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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ' . ,-
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DISLOCATION DAMPING IN ALUMINUM AT HIGH STRAIN RATES
W. G. Ferguson, A. Kumarfand J. E. Dorn

Inorganic Materials Research Division, Lawrence Radiation Laboratory,

and Department of Mineral Technology, College of Engineering,

University of California, Berkeley, California
‘ | August, 1966.
© ABSTRACT -

Inmpact Shaar‘&sts‘of the Kolsky Thin Wafer type were used to determine
thg effect of temperature and stréin—rate onlthe critical resolved Qhear
stress‘for slip ip aluminum single crystals at strain—ratés of 10" scc_li'
and in the temperature range 20°K“to SO0°K. The aluminum deformed in
a,viscouS'manﬂer in that the flow stfeés was pfoportional to the plastic
strain-rate. The béhavidr was found to be temperature dependent. The
results were discuséed in-terms of dis;ocatiop'damping modelé-where the
friction force aéting'pn a dislocaﬁioﬁife#ulis from, at.cryogenic
temperaﬁuies, electrpnic viscosiﬁy, and at higner temperatures, phonon
viséosity; The theories prédicted éenéral égreement‘as to.the mag§itudé‘ :

of the observed damping but some discrepancy was found to exist betwecn

the observed and theoretical temperature dependence of the damping.
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materials have shown that over a wide range of strain-rates the elrfeet

- vibrations, large enough thermal vibrations will occur which help the

amount of strain energy to the dislccation and a correspondingly

‘thermal vibration can activate the process.

the dislocations by means of thermal activation.. TT is Que 10 snory range

I. INTRODUCTION

. E .. . 1,2
Previous investigations™’ 3

s

into the dynazmic properties or

of testing temperature on the plastic flow stress can be explained by

the mechanism of thermal activatiorn of dislocations over short.range

barriers.. These thermally activated mechanisms of deformation can be |

oo~

visualized as follows. Unler an applied shear stress the mooile dislocations
move rapidly until various segments are arrested at barriers and the

dislocations are momentarily held up. Under the random action of thaermal

disiocations ©to overcome the barriers and move on. At a given shear siress,
& higher testing temperature will decrease the average arrest perlods
of the dislocations at barriers because of the larger amplitude of

. Co T . am s PN :
thermal vibration and the strain-rate will increase. Similarly uo

[
o

constant temperature an increase in shear. stress supplies a grecte
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. Figure 1 shows this type of behavior for aluminum single crystal

“

tested in tension where the Schmid angles for fill}‘<110>.type Siip are

Sle; ~.xo.=-io = L45° *_lo.h T, is the dthermalucomponent of th ap;Zicd

A

stress and is due {0 long range barrier$ that cannot te penctrated by

v

eta

varriers and can be overcome vy the combination of applied stress.

(7% + TA)'plus thermal activation. When the applied stress is high
enough to eéxceed Ty +.TT, the dislgb*tibns can be pushed vast borciers

.



without assistance from tncrﬂal fluctuationsﬁ To obtaln stresses in

excess of Ty F Tp hlgh strain-rates are necessary.

In some earlier work on polycrystalline'aluminum, Eauser, Cimmons

) 3 y o :
and Dorn™ obtained some data in the high stress, high strain-rate region

3

using the Kolsky Thin Wafer technique.s It was found thntv because the

rmaterial was rather strona and the maximum stress was limited by the

N

testing machlne, little data could e ob alned in the n tress hignh

;. 1
s
)]

Lg

'strain—rate region. In subseoueht work by Maxherjeu, Ferguson, Barmore
and Dorn3 51ngle crfsta¢s of E-AgMg were te,ted in shear impact. Although
the shear type spec1mens permltth n;gner strain rates because of their

bmaller effeculve gauge length, the high gtrength o the B—AgMg crystals

again limited the available data. Nevertheless, in both prior investigations

a linear dependence of flow stress on strain-rate was found near the

highest possible 'applied stresses. Recently Ferguson, Hauser and Dorn

examined the behavior of zinc single crystals deformed in basal shear
at shear stresses higher than the thermally activated stress range and
found that the applied shear stress was proportional to the shear strain-

rate. The behavior was independent of temperature for the temperature
L : , e : :
ranje investigated, 300°K to 653°K.

In the high strain-rate, high stress region various dissipative

, e s e T,8 10 .
mechanisms prescribe the dislocation motion. Mason, ° 9 Lothe and

' - : : 11 . . . s
Dorn, Mitchell and Hauser™ ™ have reviewed thé various mechanisms  _
proposed thus far and in all cases the theories predict that the friction’

- | -

stress on & dislocation should vary linCL:JY w*i.it: velooity, thus

making it difficult to distinguish between the theoriecs. Even so the

e

»
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work on zinc by Ferguson, Hauser and Dorn . could be rationaliued in
. £ 1622 disiocation dam sel wh Cetion T
terms of Mason's dislocation damping model where the friction Tforce

acting on a dislocation results from phonon viscosity.

. Tt was the object of the present investigation to critically exmaine
the high stress, high straih-rate behavior at boih Bigsh and low tempoeratures.
For this purpose aluminum single crystals were chosen because their low

streagt hfpermitted high strain—rates to be obtained and their ductility

¢llowed testing at cryogeuic Lemoeratures.

II. EXPERIMENTAL. TLCHENIQUES
The Kolsky.Thin Walfer téChniﬁue was used as tLe‘method for obtuiping_
ﬁigh sﬁresses and hig gh strain-rates and the spec1menq woere tested 1£v
shear because thlo enableaa bmau,gaugé lenﬂth to be us e d,‘which eihuncod

the upper Sb”&ln rate limit. A.description of the dynamic impuct

machine-employed during'the present investigation has been reported

13

previously oy Hauser' “and the method of analyz 1ng hc results oviainaed
. 13 .
for tnls type of loading has also been descr bed. The . COC1¢Uu;auLOW

of the loading-bars used to obtain_dynamicfshear is shown in Tig. 20y
The specimens were prepared for testing as féllows.

(1) A sphere 1 in. in diameter was grown in a carbon mold frowm

-

high purity (99.995 wt. pct.) aluminum under an argon atmosSphere USLILG
a modified Bridgman technique.

(2) The sphere was then used as a seed to grow an oriented sincle

crystal var with a cross section of 1/L in. by 1/8 in. with the {131}

plane perpendicular to the axis of the bar end the slip dircetion paraliel



T

to its 1/k in. side. The orientation of the crystal bars was checked

vy the Laue, vack reflection x-ray technique and only those found to be

within *1 deg. of the required orientation were used.

(3) Specimens 3/8 in. long were cut from the bar and double gauge

sections, 0.050 in. long were spark machined in them as shown in Fig. 2a.

The spark machined specimens were given a light chemical etch in a

solution of 9 parts HCl, 3 parts ENOz, 2 parts HF and 5 parts ip0 to

insure all surface deformation from spark cutting was rcmoved.:

The tests at 500°K were conducted using a small Kanthal wound
L ;t" .

resistance furnace to enclose the specimen and those at 77°K by immersing

L4

the specimen in a bath of liquid nitrogen. At 20°K the specimen was

contained .in a small cylindrical cavity in a large block of styroloam.

The impact bars were inserted in each end of the cavity and the specimen

was cooled by a constant stream of liquid helium which was allowed to

vent to the atmosphere through a small hole in the styrofoam container.

The temperature was measurel using a copper-constantan thermocouple that

184

-

!

previously been calibrated at 4.2°K, 77°K and 273°K. Interpolated

1.

readings of the temperatures between U4.2°K and T7°K were made using the

e . . L1k
vables of Powell, Bunch and Corruccini.

t

determined to within.*L°K at 20°x. .,

" The temperature could be

The resistivity of an aluminw: single crystal rod was determined

at L.2°K, T7°K and 273°K oy immersing the rod

sppropriate coolant and measuring the voltage

incryostats containing the

drop withh o nano-vodiuvicter.,
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IJ;’I'. RESULTS AND DISCUSSION
Tﬁe eXperimeﬁtal datea obtained are plotted in Fié. 3 as shear sitrocs
T atv initialvbiastic.fiow.versus'plastic, shear strain-ratc v. It cun
be seeh ffoﬁ Fig;.3, thetfwithin the experiiental scatter the shear
3uress 16 proporticﬁal te‘the shear strain-rate and the behavior is

termperature dependent. The straight lines drawn through the experimental

roints can be described uy the following type equation,

whereiTB = the back stress as defined in Fig. 3 and o = the slope of
3 . : . ,

the lines.. o was determined using a back stress of 300 pis.i. and is

plotted»in Fig. k as a,function of temyeratﬁre;‘ it caaneiseen Lrom.

Fig. b4 tﬁatbévis teﬁperature’dependent and increa$es oy 1:55 times

vetween SOQ°K and 20°K; f?erguson, Hauser.and Dorn6.did npﬁ detect»ﬁhj

temperature dependence of a for zinc eingle c?ystals ;n,tﬁe temﬁerature_

rangeAthey in?estigated, 300°K to 653°K} The magnitude of a for winc

was S x'loj dynejeec/emz whereas in the pfeséntiinvestigapion.a aﬁ 500°K

is 1 x lO%-dyﬁe-%ec/cmz showing a.two foldeincrease ever the &alue for zinc.
The aaﬁa-iA;Fig. 3 clearly show‘tﬁat.the materiel is:éequming in

a.viscous manher end hence, the dislocation ﬁoﬁionfmuét be damped'by some

energy eBSOrbing‘mechdhiem. Demping of the above i&pe hae been observed |

7,8,15

doing internal friction studies.

by s number of investigators

et g s 16 -
These investigators use the Granato-ILiicke theory to evaluate internal

- friction data and obtain a damping constant B defined as follows;

i



F =BV = 1b ' ' (2) .
' ) e/

where F = the forée‘on the dislocation, V = fhe disloéation.velocity,
b-¥ Burger;s vector and B = the damping coﬁstant. B can be related

to the a in Eq..(l) Qsing the relationship Y = pbV, where p is the mobile
dislbcationvdensity; Then |

B='pb2a ‘ o (3) !

whefe the mobile dislocation density is -the only unknown. Taking b

for aluminum as 2.86 x 10-8-cm,.a from the data at 300°K as‘l.23.x 10"
dyne-sgc/cm2 and assﬁming o =2 x 108 em™2, then B at 300°K =‘2,0i X
10-3-dyne;sec/cm2. . For comparison, experimeﬁtél values of B &etermined
by intefnai;friction measurements and dislocation'velogity measﬁfements;
using etch-pit tephniques,'aré shown in Table 1.

Using a dislocatioh density of 2 x 108 em™2 and assuming that it is
not appreciably affected by temperature (it should in'fact-aecrease
'slightiy with increasing tempefaturé) the damping constant B was determined
from o and plotted in Fig. 5. Also shown in Fig. S'is thé mean . of the

23

damping constants obtained by Sylwesi.owicz for aluminum single crystals,

damping constants determined from the attenuation data of Hutchison and

Rogers2h'on polycrystalline alﬁminum and damping’constants for copper v .

as determined by Alers and Thompson.gq Becauée athe limited informagion

available, the damping constants determined from the low frequency,

attenuation data of Hutchison and Rogerseu were calculated by making the

B at 297°K the same as thaﬁ obtained by»Sylwesﬁrowic223 and using the

\",,',.
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fact that the Granato;Lﬂckel6 theory predicts that at low frequencies
the amplitude-independent attenuation is proportional to B at constant
frequency. Although this method does no’ give the absolute values of

the.dampingvconsténts for the data of ‘Hutchison and'Rogers,2h it

'.doeévshow the temperature dependence of their data. Tt can be seen

from Fig. 5 that there'is a discrepgp¢y between the temperature dependence
of the damping constants obtained by the internal ffiction methods and
the method_emplo&ed in the_present investigation.

In the high stress region the dislocationé‘are traversing the
érystal with little hindrqnce from lattice imperfections and the dislbcatign
velocity is primarily limited by:interactioﬁs with electrical and'thorma1
:waves. Fonlthermal‘waves, at ieast threé mechénisms have been proposed
describing the interaction of phonons with dislocations.  The fifst of

these, due to Eshélby,25 considers the energy loss associated with the

" thermoelastic effect as the dislocation moves through the crystal. Since

screw dislocations produce only shear stresses in the crystal, the

- thermoelastic effect which is due to the difference of effective temperature

in anvextehded and gompressed lattice does got produce a drag for these
dislocatibns.. Even‘fbr edge dislocations.tAis‘sogrce Qf‘damping is
much émaller than thevbther tﬁo that wili‘be considered.9

The second soﬁrce'of dislocation damping considered is the scattering
of thermal phonoﬁs by moving dislocations, first derived by Leibfried.?6
The damping constant B for this sourcg.bf‘dambingvtakes the form

an c
I ) )|
B 10V (k)




o .
i Al

~»

w?efe 8 =‘1attice parameter; E0‘= thgrmal energy éensity‘énd Vs =
;.shear wave velocity. ZTakiqg a for’aluminum_as h.os,x.lb‘?ch, v, =
?:3.03_x‘105.cm2seC'aﬁd determining Eo from tablesz7 uSing QD = 396°K,>
, T , , S :
 f:the‘m%gﬁitudéfdf'B‘féf phonon §§Aﬁtef1ngU1n aluminum can'berbtained}f\
' ; The rqsults aré‘taﬁul;ted in:TaBle 2 and plotted in Fig. 6. o
;#he third sourcejgf damping.is.related folphonon viscosity. fhis‘
9,12

- mechanism, first derived By Mason, regards the lattice vibrations as

a’ viscous phonon gds. When a dislocation moves thirough this gas, the
gas is stirred ﬁp, energy is dissipated and a frictional stress on the B

dislocation"results. The dampiné conétant B for this source of damping

T

tekes the form -
: f ' 32 . . ‘( )
o B —,35232 fo? screv dlslogatlons A5

!

~where b = Burger's vector, a, = effective core radius of the dislocation

and n = visdosity of the phonon gas. Taking'b for aluminum as 2.86 x

1078 cm and}using a value of %—b for a_ as was done by Suzuki, Ikushima -

15

and Aoki" éng‘Mason%a who give Justification for doing this, Eq. (5)

i
|
i
i
f

}

'~reducés to ﬁ L
B=0.011n - . (e

\

n can be-showﬂ from gas kinetic theory to be

D.E .K ' - I a
n = —2-2 , (7)

. . 2
= . . pCV.V

- whére'Eo =.£hermai energy'density,‘Kb = lattice thermal conductivity,



1

V= bebye_averége:velocity, DCV = specifip heat’per_unitlvolume‘and D_;_'
a:nonlineér constaﬁt.- o - |

It is necessafy to separgte ihe-latﬁice thefhal conductivity Kp
from the total thgrmal conductivity K&;which'is lérgély determined by
electron motion. This can‘ﬁe done for materials for which the thermal
éondﬁctivity is méaéured as a,fpnction of igpurity content but this
has not been donéifor aluminuﬁ. 'Léibfried and Séhlﬁmannes have calculated .
the lattice thermal conductivity, using a simple model,.for éubic | |

crystals but thejéimplé‘formulation of their result is only true for

T > eDfand does not give the correct temperature dependence for T <

OD/lO.. For this reason the lattice thermal conductivity.was determined
using the simple method outlined by Kitté129 because although it

gives oniy an'approXimate regult it predicts the correct temperature

dependence of_Kpl The ratio of the thermal conductivity due to electrons -

29

K, to that due to phonons K, can be written as

K opc G2 . :

€ - __E-=§—~499; (8)
K cC.V T {

p ° pe | -

" where Ce = the electronic specific heat = 1.1&6'x lO3 T ergs/cm3 - °K,

ﬁe,= the Fermi velocity of the electrons = 1.43 x 10® cm/sec, V.= the
Debye average velocity = 3.7 x lOs'cm/sec as determined by Anderson3

T ' . : .
and ;EE = the ratio of the electron-phonon relaxation time to the

pe. v o '

phonon-electron relaxation time which for metals of good purity is about

-2 ‘ .
= 10 .29 .K_ has been calculated and tabulated in Table 3 using the
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_and quartz. Recently Hiki and Granato

- elastic moduli for copper, silver‘and,gold and Mason8 has calculated

' tabulated in Teble 3 and plotted in Fig. 6.

;ip-;‘a_v.

thermal conductiv1ty data of Hall, Roder and Powell3: and pC determlned

from tablea.27 Using the above data n/D haa been calculated from Bq. (7)

aand 1s also tabulated in Table 3.

vThe nonllnear constant D can belcaleulated from“the third'order'

K elastie moduli7 or. evaluated by measurlng the attenuatlon along dlrectlons

,1n crystals for wh1ch the dlslocation° are not actlvated by the applled

7

stress.7 Thisilatter method has been'usedgby Mason® to calculate D

- for the shear mode of propagatien in a number'of»crystals (see Table L)

and the former method has also been uaedT'to detefmineiD for both

~ the longitudinal and shear modes of propagation in germanium, silicon

32

have measured the third order

the D for the longitudinal mode of propagation in copper to be 42.6.
As the third ordef elastic moduli of aluminum have‘not been measured

and no attenuation data is available for whlch dlslocatlons are not
activated, the nonllnear constant D for this materlal cannot. be evaluated

directly. For the evaluatlon of B for phonon viscosity, D for the shear

mode of propagatlon Was taken as 15 whlch 1s not unreasonable when

o compared to the values obtained experlmentally for copper and cadmium

" (see Table 4). The demping constant B for the phonon viscosity model is

For electrical waves a mechanism has been propased by Mason33’3h

.describing the interaction of electrohs with dislocations. This mechanism -

is similar in principle to the phonon viscosity concept and the dampiné

constant B takes the same form as Eq. (5). Teking a, = 10 7 em, which

= ]



_Hall Roder and Powell

-1l

is considered to be a reasonable_value,Bh

- B for electronic viscosity becomes

B = 3.25 x 103 no (9)

~.

vhere n is the electronic'viscosity. The electronic viscosity n can

- be determined in a manner . analogous.to the phonoh-viscosity by using

the variables approprlate for an’ electron gas. The electronic viscosity

then takes the form

_9x 10 82 (34 2y)?/3
5 e2p,

(10)

where i = Plank's constant divided by 2w, N = number of electrons per
cc and pe”=,the electrical resistivity in ohm centimeters( Teking N =

6.06 x 1022 cm h-= 1.054 x 10727 erg sec and e=L4,8x lO “10e,5.u.

r

- then B for the electronlc visc081ty becomes : o

v
-

.v ) —11 . ‘ '. . v .
‘B = 4,18 x 10 L o (11)
. O‘e : i ) .

' . Using the values of the-electrical resistivity determined at L, 2°K

; 77°K and 273°K and 1nterpolat1ng between these values using the data of

31 B for electron1c V1sc031ty was calculated

. tabulated in Table 5 and plotted on Fig. 6.

o | e
It can be seen from Fig. 6 that for aluminum the phonon viscosity

model predicts a damping constant B which is greater than that predicted

" by the phonon scattering model and that the sum of the phonon and electron

viscosities shows adip at about 80°K.  Although no direct value for B

.the.valuelof the damping'consﬁant
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was obtained in thétpresent investigétion because of the difficulty of
'meaéuring the mobile dislocation density it can be seen that for the
'assuﬁed dislocation density of 2 x‘los em™2 the glécﬁronic viscosity
model shows feasonable agfeement witﬁ the present«resul£s~at~veryvlow
temperatﬁres.‘ Similarly thé.phonon viscosity”modél showgvreasonable
agreement at high témpératures but, like the elecfronic viscosity model,
fails to predict the observed température dependence of the experimentél
data obtained in the present investigation; Although the phonon and
electron.viscosity models fail to predict the temperature dependence

of the present:data they show reasonable agreement with the temperature
dependence of the internal friction results of Hutchison gnd Rogers.ga
It ié possible thaﬁ the aboﬁe théories’may have to be modified.bgfofe
_they can.be applied to the analysis of the present data, becauselwithg
internal friction measﬁrements the dislocations are pinned at each end
and only sweep out a smail area when they vibrate, but in the presenﬁ

investigation;vthe dislocations sweep out‘very large areas as they move

through the crystal, and in doing so come into contact with other dislocations

and impurity atoms which probably modify the damping behagvior.

_IV? ‘CONCﬁUSIONS
(1) If aluminum single crystéls-are deférmed at a shear stress
vhiéher than thé,thefmally éctivated_stress range tﬁéy behave in a
viécous manhér, in that the stregs is proportional to the shear strain-

rate.

(2) At stresses higher than the thermally activated stress range,




. '-"
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' the stress strain-rate behavior is temperature dependent for the tempgrature

range investigated{ 20°K to 500°K;

(3) Mason's phonon aﬁd electron viséosi£y models for dislocation
damping predict gehefél agréement with the'magnitude of the.éxperimentalA
results -but some disc#epancy exists betwéén thé obsérved and ‘the theorétical
temperaturevdependéncevof the damping béhavior.

(b) If a mobile dislocation dénsity of 2 x 108 em™2 is assumed

the present results yield damping constants B which range in magnitudg from

1.71 x 10 3 dynes-sec/cm? at 500°K to 2.66 x 1073 dyne-sec/cm? at 20°K.

ACKNOWLEDGMENTS
This research was”donducted as part of:the activities of the Inmorganic
Materials Research Division of the Lawrence Radiation Laboratory of the

University of California. The authors wish to express their appreciation

'b..to thé‘ﬁnitechtatesztomic.Energy’Coﬁmiséion:for'its support of this




9n
10.

1.

12. .

13.

1k,

-1&-

REFERENCES

F. E. Hauser, J. A. Sihmons and J. E. Dorn, Response of Metalshto‘

High Velocity Deformation, V: F. Zackay, Ed., (Interséience, New

York, 1961); 93. » R .

T. L. Larsen, S. L. Rajnak, F. E, Hauser andJ. E. Dorn, J. Mech.
Phys. Solids, 12, 361 (196h4).

A. K. Mukherjee, W.'G. Ferguson, W. L. Barmore and J. E. Dorn,

' To be published, J. Appl. Phys. (Sept., 1966).
)40'

A. K. Mukherjee, J. D. Mote and J. E. Dorn, Trans. AIME, 233,

1559 (1965).

" H. Kolsky, Proc. Roy. Soc. London, 62, 667 (1949).

. W. Gs Ferguson, F. E. Hauser, and J. E. Dorn, Submitted to Acta.

: Met., 1966. -

. W. P. Mason Physical Acoustics (Academlc Press, 1966) Chep. II,
©VIII, 237. o |

| W.rP. Maéoh,jTechnical Report No. 28, Dept. Civil.Eng.,_and Eng. ,
- Mech, Columﬁia ﬁﬁiversity,'New York‘(i966)

W P Mason, J. Accoustlcal Soc. of Am , 32 hSS (1950)

J. Lothe, T Appl. Phys., 33, 2116 (1962)

'J. E. Dorn, J. B. Mitchell and F. E. Hauser, Exp. Mech. S, 353
" (1965). | | (.
W. P. Mason, J. App. Phys., 35, 2779 (196&) :' .‘ :

F. E..Hauser Exp Mech., 6, 395 (19661

R. L. Powell M. D, Bunch and R. J. Corruccini Cryogenlcs, 1, 139

(1961).

1"??

."'1




15,
' 16.
7.
18.

19.

20,

21.

22, -
23.

o,

25.

26.

2.

- 28,

29,
030,

310’ ‘

T.

A.

w.

E.

Jd.

G.

215«

Suzuki, A. Ikushima and M. Aoki, Acta Met., 12, 1231 (196L).
Granato and K. Liicke, J. Appl. Phys., 27, 583 (1956).
G. Johnston and J. J. Gilman, J. Appl. Phys.; 30, 129 (1959).

Yu. Gutmanas, E. M. Nadgornyi andiA.fV. Stepanov, Soviet PhysiéS\\

Solid State, 5, T43 (19631].

Granato, A. Hikata and K. Lilcke, Acta Met., 6, 470 (1958).

A. Alers and D. 0. Thompson, J. Appl. Phyg.;fgg, 283 (1961).
M. Stern and A. Granato, Acta Méé.; 10, 358 (1962).

M. Mracek Mitchell, J. Appl. Phys., 36, 2083 (1965).

D. Sylwestrowicz, J. Appl. Phys., 37, 535 (1966).

8. Hutchison and D. H. Rogers, J. Appl. Phys., 33, 792 (1962).
D. Eshelby, Proc. Roy. Soc. London, A197, 396 (19L9).

Leibfried, Z. Physik, 127, 34k (1950).

‘American Institute of Physics Handbook, (McGraw-Hill Book Co., Inc.,

G,

C.

New York 1963).

Lelbfrled and E. Schlémann, Nachr. Akad. Wlss. Gott., lla, Tl (19sh)

Kittel, Introduction to Solid State Physlcs,‘(John Wiley and’

Sons, New York, 1956), Second Edition;é'

0.

L. Anderson Pny51cal Acoustlcs, Edlted by W. P. Mason, (Academic

Press, 1966), Chap. II, VIII, B.

w.

'J. Hall, H. M. Roder end R. L. Rowell, Proc. Fifth Int. Conf. on

“'Low Temp. Physics and Chemistry, Edited by J. R. Dillinger (The

University of Wisconsin Press, 1958).



32.

. 33.
34,

i -

Yosio Hiki and 'A. V. Granato, Phys. Rev1ew ‘1lb, b1l (1966)

W. P. Mason Appl. Phys. Letters, §, 111(19651

W. P. Mason Phys. Revlew Ih3 229 (1966)

B [y
N A
C
[
S .
Cr .
.
i
‘



. )
< LA
Pable l,‘ Deﬁping constant B aﬁ room ﬁemperatufe.
‘Material LiF NaCl KC1  Quartz cu Cu-0.13% Mn Al
‘Dislocatibn : S
Velocity  7x10 “17 2x107418 . 1
Measurements B |
Internal  1.3x107%°  2a073? - 3.5x10 “15;_ 6x107™*7  7.9x10751%  h.sxa0”el? 2x10 -323
Friction ER LR - LS 6.0x107 59 o o |
Measurements -8. Oxloq'go'
Te.ble 2._"': Ce.lculated 'veiueé of B’ for phohog scattefing ‘a_s: a' function of temperat':ure:
 Temperature 25 50 .15 100 200 300 koo . 500 600 700
°K T O A N - L T
- E_x 1078 o e ' | b o . . 1
o . 0.031-  0.473 - 1.55b k580 - 22,20 Lkk.25 - 67.6 - 91.75  115.8  1k.k
erg/cm? S ' ' ' ’
Bx 10 0.00k  0.06 ~ .0.2 0.6 3.0 5.9 9.0  12.3 15.5 . 18.9
dyne-sec/fcn? : 7 .
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Table 3.;”Calcﬁlated Qalues_bf B for phonon viscosity as a function of temperature
700

koo - . 500

Temperature 25 Lo 50 0" 100 500 300
' 7 _ ' ‘ o j B __ ‘

pCv x 10 . S o , . | |
| . .005 0.2 . 0.3  0.73 1.26 2.06 2.30  2.38

319 S

o2 2.45°

erg/em 3-°K

\

6.26  16.251 13.3 ;;  2 36.5 108 1925  28i

' ’ Eo/pCv
7336 55.5

-QT~

o i >
EofoCv-V5 o 0.76  0.96 8.55 - 15.7 . =2k.2

. + '

Sk ox1077 LIl e e
- 0.12 . 0.2713 0.2 ~ 0.23  0.17) .0.118". 0.08 . 0.062 . 0.049  0.036

erg/sec-cn-°K -

- .-.0.056 - 0.208  0.263  0.368 0.525 1.00  1.26 1l.k9  1.65 2.02
1.35 159 175 2.1k

poise. =~ .
Bx10% = 0.06  o0.22 0.28 0.39 0.5  1.0T

dyne-sec/cm? . .
o 7

c e

(A -
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’J;{‘f ‘ j SRR "~ Table 4. Non linear constant D B -

Material- . ,' " Longitudinal D » _: .. - Shear. D .- . . Remarks

Germanium . o 5.1 ."-,” . E B '1.0  MeasuredT

Silicon . B b5 oo ST 1.0 A e Measured!

Quartz . o f~ - 9.0 . 'ﬂ._._pih,;f,p;.T,O, 7 o : . . ”_ Mea_sured7

LiF. o | - S e s ko . Attenuation Measurements

CRaCL T A

Attenuation Measurements

ker o S TESTITIITIIIITITAes T Attenuation Measurements

KBr . Ll oo nlon T ey T IA.‘.i,AAtﬁenuation Measurements

-6~

‘..::-18ﬂ.:tf?~::fstttnfttxtfif?:intfu.ﬁi“ L Attenuation Measurements

o o = ===

ca ST TN TTD TV T Attenuation Measurements

" Measure

Y

Table 5. Calculéted values of B for électronic—viséosity as a function of temperature.

R Tém?g;at“re A 6 10 20 30 60 100 200 300 500 700

; , - _ _
px 1.47  1.47  1.47  2.0-. -3.2....0.133  0.k2  0.017 ~ 0.03  0.055  0.08

B x 10%3

dymosee fen? 208k 2.8k 2.84... 2,09 .- 1.31 --0.31k-. 0.1 -0.0246 10;013,”A0.0076-' 0.0052
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FIGURE CAPTIONS
Effect of'tempéréture and strain-raﬁé on“the flow stresé
of aluminum single crysf_a.ls;h

Specimen geometry. - o o N

Shear bars used for dynamic testing.

Shear stress versus shear strain-rate for dynamic shear in

- aluminum single crystals.

" The slbpe a of the shear‘stress-shear.strain—rate'curves

versus temperature.

VExperimental damping constants .for aluminum and copper versus

temperature.’ ) o _

Theoretical damping constants for phonon scattering, phonon

viscosity and electronic viscosity in aluminum. -
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information. contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








