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Secio I-

Inrduto



During the period of this comtract, studies of the internal friction

of single crystals were made. The principle investigator was Dr. T. A. Read,

Professor of Metallurgy, and the chief contributors were H. Birnbaum, D. Frankl,

M. Levy, M. Motzger, S. Shapiro, and S. Zirinsky, members of the scientific

staff, Metallurgy Department, Columbia University.

Ij The work was chiefly designed to utilize the internal friction measurements

as a tool for the examination of the properties of single crystals. The investi-

gations 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 irradiation or. Sodium Chloride single

crystals (D. Frw.kl), and the investigation of the temperature dependence of

the elastic moduli of Au-Cd crystals.
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The internal friction measurements were all made by the composite piezo-

electric oscillator method" 1 , using as transducer a Straubel-cut quartz rod

having contacting electrodes of chemically deposited silver and electroplated

gold. The specimen and transducer were cemented together under light finger

pressure with either phenyl salicylate applied at roo temperature or a beeswax-

rosin mixture applied at about 7000. The assembly was suspended In a vacnm

chamber by fine horizontal wires engaging emall transverse nicks located at the

displacement node of the quartz, these suspensions serving also ss electrical

contacts.

The specimens were adjusted in length so as to have, within a few tenths

of one percent in most cases, the same resonant frequencies as the transducers

with which they were used. Under these conditions, since the systems were very

nearly perfectly elastic, the amplitude distribution was quite closely a sinus-

oidal half-wave in each part of the composite oscillator.

The equivalent series electric circuit constants of the composite oscillator

were measured at room temperature near the fundamental resonance frequency-about

70 to 80 KC 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 amplitude are calculated by the formulae given in

general form by Read 2 and reducing in the present case of one half wavelength in each

parL of the composite oscillator to

_ _ M (1)

U = I.25K E 1 103 (2)

71
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where Ratio of energy dissipated per half

cyle in the specimen to energy stored

in the specimen; &is used throughout

as the measure of the internal friction

[" and is called the Ndecrement".

R = equivalent resistance of the composite osillator,

in ohas.

K = 8 x :xtio of equivalent inductance to mass of the

composite oscillator, in henries/gin. This is a

constant for a given transducer, provided that the

specimen and transducer frequencies are properly matched.

fo resonant frequency of the composite oscillator, in sec. 2

H mass of the specimen, in gwns.

U maximum strain amplitude in the specimen

L length of the specimen, in cm.

E EMS voltage applied to the transducer

Subscript q denotes quantity for the transafter.

The formulae (1) and (2) are derived an the assumption that the specimen is

a homogeneous anelastic body, by equating the appropriate mechanical energy terms

to the corxsepouding electrical energy tenie, the electric current being the displace-

merit current in the transducer. Actually, since the dissipation is observed to vary

with the st-an amplitude, and since the latter in turn varies along the length of

the specimen rod, the specimen is,. in effect, an inhomogeneous material under the

conditions of measurement. lovever, it has boon shown by Nowick7 that, under con-

ditions of negligible dissipative coupling of hi&er modes of vibration, formulae
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of the type (I) and (2) are applicable. In the present work we assume, in view of'

the low values of the decrement observed, that these conditions are fulfilled.

The quantities YMqs n q, and K are determined for each transducer, the

latter by means of the variation of impedance with frequency near resonance . Each

point on an internal friction curve is then obtained 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 measurements was limited in all cases by the awilable drivng

voltage. In the earlier measurements, this limit was about 2.5 volts, but later

the signal generator was modified to raise this to 4°0 volts, about the maxdium to

which 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 changes in driving voltage; the resulting shifts in

resonant frequency were measured by means of a ansl calibrated tuning condenser

in the tank circuit of the signal generator.

F
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ReauJ.ts

A. Copper Crstals

1. Effect of impurity coutent

Fig. 1 shows the curves of internAl friction versus maximum strain

amplitude for four single crystals of differing nickel content following an

anneal for 24 hours at 10500 C. The curves for these crystals shou 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 atomic percent nickel.

It may be noted from Fig. 1 that the lowest measured decrement was

of the order of 10- 4 observed for the sample with greatest content. In all

subsequent measurements made in this investigation, for similar previous

histories, the lowest decrements were always observed in samples of highest

impurjity content. After lonC period high temperature anneals thio decrement

was approximately 10-4. On the other hand, even after long high temperature

anneals, the decrei-ent of the highest purity samples was 5xi0-4 to 5x10-3 in

agreement with previous work on highest purity copper 7 .

2. Effects of thermal history

In previous investigations it has been observed that the strain

amplitude dependent internal friction is sensitive to the previous thermal

history of the samples. However, the only conclusion which may be drawn

from the available information is that the internal friction of an annealed

crystal is lower than that of a freshly grown crystal. Even though the dis-

location pattern may be stabilized by sufficient annealing at a given temp-

erature, the concentration of solute atoms near the dislocations and the con-

centration of vacancies in the crystal may be altered by annealing at different

temperatures. In order to study these proesses, an investigation was made of



2

the effect on the internal friction of annealing the single crystals at various

temperatures.

First, the smples were annealed under vacuum of 10-nm. Hg for 96

hours at 10000 and cooled at a rate of 75OC0/br. to room temperature. In all

cases, this long time treatment resulted in the lowest and flattest curves of

decrement versus strain amplitude obtained for the particular crystal, see

Fig. 2, curve A. Subsequent anneals at 10000C produced insignificant changes

from these results.

Figs. 2, 3, 4, 5, 6p ? show the results for anneals at 2500C and 45000

fOno.g ii .1 - - r C oolin- to room temDeratx .was done

at approximately the same rate as from the high temperature. The 25000 anneal

produced little change from the starting curves. However, annealing at 4500C

always increased the level of internal friction. In addition, there was usually

a marked increase ix, the strain amplitude dependence. Following this, annealing

for 24 hours at 10000 C and slowly cooling to room temperature nearly recovered

the original high temperature annealing curve. Exmples are shown in Figs. 2

and 5. On some occasions. annealing for 24 hours at 2500C and slowly cooling to

room temperature uas effective in lowering the internal friction after an anneal

at 4500 0, see Figs. 3 and 7.

In order to determine if this behavior of intenal friction with annealing

temperature was a fumction solely of the annealing temperature, samples were in-

sorted into the furnace directly at either 4500 C or 2500 C for 24 hours, or taken

first to 9000C for 24 hours, then slowly cooled to either 2500G, 4500C, or 7500C,

held for 20 hours and slow72 cooled to room temperature. Typical results are

shown in Figs. 6 and 7. The behavior of the internal friction with annealing

temperature was the same in both cases and must then have been a function solely



of the final. ennealing temperature. Fig. 8 is a cross plot of the data of Fig. 7.

This behavior vas observed rogardlasss of the impurity content of the specimen.

A general characteristic of the resultr following all thermal treatments

was that the internal friction decreased with time. Ordinarily it was slow,

amounting to only several percent over a day. The greatest decreases usualy

were observed in samples containing the most nickel. Figs. 2, 4, and 5 illustrate

this decrease following a 4500C anneal and slowly cooling to room temperature.

Thq 99.999% sample shows a slight decrease, whereas the crystals with .08 atomic

percent Ni and 0.10 atomic percent Ni show large decreases.

B. Aluminum Crystals

The decrements of the aluminum single crystals varied between 10 - 5 and

10-. Even in the as grown condition and after cutting and polishing, the decre-

ments were only rarely above i0 - 4 . Subsequent anneals near the melting point

always resulted in a reduction of the internal friction. In general, reproduci-

bility in results obtained with aluminum crystals was better than that obtained

using copper stg.e crystals. In spite of the fact that the aluminum single

crystals showed aome handling effect. whereas the copper single crystals showed

little or no handling effects, these effects in aluminum disappeared quickly even

at roou temperaturi. It was also found for tie heat treatmcnts 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 sho,n in Fig. 9.

The samples were annealed at 6400C, 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. 9, 10 and 11. It will be noted that the greatest

strain amplitude dependence was observed when the samples were cooled slowly to

room temperature. The air cooled behavior showed less amplitude dependance. In
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contrast, following water quenching., the samples exhibited low, very flat curves

of intezajl friction vs. strain amplitude.

The samples were then quenched from 550G, 450°0s and 3500 C after being

annealed at these temperatures for 24 hours. In order to erase the effects of

previous treatments the samples were first annealed at 64000 for a day then very

slowly cooled to the final annealing temperatures. Typical results for this series

of them al treatmonts are shown in Fig. 12. The striking feature of these curves

is that the level of internal friction increases as the quenching temperature is

reduced.

Following quenching from 640, several samples were given abort time

anneals at various temperatures from 175°C to 640%C. They were all air cooled

from the anrealing temperatures. These results are shown in Fig. L3. It is to

be noted U2 as the annealing temperatu . was raised, the internal friotion at

room temperature became more strain amplitude dependent and increased in level

until the annealing temperatures reached 525 0C. For temperatures of 52500 and

6400 C the internal friction, however, was reduced in level and showed a smaller

strain amplitude dependence.



Discu-~o

A. Copper Single Crya3tals
Cottrel124 Cris sho n that the energy of elastic interaction of a solute

atom with an edge dislocation for distances greater than several atom spacings

from the dislocation line is given by:

V 4-) Gr3b sin c(rb - ra
1 ~a r( )r ( a

where

V = the interaction energy

--Z Poisson's ratio 0.33 for copper 8

G = the shear modu 4 x lO dynes/cm:2 for copper33

ra = atomic radius of the solvent atom = 1.28 R for copper
3 9

rb : atomic radius of the solute atom = 1.24 f ±or nickel39

b strength of the dislocation 2.5

a angle from the slip plane of the dislocation

r = distance from the center of the dislocation

Substitutlac of these values yields approxinately 0.10 ev. for the energy of
r( °)

interaction of a nickel atora with an edge dislocatlon in cpper. The concentration

of nickel atoms in the vicinity of the dislocations is given by Coe V/LT where C0o

is the overall conc3ntration of nickel atoms, V is te intera ction energy -iven

above, k is the Boltzrann constant and T is the absolute tempercture o. These

relations indicate that nickel atoms preferer.tlall aoegrcg.Ate in tha vlcinity of

dislocations in the crystals, and that the concantratior of nickcl atoms at any

given distance from the dislocation lines ..2. be directly proportional to the

overall nickel concentration in th3 crJ/ta!. In order fur the dislocations to move



freely under the applied strezz, either the solute 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 temperature, where

the diffusion rate of nickel in copper is extremely low4 0 , the solute atoms remain

essentially fixed during a cycle of vibration.

The observations shown in Fig. 1 are qualitatively completely consistent

with these conclusions. Since no hysteresis in the decrement versus strain ampli-

tude curves were observed idien the strain amplitude was increased, then decreased,

it is evident that the dislocations were not torn free of their impucrity atmos-

pheres. Thus, as the nickel content increased, the level and the strain amplitude

dependence of the internal friction decreased showing that the mobility of the

dislocations 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

these results, for 't is seen that only the crystal containing 0.10 atomic percent

nickel exhibited the low, flat decrement versus strain amplitude curve charact-

eristic of crystals in which the dislocations have been thoroughly pinned.

An anilyeis of the data of Fig. I also shows that the decrement for a

given strain amplitude is proportional to Co where CO 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 bo proportional to C-4 , while Weertman obtained

the decrement to be proportional to CoI 4/ 9 . The comparison woatu indicate that

the nature of impurity atom pinning of dislocations is as yet not clearly understood.

An analysis of the results obtained in the study of the effects of thermal

history on the internal friction may also be made assuaing the solute atoms dis-

tribute according to the Boltzman relation. iluwever, in order to insure that such

an analysis is valid, it must first be established that the configuration of the
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dislocations is not altered by te thermal treatments. Therefore, before any

seq.enc cf annealing treatetnti wa3 made, the crystals were all annealed for long

periads at 900C - 10000C. Subsequent annealing for 24 hours at these temperatures

i. cduced only minor changes in the interial friction. In addition, the results

obtained did not depend on the exact manner in which the crystals were taken to

the annealing temperatures of interest. No differences were observed whether the

crystals were inserted directly at tne desired annealing temperature or first in-

serted at 9000C and then slowly cooled to the final annealing temperature. These

observations indicate that the dislocation configuration did remain unaltered

during the thermal tro&tments ar.d that the observed effects of thermal history are

to be associated with other imperfections present.

If a Boltzmann distribution of impurity atoms is assumed, the equilibrium

concentration of impurity atoms near dislocationc would be the laast at the highest

annealing temperature. As the crystal is cooled, impurity atoms diffuse to the

dislocations. Howevei, at some point in the cooling process the rate of diffusion

wil be insufficient to maint ln the equhlibrium concentration of impurity atoms at

the dislocation. Thus, on subsequent annealing at lower temperatures the impurity

atom distribution would more closely approach the equilibrium distribution for

these temperatures.

Some of the effecti ob3erved in the copper 3ingle crystals may be attributed

to this type of behavior. The internal friction following annealing at 4500 C was

always lower than that after annealing at 750c. Annealing at 2500C always yielded

a lower internal friction than annealing at 4500C. But by the same argument, the

highest internal friction should have been obscrved after -=.ealing &t 9000C, where-

as, the lowest intorU. friction was always obZerved after tle 9000C anneal. This

behavior suggests that a second mechanism may operate at the high temperature.
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B,, Aluminum Single Crystals

The results obtained on the aluminum single crystal also cannot be

accounted for on the basis of the solute atom dislocation interaction out-

lined above. It is to be expected that the highest concentration of impurity

atoms near dislocations would exist after the crystals had been cooled to room

temperature at the lowest rate, and, therefore, that the internal friction

would be lower and less strain amplitude dependent for a slowly cooled crystal i,

than for a crystal which had been cooled rapidly. However, it was observed that

when the crystals were sloidy cooled to room temperature, they exhibited higher

and more strain amplitude dependent internal friction than when they, were rapidly

cooled to room temperature. The resrlts obtained after annealing and quenching

from various temperatures also show a reverse effect. On the bavis of a Boltzmam

distribution, it is to be expected that the impurity atom concentrations near the

dislocations imuld inLease as the annealing temperature ims decreased. The in.

creased concentration would result in a loworing of the internal friction. However,

the observations showed that the lower the temperature at which the samples vero

annealed, the higher was the internal friction.

After being cooled rapidly from 64000 the aluminum single crystals wore

annealed at various low temperatures for short times. Here, the initial state was

a high temperature state. In this case one would expect that during the lo, temp-

erature anneals, Impurity atoms would diffuse into the diLlocations and reduce the

level and strain amplitude dependence of the internal friction. However, just the f

opposite was observedt for as the annealing "emperature was raised from 17500 to

42000 the internal friction increased and became more strain amplitude dependent.

When the annealing temperature was raised to 520°C, the internal friction and

strain amplitude dependence began to decrease, and both decreased fu -ther when the

samples wore annealed at 6400C. The maximum in internal friction vith cnnealing

- - ~ -a
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temperature again appeared as it bad 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 accoumted

for on the basis of the solute atom dislocation interaction generally assumed, it

is necessary to examine more carefully the conditions existing within matorials

ha-idng the face-centered cubic structure. The dislocations in crystals of this

structure may be separated into two groups. The first includes those dislocations

which exist in aggregates forming the subgrain boundaries in the crystals, while

the second comprises those dislocations existing within the aubgrains. The latter

are probably mainly responsible fo:, the energy dissipation within a ribrating

solid. On the basis of the fead.-ockley dislocation model of a low angle grain

boundary, the boundaries would consist of linear arrays of edge dislocations and,

as has been noted earlier, it is likely that principally extended dislocations

exist within the sub&ains. &uzuki has suggested, the strain field about an ex-

tended diLocation in a face-centered cubic crystal is considerably weaker than

the field about a screw or edge dislocation. Therefore, the interaction energy

of solute atoms with dislocations which form the subgrain boundaries in a crystal

will be much greater than the interaction energy of solute atoms with the extended

dislocations within subgrainn. Thus, under equilibrium conditions, the concen-

tration of solute atoms within subgrans would doorease as the temperature was

lowered. Cooling rapidly from any annealing temperature would leave more solute

atoms within tin cu)grains than would cooling slowly. The concentration of impurity

atoms at the dislocations within the subgrains would be greatest for the most rapid

cooling, and the iternal friction of a crystal would, therefore, be lower and less

strain as;.i1tuda dependent after the crystal had been cooled rapidly than it would

be after the crystal had beet cooled slowly to room temperature. In a series of



10

observations in which a crystal was rapidly cooled from various annealing

temperatures, the internal friction would decrease as the annealing temperature

was raised. These conclusions are all consistent with the results obtained for

the aluinum single crystals.

The results shown in Fig. 13 for the effects of low temperature annealing

on a sample which had previously been quenced from a high temperature are also

consistent with the above ideas. At the low temperatures, impurities diftue away

from the dislocations withJn the subgrains, some of the excess impurity atoms

diffusing into the dislocations which form the subgrain walls of the crystal. As

a result, t1o internal friction measured at room temperature increases. After the

crystal had been annealed at the higher temperature, the internal friction wus ob-

served to decrease, i.e., the internal friction reached a maximum with annealing

temperature in the neighborhood of 5000C. At the higher temperature ef annealing

impurity atoms diffuse out of the subgrain boundaries to increase the aoncentration

within the subgrainn. On cooling, more Impurity atoms are available for pinning

the mobile dislocations existing within the subgraius, and the internal friction is

reduced.

The results obtained for the variation of room temperature internal friction

of copper single crystals with wnnalir.g treatment are consistent with those obtained

for aluminum. Essentially, the same behavior was observed except that for copper the

behavior was found even when the crystals were cooled slowly from the annealing temp-

eratures.

As previously discussed for the results on the aluminum crystals, the

existence of tsk" preferential sites for solute atoms in a crystal leads to a decrease

with temperature of the concentration of solute atoms in the regions within the sub.-

grains. Cooling slowly from any given annealing tamperaturo will result in a concen-

tration of impurity atoms in these regions corresponding to an equiilbr!ii_ temperature



ii

somewhat lcwer than the annealing temperature, this 2equilibrium temperature?

depending on the diffttsion rates of the impurity atoms. For slower diffusing

elements it will be closer to the annealing temperatura than for rapidly diffusing

atoms. During the process of cooling to room temperature, some of the solute atoms

in these regions will diffuse into the dislocations within the subgrains. The

greatest concent-ation exists after annealing at the highest temperature, so that

the most solute atom pinning is exhibited after annealing at the highest tsmperature,

90MG. Thus, the internal friction following a 90000 anneal is lower and less

amplitude dependent than that following a 75000 anneal.

Since the concentration within the subgrains decays exponentiall with

temperature, the concentration of solute atoms at 45000 is not very different fran

the concentration at 7500C. However, a greater proportion of the impurity atoms

available for pinning the dislocations within t3 subgrains diffuse into these

dislocations at 4500' than at 7500C. The internal friction after annealing at

45000 is lower than the internal friction after annealing at 75000. A similar

interpretation holds for the relation between the internal frictions following a

2500C and 45000 aneal. Thus, a maximum in the internal friction with annealing

temperature may be expected.

Results for the effects of annealing temperature and tooling rate from

the annealing temperature on the stress strain curves of zinc sfrgle crystals

have been reported by LiU, Washburn, and Parker 4 3 . In the range of temperature

investigated, it was found that the room temperature yield stress increased as

the annealing temperature was raised. Increasing the cooling rate from a given

temperature of anneal also increased the yield strength of the crystal. These

observations showed that the effects were not altered by tie intentional addition

of mall amounts of either copper or nitrogen to the zinc crystals, but did seem

to be affected by the subgrain structure of the crystals. It may be c(ncluded

that the dislocations producing slip were mo.:e difficult to nove han the annealing
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temperature was raised or the coolDit rate from the annealing temperature was

Increased. There is thon a general parallelism between observations of Lij

Washburn and Parker$ vnd those of the present investigatton.

Effect of quenching copper crystuls from high temperature

An unusual effect was obtained when the copper crystals were quenched

in water to room temperature after being annealed for 24 hours at 10500C. This

behavior is shown in Fig. 14 to 18. During approximately the first hour after

quenching, the internal friction decreased and thereafter, it increased. ven

after 24 hours the internal friction showed no signs of leveling off. This be..

havior was observed in all crystals regardless of purity. On but one occasion

was a different behavior observed following the quench. In this case# shown in

Fig. 14, the internal friction decreased in approximately six hours to a stable

value.

For the annealig treatment, the samples were sealed under vacuum in

fused silica tubes. In order to quench the specimeons, it was necessary to break

the tubes under water. In the one test in which the iAternal friction did not

rise with time, the quench was noticeably slower due to difficulty in cracking

the tube. This would indicate that the internal friction rise after approximately

one hour is to be associated with a rapid quench.

The shapes of the curves of internal friction vs. time following the quench

suggest that two prccessos tako placo simultaneously. The ,ffect of one process is

to decrease the internal friction with time, while the other produces an increase

of the intermal friction with time. Since the samples were quenched from near 100000,

an excess of vacancies vas present over the equilibrium vacancy concentration at

room temperature. The excess vacancies, after foring pairs, could difft.e rapidly

to screw dislocations forming jogs on the dislocations. The jogs, acting as pinning

points, would reduce the mobility of the dislocations and thus lower the Internal

friction.



The second process which LtesuIts in an increase of the internal frictio

with tim., may be due to stresses introduced by the inhomogeneous rapid cooling.

As these stresses aze relieved, the dislocations become more mobile, so that the

internal friction waild increase with timo.
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An investigaticu was made to determine the effect of solute atoms

on the internal friction due to dislocation scources. It has been suggested

by Cottrell that sor ute atoms will interact elastically with dislocations in

c-ystals. Due to this intenaction, the mobility of dislocations would be re-

duced by the presence of solute atoms. It is commonly assumed that the strain

amplitude dependent internal friction originates from the movement of dislocations

in the crystal. Therefore, it is to be expected that solute atoms would reduce

the internal friction.

The investigation was carried out using 99.999 percent cadmium single

crystals and alloy single crystals containing up to 0.01 atomic percent mercury.

All crystals were grown by the Bridgan technique.

X-ray Laue patterns were taken of all crystals to obtain the crystal

orientations. It was observed that tb Laue spots were very sharp, Indicating

a low imperfection density.

The samples wire all annealed near the melting point and then slowly cooled

to room temperature to determine a reference level of internal friction. The

crystals were then reannealed near the melting point and quenched in water at

room temperature. After this thermal treatment, the internal friction of the

sample of highest purity showed no change with time. The level of internal

friction was approoimately that after the crystal had been slowly cooled to room

temperature. However, the decrements of all samples containing mercury decreased

with time. This difference in behavior attributed to the presence of the mercury

atoms. At the high temperature these impurity atoms are nearly uniformly distri-

buted throughout the crystall lattice. After quenching to room temperature, the

mercury atoms diffuse to dislocation sites to reduce the dislocation mobilities.

The data was shown to agree with the relation derived by Zener for the diffusion

of solute atoms into a cylindrical precipitate.
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FIGURE 1

Effect of nickel content~ on the internal friction

of oopper base aingle crystal~s..

A. 99,999 per cent copper

B.. 0.01 atomic per cent nickel

C,. 0.08 atomic per oentnickel

D.. 0.10 atomic per cent nickel



40

B

3o

0

W 20

Li

10 D

0

00.4 0.8 1.z IAO J.
MAX. STIZAAN MPLTtIVE X1

FIGURE 1

Effect of nickel content on the internal friction

of copper base single crystals..

A. 99.999 per cent copper

B. 0.01 atomic per cent nickel

C., 0.08 atomic per cent nickel

D. 0.10 atomic per cent nickel
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FIGURE 2

Effrect of annealing temperature on the internal

friction of a 99.999 per cent copper single crystal.

Tests made in order indicated,

A. 96 hours at 10000C.

B. 4+0 hours at 25000..

C. 40 hours at 4500C.

D. 20 hours at 250C.

E. 24 hours at 100000.

Crystal cooled to room temperature at the rate

of 7500 per hour in all tests.
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FIGURE 3

Effect of annealing temperature on the internal

friction of~ 99.999 perco~nt copper single crystal..

Tests made in order Indicatedi..

A.. 24 hours at 250 00..

B.. 24 hours at 450 0 .-

C.. Additional 48 hours at 45000C..

D.. Additional 24 hours at 4500C.

S,. 24 hours at 2500C.

Crystal cooled to room temperature at the rate

of 75*C per hour In all tests.
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FIGURE 4

Effect of annealing temperature on the internal

friction of a copper single crystal contalnin8

0.08 atomic percent nickel.. Tests made in order

indicated..

A. 24 hours at 25000..

B.. 40 hours at 45o0 G..
C.. 15 hours at 250.-

D.. Additional 25 hours at 2500..
Jrystal cooled to room temperature at the rate
)f l000"' per hour in all tests.
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FIGURE 5

Effect of annealing temporature on tho internal

friotion of a copper single crystal containing

0010 attic per cent noikel. Tests made in order

indicated.

A. 20 hours at 9000C. D. 21 hours at 9000C.

B. 40 hours at 4500C. E. I-1 hours at 45000.

C. 15 hours at 250 0 C. F0 21 ha'urb at )00 0.
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FIGURE 6

Effect of annealing tomporaturo on tho internal

friction of a copper sLnglo ax-jstal containing

0,10 atomic por cont mickel, Tests ma.,de in ordor

indioatod.

A, 24 hours at 2500,
B0 24 hous at 4501 0.

Co Additional 24 bours at 4500°Ca

Do Additional 4C, hours at 4500C,

Crystal rrooled to room " eratur-e ao the rate

o01 75C per hour In all testso
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FIGUE 7

•Effect of annealing on the internal friction of a

copper single crystal containing 0.10 atomic per sent
nickel. Crystal annealed 24 hours at 9000C and cooled

at the rate of 1000 C per hour to the final annealing

temperature0

A. 24 hours at 9000 C, D, 24 hours at 750°C.

B. 24 hours at 2500C. E. 24 hours at 250°C.

C. 24 hours at 450 0C. F. 21p hours at 4500C.

Crystal cooled to room temperature at the rate

of 1000C 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 Y-4..

A.. Quenched into water at room temperature.

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

C,. Cooled at tie rate of 500C per hour to
room temperature..
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FIGURE 11

Effect of the rate of cooling from the annealing

temperature of 64000 on the internal friction of

iluminum crystal Y-1.

A. Quenched into water at room temperature.

B.. Cooled at the rate of 5000 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 cryotal Ia..

A.. Annealed at 64000..

B.. Annealed at 5500C,.

C.. Annealed at 4500C..

D.. Annealed at 35000C..
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FIGURE 13

Effoot of 15 rainuto ,inoals at various ter peratures

on the internal friotion of 2urniv:l single crystal

Y-A.

A. Initial state: QuonoheO into *vater fror' 6400C

B. Annealed at £50cC. E. Annealed at 52000C.

C. Annealed at 3P-OC. F. Annealed at 6400C.

D. Annealed at 425°C.

Cr jstpl aLr coolo( to ro.i to.-peraturc after these

t,icr--al treatm~ents,
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Variation with time of the decrement of a 99.999

per cent copper single crystal after being quenched

from 10500C into water at room temperature.

A. Max. strain amplitude, 0.2xlO
6

Test l;slow quench: 6
B. Y&:. strain amplitude, l.OxlO "

C. Max. strain amplitude, '2xl&O "

Test 2;rapld qench: -6
D. '%ax. strain amplitude, 1.Ox1O
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Variation with time of the decrement of copper

single crystal containing 0.01 atomic per cent

nickel after being quenched from 10500 C into

water at room temperature.
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Variation with time of~ the decrement of' a copper
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FIGURE 17

Variation of the internal friction with time of a

copper single crystal containing 0,10 atomic

per eent nickel after being quenched from 10500C

into water at room temperature,

A, 10 minutes, E. 80 minutes.

B. 20 minutes. F. 8 hours.

C. 30 minutes, G, 151,. hours,

D. 67 minui-eso If- 15 A/ hours.

I. 16- hours.
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Variation with time of the decrement of a copper

aingle crystal containing 0.10 atomic per cent

nickel after being quenched from 10500C into

water at room temperature.

A. Maximu strain amplitude, 0,,4 x 10 " .

B* Maximum strain amplitude, 2.0 x 10"60



Section 4

Effect of Irradiation on the Internal

Friction of Sodium Chloride Single Crystals



THE INTERNAL FE[CTION OF ROCKSALT SINGLE CRYSTALS

The internal friction of sodium chloride single crystals measured by

the composite oscillator method has becn studied by D. R. Frankl, and as

the results have been previously reportedI , only the main results shall

be sumarized. The specific purpose of this investigation was to study

the interaction of dislocations with the imperfections introduced in the

sodium chloride crystals by X-ray irradiation. It has been previously

astablished2 that X-ray irradiation of sodium chloride produces F and V

centers, the densities of which ara functions of the Intensities of Irradi-

ation. The photo chemical proportles of these centers have been studied3

and their effect on the plastic properties of the ionic crystals have been

aMAined4. The present investigation utilized the internal friction

measurements as a mensure of the dislocation propeties after various

troatmnta.

The var1ition of te decrement with strain amplitude in the ionic

crystals is vinilCar to that found in metal crystals5 . The modulus decrease

accompanying the increase in internal ith strain amplitude is also qualita-

tively similar to that observed in metals. The modulus shift is found to be

a function of the decrement only and is independent of the strain amplitude

required to produce the decrement, thus indicating that the modulus shift

and the decrement arise from the same mechanism. In several of the crystals

it was observed that a double valued internal friction vs. strain amplitude

curve was obtained on increasing the driving voltage to the composite oscillator.

On decreasing the driving voltage the initial curve was retraced, is; only a

slight hysteresis loop was observed. This double .alued behavior is the result
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of a large increase in the damping as the driving voltage is increased. The

mechanics of this behavior was not determined although the results indicated

that it was associated with cold work.

Mild photochemical irradiation by X-rays resulted in a large decreare

in the amplitude aependence of the internal friction. This was proved to

be a volume effect by dissolution of the surface and by irradiation through

a sodium chloride window. Bleaching of the F and F1 centers by exposure to

visible light did not result in an increase in the internal friction, 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 interaction 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 va-uncies which are associated in pairs

due to the electrical interactions. Hcwevor the binding energy of an electron

to a negative ion vacancy is greater than the tindiLg energy of the vacancy

pairs. This allow. the negative ion vacancies to trap electrons with the

formation of F centers and the freeing of the positive ion vacancies. The

positive ion vacancies can forn V centers and diffuse to the dislocation

lines where they can act as pinning points. The F cantors are less mobile and

will not diffuse appreciahly at room temperature. The pinning of the dislo-

cation by the V centers will cause a decrease in the internal frictiL. If iAu

irradiation is carried out at -1960C the internal friction is not decreased,

thus indicating the necessity of the diffusion of the centers to attain the de-

crease in decrement. After low temperature irradiation, annealing at room

temperature before bleaching causes a large decrease in the internal friction.

The effects of coloration may be removed by low tam.erature anneals.



Several effects of thermal treatments on the internal friction have

been noted. High temperature annealing followed by rapid cooling in air

resuIted in an increase in the decaement and in its amplitude dependence.

Following the high tamperature anneals, intermediate temperature anneals

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

dislocation pinning by some mechanism other them vacancies is operative.

This pinning may be due to impurity atoms.
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SGition 5

Temperature Dopendence of the

Elastic Constants of Gold Cadmium Alloys



Surmwary Terminal Report on Temperature Dependence
of Elastic Constants of Gold Cadmium Alloys.

I. A. This work was primarily undertaken to investigate the influence

of the temperature dependence of the single crystal elastic constants

upon diffusionless phase changes in the above alloy system.

B. A theoretical analysis was presented by Zener 1 whereby the mechanical

equivilance of FCC and BCC structures by a simple shear mechanim was

ohowm. This relative thermodynamic stability as a function of tempera-

ture vas compered and - diffusionless phase change toward thermodynamic

stability was obtained by "attice vibrations. Therefore it was predicted

that the BCC shear diagnol constant S (110) [ilOl would change rapidly

with temperature becoming relatively much larger approaching the phase

transition point. Experimental investigation would be confined to high

temperature phase cubic Au Cd alloys, because of their simple structure

lending easy interpretation to data, and single cr,7-tals can be retained

only In the high temperature phase. Alloys of 47.5% Au Cd and 50% Au Cd

were selected beca':se of their convenient transformation behavioro Single

caystals of arbitrary and controlled orientation were prepared by a modi-

fied Bridgeman techniqe and properly heat treated. Dynamic elastic

moduli were obtained with these crystals as a function of temperature

(in the high temperature phase only) and prior thermal history. The

composite-oscillator technique was used exclusivel.y2 . The experimental

variables for necessary measurement are crystal orientation, ipecimen

(1) 0. Zener, NElastic and Anelastic properties of Metnls. U. Cidcago Press
Chap. IV.

(2) S. L. Quinsby, Phys. Rev. 25 p. 558 1925
L. Balamuth, Phys. Rev. 45 p. 715 (1934)
J. Zacharias, Phys. Rev. 45 p. 116 (1933)
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length and diameter (xight circ,1ar cylf.Lder), specimen nass, temperature

dependence of thermal expanzion, temperAture dependence of Icngitu.dinal and

tcraioual resonant frequencies. Details of the technique are explained in

the Flove mentioned raferences. St~table quartz crystls were prepared and

bonltd with metal 3pecl'ens for resonant frequency measurements. A suitable

eloutrunic oscillator had been built for driving the composite oscillator and

iaea3uremzent of reonuant fraqaencie . The natural specimen frequencies were

ca.IcUatec and with the allied ;easurLnents, the principal cubic elastic cun-

stants were calculatedt

(a) flJ3 = /E =1,- 2 (Sl - aj2-4 S it [n1  n22,. 2
2 n,4n,2 n32]

where s axial Young's modulus
'A The elastic compliance coefficient in the arbitrary oriented

dection of the axis with regard to the crystallographic reference
system.

j = The crystallographic compliance coefficients

a, = directional cosines appropriate to following transformation
scheme.

X( Y Z

xl 11 3-2 13

zi n1  n2 n3
(b) Sq = 1 = SR (SU - S12 s ) 2 nl -

1112 fl, 2
, 4.22 n3 23

G axial torsional modulus

The orientation functions were determined Lj crystal Gzxintation iteusurements

using the Laue back reflection X-ray tecluique. Th.-rmal =x,.an.ion was determined

by X-ray lattice parameter measarements and linBar dilo.romet-lc iaeasu.:ements.
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Crystals with CI00], [I10], [:u!j xial orientations were necessary for the

torsional Zeasureu.ents so a to avoid fl.oxmal frequenty coupling affects, to

yield accurate modu.1i values.

Some results obtained are indicated as follows:

Table 1 47.5 At% Au-Cd
xio-2 cm2/dyne

Tom 
/-raturec S 81 S K oo

50 11.24 5.446 2.363 1.032 0.9024 12.45 141II

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 3.2.95

100 9.892 4.776 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 1.014 0.9333 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 7.372 8.208

360 7.23k 3.438 2.709 1.076 1.023 7.073 7.877

Table II 50 At % Au-Cd

TemparntureOC

30 8.919 4.275 2.275 1.110 0.8817 10.12 11.60

40 8.692 4.161 2.280 1.109 0.8832 9.843 11.27

50 8.491 4.060 2.288 1.11 0.8851 9.596 10o97

70 8.148 3.892 2.304 1.091 0.8897 9.165 10.4

100 7.744 3.691 2.334 1.084 0.8984 8633 9.749

160 7.185 3.412 2.397 1.087 0.9198 7.831 8.842

220 6,787 3.205 2.468 1134 0.9488 7.180 8.094

230 6.482 3.042 2.547 1.195 0.9817 6.634 7.481

320 6.316 2.953 2.01. 1.247 1.006 6.308 !.126

360 6.196 2.882 2 658 1.295 1.030 6.046 6.833
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The principal cubic ela.3tic complim1i) coefficients SI, S12,, 8. are

listed as a function of temperature. All other pertinent elastic properties

can be calc~lated from them3. Also listed are the compressibilities, 3(S 1I.2S1 2 )

and ratios of maximum and minimum cryatallographic elastic conitants. The lat,

the ratio of the cubic edge and diagonal shear constants are pertinent to the

theorctric"L consider&tion previously mentioned. Suu should remain fairly con-

stant with temperature charge for BCC lattice while the diagonal shows constant,

2(S31 - S1 2 ) shu4d increase sharply approaching the diffuaionless phase charge

temperature. QualltLtve agre-%.ent ia obtained with theory, bat no drastic charge

is obtained app-oaching the pia.e transformation temperatura. Jones4 has quanti-

tatively shown,, for the caje of beta brass, that its face diagonal shear constant

Sl O = 2(Sll-S,2) is positive aE a result of the stabilizing influence of a positive

energ, contribution dLe to the Literaction between the fermi energy o± the valence

electron' ard the first (110) Brillouln zone. This is followed in that higher gold

cantats (lver eEctr-.n/ator density) sho a greater elastic anisotropy and trans-

form at a higher temperature.

Table III - Comparative Elastic Properties

_ _ Beta Brass 5  _47.1 at % Au-Cd 50 at % Au-Cd
TOmp. C 20 -200 1 annealed quenched annealed

50 from 5500C 30

Bill 118.2 23.2 11.1 3.1.1 11.3

oi 2.4/ 2.32 0.890 1.10 1.12

1/y, 1  7.45 8.55 12.5 10.1 10.1

2(Sn-S.1 8.93 10.4 U.1 u1.6 11.6

3R.F.8. fleannon, Rev. Mod. Phys. 18 #3 416 (1946)
4 H. Jones, Phil. Hag. 43, 105 (C1952)
5 Artman, J.A.P. 2 470 (1952)
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Table III indicatei thlt the elastic anisotr-opy for the loiwest temperatures

measured wil" beta brais (exomorphous to Au-Cd) is not as great as that for

Au-Cd. The brass 1 stable to lowest available temperatures while the Au-Cd

tranof ,. This lends support to an elastic anisotropy criteria for diffusion-

less transformation.

Table IV - Calculated and Experimentally6

determined Compressibilites (IfO-2,m2 /djne)

A 3(Si + 2 S12) Weibbe EQ. Detirmined 5 Diff.

Cu Zn 0.938 0.948 1.0

Cu Zn 3,9A2 0.913 2.0

55 At% CL-Zn 0.927 0.92A 0.3

51.7 At% Cu--Zn 0.861 0.808 6.0

47.5 At% Au-Cd 1.03 0.998 5.0

50 At% Au-Cd 1.11 1.02 8.5

The above data indicates that the absolute values of the elastic

constants are to be considered reliable. Calculated comprossibilities arc

obtained as a small difference of tro experimeated values and are usually

not too accurate.

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



Section 6

Effect of Plastic Deformation on the

Internal Friction of Metal Single Crystals



EXPERIMENTAL PROCEDURE

A. SPECIMMS

The specinens used in this investigation were single crystals of

alminum, silver, sodium chloride and copper. The impurity content of

the specimen matArial is given in Table I. The silver and copper crystal&

were prepared by the Bridgeman technique in a vacuum furnace, using split

molds of AEC high purity Fnaphite. The sodium chloride crystals were pur-

chased from the Harshaw Co. The aluminum crystals wore prepared by a

horizontal Bridgeman technique which utilized the aluminum oxide "skinN as

a mold. The orientation of each crystal was obtained bj the back reflecticn

Laue technique and is given in Fig. I. The copper and silver specimens were

checked for boundaries by etching before the internal friction measurements

wore taken, while the aluminum crystals wre used before etching and wore

etched subsequent to the internal friction zoasarement.

B. Internal Friction Measurements

The internal friction measurements were all made by the composite

piezoelectric oscilint.01' me+ha 59 utilizing staiubel cut quartz crystals with

electrodes of evaporated aluminum and chromium. The rusonant frequencies of

the quartz crystals were in the range of 30 to 80 Kc. The resonant freauencies

of the metal crystals were matched to within a few tenths of a percent of the

quartz frequencies and are listed in Table II. The crystals were cemented to

the quartz by phenyl salicylato or by sauercisen cement ihich was air dried.

The temperature measurements 'wre all made with the sauoroisen bond. It was

determined that the internal friction was independent of the bonding material.

roLe composite oscillator assembly was suspended by fine i.'ire supports

placed at the displacement node of the quartz. The measurements were all made
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in a vacuum chamber. The composite c~icllator was excited at the fundamental

frequency by a transitron oscMltcor and the electrical rer.stance at resonance

was measured by a capacitive A.C. bridge. Since the composite oscillator may

b considered a PLC electrical circuit, its decrement and strain amplitude may

be calculated from the measured resistance at resonance by the relations de-

veloped by Read and presented below.

f__I 3

A derement, defined as the ration of the energy dissipated per half qcle,
to twice the energy stored in the specimen. The decrement is used as a
measure of the internal friction.

R resistance of vhe composite oscillrtar at resonance.

fa= Prequency of composite oscillator.

M ~~ass

MG+ Mlq
L - ductance of the quartz

i s  length of the specimen

E driving voltago supplied to composite oscillator

U - maximum strmin amplitude.

subscripts s and q refer to the specimen and quartz respectively.

The changes in modulus of the specimen ie.re also obtained by measuring

the variation of resonant frequency of t113 compoAite oscillator and by applying

the following relations.
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where E is the elastic mcdulus in the c-.,stallographic direction of the length

of the specimen.

C. Deformation of Crystals

The specimens were deformed in compression and in torsion. The method

of compressive def'ox-= ion was to place the specimen between the anvils of a

micrcmeter end to use the micrometer for application of the load and for

measuring the strain. Specimens Ag I and 2 were deformed in compression by

ax:aUly loading the crystal rathar than by compressing it in the micrometer.

The torsional deforzation was Prformed between two axially alipaed Jacobs

chucks each of which contained a polo piece. The specimen was cemented between

these pole pieces using phenol oaliclate. Since the amount of torsional dsfor-

mation waa small, the specimens were not bent by lattice plane rotations during

the torsional deformation. The strains iiere measured by using an optical lever

arm two meters in length. It was established tlat the mounting of the crystal

in the torsion aparatus and removing it did not affect the internal friction.

D. Torsion Pendulum Measuements

The torsion per.dulum experiments were carried out at frequencies of about

1 cps. An inverted torsion pendulum was used to enable the stress on the

specimen to be varied without altering the frequency of the measurement. The

fixed pin vise was at the bottom of the apparatus while the top pin vise carrying

the inertia bar was supported by .004" piano wire which went over a pulley and

to a load pan. This apparatus allowed measurcmEnts to be performed uver a wide

range of stress. The vibrational coupling between the piano wire and the tor-

sion pendulum was extreml small as demonstrated by the fact that oscillations

of the load pan did not cause any measurable oscillationa in the torsion pendulum

inertia bar.



4
h

The specimens usod in these measurez.ents were wires, 0.0301 in diameter

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

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

frequency measurements.

Experimental Results

A. Double Valued Behavior

Fig. 2 is typical of the double valued internal friction vs. strain

amplitude behavior in sodium chlozide. The crystals had been vacuum annealed

at 7500C and slowly cooled at the rate of 5000/hr. to room temperature. It

was then heated to 50C%1 and cooled at 3000/hr. to room temperature. Fig. 2

shows the behavior of the crystal after it had annealed at room temperature.

At point I on curve C, the driving voltage was shut off for about 30 seconds

before the next driving voltarv was applied. This sboi't anneal altered the

nature of the curve markedly in that the type II behavior was removed. In

every cae of double valued behavior found in NaCl, the crystal exhibited a

large hysteresis loop as the driving voltage was decreased. This hysteresis

was not observed in the crystal initially. This type of behavior combines

the features of type I and II behavior in that it exhibits a large hysteresis

loop and a double valued behavior as the driving voltage is increased. In

Frankl's data the max'mzm strain amplitude was of the order of 3 x 10- 6 while

these experiments employed strain amplitude of the order of 14 x 10-4. This

may account for the differences in the observations.

Fig. 3 indicates the nature of the double valued behavior in a silver

single crystal. Curve B indicates the double valued behavior obtained after



a torMional deformation of 4 x 10- 4 in./in. maximum shear strain in torsion.

On annealing at rom temperature, the double valued behavior was removed as

shown in curve C. On further torsional deformation of 16 x i0 - 1" in./in. maximum

shear strain in torsion and annealing for 70 minutes at room temperature, the

d- ; iP valued bghavior was recovered as indicated in curve D. The strain ampli-

tude at vi'cL the c..yzta- -h',blted the rapid change in decrement increased

with the amount of deformation. The beLavlox in the silver single crystal is

charactaristic of type i behavior. No hysteresis loop vas observed on de-

creasing the driving voltage.

Fig. 4 indicates the double valued behavior in an aluminum single crystal

which is typical of typo II behavior. The room temperature curve inuicated a

large increase of V.3 decrement with strain amplitude. Ou cooling to -1960 C in

vacuum, the crystal exhibited a double valued behavior of the decrement with

strain amplitude. The double valued behavior was also found at -18600, -167 0C,

-1470C. At all these tmperatures, no hysteresis loop was observed. On testing

at -1250 C the apecimen no longer exhibited a double valued behavior. The strain

amplitudes at whieh the large increase in decrerent occurred decreased as the

temperature of testing was increased. On retestijg at -1960 C the double valued

behavior was not obtained, although the amplitude dependence of the decrement

was quite large.

B. The Effect of Deformation on the Internal Friction

1. Silver Single Crystals

The effect of torsional deformation an the internal friction of silver

single crystals is shon in Fig. 5. Crystal Ag 1 exhibited a large strain

amplitude dependence of the decrement in the as ,-rown condition. The initial

torsional deformation of 2.93 x i0 - 4 in./in. maximum shear strain resulted in
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a decrease in the strau amplitude depeadence of tha decrement and an increase

i the value cf the decrement at low str-in amplitudes. Subsequent torsional

deformation resulted in no significant changes in the strain amplitude depend-

once although the level of the decrement was varied. With ncreasing torsional

deformaticn the decrement increased to a maximum and then decreased as shown

in Fig. 5 and 6. The maximum decrement is obtained after a torsional deformation

of 17 x I0- in./in.

It was found that the decrement decreased with annaaling time at 250C.

Tho relaaxation time for this annealing effect appeared to be insenaitive to

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

Fig. 10 shows the behavior of crystal Ag 2 cn annealing at 250 C after torsional

deformation of 15.2 x 10"4 in./in. maximum shear strain. The amplitude dependence

of the decrement is not affccted b this &.nneal although the general level of the

demrement is decreased.

In the as grown clmdition crystal Ag 2 eyibited less dependence of the

decrement on the struin amplitude than Ag 1. Torsional deformation to a maximum

shear strain of 51.2 x 10- 4 in./i. did not significantly alter the strai'i ampli-

tude dependence of the decrement, as shon in Fig. 7. The level of the decrement

was increased by the torsional strain. Fig. 8 shows the variation of the Iecro-

ment with strain at a strain amplitude of I x 10-7.

The effect of plastically straining Ag 1 in torsion fzUowed by comprissive

stressing in Phon i Fig. li. Large torsional deformation followed by annealing

at room temporatu..'e caused a decrease in the stri amplitude dependence of ,

decrement. Compressive stressing increased the value of te decreraet and Lts

amplitude dependence. Further torsional defornation did nAt alter the amplitude

dependence appreciably and increased the level of eio dccrcment. The behavior

of Ag 2 under alternate torsional and compresive deformation as ohon in Fi;,. 12
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as qualitatively sinilar to that of Ag 1. The amplitude dependence of the

decrement of the deformed crystal was markedly less than for the crystal in

the as grown condition.

2. Copper Single CryatE3.s

The effect of torsional deformation on the decrement of a copper single

crystal containing 0.1% Al. is shown in Fig. 13. The initial torsional defor-

mation of 3.5 z 104 in./in. maximum shear strain resulted in a decrease in

the decrement. Further torsional deformation resulted in an increase in the

decrement reaching a maximum after a deformation of about 55 x i0-4 in./in.

maximum shear strain. Further defozmation caused a decrease in the decrement

as shown in Fig. 14. where the data at a strain amplitude of 2.5 z 10- 7 in./in.

is plotted.

The behavior of this crystal under alternate torsional and compressive

strains is shovn in Fig. 15. After torsional deformation of 33.9 x 10-3 in./in.,

and 9.2 x 10-4 in,/in. in compression, the decrement is considerably higher than

that of the original crystal. Subsequent torsional deformation of 52 x 10"4

in./in. maztmuu shear strain resulted in a decrease in the decrement. Further

torsional deformation of 17.5 x W04 in./in. caused an increase in the decrement.

In the range of strains examined, the deformat$on did not have any effect

on the amplitude dependence of the decrement.

3. Aluminum Sinlij Crystals

The effect of torsional deformation on the internal friction of aluminum

single crystals ib shown in Fig. 16. The decrement at low strain amplitudes is

increased by a torsional strain of 1.71 x 10- 4 in./in. maximum shear strain, as

is the amplitude dependence of the decrement. Furtler torsional deformation

results in a decrease in the decrement at low strain amplitude and a further

increase in the amplitude dependence. The variation of the decremont with
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torsiontil deformation at a strain amplitude of 0.5 x 10- 6 in./in. is shoain In

Fig. 17. For the initially undeformed crystal, the deorement has a mazimwn

value at a torsional deformation of the order of 2xJ0-4+ in./in. maximum shear

strain. The dependence of the decrement on the strain amplitude increases

and then remains constant with increasing torsional deformation.

The internal friction of aluminum single crystals was found to decrease

with annealing at 250C as shown in Fig. 18 and 19. The effects of annealing

is most evident at the high strain amplitudes and therefore the annealing results

in a decrease in th3 strain amplitude dependence of the decrement. The final

amplitude dependence of the decriment was significantly less than that of the as

grown crystal.

The behavior of the crystal under alternate torsional and compressive

deformation is sh.wn in Fig. 20. Torsional deformation of l.71xi0-4 and

8.89 x 10-4 in./in, maximum shear strain results in an increase and then a

decrease in the decrement and an increase in the amplitude dependence. Com-

pressive deformation of 3lD - 4 in./in. results in an increase in the decrement.

Further torsions.1 strain c" 3.4xl0 4 in./in. increased the decrement and the

amplitude dependence. On continued torsional deformation the decrement and

amplitude dependence decreased. Following this compressive strain of 3x0"4

in./in. decreased the decrement and amplitude dependence and subsequent tor-

sional deformation first cause an increase in the decrement and amplitude

dependence and then a decrease.

The behavior of the decrement with torsional deformation after compressive

strain is sbown in Fig. 17. After the crystal was initially deformed 15.7xl- 4

in./in. maximum shear strain in torsion cnd 6.OxlO- 4 ix./in. in compression,

the variation of the decrement with further torsional deformation was studied.
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This behavior may bo contrasted with 4hat of a crystal 'which was initia?.ly

undeformed. Incretsing the amount of initial doformation causes the torsional

shear strain at -which the maximum occurs to be increased and also appears to

itcrease the magnitude of the decrement at the maxim=.

The effect of compressional deformation on the Internal friction of

aluminum single crystals is shown in Fig. 21. Increasing compressional, defor-

mation results in increased decrements which reach a maximum at a deformation

of the order of 30xlO- 4 in./in. Fig. 22 shows the variation of the decrement

with deformation. As shown in Fig. 21 a compressive strain of 40.7xl- 4 in./in.

ccmpressive deformation and torsional strain of 15x -0 4 in./in. realts in a

large increase in the decrement at low strain amplitudes and in the amplitude

dependence of the decrement. Further torsional deformation of 15xl0- 4 In./in.

decreased the level of the decrement at low strain amplitudes and increased the

amplitude dependence of the decrement.

The effect of the mode of vibration in the internal friction measurement

was determined by matching an alu7num single crystal to a quartz rod oriented

so as to vibrate in a torsional mode. Fig. 23 shows the behavior of this crystal

as affected by plastic deformation. Compressive defomation up to 6x1O(4 n./in.

caused an increase in the valuo of the decrement at low strain amplitudes and an

inurease in the amplitude dependence of the decrement. Subsequent torsiocal de-

formation up to 7.0x0- 4 in./in. maximum shear strain caused a furthor increase

in both the value of the decrement at low strain amplitudes and the amplitude

dependence of the docrement.

S. The Effect of Deformation in Internal Friction As Measured by the Turgion
pebn um

The behavior of the internal friction of copper specimens as affected by

stress and plastic deformation is shown In Table I and Fig. 24. The digh purity
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specimen H. P. Cu 4, 3hoi ed a decrease Ln the decrement aj the tensile stress was

increased followed b;- a small increaje as the stress As furthier increased. Tor-

sional sta-ain increased the decrement fo*.lowbig which further tensile stress

caused a slight decrease in t-he decrement. After the torsinal strain, the decre-

ment exhibited a dependence on the strain amplitude of measurmt at, decreasing as

the torsional strain amplitude decreased. 7e maximum torsicaal strain used daring

the measurement was of the order of 5xlO- 5 in./In.

The behavior of the ORIC copper with deformation is shown in Table III and

in Figs. 25 and 26. The decrement increased with torsional strain to a maxim=

at about 39.3x0"4 in./in. maximum 3hear strain in torsion. Further torsional

deformation caused a decrease in the internal friction. The effect of tensile

stress during the internal friction measurement was to cause an initial decrease

in the decrement to a niniminm occurring tt about 1600 6/=2 tensile stress and

a subsequent increase in the decrement as the tensile stress was increased. These

acasurements -were made with the tensile stress applied to the specimen. Alternate

application of torsional strain and tensile stress to the OEMh specimens caused

a behavior which was consistent with the above results as shown in T..ble I. The

torsional strain caused an increase in the decrement and the tensile stress caused

a decrease.

The effect of torsional deformation and tensile stress on the aluminum

specimens is shown in Table IV. It is seen that the polycrystalline and single

crystal material exhibited similar behavior indicating a qualitative independence

of the behavior on the presence of grain boundaries. The decrement of a well

annealed aluminum wire showed an initial increase with increased tensile stress.

Short time anneals at 250 C caused large decreases in the value of the decrement

after stressing. The measurements were made while the wires were under tensile

stress. Torsional strain caused the decrement of the aluminum to increase and
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to exhibit a dependece on the torsional strain amplitude of the internal

friction measurement similar to that found in the HP Cu 4.. This amplitude

dependence of the internal friction was removed by a 24 hour anneal at 250C.

In the single crystal specimen, after a tensile stress of 286 g/= 2 and a

torsional strain of 2.55x0 " 4 in./in. rAximum shear strain had been applied,

further te*sile stress of 626 g/m 2 caused a decrease in the decrement. A

similar effect mas found in the polycrystalline specimen after a tensile

stress of 836 g/=m2 and a torsional strain of 1.80x0- 4 in./in. m-=

shear strain. Inrreasing the tenslle stress further, caused an increase in

the decrement of the polycrystalline specimen. The same effect was found in

the single crystal specimen after annealing at 250C and applying further tor-

sional strain of 0.72xi0-4 in./in.

It was establiahed that the decrement measured after the removal of the

tensile stress was greater than that measured with the tensile stress applied.



IV. 'iscussion of Results

A. Double valued behavior

it is of interest to consider the behavior of an edge dislocation

under the conditions of the internal friction measurement. The dislocation

may be considered an 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 C = CoeU/RT whore CO is the average solute concentration

and U is the interaction energy of the solute atom and the dislocation. At

temperatures Pbove To = Uma-/Kl n t!he atmo phere has a maxwellian distribution 4 0

Go

Under the oscillating stress of the internal friction measurement, a stress of

the order of

- .;M 'k 3 

is required to free the dialucatior. frum the ..nflaence of its dilute atvosphere.

(N is the number of atoms per unit volume, b is tie Burgers vector, C is the

strain due to the solute atoms, T is t'he radius of the matrix atom and ,L is the

shear modulus.) Even if the dislocat on is fzeed from the Jifluence of its dilute

akicsphere, it is still pinned by dislozation intorsections, and by those points

at which the dislocation leaves the slip plan3. Its extent of motion is limited

by these pinning points.

The type II behavior where no hysteresis was observed, may be due to the

pinning of the dislocation by interseztions, ithili the large increase in damping

may be due to the freeing of the dislocation from its dilute solute atmosphere.

Since the dislocation remains geometrizally fixed in the crystal, the repinning

time for the solute atmosphere is quite shcrt. The larg: hytoresis lcop of the

type I behavior may be jxpected when the M. tl ocation is fireJ from its pinning

points and is displaced geometrically in th; OtAl, In oru 'r to reform the
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solute atmosphere about the dislocation in this case, diffusion will have to

occ r ove: greater distances so the repinning time will be longer. Therefore,

during tha period of the internal friction measurement the specimen should

exhibit a hysterusis behavior.

For the aluminum used in this experiments To is of the order of OK

so that solute atmosphere may be considered d5l~te at all the temperatures con-

sidered, F3r this material A is 10-23 dyne m 2 and CO is 8.65.x0-4. The stress

at which tLe double valued behavior occurred was 3o9x106 dynes/cm2 at -196°C and

2,5xI06 dynes/cm2 at -1470 C. The calculated stress for freeing the dislocation

from its atmosphere is of the order of /xo 5 dynes/cm2 .

For the sodium chloride crystals used in these experiments A is 6. 2 xl0 - 2 1

dynes/u 2 and CO is 10-2. To is calculated to be -l000C. The solute atom inter-

action energy "ith the dislocation is greater for the sodium chloride than for the

aluminum crystals. The stress at which the dotble valued behavior was observed

was of the order of 4x108 dynes/cm2 . The calculated stress required to free the

dislocation from its dilute atmosphere is of the order of I4x!)8 dynes/cm2 . The

large hysteresis foumt in the sodium chloride may bc explained on the basis of the

much larger stress amplitudes used for this crystal.

The probability if observing the double valued behavior appears to be

greater in those specimens where loosely pinned dislocaticns have been produced

by heat treatment or cold work, or in those maserials in which the dislocation

pinning is weak. If the dislocation density ia increased by plastic defonnation

the dislocations may become mo.e strongly pixnak by dcslocation intarseotions and

the stress to produce the double valued behavior Increases as shown in Fig. 2.

The hysteresis behavior of .rystals ma., also ba nuppressed by increasint, the dis-

location pinning by cold work.



B. Effect of Deformation

The slip bystems in the F.C.C. crystals of silver, copper, and aluminum

are 'he (1l) [mil There are four (i) planes in the crystal each of which

contains three 101 slip directions, thus giving a total of 12 slip systems.( 63)

During the plastic def)i-mation, those slip systems are utilized which have acting

an them a resolved 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

compresiaiaal deformation, th3 planes of maximum shear stress lie 450 to the com-

pressional axis, while for torsional & formation, there are two sets of mami1mum

shear stress planes ie; the planes "hich contain the axis of torsion and those

which lie perpendicular to it.

In terms of a dislocation mechanism, the compressional deformation may be

described as the movement of dislocation rings along the slip planes on which the

resolved shear stresses are the greatest. The manner of movement of these dislocation

rings is such that the total deformation is in the slip directions in which the re-

solved shear stresses are the greutest. During the deformaLin now dislocation rings

are generated at sources each as the F.ank-Ratd source. In any local region of the

crystal, the orientation of the crystal will determine whether slip will take place

on one or on several slip systems. The geometric conditions are consistent with

slip on a single slip system or slip on several slip systems.

The situation in the case of torsional deformation 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 dislocation 64 on the planes

perpendicular to the torsional axis which proa_-es rutational slip, or as the for-

mation of screw dislocations lying on the planes containing tle torsioal axis4 .l

Neither of these mechanisms is compatable with the reqAirumentB of cryat . structure

except in case of special crystal orier-tatioiE. Thc nature oC tcrion1i= defomiation
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may be deacrilbed as slij on thoae slip plares whose orientations are closest to the

p'.an.s -if maximim shear stress and in such directions so as to have the total defor-

mation compatable with he crystal stricturo and with the geometric requirements of

the torsional leformation. This may be accomplished by having Blip oc'ur in several

of the jermissable slip directions on each of the active s.iD planes and in such a

manner 1 ',at the avert-go slip is equivalent to slip in a tangential direction. It

can be :howa that the tangential shear stress is given by an expression of the type6 5

r (P ( 1 C 0 Se to-KzA ) (2)

where - = tangontial shear stress

constant

angle between the axis of torsion
and th a normal. to the slip plane.

e9 angle between the slip direction projection on a
plane perpendimclar to the torsion axis and the
semininor Luis of the ellipse formed by the Inter-
section of the slip plane with the cylindrical specimen°

0

The value of is a maximum at c = o and for thi s orientation is a constant

for all values of ( . For the c. e of 0-' 0* then -C4 is a function of 0, in-

creasing as 9 approaches 900. For -,mlues of 4 greate. thau 450 - is negative

for a range of values of (. It has also been ahown e-.perimentally that during the

torsional deformation th3 plane normale of the crystal rotato about the axis of tor-

sion rather than the normal to the slip planes. 65 Furthermore, it may be easily

shown that the strain accompanying a torsiunal def. n itian !.creajes linearly with

distance from the center of the specimen.

The mechanism of torsional deformation may 11, deseriLed on the basis of

the above ideas. As a torsional stress ' s the ioformation take. p .ace at

the surface of the crystal by the mot! in or ,3n tion of diiloa i Iors oL thlose slip
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planes which have the greatest resolved shear stress. Tie stress required for the

deformatior is given by the average critical tangential shear stress. The motion

of !slooptions is such that shear occurs in several of the slip directions and to

such an extent that the total shear accomodates the torsional stress. The rotation

of t1h shear rlanes about the torsion axis necessitates dislocation motion on slip

planes hich intersect the active torsional slip planes. Thus the final pattern of

crystalline imperfections introduced by torsional deformation is quite complex and

is a function of specimen orientation. In general, it may be stated that as the

crystal orientation varies so that 4) approaches 0o, the slip tends to be localized

on a single slip plane and cross gl'ip necessitated by the rotation of the slip planes

diminishes. Thus we begin to attain the ideal case discussed by Frank6 4o In this
0

ideal case where 0-- 0 the final density of dislocations produced on the slip

plaue by the torsional deformation is constant across the crossection.

Since the planes of maxL-vm shear strain in compression and torsion lie

at 450 to each other, the active slip systems in compression and torsion 411 in

general intersect each other. Alternate compressional and torsional deformation

will therefore produce a large amount of cross slip and dislocation intersections.

It has been shown that this cross slip leads to rapid work hardening. This has been

analyzed on the basis of dislocation Jogs by Seeger 6 6 . In the decrement measurements

utilizing an xm- cut quartz, the active slip planes coincided with the active slip

planes of the compresional deformation. Therefore, the dislocatiuns introduced on

the active slip planes of the torsional deformation lie on inactive slip planes

during the decrement measurement. In general, however, the shear stress on these

planes are not zero so some dislocation motion dues take place under the action of

the oscillating stress. The value of N considered in the following dicussion does

not include those dislocations which form Lmall angle boundai.les, as the restoring

force on these would render them essentially immoble under ti, stress ust-d in the
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internal friction measurement. The extent of the dislocation motion under the corn-

Ire.3.:oral ocillating stresi will be approximately proportional to a shear factor

tf 2 ccs4 nj-iere is the angle between the slip plane and the specimen axis.

The expeiimental results may be qualitatively interpreted on the basis of

"he abuve ideas und the e.pression fcr tho decrement caused by oscillating dislo-

cations as dctermined by Koehler 2 3 . This expression is

Y___3 (3)

where C is the concentration of pLnuing points, N is the atcmic lengths of active

dislocation lie/cm3 , K1 K2 K3 are canstxts and w is the frequency of oscillation.

This expression does not acc:umb for V.e restoring force of neighboring dislocations

which would tend to decrease the decremcnt.

The concentration of solute atom pining points is of the order of Ix10- 3

as estimated by Koehler 23. The concentration f dislocation intersectionz may be

astimated at 1O-12N giv-!ng L total conceatraticn of pinning points of N 10 - 12 NJ

where Il is the number of solute atom pinning points.

The effect of deformation on the intorra! 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 plaLes for wIich thc shear factor is small, then these

imperfections Will serve merely to pin t.e active dislocations on intersecting slip

planes and will not contribute appreciably to thu energy dissipation. Thus the effect

of deformation would be to decrease the decrem,t.t and the amplitudo dependence of the

decrement. If the deformation produces :lip o. planes whose hear factor is appreciably

greater than zero, these dislocations contribute to the energy dissipation at wpll as

increasing the concentration of pinning points un intersecting dislocation lines.

Equation (3) may be written as
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The olso-ved v&riation of the decz cLtnt with N exhibits a. rapid initial increase

folloed by a norc graduil decrease. T13 shape of the 6 vs N behavior calculated

fr:i t' e above relation, is similar to tat determined experimentally. The maximum

value of thi.: decrement is found to occur at a dislocation density of the order of

l09 dlel,-cation lnes/cm2 which is a reasonable value for a slightly worked specimen.

The value of N at which the maximum decrement occurs will depend on the specimen

orientatiil since the contrl.bation of the dialooations introduced by deformation to

the energy disAipation will be a fx~ction of the compressive shear factor. We may

therefor oxpect different curves for the vnriation of A vs I for the torsional

deformation and for the compressive deforn.ition. Thin is jhown experimentally in

FigaLres (ii, 12, 20) where compre3sional defo.mation cruses an increase in the

decrement although the maximum in U:e de-reL. n vs. torsional deformation has been

exceeded.,

The bEhavior of the aluminLm and a" :-cr specimens under alternate torsional

and compressive deformation as shuwn in Figurec (21, 12, 27, 20, 2J suggests that

when the maximum value of N for one type :' deformation l.D.j been exceeded, application

of a second mode of deformation will shift th. value of Nmax so further deformation in

the first mode will camise an increaae In the dc. -a,, nt. Another possible explanation

is hhnt the deformation in a second mode causett the removal if some of tho Sisloca-

tions introdu-ed during the first mode if deformation. Thig rjay be accomplished on

the basis of the lattice plane rotation.3 durtF, defcr'rttiun. IL the compressional

deformation the active slip planes tend to rc.tate to brL.i the -oxis of compression

into a plane which s symetric with two o2ip planes, ;ausing duplex, slip. In the

torsional mode of deformation the slip planen 'end to rotate to a pcsitiur ikere the

resolved shear stress on one slip system is I .acrea..ed cr 'o a position where the axis

of torsion is symetrically oriented with e to WC. sip .;ydtams. In goneral, the

lattice rotation in these two cases will not h-- in th.. .,ame ditez,! .ns anO wil have
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components ii iich oppose one anoths . On Elternate compresuion and torsion, these

rota tiojis may be accomplished by th!e removal of some of the dislocations which

cabe u the previous lattice rotations. In effect this removal of dislocations is

a woA sufteuing and may decreabe the dislocation density. A decrease in the dis-

loeatJo,. density bjr the second mode of deformation would then allow the decrement to

increaoz with further application of Cie second mode of deformation. This process

may account for the observed ezperimental results.

tho basis of the above discussion, it is expected that on the initial

torsional deformation of a cry~nta! with a (111) slip plane at 900 to the torsional

axis, the deformatiun xiquired to ol.t-ain the maximum in the decrement vs. deformation

curve would be less than for a cry.stal which does not have this orientation. This

is observed in the date for Ag. I and Ag. 2 qhowrA in Figures 6 and 8. It is also

expected that the deformatiou reqdred to obtain the maximum and the value of the

decrement at the maximum will be less for a crystal deformed in torsion then in com-

pression. This is observed in tho date for 1I HP 3a and Al HP 6 shown in Figures 17

and 22

The behavior of the amp.itule dependcznCO of the decrement with deformation

could not be determined on the baAis of tho available data. In the aluminum crystals

the deformation caused an increase in the am'iolitude dependerce irrespective of the

mode of deformation.. The copper crystals showed no appreciable effect of the defor-

mation on the amplitude dependonce and the silvr c.-yrtals exhibited both a decrease

in the amplitude dependence with deformation and no chlage.

In all of the crystals ,xamined, low tenpera tur annealing caused a large

decrease in the decrement and in the amplitud3 depcndon: o." Lhe decrement, (Fi~yaros

9, 10, U, 12, 18, 19). Since to final value of the decte.aient and the amplitude

dependence was lower than for the original crystal, there ae' Llts catno. be accounted

for on the basis of solute atom diffusion to the dislocntLons. This Is also indicated
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b1 the C,,ct that the "laxcotion tL~a U.i. he annealing process appears to be inde-

pandt t :" the degree rx.d mode of jefor.matio:,. These results .may be accounted for

,r ' 1a.jis - f the movex.ent of dislocaticns to stable energy configurations in which

ti n way b le.uely bound and wcu2d not contribute to the energy dissipation. The

,.-A s.-41 c- for tie rec ary of ia.tornal stresses in a worked metal developed by

Cottrell. l Ayte ;iL6 may be used to f a ally describe the change in decrement with

tine of annealing. The applicable expression is

where V = the intorn-., stresseo and t is the annealing time, and to are

constants. If it is assurcd that he ceremont is proportional to the internal

stresses the expr3aeiLn for the choaae of decrnent with annealing time is

An tjaixation f the avdlablu data Indicates that the annealing behavior is of

tL', form The mechan.sM of the r2cover) process if t1he decroment may be associated

itith tht, formation of stable dislocatitn co.=ufgurations which decreS3e tne number of

effective dislocation lengths.

The effects of stress on the Internal friction as measured by the torsion

ptinhLwn lends support to the above hypotL-sis of the effects of deformation on in-

ternal. friction as mea.:,,ied by the piozo-elrtric method. The measurem3r.ts were

made at a temperature where the relxmt'Uu rO re3JC dlue tO the gra~iboundarins

should not contribute to the enorg dirsipaticn If the .isailption is made that

the dislocations contribute to the energy disipztrn in a,,.st measurrets the

experimental results may be intorpruted on the oas&s of ti.c r revicu ditlocation

model.

The minimum in the variation of the decren.nt iith to-.sile strss exhibited

by +.te high purity copper and the C.F H.C. can tv ticcounted for zn the batis .f the

intersection cf the active dislocatior I., thc si. !.trod&ced LI the tins.2 I c Ltre3s.
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Since tic initi.l. dislocati.on denity of these s.recimens are undoubtedly greater

tia.i in Lc single cryrt. 1 specimer13 due to the differences in their preparation it

.j e;pected that the dislocation de.nsity may be greater than Nmaxo This viewpoint

arm-,: vith the observed initial decreaLe In the decrement. The observed increase

in dccicment with torsional deformation is also consistent with the above picture

in that since the dislocation pattern in this case is produced on planes which are

most active during tie decrement ieasurement, the value of Iax for this mode of

dcformation is greater than for -he ten-3ile deformation. The behavior of the

copper specimens imder the alternate te-Lsile and torsional deformation again in-

dicates that the second mode uf deformL Lon decreases the dislocation density on

the slip planes or eratlve In the first iode. This can account for the alternate

increase and decrease in decremeat as Lhe specimen is alternately deformed in tor-

sin and tension.

The behavior of the aluminum single crystal and polycrystalline wires

agair. lends credence to the potulated d-I.location mechanism. The initial dislo-

cation density in these wirLj were con.iderably less than in the copper wires due

to the method of preparation nd te fTct Uiat the aluminum polygonizes at a lower

temperature than the copper. The forE the increcse in the decrement with initial

tensile stress is consistent with the hypothesis that Hma x must be exceeded for the

particular mode of deformation befure tho decrement will decrease on further defor-

matiun. The partial recovery -f t!.e decomunt when the measurements are made with

the stress removed indicates a greater degree of freedom of the dislocations when

they are not piled ,ip against barriers. The amplitude dependeuce of the decrement

whi i is observed after plastic deformation, and the obsprvod decrease of this

amplitude dependence with annealing tmo supports the hypothesis that the observed

changes in decrement are due to changes in the dislocaticn ccnfiguration.
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Specimrsno Impurnities

Fe Si. i Ma mg Ila Ca Al Pb Sb

Almuiniz .0004 .0006 .0022 .0002 .0004 .0001 .0002

Copper H.P. 99.999 0/0

Copper 0.7.H.C. coanme:rcia1 Pixity

Silver 99.99 0/0

Sodium~ .00001 .0001 .001 .01 .1 .0001
Chloride



TAI,,LE TT

SPECII.I RESONANT FREQUENCY (KC)

NaCl 1 78.976

Ag 1 29 485

Al H.P,, ]. 32.340

Ag 2 804O24

Cu 1 30.0oo

Al. H.P. 3b 69.208

Al ii,Po 6 71.245

Al H.P. 4a 39-500

Cu H.P. 2 79,-815

A]. R.P, 4)) -1)27,4



TABILE Iii

~PE~I8 ThAT~TDE0r~rXM

X103

HP Cu 1#, 22 g /rn2 ine!le stref,3 1.85

Annealed at 66 g/Mi2 tensile s&:rels 1.8!

50COC for 24l. -IO 9/= #knsile 1.68

houvsrr 220 g/ 2 tensil.e stress 1.75

550 g/m 2 ten ile str , .. 73

550 dmm2 tonsils 3trot s

2.37LO-4 ih./In. max. shcar 2.43
strain in torsion

880 /m 2 t ensile stress 2./+8

80 g/= 2 tonsile stro#s 2.38

anmealed 10 minutes at 25 C

OFEC Cu #1 Initial 1.70

Annealed at I.31xI0- 4 iu./in. m .xo sheax 1.80
strain iLn torsion

55000 for 5
7.86X10- 4 in./in. ra. 3hoar 2.30

strain ir, torsion
hours

143 I0-4 in./in. mi:o 'hear 2.80
strain in torsion

197X10- 4 in./in. max. ehea- 3.20
strain in torsicn

25.9x10-4 in./in. mx. nhear 3.80
s'ain in torsion

39o3x10-4 in./in. max. ah,)n- 5.00
strain in torsion

66.8x0 4 in./in. tax. shea:-
strain In to a.i'on

I= 1C) x 0'



- 1.40

!wcras11 3.054

120

'),M. -

.Th~ t.J 2)00

OL~H. ttral3 - ill./4 11c. 1 ir 3,2

-hcur~o

g-, 4 .73

j- 'xA i..r,6

2.5

ctv'-.-e- in GoisJ~ A71



TA]3LE IV

SPEC MiE1 TREAD DMRIT

h.?. Al 2b 22 g/mm/- tensile stress 1.26
Single Crystal 66 g/mm2 tensile stress 14

176 g/a 2 tensile stress 1.67

286 g/=2 tensile stress 1.96

286 g/rm 2 tensile stress,
annealed at 250C for 15 minutes 1.57

1,95 x 10-4 in/in max. shear strain
in torsion .86 g/m 2 tensile stress 1.94

0.6 x 10-4 in/in max. shear strain in
torsion 286 ,/mmn2 tensile stress 3.84

626 g/mm2 t-nsile stress 3-21

22 g/nm2 tensile stress 3.54

Annealed at 250C for 24 hours 22 g/mm2  2.10

0.72 x 10 - 4 in/in mx. shear strain in
torsion 22 g/mm2 tensile stress 5.54

132 g/mm2 tensile stress 6.24

2/42 g/am2 tensile stress 6.67

352 g/=am 2 tensile stress 6°67

352 g/=m2 tensile stress, annealed at
250C for two hours 5.60

H.P. AL 10
Polycrystalline
Annealed at 500CC
for 5 hours Initial 2.00

22 g/mm2 tensile stress 2.00

66 g/2m tensile stress 2,82

176 g/mm2 tensile stress 3.87

1.05 x 10-4 in/in max. shear strain in
torsion 176 g/m 2 tensile stress 3o18



SECDIENS TREANT IZCREMENT

836 g/=am2 tensile stress 5.85

0.75 x 10-4 in/in max. shear strain
in torsion 1540 g/=m2 tensile stress 4.44

1650 g/m 2 tensile stress 6.50

1650 &/rn2 tensile stress, annealed
at 250C for 10 minutes 4.40

44 g/=am2 tensile stress 5.56

154 g/mm tensile stress 5.03

2.10 x 10- in/in max. shear strain
in torsion 154 g/n 2 tensile stress 5.23
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