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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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.



Submitted to Acta Met. . UCRL—169_h2
\ ' ‘ Preprint

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-7LO8-eng-i8

DISLOCATION. DAMPING IN ZINC SINGLE CRYSTALS
W. G. Ferguson, F. E. Hauser and J. E. Dorn

August, 1966




-iii- UCRL-16942
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ABSTﬁACT
Impact shear tests of the Kolsky Thin Wafer type were usced to determine

the effects of temperature and strain rate on the critical reéolvcd

shear stress for basal slip in zinc single crystais. At the high

strain rates the flow stress was found to increase linearly with‘the

plastic strain rate and was independent of temperature. The observed
behavior could be rationalized in terms of Mason“s;dislocation’damping

model where the friction force acting on a dislocation results from

phonon viscosity."



-1- |  UCRL-16942

-I.. INTRODUCTION

15253 Jave shown that in many materials over

Earlier investigations
wide strain rate ranges the effect of the testing temperature on_thé

plastic flow stress can be explained by the mechanism .of thermal

activation of dislocations over short range barriers. These thermally
activated mechanisms of deformation can be visualized as follows. Under
an applied shear stress the mobile dislocations move rapidly,until

various segments meet barriers and the dislocations are held up.

After a period of time under the random action of thermalfvibrntion a

- large enough thermal fluctuation will occur which helps.thé’dislocation

"to overcome an obstacle and move on. At a given shear stress a higher

festing témperature will incréase the strain rate because the average -
arrest periods of the dislocations are decreased. This decreas¢ in
arrest time is dué to the la£ger émplitudé of.thermal.vibration and thus
a shorter required time for the probability.of a-therﬁal aCtivation.
Similarly;‘anfincfease in_éhear'stress éupplieS‘a'greater amoﬁnt_of .
strain energy .to the dislbcation and a correspdndingly sméller thermal
fluctuation éan activate the brocess thus decreasing the arrest time and
increasing the straih‘fate. |

Figure 1 shows this type of behavior in a schematic,way. TA_is

" the athermal back stress, that is the back stress dué_to long fange |

obstacles that cannot be pehetrated by the dislocations by means of
thérmal activation. T is due to short fangé obstacles and can be
overcome by the combination of applied stress (t* + Tf) plus thermal

activation. When the applied stress is higher than Tt T the dislocations
. - . . 1S A - .
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can be pushed past the barriers without assistance from thermal fluctuations.

In this 'high strain rate, high stress region various energy dissipativc
mechanisms prescfibe the dislocation motion. f course these méchanisms
also dissipate enérgy at lower'stfesses:and strain'rstes'but there they
are not “the ratéiédntrolling process and thus of second order magnitude
',compared to dislocation barfiers.

It was thé object of the present invsstigation toAperform_somc

experiments in the very high stress and strain'raté,region'whére one

can measure various parametérs’whish mayhhslp in identifying the cnergy
dissipative mechanisms governing-the motionfoffhigh speed dislocations.
'The'results are COmpsrsd #ith‘some of the current dislocation damping
theofiesffe§iewed pfevisusly by Mason-,h’S thhes and Dorn, Mitchell
.snd Hausef.7 'Unfértunately all proposed‘theories predictvthat the dis-
'iocatioh ffictids stress should varyilinssrly withvdislocation velocity
sand fhgs maké ii difficult'ts distinguish between them. However,
evidence is presented to show that Mason's'phoﬁonvviscosity modél‘seems

to fit the experimental results best.

,Ii, EXPERIMENTAL TECHNIQUES
In some earlier work.invtherhigh stress,vhigh strsin_rate reéion
'by Haussr, Simﬁons snd ﬁorn; on polycrystalline aluminum, the_Kolsky‘
Thin Wafer_techniquea ahd‘cdmpression specimens were used. It was foun&
b'that because the material was rather stfong and the maximum stress was
limited by the impast,velocity sf‘the testing machine, little data

could be obtained in.the high stress range where pldstic deformation

v

- et e e
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is governed only by dislocation damping mechanisms. In subsequent work

" by Mukherjee, Fergﬁson, Barmore and D_Orn3 single crystals of B-Agdg

were‘tesfed in shear imbact. Althou&h the shéarvtype spgcimen‘pcrmittcd -
higher strain rates because of the smaller effectiye_gapge'length, the.
high étréngth'of the AgMg crystals again iimitedvthe qvailaple éata.
Nevertheless, in both prior invéstigations a linear_dependgnce of Tflow.
stress'én strain rate was found near the highest possiplevgpﬁlied strcsses;.

In tﬁe'presentAinvestigation zinc.single crystals‘oriehted for |
basal shear were chosen because their low strength permitted very high
strain rates to be obtained. The‘épeéimehs vere préparéd[and teéted
aé_follows; |

(1) A sphere 1 inidiéméter was grown ih'a'carbon mold from %igh
purity (99.995 wt. pét.)'zinc'unaer'énf&;gon_atmosphéfe usiﬁg the
Bfidgmahvtechniqde;‘ | -

.(2) The sphere Vas used'as a seed to grow aﬁ‘oriéntéd single cryﬁtal

bar with a cross section of 1/L in. by 1/8 in. with the basal plane

- perpendicular to the.axis of the bar and the slip direction parallcl

to its_l/% in. -side. The orientation of the crystél'bérs,wés checked
by the Laue back-reflection #—rayftechniqﬁé and only those,fbund to be
within *1 deg of the_required:orieﬁtation were used. |

(3) Specimens 3/8 in. long were cut from the Bar and double guuge

o

sections, 0.045 in. long were spark machined in them as shown in Fig.

" 2a. The spark machined specimens were given a chemical wolish in a bath

of 1:1 HNO3 and water to insure all surface deformation from the spark

cutting was removed.
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(4) The specimens were tested in shear on a specially designed

dynamic’impact machine by enploying the olsky techinigue. The cquipmentalv

- set-up and the’methdd_of analysis his been described previously by
_ﬁauserg and will not be repeated here épdrt'from shbwing the configuration
-wof tﬁe”loadingibafS'uséd,to'obtain dynamic shear. Tig. 2b.

{s5) 'TéStS'aboVe,room temperature wefe'conducted using a small

Kanthal wound resistance furnace to enclose the specimen.

III. RESULTS AND DISCUSSION
The experimental data obtained are plotted in ?ié..S as ;hear
sﬂnéss‘T at initial plastié_flow versus plastic éhear étrain rate ;.‘.
1t capAbe_seen that within the experimeptal scatte?‘the shggr stress.
is propoft{énal to‘the shear 'strain rate and the b;havior.is independent
of tempeféfure.. fbelstraightlline dréwn throﬁghjthe experimental points ‘

‘has the following equation,
f -1, = ay: ’ ‘ ()

where T '= the back stress as defined in Fig: 3, and ¢ = a constant

(5.04 x 10° dyne;éec/cmz) which isvini,pendent_of'temﬁerature;

The behavior described by Eq. (1) can not be controlled by a thermally .

o -U/l{T_

<

activated mechanism. For thermally activated mechanisms % =Y,

~'where U = some activation energy and kT has the usual meaning. In the

_ high strain rate data presented in Fig. 3, Yy is independent of tewmperature.

s

s . “-r \ . PV ¢ R .
Also the slow strain rate data from Fahrenhorst and Scumid™ ™ shows

that the applied stress_('cA + TT) required to produce plastic deformation.

*
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at 0°K is less than the extrapolated back utress s in Fig. 3, indicating

that the applied stresses in the present investigabtion were well above
p ~ - Lo

the thermally activated region.
The data in Fig. 3 clearly show that the material is deforming

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

. by some energy absorbing mechanism. Damping of the above type has been

, . X ; b,s,10 . . . ot s
observed by a number of investigators 225 doing internal friction
. . ;0 ", T v~ .
studies. These investigators use thne Granato-Liicke ~ theory to obtain

a damping constant B defined as follows;

F=Bvb _ - (e

" where F.= the force on the dislocation, v =-the dislocation'velocity,

v *

b = Burger's vector and B = the demping constant. B can be related
to a in Eq. (1) by usihg % =.pbv where p is the mobile dislocation denéity,'

Then

B = apb? o - (3)

~

Taking b = 2.67 x 10 8 cm for zinc, o from the data = 5 x;;Oa dynes-sec/

‘em? andbassuming p‘ﬁ 108 cm—z, then B = 3.5.x 10-“ dyne-Sec/sz. 'For

comparison, experimental values of B determined by_internal frictiqn

measurements énd direct dislocation velocity meésureménts, using cteh
13,1k are shown in Table 1.

In the high stress fegion thevdislocations are traversing tﬁe
crystal lettice with little hinderance from latitice impérfoctions and

the dislocation velocity is primarily limited by interzctions withn cleo-

trici. and thermal waves. "As the electrical internovion is only importunt.
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. -~y
“

at cryogenic températures5 it will not be discussed nere. TFor Tthermal

w

waves, at least three mechanisms have been proposed describing the

Y Fal

~interaction of phonons with dislocations. The first of

{
j@
7]
ct
[¢]

e 3

uh\.;‘."k‘,,
L 200 ‘ e

Eshelby considers the energy loss associated with the thermoelastic

effect as the dislocation moves through the crysta;. Slnce screw dis-

- locations 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 screw dislocations.

Even for edge dislocations this source of phonon damping is much smaller

The second source of dislocation damping considered.is the scattering

of thefméltphonons by moving:dislocationé,'first derived by Leibfried.

The damping constant B for this source of damping takes the form
aE . o ‘
o}

0V ‘ (4)
s .

B‘ =

where a = lagttice parameter, Eo = thermal energy density, and V;‘ﬁ

shear wave velocity. Taking a = 2.66 x lo-s.cm, V= 2.kl x 10% cm/sec

w~ c

and calculating Eé by numerically integrating the speéific heat &t

constant volume Cv'with_reSPect to the temperature 7, the magnitude
: o _ : , ' \
of ‘B for phonon scattering by dislocations in Zn can be obtaincd as

‘a function of temperature. The results are tabulated in Table 2 and

. plotted -in Fig. k.

The third source of damping is related to phnoncn viscosity. This .

[@2

Mo

16,22 e 4 -z . - : )
regards tne lsivio vibration as

mechanism, first derived oy Mason™ 7

Py

ct
o]
S
O
l
oy
ct
vy
v
&)
3
[&
[&]
-
&

a viccous phonon, gas. When a dislocation noves

;
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the gas is sﬁirred ﬁp, energy is dissipated and a.frictional SLrCss
6nlthe dislocafioﬁ'resulté.. The demping cqnstant B for this source
of damping takes the Torm

‘ ’

o . _b%n e . , L
B = ) for screw dislocations o (5),

_;___;bin__-___p_(__. . )
B, =1 {8n(l—v)zag} for ¢d6¢ dlglpcaﬁlons 7(0)

where b’ = Burgers vector, a, = effective core radius of the dislocation,

1

viscosity of the phonon gas, and v = Poisson's ratio. Taking

[

n

b= 2.67 x 1078 cm for zinc and USing a value of 3 b for a_ as was
e L o

done by SQzUki,'Ikushimé and Aokitt and'Mason,Qz‘Eq{ (5) reducés to
B =0.07ln I € §)
N can be shown from.gas kinetic thedry;to,be‘f'

D.E_.K_ :
NTTC ¥ (8)
v
where Eo = thermal energy density, Ké'= lattice thermal conductivity,
¥V = Debye average velocity, Cv.='Speqific_heét per unit volume,_and'D =
& nonlinearity constant.
 The ratio of the thermal conductivity due to electrons K to that
: s B

due to phohons Kp,qan be written a523:
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. 2.

where Ce = the electronic specific reat = 6.04 x 10

=

Ue = the Fermi Velocity of the electrons which for zinc is = 1.35 x
cm/sec and ;—2-- the ratlo of the electron-phonon rélaxation time 1o

pe
the phonon—electron relaxation time Wnluh for metals of good pur ;ty is
about = 1072, 23

Hence from Egs. (8) and (9)

) : =16 2 ‘
= 3 Y by 10
n lO 9 10 ayne bEC/C\‘TA ( )

Taking D = 4 as determined in Appendix 1, E  as determined wvove and
letting the total thermal.conductivity KT for zinc equal Ké (A very
small),. the magnitu&e of B for damping by- phonon VlSCOSItj can be . -

obtained as a function of temperature using Egs. (7) and (lO) The

jcalculations'are-shown in Table 3 and the results plotted in Fig. L.

It carn be seen -from Fig( L that the phonon viscosity model predicts

a damping constant B which is greater than that predicted by the phonon

scattering model and which is also independent of temperature above

about 200°K. Although no direct expérimental value was obtained Tor B

" because of tthdifficulty of measuring the mobile dislocation density,

itlcan be strongly infered from the data using Zq. (3) that the predominant
drag on the dislocations is caused’by-phonon viscosity. By using th
éamping’constant from the viscosity model and Eq. (3),a mobile dislocation:
density of 1.7;108cm—2 is obtained which is not unrcasonable. |

From Eq. (2) it follows that for a shear stress of 2000

taking B = 4.7 x 107", the dislocation velocity is about T3Y cm/sec,

” &
e ST iy S P ,,.,,—-.(.—-,m S

*%'.'."g?;—f

s e




again a reasonable value. It is interesting to note, that in order
for the dislocations to move at the shear wave velocity 2.4l x 10°%m/scc,

q ey

the material would have to support a shear siress of cbouv 127,000 psi

<

and be strained at a rate of 2.5 x 10/ sec * which cannot be achieved

using the Kolsky Thin Wafer technique.

IV. CONCLUSIONS |

(1) If zinc is deformed in basal shear at & shear stress higher

than the thermally activated stress range it behaves in a viscous manner.

-

N -

In that range the shear stress is proportional to the shear strain rate.

(2) At sﬁresses higher than the thermally activﬁted‘streﬁs range, -
the stréss—stfaiﬂ rate behavior is indepéndént of.temperdture for the
temperatufé rangé investigated, 300°K to 653°K. |

(3) Mason's vhonon viscosity model>for dislocation damping seems
to éxplain the temperature independence of the experimental‘aata
whereas the Leibfried phonon gcattering model.dées not.

(L) 1If oné uses the Mason phonon'viscosiﬁy model and the experimental
data in calculating the damping constant, a mobile dislocation density

of 1.7 x 10% em 2 is predictéd for Zn. This reasonable value lends

support to the assumed model.
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APPEIDTY 1 ki
Estimation of Nonli:.ourity Constant D
. {_3’
The nonlinearity constant D can be calculated Trom the third ordoer

AU _ s . N
elastic modulli but as these have not been determined Tor zine, a method

suggested by Masons'was used to obtain an estimate of D. Mason pointed
out that it should be possible to separate thermal losses Ifrom dis

 losses by mezsuring the attenuation of longitudinal waves dropasated

along the ¢ axis of hexagonal crysiaels. With this mode of propazation

2l

pagt

dislocations should not be activated. Using the dats of Licke,”
which is replotted in Fig. 5 and assuming the total ahtenuation due to
N . Ve 25 o o o
thermoelastic and Akheiser ~ losses, a value of D can be obtained from
the formulation. of the latter type of loss. Liicke has .calculated the
thermoelastic loss. at 100 MC to be 1.72 db/cm, the total loss at this
~frequency to be 2.02 db/cm and hence the loss due to the Akheiser effect

is 0.30 db/em. The Akheiser loss is similar in principle to a viscosity

' ‘ : ‘ L . Ceiias 4
-effect and takes the following formulation for longitudinal waves. 23

wln N
= m_ (11)
m e
where w = 27 times frequency, n = viscosity as defined by Eq. (&),
pm = density of materisl and Ve T longitudinal wave velocity. Takin:
: . . : : _ o
o~ ! ~ g i .
a frequency at 10G MC, Py = 7.1 gm/cc, v, = 2.97 x 107 em/oec and noas
calculated above, then D for longitudinal waves iz &. con” Tinds D 7
for shear waves in cadmium teo Ye choat Lol 1.4t for

37 et e

[T

e A s e £ s



- JTable 1. Damping constant B at room temperuturc.

‘ i lerial o LiF

D:i iccation

Vilocity 7x10—“(13)

: - Hecasurements

. 2x107t

(1ﬁ)f

1.3x10”3(1})

Friction 3;hx10‘“(19)

Internal
fieasurements

ox10-3(15)

T'zble 2. Caleculated values of B for phonon scattering ac a functicn of tempersiure.
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Teble 3.  Ca!.ulated values of B for phoncn viceosity as a function of temperature.

Tempevature 100 200 - - . 300 koo 500 600 675
O | . . . i ’ ’ :
K . . ‘ ﬂ v . . :

E x 1078 - - TN PR S S
° '10.8  33.8 . 58.7 - 8.1 ° - 113.6 12 163
:.erg/cm3 ' R B o ’ ' R

K o x 1077
. € ’

ers

e e e

sec-cn~deg
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FIGURE CAPTIOXNG
I ) . L , o . . . R J‘ o v "
. ure 1. Scherctic representation of the stress~temperature relavionsnijy

[

for thermally activated deformation. .

*f
e

v
4

(2
Figure 2a. Specimen geometry.
7 o : Figure 2b. Shear bars used for dynamic testing.
4 T s ' ' ' . ' . . .
. v Figure 3. Shear stress versus shear strain rate for tasal sheur in zinc
¥

. - o : single crystals.
b - - ’ ) . !

~Figure k. Theoretical damping constants for phonon scatitering and

phonon viscosity versus temperature.

Figure 5. Attenuation for the propagation of a longitudinal wave along

. o L
the c-axis of a zinc single crystal.2
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FIG. 2a.. SPECIMEN GEOMETRY
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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
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








