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ABSTRACT

The frequency dependence of the~amplitude inde-
pehdent dislocation damping in high purity Niobium éingle
_crystals was measured in the megacycle frequency range.
Measurements of the dislocation contribution to the
elastic modulus were also carfied out in this frequency
range. The results are discussed in terms of a theoreti=-
cal calculation which treats the dislocation as a pinneg"
vibrating string which experiences a viscous drag
proportional to its velocity. The data are consistent
with a curve of the form

=K W T
l-+LQ’”t“

as calculated from the vibrating string model. On the
high frequency side of the maximum the dislocation damp- '

ing exhibited a W dependence as expected from the theory.
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The effect of various interstitial solute contents on

the damping was shown to be consistent with the calculated
dependence of the damping on piniﬁg point concentrations.
The visFous damping cohstant was calculated from the damp-

ing and from etch pit determinations of the dislocation

density to be about 9 X lOasdyneesec per cm>. Within the

experimental precision the modulus defect was found to
be independent of frequency and to increase with inérease

ing interstitial concentrations.
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I. INTRODUCTION

The enalegy between;disleqation motiof. under an

oscillatory;etfese and the,fereed vibration of a string
in a viscouepmedium was o;iéinally-proposed by KOehlerl
and extended by Granato and;Lgeke,z jAnal&sispof this
model 1eeds.to two sonrces oﬁldamping: a frequency:de4
pendent dampingicaused by thewinteraction of the
vibrating dislocation's strein field:with phé‘mons3 and a
frequency;independent "hyeteretic" damping ceused:by,the
transient motion of the d%eioeationslduring ﬁréakaﬁay

from their“pinning points. Both the frequency dependent

) damplng and the hysteretlc damplng were shown to bep~<

amplltude dependent in the stress range where the break-
away of the dlslocation from'the plnning points takes
place. ’5 The predlctions of these calculations have
been largely supported by measurements on f,. coc° metals.
In partlcular,fthe frequency dependence of the damping
was shown to_ agree with the calculatlons in the

6
6,7:3 and kllocycle frgquepcy ranges under

megacycle

conditions where the damping was amplitude iﬁdependento
The nature of the damping due to dislocations in

beCeCo metels has not been carefully investigated. It

has been shown9 that dislocations contribute to the



2 .
damping and‘that they can”c;uSe amplitude dependent dampingg
, However, thewprédictions of:the-vibratimg string model of
) dislocation motion have nog been tested in the case of
bec.c. metals. In view of the controversy about the
magnitude of the Peierls stress in‘byc.c.‘metals a com=
parison of damping data with the predictions of a theory
based on a flexible dislocation line is particularly
significant.
. The pupose of the present work is to examiné

| whether the frequency dependence of dislocation damping

that predicted by the theory based on the vibrating
string model. The technique used was the pulse-echeo
technique in the frequency range 5 to 170 Mc/sec. The
dislocation contribution to the damping was obtained by.
' subtracting the damping due to sources other than dis-
location from the total damping. Great care was taken
to maintain a constant dislocation configuration durihg
the experiment and to providé internal checks on the

' in a typical b.c.c. metal such as niobium agrees with
frequency dependence.

|

|

|
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II. EXPERIMENTAL PROCEDURE

Specimen Preparation

Cyrstals were grown from Wah Chang Nb containing
several hundred ppm., substitutional impuritles in the
form of a rod (1/2" dia.) by passing a heated zone whose
temperature was about 24,00°C along the solid rod. The

vacuum was 108 torr. .Several large graiha formed, two

- of which were big enough to be used as specimens. These

grains were cut out of the rod using spark cutting to
minimize the damage and the ends were made flat and .
parallel to each other to within 5 X 10°% inch bj sbarkA
machining. The damaged layer was not removed, since the
etching process decreased the flatness of the ends which
was quite critical. Since we are looking at a bulk
prOperty, this rather high density of dislocations (in i
the damaged layer) in a relatively small fraction of the
total volume should have an insignificant effect on the,
property. The specimen axis along which the sound ane;
was propagated was within 2° of a <llQ> direction,

A double crystal ultrasonic technique was employed
whereby two quarts transducers were glued onto the flat .

ends of the specimen using Nonag grease. One of them

was used to transmit the stress pulse into the_specimenf“
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and the second to receive the pulseshas they appeared on
the other end. The schematic circuit used for the mega~-
cycle measurements is shown in fig, 1. The echoes were
displayed on the Hewlett-Packard'l75 A scope and recorded
with a 1782 A display scanner; A time mark generator was
used to fix aﬁ accurate time axis for the recorded pattern
of echoes. The amplitudes of the echoes were measured
directly on the oscilloscope screen. Two sets of trans-
ducers were used: 3/8n dia, X-cut, 5 Mc/sec transducerqi
3/8" dia, X-cut, 10 Mc/sec transducers. Each set was
used at frequenciés which were odd harmoqics of the -
fundamental frequehcy te give a wide range of available
frequencies. The accuracy of the technique was verified
by repeating the damping measurement in the two identicg%~
specimens; by using different quartz transducers and by |
trying different types of bonds (Salol and Eastman 9~10);:
The amplitude independence of the damping was verified by
changing the drive voltage. ; 

~ After determining the frequency dependence of the
damping in the as-grown crystals they were alloyed with
oxygen and/or nitrogen by annealing in controlled
atmospheres. The specimen temperature was measured wit;h:g
a disappearing filament type optical pyrometer, the cor-

rections for nonblack body condition and absorption.of the

radiation by the windew being applied. The equilibfium

concentrations of nitrogen and oxygen in the Nb in
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equilibrium with gaseous' N, was calculated using data of
Cost and Wertlo and Fromm and Jehnll and the alloy con=-

centrations used are shown in Table 1.

!

TABLE 1

INTERSTITIAL SOLUTE CONCENTRATIONS

Conc. O Conc. N

Specimen Treatment Atmosphere ppm. ppm.
tomic Apomic

1-A and As grown _g
1-B 2400°C, 10 “torr - Air 9y 10.4
1-A Annealed -9

1600°C, 10™“torr . Air 16.8 L40
1-B Annealed _,

1520°C, 107 ‘torr Air 700 515 -
1-B Annegled -6

1650°C, 107 torr Air 1000 983
1-B Annealed 6 : '

torr Air 8000 2779

1§599C, 8 X 107
The introduction of interstitial selutes served to

increase the concentration of pinning points at the dis-

locations since the fraction of the solute sites at the

dislocatioen which are occupied, Ci can be written:

PA
C. = C.e kT

where Co is the solute concentration in the lattice and B |

is the binding energy of the interstitial solute to the
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dislocation. At each concentration of interstitial solute

the ultrasonic attenuation was measured as a function of
frequency. The specimen containing 8000 ppm. . of O, had
much lower damping values than the other specimens and its
damping was used to determine the damping d;e to sources.
other than dislocation motion, The background damping

values thus established were subtracted from the total

- measured damping at each freqﬁency to obtain the dis-

location damping contribution. Attempts to establish the
background damping by'irrédiation were not successful and
will be desecribed subsequently.

The dislocation deﬁsities were determined after
the ultrasonic attenuation measurements were completed.
The dislocation etch pitting technique was applied to the
(111) using the procedure developed by Gubermanol3 Suf--

ficient depth of surface was removed to ensure that damage

due to the cutting procedure was removed. Successive

polishing to remove pits amnd re-etching produced identical
patterns of triangular etch pits. An example of the etch
pits observed is shown in Fig., 2., Etch pit counts were
made from pictures of varying magnifications which were
taken from the specimen after etching fof.differeﬁt times.
An average of the calculated dislocation densities was

about 3-4 X 10%/cm?,



III. THEORY

The model anaiyzed by Keehlerl and by Granato and‘
Lficke2 considers the dislocation lines in a crystal to be
pinned at various points along their length by two kinds of
pins. The first kind is a strong pin (such as a dié;
location network intersectipn), from which the disloecation
cannot break away; at least at stresses below the stress.
-necessary for dislocatioen multiplication. The disténce
between these strong pins is called the network length. A
real crystél will have a distribution of network lengths.
Distributed along the dislocations is a second type of pin
(breakable pin) with a much weaker, short range binding |
force to the dislocation. At sufficiently high stresses
the dislocations can break away from these pins, and the
resulting damping is then amplitude dependent. Vacancies
or impurities would create pins of this type. The dis-
tance between breakable pins is called the loop length. A
real crystal will also have a distribution of loep lengths
as well as breakable pins-with different binding energies
to the dislocations. A dislocation moving in a crystal g

experiences a viscous drag due to phonon scattering and

thermoelastic effects,




8

In the model suggested'by Koehler‘-‘l the dislocations
are treated as extensible stringé with a mass and line
tension. It is also assumed that the dislocation line
tension is independent of curvature and that the force
opposing dislocation motion is a viscous drag Qroportional-
- to the velocity.

For stresses below the stress required for break-
away, the equation of motion for a loepIOf length 1

perpendicular to the applied stress is given by

2 2 | .
A é—% + B ._a__E__ - C _é._g_ = . b T Sinwt (1)
otc . ot 9 x2 ° o
with the boundary conditions
‘§ (0,£) =F(1,8) = o, (2

Here, ?; is the displacement normal to the x;axis, which
lies along the dislocation line in the absence of an applied
stress. :ghgbamplitude of theﬁgpplied resolved shear stress
is ’Fg agdéthe%angular frequgnégeig We The mass Oprh%"aig;
location per unit length A is taken approximately asf*%715f;
.where'fg_%s the density and b is the Burger's vector. The. -

viscous damping force iszg%;éal The effective dislocation

U 2Gb ’
line teﬁsiggfié‘ C = (1= » 5 .
and S is Poisson's ratio. Thé solution to (1) can'be found

g

hereG is the shear“mgdﬁlg§i:

I

by assuming & ‘solution of the form

T L . c S
AT, Yo
n= ' DR '




and selving for the constants Rn and Sn. The solution

found in this way is

hb7’ zz 2w2 -% 1l
(x,t) = (w2 r — oml
'% Xy = [ 2n+1 _A2 .- 2n+l :
N (2-n+1)7r£ .
Sln-ﬂ—z———aa‘Sln(wt+7§n+l), (&)
C
where’ w2n+1 - (K)% Mﬂ
: 1l
and % w
S|
Voney A TlET W'€'2n+l)

The logarithmic decrement is defined as v

b4

2W
where W is energy dissipated per unit veolume per cycle.
' 2
The vibrational energy W is given by W = 'Z; =y where M

is the appropriate elastic modulus., Since we are consider-
ing a shear stress on the dislocation, the appropriate
modulus is the shear modulus G. The energy less per cycle

for one loop of length 1 is equal to

JU
1 2w _
4 dx B.,98 , 28 . at | (5)
. ot dt .
AO (o]

For N dislocation loops of length 1 per unit volume,




§W  8ob 2 | A

(,1 = — = a— . l -
bp1) = - (m ) (m)é’ 52
[ R 4.
22+ § w (6)
-(w§n+l - W2)2=+ (% W)z, . :] |

The quantity wi'is of order 2 x logcps‘but because
B/A is oforder 2 X 1010, the resonance is overdamped, and
the maximum in A(rocurs at w~107 cps. Thus for

frequencies less than 2 x 108 cps, the series for ZSCL)

~ converge very rapidly and only the first temm need be
used, This may then be more conveniently written in the.

form

- &0 [ 7] o

where w = frequency of the applied stress

B

n*e

The longitudinal crystal strain due to dislecation

and U= relaxation time =
motioh will cause an apparent change in Young's modulus,

which for N dislecation loops of 1ength1,per unit velume

is given by

éag’m: %b A ) 1‘) Z(MM}

(w2n2;~3 - E’) +A( @.@.)1 | (8)
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For frequencies less than 2 x lO8 CePsSe, the series for

%E (1) converges very rapidly and ohly the first term need

be used.

SEW _ sN)4 G [ 1 ] B
E 717 C 1 +w ™ |
In a real crystal where a loop length distribution

N(1) exists,

J{

o |
A= AW N@) dl
and. {10) -
6E' {m&f | i
T T f 2O Ny at o
Aimin &

where {,mine and {,maxo are minimum and maximum leop
lengths in the distribution. The damping resulting frem a -
random distribution of breakable pins has been calculated
by Trotth for éll concentrations of breakable pins. -For
large number of randomly piaced~breakable pins per netwoggl
length he showed that. the loop length distribution obtained
approaches the exponential distribution originally pr@pose@
by Koehler: -

N A= L et

(11)
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. where (1L is the total length of movable dislocation per
unit volume, and L is the average loop length-(L=f%).
Using this loop length distribution in (6) for A (1),

the result for frequencies well below the maximum is

960 L GHEALYBuw

A=

T‘-S‘ Cﬁ-
SE 48 . GV AL (12)
E 7\'4' C .

. Thus when the measuring frequency is on the low
frequency side of the maximum, (7) predicts that the
damping should be directly proportional tb frequency and
ektrapolate to gero for w = 0, Similar considerations
(12) predicts that modulus defect -%F should be frequency
independent at frequencies below the maximume ‘
The dislocations in a crystal are distributed over
all the-possible slip‘systems, and therefore the results
must be integrated over al; the possible dislocation
orientations with respect to the applied stress in the

crystal system being considered.

A= N, B,
£ |

(13)

0, & AK are respectively the orientation factor aad

decrement corresponding to the klh. slip system. The
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right hand side of (10) must therefore be multiplied by -

an orientation factor 2 .

At
_ _oogkme - |
fmax YR I

the damping reaches a maximum value

2 2 .
6N Gb AL :
A . 176 BJL . (1)
| / n>cC | S »
for an exponential loop length distribution., The values

for a delta function loop length distribution are

1 e
R Ve |
& 4 max = 4 Lo 7GT'3bC iy (16) |
The damping at w >> Wmax' is given by -
B TBw (18)

for all loop length distributions. The damping should
thus be proportional to 1/w at frequencies above the .
maximum.

;f A pax is multiplied by wmax’




for an exponential loop length distribution,

Therefore:

A max Vhnax

From a knowledge of the parameters on the right
hand side, the damping constant (B) can pé calculated.

In the present experiment the attenuation of a
sound wave o (W) is measured. This is related to
ﬁhe decrement (A) by:

A W
= = 8'68 A
= B7ag 6 f
(21)

/
where Ef is the frequency expressed inh megacycles per

second,
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IV. RESULTS AND DISCUSSION

The as-grown Nb single crystal specimens con;
taining 10 ppm. N, exhibited a w1 dependence of
dislocation damping on frequency as shown in Fig. 3.  The
magnitude of the damping was about the same in both
~ specimens. The results indicate that.wmax <: 5 Mc/sec
for these specimens. Increasing the concentration of .
breakable pins by alleying with oxygen and nitrogen gave -
the results shown in Figs. 4L to 7. As the solute cencenf .
tration was increased, a maximum in the dislocation dampihg
was observed at ~— 15 Mc/sec. On the high frequency
side of the maximum, the data are linearly dependent,on
w~l and within the experimental scatter agree with the
values obtained for as-grown specimens containing
10 ppmsNo. On the high frequency side of the maxima
therefore A o< L»J”' ;s and is independent ofA loop
"length as predicted b§§thé‘string model, The curves
shown in Figs. 4 to 7 are calculated from the string
model, (7), using an exponential loop length distiibution.
The values of wp,, and Z&max for each solute concentration

are given in Table II,
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TABLE 2 ”
DAMPING PARAMETERS
‘Specimen | A Wmax B . »
" No. Solute Conc max (Mc/sec) (c.g.s. units)

1A 400 ppm.N, 1.2 x 1072 1.05  8.36 x 1075
1B 700 ppm.0, 7 x 1073 3.5 8.86 x 10~3
1B 1000 ppm.Oy 3.7 x 1073 7 1.81 x 1074

It may be noted that the value of A oy decreases as the _
loop length is decreased (by increasing the nitrogen con-
centration) and that the value of Wnax .sﬁif.ts thard{hig'-her
frequencies as the loop length decreases. There is hot
sufficient data on the low frequencyA side of the max‘imumf
to test the validity of the model in this frequency rangé.
Measurements in the kilocycle frequency rar-ig'e are needed
for that purpose.

The damping constant B can be calculated from
the following relationship:

14,59 QO Gb2 A

B = . - (22)
A max Y“max

11
Taking G = 2,87 x 10~ dynes/cm?, b = 2.859 x
;10"80.:11. and L) = 1/10 (factor of 2 uncertainty)
A =4 x 10"“’/crr12 as indicated by the etch pit counts:
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(23)

~ where, An o is the maximum dislocation damping
and fm is the frequency in Mc/sec.

The values of 'B' calculated from the data are
shown in Table 2. It is seen that B is about 9 x'10"5c;g.s.

units.

Leibfreidts3 formula for damping constant is
3kTZ
"B = e——
| 10 Cqp a2
where, T = temp in absolute scale
k = Boltzmann!s constant
Z = number of atoms per unit ;attic cell

Cp = shear velocity corresponding to

[:. Cpy (C11 - C12) :] H
- .

a = lattic parameter

Taking T = 300%, . Z

It
N

CT = 2,16 x 107 cm./se%,12 a=3.3x lO’scm.

B is calculated to be ~ lO'hc.g.s. units, which agrees

with the experimental wvalue.




1
The Granato-Lucke model (9) predicts a =

dependence of éﬁ- on the high frequency side of the
damping maxima i,e., for ln’tj>ll. The experimental data
shown in Fig, 8 suggests that J%E- is independent of
frequency within experimental error (r\JQ%) for a given
concentration of interstitials in the specimen. This'in:
dicates that the contribution to modulus defect due to
dislocation motion is small. The vibrating string model
results in —5E—E-: ~ A  and since A is less than
102 the modulus defects due to dislocation motion is
within the experimental error. As shown in Fig. 9.
the modulus did increase as the interstitial solute con;
centration increased. The modulus defect in a specimen
having a-certaim concentration Qf interstitials is foqu
to be frequency independent. _

- One of the as-grown Nb single crystals (lA) was
given progre531vely higher neutron doses up to 1l.26 x 1016
neutron;/cﬁz”(xil 5 MeV). But 1o éiénificant effect on
the dlslocatlen damplng of materlal was observed as shown
in Fig. 9. This suggests elther of "two p0531b111t1es'“
(1) The neutron dose given cannot produce sufficient
number of p01nt defects to pln the dlslecatlons, or
(2) The p01nt defects produced do ‘not migrate to’ the dis=

locatlons. In a recent paper, Gu.berman13 reports an ‘in-e

crease in lgppice resistance_to dlslecation mobility
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caused by neutron irradiation of Nb single crystals. The
neutron doses that Guberman employed are comparable with =
that employed in the present'WErk. ‘This indicates that a
neutron dose of the order of '1016 neu.t:mxas/cm2 (,> 1.5 MeV) |
produces interstitials whichvare'sﬁfficienb in number to
impede the motion of dislocatiense' Therefore, it may be
inferred that while sufficient point defects to.pin'the
dislocations are produced in the lattice by the neutron 
dose employed, a large fraction of them do not imigrat%.-:

to dislocations.



V. CONCLUSIONS

_ It has been shown that the vibrating string model
of dislocation damping can acéount for the magnitude of
the internal friction in Nb in the megacycle frequency
range. The data for the frequency dependence of
logariﬁhmic decrement fit the theoretical curve for the
exponential loob length distribution deduced from the
Granato-Lucke model. The damping constant was calculated
from measurements of the frequency and damping of the
maximum of the damping vs. frequency curve and from dis;~
locatioﬁ etch pit measurements. The -experimental value of
Bwas 9 x 10> c.g.s. units. The value of 'B* thus
obtaiged agrees with that deduced from Leibfreidts formula.
‘It was observed that neutron irradiation did hot,chahge
the values of damping in the megacycle frequency range
for doses less than 1.26 x 1016 neutrons/cm?, The damping
was influenced by the addiﬁien of interstitial solutes‘in
a manner which is consistent with interstitial solute

pinning of the dislocations,
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FIGURE CAPTIONS

Fig, 1 Bleck diagram of pulse-echo measuring
circuit.

Fig. 2  Etch figure on (111) plane of Nb single
crystal (x 400). '

Fig. 3 Logarithmic decrement vs. frequency plotted
in"log=-log scale. Both the specimens are
gone-refined Nb single crystals containing
about 10 ppm. N,o The solid curve is the
theoretical curVe fitted'to the data points.

Fig. &4  Plot of log A vs. log W for Nb single
crystal specimen 1A haviag 10 ppm. N5. The
solid curve is the theoretical plot.

Fig. 5  Plot of log & vs. log W for Nb single
: - crystal specimen 1A containing 400 ppm. Noo
. The so0lid curve is the theoretical plot., "

Fig; 6 Piot of log A vs.‘iég u)fOr Nb single
' crystal specimen 1B having, 700 ppm, O.,.
The solid curve is the theoretical plgt.

Fig. 7 Plot of log A vs, lTog W for Nb single
crystal specimen 1B having 1000 ppm. 0,.
The solid curve . is tHé,ﬁhéOretical‘plog ‘
fitted to the data points. s

Fig, 8 Plot of log A vs, log W for the as-grown
unirradiated and irradiated Nb single
crystals. I

Fig. 9 Plot- of ~shear m&dﬁlus'cf elasticity vs,

the interstitial ‘concentration in the Nb
specimens. _— '
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