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DISLOCATION DAMPING IN ALUJ.[i:NUM AT HIGH STRAIN RATES 

W. G. Farg~son, A. Ku..""nar and J. E. Dorn 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of E:-,cir.cering, 

University of California, Berkeley, California 

August, 1966 

ABSTRACT 

Impact shmr tests of the Kolsky Thin Hafer type vere used. to determine 

tho effect of temperature and strain-rate on the critical resolved shear 

stress for slip in aluminu..""n sin3le crystals at strain-rates of 104 scc- 1 

and in the temperature range 20°K to 500°K. The aluminum deformed in 

a .vi:..>cous·rnanner in that the flow stress was proportional to the plastic 

strain-rate. The behavior was found to be temperature dependent. The 

results were discussed in terms of dislocation damping models· I·:J:-.ere 

friction force acting on a dislocation results :Crom, at cryogenic 

temperatures, electronic viscosity, and at hig:O.cr temperatures, J;honon 

viscosity. The theories predicted general agreement as to the ::ncc:..:;:•i tude 

of the observed damping but some discrepancy was found to exist bet\.recn 

the observed and theoretical temperature dependence of tqe d~""npin~. 
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I. INTRODUCTION 

P:..·evious . ~~ ~· 1,2,3 . t~ 1nves ...... ga ... 1ons. 1r.to .,e 

materials hu.v~ shoim that over a wid.e ra.nc;e of. strah:.-rates the .::::':;:\::;::-::. 

o:t testing· te:rr,perature on the plastic floi.,r stress can b~ expla.in.::d by 

t!:.e J;techanism of thermal activatior. or."' dislocatior.s ove::r short ran.:_;(; 

barriers. These thermally c.ctivated mecha.'1is:rr,s of deformation ce;.n be 

visualized as follows. Ur.ier an a!> plied shear. str(:~Ss the Jr.o'oil.::: C.L:":.ccc.:'.:.io•-.;.:; 

;;;ove rapidly u;-rtil various segments are ar:cested. at 'o3.rrie:::-s and ·::.he 

dislocations are momentarily held up. Under the random action of th;or.-:;al 

vibrations, large enough thermal vibrations will occur which help 

dislocations t,o overcome the' barriers ami move on. .At a given si-.en.r stress, 

a higher testing temperature will decrease the av?rage a:cn:~st pe:.ciods 

of the dislocations at barriers because of the lar_zer a;rr,:;?litude of 

I. 

thermal vibration and t);e strain-rate will increase. Similarly ........ 

constant temperature an increase in shear stress supplies a greate1· 

w.our.t of strain energy to the d.islocation and a correspo::1din,sly sJr.aJ.le;r-

tn.::npal vi brat ion can activate the process. 

Figure 1 shows this type of behavior for alumin~ sin,sle c::cystals 
:.-~, 

tested in tension where the Schmid angles for {lll} <llO>.type slip <J.rc 

90 - x == ~ = 45° ± 1°.
4 

'A is the athermal. co::1poncnt of the a.t,:·: ;:.eel 
. 0 . 0 

stress ar,d. is due to long range barriers that cannot be penetl·atl:!ci by 

the d.islocations by :rr.eans of thermal activation.. T T is clue to ::;r.o:cJ.::. r;ir;g.:: 

bc:rriers and can be ove::cco:nc by the combination of appliecl str.:.:s~'> 

_i, 
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vithout as;~:.~'!:"<1.nce from thermal fluctuations. To obtain stress.:::s in 

excess .of -r A + tT high ;;;train-rate~ are necessary. 

In some earlier work on polycrystalline al-ur;.ir.u.'Tl, riauzcr, ::::r.n:rr.ons 

1 
and Dorn·- obtained some data in tne• high stre~>s, hi.:;h strain-rate region 

using the Kolsky Thin i\fafer techn:.~~e.· 5 It was found t::.:~~ bec1.1use the 

material was rather s-trong and tl1e maxir.;u.'1i stress 1-:as lir.::L ted by the) 

testing machine, little data cotC.d be obtained in the: high stress high 

strain-rate region. In subseq_uent vrork by ~1ukherjee, Ferguson, Bar:nore 

and Do1~n3 single crystals of 3-At;Hg were te'-1ted in shear ir:1pact. Althouc;l1 

the shear type specimens permittee. higher strain rates because o:' their 

smaller effective gauge length, the high strength of the S-Agl>ig crystn.ls 

again limited the available data. Nevertheless, in both prior investi.satior;s 

a linear dependence of flow stress on strain-rate was found nea1· tile 

highest possible 1applied stresses. Recently Fe~guson, Hauser and Dorn6 

examined the behavior of zinc single crystals deformed in basal si-;,:;ar 

at shear stresses higher than the thermally activated stres::; rar.;:;c ar1d 

found that e-.e applied shear stress was proportional to the shear s-cr:::.in-

i 

.rate. The behavior was independent of temp'erature for tne temp.-o:rature 

In the high strain-rate, high stress regio:1 va1•ious' dissipative 

7 8 9 10 mechanisms prescribe the dislocation motion. i•1ason, ' ' Lothe and 

. . 11 
Darn, Mitchell and Hauser have reviewed the vario-..1s mechanismc 

rn·oposed thus far and in all cases the theories predict tl~•::.t the friction· 

l:1a.king it difficult to distinguish between the theories. Even so the 
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·;.rork on zinc by Ferguson, Hauser a.r1d Do1·n ° could be ro.tionali:..:-.::,1 :l.n 

of Mason 1 s 12 ~isloco.tion do.mping model vrhcre the friction fo1·cc 

acting on a disloc&tion results from phonon viscosity. 

It was the object of the present investigation to cl'iticalJ.y ex;::.:nn.J 

For th:i,s purpose alu.'T.inum single crystals were chosen because ~-.r-,e:ir low 

::;t:·e;'1t;th per;1<i tted h:igh strain-rates to be obtainc.:i and their u~wti}i "ty 

allowed testing at cryogenic terr,,e:ratures. 

II. EXPERIHENTAL TECHNIQUES 

The Kolsky Thin t,lat.'er techniej_U.:! was used as the method r.~or ootair.ir .. (; 

high stresses and high strain-rates and the specimens \·1c1·e te;:;"tcd ir, 

shear because this enabled a small gauge length to be used·, 1vhic:1 cnha:1ccd 

the upper st.l'uin rate linli t. A. description of the dynamic i::-.pact 

iilachine employed during' the present investigation he:.s been repo:ctcd 

pr..::viously by Hauser13 and the method of analyzing the r.:::sult:.; ob-ca~.ne:d 

for this type of loading has also been described. 13 The cocfigutation 

of the loading bars used to obtain dyn&JT.ic. shear is sho'tTn in Fig. 

The specimens were prepared for testing as follo-;..rs. 

2b· 1 

(l) A sphere 1 in. in diameter was grown in a carbon r~·~vl.c. fro~:~ 

high purity (99. 995 wt. pet.) aluminum under an argon atmos:p~ic_·.cc u:-.;ir•G 

a modified Bridgman technique. 

(2) The sphere was then used as a seed to grow an orient.::d sin;:_:le 

cry;>"cal oC~.r ',·ri~~h a cross section of 1/4 in. by 1/o in. wit11 the. {J.L) 

plane perpendicular to the axiG of the b::l.r and the slil' ciL:c.:ction pt..l· ... lJ.cl 



to its 1/4 in. side. The orientation of the crysta~ burs was 

by the Laue:, bac:, reflectio:;. x-1·cy teclmique and only thoc;e found ·to be 

within ±1 deg. of the required ori~ntution were used. 

(3) Specimens 3/8 in. lone; were cut from the bar c1.nd double cause 

sections, 0. 050 in. long were spark machined in then as 'shO\vn in 2a. 

The spark machined specimens were given a light chemic:::..l etch in a 

solution of 9 parts HCl, 3 parts Hi'J03, 2 parts HF and 5 parts ii2.0 to 

insure all SUrface deformation from spark CUtting WUS rC:Jj',OVed .. 

The tests at 500°K 1-rere conduc~;_cd. usi~g a small i\anthal wound 

resistance furnace to enclose the sp~!cimen and those at 77°K by im.mersin,~ , 
the specimen in a bath of liquid nitrogen. At 20°K the specimen 1vaf3 

contained .in a small cylindrical cavity in a large block of styro::.'ow: .. 

The impact bars 1-rere inserted in each end of the cavity and ti-:.e specimen 

was cooled by a constant. stream of liquid helium which was allO\ved to 

vent to the atmosphere through a sma.ll hole in the styrofoa:-n container. 

The te.>nperature was measured using a copper-constantan tnermocouple that 

had previously been calibrated at '4.2°K, 77°K and 273°K. Int er:;x;J. ateci. 
I • 

I 

reaci.ings. of the temperatures between 4. 2°K ar .. d 77°K vrere ma.de u::;::.:·jc t:-~c 

tables of Pow~ll, Bunch and Corruccini . 14 :. The te:;;;pcraturc could be 

The resistivity of an aluminu:::. single crystal rod vas .de".;e:m.:.;.c:O::.. 

appropriate coolant and measurin.s; the voltage drop ;.,ri-;:,jl ::.. na:1o-vcl".;r~.cter. 

i' 

( J { •• 
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III. RESUL'I'S ArlD DT:.JCUSSIGN 

T at initial pla:>tic flo'<r versus plas".;ic, shear strain-:::atl:: y. Tt c;.Ln 

be seen from Fig. 3, that within the c;-;:~)erLr.e:ntal scatter the r;hea1· 

s~.~·2ss is l)1·o:;>o:::-tio:1al to the shear strain-rate and. the beiw.vior is 

ter:.perature dependent~ The straight. lines drawn th:::-ol~,Z'h the ex:t-Jel·i;;~enL.nl 

points can be described cy the following type ecrl..<.:,ti on, 

( 1 \ 
~J 

iv·l:ere:, TB = the back stress as defined in Fig. 3 an_d a = the slope of 
I 

the lines .. a was determi~ed. usin~ a back Gt::·2SS of 300 . - . p.s.l. anct :ts 

plotted in Fig. 4 as a function of ter::!>crature. It can be seer; :L'1·or:'. 

Fig. 4 that a is temperature dependent and increases by 1. 55 times 

between 500°K and 20°K: ·Ferguson, Hauser and Dorn6 did not detect any 

temperature dependence of a for zinc sing::.e crystals :i.n the temperatu~·(: 
I . 

range they investigated, 300°K to 653°K. The magnitude of a for ~inc 

was 5 x 103 dyne'7'sec/cm2 whereas in the present investigation a at 500°K 

is 1 X 104 dy'ne-fec/cm 2 showing a two fold increase over the Value for zinc. 

The datain'Fig. 3 clearly show that the material is deform:i.nc; in 

a viscous manner and hence, the dislocation motion must be damped by some 

energy absorbing·mechanism. Damping of the above type has been observed 

by a number of investigators7 '8 ,15 doing internal friction ctudies. 

'l'hese' investigators use the Granato-Liicke16 theory to evo.luc~.te interno.l 

friction data and obtain a damping constant B defined as fo:l.lo•-:s; 
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F = BV = Tb (2) 

where F = the force on the dislocation, V = the dislocation velocity, 

b = Burger's vec~or and B = the damping constant. B can be related 

to the a in Eq. (1) using the relationship y = obV, where o is the mobile 

dislocation density. Then 

where the mobile dislocation density is the only unknown. Taking b 

for aluminum as 2.86 x 10-s em, a from the data at 300°K as 1.23 x 10 4 

dyne-sec/cm2 and assuming o = 2 x 108 cm-2 , then Bat 300°K = 2.01 x 

l0- 3 ·dyne-sec/cm2 • For· comparison, experimental values of B determined 

by internal friction measurements and dislocation velocity measurements, 

using etch-pit te~hniques, are shown in Table 1. 

Using a dislocation density of 2 x 108 cm- 2 and assuming that it is 

not appreciably affected by temperature (it should in fact decrease 

slightly with increasing temperature) the damping constant B was determined 

from a and plotted in Fig. 5. Also shown ':i.n Fig. 5 ·.is the mean of the 

d . t t . bt . d b s 1 • . ; 23 f 1 . . 1 t 1 amp~ng cons an s o a~ne y y wes, _.:>w~cz or a um1num s~ng e cryG a s, 

damping constants determined from the attenuation data of Hutchition and 

Rogers 24 on polycrystalline aluminum and d~ping constants for copper 

20 as determined by Alers and Thompson. . Because cf'the limited infol"l11a.t,ion 

available, the damping· constants determined from the low frequency, · 

attenuation data of Hutchison and Rogers 24 were ~alculated by making the 

B at 297°K the same as that obtained by Sylwestrowicz23 and usine the 

'-;/, 
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fact that the Grapato-LUcke16 theory predicts that at low frequencies 

the amplitude-independent attenuation is proportional to B at constant 

frequency. Although this method does no~J c;ive the absolute .values of 

the damping constants for the data of:Hutchison and.Rogers, 24 it 

. does show the temperature dependence of their data. It can be seen 

from Fig. 5 that there is a discrepan~y between the temperature dependence 

of the damping constants obtained by the internal friction methods and 

the method employed in the present investigation. 

In the high stress region the dislocations are traversinc; the 

crystal with little hindrance from lattice imperfections and the diGlocation 

velocity is primarily limited by interactions with electrical and thnrmal 

waves. Fo~ thermal waves, at least three mechanisms have been proposed 

describing the interaction of phonons with dislocations. The first of 

. 25 these, due to Eshelby, 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 an extended and compressed lattice does not produce a drag for these 

dislocations. Even for edge dislocations this source of·damping is 

much smaller than the other two that will be cons:i.dered. 9 

The second source of dislocation damping considered is the scattering 

of thermal phonons by moving dislocations, first derived by Leibfried.
26 

The damping constant B for this source of damping·takes the form 

aE 
B = __ _Q_ 

'lOV 
s 
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w~ere a= lattice parameter, E = thermal energy density and V = 
0 6 

shear wave velocity. Taking a for aluminum as 4.05 x 10-8 em, V = s 
. . . ' 

= 3.0~ x 105 em/sec a.hd determining E from 
. ! . .·• 0 

tables27 using e = 396°K . D , 

the ma;griitude of B for phonon ,s,c.~tter.ing in aluminum can be obtained. 
' . . 

The re
1
sults are tabulated in .Table 2 and plotted in Fig. 6 • 

. Tihe third source of damping is related to phonon viscosity. This 
I 

h 9,12 . . mec anism, first derived by Mason, regards the lattice vibrations as 

aviscous phonon gas. When a dislocation moves through this gas, the 

gas is stirred up, energy is dissipated and a frictional stress on the 

dislocation results. The damping conste.ht B for this source of damping 

takes the form· 

b 2n B = 8na 2. for screw dislocations (5) 
0' 

where b = Burger's vector, a = effective core radius of the dislocation 
. 0 

I 

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

10-8 em and using 
I 

. 3 
a value of 4 b for a as was done by Suzuki, Ikushima 

0 
15 . 12 

and Aoki · B.n~ Mason, who give justificati·on for doing this, Eq. ( 5) 

·reduces to 

B = o.071 n 

n can be shown from gas kinetic theory to be 

n = 
D.E .K 

0 p 

pc .v2 
v 

(6) 

(7) 

where E =thermal energy density, K = lattice thermal conductivity, 
0 p 
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V = Debye average velocity, PC = specific heat per unit volume and D = v 

a nonlinear constant. 

It is necessary t,o separate the lattice thermal conductivity K 
p 

from the total thermal conductivity ~r which is largely determined by 

electron motion. This can be done for materials for which the thermal 
( 

conductivity is measured as a function of impurity cont~nt but this 

has not been done for aluminum. Leibfried and Schlomann28 have calculated 

the lattice thermal conductivity, using a simple model, for cubic 

crystals l:>ut the simple formulation of their result is only true for 
) ·. . 

. T ! eD. ·and does not give the correct temperature dependence for T < 

OD/10. For this reason the lattice thermal conductivity was determined 

using the !3imple method outli~ed by Kitte129 because although it 

gives only an approximate result it predicts the correct temperature 

dependence of K : The ratio of the thermal conductivity due to electrons 
p 

K to that due to phonons K can be vritten as 29 e p 

K. pC u 2 T 
e e e ep (8) -= pC V2 K T ! : 
p v pe ! 

where C = the electronic specific heat = 1.46 x 103 T ergs/cm3 - °K, e 

U =the Fermi velo_city of the electrons= 1.43 x 108 em/sec, V.= th~ e 

Debye average velocity = 3.7 x 105 em/sec as determined by Anderson30 

T 

and ~ = the ratio of the _·elect!on~phonon relaxation time 'to the 
pe 

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

- 2 29 = 10 • .K has . been calculated and .tabulated in Table 3 using the 
p 
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' 31 
thermal conductivity data of Hall, Roder and Po;,o:ell and pC · .. determined . -v 

from te.bles. 27 Using the above data n/D haabeen calculated from Eq. (7) 

and is also tabulated in Table 3. 

The nonlinear constant D can be·calculateq from the third order 

elastic moduli7 or evaluated·by measuring the attenuation along .directions 

i;n. crystals for which ~he dislocationn are not activated by the applied 

st~ess. 7 This latter kethod has been used. by Mason7 to calculateD 

for the shear mode of propagation in a number of cryst~ls (see Table 4) 

and the former method has also been used7 to de~ermine D for both 

the longitudinal and shear modes of propagation in germanium, silicon 
.· .32 . ' 

and quartz. 
1 

Recently H~ki and Granato have measured the.third order 
8 . 

elastic moduli for copper, silver and.gold and Mason has calculated 

the D for the longi~udinal mode of propagatio~.:i,n copper to be 42.6. 

As the third order elastic moduli of aluminum have not been measured 

and no attenuation data is available for which dislocations are not 

activated, the nonlinear constant D for this material cannot be evaluated 

directly. For the evaluation of B for phonon viscosity, D for the shea'r 

mode of propagation was taken as 15 which is not unreasonable wheri 

compared to the values obtained experimentally for copper and cadmium 

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

·tabulated in· Table 3 and plotted in Fig. 6. · 

. 33 34 For electrical waves a mechanism has been proposed by Mason ' 

describing the interaction of electrons with dislocations. This mechanism 

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

constant B takes the s8me form as Eq. (51. Taking a
0 

= 10-1 em, which 

I· 

'.,-
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4 
is considered to be a reasonable value,3 the value-of the damping constant 

B for electronic viscosity becomes 

( 9) ' 
'· 

where n is the electronic viscosity. The electronic viscosity n can 

be determined in a manner. analo~ous to the phonon ·viscosity by using 

the variables appropriate for an electron gas. The electronic viscosity 

then takes the form 

{10) 

where h- = Plank's constant divided by 2'11', N = number of electrons per 

cc and pe =.the electrical resistivity in ohm centimeters. Taking N = 
6.06 x 1022 cm- 3 ,.1r = 1.054 x io-27 erg sec and e = 4.8 ·x l0- 10e.s.u.-

then B for the electronic viscosity becomes 
' ,. 

· 4.18 x 10-11 
B = 

Pe 
(11) 

Using the values of the electrical resistivity determined at 4.2°K, 

77°K and 213°K and interpolating between these values using the data of 
. . 

Hall,. Roder and Powell, 31 B for electronic viscosity was calculated, 

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

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

model predicts a damping constant B which is greater than that predicte~ 

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

viscosities showa adip at about 80°K •. Although no direct value for B · 

• ,t •• 
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was obtained in the'present investigation because of the difficulty of 

measuring the mobile dislocation density it .can be seen that for the 

assumed dislocation density of 2 x 108 cm-2 the electronic viscosity 

model shows reasonable agreement with the present .res~lts at ·very low 

temperatures. Similarly the phonon viscosity mbdel shows reasonable 

agreement at high temperatures but, like the. electronic viscosity model, 

fails to predict the observed temperature dependence of the experimental 

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 

24 
dependence of the internal friction results of Hutchison and Rogers. 1 

It is possible that the above theories may have to be modified before 

. they can be applied to the analysis of the present data; because with 

internal friction measurements the dislocations are pinned at each end 

and only sweep out a small area when they vibrate, but in the present 

investigation, the dislocations sweep out very large areas as·they move 

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

and impurity atoms whichprobably modify the damping behavior. 

IV, . CONCLUSIONS 

(1) If aluminum single crystals are defo:rnl).eq at a sheal!' stress 

higher than the thermally activated stress range they behave in a 

viscous manner, in that the stress is propor.tional 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 temperature 
' 

range investigated, 20°K to 500°K. 

(3} Mason's phonon and electron viscosity models for. dislocation 

damping predict general agreement with the magnitude of the experimental. 

results .·but some discrepancy exists b.etween the observed and 'the theoretical 

temperature dependence of the damping behavior. 

(4) If a mobile dislocation density of 2 ·x 1o8 cm-2 is assumed 

the present results yield· damping constants B which range in magnitud~ from 

1.71 x io- 3 dynes-sec/cm2 at 500°K to 2.66 x 10-3 dyne-sec/cm2 at 20°K. 
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c -~ 

-Material 

Dislocation 

Velocity 

Measurements 
•' • • • r 

,:..·-

LiF 

7xl0-417 

•. 

Internal 1.3x10-3l5 

Friction 3.4xlo-~+ 22 · 
l.feasurements 

•• 
Table 1. Damping constant B at room temperature. 

NaCl KCl Quartz Cu Cu-0.13% Nn 

2xio-4l8 

• .... ro- -,_. 

2:xi_o-319 . 3.5xlo-415 6xlo-49 7.9x1o-515 4.5xl0~415 

· -- 6.0xlb- 59 

-. 8.0xl0-420 

6.5xl0-421 

Table 2. -Calculated values of B for phonon scattering as a function of temperature: 
_.:·---- --· 

·Temperature 
25 50 75 100 "200 - 300 . 400. 500 600 

-· .. ~ .. .. 

~K -. . . - .. . .· - . .. . . - ~ - . - - . . . . - . . . . . . . . . - - . . . - •. - . . . . . 
--

E x 10-8 
o.on- 0.473 1.554 4. 580 - 22.20 44.25 67.6. 91.75 115.8 0 

erg/cm3 

B X 105 
0.004 0.06 .0.2 0.6 3.0 5-9 9.0 12.3 15.5 .. 

.dyne-sec/ crrr~. - .. -- .. . . - --- . , , 
/ 

L 

Al 

2x10-323 

700 

141.4. 

18.9 

,._ 

I 
. 1-' 
~ 
I . 

. _.-.--· ;,. t.~ .1 

~ .. (r ~' ' 
... _ .. ~-·· 



. ·,·_<~ 
\ . 

.. 
Table 3. Calculated values of B for phonon viscosity as a function of temperature. 

Temperature 25 40 50 70 100 200 300 4oo 500 700 
OK 

--
7 -pCv X 10 

0.05 0.2 0.36 0.73 1.26· 2.06 . 2.30 2_.38 2.42 2.45 
.... ... 

erg/em 3-°K 
. --.--

-------. 

E /pCv 
0 6.26 10.25' 13.3 21.2 36.5 108 192.5 26; 3'(9 

01(~ 
. 

.. , . - .-..... 
·~ .. . . -- -.-

E /pCv.f/2 
0.47 0.76 0.96 1.59 2.76 8.55 . 15.7 24.2 33.6 55.5 0 - I 

X lO+to 
1-J 
CX> 
l . - ..... - .. - . -.-.-. 

K. X 10-7 
0.12 .• 0 .. 273 0.274 0.23' 0.1T. . o.;n8' ·. 0.08 . o.o62 0.049 1).036 p 

I o erg sec-em- · K · - ---· 

--.- - ·--·- -. ,. - · ... 

ri/D X 103 .. -

0.056 0.208 0.263 0.368 0.525 1.00 1.26 1.49 1.65 2.02 . 
poise· ----: 

-
, . 

B X 103 
0.06 0.22 0.28 0.39 0.56 1.07 1.35 1.59 1. 75 2.14 

dyne-sec/cm2 

/ 
/ 

/ 

('' ... • .·_.r 
·. 
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c ·,~· 

Material· 

Germanium 

Silicon 

Quartz 

LiF. 

NaCl 

KCl 

KBr 

Zn ..... - · · · · · 

Cd 

Cu 

., 
~t. 

Table 4. Non linear constant D 

Longitudinal D Shear D_ 

5.1 1.0 

4.5 1.0 

9.0 .. 7 .o. 

.. ·.· .... · .. 4 .. 0 .. 

... • .. ·. :·. ':·.·. ·:.·. _ ...... ~ .·:.-_··.'· .. ··.·· ... :. :·.2-.07 .. -·_.: 

. - ... ;. :: _.._ .. :: .·~·:·.- .·: ... -... ·.-·:: --~·.1.98 

........ ·.·;.:_ ::.-: ... : .-:-.·-~·.· .··:-.. ·:·:--:. '2~'24 .. 

. -_a- .... - .. .--.· : ._ .. _- ....... _- ...... 

.75' ... ., .•. •· .. • .. · .. • ... 31.4 ... . 
. . ..... · . 

. 42.6 

Remarks 

Measured1 

Measured1 

Measured1 

. 7 
Attenuation Measurements 

Attenuation Measurements7 

.Attenuation Measurements7 

Attenuation Measurements7 

.. 6 
Attenuation Measurements 

.. . . . .. . .. . . 8 
.. , ........ Attenuation r.feasurements 

Measured8,32 

Table 5. Calculated values of B for electroni-c-viscosity as a function of temperature." 

I 
1-' 
\0 
I 

~ i; .; 
; .... v::~ : 
'-' ""., } 

~ --" 



. ~· ....... -. 
:.-·::.~/ 

.~ 

Figure 1. 

... 2o-

FIGURE CAPTIONS 
. I 

Effect of temperature and strain-rate on the flow stress 
. 4 

of aluminum single crystals. 

Figure 2a. Specimen geometry. 

Figure 2b. Shear bars used for dynamic testing. 

!igure 3. Shear stress ·versus shear strain-rate· for dynamic shear in 

aluminum single crystals. ·- .. 

Figure 4. The slope a of the shear stress-shear strain-rate curves 

versus temperature. 

Figure 5... Exper:i,l]lental damping constants .for aluminum and copper versus 

temperature. I. 

Figure 6. 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• 
m1ss1on, 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 

Bo Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 

this report" 

As used in the above, "person acting on behalf of the 
Commission'' includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

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