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Dislocation thermal resistivity in concentrated alloys*

R. J. Linz, ~ T. K. Chu, A. C. Bouley, F. P. Lipschultz, and P. G. Klemens
Department of Physics and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06268

(Received 17 January 1974)

The thermal conductivity was measured in the temperature range 0.4 —4.0 K of concentrated alloys of
copper, nickel, and aluminum in both a well-annealed and a heavily deformed state. The alloys are

Cu+ 10-at.% Al, Cu + 4-at. % Ni, and two commercial alloys, Evanohm and Al-2024. The lattice

component of the thermal conductivity was deduced. Strong departures were observed in all cases from

the T' dependence of the lattice thermal conductivity expected when phonons are scattered only by

electrons and by sessile dislocations. %ith one exception (Evanohm), it was not possible to explain the

observed lattice thermal conductivity in terms of nonrandomly arranged sessile dislocations, because the

lattice component decreased with increasing T in the range 0.55-0.8 K. It is suggested that the

anomaly is due to mobile vibrating dislocations with a resonance frequency. Various resonance models

of dislocations are discussed. The magnitude of the lattice thermal conductivity below 0.55 K of the

annealed alloys seems to be independent of solute content and consistent with theoretical estimates of
phonon-electron scattering.

I. INTRODUCTION

Numerous experiments' have shown that the
low-temperature lattice thermal conductivity of
concentrated alloys does not show the T tempera-
ture dependence which is expected from theory. '
Most of these indicate a pronounced change in the
temperature dependence near 2-3 K. To explain
these results, mechanisms have been invoked in-
volving phonon- electron' and phonon-dislocation '

scattering, though no one model has been entirely
successf ul.

Recently, Ackerman and Klemens' have pro-
posed that the nonrandom orientation of disloca-
tions in dense arrays should cause the lattice ther-
mal conductivity of heavily deformed alloys to de-
part from a T dependence at a temperature deter-
mined by the dislocation density. Well below that
temperature, the dislocations should be ineffective
in scattering phonons, and the lattice conductivities
in the heavily deformed and annealed states should
tend to common values. This was predicted to oc-
cur below 1 K in typical cases.

The measurements described in this paper were
made in an effort to test the predictions of the
Ackerman-Klemens model. We shall find that our
results are qualitatively consistent with this model,
but that the occurrence of an additional scattering
mechanism makes a detailed comparison impossi-
ble. This additional mechanism needed to explain
the present results seems to be associated with
mobile dislocations.

II. EXPERIMENTAL PROCEDURE

A. Specimen preparation

Thermal and electrical conductivity measure-
ments were made on specimens of copper contain-
ing 10-at. % aluminum, copper containing 4-at. %

nickel, Evanohm' (71-at. % Ni, 21-at. % Cr, 6-at. %

Al, 2-at. /z Cu, approximately), and a, commercial
aluminum alloy, ASTM No. 2024 (96-at. % Al, 1.9-
at. % Cu, 1.7-at. % Mg, and 0. 2-at. k Mn, ap-
proximately). Hereafter, we will refer to these
alloys as Cu-10-at. %-Al, Cu-4-at. %-Ni, Evanohm,
and Al-2024, respectively. All specimens were
polycrystalline rods of circular cross-section and

were measured in either a highly annealed or heavi-

ly deformed state. The history, geometry and re-
sidual resistivity of the seven specimens are given
in Table I.

The copper alloys were obtained from the suppli-
er" in the form of rods. They had been prepared
from 99. 999/0 pure copper and aluminum, and

99. 99/& pure nickel. The Cu-10-at. %-Al alloy was
from the same batch as that measured in Ref. 3.
The Evanohm specimen was donated by the manu-
facturer in the form of a 0. 64-cm-nominal-diam
hot-rolled rod. The Al-2024 alloy was laboratory
stock in the form of a 0.64- cm-diam rod.

All alloys were deformed by swaging at room
temperature at this laboratory, with the exception
of Cu-10-at. %%up-A l, whichwa sswage dby thesup-
plier. The final specimen diameters were 0. 32
cm for Cu-10-at. %-Al, Cu-4-at. %-Ni, and Al-
2024, and 0. 48 cm for Evanohm. Attempts to fur-
ther swage the Evanohm rod down to a 0. 32-cm di-
ameter resulted in macroscopic cracking and pit-
ting, and made that specimen unsuitable. It may
be assumed that the swaging process resulted in
all cases in extremely dense dislocation arrays,
with a saturation dislocation density Nd in excess
of 10" lines/cm .

In addition to measurements in the deformed
state, we measured specimens in the annealed
state. These specimens were companion samples,
which had undergone the same deformation pro-
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TABLE I. Sample characteristics, geometry, and residual resistivity po.

Sample
composition

Physical
state

Grain size
(mm)

Diameter
(in. )

Length L
(in. )

~o
{p,Q cm)

(a) Cu-10-at. %-Al

(b) C u-l0-at. %-Al

(c) Cu-4-at. %-Ni

(d) Cu-4-at. %-Ni

(e) Evanohm

(f) Evanohm

(g) Al-2024

Cold swaged, 1-in. «0. 01—0. 1
to ~8-in. diam.

As (a), then
annealed at. 1060'C
for 60 h

Cold swaged, l-in.
to 8-in. diameter

As (c), then
annealed at. 1090'C
for 60 h

As received
(hot rolled)

As (e), then cold
swaged, '-

f 6 in. diameter

Cold swaged, 4-
to 8-in. diameter
(etched).

0. 1251

0. 1257

0. 1236

0. 1240

0, 3276

0. 1775

0. 115

2. 00

2. 00

2. 00

2. 00

2. 00

2. 00

2, 00

8. 03

7. 323

4. 540

4. 920

122. 8

113.4

3.157

cess, and were, in fact, cut from the same rod,
but which were subsequently annealed to within
20 "C of their melting temperature for 60 h. This
is expected to remove most dislocations, with re-
sidual dislocation densities expected' ' to be no

greater than 10 crn . This annealing produced
marked recrystallization, with grain sizes growing
from roughly less than 0. 1 mm to 3-5 mrn.

The Evanohm specimen was measured in the well
annealed state only in the range 1-4 K. In that
range the results coincided with those of the "as-
received" or hot-rolled specimen, the lattice ther-
mal conductivities differing only by 3% and showing
the same temperature dependence. Ne therefore
regara the hot-rolled specimen as equivalent to a
well-annealed specimen, and the data for the well-
annealed state is actually derived from measure-
ments made on the hot-rolled specimen.

B. Measurements

The copper alloys were measured first in the
heavily deformed and then in the well annealed
state. Evanohrn was measured first in the as-re-
ceived and then in the deformed state, while Al-
2024 was measured in the deformed state only.

Thermal conductivities were measured using a
standard steady-state technique. The specimen, of
cross-sectional

arear',

is mounted with one end
thermally anchored to a liquid bath maintained at
constant temperature. Heater power Q is applied
at the other end, and establishes a difference of
temperature d T between two thermometers sepa-

rated by a distance L. The thermal conductivity K
is given by

K =(Q/AT) L/A

The apparatus and measuring techniques in the
1-4-K range' and the 4-77-K range' ' have been

adequately described. For measurements below
about 1.3 K, a commercial He refrigerator was

used, and temperatures were determined both by
carbon and by germanium resistance thermometry.
The germanium resistors were calibrated against
the vapor pressure of He; the carbon resistors
were calibrated during each thermal conductivity
run against the germanium resistors. Complete
details of all apparatus and thermometry used be-
low 1.3 K are described elsewhere.

To check the consistency of measurements below
1.3 K, the thermal conductivity of an annealed
pure-copper rod was measured. Its thermal con-
ductivity should be due entirely to the electronic
component K„and obey the %iedemann- Franz law,
so that

K=K, = Lp T/po

Here L, is the "ideal" Lorenz number, 2. 445x10
WAK, and p is the residual electrical resistiv-
ity. The quantity Kpo/T was found to be within
0. 5/0 of 2. 32x10 WAIC from 0. 5 to 1. 3 K. The
discrepancy between this value and L, is due to an
uncertainty of - 10% in the determination of po (16
+2 n Acm).

The absolute accuracy of the thermal conductiv-



10 DISLOCATION THERMAL RESISTIVITY IN CONCENTRATED. . . 4871

ity measurements reported in this work is esti-

mated to be within 1/o,. errors are chiefly due to
uncertainties in measured specimen geometry.
Precision of the measurements, as may be seen
from the scatter in the data, is usually within 0. 5%.

To minimize the effect of errors due to geometry
on the lattice thermal conductiv&ty, the thermom-
eter clamps were also used as potential probes
during the electrical resistivity measurements.
The clamps were not moved until all the electrical
and thermal measurements on each specimen were
completed. In the annealed and deformed samples,
equal separation between the clamps was reestab-
lished to within 0. 1/o by means of a precision-
machined mounting jig. Random errors in the

thermal conductance g/hT are mainly due to
small temperature flu'ctuations of the liquid bath
and to thermometry errors.

The thermal conductivities in the 'He cryostat
were measured on two specimens at a time. The
specimen pairs were: Cu-10-at. %-Al, annealed
and Evanohm, hot-rolled; Cu-10-at. %-A1, swaged
and Al-2024; Cu-10-at. %-AI, elongated 12% (no

data are reported for this sample, owing to a poor
thermometer contact) and Evanohm, swaged; Cu-
4-at. %-Ni, annealed and Cu-4-at. %0-Ni swaged.
Germanium therrnorneters were placed on that
specimen which had the lesser lattice thermal con-
ductivity. Carbon thermometers, placed on the
other specimen, were calibrated against the ger-
manium thermometers under condition of zero
heater current. The specimen pairs were chosen,
as far as possible, to have equal thermal conduc-
tances. Thus any systematic errors would show

up equally strongly in the data for each specimen,
and would be readily identified and eliminated.
The conductances were nearly identical for the
first and for the last pairs. In the worst match,
the conductance of swaged Al-2024 was nearly
twice that of swaged Cu-10-at. %0-Al. Heater re-
sistances were matched to the specimens in such a
way that, for the same heater current, the speci-
men heaters would be at the same temperature.
The heaters were in series and electrically con-
nected but thermally insulated by Evanohm wire
leads of 25-cm length and 6. 4x 10 -cm (0.0025-
in. ) diameter. For typical heater powers,
= 1 p, W, maxirnurn heat leaks from one heater to
the other are estimated to be no larger than
10 Q, even assuming an extreme difference of 1 K
in heater temperature.

Electrical resistivities of all specimens were
measured from 1.2 to 4. 2 K with instrumentation
and techniques essentially as described by Burck-
buchler and Reynolds. ~4 In Table I, po is taken
to be the resistivity at 1.2 K. The Cu-10-
at. %0-Al specimen had a resistivity which in-
creased slightly (by about 0. 06%) from 4 to 1.2

K~= [(Q/&T) —Lo T/R] (L/A),

where R is the residual electrical resistance of the
specimen. If K,=BT, as predicted by standard
theory at very low temperatures, ' then

K/T =
L o/po+ &T (5)

Thus, in a plot of K/T vs T, the data points should
fall on a single straight line of slope B and inter-
cept L/po If K~ is ob.tained from (4) and loggo K&

is plotted against log&0 T, the low-temperature data
points should lie on a single straight line of slope
2. Any departure from the K~c)c T dependence
should be clearly evident on either plot.

III. RESULTS

In Figs. 1-4, graphs are presented of K/T vs T
for all specimens. In Figs. 5-7, K~ as deduced
from Eq. (4) is shown as a function of T on a log-
log scale for the same specimens except Al-2024,
for which K, is too small to be deduced with confi-
dence (see Fig. 4). Below 1 K, the data points
are so dense when plotted on a linear temperature
scale that only some representative points can be
shown on the graph of K/T vs T.

The values of K/T for all specimens depart
markedly from the linear behavior of Eq. (5). Ex-
cept for Al-2024, these departures indicate that K~
departs from a T variation. If these departures
from a straight-line behavior of K/T were the re-

K. This may be due to trace amounts of iron in-
troduced in the swaging process. The resistivity
of the Evanohm specimens increased by nearly
0. 3% from 4 to 1. 2 K, in agreement with previously
reported data on fine wires of this alloy. ' The re-
sistivities of Cu-4-at. %-Ni and Al-2024 were found

to be constant in this temperature range. The
electrical resistivities were not measured below 1

K, and were approximated by linear extrapolation
from higher temperatures except for Evanohm,
where previous data were available.

The electrical resistivities of Cu-4-at. %-Ni and

of Evanohm were higher in the annealed than in the
deformed state, as commonly observed for alloys
containing transition metals. We are not aware
of any general explanation for this behavior. How-

ever, for the case of copper-nickel, this may be a
consequence of a tendency to form clusters.

C. Data analysis

The measured thermal conductivity is the sum
of an electronic component K, and a lattice com-
ponent K~, i. e. ,

K=K,+K~ .

From Eq. (1) and (2) the lattice conductivity can be
obtained by means of
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sult s of irregularities in K„corr esponding
changes should also occur in the electrical re si�-
stivitie. The slight changes in electrical resistivity
observed in some specimens in the range 1.2-4 K
coul d not account for changes in the thermal con-

ductivityy

of the observed magnitude . Although we
did not measure the electrical resistivity of the
copper alloys below 1 K, Rowl ands e t al . found
the resistivity of their Cu—10-at. %-Al specimen to
be constant below 1 K, while their thermal- conduc-
tivity data on that alloy is similar to ours. It is
thus unlikely that the resistivity of our alloys de-
parts significantly from being constant below 1 K,
and since it is unlikely that the Wiedem ann- Franz
law is invalid below 1 K, the observed departures
of K/T from a linear dependence on T most prob-
ably arise from the behavior of the lattice com-
ponent rather than the electronic component.

We present the lattice thermal conductivity re-
sults both in the form of plots of K/T vs T (Figs.
1-4) and also in the form of K, vs T (Figs. 5-7),
as certain features of the data are illustrated more
clearly on one type of plot than the other. Thus,
the pronounced change in slope near 2. 5 K of the
K/T curve of the annealed copper alloys (Figs. 1
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there is a rapid variation in the temperature de-
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totally obscured in the K/T vs Tplo-t (F-ig. 1).

The occurrence of the peak near 0. 55 K, which
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mometry and measuring techniques. Figure 4
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If the peaks in the copper alloys were due to any
systematic error, corresponding features should
appear in Evanohm and Al-2024, since the ther-
mometers of these two specimens were calibrated
below 1 K against the thermometers of the Cu-
10-at. /p-Al specimen, and since all these
specimens had similar conductances.

The salient features of the lattice thermal con-
ductivity of the copper alloys is (a) a pronounced
change in slope near 2. 5 K and (b) a peak in the
lattice thermal conductivity near 0. 55 K. These
results are consistent with previous measurements
on noble metal alloys. Thus, in the 1-4-K range,
a change in the slope of K/T has been observed
quite often, ' ' and needs no longer to be re-
garded as unusual. The temperature of the break
in slope varies from about 2 to 3. 5 K. Below 1 K,
Rowlands et al. , have also observed a "bump" in
their K/T plot for Cu-10-at. %-A1, which is similar
to ours and may thus correspond to a "peak" in the
K~ curve. The same group more recently re-
ported such bumps in a silver alloy and in gold and
copper alloys. The earlier measurements of
Jericho on silver alloys indicate a peak in K~ at
somewhat higher temperatures than our peak, also
followed by a rapid decrease with decreasing tem-
perature.

The thermal conductivity of deformed Al-2024
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FIG. 7. K~ vs T for Evanohm. Curve I: K~ as limited
by electron-phonon scattering only. Curve II: K~ for de-
formed state with nonrandomly oriented dislocations.
Curve III: K~ for a deformed state with randomly ori-
ented dislocations.
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should be explained differently. The thermal con-
ductivity fits Eq. (5) about 0. 65 K; below that tem-
perature K/T drops rapidly below the curve of Eq.
(5). Presumably the alloy is then in the supercon-
ducting state. The apparent transition temperature
of 0.65 K differs markedly from that of pure alu-
minum (1.2 K). This may be partly due to alloy-
ing. However, thermal- conductivity data cannot
be used to determine a transition temperature by
graphical means, particularly when the transition
is not a simple one, as is likely to be the case in
this alloy.

W~ = 1/K~ = W~, + W~~, (6)

where W, and W«are the resistivities due to elec-
trons and dislocations, respectively.

According to standard theory,

(7)

where e) is the Debye temperature. The parameter
G can be estimated from the intrinsic electronic
conduction properties, preferably from the ideal
electronic thermal conductivity at low tempera-
tures. 3 Qn the assumption that the electrons inter-
act equally strongly with phonons of all polariza-
tions, the values of G are as follows' '

G = 710 W ' cm K3 for Cu

—430 W cm K for Ag

=350 W 'cmK for Au. (8)

The theory leading to (7) assumes that the phonon
wavelength X is less than I.„ the mean free path of
the important electrons, otherwise W« is reduced
by a factor of order L,/X. Since X~ 1/T for the
dominant phonons, this modification would lead to
W„~ 1/T, as pointed out by Pippard. 3'

Scattering of phonons by sessile dislocations
arises mainly from the long-range strain field
around each dislocation. For a single dislocation
W«~1' . For a random assembly, the same de-
pendence should hold, and 8', ~ should be propor-
tional to the dislocation density N, . A recent esti-
mate3~ gives for copper

W«T —3. 2x 10 N~ W ' cm K3. (9)

IV. THEORY

A. Scattering of phonons by electrons and sessile dislocations

The important resistive mechanisms limiting the
lattice thermal conductivity at low temperatures
are scattering of phonons by conduction electrons
and by dislocations. Both scattering processes
yield a lattice thermal resistivity varying inverse-
ly as T~, i.e. ,

Comparing (8) and (9) we see that about 2x10 dis-
locations per cm~ are required to make W,~ equal
to W„.

This theory assumes that the strain field around
each dislocation, falling off inversely with distance
from the center, extends to infinity. One would,
however, expect dislocations to interact with each
other and to be arranged such that the long-range
strain energy is m&»mi2'ed. This would reduce the
long-range strain field and thus the scattering of
long-wavelength phonons. One such arrangement
is that of dislocation dipoles; phonon scattering by
dislocation dipoles has been treated by Qruner and
Bross. ~ Another model, less specific, assumes
that the strain field is truncated at a distance R
comparable to the average distance between dis-
locations. '3 Both models have a critical wave-
length and frequency, and hence a critical tempera-
ture. For phonons of lower than critical frequency
the scattering drops rapidly. In the model of
Ackerman and Klemens the critical wavelength is
determined by the dislocation density; in the model
of GrGner and Bross it is determined by the dipole
spacing. Since the dipole spacing must be less
than the average interdislocation distance if the
dipole model is to be meaningful, the dipole model
has a higher critical temperature. Otherwise,
both models are similar and it may be hard to
distinguish between them from thermal- conductiv-
ity data alone.

Another common feature of these two models is
that the scattering of low-frequency phonons (below
the critical frequency) is so weak that the thermal
conductivity integral would diverge unless another
scattering process is invoked to remove the diver-
gence. Qruner and Bross invoke anharmonic three-
phonon processes conserving momentum (p/pro-
cesses). This may be an appropriate choice in
insulators at higher temperatures. In alloys, par-
ticularly at very low temperatures, the dominant
process removing the low-frequency divergence is
much more likely to be the scattering of phonons
by electrons, and this latter process was incorpo-
rated into the theory of Ackerman and Klemens.

The model of Ackerman and Klemens' results in
the following behavior of K,: at high temperatures
and at low temperatures, W~~ 1/T; but at high
temperatures, W;= W„+ W«, while at low tem-
peratures W~= W~„with W~, and W«as given in
(7) and (9). The transition from the high- to the
low-temperature regime occurs around a critical
temperature T,. That temperature T, varies in-
versely as the cutoff radius P and is thus propor-
tional to N„'; it enters as a parameter in the
theory. Another parameter is the ratio W,gW~,
which affects the shape of the curve in the inter-
mediate region, but is of course also a function of
N&. For a typical dislocation density of about 10"
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crn, 9' is midway between S'«and S'„+W,'~ at
a temperature near 1 K.

B. Need to invoke other interactions

The behavior predicted by Ackerman and Klemens'
is seen in the case of Evanohm (Fig. V). The cop-
per alloys, however, show a markedly different
temperature dependence; the thermal conductivity
is not a monotonically increasing function of tem-
perature, but shows a minimum around 0.7 K and
a small maximum at about 0. 55 K. Hence, while
the effect discussed by Ackerman and Klemens may
be present, there must also be an additional inter-
action.

Scattering of phonons by electrons and scattering
by sessile dislocations of any spatial distribution
result in a phonon mean free path which is a func-
tion of frequency, but not of temperature. No
matter what the frequency dependence of the mean
free path, the temperature dependence of the re-
sulting thermal conductivity must be such that the
conductivity increases with temperature or is at
most constant over some temperature range. It
is not possible, however, to have the conductivity
decrease with increasing temperature, unless one
invokes a mean free path which is intrinsically
temperature dependent and which decreases with
increasing temperature. Thus, to explain the mini-
mum in K, around 0.7 K one must invoke a scat-
tering process which is intrinsically temperature
dependent.

One such process is the anharmonic three-phonon
interaction, which is responsible for the down turn
in K, above about 30 K in copper alloys. Because
the three-phonon relaxation rate decreases rapidly
with decreasing temperature, it would be difficult
to construct a model where these interactions are
important below 1 K, even though N processes
would be somewhat stronger than U processes.
In such a model one would have a small group of
phonons which are only weakly scattered by elec-
trons and dislocations, and which are brought into
thermal equilibrium by N processes. This is
indeed the role of the N processes in the model of
Gruner and Bross, ~ where low-frequency phonons
are only very weakly scattered by dislocation di-
poles. Their theory does, in fact, lead to a mini-
mum in K~ under some conditions. However, this
is not likely to explain a minimum below 1 K, since
the relaxation time for N processes of the domi-
nant thermal phonons varies inversely as T'. In
order to have a minimum in K, below 1 K, it would
be necessary to have a small group of phonons with
a very long mean free path. Since that mean free
path would have to be much larger than the grain
size, such a model is highly implausible.

C. Resonance scattering of phonons by vibrating dislocations

The anomalous temperature dependence of K,
below 0. 7 K is seen in all samples except Evan-
ohm, both in the deformed and the annealed state.
However, the anomaly is relatively smaller in the
annealed specimens, so that it seems plausible to
ascribe it to dislocations. Also, since sessile
dislocations cannot account for ihe anomalous
temperature dependence, the anomaly must be due
to the motion of dislocations under the stress of
the thermal phonons. Mobile or fluttering dislo-
cations will scatter phonons much more strongly
than sessile dislocations. Even the relatively
small number of dislocations in annealed specimens
might cause an appreciable reduction of K, if they
are mobile, but not if they are immobile.

The strong scattering of phonons by mobile dis-
locations is well established by theory ' as well
as by observations. '3 Owing to the stress of
an incident lattice wave the dislocation is displaced,
and the time-varying displacement radiates phonons.
Also, the dislocation responds to the impressed
stress field like a forced oscillator having a natu-
ral resonance frequency &p. The response of the
dislocation to the applied stress, and thus the rate
at which energy is extracted from an incident lat-
tice wave, are greatest for frequencies near the
resonance frequency.

A resonance scattering model would thus not only
explain strong scattering by dislocations, but would
also lead to a thermal resistance which is particu-
larly pronounced at temperatures around h~z/k,
where k is the Boltzmann constant and 5 the ratio-
nalized Planck constant. However, if resonance
scattering were just a function of frequency its
effect on the thermal conductivity curve would be
an inflection, not a minimum. A minimum can
only result from a temperature-dependent reso-
nance of the scattering.

In the absence of a detailed theory we cannot
fully explain the observed thermal conductivity
curves. In the following discussion we shall con-
centrate on information which bears on the reso-
nance frequency (4lp.

Kusunoki and Suzuki, who observed departures
from the T dependence of K, near 3 K in deformed
Cu-15-at. %%up-A 1 an dattribute d this toresonance
scattering, proposed that the dislocations are dis-
sociated with each partial dislocation vibrating in-
dependently from the other. The restoring force
is attributed to binding by solute atmospheres
(Cotrell locking) and they relate the resonance tre-
quency to flow stress. Their model is thus not
sensitive to the detailed locking mechanism. In
Cu-15%%-Al one would, for example, expect the
stacking fault between the two partial dislocations
to be stabilized by a thin layer of hexagonal-phase
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aluminum-rich material (Suzuki locking}, and the
resonance could also be associated with the vibra-
tion of each partial dislocation relative to the edge
of the solute-rich plane. In either case one would

expect this resonance to occur only in high-concen-
tration alloys, preferably near the boundary of the
n phase.

A similar but somewhat more general model has
been treated by Kronmuller. A pair of partial
dislocations are separated by a stacking-fault rib-
bon, the equilibrium separation being determined
by the stacking-fault energy. The two partials
vibrate relative to each other. The resonance
frequency is proportional to F, the stacking-fault
energy per unit area, and is given by

~, = r (2/u, m,«)'", (10)

where M,« is an effective dislocation mass and the
constant ko depends on the elastic moduli and the

type of dislocations. Usually, F is much more
sensitive to solute concentration than are the other
parameters. Typically, coo is of the order of 10 '
sec '. Significantly, there should be two resonance
frequencies, corresponding to screw and to edge
dislocations, with the former frequency higher by
a factor of roughly 2.

A different resonance model is that of Granato
and Lucke, where the dislocations vibrate like a
string stretched between two pinning points. If L
is the length of a free dislocation segment, the
resonance frequency is

(do —2 7fV/3 I p

where v is the transverse sound velocity. In a
random network of dislocations of density N~,
N, ™I/L~. The length L is also comparable to the
critical cutoff radius P in the theory of Ackerman
and Klemens. ' Resonance scattering according to
the string model should then be important at about
the same temperature where the nonrandom array
of sessile dislocations would cause K, to depart
from a T2 dependence.

Finally, there is the resonance frequency which
is characteristic of the Peierls potential. This
potential separates one stable dislocation position
from the adjacent position in the lattice, and it
is possible for the dislocation to vibrate in the po-
tential trough formed by this potential. Interest-
ingly, there are two different potentials, or stresses
needed to move a dislocation, one for edge and one
for screw dislocations. Since the Peierls stresses
in fcc metals differ by roughly a factor of 10 for
these two dislocation types, one would expect the
resonance frequencies to differ roughly by a factor
of 3.

The thermal vibrations of dislocations have an
amplitude small compared to the. interatomic dis-

tance. The displacement of a dislocation line must
be understood to be a smaD displacement of many
atoms around the dislocation, but forming a coher-
ent displacement pattern. This is in contrast to
the vibration of a dislocation line under the influ-
ence of an ultrasonic wave, where the displacement
of the line is over distances larger than the inter-
atomic distance, so that the motion of individual
atoms is of the order of an interatomic distance,
and where dislocations can break away from ob-
stacles.

V. DISCUSSION

The lattice thermal conductivities of the deformed
and annealed alloys depart markedly from the K
fx: T variation expected from scattering of phonons
by electrons and by random sessile disloca-
tions. Qn a plot of K/T vs T, these departures
appear as a gradual transition from one limiting
slope (or value of K,/T }2to another (see Figs.
1-3). These results resemble those of Kapoor
et al. 28 However, on a plot of Z~ vs T (see Figs.
5-8) one sees that, except for Evanohm, the lat-
tice component K does not increase monotonically
with increasing T, but passes through a maximum,
followed by a minimum. These maxima and mini-
ma occur in the annealed as well as in the deformed
copper alloys. Furthermore, K, increases faster
than T2 in the ra,nge 3-4 K.

To explain this, phonon resonance scattering
associated with vibrating dislocations is invoked.
The occurrence of the minimum in the annealed
copper alloys is attributed to residual dislocations,
which are not removed by annealing. Since this
residual dislocation density must be much smaller
than the density of dislocations in the. deformed
specimens, the residual dislocations must scatter
phonons much more strongly than sessile disloca-
tions.

The absence of a minimum in K, of Evanohm
implies either that the dislocations in this material
are not mobile, or that their vibrations are heavily
damped.

The value of K,/T~ of the two annealed copper
alloys at the lowest temperatures appears to be
limited by phonon-electron scattering and is in
rough qua. ntitative agreement with theory [Eq. (8)].

A. Evanohm

The lattice thermal conductivity of Evanohm
(Fig. 7) exhibits the behavior expected from the
theory of Ackerman and Klemens'3 for dense non-
random dislocation arrays. The hot-rolled sample
shows the K~~ T variation expected for phonons
scattered by electrons and possibly by residual
dislocations. The gradual drop of g, below the T~
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curve (curve I) above 2 K is probably due to phonon
scattering by solute atoms. The high solute con-
centration makes this strong scattering quite plau-
sible; however, we have not attempted to explain
this scattering quantitatively.

Except for the same solute atom scattering, the
deformed alloy would follow a K, c T variation
above about 5 K, indicated by curve III. The addi-
tional dislocation density introduced by deformation
is estimated, from Eq. (9), which also applies to
nickel alloys, to be about 3.3x10" lines/cm~.

At lower temperatures, the K, curve of the de-
forrned specimen approaches that of the hot-rolled
specimen, but does not merge into it. It thus
appears that not all dislocations have their long-
range strain field "truncated, " but that a small
fraction (about 7 /z) of the newly introduced dislo-
cations act as isolated dislocations.

The K,(T) curve in the transition region (curve
II) is similar to the theoretical curves of Ackerman
and Klemens'3 for Cu-10-at. %%u~AI . Thee eauthors
give curves for the cases when W~/W„=l at high
temperatures and when W,JW„—3. For the pres-
ent purposes 8'« is the thermal resistivity of the
hot-rolled specimen; it may include a contribution
from residual isolated dislocations which would

play the same role as W, in that theory, so that
these resistive mechanisms may be combined. In
the present case, W„/W„=7. As the dislocation
density increases, the range of the truncated
strain field becomes shorter, and the temperature
where departures from K,~ T should become ap-

'2

parent becomes higher. If T, is the temperature
at which K, is 50 j() above curve III, and if one
extrapolates T, linearly as a function of W „/W,
from the values given in Ref. 13, one would expect
T, to be about 1.8 K for Cu-10-at. %%uq-A 1 whenW«/
W„ is 7. This must be multiplied by a factor
1.4 to account for the higher Debye temperature
of Evanohm, so that the expected value of T, in the
present case is about 2. 5 K. From Fig. 7 it is
seen that K,(T) lies above curve III by a factor of
1.5 at about 2. 8 K. Thus, curve III not only re-
sembles the theoretical curves of Ref. 13 in gen-
eral shape, but there is a rough agreement with
respect to the temperature at which the departures
from K~ ~ T~ occur. This latter agreement indi-
cates that the truncated strain field model is a
better description than the dislocation dipole model
for phonon scattering.

Since Evanohm does not show the minimum in K~
seen in the other alloys, it would appear that reso-
nance scattering is either absent or considerably
modified. Either the dislocations are immobile,
owing to the high concentration of solute atoms, or
the dislocation motion is highly damped, so that
the amplitude of vibrati. on and the consequent pho-
non scattering is greatly reduced.

B. Mobile dislocations

In deformed Cu-10-at. %%u~A l an dCu-4-at. 'p()-N i
there also is an increase in K,/T' as one goes to
lower temperatures. However, g increases with
decreasing temperature between 0. 8 and 0. 55 K,
so that the scattering of phonons is not just fre-
quency dependent and cannot be entirely due to
sessile dislocations; there must also be resonant
phonon scattering. The major reduction in K on
plastic deformation must still be attributed to
sessile dislocations. It is quite likely that these
dislocations are arranged not at random but so as
to truncate the long-range strain fields of most of
them, as postulated in Ref. 13 since the value of
K,/Tm of the two deformed copper alloys below
0. 55 K is only a factor of 2 below that of the an-
nealed specimens, and substantially higher than
K/T at 4 K. However, the presence of the addi-
tional scattering mechanism makes it impossible
to compare the data with theory.

From Eq. (9) and the thermal resistivities at
3 K, the density of sessile dislocations introduced
by swaging is estimated to be 1. 5x10" lines/cm
for Cu-4-at. %%uo-N i an d6 . 6x10" lines/c m for
Cu-10-at. j()-Al.

The latter estimate must be corrected for the
fact that in Cu-10'P()-Al scattering of phonons by
dislocations is probably enhanced by solute atmo-
spheres around each dislocation. ' Mitchell et al. '
estimated, from annealing studies on a similar al-
loy, that solute atmospheres increase the disloca-
tion resistance by a factor of about 1.5 over that
for "bare" dislocations. This factor would reduce
the dislocation density estimate in the deformed
Cu-10-at. %%uo-A 1 specime n toabout 4. 5 x10"lines/
cm . For Cu-4-at. Pq-Ni, where the atomic misfit
and the mass difference between solvent and solute
atoms is small, one would not expect an important
enhancement of dislocation scattering by solute at-
mospheres.

Even this reduced estimate of the dislocation
densities in deformed Cu-10-at. k-Al may be too
high, because some of the additional thermal re-
sistivity at 3 K in the deformed sample may be due
to mobile dislocations. In the absence of a com-
plete theory of scattering by mobile dislocations,
this contribution cannot be evaluated. However,
the higher the temperature, the greater should be
the effect of sessile dislocations relative to the
mobile dislocations, provided the resonance fre-
quency is low. Since most deformed alloys follow
roughly a K~~ T dependence above 4 K until point
defect and anharrnonic effects become important,
these values of 8'«are not violently in error.

It is interesting that the major resonant frequen-
cy seems the same in both Cu-10-at. %-AI and
Cu-4-at. %-Ni, and in both deformed and annealed
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specimens, since the minimum in K~ is at about

0. 7 K in all these cases. This argues against the
vibrating string model and against the model of
vibrations of dissociated dislocations.

In the vibrating string model one mould expect
the average loop length to vary inversely as the
square root of the dislocation density. Since the
dislocation density in the annealed specimens
should be much lower than in the deformed spec-
imens, one mould have expected the resonance fre-
quency in the annealed specimens to be shifted down

by an order of magnitude. This shift clearly does
not occur, so that the only way in which one could
reconcile the present observations with that model
would be to assume that while the average disloca-
tion density is lowered in the annealed specimens,
the mobile dislocations occur in regions where the
dislocation density is high, and comparable to the
density in deformed specimens. This seems un-

likely.
The resonance frequency seems the same in both

Cu-10-at. /~-Al and Cu-4-at. /~-Ni, even though
their stacking fault energies differ by an order of
magnitude. ' This seems to rule out a resonance
mechanism based on vibrating stacking faults,
since that theory' predicts the resonance frequen-
cies to be proportional to the stacking fault ener-
gies. This model does have the attractive feature
of predicting two resonance frequencies; our data
indicate a small inflection around 2 K besides the
major minimum at about 0. 7 K. However, two
resonance frequencies are a consequence of the
presence of edge and screw dislocations, and may
thus be common to many models. They also appear
in the Peierls potential vibration model. The in-
sensitivity of the position of the resonance to alloy
composition and to the state of deformation thus
tends to favor the Peierls potential as the source
of the restoring force in a resonance model of vi-
brating dislocations.

It may be reasonable to identify the stronger
resonance at 0. 7 K with edge dislocations and the
weaker resonance near 2. 5 K mith screw disloca-
tions. Not only is the Peierls potential stronger
for screw dislocations than for edge dislocations, 40

so that the former should give a higher resonance
frequency, but edge dislocations are known to be
the predominant type in deformed Cu-Al alloys,
so that in the deformed alloys the resonance at low-
er frequency should be the stronger one, as is in-
deed the case.

It is still necessary to explain why there is visi-
ble resonance scattering in the annealed alloys,
even though the dislocation density must be smaller
by a factor of at least 100. On an additive resis-
tance approximation the resonance scattering in the
annealed alloys relative to the deformed alloys is
reduced by a much smaller factor (about 5 in Cu-
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FIG. 8. K~ vs T for two annealed copper alloys.

10-at. /p-A1, even less in Cu-4-at. %-Ni). One

would have to assume that annealing greatly re-
duces the density of sessile dislocations, but
changes the density of mobile dislocations by a
much smaller amount. A much more attractive
alternative would be to assume that the vibrating
dislocations scatter some phonons very strongly,
but leave other phonon groups unaffected. The
effect of resonance scattering on the thermal con-
ductivity would then saturate as a function of the
density of mobile dislocations, and the saturation
reduction would always be the same fractional re-
duction in K~ at resonance. The present observa-
tions are not inconsistent with such a model. Fur-
thermore, this is the same argument that Anderson
and Malinowski' used to interpret the effect of vi-
brating dislocations on the thermal conductivity of
lithium fluoride. In their case it was phonons of
one polarization branch which were preferentially
scattered. It is also possible that the group of
phonons which are strongly scattered could belong
to some range of frequencies.

C. Phononwlectron scattering

In the annealed as well as the deformed speci-
mens of Cu-10-at. %-Al and Cu-4-at. %-Ni, the
lattice conductivity drops off rapidly as T is de-
creased below 0. 55 K. The temperature range
available is too narrow to determine the tempera-
ture dependence of K~ below the secondary maxi-
mum, but the experimental values are not incon-
sistent with a K~oc T variation. The lattice con-
ductivity of the two annealed specimens are inter-
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compared in Fig. 8.
It seems plausible that in the annealed specimens

the lattice conductivity below the secondary maxi-
mum is limited by phonon-electron scattering.
From the values of K~ in that region one deduces a
value of W, T of about 900 W 'cmK for Cu-4-
at. %-Ni and 1100 W 'cm K for Cu-10-at. %-A1.
This is not too different than the theoretical value
for W„T of 710 W 'cmK of Eq. (8). Note that
if the lattice thermal conductivity in the liquid- He
range (1-4 K) had been used to estimate Wg T, as
has been done in a large number of earlier deter-
minations, we would have obtained a higher value
of PgT .

It had already been suspected that these earlier,
higher values of W~T of annealed alloys should
not be identified with W~, T, but perhaps contained
resistance due to residual dislocations. ' ' A plot
of S~T versus electron concentration, as in Fig.
9 and similar plots in Ref. 45, shows a cusp-like
behavior near the parent metal, rather than the
expected smooth dependence on electron concentra-
tion. Values of W, T deduced from our data near
4 K show tke same anomalous behavior. Our val-
ues of W, T below 0. 55 K are also shown: the
dependence on electron concentration is now more
regular.

While it was believed that the excess resistance
could be due to dislocations, it was difficult to ac-
count for it in terms of sessile dislocations, as
this would imply a very high residual dislocation
density in the annealed alloys. If the excess re-

sistance is asCribed rather to vibrating disloca-
tions, this difficulty disappears. The fact that

W~ T below 0. 55 K agrees well with the theoretical
value of S'~, T and with values of W~T for more
dilute annealed alloys confirms this interpretation.

Lattice thermal conductivities of annealed silver
alloys reported by Jericho and data on a variety
of alloys reported by Kapoor et al. ' also support
this interpretation. Thus, for Jericho's Ag-5-
at. %-Sb, W, T is 410 W 'cmK below 1 K, in
agreement with the theoretical value of 430 W 'cm
K for Ag of Eq. (8).

One difficulty with this interpretation is that ac-
cording to the considerations of Pippard ' one would
have expected W~, to be strongly reduced below the
values of (8) if the electron mean free path L, is
less than the dominant phonon wavelength X, and K~
to decrease more slowly than T with temperature.
In Evanohm, L, is around 10 A; in the copper al-
loys it is about 100 A. Below 1 K, X exceeds 1500
A, so that W~, should indeed be strongly affected.
This does not appear to be the case. Since the
Pippard prediction is well founded theoretically,
and generally confirmed at ultrasonic frequencies,
the absence of such an effect in the present case is
difficult to understand.

VI. SUMMARY

The effect of truncated dislocations predicted by
Ackerman and Klemens' were seen in deformed
Evanohm. The effect may well be present also in
the two deformed copper alloys, but cannot be
clearly identified because it is overshadowed by an
anomaly attributed to phonon scattering by mobile
dislocations. This latter scattering has resonance
character, and is also present in the annealed cop-
per alloy specimens. Since the apparent resonance
frequency seems independent of dislocation density
and the same for both copper alloys, the resonance
is probably associated with the Peierls potential.
Were it not for the strong scattering of phonons by
residual dislocations, the lattice thermal conduc-
tivity of annealed alloys would be a regular function
of electron concentration.
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