclute values of the elastic
constants ars to be considered relieble. Calculated conprossibiliivies are
obtained as a small difference of two exporimented values and are ugually

not too accurats.

6. F. ¥oible, Zeits. F. Mot. 30 (1938) p. 322




Section 6

Effect of Plastic Deformstion on the
Internal Friction of Metal Single Crystals




EXPERTMENTAL, PROCEDURE

A. SPECTMFNS

The spscimens ugsed in this investigatiom were single crystals of
aluminum, silver, sodium chloride and copper. The impurity content of
the specimen materiel is given in Table X. The silver and copper crystale
were prepared by the Bridgeman techniqus in s vacuum furnace, using split
molds of AEC high purity graphite. The sodium chloride crystals were pur-
chased from the Hershaw Co. The alumimm erystals wore prepared by a
horizontal Bridgeman technique which utilized the aluminum oxlde Uskin® as
a nold. The orientation of each crystal was obtained by the back reflecticn
Laue techniqus and is given in Fig., I. The copper snd silver specimens were
checked for bowmdaries by etching before the intcrnal friction measurements
wore taken, whiie the aluminum crystals wore used before etching and were
otched gubsequent %o the internal friction measurement.
B._ _Internal Friction Mzasurements

The internal friction measurements were all made by the composite
plozoslectric ocscilintor methea?d vtilizing straubel cut quartz erystels with
electrodes of evaporated aluminum and chromium. %The rusomant frequencies of
the quartz crystals were in the range of 30 to 80 Ke. The resonant freguencles
of the metal crystals were matched to within a few tenths of a percent of the
quartz frequencies and are listed in Table IX. The crystals were cemented to
the quartz by phenyl selicylate or by sausreisen cement which was alr drled.
The temperature messurements wore all mads vith the ssucroisen bond. It was
determined that the internal friction was independent of the bonding material.

T.e camposite oscillator assembly was suspended by flne wire gupports

placed at the displacement node of the quartz, The measursmenis were all made
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in a 7acum ckagzber. The carposite cscillator was excited at the fundamental
frequency by a transitron oscillator snd the electrical reristance at resonance
wea measursd by a capacitlve A.C. bridge. Since the composite oscillator may
Y2 considered & RLC electrical circult, its decrement and strain amplitude mey
be calculated from the measured resistance st resopance by the relatioms de-

veloped by Read and presented below.
M. A, + Mg 8g = *74
g Bg + 1 9“9 Kfc.

U= \JL?.S'K Xl03 x_g'._

L R

S

A= dacrement, defined as the ration of the emergy dlassipated per helf uycle,
to twics the energy storecd In the specimon., The decrement is used as a
measure of the internal friction.

= reosistence of the composite oscillrtor at resonance.
)( = Frequsncy of composite oscillator.
M == mass

aL
Me+ Mq

L = inductance of the quexts

K=

1,= length of the specimen
£ = driving voltage suppiled to composite cscillator
U = moximum strain amplitude.
subseripts s and q rofer to the spocimen and quartsz respectively.
The changea in modulus of the specimen were also obtained by measuring

the variation of resonant frequancy of tlis compeaite oscillator and by applying
the following relatioms.

ton (5 Mg T (%C

Xe /. Mg e /%4




f _ L= / 3

g =
2 ls ©

viers E 13 the elastic medulus in the iyrstellographic direction of the lemgth

of the specimen.

C. Deformaticn of Crystals

The specimens were deformed in compression and in torsion. The methoed
of compressive deforz:'ion was to place the specimen between the anvils of &
nicrometsy and to use the micrometer for application of the load and for
measuring the strainm. Spscisens Ag 1 and 2 were deformed in compression by
ax’ally loading the crystal rathor than by compressing it in the micrameter.

The torsional deformaticn wes performed betwoen two axially aligmed Jacobs
chucks each of which contained a pole plece. The specimen was cemented betweem
these pole pleces uging phenol salicylate. Since the amount of torsicmal defor—
mation was small, the specimens wers not bent by lattice plane rotations during
the torsiaonal deformation. The atrains were meagsured by u3ing an optical lever
arm two meters in leagth. It was established tlat the mounting of the orystal
in the torsion apparatus and removing it did not affecl the internal frictiom,

D.__Torsion Fendulum Messurements

The torsion perdulum experiments were carried out et frequencles of about
1 ops. An inverted torsion pendulum was used to ensble the stress on the
spocimen to be varied without altering the frequency of tho measurement. The
fixed pin vise was at the bottom of the apparetus while the top pin vise carrying
the inertia bar was surported by .0C4" piano wire which went over a pulley and
to a load pan. This apparatus allowed messurcnents to be performed uver a wide
rvange of atress. The wibrational coupling between the planc wire and the tox-
sion pendulum wes extremely small as demonstrated by the fect that oscillations

of the load pan did not caugse any measurable cscillatiors in the torsion pendulum
inertia bar.
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The specimens usod in these meagure:ents were wires, 0.030" in diemster

and 10 inches long. The materials used were OFHC copper of commercial quality,

99.999% copper, and aluminum of the same purity as the specimens used in the high

frequency measurements,

Experimental Resultis

A. Double Valued Beksvior

Fig. 2 is typical of the double valued internal frictiun vs. strain
amplitude behavior in sodium chloride. Tho crystals had been vacuum annealed
at 750°C and slowly cooled at the rate of 509G/hr. to room temperature. It
vas then heated to 500°C and cooled at 3009/hr. to room temperature. Fig. 2
ghowa the behavior of the crystel after it had annealed at room tomperature.
At peint I on curve C, the driving voltage was shut off for about 30 soconds
before the next driving voltare was applied. This shobrt anmeal altered the
aaturs of the curve msrkedly in that the type II behavior was removed. In
every ca.o of double valued behavier found in NaCl, tho crystal exhibited a
large hysteresis loop as the driving voliage was decreased. This hLysteresis
was not observed in the erystal initially. This type of behavior combines
the feantures of type I and IX bohavior in that it exhibils a large hysterssis
loop and a doubie valued bebavior as the driving voltage &s increassd., In
Frenkl's data the maximm strain amplitudo was of the order of 3 x 10°0 while
these oxperiments employsd atrain amplitude of tho order of 14 x 1074, This
may account for the differsnces in the observations.

Fig. 3 indicates the nature of the double valused bLehavior in a silver
aingle crystal. Curve B indlcates the double valued bshavior obleined after
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a torsionel deformation of 4 x 1074 in./in. maximum shear strain in torsion,

On enneeling &t roon temperature, the double valusd behavior was removed as
ghown in curve C. On further torsional deformation of 16 x 1074 in./in. maximum
gkear strain in torsion and ennealing for 70 minutes at room temperature, the

d. t2e valued belavior was recovered as indicated in ocurve D. The strain ampli-
tuds at vhich ihe c.yctal .-"ibited the rapid chenge in decrement increased

vith the amount of dufurmetion. The belavior in the silver single crystal is
chavasteristic of type 1I behavior. No hysteresis loop wns obgerved on de-
ereasing the driving voltiage.

Fig. 4 indicates the double valued behavicr in an aluminm single crystal
wvhich is typlcal of type II behavior. The room temperaturs curve Indicated a
large increase of tl.a decrement with strain amplitude. Oun cooling to -196°C in
vacuum, the orystal exhibited a double valued behavior of the decrement with
strain amplitude. The double valued behavior was also found at ~186°C, -167°C,
=147°C. At all these temperatures, no hysteresis loop was observed. On testing
at =1259%C the specimen no longer exhibited a double valued behavier. The strain
amplitudes at which the lerge increase In decrement occurred decreased as the
tomperature of testing was increased. On retesting at ~196°C the double valued
behavior wes not obtained, although the amplitude dependerce of the decrement
wag quite large.

B. The Effect of Doformation on the Inteimal Fricticm

1. Silver Single Crystals
The effect of torsional deformation on the internal friction of silver

single crystals is shown in Fig. 5. Crystal Ag 1 exhibiled e large strain
amplitude dependence of the decroment in the as grown condition. The initial

torsional deformation of 2.93 x 104 in./in. waximum shear strain resulted in
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a decrsese in the glrein emplitude dependence of thz decrement and an increase
in ths velue of the decrement at low striin amplitudses. Subsequent torsional
deformation resulted in no siguificent changes in the strain emplitude depend-
once although the lewvel of the decrement was varied. With increasing torsional
deformetica the decrement luncreased to a maximm end then decrsased as shown

in Fig. 5 and 6. The maximum decrement is obtained after a torsional deformaticn
of 17 x 10~2 in./in.

It vas found that the decrement decrsased with amnealing time at 25°C,

Tho relaxation time for this anresling effect appsared to be ingemaltive to

the mode and amount of deformaiion in the range examined, as shown in Fig. 9.

Fig. 10 showa the behavior of orystal Ag 2 cn ammealing at 25°C after torsional
deformation of 15.2 x 2074 in./in. maximum shesr strain. The amplitude dependence
of the decrement is vot affcoted by this enneal although the general level of the
docrement 1s decreased.

In the 28 growa condition erystal Ag 2 exhitited less dependence of the
dacrement on the struin amplitude than Ag 1. Torsiomal deformation to a waximm
shear strain of 51.2 x 107% in./in. did not significantly alter the strain ampldi-
tude dependencs of tae decrement, as shown in Fig. 7. The level of the decrement
vas increaged by the torsional struin., Fig. & shows the variation of the Jecro~
ment vith strain at a strein amplitude of 1 x 107,

The effect of plastically streining Ag 1 in toreion f:llowed by comprissive
astressing is shown in Rig. 11. Large torsional deformation followed by ammealing
at rocm temporavurce caused a decrease in the struin amplitude dependence of
deorement. Compressive strossing Incresased the walue »f tha decrerent and lts
amplitude dependence., Further torsional deformation did nut alter the amplitude
dependence appreciably and increased the level of tlie dccrement. The behavior

of Ag 2 under alternate torsicnal and comgresuive deformation as sho'n in Fig. 12

|



wes qualitatively sinilar to that of Ag 1. The emplitude dependence of the
decrement of the deformed cyystsl was markedly less than for the crystal in
the a8 grown conditicm.

2. Copper Singls Crystals

The effect of torsional deformation on the decrement of a copper single
erystel containing 0.1% Al. is shown in Fig. 13. The initial torsional defor-
mation of 3.5 z 1074 in./in. maximm shear strain resulted in a decrease in
the decrement. Further forsional deformatiom resulted in en incresse in the
decrement reaching a meximum after a deformation of about 55 x 1074 in./in,
maximm shear strain. Further deformation caused a docrease in the decrement
as shown in Fig. 14, vhere the data ot a strein amplitude of 2.5 x 10~/ in./in.
is plotted.

The behavior of this crystal under altemate torsional and compressive
straing is shown in Fig. 15. Aftor torsiopal doformation of 33.9 x 1073 in./in.,
aod 9.2 x 1074 in./in. in compression, the decrement is considerably higher than
that of the original crystal. Subsequent torasional deformatdon of 52 x 104
in./in. meximm shear strain reswlted in a decresse in the decrement. Further
toraional deformation of 17.5 x 10™% in./in. caveed an increase in tie decrement.

In the range of strains examined, the deformation did not bave any effect
on the amplitude dependeace of the decrement.

3. AMuminum Singln Crystals

The effect of torsional deformation on the internal friction of aluminum
single crystals is shown in Flg. 16. The decrement at low strain amplitudes is
increased by a torsional strain of 1.71 x 107 in./in. meximum shear strein, as
is the amplitude dependence of the decrement. Further torsional deformation
results in a decrease in the decrement at low strain smplitude and a further

incresse In the amplitude dependence. The varistion of the deciremant with
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torsional deformation at a strain smplitude of 0.5 x 1070 in./in. is shown in
Flg. 17. For the initially umdeformed crystal, the deorement has & maximm
value at a torsional deformatdon of the order of 2x10~4 in./in. maximum shear
strain. The dependence of the decrement on the stxain amplitude incremsses
and then remains constant with inoreasing torsional deformation.

The internal friction of aluminum single crystals was found to descrease
with annealing at 259C ae shown in Fig. 18 and 19. The effects of ammealing
i3 mogt evident at the high strain smplitudes and therefore the ammealing results
in a decrease in ths strain ampllitude dependence of the decrement. The final
amplitude dependence of tho decrument wes significantly less than that of the as
grown crystel.

The behavior of the crystel under alternate torsional and campressive
deformation is shewn in Fig. 20. Torsiomal deformation of 1.71x10~% and
8.89 x 10~ in,/in. maximm shear strain results in an increase and then a
decreage in the decrement and an increese in the amplitude dspendence. Come-
pressive deformation of 3x107% in./in. results in an increase in the decrement.
Further toraiansl strain c® 3.4x10™4 in./in. increased the decrement end the
amplitude dependence. On condtinued torsional deformation the decrement and
amplitude dependence decreased. Following this compressive strain of 3x10~4
in./in. decroased the decrement and amplitude dependence and subsequent tor—
sional deformation first cause an increase in the decrement and amplitude
dependencs and then a decrease.

The behavior of the decrement with torsionsl deformation after compressive
strain is sbown in Fig. 17. After the crystal was initially deformed 15.7x10~4
in./in. maximm shear strain in torsion :nd 6.0x107% in./in. in compression,
the variation of the decrement with further torsional deformaticn wes studied.




This behavior may be contrusted with that of & crystel which wes initielly
undeformed. Imcrecsing the amount of initlal deformztion cuuses the torsional
shear strain at which the maximum occurs to be incressed and also appears to
ircrease the magnitude of the decrement at the maxdwum.

The effecl of compressional deformetion on the intermal friction of
elumimm single crystals is shown in Fig. 21. Increasing compressional defor-
mation results in increased gdecrements which reach a maximm at & defoymstiom
of the order of 30x10™4 in,/in. Fig. 22 shows the varlation of the decrement
with deformation. As shown in Fig. 21 a compressive strain of 40.7x10~% in./in.
ccupressive doformation and torsicnal strain of 15x10™4 in./in. results in a
large increase in the decrement at low strain amplitudes axnd in the amplitude
dependence of the decrement. Further torsional deformation of 15x10™4 4in./in.
decreased the level of the decrement at low strain amplitudes and increused the
amplitude dependence of the decrement.

The effect of the mode of vibration in the internal friction measuremsnt
vas detezmined by matching an aluminum single arystal to a quartz rod orientad
s0 ag to vibrate in a torsionnl mode. Fig. 23 shows the behavior of this crystel
as affected by plustic deformatdon. Compressive deformatlion up to 6x1074 in./in,
causod an increase in the value of the decrement at low sirain awmplitudes and an
inoreass in the amplitude dependence of the cecrsment. Subsequent torsicnmal deo-
formation up to 7.0xi0~4 in./in. maximm shear strain caused a fuxthor incresse
in both the wvalue of the decrement at low strein amplitudes and the amplituds
dependence of the dacrement.

4. The Effect of Deformation in Internal Frictior As Measured by the Tursion
Pendulum

The behavior of the internal friction of copper specimens ap affected by
stress and plastic deformation is shown in Table I and Fig. 24. The .dgh purity
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specimen 4, P. Cu 4, showed a decrease in the decrement a3 the tensile stress was
inereased followed by a small increase as the stress was further incrsased. Tor-
sional strain increazed the decrement fol.losing which further tensile stress

caused a slight decrease in the decrement. After the torsionul strain, the decre-
rent exhibited a dependence on the strain amplitude of msasuremcat, decreasing as
the torsionel gtrzin emplitude decreased. Thoe maximm torsicusl strein used during
the measurement was of the order of 5x10™7 in./in.

The behavior of the OFNC copper with doformation is ashown in Table IIX and
in Figs. 25 and 26. The decroment incressed with torsionsl strain +o a maximm
at about 39.3x10™% in./in, meximwm shear strain in torsion. Further torsiamal
defornation caused a decrease in the internal friction. The effect of tensile
gtregs during the internal friction measurcment wes to ceuse an Initisel decrease
in the decrement to a minimm occurring st shout 1600 z/im? tensile stress and
& gubsequent increase in the decrement as the tensile atress wae increased. These
moagsurements wirs made with the temsile stress applied to the specimen. Alternate
applicution of torsional strain and tensile stress to the OFHC specimens caused
a bohavior vhich was consistent with the above results as shown in T.Ole I. The
torsional strain caused an increage in the decroment and the tensile strese caused
a decreass.

The effect of torsional deformation and tensile atress on the alumimm
specimens is shown in Table IV. It is soen tbat the polycrystalline and aingle
orystal material exhibited similar bshavior indleating & qualltative in@ependance
of the behavior on the presence of grain bowndaries. The decrement of a well
annsoled alumimm wire shoved an initdsl increase with increased tensile stress.
Short time enneals at 25°C caused large decreages in ths value of the decrement
after stressing. The measurements wors mede while the wires wers under tensile

stress. Torsiomal strain ceused the decrement of the aluminum to increass and
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to exhibit a depsncence on the torsional strain amplitude of the intermal
friction measurement similar to that found in the HP Cu L. This amplitude
dependence of the interpal frictior was removed by & 24 hour anneal ot 259%C.

In the single crystal spacimen, after a tensile stress of 286 g/m? and a
toreionel strailn of 2.55x10~% in./in. meximm shear strain had been applied,
further tensile stress of 626 g/x:zm2 caused a decrease in the decrement. 4
sinilar effect was found in the polyerystalline specimen after a tensils
stress of 836 g/m” and a torsianal etrain of 1.80x10™4 in./in. maximm
shear strain. Iucreasing the tenslle stress further, caused an increase in
the decrement of the polycrystailine specimen. The gsame effect was fourd in
the single crystal specimen after amnealing at 25°C and applying fuxther tor-
sional strain of 0.72x10~4 in./in.

It wvas established that the decrsment messured after the removal of the
tensile stress was greater than that measured wiih the tensile stress applied.
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IV. Tiscussion of Hesults

A. Double valued behavior

It is of interest to consider the behavior of an edge dislocation
under the conditlons of the internal friction measurement. The dislocation
may be considered as pinned by dislocation intersections, points at which
the dislocation line leaves the slip plane, and is surrounded by a maxwellian
atmosphere of solute atoms. The concentration of solute atoms about the dis-
location varies as € = CooU/RT whore Cy ic the average solute concentration
and U is the interaction snmergy of the solute atom and the dislocation. At

temperatures soove Ty = Uzpx/Kln 3 the atao:vhere bas a maxwellian distribution.40
Co
Under the oscillating stress of the internal frictlon measurement, a stress of

the order of

Y= ceclN we "53 (1)
is required to free tho disluecalion frum the .nfluence of its dilute atmosphere.
(N is the mmber of atoms psr unit volume, b is tie Burgers vector, & is the
strain due to the sclute atoms, 7 1s the radins of the matrix atom and u is the
shear modulus.) Even if the dislocst!on is feed from the influence of its dilute
atmncsphere, it is still pinned by dislocation intersections, and by those points
at which the dislocation leaves the slip plen2, Its extent of motion is limited
by these pinning points.

The type IX behavior where no hysterecis was observed, may bLe due to the
pinning of the dislocation by interse:tions, whilu the large increase in demping
may be due to the freeing of the dislocation from its Jilute solute atmosphere.
Since the dislocation remains geometriza’ly {ixed in *he crystel, the repinning
time for the solute atmosphere ieg quite shcrt. The large hysteresis lcop of the
type I behavior may be .sxpected when the dislocatlon is freed from its pianing

points and is displaced geometrically in th: crystal. In oru:r to reform the
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solute atuosphere about the dislocation in this case, diffusion will have to
oczur over greater distances so the repinning time will be longer. Therefore,
during th: period of ithe intsrnal friction measurement the specimen should
exhibit a hystenusis behavior.

For the aluminum used in this experiments Ty is of the order of OOK
sc that solute atmosphere may be considered dilate at all the temperatures com-
aidered. For this material A is 10-23 dyne ax? and C, is 8.65x1074. The stress
ut vwhich the double valued behavior occurred was 3992106 dynes/cm2 at -196°C and
2°5x106 dynes/cm2 at -147°C. The calculated stress for freeing the dislocation
from its atmosphera is of the order of 4x10° dyneB/cm2°

For the sodium clloride crystals used in these experiments A is 6.2x10~21
dynes/en? and Cp is 1072, T, is calculated to be ~100°C. The solute atom inter-
action energy with the dislccation is greaver for the sodium chloride than for the
aluninum crystals. The struss at which the double walued behavior was observed
was of the order of 4x108 dynes/cm®. The calculated stress required to free the
dislocation from its dilute atmosphere is of the order of 14x138 dynes/cm2° The
large hysteresis found' in the sodium chloride may be explained on the basis of the
much larger stress emplitudes used for this crystal.

The probability if obsorving the Jouble valued behavior appears to be
greater in those specimens vwhere loosely pinned dislocaticns have been Froduced
by heat treatment or so0ld work, or in those materizls in which the disloca'ion
pinning is weak. If the dislocation density i3 increased by plastic deformation
the dislocations may become moie sirongly pinnsl by d.slocation interse:tlons and
the stress to produce the double valued bebavior Increases as shown in Fig. 2.

The hysterasis behavior of .rystals may also be suppressed by increasing the dis-

location pinning by cold work.




B, Effect of Deformation

The slip systems in the F.C.C. crystals of silver, copper, and aluminum
are ‘he (111) [;01] . There are four (111) planes in the crystal each of which
contairs three 101 slip direciions, thus giving a total of 12 slip systems.(63)
During *he plastic dsf>rmation, those slip systems are utilized which have acting
on them a resclved shear stress greater than a critical value. The extent of slip
on each slip system is proportiunal to the resolved shear stress. In the case of
comprescicnal deformaticn, tha planes of maximum shear stress lie 45° to the com-
pressionel axis, while for torsionel d:formation, there are two sets of maximm
shear stress planes ie; the plazes which contain the axis of torsion and those
vhich lie perpendiecnlar to it.

In terms of e dislocation mechanism, tlie compressional defcrmation may be
described as the movemen* of dislocation rings along the slip plenes on which the
recolved shear stresses are the greatest. The manner of movement of these dlslocation
rings is such that the total deformation is in the sllp directions in which the re-
golved shear stresses are the greutest. During the deformavicn new dislocation rings
are generated at sourcos such as the Frank-Rocd source. In any local regien of the
crystal, the orientation of the crystal will cetermine vhether slip will take place
on one or on soveral slip systems. The geometric conditions are consistent with
slip on a single slip system or slip on seversl alip systems.

The situaticn in the case of torsional ceformation may be quite different.
If we disregard the requirements of crystal structure, the torsional deformation may
be described as the formation of a crossed grid of screw dislocationbé on the planes
perpendicular to the torsicnal axis which proa.ces rutational slip, or as the for-
pation of screw dislocations lying on the planes coutaining the torsioral axisél.
Neither of these mechanisms is compatable witl. the reyulrements of crysi.. structure

oxcapt in case of specinl crystal orientations. The nature of toralonsl deformation
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may be dejcriled as slir on thooe slip planes whose orientetions are closest to the
pron2s of maximam shear stress end in such directions so ns to have the totsl defor-
wation compatable with the crysial structurs and with the geometric requirements of
the toriional Jeformation. This may be accomplished by having slip ocrur in several
of the Jermisgable slip directions on each of the active slip planes and in such a
menner that the avercgo allp is equivalent to siip in a {angential direction. It

can be chown that the tengentisl sl.ear stress 1ls given by an expression of the type65

’\c*___: e cos (b(‘.—‘ cos Tan? d))
&) )
[H— Co:‘;le““cxnl(t]/a

vhare X = tangontial shear stress

(2

o= constant

@._: angle between the axis of torsion
and tha normal. to the slip plans.

© = angle between the slip direction projection on a

plane perpendicular to the torsion exis and the

seniminor axdis of the ellipse formed by the lnter-

gection of the slip plane with the cylindricel spocimen.
The value of '\:,b is a moaximum at d)‘-‘ ()o and for this orientation is & constant
for all values of @ . For the cese of % O° then X, is e function of §, in-
creasing as © approaches 909, For -nlues of ¢ Zreate. thau 1.5? tk 18 negative
for a range of values of @, It has also been ashown e:perimentally that during the
toreional deformation tha plane normels of the crystal rotate about the axdg of tor-
sion rather then the normal to the slip planes.65 Furthermore, it may be easily
shown thet the strain accompanying a torsiural def.xi alicn increases linecrly with
distance from the center of the specimen,

The mechaniem of torsional deformation mey lv deseriled on the basis of

the above ideas. As a torsional stress °s agyllel, the loformation take. plece at

the surface of the crystal by the mot'um or .sr. tion of dislocaiiors ou those slip
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planes which heve the greatest resolved shear stress. The stress required for the
deforuatior is given by the average critical tangential shear stress. The motion
of dislocetions is such that shear occurs in several of *the slip directicns and to
sveh an extent that the total shear accomodates the torsional stress. The rotation
of the ghear rlanes about the torsion axis necessitates dislocation motion on slip
planes vhich Intersect the active torsional slip planes. Thus the finsl pattern of
crystalline imperfections introduced by torsional deformution is quite complex and
is a function of specimen crientation. In general, it may be stated that as the
crystsl orlentation varies so that ’\b approaches 09, the slip tends to be localized
on a single slip plane and cross slip necessitated by the rotation of the slip planes
diminishes., Thus we begin to atteir the ideal case discussed by Frankb4, In this
ideal case whers ¢= Oo the finel density of dislocations produced on the slip
plaus by the torsional deformation is constant across the crossection.

Since the planes of maxirzum shear strein in compression and torsion lie
at 45° to each other, the active slip systems in compression and torsion «#ill in
general intersect sach othex. Altornate compressional and torasional deformation
will therefore produce a large amount of cross slip and diglocation intersections.
It has been ghown thet this cross slip leads to rapid work hardening. This has been
anglyzed on the basis of dislocation jogs by Seeger%, In the decrement measurements
utilizing an ¥~ cut quartz, the active slip planss coincided with the active slip
planes of the compressional deformation. Thorefore, the dislocatiuns introduced on
the active slip planes of the torsional deformation lie on inactive slip planes
Juring the decrement measurement. In gencral, however, the shear siress on these
planes are not zero so some dislocation motion dues take place under the actian of
the oscillating stress. The value of N considered in the foilowing discussion does
not include those dislocations vwhick form small engle boundursles, ss the restoring

force on these would render them essentially immcble under t.uc streas used in the
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internal friction measurement. The extent of the dislocation motion under the com-
Frescicral oseillating stress will be approximately proportional to a shear factor
f 2 ccs¢ain¢sdxere ¢  is the angle between the slip plane and the specimen axig,
The experimental results may be qualitatively interpreted on the basis of
*he abuve 1deas end the expression fcr tho decrement ceuged by oscillating dislo-

cations as determined by Koehler<3. This expression is

—

kN -
A”‘““‘—z‘i{‘* Kot | Ko (3)
C ‘e C c¥

vhers C is the copcentration of plnring points, ¥ is the atomic lengths of active
dislocation line/caz3, K5 K5 K3 are constuauts end v is the frequency of ogcillation.
Tale expression does not acccunt for the restoring force of neighboring dislocations
vhich would tend to decrsase the decremont.

The concentration of solute stom pinning points is of the order of 1x10~3
a3 estimated by Koehler?3. The concentration of dislocation intersection:c may be
2atimated at IO’RN% giving & total conceatration of piunning points of gﬁ + 10-12 N3
where Ny is the number of solute atom piuning peints.

The effect of deformation on the interval friction may be examined on the
basis of the above analysis, If the mode of delormation is such as to produce a
dislocation pattern on slip plares for which thc swear factor is small, then these
imperfections ill serve merely to pin tle active dislcrations on intergecting alip
planes and will not contribute approciebly to the emergy dissipation. Thus the effect
of deformuation would be to decrease the decremunut and the ampliiude dependence of the
decrement. If the deformation produces :1lip on planes whose shear faetor ls appreciably
greater than zero, these dislocations contribute to the energy dissipation a: well as
increasing the concentration of pinning points un intersecting dislocation lines.

Equation (3) may be written as
K,Nw A Kk wiN + K, Ky w? N

X 6 8
N - I 4 Vig, =12 \ Ng —Ro b
(—r-“-s'i- e} N/z) ("'ﬂ"&‘\() N ‘1/ (_(‘r+\° N 1)

A= (L)




18

The otso.ved variation of the decrenont with N exhibits e rapid initial increase
followed by a morc gradual decrease. Th2 glape of lhe & vs K behavior cslculated
frer tle abeve relation, ie similer to lat determined experimeatally. The maximum
value of th. decrement is found to occur at a dislocation density of the order of
107 dlelccation l.’.nes/cm2 which is a reascneble value for a slightly worked specimen.
The value of N at which the maximum decrement occurs will depend on the specimen
orientetion since the coalribution of the dislocations introduced by deformation to
the energy dissipation will be a function ol ilLe compressive shear factor. Ve may
therefore oxpect different curves for the variation of & vs U for the torsional
deformation and for the compressive deformation. Thie is shown experimentally in
Figures (11, 12, 20) vhere compraasional deformation ccuses an increase in the
docremert although the meximm In the decrenant va. torsional deformation has been
exceoedsd.

The behevior of *the aluminum snd 3il..<r apecimens wuder alterna‘e torsional
and compressive deformation as shuwn in Figurec (11, 12, 17, 20, 2.) suggests that
vhen tho maxirum valua of N for one type of deformatiou lo.s been exceeded, application
of a se~md mode of deformation will shift tha valie of Np,, so further deformation in
the first mode will cause en inecrease it the dec. cscat. Another possidle explanation
is that the deformation in a second mode causes the removel uf some of ths 3isloca-
tions introduzed during the first mode .f doformation. This mey be accomplished on
the basis of the lattice plane rotations duri.g defcrmetion. Io the compressional
deformation the active slip planes tend tr rciate tu bri., ile :xis of compression
into a plane which %8 symetric with two olip planes, uausing duple:. sllp. In the
torcional mode of deformation the slip planes tend to rctale to a pesitlur where the
resolved shear stress on one slip ssstem is ‘ncrea.ed c¢r %o & posiilon where the axis
of torsion is symetrically oriented witl resp.:i to Lwo sliyp .iystems. In goneral, the

lattice rotation in these two cases will not b: in the same cdireciicns and will Lave
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components viich oppose one amotker. On elternate compression and torsion, these
retetions may be accomplished by ths removal of some of the dislocations which
causew the previous lattice rotations. In effect this removal of dislocations is

8 work sulteuing and may decrease the diglocation density. A4 decrease in the dis-
location density by the second mcde of deformation would then allow the decrement to
increase with furiher application of tiie second mode of deformation. This process
way accovnt for the observed exzperimental results.

On tho basls of tho above discussion, it is expected thet on the initial
toraionel deformotion of a crystal with e (lu) glip plene at 90° to the torsional
axis, the deformatiou roquired tov oLtein the maximm in the decrement va. deformation
curve would be less thun for a cryatal which does not havc this orientation. This
is obgerved in the date for Ag. 1 and Ag. 2 shown in Figures 6 and 8. It is also
expected that the deformation required to obtain the mexdimum and the value of the
decrement at the meximum will be less for & crystal deformed in torsion then in com-
pression. This is observed in the date for L1 HP 3a and Al HP 6 showu in Figures 17
and 22,

The behavior cf the amp.jtude dependenice of the decrement with deformation
could not be determined on the besis o' the available deta., In the aluminum crystals
the deformation caused an increase ix the amslitude despenderce irresgpective of tho
node of deformation. The copper crysials showed no apprecisble effect of the defor-
mation on the amplitude depsudence and the silver c.oystals exiiibited btoth a decrease

in the amplituds dependence with deformatlion and no change.

In all of the crystals oxamined, low temporaturc ammealing cauced a large
decrease in tho decrement and in the smplitud: depeniuonz: o the decrement, (Figuree
9, 10, 11, 12, 18, 19). Since tho finsl value of the decieient and the amplitude
dependence was lover than for the original crystal, these rva:dis carnol be accountsd

for on the basig of soluto atom diffusion toc the dislocntlons. This is also indicated

ST oo vt e Sm e = AT ¢ Sy mamesem o seerea
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by tre (et thet the rvlazetion tina Jur the annealing process appears to be inde-
pendent 1 the degree scd mode of Jdeformation. These results may Le accounted for

or *le tacis .f “he movesent of dislocaticns tu stable energy configurations in which
11 r may be osecisely bound and weuld not coatribute to the energy dissipation. The
ermpeculon for the rec vory of bitormel stresses in a worked metal developed by
Cotirel’ wnl 2yte :4r.67 way be used Lo formally describe the change in decrement with

time of anuealing. The applicable expression is

“""“’o—jg"\“(\‘f#/%o) (5)

Where T~ = ths intornal gtresses and t 1s the annesling time, @ end t, are
congtants. If it is assurcd that the cesrement ia proportional to the internsl

strogses the exprz2eciun for the cheage of decrenent with ammesling time is

A= k‘U"o*-k,_ ‘h(\++/.to) (6)
Ar craniration of the ayuileble deta Indicates that the anrealing behavior is of
te?a form. The mechanism of the rcucovery process of the decrement may be associated
with the formation of 3table dislocetion conligurations which decrssae tne mumber of
effective dislocation lengths.

The effects of stress on the in*ternal friction as measured by the torsion
pendulum lends support to the above hypoilusis of the effecls of deformation on in-
ternal. friction as meanuned by the .lezo-elcitric method. The weasuremanis wore
pade at a temperature where the relaxutiun nrocesses cue to the grainboundaries
ghould rot contribute to the energy dicsipaticn If the caswaption is made that
the dislocations contribute to the energy dizsipetien in ta.ge menguremorts the
experimental results may be interpruted on the vasis of tue rrovicus dislocation
model.

The minimum in the varietion of the decremcat with tensile streas exhibited
by the high purity copper and the C.F H.C. can tu accounted for «n the baris of the

intersection cf the active dislocatior: ty these 2 .troduced Ly ke tensile cireas.
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Since tue initicl dislocation dencity of ihese specimens are undoubtedly greater
thou In tuc eingle crycirl specimens due to the differonces in their preparation it
+4 expected that the dislocation deusity may be greater than Npgw. This viewpoint
a rees vith the observed initial decrec.e in the decrement. The obgerved increase
in dceicment with torsional cdeformation is also consistent with the above picture
in thet since the dislocation patterm in this case is produced on plenses which are
most active during tlie decrement neasurement, the velue of Myny for this mode of
deformation is greater than for *he tensile deformetion. The behavior of the
copper specimens under the altcrnute teusile sad torsional deformation again in-
dicates tnat the second mode uf deformution decrecses the dislocation density on
the slip planes operetlve In the firsi sode. This can account for the alternate
increase and decrease in decremeat as the gpecimen is alternaiely deformed in tor-
sicn and tension,

The behsvior of the aluminum single crystel and polycrystalline wires
agair lends credence tw the postuleted dislocation mechanism. The initial dislo-
cetion density in these wircus were censidersuly less than in the copper wires due
to the mothod of preperetion and tle fret that the aluminum polygonizes at a lower
temperzture than the copper. Ther.forc the Increcse in the cecrement with initial
tensile stress is consistent with the hypothcsls that Mppy must be exceeded for the
particular mede of deformation befure thu decreasnt will Cecrease on further defor-
matiun., The partisl recuvery of tle decromunt when the meusurements are made with
the stress removed indicates a greaster degree of freedom of the dislocations vhen
they are not piled .ap against barriers. The amplitude depeadence of the decrement
vhich is observed after plastic doformation, and the observed decrease of this
amplitude depondence with annealing tine suppurts the hypothesis that the obssrved
changos in decrement are due tu chaagos in the dislocaticn ccnfiguration.
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Speclrsns Impurities
Fe Si o Mn Mg Ha Ca Al Pb
Aluninunm (0004 L0006 .0022 .0002 .0004 .OCOL .0002

Coppexr H.P, 99.999 ofo
Copper 0.7.5.C, Commercial Purity
Silver 99.9 o/o
Sodium L0000 L0001 001 Bul .1 .0001

Chlaride
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Al H.P. 1
Ag 2
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Al R.P. 4»

RESORANT FREQUENCY (KC)
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29.485
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SPECTMENS

ho¥o AL 2D
Singie Crystal

H.P. AL 10
Polycrystalline
Annealed at 500°C
for 5 hours

TABLE IV

TREATHENT

22 g/mn< tensile stress
66 g/mm? tensile stress
176 g/mm? tensile stress
286 g/m? tensile stregs

286 g/mm? tensile stress,
armesled at 25°C for 15 minutes

1.95 x 1074 in/in max. shear strain
in torsion 286 g/m” tensile stress

0.6 x 1074 in/in max. shear strain in
torsion 286 ;/mm? tensile stress

626 g/m? t~nsile stress
22 g/m® tensile stress
Annealed at 25°C for 24 hours 22 g/mm<

0.72 x 1074 in/in msx. shear strain in
torsion 22 g/mm? tensile stress

132 g/mm? tensile stress
22 g/rmm® tensile stress
352 g/mm? tensile stress

352 g/m® tensile stress, amnesled at
259C for two hours

Initial

22 g/me? tensile stress
66 g/mm® tensile stress
176 g/mn® tensile strese

1.05 x 1074 in/in mex. shear strain in
torsion 176 g/mm? tensile stress

DEC§§§§NT
+26
1(‘0—‘»

1.67
1.96

1.57
1.94

3.84
3.4
3.54
2.10

5.54
6024
6.67
6.67

5,60

2,00
2,00
2.82
3,87

018



SFECIHENS TREATMANT DECREMENT

836 g/ma® tensile stress 5.85
0.75 x 1074 in/in max. shear strain

in torsion 1540 g/mm? tensile stress A
1650 g/mm? tensile stress 6.50
1650 g/ma® temsile stress, annealed

at 259C for 10 minutes FAYAS
44 g/mm® tensile siress 5056
154 g/mx® tensile stress 5,03

2.10 x 1074 in/in max. shear strain
in torsion 154 g/mu? tensile stress 5,23
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