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Thermal Conductivity of Ten Selected Binary Alloy Systems

C. Y. Ho, M. W, Ackerman, K. Y. Wy, $. G. Oh, and T. N. Havill

Center for Information and Numerical Data Analysis and Synthesis, Purdue University, West Lafayette, Indiana 47906

This work reviews and discusses the available data and information on the thermal conductivity of ten selected
binary alloy systems and presents the recommended values resulting from critical evaluation, analysis, and syn-
thesis of the available data. The ten binary alloy systems selected are the systems of aluminum-copper,
aluminum-magnesium, copper-gold, copper-nickel, copper-palladium, copper-zinc, gold-palladium, gold-silver,
iron-nickel, and silver-palladium. The recommended values given include values of the total thermal conductiv-
ity, electronic thermal conductivity, and lattice thermal conductivity. The uncertainty of the values is generally
of the order of £10%. The values for each of the alloy systems except two are given for 25 alloy compositions:
0.5, 1, 3, 5, 10(5)95, 97, 99, and 99.5%. For most of the alloy compositions, the values cover the temperature
range from 4 K to the solidus temperature or 1200 K. In addition, reliable methods for the estimation of the
electronic and lattice thermal conductivities of alloys have been developed in this study.

Key words: Alloys; conductivity; critical evaluation; data analysis; data compilation; data synthesis; electrical
resistivity; metals; recommended values; thermal conductivity; thermoelectric power.
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Vi Atomic fraction of the heavier element
YL Atomic fraction of the lighter element
a Ratio of reciprocal relaxation times for N- and

U-processes

Impurity-imperfection parameter of elements

Griineisen parameter

Quantity characterizing the perturbation due to mass
defects and lattice distortion

Fermi energy

Reduced electron energy

Debye temperature

Boltzmann constant

Ferromagnetic ordering parameter

Total electrical resistivity

Resistivity of ferromagnetic metal in the absence of
ferromagnetic ordering

2o Residual electrical resistivity

0: Intrinsic electrical resistivity

Ao Deviation of electrical resistivity from Matthiessen’s

rule
(k)  Relaxation time for electron in kth state
7E) Relaxation time for electron with energy E in
spherical symmetry

< ™

*

D DR R I v»

Te Combined relaxation time

TN Relaxation time for N-processes

T, Relaxation time for point-defect scattering

T Relaxation time for U-processes

w Frequency of lattice wave

wo Phonon frequency at which the relaxation times for

point-defect scattering and U-processes are equal

1. Introduction

The primary objective of this study was to critically
evaluate, analyze, and synthesize all the available data and
information on the thermal conductivity of ten selected
binary alloy systems and to generate recommended values
over the widest practicable ranges of temperature and alloy
composition for each of the alloy systems. The ten binary
alloy systems selected are the systems of aluminum-copper,
aluminum-magnesium, copper-gold, copper-nickel, copper-
palladium, copper-zinc, gold-pailadium, gold-silver, iron-
nickel, and silver-palladium. Most of these alloy systems are
among those fur which the Jurgest amounts of experimental
data are available. However, it will become evident that even
for these alloy systems serious gaps still exist in the thermal
conductivity data, as concerns dependence on both composi-
tion and temperature, and that most of the available experi-
mental data show large uncertainties or wide divergences. It
was, therefore, necessary to set additional objectives: (1) to
develop reliable methods for the estimation of the thermal
conductivity of alloys, (2) to determine the extent to which the
methods of data estimation developed in this study are appli-
cable in general, and (3) to identify those areas where further
theoretical and experimental research is needed.

The systems selected include all three different kinds of
binary alloy systems: nontransition-metal and nontransition-
metal systems (aluminum-copper, aluminum-magnesium, cop-
per-gold, copper-zinc, and gold-silver), nontransition-metal

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978

and transition-metal systems (copper-nickel, copper-palla-
dium, gold-palladium, and silver-palladium), and a transi-
tion-metal and transition-metal system (iron-nickel). The in-
clusion of this wide range of alloy systems in this study has
tested the broad applicability of the methods developed for
data estimation and synthesis.

The resulting thermal conductivity values presented in this
work include values of the total thermal conductivity, elec-
tronic thermal conductivity, and lattice thermal conductivity.
These values are designated as recommended or provisional
values depending upon the level of confidence placed on the
values and, hence, upon the uncertainty of the values as-
signed. The ranges of uncertainties of recommended and pro-
visional values are less than £15% and between £15% and
+30%, respectively. Some of the lattice thermal conductivity
values are designated also as typical values, of which the
uncertainty is greater than x30%. It should be noted that
most of the resulting values are designated as recommended
values and the uncertainty of the values is generally of the
order of +10%.

The values generated are for alloys which are not ordered
and have not been cold worked severely; the values would be
higher for ordered alloys and lower at low temperatures for
cold-worked alloys.

The methods developed for the estimation of the thermal
conductivity of alloys are detailed in section 2. These
methods have been extensively tested with selected key sets
of experimental data that are considered reliable through
critical evaluation and analysis of the data and the details of
measurement and through careful examination of the inter-
nal consistency of the data and the consistency with other
data. In these methods the electronic and lattice components
of thermal conductivity are estimated separately.

In alloys the principal carriers of thermal energy are elec-
trons and phonons or lattice waves. At low temperatures the
electrons are scattered mainly by solute atoms, and at higher
temperatures the scattering of electrons by lattice waves
becomes significant. The electronic thermal conductivity of
an alloy is calculated from the electrical resistivity and ther-
moelectric power of the alloy and the electrical resistivity and
thermal conductivity of the constituent elements.

At the lowest temperatures the lattice thermal conductivity
of an alloy is limited by the phonon-electron interaction and
phonon scattering by residual dislocations anchored in place
by solute atoms; both of these resistive mechanisms result in
approximately a T temperature dependence. At somewhat
higher temperatures point-defect scattering and scattering by
dislocation cores cause the lattice conductivity to depart from
its T? temperature dependence, and at still higher tempera-
tures the combination of three-phonon anharmonic interac-
tions and point-defect scattering cause the conductivity to
decrease approximately as T-%. The lattice thermal conduc-
tivity of a solid-solution alloy at temperatures above the
region of its maximum can be calculated semi-theoretically
based upon the Klemens-Callaway theory. At temperatures in
the region of lattice conductivity maximum and below, how-
ever, there is no adequate method available for the calcula-
tion of the lattice thermal conductivity because the knowl-
edge of both the phonon-electron coupling constant and the
residual dislocation densities is lacking, and at present the
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lattice thermal conductivity must be derived from experimen-
tal data.

In section 3 the procedures for data evaluation, analysis,
synthesis, and the generation of recommended values are out-
lined, including the procedures for data estimation using the
methods detailed in section 2. The copper-nickel alloy system
is used as an example for illustration.

The values generated for the total thermal conductivity,
electronic thermal conductivity, and lattice thermal conduc-
tivity of each of the ten selected binary alloy systems and the
experimental thermal conductivity data and information are
presented in section 4. In the discussion of the thermal con-
ductivity of each alloy system, individual pieces of available
data and information are reviewed, details of data analysis
and synthesis are given, the considerations involved in arriv:
ing at the final assessment and recommendation are dis-
cussed, the recommended values and the experimental data
are compared, and the uncertainties in the recommended
values are stated. For each of the alloy systems except two
(aluminum-magnesium and copper-zinc), the values are given
for 25 alloy compositions: 0.5, 1, 3, 5, 10(5)95, 97, 99, and
99.5%, which greatly facilitates the interpolation of values
for alloys with intermediate compositions. For most of the
alloy compositions, the values cover the temperature range

- from 4 K to the sulidus temperature or 1200 K. .

At first sight many of the recommendations seem to be
merely extensive extrapolations from a few sets of scattered
experimental data, but in fact the recommended values for
the electronic thermal conductivity are calculated from a
large body of electrical resistivity data and those for the lat-
tice thermal conductivity are calculated from well tested
semi-theoretical methods.

Conclusions of the present study and recommendations for
further experimental and theoretical research are given in
section 5. The complete bibliographic citations for the 191
references are given in section 7.

2. Theoretical Background

In metals and alloys the principal carriers of thermal
energy are electrons and latlice waves, and it is commonly
assumed that the total thermal conductivity is

k=k+k,, (1)

where £k, is the electronic thermal conductivity and £, is the
lattice thermal conductivity; these are the thermal conductiv-
ity components due o the transport of heat by the electrons
and by the lattice waves or phonons, respectively.

In most of the pure non-transition metals, conduction by
lattice waves is negligible in comparison with conduction by
electrons at all temperatures, but in alloys the lattice compo-
nent is often comparable to and sometimes even greater than
the electronic component at low temperatures and is not neg-
ligible even at temperatures well above the Debye tempera-
ture in some cases. Hence, in order to estimate the thermal
conductivity of an alloy it is necessary to estimate both the
electronic and lattice components. Since the principal ther-

963

mal resistance mechanisms differ in different temperature
regions, it is necessary to devise different methods for mak-
ing predictive estimates in different temperature regions. In
the course of developing these methods a number of specific
areas in which further experimental and theoretical studies
are needed were identified.

2.1. Electronic Thermal Conductivity

In the alloys under consideration at temperatures below
about 25 K the only significant contribution to the electronic
thermal resistivity, W., is the scattering of electrons by solute
atoms, so that the electronic thermal conductivity may be
calculated from the Wiedemann-Franz-Lorenz relationship,

k= 1 ~ 1 =L0T, @

We Ve Qo

where W, is the residual electronic thermal resistivity due to
impurity scattering of electrons, o is the residual electrical
resistivity, T is the temperature, and L, is the classical theo-
retical Lorenz number and has a value of 2.443x107°V2K~2,

At higher temperatures the scattering of electrons by lat-
tice waves becomes significant. At temperatures between
about 25 K and 100 K the electronic thermal resistivity has
commonly been estimated from the thermal analog of Mat-
thiessen’s rule,

We= We0+ WeFQO/LOT+ Weis (3)

where W.;is the intrinsic electronic thermal resistivity, which
is the reciprocal of the intrinsic electronic thermal conductiv-
ity, k.., of the "‘parent’’ element, and Matthiessen’s rule
states that the electrical resistivity is composed of a residual
and an intrinsic component:

=gt (C)]

Equation (3) is based on the assumption thai the deviations
from Matthiessen’s rule, Ag=p—@o—0:, and its thermal
analog, AW=W.— W .,—~W.., can be neglected. This is not the
case at higher temperatures; Ap and AW may be significant
even at temperatures below 100 K. These deviations may be
taken into account by assuming that they are related by the
Wiedemann Franz Lorenz law: Ag/AW—LT, where L is the.
Lorenz ratio which may or may not be equal to L,. This
assumption is based on an argument by Klemens [1]* which
may be summarized as follows. .

The intrinsic electrical and thermal resistivities arise from
interactions between electrons and phonons which take elec-
trons from regions of momentum space where there are too
many into regions where there are too few. electrons relative
to the equilibrium concentration. Since the phonon energies
are relatively small, the electron energies are little changed
by these interactions, and their initial and final states must
both lie near the Fermi surface.

! Numbers in brackets designate references listed in section 7.
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In the case of electrical conduction the deviation of the
distribution function from the equilibrium distribution due
to the electric field is proportional [2] to a function, fik), of
the direction of the electron wave vector, the sign of the
deviation depending on the direction of the electron wave
vector. The intrinsic electrical resistivity, @, is the result of
the motion of electrons in K space through interactions with
phonons to distant regions of the Fermi surface, involving
substantial changes in the direction of k, which is a “‘horizon-
tal’’ movement on the Fermi surface.

In the case of thermal conduction, the deviation from the
electronic equilibrium distribution due to the temperature
gradient is proportional to the same function f{k) of the direc-
tion of the electron wave vector but it is also proportional to
the reduced electron energy, n=(E—{)/xT, E being the elec-
tron energy, { the Fermi energy, and x the Boltzmann con-
stant. Thus the sign of the deviation of the distribution func-
tion can be changed not only by “‘horizontal’’ movemeni on
the Fermi surface but also by changing the sign of n, which is
a “‘vertical’’ movement through the Fermi surface. These mo-
tions in k space contribute approximately additively to the in-
trinsic electronic thermal resistivify: W, =Wy +Wv.. Since
flk) is the same for electrical and thermal conduction,
horizontal movement is equally effective in both cases, so
that @; and Wy, are related by the Wiedemann-Franz-Lorenz
law. Now Wy, depends on a local property of the Fermi sur-
face and is, therefore, relatively insensitive to changes in the
band structure due o alloying. On the other hand Wy;, being
due to motion of the electrons over large distances on the
Fermi surface, is sensitive to changes in its overall shape, par-
ticularly when these changes involve contact with the zone
boundary which effectively short circuits the horizontal
movement. Hence the change in W, on alloying is much
larger than the change in Wy, and makes the dominant con-
tribution to the deviations from Matthiessen’s rule. Thus, to a
good approximation, the deviations from Matthiessen’s rule
and its thermal analog are related by the Wiedemann-Franz-
Lorenz Law,

We=(o—e)/LT+W., ®)
or

S S (6)
k= ey IT W,

In applying eq (6), W.. and g, are taken to be the intrinsic
thermal and electrical resistivities of the virtual crystal ob-
tained for alloys containing ordinary metals, by linear inter-
polation between the values for the elements. For alloys con-
taining transition elements the intrinsic resistivities were
interpolated  according to Mott’s theory [3,4]. In Mott’s
theory the holes in the d band of palladium, for example, are
filled by the s electrons of the silver atoms. These d band
holes act as traps into which the conduction electrons are
scattered and account for the strong electron-phonon interac-
tion in palladium-rich alloys. These holes are assumed to be
filled when the silver concentration reaches 60 atomic per-
cent so that the intrinsic resistivities for the silverrich alloys
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are taken to be those of silver and to increase linearly with
palladium content for alloys containing less than 60 atomic
percent silver.

For most alloys W,; is much smaller than the other term in
eq (6) so that the error introduced in common practice by tak-
ing W.: of the elements to be the reciprocals of their total
thermal conductivities is also small. However, in dilute alloys
of elements which do not have electronic thermal conductivi-
ties comparable to those of the noble elements this error is
significant, and W,, is therefore calculated in this work from
the expression

-y _1_Bg__1 _B :
Wo=——=t-L_ 5, @

where f§ is the impurity-imperfection parameter of the ele-
ment. The values of & and f of the elements are available
from ref. [5]? and the values of &, of an clement at moderate
and high temperatures are calculated from eq (36). The
values of elecirical resistivities of the ten selected binary alloy
systems and their nine constituent elements used in eq (6) are
available from ref. [7].

From the argument leading to eq () it is clear that the
value of L used therein should be that for horizontal motion
on the Fermi surface, or for clastic scattering; the values of L
appropriate for use in eq (6) and in the Wiedemann-Franz-
Lorenz law, which one might expect to be valid at high tem-
peratures where phonons scatter electrons through large
angles, are discussed below.

It should be noted that eq (6) may not be valid in some

-cases. If the deviations from Matthiessen’s rule are due to the

fact that two bands of electrons, such as those on the neck
and belly regions of the Fermi surface, contribute significant-
ly to the electrical conduction, then, in general, the devia-
tions from Matthiessen’s rule and its thermal analog are not
related by the Wiedemann-Franz-Lorenz law.

Significant deviations of the Lorenz ratio from its classical
value can result from band structure effects and from elec-
tron-electron scattering.

The possibility of deviations due to band structure effects
and the difficulties they present may be seen from the follow-
ing. Assuming the existence of a relaxation time, the elec-
tronic transport properties can be expressed through in-
tegrals over reciprocal space of the form

K= =4[ f S0 0KE,~0r 25 d°k ®)
k

which for spherical symmetry [182] reduces to
=1 - sy O
K= 5% JJZeo(E)T(E)(E=-{) 2 ¢4dE. 9

Here % is the reduced Planck constant, v is the electron
velocity, Tis the relaxation time, E is the electron energy, f*is
the Fermi-Dirac distribution function, ¢ is the Fermi energy,

? The recommended values for the thermal conductivities of the elements given in
ref. [5] in some cases are slightly different from those given in ref. [6], and the values
given in ref. [5] are preferred and should be used whenever there is a difference.
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and d4 is an element of a constant energy surface in
reciprocal space. In particular, the absolute thermoelectric
power is given by

1 K,

S= T K (10)
and the Lorenz ration by
_ 1 [K K _ 1 K _q
I=or L Ko Koz] =yl A L

Because of the factor 8/°/3 E which is large only near ¢, the
usual procedure is to expand each integrand in a Taylor
series about {. Retaining only the leading term of the series
leads to the result L=L,—S?, where L, is the classical
theoretical Lorenz number. The values of L obtained from
this result arc used in cq (6) to give the cquation employed in
our calculations:

he———— (12)

e—e: :
To—T 7

The values of absolute thermoelectric powers of the ten
selected binary alloy systems used in eq (12) are available
from ref. [40]. :

There is some question about the choice of Lo in the case of
transition-element alloys. The difficulties occur also in the
treatment of the pure transition metals, and will be reviewed
briefly in that context.

If, as in the case of some transition metals, a narrow band
with a high density of states overlaps the conduction band at
the Fermi energy, then at high temperatures it is necessary to
include higher order terms in the series and this will cause a
deviation of the Lorenz ratio from the classical value. It is
possible, at least in principle, to evaluate the second order
terms from the thermoelectric power and the series expansion
for the electrical conductivity (see Williams and Fulkerson,
1969 [8, pp. 443-7]). However, if the relaxation time is a
strong function of energy, as is the case in transition metals
on the assumption [9] that it may be written as the reciprocal
of the product of the density of states and a scattering proba-
bility per unit time, then a Taylor series expansion about {
may not be adequate to represent the integrand over the
energy range x1 at high temperatures. In such cases the in-
tegrals must be evaluated numerically. This has been done
for Pd [10] and reasonable agreement between theory and ex-
periment was obtained; the discrepancies were presumably
due 10 electron-electron scautering {11, p. 412] which occurs
in both ordinary and transition metals. In ordinary metals,
normal electron-electron scattering, in which electron quasi-
momentum is conserved, contributes to the thermal resistiv-
ity but not to the electrical resistivity and thus causes a
negative deviation of the Lorenz ratio. Such a deviation has
been observed in Cu [12,13]. In transition metals normal
electron-electron interactions between s and d band electrons
contribute to the electrical resistivity as well as to the thermal
resistivity; these processes are very strong [14,15] and are
generally thought to be responsible for the T? temperature
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dependence of the electrical resistivity observed in these
metals at low temperatures. The deviation of the Lorenz ratio
due to electron-electron scattering may either enhance or par-
tially cancel the effects of band structure. The latter appears
to be the case in the group VIII elements [16]. The deviations
of the Lorenz ratio of transition metals due to band structure
effects are significant and cannot yet be calculated directly;
further, in order to calculate correlations between the elec-
trical resistivity and the Lorenz ratio, the density of states
function of the material must be known and there are diffi-
culties in including the effects of electron-electron scattering
in such an analysis.

The Wiedemann-Franz-Lorenz law is valid in alloys at very
low temperatures where one need consider only impurity scat-
tering, and in both metals and alloys at high temperatures
where phonons scatter electrons through large angles. Equa-
tion (12) was developed in order to calculate the electronic
component at intermediate temperatues. However, as is clear
from the preceding discussion, in the case of transition-metal
alloys there is considerable uncertainty about the values of
the Lorenz ratio to be used in the Wiedemann-Franz-Lorenz
law at high temperatures. The method tried was to interpo-
late for the deviation from the classical value on the basis of
the questionable assumption that the net deviation resulting

from band structure effects and s-d electron-electron scatter-

ing is proportional to the number of holes in the d band. It
was found that in the Cu-Ni system the resulting values of £,
nowhere differed from those obtained from eq (12) by more
than 5 percent and it was decided to use eq (12) over the en-
tire temperature range above 25 K.

In view of the uncertainties associated with eq (12), it is
reassuring that the values obtained from it have been found
to be in good agreement with the values of the electronic
component obtained from experimental values of thermal
conductivity considered to be reliable on the basis of the
usual criteria.

While a considerable amount of effort has been concen-
trated on the study of deviations from Matthiessen’s rule, far
less attention has been given to their relation to the devia-
tions from its thermal analog [1,17,18,185]. Work in this area
is hindered by the failure of many authors to include the cor-
responding electrical resistivity data when reporting thermal
conductivity values. Further work in this area would help to
determine the limitations of eq (12) and very probably lead to
improvements on it.

2.2. Lattice Thermal Conductivity

The processes limiting lattice conduction are different in
the temperature regions below, about, and above the temper-
ature at which it has its maximum value. At very low tempera-
tures, typically below one twentieth of the Debye tempera-
ture, 6, these are the ordinary and impurity-induced
electron-phonon interactions, and in strained specimens,
phonon scattering by dislocations. These processes are also
important in the temperature range in which the lattice com-
ponerit has its maximum value, typically between 6/20 and
6/5 for alloys of ordinary metals but considerably higher for
some transition elements, but in this region point-defect scat-
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tering and three-phonon anharmonic interactions also con-
tribute to the thermal resistivity. At temperatures above this
region the important resistive processes in alleys of ordinary
metals are three-phonon anharmonic interactions and point-
defect scattering; in alloys containing transition metals the
effect of electron-phonon interactions may also be significant
in the lower portion of this temperature range. This third
region is the only one in which it is possible to estimate the
lattice component on the basis of present theory.

a. Low Temperature Region

The problem of calculating the coupling constant for the
electron-phonon interaction is a very difficult one even in the
simplest cases; in fact, measurements. of low temperature
alloy termal conductivity were initially undertaken to obtain
information about this interaction. From results reported by
Lindenfeld and Pennebaker [19] for Cu alloys it appeared
that it might be possible to estimate the lattice component
from electrical resistivity data on the basis of present theory.
This did not prove to be the case. It was found that values ob-
tained from an expression which follows from the equations
in ref. [19] differed from those obtained from measurements
by as much as a factor of three. It is almost certain that these
discrepancies are largely the result of the use of Pippard’s
early results [20] which are based on the free electron model;
this simple model is inadequate for most metals and alloys.

At temperatures below 6/20, the lattice thermal conductiv-
ity of a pure ordinary metal may be calculated from an ex-
pression derived by Klemens [21]

313k.. T*

k=—————-——
& n43 g )

(13)
where n is the number of conduction electrons per atom, 8 is
the Debye temperature, and k.. is the intrinsic electronic
thermal conductivity. Since in this region k., is inversely pro-
portional to 17, k, has a T* temperature dependence. Equa-
tion (13) 1s based on the assumption ot a reciprocal ettect of
the electron-phonon interaction on electronic and lattice con-
duction and therefore does not apply to transition elements
in which electron-phanon interactians invalving only d band
electrons have little effect on electrical conductivity but may
have a significant effect on lattice conduction. It also does
not apply to alloys in which the electron mean free path is so
short that the usual treatment of the electron-phonon interac-
tion is invalid; typically, these are alloys in which the residual
resistivity is 10 uQ cm or greater.

However, if one attempis to estimate the k, of an alloy from
this expression the value obtained is greater than the exper-
imental value by a factor which increases rapidly with solute
concentration up to approximately 10 atomic percent. A pos-
sible explanation of this behavior is that it is due to phonon

scattering by dislocations which are so strongly anchored by

solute atoms that they remain even after prolonged annealing
at high temperatures. The experimental support for this idea
is some recent measurements on Cu-Al alloys at the Universi-
ty of Connecticut [22] which show that such behavior is not
observed at temperatures below about 0.5K, where the domi-
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nant phonon wavelengths are larger than the range of the dis-
location sirain fields so that scattering by dislocations is
greatly reduced [23].

Consequently, at present one cannot make reliable esti-
mates of the k, of alloys at low temperatures and it must be
obtained by stubracting k. from the measured total thermal
conductivity. Further, one can obtain reliable values of the £,
from thermal conductivity measurments only in those cases in
which the corresponding values of electrical resistivity are
given, as there is often a significant variation in the resistivi-
ties of specimens having the same nominal composition. It is
unfortunate that while there is a sizable body of experimental
data showing strong composition dependence of the low-tem-
perature thermal conductivity of alloys, in most cases the cor-
responding values of the electrical resistivity are not re-
ported, so that it is not possible to relate the changes in the
two quantities. Finally, in view of the probability that resid-
ual dislocations are responsible for a large portion of the
thermal resistivity, one cannot reliabily extrapolate curves of
the lattice component down to temperatures below about 1.5
K.

In order to make it possible to estimate the lattice compo-
nent at low temperatures by other than empirical means, it is
necessary to develop both a quantitative theory of impurity
enhancement of the phonon scattering in alloys of ordinary
metals and a theory of low temperature lattice conduction in
transition element and high residual resistivity alloys. It
seems that progress in these directions will involve the use of
Pippard’s more general equations [24] which apply to a non-
spherical Fermi surface, taking into account changes in its
shape with the addition of solutes. However, application of
this theory to transition metals presents a difficult problem.
Since electrical conduction is mainly by s band electrons, the
residual resistivity is a measure of the mean free path of the s
clectrons and provides no information about thc mcan frec

path of the d band holes, which is probably very short.
b. Intermediate Temperatures

At temperatures near the maximum of the lattice compo-
nent the resistive processes which limit lattice conduction at
lower and higher temperatures are comparable in magnitude’
and the problem of estimating the lattice component in this

_ region is a formidable one. It is, first, because of the difficul-

ties associated with the electron-phonon interaction discussed
above and, secondly, because the treatment of the resistive
three-phionon anharmonic interaction in this region is com-
plicated by the fact that here the strength of these interac-
tions is a rapidly varying function of temperature.

At present there is no method available for the calculation
of k, in this temperature region. In this work the values of k,

in this region are derived from experimental data and the
calculated values of £..

¢. High Temperature Region
At temperatures above the region of the maximum of the

lattice component, typically 6/5 for alloys of ordinary metals
but considerably higher for some transition-element alloys, it



THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS

is possible to estimate the lattice thermal conductivity on the
basis of a theory developed by Klemens [25] and Callaway
[26] assuming that the effect of the electron-phonon interac-
tion can be neglected; this is not the case for some transition
elements in the lower portion of this temperature range.

The reciprocal relaxation time for the thermally resistive
three-phonon anharmonic interactions, U-processes, at fre-
quencies not too close to the Debye limit is of the form BTw?
where B is a constant determined from experiment, T is the
temperature, and w is the frequency of the lattice wave. The
reciprocal relaxation time for point-defect scattering is of the
form (a*/4m®) £ w* where @ is the average volume per atom,
v is the speed of sound, and € is a quantity which character-
izes the perturbation due to mass defects and distortions of
the lattice. In addition, there are three-phonon anharmonic
interactions, N-processes, which do not contribute directly to
the thermal resistivity but do contribute indircetly by redis
tributing energy from the low frequency modes to the high
frequency modes which are strongly scattered by the point
defects. The reciprocal relaxation time for N-processes has
the same form as that for the U-processes and, as argued by
Klemens et al. [27], appears to have approximately the same
magnitude in this temperature region.

Since N-processes do not contribute directly to the thermal
resistivity, the effective total reciprocal relaxation time is not
simply the sum of the individual reciprocal relaxation times.
Callaway devised a formalism in which the N-processes are
effectively taken into account for steady state lattice conduc-
tion.

Callaway found that the lattice thermal conductivity is

given by |
b (50) (57) . a9
where
I=f*7, —(%),—— ds, (15)
I=fp e %_"’1)2— dz, (16)
I= I8 TIN (1- :~> (e’fj_";)z dx,  (17)

and x and % are the Boltzmann constant and the reduced
Planck constant, v is the speed of sound, and x=#% w/xT is
the reduced phonon frequency. Here 7. is a combined relaxa-
tion time, obtained as the reciprocal of the sum of the recip-
rocal relaxation times for the various interactions, Ty is the
relaxation time for N-processes, and the term 1,2/, occurs
because of the difference between T. and the effective total
relaxation time resulting from the fact that N-processes do
not contribute directly to the thermal resistivity.

Writing the reciprocal relaxation times for point-defect
scattering, U-processes and N-processes as 1,'=Aw?,
T '=BTw?, and 1v'=aBTw” respectively, where a is the
temperature-independent ratio of reciprocal relaxation times
for N- and U-processes, the reciprocal combined relaxation
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time when the lattice thermal conductivity is limited by these
interactions is

1 '=w[4w?+BT(1+a)] , (18)
so that
T, _ aBT '
™  Aw+BT (1+a) (19)
and
1 A 2 ( _ aBT
T (1 m) oBTw” {1 Aw=+BT(1+a1> )
_ _aBTw? (Aw?*+BT)

Aw?+BT (1+a)

Upon denoting the frequency at which the reciprocal relax-
ation times for point-defect scattering and U-processes are
equal by wo, noting that wy*=BT/A, and introducing the

reduced frequency x=hw/xT, so that x¢=hw/xT, these rela-
tions become:

1. '=BTw*(1+a+w?/we?) (1)

2
=BT (xﬁT) 221+ a+x?/x02),

T _ a _ a
Tw 1+atw?/we? 1+o+x?/xe? @2)

and

1 T _ oBTw*(1+w?/we’)
Tn (1 T~ ) (23)

I+atw?/we?
(1+x‘/xoz)-
1+a+x?/x0?

- xT \?* ,
= aBT< 5 ) x
Thus, for the present case, egs (15) to (17) become:

x2e*dx

_ k 1 /T
I= <xT) BT Lo (e 17 (11 at a2 /x0?)

( th>2 (1+;)BT I"m

x’e*dx

L S xz
(=17 l}*‘“‘xozaia)']

BN
() rargr 16/ @

fl

2 e*dx __ ¢«
(e*— 1P (1+a+x?/x0?) (1+a)

1;,=af;/1

16/T) (25)

- xT \? or  xbe*(1+x%/x0%) dx
L ( 3 ) aBTfo (e—1¢ (1+a+x*/x0%)

[zﬁ(e/m—’“(f%’—] (26)

Substituting eqs (24) to (26) into eq (14) yields

(-
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[ S
’ +
[2r?fv (1 + a) B] @
al? (6/T)
[IZ O/D+ @+, (e/n/xf]
where I, (0/T)is the modified transport integral given by
_ rer x"e*dx
I.6/7)= J{ - p (28)
(ex— 17 [l+x——02 0+ cr)]

and x, is the reduced frequency at which the reciprocal relax-
ation times. for U-processes and point-defect scattering are

equal; that is (see eq (32))

%o = Ao /xT = rAr Tk (20)

Equation (27) is for the lattice thermal conductivity as
limited by both point-defect scattering and three-phonon
anharmonic interactions. In the limit of vanishing point-
defect scattering, when the thermal conductivity is limited by
three-phonon anharmonic interactions only (denoted by £.),
xo becomes infinite so that the modified transport ‘integral
I, (8/T) reduces to the standard transport integral J, (6/T)
and eq (27) reduces to

2

k.= m []2(9/7') +al.? (9/T)/]6 (G/T)]’ (30)

where

16/ =] xe*dx/(e—1). 31)

k. is the high-temperature lattice thermal conductivity of an
isotopically pure element; in the case of an alloy it is the lat-
tice thermal conductivity of an idealized "*virtual’’ crystal in
which each atom has the same average mass and volume of
the alloy. Point defect scattering is that scattering which
results from the fact that the actual atoms do not have these
masses and volumes. The tabulated values for J, are available
from the literature [186].

The quantity ¢ in the expression for the reciprocal relaxa-
tion time for point-defect scattering,

IRED (32)

is calculated from the expression
M.,-M h=V\l?
£E=y, [ L]W +y ( LV )]

e [y (B]7 69
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where M and V are the average atomic mass and volume, y;,
M;,, and V; are the atomic fraction, mass, and volume of the
lighter element, yu, My, and V are the corresponding values
for the heavier element, and y is the Griineisen parameter. M
is calculated in the usual way, y is obtained by linear inter-
polation, and ¥ is estimated from Vegard’s law,

/3=yV1”3+(1—y)V2“3, (34_)

where y is the atomic fraction of the solute and V) and ¥, are
the atomic volumes of the solute and solvent elements respec-
tively. The mass defect terms are based on the results of
Klemens [28] and Tavernier [29] who respectively treated the
case of a light atom in a heavy matrix and that of a heavy
atom in a light matrix. The difference lies in the response of
the atom to the driving frequency of a wave; in the former
casc thc atom can respond rapidly enough that the speed of
oscillation may be considered unaffected so that the. pertur-
bation is proportional to the deviation from the average mass
while in the latter case it is better to consider the momentum
as being unaffected so that the perturbation is proportional
to the difference of the reciprocals of the average and impuri-
ty masses. The distortion terms and the form of € are based
on the reeulte of Ackerman and Klemens [30] who redie-
covered the fact, as Carruthers [31] first noted and contrary
to what is often stated, that the displacement field of a spher-
ical impurity in an elastic continuum has a non-vanishing
non-uniform dilation and used a treatment that retained the
phase relaticnship between the effects of the dilation and
mass defect. Equation (33) does not take into account the
difference, Af, in the force constant due to the mismatch of
atomic bonds; however, neutron scattering and Moéssbauer
experiments [32,33] indicate that Af is very small.

The coefficient in eq (27) is the same as the coefficient in
eq (30) and is estimated from the latter. This is done by esti-
mating 6 in the manner described below, estimating k, of the
virtual crystal at some temperature T’ below the Debye tem-
perature, for want of something better, by linear interpola-
tion between the values for the elements, and taking & equal
to unity; it has been found that the values of k, are not sensi-
tive to small changes in a. Then £, is estimated from the ex-
pression

k= T") x
L@/T)+12 (,G/T)/[Is (6/?') +1s (9/'T)/x02] » (35)
J.(6/T)+ 72 6/TVIs (6/T") ’
which, for a pure element, reduces to
ko= k(T J2(6/T)+ ]2 (6/T)/]s (6/T) 36)

J8/T )Y+ ]2 (6/T" )]s 6/T") "

Equations (35) and (36) are the equations used in our calcula-
tions for the lattice thermal conductivity of alloys and of pure
elements, respectively. It should be noted that eq (35) applies
only to disordered solid-solution alloys.
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The accuracy of the estimates obtained from eq (35) clearly
depends on the accuracy of the values of k, for the virtual
crystal. Experimental values of k, for the elements, which es-
sentially are the values of the lattice component of very dilute
alloys, are available for only three of the metals included in
this study: Cu, Au, and Ag. However, it was found that the
experimental values for these metals each differed from the
values obtained from the modified [34] Leibfried-Schiomann
[35] equation by approximately the same factor. Accordingly
initial estimates of the values of k&, for the other elements
were obtained from this equation multiplied by the reciprocal
of that factor, i.e.,

PN B
E T =57%10 oy )2 37)

where M, 0. v, and ¥ have the same meanings as before. It is
unfortunate that in this equation the Debye temperature is
raised to the third power, as the high temperature values of
the Debye temperature obtained from various physical prop-
erties differ considerably. The values of the Debye tempera-
tures and other parameters used in eq (37) for the nine ele-
ments constituting the ten selected binary alloy systems
covered in this work are given in table 1.

TABLE 1. Parameters for the calculation of lattice thermal conductivity of
elements using equation (37)°

M vV Y 6

Element (g mol?) (cm®mol™?) (K)
Aluminum 26.98154 10.00° 2.18 385
Copper 63.54 7.114 1.97 313
Gold 196.9665 10.22 3.09 160
Iron 55.847 7.094 1.81 373
Magnesium 24.305 14.00¢ 1.63 363
Nickel 58.71 6.593 2.00 355
Palladium 106.4 8.879 2.18 264
Silver 107.868 10.27 2.46 21¥
Zinc 65.38 9.165¢ 2.05 326

© The values of y and 6 are selected from ref. [36] with some of the values
adjusted in order to be consistent with the experimental thermal conductivi-
ty data.

®In calculating ¢, the molar volumes used for aluminum were 8.576 and
9.032. The first value corresponds to the size of aluminum atoms in copper
as determined from the change in the lattice parameter of copper upon the
addition of aluminum [37, Vol. 1]. The second value was obtained from the
change in the volume of the primitive cell upon the addition of aluminum to
magnesium as calculated from the changes in the lattice parameters of mag-
nesium upon the addition of aluminum [37, Vol. 2].

¢ In calculating &, the molar volume used for magnesium was 13.77 corres-
ponding to the size of magnesium atoms in aluminum as determined from
the change in the lattice parameter of aluminum upon the addition of mag-
nesium [37, Vol. 2].

“In calculating €, the molar volume used for zinc was 8.534 corresponding
to the size of zinc atoms in copper as determined from the change in the lat-

tice parameter of copper upon the addition of zinc [37, Vol. 2].

¢ This value was not used for the Cu-Ni and Cu-Zn alloy systems (see sec-
tions 4.3 and 4.6).

7 This value was not used for Ag-Pd alloy system (see section 4.10).

While in some cases it was possible to improve on the ini-
tial estimates of k., for some elements on the basis of experi-
mental data for a range of compositions, in others it was not,
and the estimates of the lattice thermal conductivities of
alloys containing the latter elements are accordingly less
reliable than those containing the former. While measure-
ments of the thermal conductivity of very dilute alloys of ad-
ditional elements would make possible more reliable esti-
mates of alloy lattice thermal conductivity, in view of the
uncertainty of the separation of the electronic and lattice
components of very dilute alloys at temperatures above that
of the maximum of the lattice component, it would also be
useful to have measurements of the thermal conductivity of
some more concentrated alloys of pairs of these elements in
this temperature range.

The value of the Debye temperature, ©, for the upper limit
of the integrals in eq (35) is estimated from the value of &, for
the virtual crystal by means of the modified Leibfried-
Schlémann equation, adjusted to yield values for the lattice
component in agreement with those obtained from experi-
mental data on very dilute alloys as deseribed ahove:

Vs
6 =260 [—(ﬂ%gif—] : (38)

where y is the Griineisen parameter, and M and V are the
average molar mass and volume.

Agreement between the values obtained from eq (35) and
those obtained from measurements of thermal conductivity
for the various alloy systems is discussed in the text; in gen-
eral, it was better for alloy systems exhibiting complete solid
solubility. Another general result is that the values from eq
(35) for dilute alloys tended to be too low at the low end of this
temperature range. A possible explanation of this discrep-
ancy is that the present treatment does not take into account
the “‘freezing out” of U-processes which occurs when the
temperature is reduced to the point at which there are few
phonons having wave vectors of sufficient length to parti-
cipate in such processes. Such a reduction in U-processes
could significantly reduce the thermal resistivity of dilute
alloys but cause only a small decrease in the thermal resistivi-
ty of dense alloys.

The most important deficiency of the present treatment is
that the analysis leading to eq (35) does not include the
electron-phonon interaction, for which an adequate theory
has not yet been developed. It is for this reason that, in the
absence of experimental data, the lattice component of the
transition-element-rich alloys could be reported only at
temperatures above their Debye temperature.

At high temperatures the values obtained from eq. (35) are
nearly the same as those from an approximate expression
derived independently by Abeles [38] and Parrott [39], but
there are significant differences below the Debye tempera-
ture, where the high temperature approximation used by
these authors,

x%e*/(e*—1PE1

ceases to be valid. However, because of a partial cancellation
of errors these differences are much smaller than might be
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expected from the use of the high temperature approxima-
tion.

The use of eq (35) rather than an approximate expression
for the calculation of the lattice thermal conductivity is to
some extent a reflection of the present availability of high-
speed digital computers. The expression for the quantity &,
eq (33), which takes into account the point-defect scattering
due to both the mass difference and the distortion of the lat-
tice and is first derived and given in the present work, is def-
initely an improvement of the theory.

3. Data Evaluation and Generation of
Recommended Valves

Due to the difficulties in accurate measurement of the ther-
mal conductivity of solids and in adequate characterization
of test specimens, the available experimental data on the
thermal conductivity of solids from the world literature are in
many cases widely divergent and subject to large uncertainty.
It is, therefare, very important to critically evaluate the
validity and reliability of the available data and related in-
formation, to resolve and reconcile the disagreements in con-
flicting data, and to generate recommended values. For the
thermal conductivity ot alloys, furthermore, there are serious
gaps in the experimental data for either the temperature de-
pendence or composition dependence or both. Hence, in ad-
dition to the critical evaluation and analysis of the existing
data, methods for the calculation of the thermal conductivity
of alloys were developed, as detailed in section 2, in'order to
generate estimated or synthesized values for filling the gaps
in data and for checking the validity, consistency, and reli-
ability of experimental data. These methods are essentially
semi-empirical and require experimental information as in-
put for calculations and adjustments. The reliability of these
methods has been extensively tested by using selected key
sets of reliable experimental data on alloys in various binary
alloy systems.

In the critical evaluation of the validity and reliability of a
particular set of thermal conductivity data, the temperature
dependence of the data was examined and any unusual de-
pendence or anomaly carefully investigated, the experimental
technique was reviewed to see whether the actual boundary
conditions in the measurement agreed with those assumed in
the theory and whether all the stray heat flows and losses
were prevented or minimized and accounted for, the reduc-
tion of data was examined to see whether all the necessary
corrections had been appropriately applied, and the estima-
tion of nncertainties was checked to ensure that all the possi-
ble sources of errors had been considered.

Experiniental data could probably be judged to be reliable
only if all sources of systematic error had been eliminated or
minimized and accounted for. Major sources of systematic er-
ror include unsuitable experimental method, poor experi-
mental technique, poor instrumentation and poor sensitivity
of measuring devices, sensors, or circuits, specimen and/or
thermocouple contamination, unaccounted for stray heat
flows, incorrect form factor, and perhaps most important, the
mismatch between actual experimental boundary conditions
and those assumed in the analytical model used to derive the
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values of thermal conductivity. These and other possible
sources of errors were carefully considered in critical evalua-
tion of experimental data.

The uncertainty of a set of data depends, however, not only
on the estimated error or inaccuracy of the data but also on
the inadequacy of characterization of the material for which
the data are reported. For instance, suppose a set of thermal
conductivity data obtained for a severely cold-worked speci-
men of brass with a composition of 70.06% Cu, 28.77% Zn,
and 1.17% Pb is accurate to within 5% at low temperatures.
If the author knew and reported his specimen only as 70:30
brass, the uncertainty of his data for a 70:30 brass would not
be just 5% but might exceed 20%. It was found in this and
other studies that the chemical composition of a specimen
reported by the author is often unreliable. This may be
because in many cases the stated composition was the result
of ladle analysis which the author obtaihed from the company
who supplied the specimen and it could at best represent only
the nominal composition; the actual composition varied from
sample to sample. In other cases there was a strong tendency
for only certain elements to be detected by a particular
chemical analysis which could miss other important constitu-
ents. Furthermore, the chemical composition of a specimen
might change when it was measured at high temperatures.
For binary alloys it was found that in many cases the actual
composition of a specimen might better be inferred from its
electrical resistivity if reported.

In the process of critical evaluation of experimental data
described above, erroneous data were eliminated. The re-
maining data were then subjected to further analysis and
used for data synthesis. For those test specimens for which
experimental data on both the thermal conductivity and elec-
trical resistivity were reported, the electrical resistivity data
were used for the calculation of electronic thermal conductiv-
ity values using eq (12). Lattice thermal conductivity values
were derived as the differences of the experimental % data
and the calculated k. values. These “‘experimental” k, values
derived from different sets of experimental k data were then
intercompared with one another and also compared with the
calculated values from eq (35) regarding their temperature
dependence and magnitude. During these comparisons, the
validity and reliability of the available experimental data
could further be judged. The electrical resistivity data re-
ported for the test specimens on which thermal conductivity
measurements were made were also evaluated critically in
connection with evaluation of all the electrical resistivity data
available from the literature for each of the alloy systems,
from which the recommended electrical resistivity values
were generated.

As detailed in section 2, values of the electronic thermal
conductivity of alloys were calculated from eq (12), which is
applicable to alloys in both the solid solution region and the
mechanical mixture region. In this calculation, the recom-
mended electrical resistivity values for the selected composi-
tions of the present ten alloy systems and their constituent
elements are available from ref. [7], the recommended ther-
moelectric power values are available from ref. [40], the rec-
ommended thermal conductivity values and the values of f8
for the elements are available from ref. [5], and the lattice
thermal conductivity values of the elements used as correc-



THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS 971

tions in the calculation of W, from eq (7) are calculated from
eq (36).

Values of the lattice thermal conductivity of alloys in the
region of solid solubility were calculated from eq (35). The
values of k, of the virtual crystals of alloys used in eq (35) for
calculations were obtained by linear interpolation between
the values of £, of the two constituent elements. In the initial
calculations, the &, values of elements used for generating the
k, values of alloys were either the experimental values if
available or the calculated values from eq (37). The values of
the Debye temperature for the upper limit of the integrals in
eq (35) were estimated from eq (38). It is important to note
that eq (35) is applicable only to disordered solid-solution
alloys and only for moderate and high temperatures. Beyond
the solid solution region and at low temperatures, the lattice
thermal conductivity was first obtained as the difference of
the experimental total thermal conductivity and the calcu-
lated electronic thermal conductivity. The “‘experimenial’ &,
values so obtained were then graphically smoothed and syn-
thesized to obtain the £, values for alloys of the selected com-
positions. In the solid-solution region and at moderate and
high temperatures, the ““experimental’’ k, values were used
to check the k, values calculated from eq (35). If there were
disagreements and the ‘‘experimental’’ k, values were con-
sidered reliable, the &, values of clements would be adjusted
so that the calculated %, values of alloys were in agreement
with the “‘experimental”” k, values.

In some instances only the total thermal conductivity, ob-
tained by smoothing experimental data, and the electronic
component, obtdined from eq (12), are given. In these cases
the user is cautioned against obtaining the lattice component
by subtraction: as this may lead to unphysical values for the
lattice component due to the uncertainties in the tabulated
values. :

For alloys not consisting of a continuous series of solid
solutions the values of the thermal conductivity are derived
from the experimental data on specimens in which the solid
solution phase is presumably frozen in. This may not be the
case for all specimens and the results may not be quite repro-
ducible; this is particularly true for the Al-Cu and Al-Mg alloy
systems. For this reason, the values in the temperature range
in which the phase structure is uncertain are provisional
rather than recommended.

In graphical smoothing and synthesis of data, cross-
plotting from conductivity versus temperature to conductivity
versus composition and vice versa was often used. Smuuth
curves were drawn which approximate the best fit to the con-
ductivity data versus temperature, and points from the
smoothed curves were used to construct conductivity versus
composition curves for a convenient set of selected temper-
atures. In the conductivity versus composition graph, the
families of isotherms were similar and any required
smoothing of thé data could be done more easily and with
greater confidence than when working directly with the
conductivity-temperature curves. The points from the
smoothed curves were then used to construct conductivity-
temperature curves for the selected compositions, and these
curves were further smoothed. In the graphical smoothing
process it is extremely imporiant that the alloy phase dia-

grams [104,183,184] be constantly consulted and the phase
boundaries between solid solutions and/or mechanical mix-
tures and the boundaries of magnetic transitions be kept in
mind, so as to be aware of any possible discontinuity or
sudden change of slope in the thermal conductivity curves.

The total thermal conductivity values were thus obtained
as the sum of the k. values calculated from eq (12) and the &,
values derived from the “‘experimental’ k, values or calcu-
lated from eq (35), which might have been adjusted to fit the
“‘experimental”” k, values if such values were available and
reliable.

The copper-nickel alloy system is here used as an example
to show some of the input data used for calculations and to il-
lustrate some of the points discussed above. The recom-
mended electrical resistivity values for the Cu+Ni alloys and
for the Ni+Cu alloys are shown separately in figures 1 and 2;
these were used in eq (12) for the calculation of the electronic
thermal conductivity values. These electrical resistivity val-
ues were generated from both the electrical resistivity data
reported for the test specimens on which thermal conductivi-
ty measurements were made and those extracted from the
electrical resistivity literature for all other alloys of the
copper-nickel system. As shown in figure 2, the electrical re-
sistivity versus temperature curves for Ni+Cu alloys change
slope abruptly at the Curic tewperature of the alloys. The
Curie temperature decreases as the concentration of copper
in the alloy increases. The ferromagnetism disappears and
the Curie temperature drops to zero as the concentration of
copper reaches 61.88% (60 At.%). The insert in figure 2
shows the Curie temperature as a function of percent copper
in nickel, which is a straight line for the atomic percent of
copper. Since the behavior of the electrical resistivity of these
alloys has a direct bearing on the behavior of the thermal
conductivity, the knowledge of the former is important to the
understanding of the latter.

The recommended thermoelectric power values for the
Cu+ Ni alloys and for the Ni+ Cu alloys are shown separately
in figures 3 and 4; these were likewise used in eq (12) for
calculation. Figure 4 shows also the Curie temperature of
each alloy as the point at which the slope of the curve
changes abruptly.

In order to demonstrate the validity and reliability of the
methods developed for the calculation of the thermal conduc-
tivity of alloys, a graphical comparison of the calculated
values with the experimental data for the thermal conductivi-
ty of some of the alloys of the copper-nickel alloy system is
given in figure 5. The calculated values for each alloy are
shown as a short-dashed curve which is paired with the exper-
imental curve for the same alloy. For each of these alloys both
the experimental thermal conductivity and electrical resistivi-
ty data are available, and the calculated thermal conductivity
values were obtained by using the author’s electrical resistivi-
ty data directly for the calculation of the electronic compo-
nent, with the lattice component cbtained by quadratic inter-
polation of the lattice thermal conductivity values given in
table 11 for the selected fixed compositions. The measure-
ment information on these alloys can be found in table 12 for
the Cu+Ni alloys and table 13 for the Ni+Cu alloys by referr-
ing to the corresponding curve numbers indicated in figure 5.
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It can be seen from figure 5 that the calculated values
agree very well with the data of Smith and Palmer [49]
(Cu+Ni curves 6 and 7), of Berman [70] (Cu+Ni curve 21), of
Mikryukov [144] (Cu+Ni curve 43), and of Kierspe [83]
(Cu+Ni curve 67) to within 1 to 2%, agree with the data of
Barratt {127] (Cu+Ni curve 12), of Zimmerman [130] (Cu+Ni
curve 17), and of Aoyama and Tto [134] (Cu+Ni curve 36) to
within 310 5%, and agree with the data of Smith [45] (Ni+Cu
curve 3) to within 6%. The calculated values are in agree-
ment to within 4% with the data of Griineisen and Goens
[128] (Cu+Ni curve 13) at 83 K but are 10% above their data
at 21 K. Their experimental data at 21 K is believed to be low
since this thermal conductivity data is inconsistent with their
electrical resistivity data and since their other similar meas-
urements at 21 K on Cu+Au, Au+Cu, Cut+Pd, and Pd+Cu
alloys are also low.

The data of Sager [77] (Cu+Ni curves 10 and 11) are good
examples for showing the inconsistency between the thermal
conductivity and the electrical resistivity data and for con-
vincing that calculated thermal conductivity values can be
much more accurate than the experimental data. At the lower
temperature end the differences between Sager’s data and
the thermal conductivity values calculated from his own elec-
trical resistivity data for the two alloys are only 3% (Cu+Ni
curve 10) and 7% (Cu+Ni curve 11). At higher temperatures,
however, his data increase very rapidly, and the differences
reach 31% and 104% at 990 K. By comparing the slopes of
his two experimental curves with thase of aother curves, it is
apparent that his thermal conductivity measurements were
much in error, which might very well be due to radiation heat
loss in his measurements.

Greig and Harrison [78] did not report electrical resistivity
data for their alloys directly and the data used for calculation
were derived from reported Lorenz number and thermal con-
ductivity data. This may cause some of the differences be-
tween their experimental thermal conductivity data (Ni+Cu
curves 11 and 12) and the calculated values, which mostly
amount to 5 to 15%. The discontinuity at 15 K in the calcu-
lated thermal conductivity values for Ni+Cu curve 11 is due
to the discontinuity in the electrical resistivity data used for
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calculation, but in reality there should be no such discon-
tinuity at 15 K.

As mentioned earlier, for those alloys for which experimen-
tal data on both thermal conductivity and electrical resistivity
were reported, the electrical resistivity data were used for the
calculation of k., values from eq (12), and %, values were
derived as the differences of the experimental k data and the
calculated k, values. Such derived “‘experimental’’ k, values
for the copper-nickel alloy system at 300 K are shown in
figure 6 as data points, together with the calculated £, values
from eq (35) shown as a solid curve. The magnitude of the
calculated k, values depends on the selected %, values for the
elements copper and nickel, from which the k. values of the
virtual crystals of alloys were determined. As stated in section
2.2, experimental data on k, are available for copper but not
for nickel. White [91] reported an experimental value of kT
for copper as 35.0 W cm™ at temperatures above 60 K and
this value was used in eq (35) for calculation. The value of kT
for nickel estimated from the modified Leibfried-Schlémann
equation (37) varies considerably depending upon the select-
ed value of the Debye temperature used in the calculation. It
can be seen from figure 6 that a higher value of £, for nickel,
which would make the calculated k, values higher especially
on the nickel-rich side, would render the calculated curve bet-
ter fitting to the experimental £, values for nickel-rich alloys.
However, this would make the calculated k, values too high
for the copper-rich alloys. The experimental k, values for
nickel-rich alloys as shown in figure 6 are known to be very
uncertain and those for copper-rich alloys are much more re-
liable. Between the two k,T values 52.5 and 45.0 W c¢m™ for
copper and nickel, the k, values of the virtual crystals of al-
loys were obtained by linear interpolation and used in eq (35)
for the calculation of k, values for all the alloys at
temperatures above the region of the maximum in k,.

Since it-is of interest to observe the variation of thermal
conductivity with alloy composition at various temperatures,
the conductivity-composition isotherms for the copper-nickel
alloy system are presented in figure 7 together with some of
the experimental data. ’
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4. Thermal Conductivity of Binary
Alley Systems

In this work, the term ‘‘binary alloy system’’ refers to the
full range of composition of two alloying elements and is
signified by a hyphen between the two elements, such as alu-
minum-copper alloy system. The term “‘binary alloys’” refers
to a group of binary alloys in which the first alloying element
is predominant and is signified by a plus between the two ele-
ments, such as aluminum + copper alloys. In specifying the
composition of an alloy, weight percent is denoted by % and
atomic percent by At.%. '

In each of the subsections that follow, the thermal con-
ductivity data and information for each alloy system are
presented in the following order: discussion text, figures for
comparing rccommended curves with experimental data for
selected alloys, tables of recommended values, figures pre-
senting recommended curves, figures presenting experimen-
tal data, and tables on specimen characterization and
measurement information.

In the discussion text on the thermal conductivity of each
alloy system, individual pieces of available data and informa-
tion are reviewed, details of data analysis and synthesis are
given, the considerations involved in arriving at the final
assessment and recommendation are discussed, the recom-
mended values and the experimental data are compared, and
the uncertainties of the recommended values are stated.

In the figures for comparing recommended thermal con-
ductivity values with experimental data for selected alloys
mentioned in the discussion text, the recommended thermal
conductivity values for the specific alloy compositions shown
as smooth solid curves were obtained by quadratic interpola-
tion of the recommended total thermal conductivity values
given in the table for the selected fixed alloy compositions.

The values given in the tables of recommended .values in-
clude those of the total thermal conductivity, electronic ther-

mal conductivity, and lattice thermal conductivity. These.

values are designated either as recommended or provisional
values depending upon the level of confidence placed on the
-values and, hence, upon the uncertainty assigned. The ranges
of unceriainiies of recommended and provisivnal values are
less than +15% and between +15% and £30%, respectively.
Some of the lattice thermal conductivity values are desig-
nated -also as typical values, of which the uncertainty is
greater than £30%. In the tables the third significant figure
is given for the thermal conductivity values; this, however, is
only for internal comparison and for tabular smoothness and
should not be considered indicative of the degree of accuracy
or uncertainty. The uncertainty of the values is always explic-
itly stated. For each of the alloy systems except iwo, the
values are given for 25 alloy compositions: 0.5, 1, 3, 5,
10(5)95, 97, 99, and 99.5%. The corresponding atomic per-
cent of each weight percent composition is also given. For
most of the alloy compositions, the values cover the tempera-
ture range from 4K to the solidus temperature or 1200 K. The
residual electrical resistivity of each alloy composition is alsc
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given in the table, which is for the purpose of helping to
characterize and identify the alloy for which the thermal con-
ductivity values are given. The uncertainties of the total ther-
mal conductivity values for each alloy in different tempera-
ture ranges are stated in a footnote to the table.

The recommended thermal conductivity values presented
in this work are for alloys which are not ordered and have not
been cold worked severely. The values would be higher for
ordered alloys and lower at low temperatures for cold-worked
alloys.

In the figures presenting recommended thermal conductiv-
ity curves, continuous (solid) curves represent recommended
values and long-dashed curves represent provisional values.
The short-dashed portion of any of the above two kinds of
curves represents values in the temperature range where no
experimental thermal conductivity data are available. In six
of the 19 figures presenting the recommended curves, some
of the curves belonging to the other alloy group of the same
alloy system are also shown in the figure in order to show
more clearly the systematic variation of the thermal conduc-
tivity with alloy composition and to clarify the confusion in
the figure for the other group due to crossover of curves.

In the figures presenting experimental data, a data set con-
sisting of a single point is denoted by a number enclosed by a
square, and a curve that connects a set of two or more data
points is denoted by a ringed number. These numbers corre-
spond to those given in the accompanying tables on specimen
characterization and measurement information. When sever-
al sets of data are too close together to be distinguishable,
some of the data sets, though listed in the table, are omitted
from the figure for the sake of clarity.

The tables on specimen characterization and measurement
information give for each set of experimental data the follow-
ing information: the publication reference number, author’s
name (or names), year of publication, experimental method.
used for the measurement, temperature range covered by the
data, alloy name and specimen designation, alloy composi-
tion, specification and characterization of the specimen and
information on measurement conditions, which are contained
in the original paper. Whenever available, information on the
electrical resistivity has also been included. In these tables
the code designations used for the experimental methods for
thermal conductivity determinations are as follows:

C  Comparative method

E Direct electrical heating method

F  Forbes’ bar method

1. Longitudinal heat flow method

P Periodic or transient heat flow method
R Radial heat flow method

T Thermoelectrical method

The thermal conductivity data and information for the ten
selected binary alloy systems are presented in the following
ten subsections.
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4.1. Aluminum-Copper Alloy System

The aluminum-copper alloy system does not form a contin-
uous series of solid solutions. The maximum solid solubility
of copper in aluminum is 5.70% (2.50 At.%) at 821 K and the
solubility decreases to 0.1-0.2% (0.04-0.08 At. %) at 523 K.
The maximum solid solubility of aluminum in copper is 9.4%
(19.6 At.%) in the range from about 650 to 838 K and the
solubility decreases at ligher and lower temperatures. Thus
the region of solid solution is limited. However, the equation
derived for the calculation of the electronic component of
thermal conductivity, eq (12), is applicable to all phases,
though the equation for the calculation of the lattice compo-
nent, eq (35), can be used only for solid solutions, as noted
before in sections 2 and 3. As noted in section 3 the values for
the thermal conductivity of part of this alloy system are
derived from experimental data on specimens in which the
solid-solution phase was presumably frozen in. Hence, these
values may not always be reproducible and are therefore pro-
visional rather than recommended.

There are 188 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 49
data sets for Al+ Cu alloys listed in table 3 and shown in
figure 12, ten sets are merely single data points around room
temperature and 27 sets cover only a narrow temperature
range from around room temperature to about 500 K. Of the
139 data sets for Cu + Al alloys listed in table 4 and shown in
figure 13, 20 sets are single data points, 15 sets cover the nar-
row temperature range from around room temperature to
about 500 K, and 84 sets are for temperatures below 4.5 K.

For the Al+Cu alloys, all measurements were made be-
tween room temperature and 800 K except four (Al+Cu
curves 6-8, and 16) which were measured down to about 80 K
for specimens containing 4.0, 8.0 and 15.0% Cu [41, 42] and
except the two (Al+Cu curves 25 and 26) of Satterthwaite
[43] who investigated the thermal conductivity of a specimen
containing 0.3% Cu in both the superconducting and normal
states between 0.4 and 1.2 K. In the present data analysis and
synthesis, a thermal conductivity versus composition curve
for 300 K was constructed following mainly the data of Grif-
fiths and Schofield [44] (Al+Cu curves 1-5), of Aliev
[116,168] (Al + Cu curves 31-33), and of Smith [45) (Al +Cu
curves 12-15). The measurements of Griffiths and Schofield
were selected because their specimens were well annealed
and their electrical resistivity data are consistent with their
thermal conductivity measurements. Smith did not report the
heat treatment, but his data are compatible in magnitude to
those of Griffiths and Schofield. The other measurements
were discounted either because the specimens were un-
annealed or unspecified, or due to-some experimental or the-
oretical considerations. For instance, Mannchen's data [41]
(Al + Cu curves 6-8) were not taken into consideration since
his corresponding Lorenz function values were believed to be
too low. In the meantime, electronic thermal conductivity
values at 300 K for the selected alioys were calculated from eq
(12) and these £, values were also plotted on the conductivity-
composition graph. The difference between the experimental
total thermal conductivity k and the calculated electronic
component k, is the lattice component kg, and the k, values at

300 K for the various compositions were thus obtained from
the graph. These k, values were extrapolated to higher tem-
peratures up to the solidus temperatures according to the
temperature dependence of eq (35) and to lower temperatures
according to the pattern of k, curves of aluminum-copper
system derived from the available experimental k and the
calculated k. around the region of maximum £, and accord-
ing to T? dependence at lower temperatures assuming &, to
be negligible at 1 K. The values were then adjusted so that
the extrapolated k, values plus their corresponding k. values
yield total k values which fit the experimental data in those
regions. The total thermal conductivity values were then ob-
tained by adding the calculated values of . to the adjusted
extrapolated values of k,.

For the Cu +Al alloys, several measurements were made
between 4 K and 80 K [48,50] (Cu +Al curves 111-126) for
alloys containing 0.43, 4.07, and 6.97% Al. The conductivity-
composition curve at 300 K was constructed, based mainly on
the data of Smith and Palmer [49] (Cu + Al curves 2-9), Aliev
[116,168] (Cu + Al curves 59-67), and Smith [45] (Cu+Al
curves 16 and 17). The specimens of Smith and Palmer were
well-annealed and the results from [45] and [116] comple-
ment those of Smith and Palmer in forming the conductivity-
composition isotherm. The k. values were calculated from eq
(12) and those at 300 K were plotted on the conductivity-com-
position graph. The differences k, between k and k. were ob-
tained for all compositions. These k, values were adjusted so
that their extrapolations to lower temperatures, according to
the method described above for Al+Cu alloys, fit the £,
values derived from experimental data of Chu and Lipschultz
[48] (Cu+Al curves 111-121) and of Friedman [50] (Cu + Al
curves 122-126). Above 300 K the k, values were extrapolated
to the solidus temperatures. The total thermal conductivity
values were then obtained by adding the calculated values of
k. to the adjusted extrapolated values ot k,. Because of the
lack of experimental electrical resistivity data, no total k
values are given below 200 K for the alloy with 10% Al, below
300 X for the alloy with 15% Al, and at temperatures other
than 300 K for the alloy with 20% Al.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 8 and 9. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 2 in order to obtain thermal conductivity values for the
desired alloy compositions. For aluminum-rich alloys shown
in figure 8, the recommended values above room temperature
are in agreement with the data of Griffiths and Schofield [44]
(Al +Cu curves 1, 2, 4, and 5), of Smith [45] (Al +Cu curves
12-14), and of Mikryukov and Karagezyan |58} (Al + Cu
curves 20 and 21) to within 5%, and with the data of Smith
[45] for an alloy containing 50% Cu (Al+Cu curve 15) to
within 8% . No appropriate comparison can be made below
room temperature. For the copper-rich alloys shown in figure
9, the recommended values at low temperatures are in agree-
ment with the data of Salter and Charsley [51] (Cu + Al curves
20, 22-25), of Chu and Lipschultz |48] (Cu + Al curves 111

-and 116), and of Friedman [50] (Cu + Al curve 122) to within

6%, and those at higher temperatures are in agreement with
the data of Smith and Palmer [49] (Cu + Al curves 2-9 and

3. Phys. Chem. Ref. Data, Vol. 7, Ne. 3, 1978
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78) and of Aliev [116] (Cu + Al curves 65 and 67) to within
10%. ‘

The resulting recommended values for %, k., and £, are
tabulated in table 2 for 25 alloy compositions. These values
are for alloys which have not been severely cold worked or
quenched. The values for k are also presented in figures 10
and 11. The recommended curves for copper-rich alloys con-
taining 25 to 45% Al are also shown in figure 10 in order to
show more clearly the systematic variation of the thermal con-
ductivity with alloy composition and to clarify the confusion
in figure 11-due to crossover of curves. For most of the alloy
compositions, the temperature range covered is from 4 K to

J. Phys. Chem. Ref. Date, Vol. 7, Ne. 8, 1978

the solidus temperature where melting starts. The values of
residual electrical resistivity for the alloys are also given in
table 2. The uncertainties of the & values are stated in a foot-
note to table 2, while the uncertainties of the k, and k, values
are indicated by their being designated as recommended,
provisional or typical values. The ranges of uncertainties of
recommended, provisional, and typical values are less than
+15%, between +15 and +30%, and greater than +30%,
respectively. The %, values are very uncertain and are merely
to serve as correction terms for the derivation of the total
thermal conductivities.
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TA3LE 2. RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-COPPER ALLOY SYSTEM'
[Temperature, T, K; Thermal Corductivity, k, W em=! K~1; Electronic Thermal Conductivity, ko, W em~! K-1; Lattice Thermal Conductivity, kg’ W em™ K1)

Al: 99.50% (99.79 At.%) Al: 99.00% (99.57 At % Al: 97.00% (98.70 At.%) Al: 95,00% (97.81 At.%)
Cu:  0.50% { 0.21 At.%) Cu: 1.00% ( 0.43 At.% Cu:  3.00% ( 1.30 At.%) Cu: 5.00% ( 2.19 At.%)
pg = 0-0600 pQem p, = 0-1203 pQem p, = 0. 340 pfem P, = 0,532 pQem
T k ke kg T k ke kg T k ke kg T k ke l(g
4 1,58%% 4 0,814%% 4 0.292+% 4 0.189% 0,183 0.00578%
6 2.36%% 6 1.23+% 6 0.442%% 6 0.288% 0,275 0.0130%
8 3.1l 8 1.65%% 8  0.593+% 8 0.388% 0.366 0, 0222%
10 3.81%% 10 2,05%# 10 0,741%% 10 0.489% 0. 456 0. 0330%
15  5.46%% 15 3.04u% 15  1.10%% 15 0,738+  0.677 0.0610%
20  6.73%% 20  3.92%% 20 1.45%% 20 0.977%  0.892 0.0849%
25 7.56%% 7,30%  0,265% 25 4.64%%  4.42% 0.221% 25 1.75%% 1,61% 0.139% 25  1.19% 1.09 0.102%
30 8.06%x% 7,78% 0.285% 30 5.14%% 4,90% 0.239% 30 2.02x% 1,87% 0.152% 30 1,39% 1.28 0.112%
40 8.22%% 7,04%  0,285% 40 5.64%%  5.40%  0.239% 40 2.44%%  2,28% 0.155% 40 1.71% 1.59 0.117#
50 7.36%%¥  7,09% 0,265% 50 5,45%% 5,23% 0.221% . 50 2.68%%¥  2,53% 0.147# 50 1,92% 1.81 0,112%
60 5.99%% 5,75%  0.241% 60 4.80%%  4,60% 0.202% 60 2.70%%  2,56% 0.138% 60  2.00% 1.89 0.106%
70 4.74+%  4,52% 0,218% 70  4.04%%  3.85% 0.185% 70 2.54%%  2,41% 0.127% 70 1,98% 1.88 0, 0985%
80 3,77x%  3,57#% 0.199% 80 3.35%%  3,18% 0.170% 80 2.33%% 2,91% 0.118% 80 1.89% 1.80 0.0916%
90  3.11%% 2,93%  0.183% 90 2.85%% 2.69% 0.157% 90 2.11%%  2,00% 0.110% 90  1.79% 1.70 0,0857%
100 2.78%%  2.61%  0.169% 100 2.58%%  2.43% 0.145% 100  1.99%%  1,89% 0.102% 100 1.72% 1.64 0. 0804%
150  2.30%%  2,18%  0.123% 150 2.20%% 2,09% 0,107% 150 1.89%%  1,81% 0.0758% 150  1.67% 1.61 0.0612%
200 2.24%%  2,14% 0.0968% 200 2.15%% 2,07% 0. 08474 200 1.90%%  1,84% 0.0607% 200 1,72+ 1.67 0.0495%
250 2,25¢% 2,174  0.0801% 250 2.17#%  2.10% 0.0704% 250 1.94%% 1,894 0.0509% 250 1. 79% 1.75 0.0416%
273 2.26%%  2,19%  0.0745% 273 2.18+%  2,12% 0.0652% 273 197 1,924 0,0474% 273 1.82% 1.78 0. 0389%
300 2.28% 2.21%  0,0685% 300 2.21% 2.15% 0.0602% 300 1.99%%  1.95% 0.0438% 300 1.85 1.81 0.0360%
350 2.31% 2.25%  0.0596% 350 2.25%  2,20%  0,0525% 350 . 2.04%  2,00% 0.0386% 350  1.90 1.87 0, 0319%
400 2.32% 2.27% 0.0530% 400 2.26% 2.21% 0. 0467% 400 2.07% 2.04% 0,0345% 400 1.93 1.90 0. 0285%
500 2.29% 2.25%  0,0430% 500 2.24% 2.20%  0.0382% 500 2.07% 2.04% 0.0285% 500 1.95 1.93 0. 0237%
600 2.25% 2.21% - 0.0362¢% 600 2.19% 2.16% 0.0322¢ 600 2.05% 2,03% 0.0243% 600 1.94 1.92 0.0203%
700 2.19 2.16 0.0312% 700 2.15 2.12 0.0279% 700  2.02 2,00 0.0212% 700  1.92 1.90 0.0177%
800 2.13% 2.10 0.0273% 800 2.08* 2.06 0.0245% 800 1.97% 1,95 0.0189% 800  1.89% 1.87 0.0157%
900  2.06% 2.04 0.0243% 900  2.02% 2,00 0.0219% 873 1.94* 1.92 0.0177% 833 1.88% . 1.86 0.0152%
923  2.05% 2.03 0.0238% 913 2.01* 1.99 0.0217#

+ Uncertainties in the total thermal conductivity, k, are as follows:
99.50 Al ~ 0. 50 Cu: + 154 up t0600 K and £ 6% above 600 K.
99.00 Al - 1,00 Cu: +15% up o 600 K and + 6% above 600 K.
97.00 Al - 3,00 Cu: +15% up to 600 K and + 6% above 600 K.
95.00 Al - 5,00 Cu: + 8% helow 100 K, + 5% between 100 and 500 K, and 6% above 500 K.

# Provisional value.
¥ Typical value.
* In temperature range where no experimental thermal conductivity data are available.
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TABLE 2, RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-~COPPER ALLOY SYSTEM (continued) T
[Temperature, T, K; Thermal Conductivity, k, W em™! K-!; Electronic Thermal Conductivily, ke’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em ™t K1)

BL461 '£°ON 'L |OA 'DioQ "joy "weyd sdug r

Al: 90,00% (95.49 At.%) Al: 85,009 (93.03 At. %) Al: 80.00% (90.40 At.%) Al: 75.00% (87.60 At.%)
Cu: 10.00% ( 4.5 At.%) Cu: 15.00% ( 6.97 At.%) Cu: 20,00% ( 9.60 At.%) Cu: 25.00% (12,40 At.%)
p, = 0.888 uQcm Py =1.118 pQem Py = 1.312 pQem P, = 1.482 uQem
T k k k T k k k T k k k T k % k
e 8 : e g e g e g
4 0,115%  0.110 0.00466% 4 0.0913% 0,0870  0.00426% 4 0.0786% 0,0745 - 0.00406% 4 0.0699% .0,0859 0.00398%
6 0.176% 0.165  0.0105% 6 0.140% 0.130 0.00956% 6 0.121% 0.112 0. 00912# 6 0.108% 0,0993  0.00894¥
8  0.238¢  0.220 0.0179% 8 0.189% 0,173 0.0163% 8 0.165% 0.149 0. 0156% 8 0.147¢ 0,132 0.0153%
10 0.300%  0.273  0.0266% 10 0.240%  0.216 0,0243% 10 0.209% 0,186 0, 0232% 10  0.188%  0.165 0.0227%
15 0.455% 0,406 0.0491% 15  0.365% 0,320 0.0449% 15 0.317% 0,274 0.0428% 15  0.285% 0,243 0.0420%
20 0.604%  0.536 0.0684% 20 0.484%  0.421 0.0625% 20 0.420%  0.360 0. 0597F 20 0.378%  0.319 0.0585%
25  0.741%  0.659 0.0823% 25 0.594% 0,519 0.0752% 25 0.515% 0,443 0.0718% 25 0.462%  0.392 0.0704%
30 0.865% 0,774 0.0905% 30 0.694% 0.611 0.0827% 30 0.602% 0.522 0. 0789% 30 0.540%  0.463 0.0774%
40  1.08% 0.982 0.0942% 40 0.862% 0,776 0.0861% 40  0.749%  0.667 0. 0822% 40 0.674% 0,593 0. 0806%
50  1,24% 1.15 0.0905% 50 0.993% 0,910 0.0827¢ 50 0.866% 0,787 0.0789% 50 0.777%  0.700 0. 0774%
60  1.35% 1.26 0.0853% 60 1.09% 1,01 0.0779% 60 0,951 0,877 0. 0744% 60 0.857% 0,784 0.0729%
70 1.38% 1. 30 0.0794% 70 1.14% 1.07 0. 0725% 70 1.01* - 0,938 0. 0692 70 0.911% 0,843 0. 0679%
80  1.38% 1.31 0.0738% 80 1.16% 1.09 0.0674% 80 1.03%  0.970 0, 0644 80 0.943%  0.880 0.0631%
90 1.35 1.28 0.0691% 90 1.18 1.10 0.0631% 90 1.04% 0,984 0. 0602 90  0.960% 0,901 0.0591%
100 1.33 1.27 0.0647% 100 1.16 1,10 0. 0592% 100  1.06% 1.00 0.0565% 100 0.978% 0,923 0.0554%
150  1.39 1.34 0.0493% 150  1.26 1.21 0.0451% 150  1.15% 1.11 0, 0430% 150  1.09% 1.05 0.0422%
200  1.47 1.43 0.0399% 200 1.34 1.30 0.0365% 200 1.25% 1.22 0. 0348% 200 1.18% 1.15 0.0341
250 1.55 1,52 0.0335% 250 1,42 1.39 0.0306% 250 1.33% 1.30 0. 0292% 250 1.27% 1.24 0.0287%
273 1.58 1.55 0.0313% 273 1.45 1.42 0. 0286% 273 1,37 1.34 0, 0273% 273 1.30% 1.27 0. 0268%
300 1.61 1.58 - 0.0290% 300 1.49 1.46 0.0265% 300 1.40 1.37 0. 0253% 300 1.33% 1.31 0.0248¢%
350 1.67 1.64  0.0257% 350 1.54 1.52 0.0235% 350 1.46 1.44 0. 0224% 350 1.39% 1.37 0.0219%
400 1.71 1. 69 0.0229% 400 1,58 1.56 0.0209% 400 1.50%  1.48 0. 0200% 400  1.43% 1.41 0.0196%
500 1.74 1.72 0.0191# 500 1.62 1.60 0.0174% 500 1.54% 1,52 0.0166% 500 1.47% 1.45 0.0163%
600 1.75 1.78 0.0163% 600 1.64% 1.63 0. 0149% 600 1.56% 1.55 0.0142% 600 1.50% 1.49 0. 0140%
700  1.74 1.73 0.0142% 700 i.64% 1.63 0.0130% 700  1.56% 1.55 0.0124% 700  1.50% 1.49 0, 0122%
800 1.72 1.71 0.0127% 800 1.62% 1.61 0.0116% 800 1.55% 1.54 0,0111% 800  1.50% 1.49 0.0108%
821 1.72 1.71 0. 0124% 821  1.62% 1.61 0.0113% 821 1.55% 1.54 0.0109% 821 1.50% 1.49 0.0106%

T Uncertainties in the total thermal conductivity, k, are as follows:
90,00 Al - 10.00 Cu: +8%below 100 K, +5%between 100 and 500 K, and +6%above 500 K.
85,00 Al - 15.00 Cu: +10%below 100 K, *5%between 100 and 500 K, and +6%above 500 K.
80.00 Al - 20,00 Cu: 110%below 100 K, +5%between 100 and 500 K, and +7%above 500 K,
75.00 Al ~ 25.00 Cu: +10%below 100 K, +5%between 100 and 500 K, and +7%above 500 K,

¥ Typical value. i
% In temperature range vhere no experimental thermal conductivity data are available,
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TABLE 2,

RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-COPPER ALLOY SYSTEM (continued)
[Temperature, T, K; Thermal Conductivity, k, W em™ K-!; Electronic Thermal Conductivity, kg W cm~! K-1; Lattice Thermal Conductivity, kg, W em™ K~1]

Al: 70,00% (84.60 At.%) Al: 65.00% (81.39 At.%) Al: 60.00% (77.94 At.%) Al: 55.00% (74,22 At.%g
Cu: 30.00% (15,40 At.%) Cu: 35.00% (18,61 At.%) Cu: 40.00% (22.06 At,%) Cu: 45.00% (25,78 At.%
o, = 1.628 pSiem P, = 1.754 pQem P, = 1.883 pQem bo =2.02 uQcm
T k k e kg T k : ke kg T k ke kg‘ T k ke kg
4 0,0641% 0.0602  0.00392% 4 0,0596% 0.0557 0,00392% 4 0.0558% 0.0519 ~ D,00394% 4 0.0524%  0,0484  0.00395%
6 0.0993% 0,0905 0,00880% 6 0.0924% 0.0836  0.00880% 6 0.0866% 0,0778  0.00884% 6 0.0812¢ 0.0723  0.00887%
8 0,135¢+ 0,120 0,0150% 8 0.127% 0,112 0. 0150% 8 0,118+ 0.103 0.0151% 8 0.111* 0,0955 0,0152%
10 0.172¢  0.150 0.0223% 10 0.160% 0,138 0.0223% 10 0.150%  0.128 0. 0224% 10 0.142%  0.119 0.0225%
15  0.262¢  0.221 0.0413% 15 0.244%  0.203 0.0413% 15 0,228%  0.187 D. 0415% 15 0.217%  0.175 0.0417%
20 0.348%  0.290 0.0575% 20 0.324% 0,267 0. 0575% 20 0.306%  0.248 0.0578% 20 0.290%  0.232 0.0580%
25  0.425%¢ 0,356 0.0693% 25 0.399%  0.330 0, 0693% 25  0.377%  0.307 0.0696% 25 0.357%  0.287 0.0798%
30  0.497¢«  0.421 0.0761% 30 0.466% 0,390 0.0761% 30 0.439%  0.363 0. 0764% 30 0.416% 0,339 0.0768%
40 0,618+« 0.539 0.0793% 40 0.579%  0.500 0.0793% 40  0.546%  0.466 3. 0796% 40 0.517%  0.437 0.0799%
50 0.724¢*  0.638 0.0861% 50 0.669% 0,593 0.0761% 50 0.63L¢  0.555 0, 0764% 50 0.597% 0,520 0.0768%
60 0,787« 0.715 0.0718% 60 0.740%  0.668 0.0718% 60 0.700%  0.628 0.0721% 60 0.662% 0,590 0.0724%
70 0.841% 0,774 0.0668% 70 0.793% 0,726 0.0668% 70 0.751%  0.684 3. 0670% 70 0.711%  0.644 0.0673%
80 0,877+ 0.815 0.0621% 80 0.830% 0,768 0.0621% 80 0.787%  0.725 ).0623% 80 0.748*  0.685 0.0626%
90 0.900%  0.842 0.0581% 90  0.856% 0,798 0.0581% 90 0.813%  0.755 ).0583% 90  0.778%  0.719 0.0586%
100  0.924« 0,869 0.0545% 100 0.880% 0,825 0.0545% 100 0.850%  0.785 ). 0547% 100  0.805%  0.750 0.0549%
150 1,04% 0,998 0.0415% 150 0.998% 0,957 0.0415% 150 0.963%  0.921 9. 0417% 150 0.929% 0,887 0.0418%
200 1,14% 1.1t 0.0336% 200  1.10% 1.07 0.0336% 200 1.06% 1.03 0. 0337% 200 1.03% 0.993 0.0338%
250 1,22% 1.19 0.0282% 250  1.17% 1,14 0.0282% 250 1.14% 1.11 0.0283% 250 1.10% 1.07 0.0284%
273 1,925% 1.22 0.0263% 273 1.21% 1.18 0.0263% 273 1,17% 1.14 0, 0264% 273 1.13% 1.10 0.0266%
300 1.28 1.26 0.0244% 300 1,24% 1.22 0. 0244% 300 1.20 1.18 0. 0245% 300 1.17 1.15 0.0246%
350 1,34 1.32 0.0216% 350 1,29% 1,27 0.0216% 350 1.25 1.23 0. 0217% 350 1.22 1.20 0.0218%
400  1,38% 1.36 0.0193% 400  1.33% 1.31 0.0193% 400  1.29% 1.27 0.0194% 400  1.26% 1.24 0.0194%
500 1,42% 1,40 0.0160% 500 1,38% 1.36 0.0160% 500 1.34% 1.32 0.0161% 500 1.82% 1.30 0.0162%
600  1,45% 1.44 0.0137% 600  1.40% 1.39 0.0137% 600 1.37% 1.36 0.0138% 600  1,34* 1.33 0,0138%
700 1.46% 1.45 0.0120% 700 1.42% 1.41 0,0120% 700 1.38% 1.37 0, 0120% 700 1. 35% 1.34 0.0121%
800 1,45% 1.44 0.0107% 800  1.41% 1.40 0.0107% 800 1.38% 1.37 0.0107# 800 1,35% 1.34 0.0108%
821  1.45% 1.44 0.0105% 821 1.41% 1.40 0.0105% 821 1.38% 1.37 0. 0105% 821 1.35% 1.34 0.0106%

t Uncertainties in the fotal thermal conductivity, k, are as follows:
70,00 Al - 30,00 Cu: +10%below 100 K, +5%between 100 and 500 K, and =7%above 500 K,

65.00 Al - 35.00 Cu

+12%below 100 K, +5%between 100 and 500 K, and =7%above 500 K,

60,00 Al - 40.00 Cu: +12%below 100 K, +5%between 100 and 500 K, and +7%above 500 K,

55,00 Al - 45,00 Cu

% Typical value.

* In temperature range where no experimental thermal conductivity data are available,

+12%below 80 K, 15%betweer. 80 and 500 K, and +7%above 500 K.
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TABLE 2.

RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-CO?PER ALLOY SYSTEN (continued) t
ITemperature, T, K; Thermal Conductivity, k, W ecm™ K~!; Electronic Thermal Conductivity, kg, W em~! K-1; Lattice Thermal Conductivity, kg. W em™! K1)

Al: 50.00% (70.20 At.%) Al: 45.00% (65.83 At.%) Al: 40.00% (61.09 At.%) A): 35.00% (55.91 At.%)
Cu: 50,00% (29.80 At.%) Cw: 55.00% (34.17 At.%) Cu: 60, 00% (38,91 At.%) Cu: 65.00% (44,09 At.%)
[ 2.25 uSiem 0, = 2,59 puSiem Py = 3.25 pQem P, = 4.42 pcm
T k k k T k k k T k k k T k k k
e g [ g € g 2 g
4 0.0474% 0.0434  0.00398% 4 °0,0420%% 0,0380  0,00400% 4 0.0342%% (,0302  0.00402% 4 0.0269%% 0.0228  0.00409%
6 0.0736% 0.0647  0,00894% 6 0.0659% 0,0569  0.00900% 6 0.0541%F (, 0450  0.00909% 6  0.0430%% 0,0338  0.00922%
8 0,101%  0.0857 0.0153% 8  0.0909%% 0,0755  0,0154% 8 0.0753%% (,0597  0.0156% 8  0.0605%% 0.0447  0.0158%
10 0.130% 0,107 0.0227% 10 0.117+% 0.0942 0, 0229% 10 0.0974%% (.0744  0.0230% 10 0.0786%% 0,0552  0.0234%
15 0.200% 0,158 0. 0420% 15 0.181%% 0,139 0, 04224 15 0,154%F (,111 0. 0426% 15  0.125% 0,0816  0.0434%
20 0,266% 0,208 0.0585% 20 0.242%F 0.183 0, 0590% 20  0.206%% (.146 0. 0595% 20 0.168%F 0,108 0.0603%
25 0.328% 0,258 0. 0704% 25 0,296%F 0,225 0.0708% 25 0,252+ (.181 0.0714% 25 0.206%% 0,133 0.0726%
30 0.383% 0,306 0.0774% 30 0.344%F 0,267 0.0775% 30 0.293%% 0,215 0. 0782% 30 0.237%% 0.158 0.0793%
40 0.475% 0,394 0.0806% 40  0.426%% 0,345 0.0810% 40  0.361%% (,279 0.0817% 40 0.290%F 0,207 0. 0830%
50 0.548% 0,471 0.0774% 50 0.494%% 0,416 0,0779% 50  0.415%  (.337 0.0784% 50  0.332%F 0,252 0,0797%
60 0.609% 0,536 0.0729% 60  0.550%% 0,477 0,0730# 60  0.463%% 0,389 0.0737% 60  0.368%% 0,293 0. 0748%
70 0.658% 0,590 0.0679% 70 0.596%% 0,528 0. 06803 70 0,499+ (.430 0.0686% 70 0.400%% 0,330 0. 0697%
80 0.695% 0,632 0.0631¥ 80 0.631% 0,568 0. 0634% 80 0.535%  (.471 0. 0640% 80 0.431% 0,366 0.0650%
90 0.726% 0,667 0.0591% 90 0.661* 0.602 0. 0594% 90 0.565%  (.505 0.0599% 90 0.457% 0,396 0.0610%
100 0.753% 0,698 0,0554% 100 0.689% 0,633 0. 05584 100 0.594%  (.538 0.05624% 100  0.483% 0,426 0.0571#
150  0.880%  0.838 0.0422% 150 0,814%  0.772 0.0425% 150  0,722%  0.679 0.0429% 150  0.598%  0.555 0.0435%
200  0.979% 0,945 0.0341% 200 0.915% 0.881 0.0343% 200 0.820% (.785 0.0345% 200 0.691% 0,656 0.0350%
250  1.06% 1,03 0, 0287# 250 0.996% 0,967 0,0289% 250  0.902*%  (.873 0.0291% 250 0.772%  0.742 0. 0296%
273 1.09% 1.06 0.0268% 273 1.03% 1.00 0.0270% 273 0.93%¢ 0,906 0.0271% 273  0.804% 0,776 0, 0276%
300 1,12 1.10 0.0248% 300 1.06 1.04 0, 02504 300 0.968 0.943 0. 0252% 300 0.840 0.814 0.0256%
350 1.18 1.16 0.0219% 350 1.12% 1.10 0. 0220% 350  1.02% 1.00 0.0223% 350  0.897%  0.874 0.0226%
400 1.22% 1.20 0.0196% 400  1.16% 1.14 0,0197% 400  1.07+ 1,05 0.0199% 400 0,943*% 0,923 0.0202%
500 1.28% 1.26 0.0163% 500 1.22% 1.20 0,0164% 500 1.14% .12 0.0165% 500 1.,01% 0.997 0.0168%
600 1.30% 1.29 0.0140% 600  1,25% 1.24 0.0140% 600 1.17% 1.16 0,0141% 600 1.06% 1.05 0.0144%
700 1.32% 1.31 0,0122#% 700 1.27* 1.26 0.0122% 700 1.20% .19 0,0123% 700 1.10% 1.09 0.0126#
800 1.32% 1.31 0.0108% 800 1.28% 1.27 0.0109% 800  1,22% .21 0.0109% 800 1.12% 1.11 0.0111%
821 1,32 1,81 0.0106% . 864 1.20% 1.28 0.0101% 864 1.23% .22 0.0102% 864 1.14% 1.13 0.0104%

T Uncertainties in the total thermal conductivity, k, are as follows:

50,00 Al - 50,00 Cu:
45,00 Al - 55,00 Cu: +15%below 80 K,
40,00 Al - 60,00 Cu:
35.00 Al - 65.00 Cu:

+ Provisional value,

# Typical value.

+12%below 80 K,

+15%below 80 K,
+20%below 80 K,

* In temperature range where no experimental thermal conductivity data are available,

1 5%between 80 and 500 K, and +7%above 500 K,

+10%between 80 and 200 K, and +7%above 200 K.
+10%between 80 and 200 K, and +8%above 200 K.
+10%between 80 and 200 K, and +8%above 200 K.
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TABLE 2.

RECOMMENDED THERMAL CONDUCTIVITY OT ALUMINUM-COPPER ALLOY SYSTEM {continued) T

[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electroni¢ Thermal Conductivity, kg W cm~! K-1; Lattice Thermal Conductivity, kg, W em~t K1)

Al: 30.00% (50.23 At.%) AL: 25.00% (43.98 At. %) Al: 20,00% (37.06 At.%) Al: 15,00% (29,36 At.%)
Cu: 170.00% {49.77 At. %) Cu: 75.00% (56,02 At.%) C1: 80.00% (62.94 At.%) Cu: 85.00% (70.64 At.%)
poa6.61 plem p,= 12.4 uQ cm
T k k k T k k k T k k k T k k k
e g e g e g e g
4 0,0191%% 0.0149  0,00416% 4 0.0121%% 0.00788 0.00424% 4 0,00440% 4 0.00471%
6 0.0318:¢% 0,0224 0.00938% 6 0.0214%% 0.0118  0.00955% 6 0,00991% 6 0. c1o7¥
8  0,0457#% 0.0297  0.0160% 8 0,0321*% 0,0158  0,0163% 8 0.0169% 8 0. 0182%
10 0.0608:% 0.0370 0.0238% 10 0.0439%% 0.0197  0.0242% 10 0,0251% 10 0, 0269%
15  0,09873% 0.0547  0.0440% 15 0.0743%% 0,0294  0,0449% 15 0.0464% 15 0.0498%
20 0.134+% 0.0723  0.0614% 20 0.102%¢ 0,0391 0,0627 20 0,0650% 20 0. c696¥
25 0.163%% 0.0896 0,0737F 25 0.124%% 0,0485 0, 0750% 25 0,0709% 25 0.(834%
30 0,188% 0,107 0.0806% 30 0.140%% 0.0580 0, 0822% 30 0.0851% 30 0.c913%
40 0.224%1 0,140 0.0842% 40  0.163% 0,0766  0.0860% 40 0,0891% 40 0.c954%
50 0.253  0.172 0. 0810% 50 0,177+t 0.0947  0.0825% 50 0,0852% 50 0.09174
60  0.277:4 0,201 0. 0760% 60 0.190+% 0,112 0.0775% 60 0,0801% 60 0.(860%
70  0.299%1 0.228 0.0710% 70 0.201%F 0,129 0. 0722% 70 0,0748% 70 0. (801
80 0,322+ 0,256 0.0662% 80 0.213% 0.145 0. 0676% 80 0.0699% 80 0, (749%
90  0.343%  0.281 0.0620% 90 0.224% 0.161 0. 0631% 90 0.0653% . 90 0. (700%
100 0.363%  0.305 0. 0580% 100 0.235%  0.176 0.0592% 100 0.0613% 100 0. (658%
150 0.455% 0,411 0, 0442% 150 0.293% 0,248 0.0451% 150 0, 0467 150 0.6501% -
200 0.534%  0.499 0.0357% 200 0.347%¢ 0,311 0,0364% 200 0.0377% 200 0. c404%
250  0.606%  0.576 0.0300% 250 0.399% 0.368 0.0306% 250 0,0317% 250 0. 0340%
273  0.635%  0.607 0.0280% 273  0.422% 0,393 0.0286% 273 0,0296% 273 0.0318%
300 0.668 0,642 0. 0260% 300 0.446 0.420 0,0265% 300 0,278%% 0,250%  0,0275% 300 0.442%  0.412 0.0295%
350 0.722%  0.699 0.03230% 350 0.466 0. 0234% 350 0,0243% 350 0.477¢  0.451 0.260%
400 0.768% 0,748 0.0205% 400 0. 508 0, 0209% 400 0,0217% 400 0.507% 0,484 0.0233%
500 0.842%  0.825 0, 0170% 500 0.579 0, 0174% 500 0.0180% 500 0.556%  0.537 0.0193%
600 0.898% 0.883 0.0146% 600 0.637 0.0148% 600 0,0154% 600 0.593% 0.576 0.0166%
700 0.941%  0.928 0.0127% 700 0.685 0.0130% 700 0,0135¢% 700  0.620% 0.606 0.0144%
800 0.971%  0.960 0.0113% 800 0,723 0.0116% 800 0.0120% 800 0.642% 0,629 0.0128%
864 0.983%  0.972 0.0106% 900 0.763% 0,753 0,0104% 900 0,0108% 900  0.659%F 0,647 0.0116%
939 0.773%  0.763 0.0101% 1000 0,00980% 1000 0.671%F 0,660 0. (106
1100 0,00902% 1200 0.686%F 0.677 0, 00896%
1232 0,00821% 1310 0.691%% 0.683 0. 00832%

T Uncertainties in the total thermal conductivity, k, are as follows:
+25%below 80 K, t10%betweer 80 and 200 K, and +8%above 200 K,
+30% below 80 K, +10%betweer 80 and 200 K, and £8%above 200 K,

30,00 Al - 70.00 Cw
25.00 Al- 75.00 Cu:
20.00 Al - 80,00 Cw
15.00 Al - 85.00 Cw

¥ Provisional value.

¥ Typical value,

+20%at 300 K.

+20%above 300 K.

* In temperaturc range where no experimental thermal conductivity data are available,
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TABLE 2,

RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-COPPER ALLOY SYSTEM (continued) +
[Temperature, T, K; Thermal Conduectivity, k, W em~! K-!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg, W em™! K1)

Al: 10.00% (20.74 At.%) Al:  5.00% (11.03 At.%) Al:  3.00% { 6.79 At.%) Al:  1.00% { 2.32 At.%)
Cu: 90,00% (79.26 At,%) Cu: 95.00% (88.97 At.%) Cu: 97.00% {93.21 At.%) Cu: 99,00% (97.68 At.%)
£, = 7.23 pQcm Py = 5.53 pQicm £, = 2,36 uQcem
T k k k T k k k T k k k T k k k
e g e g e g e g
4 0.00532% 4 0.0197 0,0134  0,00628% 40,0259 0.0177 0.00816% 4 0,0531 0,0412 0,0119%
6 0.0118% 6 0.0345 0.0204 0.0141% 6 0.0450 0.0265 0.0185% 6 0.0885 0.0618  0.0267%
8 0.0201% 8 0.0509 0,0268 0,0241% 8 0.0669 0.0352 0.0317% 88 0.129 0.0824  0.0468%
10 0.029%% 10 0.0694 0.0336  0.0358% 10 0.0896 0.0441  0.0455F 10 0.173 0.103 0.0700%
15 0.0551% 15 0.116 0.0495  0.0662% 15  0.151 0.0654  0.0856% 15 0.284 0.153 0.131%
20 0.0772% 20 0,159 0.0665  0.0922% 20  0.207 0.0867 0.120% 20 0,382 0.201 0.181%
25 0.092¢% 25  0.193 0.0824 0.111% 25 0.249  0.106 0.143% 25 0,463 0.250 0.213%
30 0.1013 30 0.220 0.0984 0,122% 30 0.282  0.128 0.157% 30 0.528 0.298.  0.230%
40 0.106% 10 0.257 0.130 0.127% 40 0.329 0.169 0.160% 40 0.619 0.389 0.230%
50 0.102# 50 0.283 0.161 0.122% 50 0.361  0.209  0.152% 50 0.687 0.474 0.213%
60 0.0952% 60  0.304 0.189 0.115% 60 0.388  0.246  0,142% 60 0,746 0.551 0.195%
70 0. 089(% 70 0.324 0.217 0.107% 70 0.414  0.283  0.131% 70  0.800 0. 622 0.178%
80 0.0831% 80 0.344%  0.244 0.0995% 80 0.440% 0,318  0.122% 80 0.852% 0.688 0,164%
90 0.077¢% 90 0,364% 0,271 0.0931% 90 0.465%  0.352 0,113% 90 0.903% 0,752 0.151%
100 0. 0730% 100 0.385%  0.298 0.0873% 100  0.491% 0,386 0.105% 100 0.953% 0,813 0. 140%
150 0.0555% 150 0.486%  0.420 0.0665% 150 0.618% 0.540  ©0,0782% 150  1.18% 1.08 0.103%
200 0.442% 0,397 0. 044¢% 200 0.581%  0.527 0. 0538% 200 0,740%  0.677 0.0626% 200 1.38% 1.30 0.0816%
250 0.522% 0,484 0.037%# 250 0.673%  0.628 0.0452% 250 0.854% 0,802  0.0525% 250 1.55% 1.48 0.0678%
273 0.555%  0.520 0. 0355 273 0.713%  0.671 0. 04228 273  0.903% 0.854  0.0489% 273  1.63% 1.57 0. 0628%
300 0.596 0.563 0.0327% 300 0,757 0.718 0.0391% 300 0.960 0.915 0.0452% 300 1.71 1.65 0. 0580%
350 0.665 0. 636 0.0286% 350 0.835 0.800 0.0346% 350 1.06 1.02 0.0398% 350 1.83 1.78 0. 0506%
400  0.730 0. 704 0, 0256% 400 0.905  0.874 0. 0309% 400 1.15 1.11 0.0356% 400 1.94 1.89 0. 0450%
500 0.843 0.822 0.0214% 500 1,03 1.00 0. 0257% 500 1,30 1.27 0.0294% 500 2,10 2.06 0.0368%
600 0.941 0. 923 0.0185% 600 1.13 1.11 0.0220% 600 1.43% 1.40 0.0251% 600 2.22% 2.19 0, 0310%
700 1,03 1.01 0.0160% 700 1.22 1.20 0.0192% 700 1,51% 1.49 0.0219% 700 2.81% 2.28 0.0269%
800 1.09 1.08 0.0143% 800 1.30 1.28 0.0171% 800 1.59%  1.57 0.0195% 800 2.37* 2.35 0. 0236%
900 1.14 1.13 0.0123% 900  1.36 1.34 0.0154% 900 1.66% 1.64 0.0175% 900 2.41% 2,39 0.0211%
1000 1.18 1.17 0.011%% 1000 1.39 1.38 0.0140% 1000 1.70%  1.68 0.0158% 1000  2.44% 2.42 0.0190%
1200 1.25 1.24 0.00991% 1200 1.47* 1.46 0.0119% 1200 1.77% 1.76 0.0135% 1200 2. 48% 2.46 0.0159%
1313 1.27 1.26 0.00918% 1331 1.50% 1.49 0.0108% 1343  1.80% 1.79 0.0123% 1352 2.49% 2.48 0.0142%

1 Uncertainties in the total thermal conductivity, k, are as follows:
10.00 Al ~ 90,00 Cu: +10%above 200 K,
5.00 Al - 95.00 Cu: +8%below 80 K, +6%between 80 and 500 K, and +8%above 500 K,
3.00 Al - 97,00 Cu: 8% below 80 K, =5%between 80 and 500 K, and 7% above 500 K.
1.00 Al ~ 99.00 Cu: +8%helow 80 K, +5%between 80 and 500 K, and +6%above 500 K,

* Provisional value.

# Typical value.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 2, RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-COPPER ALLOY SYSTEM {continued) U
[Temperzture, T, K; Thermal Conductivity, k, W em=! K-!; Electronic Thermal Conductivity, k,, W em-! K-1; Lattice Thermal Conductivity, kg, W em™ K]

Al G 50% ( 1.17 At. %)
Cu: 9%,50% (98.83 At.%)

[ 1.270 pfiem

T k ke kg

4 0.0911 0.0771  0.0140

6 0.148 0.115 0.0314

8 0,209 0.154 0.0552
10 0.277 0.192 0.0854
15 0,445 0.282 0.163

20 0.591 0. 369 0.222
25 0.715 0. 455 0. 260
30 0.819 0.539 0.280
40  0.975 0.695 0.280

50  1.09 0.832  0.260
60 1.18 0.948 0,236
70 1.26 1.05 0.214
80  1.34% 1.15 0.195
90 1.41% 1.22 0.180
100 1.47% 1.30 0.166
150 1.74% 1.62 0.121%
200 1.96% 1.87 0. 0950%
250  2.14% 2.06 0.0786%
273 2.21% 2,14 - 0,0731Ff
300 2.28 2.21 0.0672%
350  2.39 2.33 0.0585%
400 2.49 2.44 0.0520%
500 2.63¢ 2.59 0.0422F
600 2,73% 2.69 0.0355%
700  2.76% 2.73 0.0306%
800 2,79+  2.76 0.0268%
900 2.80% 2.78 0.0238%
1000  2.80% 2.78 0.0215%
1200 2.79% 2.77 0.0180%
1354  2.76% 2.74 0.0160%

BLS1 ' 'ON 'L |0A 'D}0Q 4oy "wayd ‘shyq r

T Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Al - 99.50 C1: +6%below 80 K, +5%between 30 and 500 K, and +6%above 500 X,

# Typical value.
* In temperasure range where no experimental thermal cenductivity data are avzailable.
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TABLE 3. THERMAL CONDUCTIVITY OF ALUMINUM + COPPER ALLOYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INTORMATION
' ' Name and Composition
(I;\I‘:)r. FI{\Tef. Author(s) Year M[?thgd R’gin;pk Specimen {weight percent} Composition {continued), Specifications, and Remarks
) 0- se e, Designetion Al Cu
1 44 Griffiths, E. and 1928 L 353-473 No, 655 86. 0 14.0 1.125 in, diameter and 15. 5 in. long; 2 specimens chill-cast and 2 speci-
Schofield, F.H. mens sand-cast; one of each annealed at 450 C for 1 hr; electrical
resistivity reported as 5.24, 6.25, 6.97, 7.69, 8.40, and 9.14 uQcm at
353, 423, 473, 523, 573, and 623 K, respectively; smoothed values
reported,
2 44  CGriffiths, E. and 1928 L 353-473 No. 671 88.0 12.0 Simlar to above except electrical resistivity reported as 5. 20, 5.96, 6.51,
Schofield, F.H. 7.03, 7.57, and 8.11 40 cm at 353, 423, 473, 523, 573, and 623 K,
regpectively,
3 44 Griffiths, E. and 1928 L 353~473 No. 9221 ~88.0 ~12.0 Trace Fe; 1. 125 in. diameter and 15.5 in. long; 2 specimens chill-cast;
Schofield, F.H, one of which annealed at 450 C for 1 hr; electrical resistivity reported
' as 4.64, 5.61, 6.34, 7.12, 7.95, and 8.82 uQ cm at 353, 423, 473,
523, 573, and 623 K, respectively; smoothed values reported.
4 44 Griffiths, E. and 1928 L 353-573 No. 2313 92.0 8.0 Similar to abovs except electrical resistivity reported as 4. 06, 4.77, 5.40,
Schofield, F.H. 6.16, 7.03, and 8.08 yQ cm at 353, 423, 473, 523, 573, and 623 K,
regpectively,
5 44  Griffiths, E. and 1928 L 353-573 No. 2312 95.5 4.5 Similar to above except electrical resistivity reported as 4.4, 4.96, 5.61,
Schofield, F.H. 6.26, 6.92, and 7.58 4§} cm at 353, 423, 473, 523, 573, and 623 K,
respectively.
6 41 Mannchen, W, 1931 L 87-476 92.0 8.0 Cast; electrical conductivity reported as 65.1, 29.3, 20.2, and 14.6 x 101
O em™ at €7, 273, 373, and 476 K, respectively; Lorenz function
1,549, 1.650, 1.891, and 2.18 x 1078 V2 K2 at the above temperatures,
respectively.
T 41 Mannchen, W. 1931 L 87-476 The above specimen; Lorenz function 1.58, 1,64, 1.94, and 2.20 x 107
) V% K2 at the above temperatures, respectively.
3 41 Mawnchen, W. 1931 L 87-476 85.0 15.0 Cast; electrica! conductivity reported as 59.6, 22.3, 16.0, and 14.2 x 10%
& tem™ at ¢7, 273, 373, and 476 K, respectively; Lorenz function
1.74, 2.43, 2.79, and 2.67 x 1078 V2 K™? at the above temperatures,
respectively.
9 113  Grard, C. and 1927 L 353-423 96.0 4,0 Approximate ccmposition; cast.,
Villey, J.
10 113  Grard, C. and 1927 E 373.2 88.0 12.0 Cast; density 2.95 g cm™3; electrical conductivity 0.16 x 1080 em™at 100 C.
Villey, J.
11 114  Czochralski, J. 1921 301-346 92.0 ~8.0 Trace Si; density 2.85 to 2.9 g cm™,
12 45  Smith, A, W. 1925 L 326.2 90.0 10.0 1.9 cm in diameter and 10 cm long; prepared by fusing 99. 97" pure alumi-
rum and copper supplied by Baker; clectrical conductivity 26,0 x 10!
Qlemtatezc.
13 45  Smith, A.W. 1925 L 326.2 80.0 20.0 Similar to above except electrical conductivity 20.9 x 101 Q! em™! at 23 C.
14 45 Smith, AW, 1925 L 326.2 70.0 30.0 Similar to above except electrical conductivity 18.5 x 10 Q! ecm™ at 23 C.
15 45 Smith, A.W. 1925 L 326.2 50.0 50.0 Similar to above except electrical conductivity 15.3 x 104 Q7 em™ at 23 C,
16 42  Eucker, A. and 1935 R 81,273 96.0 4.0 Cast sheet; annealed at 510 C for 45 min and quenched in ice water; elec-

Warrentrup, H.

* Not shown in figure.

trical resistivity 1.409 and 3. 600 yQ2 em at -192 and 0 C, respectively.
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TABLE 3. THERMAL CONDUCTIVITY OF ALUMINUM + COPPER ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
%ur. I;Ief‘ Author(s) Year N{?thgd Riimp‘]( Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. - se £e, Designation Al Cu .

17 46  Griffths, E. and 1922 L 353-453 V6lilA 88.0  12.0 15 in. long and 1 in. in diameter; supplied by Metallurgical Dept. of
Shakespear, G.A4. National Physical Laboratory (England); chill-cast.

18 46  QGriffiths, E. and 1922 L 373-573 V671D 88.0 12.0 Prepared from commercially pure aluminum; 15 in. long and 1 in. in
Shakespear, G.A. diameter; supplied by Metallurgical Dept. of National Physical Lab.;

annealed at 450 C.

19 46  Griffiths, E. and 1922 L 373~573 V6rLc 88.0 12.0 Similar to above specimen except sand-cast,
Shakespear, G.4.

20 58 Mikryukov, V.E, and 1981 E 288-777 99.5 0.5 3 mm diameter and 300 mm long; prepared from 99, 9 pure Al.
Karagezyan, A.G.

21 58 Mikryukov, V.E, and 1961 E 328-723 99.0 1.0 Similar to above,
Karagezyan, A.G.

22 58 Mikryukov, V.E. and 191 E 333-762 96.0 4.0 Similar to above.
Karagezyan, A,G. )

23 58 Mikryukov, V.E, and 1961 E 288~781 93.0 7.0 Similar to above.

Karagezyan, A,G.

24 58 Mikryukov, V.E. and 1961 E 334~792 90.0 10.0 Similar to above.
Karagezyan, A.G.

25 43 Satterthwaite, C.B. 1962 L 0.4~1.2 Al-26 0.3 Bar specimen with end sections machined to 0.5 in. diameter and 0. 375 in.
long, and with center portion 3.2 cm long milled to 0, 5 mm thick and
2 mm wide; electrical resistivity ratio p (273K)/p (1. 2K) = 26; transition
temperature (s.c.) T¢ = 1. 149 K; in superconducting state.

26 43  Satterthwaite, C.B. 1962 L 0.4-1,2 Al-26 The above specimen measured in normal state; reported values calculated
from the given formula k= 0,242 T (W em™ K1) in the same tempera-
ture range as above.

27 115  Elflein, M. 1937 L 298~393 51 5 Cylindrical specimen 1.5 cm in diameter and 3.0 cm in length; cast from
98 to 99 pure Al bar (contamination: <1,0 Fe, <0.9 Si, and<0.1 Cu +
Zn) and key alloy (50 Al and 50 Cu) at 750 C, and then cooled in air;
electrical resistivity reported as 5.00 yf cm at 20 C.

28 115 Elflein, M. 1937 L 298-398 1,5 5 Similar to the above specimen except 99. 5 pure Al notch bar (contamina-
tion: 0.28 Fe and 0. 22 8i) used for the melting; electrical resistivity

) réported as 4.56 uf2 cm at 20 C.
29 115 Elflein, M. 1937 L 298-393 ], 54 5 Similar to the above specimen except electrical resistivity reported as
4.66 uQ cm at 20 C.
30 L1565  Elflein, M. 1937 L 298-393 1,5B 5 Similar to the above specimen except electrical resistivity reported as
4.42 4Q cm at 20 C,
31 l16, Aliev, N.A, 1953 L 295.2 1 10.24 1.25 cm? in cross-section and 0.64 cm thick; electrical conductivity
168 21.18 x 10 Q! em™!; total Lorenz function 2.564 x 1078 V2 K2,

32 116, . Aliev, N. A, 1953 L 295.2 2 20.78 1.25 cm? in cross-section and 0. 79 cm thick; electrical conductivity
168 18.79 x 104 3! cm™!; total Lorenz function 2. 594 x 1078 V2 K2,

33 116, Aliev, N.A. 1953 L 295.2 3 30.32 1.25 em? in cross-section and 0. 90 em thick; electrical conductivity
168

16.72 x 104 ! eml; total Lorenz function 2. 652 x 1078 V2 K2,
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THERMAL CONDUCTIVITY OF ALUMINUM + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

TABLE 3,
Name and Composition
(;’\I‘:)r' %ef' Author(s) Year I\/gthgd R':Ii‘emp.K Specimen (weight percent) Composition (econtinued), Specifications, and Remarks
' 0. e nge, Designation Al Cu
34 116, Aliev, N.A. 1953 L 295.2 4 40. 82 1.25 em? in cross-section and 0. 68 cm thick; electrical conductivity
168 15.26 % 104 7! cm™; total Lorenz function 2. 455 x 1078 V2 K2,
35 116, Aliev, N.A, 1953 L 295.2 5 48.00 1.25 cm? in cross-section and 0. 70 cm thick; electrical conductivity
168 12,41 x 10 ! cm; total Lorenz function 2,378 x 1078 V2 K2,
36 47 Hanson, D. and 1932 L 338, 438 3 98, 47 1.01 0.209 Fe; original composition reported as 98. 99 Al (containing 0.21 Fe
Rodgers, C.E. and 0.29 Si) and 0.287 Si; as cast,
37 47 Hanson, D. and 1932 L 338,438 - 5 94, 47 5.06 0.199 Fe; original composition reported as 94. 94 Al (containing 0.21 Fe
Rodgers, C.L. and 0.29 Si) and 0.275 Si; as cast.
38 47 Hanson, D, and 1932 L 338,438 6 92,34 7.20 0.195 Fe; original composition reported as 92, 80 Al (containing 0.21 Fe
Rodgers, C.E. and 0.29 Si) and 0.269 Si; as cast.
39 47 Hanson, D. and 1932 L 338,438 -8 88.05 11.51 0.186 Fe; original composition reported as 88. 49 Al (containing 0,21 Fe
Rodgers, C,E. and 0.29 Si) and 0.257 Si; as cast.
40 47 Hanson, D. and 1932 L 338,438 9 79.52 15.46 0.78 Fe; original composition reported as 84.54 Al (containing 0,21 Fe
Rodgers, C.E. and 0, 29 Si) and 0,245 Si; as cast.
41. 47 Hanson, D. and 1932 L 338,438 3A 98. 49 1.01 0.209 Fe; original composition reported as 98. 49 Al (containing 0.21 TFe
Rodgers, C.E. and 0. 29 Si) and 0.287 Si; as cast.
42 47  Hanson, D. and 1932 L 338,438 5A 94, 47 5.06 0.199 Fe; original composition reported as 94. 94 Al (containing 0.21 Fe
Rodgers, C.E. and 0,29 Si) and 0.275 Si; annealed at 500 C for 24 hr, furnace cooled.
43* 47 Hanson, D. and 1932 L 338, 438 6A 92. 34 7.20 0.195 Fe; original composition reported as 92, 80 Al (containing 0. 21 Fe
Rodgers, C.E. and 0. 29 Si) and 0.269 Si; annealed at 500 C for 24 hr, furnace cooled,
44% A7  Hanson, D. and 1932 L 338,438 8A 88.05 11,51 0.186 Fe;original composition reported as 88. 49 Al (containing 0.21 Fe
Rodgers, C.E. and 0.29 Si) and 0.257 8i; annealed at 500 C for 24 hr, furnace cooled.
45% 47 Hanson, D. and 1932 L 338,438 9A 84,12 15.46 0.178 Fe; original composition reported as 84, 54 Al (containing 0.21 Fe
Rodgers, C.E. and 0.29 Si) and 0.245 Si; annealed at 500 C for 24 hr, furnace cooled.
46 47  Hanson, D. and 1932 L 338,438 10A 79.52  20.08 0. 168 Fe; original composition reported as 79. 92 Al (containing 0.21 T'e
Rodgers, C.E. and 0. 29 Si) and 0.232 Si; annealed at 500 C for 24 hr, furnace cooled.
47T¢ 47 Hanson, D. and 1932 L 338,438 11A 74.03  25.60 0.156 Te;original composition reported as 74.40 Al (containing 0.21 Fe
Rodgers, C.E. and 0. 29 Si) and 0.216 Si; annealed at 500 C for 24 hr, furnace cooled.
48% 47  Hanson, D. and 1932 L 338,438 12A 69.17  30.46 0.146 Fe;original composition reported as 69.54 Al (containing 0.21 Fe
Rodgers, C.E. and 0, 29 Si) and 0.202 Si; annealed at 500 C for 24 hr, furnace cooled.
49 47  Hanson, D. and 1932 L 303, 373 10 79.52  20.08 0.168 Fe; original composition reported as 79. 92 Al (containing 0.21 Fe

Rodgers, C.E.

* Nof. shown in figure.

and 0,29 Si) and 0.232 Si; as cast.
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TABLE 4. THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS ~-- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

) Name and Composition
%ur‘ %Ef‘ Ajthor{s) Year Ni;zthgd Rzemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. o se nge, Designation Cu :
1 41 Griffiths, B, and 1928 L 343-480 Aluminum 90.0 10.0 2.53 em in diameter and 38 cm long; chill-cast and annealed; electrical
Schofield, F.H. . bronze; 6 resistivity reported as 14.7, 15.6, 16.0, 16.7, 17,5, and 18.3 uQ cm
at 293, 348, 373, 423, 473, and 523 K, respectively.
2 49 Smith, C.S. and 1935 L 293,473 100 99.77 0.22 0.01 Fe; 0.75 in. in diameter and 8 in. long; rolled, annealed, and cold-
Palmer, E.W, drawn; heat-treated at 750 C for 2 hr; electrical conductivity reported
as 41.91 and 27.59 x 10* ©~1 em~! at 20 and 200 C, respectively.
3 43 Smith, C.S. and 1935 L 293,473 101 99.47  0.47 0.02 Fe; similar to the above specimen except electrical conductivity
Palmer, E.W, reported as 32.10 and 22.91 x 104 Q~! em~1 at 20 and 200 C, respectively.
4 43 Smith, C.S. and 1935 L 293,473 76 99,20 0.71 0.09 Fe; similar to the above specimen except heat-treated at 700 C;
Palmer, E.W. electrical conductivity reported as 23.40 and 17.95 x 10! Q-1 em~! at
- 20 and 200 C, respectively.
5 49 Smith, C. 8. and 1935 L 293,473 77 98.08 1.89 0.03 Fe; similar to the above specimen except electrical conductivity
Palmer, E. W, : reported as 15.91 and 13,00 x 10* ©~! em~! at 20 and 200 C, respectively.
6 49 Smith, C.8. and 1935 L 293,473 45 95.25 4.61 0.14 Fe; similar to the above specimen except electrical conductivity
Palmer, E.W, reported as 10.26 and 8.824 x 104 ;=1 em~1 at 20 and 200 C, respectively.
7 49  Smith, C.S. and 1935 L 293,473 46 92.15  7.72 0.13 Fe; 0.75 in, in diameter and 8 in. long; rolled, annealed, and cold-
Palmer, E.W. drawn; heat-treated at 750 C for 3.5 hr; slowly cooled in furnace;
electrical conductivity reported as 8.834 and 7.65 x 104 Q-1 em~1 at
20 and 200 C, respectively.
8 49 Smith, C.8. and 1935 L 293,473 102 90.56 9.37 0. 07 Te; similar to the above specimen except heat-treated at 750 C for
Palmer, E.W, 2 hr, then very slowly cooled in furnace to 550 C, held for 4 hr, again
furnace-cooled to 450 C, held for 16 hr, cooled to room temperature;
electrical conductivity reported as 8.24 and 7.056 x 104 Q-1 em~! at
20 and 200 C, respectively.
9 49 Smith, C.8. and 1935 L 293,473 130 87.76 12.15 0.09 Fe; similar to the above specimen except electrical conductivity
Palmer, E.W. reported as 6.925 and 5.738 x 10* Q~! em~! at 20 and 200 C, respectively.
10 47  Hansom, D, and 1932 L 333,543 30a 98.25 1.75 Prepared from Al (containing 0.21 Fe, 0.29 Si) and high grade Cu; 0.5 in.
Rodgers, C.E. diameter and 6.5 in. long; cast in iron mould 7 in, long and 9/16 in, in
diameter, machined to size; annealed at 500 C.
11 47 Hansor, D, and 1932 L 333,543 28 94.90 5.10 Similar to the above specimen.
Rodgers, C.E,
127 47 Hanson, D, and 1932 L 333,543 27a 91.55 8.45 Similar to the above specimen,
Rodgers, C.E.
13 47 Hanson, D. and 1932 L 333,543 25 87.22 12.78 Similar to the above specimen.
Rodgers, C.E.
14 45  Smith, AW, 1925 L 326.2 50,0 50.0 1.9 cm in diameter and 10 ¢m long; prepared by double-fusing the Baker's
analyzed copper and aluminum; electrical conductivity 15.3 x 104 Q=1
cm~1at 23 C.
15 45 Smith, A.W. 1925 L 326.2 60.0 40.0 Similar to the above specimen except electrical conductivity 10,6 x 104 Q-1
em-! at 23 C.
16* 45 ° Smith, AW, 1925 L 326.2 70.0 30.0 Similar to the above specimen except electrical conductivity 9.76 x 104 (1

* Not shown in figure,

cm~! at 23 C.
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THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

TABLE 4,
Name and Composition
(Il\lur. ?Ief. Author (s) Year M['; thgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0- - se ange, Designation Cu Al
17 45  Smith, A.W, 1925 L 326.2 80.0 20.0 Similar to tte above specimen except electrical conductivity 3.60 x 104 Q-1
cm™! at 23 C.
18 45 Smith, A. W, 1925 L 326.2 90.0 10.0 Similar to the above specimen except electrical conductivity 9.98 x 104 Q=1
‘ em~!at 23 C.
19 51 Salter, J,A.M. and 1967 L 1.7-4.2 28 99.17 0.83 Calculated composition; single crystal; grown in a sealed graphite mould
Charsley, P, using the Bridgman lechnique; annealed in vacuo at 750 C for 14 hr;
residual electrical resistivity 2.07 pQ cm,
20 51 Salter, J. A, M, and 1967 L 1.6-4.2 2 99.10 0.90 Calculated composition; polyéfystalline; rod specimen 3 mm in diameter;
Charsley, P. annealed in vacuo at 750 C for 14 hr; residual electrical resistivity
2.12 u§) em; grain size 0.008 cm.
21 51 Salter, J.A.M. and 1967 L 1.8-4.1 2AR 99.17 0.83 Calculated composition; polycrystalline; rod specimen 3 mm in diameter;
Charsley, P. residual electrical resistivity 2.10 uQ cm; grain size 0.0015 cm.
22 51 Salter, J.A. M., and 1967 L 1.7-4.2 85 96.69 3.31 Calculated composition; single crystal; grown in a sealed graphite mould
Charsley, P. using the Bridgman technique; annealed in vacuo at 750 C for 14 hr;
residual electrical resistivity 6.50 pQ cm.
23 51 Salter, J.A.M. and 1967 L 1.7-4.2 8 . 95.91 4.09 Calculated composition; polycrystalline; rod specimen 3 mm in diameter;
Charsley, P. annealed in vacuo at 750 C for 14 hr; grain size 0.0063 cm; residual
electrical resistivity 6.63 u§) cm,
24 51 Salter, J.A.M. and 1967 L 1.5-4.2 12 94.89 5.11 Calculated composition; similar to the above specimen except residual
Charsley, P. electrical resistivity 7.21 yQ em and grain size 0.011 cm,
25% 51 Salter, J,A. M. and 1967 L 1.9-4.1 12(550) 94.72 5.28 Calculated composition; polycrystalline; rod specimen 3 mm in diameter;
- Charsley, P. annealed in vacuo at 550 C for 14 hr; grain size 0,0025 cm; residual
electrical resistivity 7.41 pQ cm.
26 51 Salter, J.A.M. and 1967 L 1.7-4.0 12(450) 94,72 5,28 Calculated composition; polycrystalline; rod specimen 3 mm in diameter;
Charsley, P. annealed in vacuo at 450 C for 14 hr; residual electrical resistivity
7.57 uf em; grain size 0.0009 cm,
27 117 Charsley, P., 1968 L 1.7-4.1 94.87 5.13 Single crystal; 0.2 x 10 x 2.5 cm; prepared by International Research and
Leaver, A.D.W. and Development Co. ; grown in graphite mould using Bridgman technique;
Salter, J,A.M. measured in jig in the relaxed condition.
28 117 Charsley, P., et al. 1968 L 1.8-4.1 94.87 5.13 The above specimen; measured in jig under a stress of 7 kg mm=2,
29 117 Charsley, P., et al. 1968 L 1.7-4.2 94.87 5.13 Polycrystalline; prepared by International Research and Development Co. ;
measured in jig in the relaxed condition.
30% 117 Charsley, P., et al. 1968 L 1.7-4.1 94.87 5.13 The above specimen; annealed at 760 C for 15 hr and measured in jig under
a stress of 7 kg mm-2,
31 117 Charsley, P., et al. 1968 L 1.9-4.1 A4Ay; cross 1 94.87 5.13 Single erystal; grown in graphite mould using Bridgman technique; prepared

* Not shown in figure,

by Intermational Research and Development Co, ; cross shape specimen
obtained by cutting perpendicular to the large face of the crystal (0.2 x
10 x 2,5 cm); the orientation of the cross was chosen such that the
primary edge dislocations made equal angles with both arms A;A, and
B;B,, the angle between the screw dislocations and these two directions
however differed; heat flow in the arm A;A, direction (angle to edges
55°, and angle to screws 35°).
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THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEA SUREMENT INFORMATION (continued)

TABLE 4.
Nams and Composition
?\I“r‘ %Ief' Author(s) Year N{?thgd R’;‘:mp}; Specimen {weight percent) Composition (continued), Specifications, and Remarks
0. NO. se ge, Designation Cu Al
32% 117 Charsley, P., 1968 L 2.0-4.2 AyAg; cross 1 94.87 5,13 The above specimen measured in different cryostats.
Leaver, A.D.W, and
Salter, J.A. M,

33 17 Charsley, P., et al., 1968 L 1.7-4.1 ByBy; cross 1 The above specimen; heat flow in the arm BB, direction (angle to edges
63°, and angle to screws 73°).

34% 117 Chaisley, P., et al, 1968 L 1.7-4.2 AyAg; cross 2 94.87 5.13 Similar to the above specimen except the orientation of the cross was chosen
such that the primary edge dislocations made different angles with both
arms AjA, and B;B,, the angle between the screw dislocations and these
two directions however equal; heat flow in the arm A;A, direction (angle
to edges 80° and angle to screws 52°).

35% 17 Charsley, P., etal, 1968 L 1.8-3.4 ByB,; cross 2 The above specimen; heat flow in the arm BB, direction (angle to edges
46°, and angle to screws 52°).

36 19  Lindenfeld, P. and 19€2 L 1.4-4.2 0,617 Calculated composition; 3 x 0.125 x 0. 031 in, ; prepared from 99.999 pure

Pennchaker, W.B, Cu and 99. 99" pure Al; materials melted, outgassed in vacuum, stirred
for 0.5 hr, then cast; annealed at 700 C for 22 hr; residual electrical
~ resistivity 2.10 uQ cm,

37 55 Inouye, H, 1957 C 309-1171 94 [ Iron and alumina used as comparative materials; data taken from smoothed
curve,

38 55 Inouye, H. 19587 C 348-1125 92 8 Similar to the above specimen.

32 118  Charsley, P. and 1965 L 1.8-4.¢ 4 1.84 Calculated composition; polycrystalline; 3 mm diameter and 12 cm long;

Salter, J. A. M. prepared by International Research and Development Co., Ltd.; mater-
ials melted in pure argon, cast, machined, swaged, and drawn; annealed
in vacuo at 750 C for 14 hr; residual electrical resistivity 3.88 uQ cm.

40 118 Charsley, P. and 1965 L 2.3-4.2 6 2.68 Similar to the above specimen except residual electrical resistivity 5. 20

Saltar, J.A.M., ufem.
41 118 Charsley, P. and 1965 L 2.0-4.4 10 4.22 Similar to the above specimen except residual electrical resistivity 6.62
Saltar, J.A. M. p em.
42 118 Charsley, P. and 1965 L 1.8-3.1 128 5.11 Calculated composition; single crystal; 3 mm diameter and 12 cm long;
Saltar, J.A. M. grown by the Bridgman technique; grain size 0.1 ~ 0.3 mm; residual
electrical resistivity 7.49 pQ cm,
43 118 Charsley, P. and 1965 L 2.2-4.2 128 The above specimen; 2nd run,
Salter, J.A. M,

44 118  Charsley, P. and 1955 L 2.5-4.9 128 Similar to the above specimen.
Salter, J.A. M,

45 53  Kusinoki, M. and 1939 L 1.7-4.3 Specimen 93.03  6.97 Calculated composition; single crystal; cross-sectional area 2.546 mm?;
Suznki, H. No. 5 prepared from 99.999 pure Cu (Mitsubishi-Kinzoku Co. Ltd.) and

99.99 pure Al (Sumitomo-Kinzoku Co. Ltd.) by melting in a high purity
graphite crucible by induction heating; grown in a splitting graphite
mould by the Bridgman method using a seed crystal; annealed at 1000 C
for 48 hr in a vacuum better than 10~% mm Hg; electrolytically polished
in phosphoric acid-ethyl alcohol; dislocation density 5.8 x 101 cm™2;
residual electrical resistivity 7.617 p{) cm.
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TABLE 4. THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name aﬁd Composition
%ur‘ %‘Ef' Author(s) Year mi;zﬁ;zd stl?k Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. 0. 8 £Cs Designation Cu Al
46 53 Kusunoki, M. and 1969 L 1.7-4.3 Specimen 93.03 6.97 Similar to the above specimen except specimen cross-sectional area
Suzuki, H. No. 9 2,924 mm?, dislocation density 1.0 x 10 em~2, and residual electrical
resistivity 7.108 4 em.
47 53 Kusunoki, M. and 1969 L 1.8-4.3 Specimen Similar to the above specimen except specimen cross-sectional area
Suzuki, H. No. 11 1.535 mm?, dislocation density 6.6 x 101 cm~2, and residual electrical
resistivity 7.568 uQ em,
48% 53  Kusunoki, M. and 1969 L 1.7-4.3 Specimen Similar to the ahove specimen except specimen cross-sectional area
Suzuki, H. No, 12(1) 1,915 mm?, dislocation density 2.0 x 1019 en~2, and residual electrical
‘resistivity 7,562 p) cm,
49 53 Kusunoki, M. and 1969 L 1.7-4.3 Specimen Similar to the above specimen except specimen cross-sectionsl area
Suzuki, H. No. 13(1) 2.318 mm?, dislocation density 3.6 x 10° em~2, and residual electrical
resistivity 7.571 pQ em,
50 53 Kustnoki, M, and 1969 L 1.6-4.3 Specimen Similar to the above specimen except specimen cross-sec:ional area
Suzuki, H. No. 13(2) 2.055 mm?, dislocation density 4.4 x 101% em~2, and residual electrical
) resistivity 7.605 p$} cm,
51 53 Kusvnoki, M. and 1969 L 1.8-4.3 Specimen Similar to the above specimen except specimen cross-secsional area
Suzuki, H. No. 14 1.569 mm?, dislocation density 8.4 x 101 cn~2, and vesidual electrical
resistivity 7.641 u) cm.
52 53 Kusunoki, M. and 1969 L 1.7-4.4 Specimen Same fabrication method and heat-treatment as the above specimen except
Suzuki, H. No., 12(2) no other details reported.
53 116, Alier, N.A. 1953 L 295.2 6 50.45 1.25 em? in cross-section and 0,50 em thick; electrical conductivity
168 10.68 x 10! Q=1 em~1; total Lorenz function 2. 345 x 1078 VZK~2,
54 116, Aliev, N.A. 1953 L 295.2 7 53.00 1.25 cm? in cross-section and 0,96 em thick; electrical conductivity
168 10.74 x 10' Q1 cm1; total Lorenz function 2,334 x 10-8 V2K~2,
55* 116, Aliev, N.A. 1953 L 295.2 8 55.00 1.25 cm? in cross-section and 0,52 cm thick; electrical conductivity
168 10.82 x 10t -1 em~!; total Lorenz function 2,348 x 10°8 VZK~2,
56 116, Aliev, N.A. 1953 L 295.2 9 §9.62 1.25 em? in cross-secticn and 0.52 em thick; electrical conductivity
168 9.98 x 104Q~1 em~1; total Lorenz function 2,994 x 10~ V2K~2,
57 116, Aliev, N.A, 1953 L 295.2 10 69,99 1.25 cm? in cross-section and 1.18 cm thick; electrical conductivity
168 8.85 x 10 Q™! em~1; total Lorenz function 2.233 x 10-8 V2K~2,
58 116, Aliev, N.A. 1963 L 295.2 11 71.00 1.25 cm? in cross-sectien and 0. 96 cm thick; electrical conductivity
168 7.75 x 10 Q-1 em!; total Lorenz function 2.438 x 10~¢ V2K~2,
59 116, Aliev, N.A, 1953 L 295.2 12 73.00 1.25 cm? in cross-section and 1.49 em thick; electrical conductivity
168 6.71 x 104 -1 em~1; total Lorenz function 2,247 x 10~8 V2K-2,
60 116, Aliev, N, A, 1953 L 295.2 13 76,00 1,25 cm? in cross-section and 0,80 cm thick; electrical conductivity
168 6.02 x 104Q~! em™1; total Lorenz function 2,438 x 10-f V2K~2,
61 116, Aliev, N.A, 1953 L 295.2 14 77.00 1.25 em? in cross-section and 0,74 om thick; electrical conductivity
168 - 4.25 x 104 Q1 cro!; total Lorenz function 2.438 x 10™¢ V2K-2,
62 116, Aliev, N.A. 1953 L 295, 2 15 78.00 1.25 cm? in cross-section and 0,80 cm thick; electrical conductivity
168 3.54 x 104 Q-1 enr!; total Lorenz function 2,392 x 10-! V2K~2,

3

Not shown in figure.
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TABLE 4. THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -- SPECIMEN CEARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
(;‘\I“r' E;’ef' Author (s) Year M;thgd RTemp.K Specimen  (weight percent) Comyosition (continued), Specifications, and Remarks
0. Ho. s€ ange, Designation Cu Al
63 116, Aliev, N.A. 1953 L 295.2 16 79.58 1.25 em? in cross-section and 0,98 cm thick; electrical conductivity
168 4.16 x 104 Q-1 em~!; total Lorenz function 2,360 x 108 V2K-2,
64 116, Aliev, N.A. 1953 L 295.2 17 83.00 1.25 em? in cross-section and 1.16 cm thick; electrical conductivity
168 5.95 x 101 =1 em™!; total Lorenz function 2,277 x 1078 V2K-2,
65 116, Aliev, N.A. 1953 L 295.2 18 88.00 1.25 cm? in cross-section and 1.35 cm thick; electrical conductivity
168 7.40 x 10 Q-1 em™1; total Lorenz function 2.348 x 10~8 V2K-2,
66* 116, Aliev, N.A. 1953 L 295,2 19 89,22 1.25 ecm? in cross-section and 0,60 cm thick; electrical conductivity
168 10,04 x 1¢* Q-1 em™!; total Lorenz function 2,304 x 10~8 V2K-2,
67 116, Aliev, N.A. 1953 L 295.2 20 95,00 1,25 em? in cross-section and 0.51 cm thick; electrical conductivity
168 10.50 x 10 Q-1 em~1; total Lorenz function 2,258 x 10~8 V2K~2,
68* 169 Charsley, P, and 1965 L 1.6-4.1 5.47 Polycrystalline specimen; annealed.
Salter, J,A. M.
69 169  Charsley, P, and 1965 L 1.6-4.5 5.47 Polycrystalline specimen; plastically deformed (6%).
Salter, J.A. M.
70% 169  Charsley, P, and 1965 L 2.4-4.2 5,47 Polycrystalline specimen; plastically deformed (12%).
Salter, J.A.M.
71 52 Charsley, P,, Salter, 1968 L 1.6-4.2 2 0.90 Polycrystalline; 3 mm in diameter and 10 cm long; prepared by International
J.A.M. and Leaver, Research and Development Co., Ltd.; annealed at 750 C for 15 hr in
A.D.W. graphite tubes in vacuo and furnace cooled.
72 52  Charsley, P,, stal. 1968 L 1.6-4.0 2 (2.9%) ‘ 0.90 Similar to the above specimen except 2. 9% deformed.
73 52  Charsley, P., stal. 1968 L .1.6-4.2 2 (10%) 0,83 Similar to the above specimen except 10% deformed.
74% 52  Charsley, P., stal. 1968 L 1.7-4.2 8 (6%) 4.09 Similar to the above specimen except 6% deformed.
75% 52  Charsley, P., et al, 1968 L 1.6-4.4 12 (6.2%) 5.11 Similar to the above specimen except 6.2% deformed.
76% 52  Charsley, P., st al. 1968 L  2.4-4.2 12 (12.8%) 5.28 Similar to the above specimen except 12.8% deformed.
T77% 49 Smith, C.S. ani 1935 L 293,473 Bar 50 89,88 9,90 0.22 Fe; 0.75 in. diameier and 8 in. long; rolled to 1.25 in. in diameter,
Palmer, E, W, annealed at 700-750 C, cold-drawn to size; heat-treated at 750 C for
3.5 hr, slowly air-ccoled; electrical conductivity 7.923 and 6,724 x 10%
0-1 em1 at 20 and 200 C, respectively.
78 49 Smith, C.S, ani 1935 L 293,473 Bar 49 89.38 9.41 0.52 Fe, 0.38 Sn, 0,31 Ni, and trace Zn; 0.75 in. diameter and 8 in. long;
Palmer, E. W, same fabrication method as the above specimen; heat-treated at 750 C
for 3.5 hr, very slowly cooled; electrical conductivity 7.314 and 6. 364 x
104 Q-1 em~?! at 20 ard 200 C, respectively.
79% 119, Friedman, A.J., 1972 L 1.7-4.0 A 4,07 Polycrystalline; form factor 37. 50 cm=!; prepared from 99. 999 pure copper
169  Chu, T.K., Klemens, supplied by Johnsons and Matthey and from 99.99 pure aluminum sup-

P.G., and
Reynolds, C.A.

* Not shown in figure.

plied by Jarrell Ash Co. by melting in an evacuated quartz beat, casting
into a quartz capillary and quenching in an ice bath; annealed in vacuo at
1273 K for 18 hr; average grain size 1 mm; residual electrical resistivity
7.51 uQden.
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TABLE 4, THERMAL CONDICTIVITY OF COPPER + ALUMINUM ALLOYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
(I:\I‘““ f;]ef. Author(s) Year MUethgd RTe mp,K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. NNo. se ange, Designation Cu Al
80™ 119, Friedman, A.J., 1972 L 1.5-3.8 A The above specimen irradiated for 6 hr at 25 to 60 C at the Brookhaven
169 Chu, T.K., Klemens, National Laboratory BMRR facility for a total fast neutron (>1 MeV)
P.G., and dosage of 4 1 10!7 n cm™ and a total thermal dosage of 1 x 105 n cm™;
Reynolds, C.A. form factor 37. 57 em ™} residual electrical resistivity 7.46 pQ em.
81* 119, Friedman, A.J., 1972 L 1.7-3.8 B 4.07 Some fabrication method as the above specimen A; form factor 35.67 cm~l;
169,170 et al. residual electrical resistivity 7.60 yQcm.
82*% 119, Friedman, A.J., 1972 L 1.3-3.7 B The above specimen deformed in tension, 6.1%, at room temperature; form
169,170 etal, factor 47.4 em™!; residual electrical resistivity 7. 89 uQem.
83% 119, Friedman, A.J., 1972 L 1.3-3.8 B The above specimen annealed in vacuo at 573 K for 24 hr; form factor 47.0
169 et al. cm~!; residual electrical resistivity 7.90 uS cm.
84*% 119, Friedman, A.J., 1972 L. 1.4-3.9 B The above specimen irradiation ireated same as the above specimen A for
169 et al, curve No. 73; form facior 46.9 cm™!; residual electrical resistivity 7. 83
12 em.
85% 119, TFriedman, A.J., 1972 n 1.6-3.8 B The above specimen annealed in vacuo at 573 K for 24 hr; form factor 46.6
169 et al. an~!; residual electrical resistivity 7.95 uQ cm.
86* 54 Mitchell, M.A., 1971 L 1.3-4.1 A 4.5 Obtzined from Materials Research Corp., Orangeburg, N.Y.; prepared
Klemens, P.G., and from 99.999 pure Al and Cu by vacuum induction melting, then machin-
Reynolds, C.A. ing and swaging to 0. 125 in. in diameter; cold-worked in liquid nitrogen,
taen kept at 293 K for 3 hr; residual electrical resistivity 7.995 uyQ) em.-
87" 54 Mitchell, M.A., 1971 L 1.4-4.1 B Similar to the sbove specimen A but annealed at 1193 K for 48 hr after
et al. cold-work; residual electrical resistivity 7.461 uQ) cm.
gg* 54 Mitchell, M.A., 1971 L 1.3-4.2 C1 Similar to the above specimen A but annealed at 1123 K for 28 hr after
et al. cold-work, then given 9. 5% torsional strain at 293 K, re-annealed at
00 K for 12 hr; residual electrical resistivity 7.468 ) cm.
89% 54 Mitchell, M.A., 1971 L 1.4-4.1 c2 The above specimen re-amealed at 373 K for 48 hr; residual electrical re-
et al. sistivity 7.450 uQ2 cm.
90* 54 Mitchell, M.A., 1971 L 1.4-4.0 C3 The above specimen re-amealed at 693 K for 20 hr; residual electrical re-
et al, sistivity 7.463 uQ cm.
91* 54 Mitchell, M.A., 1971 L 1.3-4.1 C4 The above specimen re-amnealed at 713 K for 48 hr; residual electrical re-
et al, sistivity 7.404 Q) cm.
9ot 54 Mitchell, M.A., 1971 L 1.2-4.1 D Same composition, supplier, and fabrication method as the above specimen
et al. A but swaged to 3/16 in. in diameter; annealed at 1205 K for 48 hr; re-
sidual electrical resistivity 7. 350 pQ) cm.
93* 54 Mitchell, M.A., 1971 L 1.5-4.1 E1 Similar to the sbove specimen D but given, after annealing, 9.3%% tensile
et al. strain at 77 K with maximum stress 28. 5 kg mm™ and strain rate 0.0093 s~
then re-annealed at 300 K for 12 hr; residual electrical resistivity 7. 586
K2 cm.
94% 54 Mitchell, M. A., 1971 L 1.3-4.1 E2 The above specimen re-annealed at 422 K for 48 hr; residual electrical re-
et al. ) sistivity 7.475 uQ) cm.
95" 54 Mitchell, M. A., 1971 L 1.4-4.1 E3 The above specimen re-amealed at 552 K for 48 hr; residual electrical re-

et al,

# Not shown in figure.

sistivity 7.438 uQ cm.
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TABLE 4, THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Name and Composition
(;Fuor. I;qif' Author(s) Year I\g'st:gd R::n;pk Specimen  (weight percens) Composition (continued), Specifications, and Remarks
. . it B, Designation Cu Al
96% 54 Mitchell, M. A., 1971 L 1.2-4.1 E4 4.5 The above specimen re-amealed at 673 K for 48 hr; residual electrical
Klemens, P.G., and resistivity 7. 542 Q) cm.
Reynolds, C.A. .
97% 54 Mitchell, M.A., 1971 L 1.2-4.2 E5 The above specimen re-amealed at 797 K for 48 hr; residusl electrical
et al. resistivity 7.456 uQ cm. _
98% 54 Mitchell, M.A., 1971 L 1.2-4.2 E6 The above specimen re-amealed at 920 K for 48 hr; residusl electrical
et al. resistivity 7.453 pQ cm.
99% 54 Mitchell, M.A., 1971 L 1.4-4.1 E7 The above specimen re-ammealed at 1202 K for 48 hr; residual electrical
et al, resistivity 7.441 pQ cm.
100% 54 Mitchell, M.A., 1971 L 1.3-4.2 Fi Similar to the 2bove specimen E1 but annealed at 1202 K for 48 hr, then
et al. given 8. 13% tensile strain at 77. K with maximum stress 29 kg mm™2 and
strain rate 0, 0081 s~!, re-annealed at 360 K for 48 hr; residual electrical
resistivity 7. 567 uQ cm. :
101% 54 Mitchell, M.A., 1971 L 1.4-4.2 F2 The above specimen re-arnealed at 564 K for 0.5 hr; residual electrical
et al. resistivity 7. 536 uQ cm.
102% 54 Mitchell, M. A., 1971 L 1.2-4.2 F3 The above specimen re-arnealed at 565 K for 1. 5 hr; residual electrical
et al. resistivity 7. 536 puQ cm.
103% 54  Mitchell, M.A., 1971 L 1.5-4.2 F4 The above specimen re-amealed at 567 K for 48 hr; residual electrical
et al, resistivity 7.498 uQ cm.
104% 54 Mitchell, M.A., 1971 L 1.5-4.2 F5 The above specimen re-amealed at 570 K for 97 hr; residual electrical
et al. resistivity 7.498 yQ cm,
105% 54 Mitchall, M.A., 1971 L 1.3-4.2 G1 Similar to the above specimen F1 but given, after annealing, 9.26% tensile
et al, strain at 77 K with maximum stress 25.1 kg mm=2 and strain rate 0.004
s~1, re-annealed at 344 K for 48 hr; residual electrical resistivity
7.644 uQ cn.
106% 54 Mitchall, M.A., 1971 L 1.2-4.2 G2 The above specimen re-amealed at 670 K for 0. 5 hr; residual electrical
et al. resistivity 7.625 p£) cm.
107% 54 Mitchall, M. A., 1971 L 1.2-4.2 G3 The above specimen re-amealed at 661 K for 1. 5 hr; residaal electrical
et al. resistivity 7.612 pfd cn.
108% 54 Mitchell, M.A., 1971 L 1.2-4.1 G4 The above specimen re-amnealed at 660 K for 48 hr; residual electrical
et al. resistivity 7,601 uQ cnm.
109% 54 Mitchsll, M.A., 1971 L 1.2-4.2 G5 The above specimen re-amesled at 732 K for 48 hr; residual electrical
et al. resistivity 7. 553 p& em.
110* 54 Mitchell, M.A., 1971 L 1.2-4.1 G6 The gbove specimen re-amealed at 1308 K for 48 hr; residual electrical
et al. resistivity 7. 576 uQ) cm.
111 48, Chu, T.K. and 1972 L 4.6-69 C1 0.43 Supplied by American Anaconda Brass Co.; 0.5 in. diameter x 8 in. long
171 Lipschultz, F.P. with central 5 in. machined to 0.25 in. in diameter; annealed at 1273 K
for 48 hr; electrical resistivity 1.066, 1.066, 1,302, and 2.670 uQ2 cm
at 1.1, 4.2, 77, and 273 K, respectively.
112 48, Chu, T.K. and 1972 L 4.5-55 C2 The above specimen fatigned for 500 cycles with maximum load 6.4 kg mm=2;
171 Lipschultz, F.P. electrical resistivity 1.071, 1,067, 1.301, and 2.664 uQ cm at 1.1, 4.2,

77, and 273 K, respectively.

¥ Not shown In figire,
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TABLE 4, THFRMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition '
Cur, Ref. Author(s) Year Method _Temp. Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Renge,K Desi :
esignation
113 48, Chu, T.K. and 1972 L 1.7-72 C3 0.43 The above specimen fatigued for 10 cycles with maximum load 6.4 kg mm™;
171 Lipschultz, F.P. electrical resistivity 1. 069. 1.069, 1.304, and 2,663 y) ecm at 1.1, 4.2,
77, and 273 K, respectively.
114 48, Chu, T.K. and 1972 L 4.6-69 C5 Similar to the above specimen C1 but given a 5% plastic deform under uni-
171 Lipschultz, F.P. axial stress; electrical resistivity 1.066, 1.066, 1.294, and 2. 660 uQ
cm af 1.1, 4.2, 77, and 273 K, respectively.
115% 48, Chu, T.K. and 1972 L 4.6-66 C6 The above specimen fatigued for 105 cycles with maximum load 6.4 kg mm™2;
171 Lipschultz, F.P, ‘ electrical resistivity 1.064, 1.306, and 2.665 yQcm at 4.2, 77, and
273 K, respectively.
116 48, Chu, T.K. and 1972 L 4.6-66 Bl 6.97 Same supplier and dimensions as the above specimen C1; annealed at 1237 K
171 Lipschultz, F.P, for 48 hr; electrical resistivity 7.868, 7.867, 8.253, and 10.19 yQ cm
at 1.1, 4.2, 77, and 273 K, respectively.
117 48, Chu, T.K. and 1972 L  4.9-68 B2 The above specimen fatigued for 500 cycles with maximum load 8. 3 kg mm=2;
171 Lipschultz, F.P. electrical resistivity 7. 850, 7. 853, 8.250, and 10.16 yQ cm at 1.1, 4.2,
77, and 273 K, respectively.
118 48, Chu, T.K. and 1972 L 4.7-68 B3 The above specimen fatigued for 10% cycles; electrical resistivity 7. 806, 7. 806,
171 Lipschultz, F.P. 8.204, and 10.10 pQ cm at 1.1, 4.2, 77, and 273 K, respectively.
119 48, Chu, T.K. and 1972 L 5.14-68 B4 The above specimen fatigued for 10° cycles; electrical resistivity 7. 813, 7. 813,
171 Lipschultz, F.P. 8.217, and 10.14 yQ cm at 1.1, 4.2, 77, and 273 K, respectively.
120 48, Chu, T.K. and 1972 L 4.7-68 B5 6.97 Similar to the above specimen Bl but given a 5% plastic deform under uni-
171 Lipschultz, F.P. axial stress; electrical resistivity 7.889, 7.889, 8.288, and 10.16 uQ
cma: 1.1, 4.2, 77, and 273 K, respectively. :
121 48, Chu, T.K. and 1972 L 4.8-65 B6 The above specimen fatigued for 2 x 105 eycles with maximum load 8. 3 kg mm™;
171 Lipschultz, F.P. electrical resistivity 7. 891. 8.273, and 10.21 pQ cm at 4.2, 77, and 273 K,
respectively.
122 50 Friedman, A.J. 1974 L 5.3-73 5 4.07 The same irradiated specimen B for curve No. 82; electrical resistivity 7. 832,
7.832, 8.204, and 10.033 u) cm at 1.2, 4.2, 77, and 273 K, respectively.
123 50 Friedman, A.J. 1974 L 5.3-70 5 The above specimen re-annealed at 573 K for 24 hr; electrical resistivity
7.949, 7.949, 8,314, and 10.150 K at 1.2, 4.2, 77, and 273 K, respectively.
124 50 Friedman, A.J. 1974 L 5.3-68 6 4.07 Form factor 37.497 cm~1; annealed in vacuum at 1273 X for 18 hr; electrical
resistivity 7. 513, 7.513, 7.867, and 9.630 yQ cm at 1.2, 4.2, 77, and
273 K, respectively.
125 50 Friedman, A.J, 1974 L 5.0-72 6 The above specimen.
126 50 TFriedman, A.J. 1974 L 5.0-67 6 The above specimen given the same irradiation treatment as the specimen B
for curve No. 82; form factor 37. 569 cm~!; electrical resistivity 7.461, 7.461,
7.81%, and 9.564 2 cm at 1.2, 4.2, 77, and 273 K, respectively.
1274 120 Leaver, A.D,W, and 1971 L 1.9-4.0 2 Al 0.83 Similar to the specimen for curve No. 73; annealed; residual electrical
Charsley, P. resistivity 2. 080 ;2 cm,
128% 120 Leaver, A,D.W, and 1971 L 1.83-4.1 2 Al The above specimen tensile strained 8.2% under 2 stress of 16.93 kg mm™2;
Charsley, P. residual electrical resistivity 2.109 ;£ cm.
129% 120 Leaver, A,D.W, and 1971 L 2.0-4,0 12 Al 5.56 Polycrystalline; obtained from International Research and Development Co.,

# Not shown in figure.

1.td, ; residual electrical resistivity 7.61 Qcm,

9001

v 13 OH



8461 '€ 'ON 'L '|OA ‘01DQ “$9Y ‘wey) “shyd °r

TABLE 4. THERMAL CONDUCTIVITY OF COPPER + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION ( continued)

Name and Composition

(,I‘,\Iur. %ef. Author(s) Year N{?thgd RTemp-K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. No. se ange, Designation Cu Al

130%* 120 Leaver, A.DD.W. and 1971 - L 1.8-4.0 12 Al The above specimen tensile strained 1.8% under a stress of 16, 38 kg mm™2;
Charsley, P. residual electrical resistivity 7.62 pQcm,

131%* 120 Leaver, A.D.W, and 1971 L 2,0-4.2 12 Al 5.56 Single crystal; grown in a graphite mold by the Bridginan technique;
Charsley, P. annealed.

132% 120 Leaver, A.D.W, and 1971 L 2.2-4.1 12 Al : The above specimen tensile strained 7. 3% under a stress of 3.03 kg mm~2,
Charsley, P.

133%* 120 Leaver, A,D.W. and 1971 L 1.9-4.0 12 Al The above specimen tensile strained 17. 0% under a stress of 4. 48 kg mm™2,
Charsley, P, .

134% 120 Leaver, A.D.W, and 1971 L 2.0-4.1 12 Al The above specimen tensile strained 22. 5% under a stress of 6. 73 kg mm™2,
Charsley, P.

135% 121 Kogure, Y, and Hiki, 1973 L 1.6-6.6 97.8 2.2 Calculated composition (5 a/o Al}; 2.5 mm dia x 70 mm long; prepared from
Y. 99, 99* Cu and Al by vacuum melting and casting; annealed in vacuum at

850 C for 15 hrs.

136% 172 Kapoor, A., 1974 L 0.48-3.9 95.5 4.5 Calzulated composition (10 a/o Al); cylindrical specimen 3, 6 mm in dia-
Rowlands, J.A., meter; prepared by melting the pure materials in a quartz container in
and Woods, S.B. vacuum, resulted ingot swaged to size; cold-worked; residual electrical

resistivity 7. 54 2 cm.

137% 172 Kapoor, A., et al, 1974 L 0.52-4.0 The above specimen annealed in vacuum at 600 K for 12 hr; residual

electrical resistivity 6.79 uQ) cm.

138% 172 Kapoor, A., etal, 1974 L 0.48-3.7 The above specimen reannealed in vacuum at 675 K for 12 hr; residual

electrical resistivity 6.88 uQ2 cm,

139% 172  Kapoor, A., et al, 1974 L 0.65-4.0 The above specimen reannealed in vacuum at 1000 K for 12 hr; residual

electrical resistivity 6.69 uQ cm.

# Not shown in figure.
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4.2, Aluminum-Magnesium Alloy System

The aluminum-magnesium alloy sysiem does not form a
continuous series of solid solutions. The maximum solid
solubility of magnesium in aluminum is 17.4% (18.9 At.%) at
723 K and the solubility decreases at higher and lower tem-
peratures, being only 1.9% (2.1 At.%) at 373 K. The max-

imum solid solubility of aluminum in magnesium is 12.7%

(11.6 At.%) at 710 K and likewise it decreases at higher and
lower temperatures, being only about 1.5% (1.3 At.%) at 373
K. Thus the region of solid solution of this alloy system is
even more limited than that of the aluminum-copper alloy
system. As noted in section 3, the values for the thermal con-

ductivity of much of this system are derived from experimen-

tal data on specimens in which the solid-solution phase was
presumably frozen in. Hence, these values may not always be
reproducible and are therefore provisional rather than rec-
ommended.

There are 50 sets of experimental thermal conductivity
data available for this system. Of the 32 data sets for Al +Mg
alloys listed in table 6 and shown in figure 18, seven sets are
merely single data points. Of the data sets for Mg + Al alloys
listed in table 7 and shown in figure 19, ten sets are single
data points.

For the Al + Mg alloys, measurements were limited to spec-
imens coniaining no more than 15% Mg. Recommended
curves are, therefore, given for 0.5 to 10% Mg alloys only.
They follow the slopes of the data of Johnson [56] (Al +Mg
curves 5 and 6) and of Powell et al. [57] (Al + Mg curves 18-
22) at low temperatures, and in this region the data of Mohan
et al. [190] on a binary Al+ Mg alloy (Al + Mg curve 28) are
within 10% of the interpolated values from the recommended
curves. At higher temperatures the recommended curves fol-
low the trend of the high-temperature data of Mikryukov and
Karagezyan [58] (Al +Mg curves 8-11). The alloys measured
by Powell et al. are age hardened and since most of the im-
purities are heavier than Mg, there are fewer impurities per
atom than indicated and the error incurred is in the effective
Mg content scale. In addition, most of the weight of the
analysis was given to the higher Mg content alloys. In a con-
ductivity versus composition plot for 300 K, all the available
data are shown to he eongruons and eomplementary except
those of Johnson [56] (Al + Mg curves 5 and 6) for specimens
of uncertain composition and those from Materials Design
Engineering [123] (Al+Mg curves 16 and 17) for as-cast
specimens. A conductivity-composition curve at 300 K for Oto
10% Mg is thus constructed based on those data which are in
agreement with one another. The k. values at 300 K were
caleulated from eq (12), and the k, values at 300 K were
derived as the differences between k and k. values. These k,
values were extrapolated to higher temperatures up to the
solidus temperatures according to the temperature depend-
ence of eq (35) and to lower temperatures according tc the
pattern of k, curves derived from the available experimental
k and the calculated £, around the region of maximum £, and
aceording ta T2 dependence at lower temperatures assuming
k, to be negligible at 1 K. The total thermal conductivity
values were than obtained by adding the extrapolated %, and
the calculated k.. '

For the Mg+Al alloys, no measurements were made below
85 K and none for alloys containing more than 14% Al The

1. Phys. Chem. Ref. Dote, Vol 7, No. 2, 1978
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data of Smith [45] (Mg+Al curves 1 and 2) and of Kikuchi
[59] (Mg+Al curves 8-13) were favored in constructing the
conductivity-composition curve for 300 K. The data of
Staebler and Mannchen [41,124] (Mg+Al curves 3-5) were re-
jected because the values of the total Lorenz function cal-
culated from their thermal conductivity and electrical resis-
tivity results are obviously too large (3.25 to 3.65 107°V?K™? at
73 K), which leads to the conclusion that their thermal con-
ductivity data are too high. Maybrey [60] did not measure
electrical resistivity, but his thermal conductivity data are in
the same neighborhood of magnitude as those of Staebler
and Mannchen, and are hence taken out of consideration.
The remaining measurements other than those of Smith and
of Kikuchi were made on specimens of nonspecific composi-
tion, and, therefore, would be given less weight in construct-
ing the conductivity-composition isotherm. It, then, left the
data of Smith and of Kikuchi as the basis for the construc-
tion. The k. values were calculated from eq (12) and those at
300 K were plotted on the conductivity-composition graph.
The k, values at 300 K were taken as the differences between
k and k. values. These k, values were similarly extrapolated to
lower and higher temperatures according to the appropriate
temperature dependences. The total thermal conductivity
values were obtained by adding these £, to the calculated k..
Since there is no information regarding where the maxima of
the k, curves occur, no k, values are given below 100 K and
hence no total k values are reported at low temperatures for
the dilute alloys, even though the k. values are known. The &
values of the 5 and 10% Al alloys are given only in the range
between 250 and 350 K, since electrical resistivity values are
available only in this range.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 14 and 15. The smooth solid curves in these figures
were obtained hy interpolating the recommended values of
table 5 in order to obtain thermal conductivity values for the
desired alloy compositions. For aluminum-rich alloys shown
in figure 14, the recommended values are in agreement with
the data of Powell et al. [57] (Al+Mg curves 18-20) at low
temperatures to within 10% and with the data of Meyer-
Rassler [122] (AH-Mg curve 7) and of Mikryukov and
Karagezyan [58] (Al+Mg curves 8-11) at higher temper-
atures to within 8%. For magnesium-rich alloys shown in
figure 15, the recommended values are in agreement with the
data of Kikuchi [59] (Mg+Al curves 8-13), of Smith [45]
(Mg+Al curves | and 2), and of Giuliani [135] (Mg+Al curve
14) to within 6%.

The resulting recommended values for k, k., and k. are
tahuiated in tahle 5 for 10 allay compositions. These values
are for alloys which have not been severely cold worked or
quenched. The k velues are also presented in figures 16 and
17. The values of residual electrical resistivity for eight of the
10 alloys are alse given in table 5. The uncertainties ot the k
values are stated in a footnote to table 5, while the uncertain-
ties of the k, and k, values are indicated by their being desig-
nated as rerommended, provisional, nr typieal values. The
ranges of uncertainties of recommended, provisional, and
typical values are less than =15%, between %15 and +30%,
and greater than £30%, respectively. The &, values are very
uncertain and are merely to serve as correction terms for the
derivation of the total thermal conductivities.
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TABLE 5.

RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-MAGNESIUM ALLOY SYSTEM?

{Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, k,, We -1 K-1; Lattice Thermal Conductivity, kg’ W em~t K-}

Al: 99.50% (99.45 At.%) Al: 99.00% (98.89 At.%) Al: 97.00% (96.68 At. %) Al: 95.00% (94.48 At.%)
Mg 0.50% ( 0.55 At.%) Mg: 1.00% ( 1.11 At.%) Mg:  3.00% ( 3.32 At.%) Mg:  5.00% (- 5.52 At.%)
P = 0,253 uﬂ cm Po = 0,511 uﬂ cm Po = 1.53‘uﬂ cm Po™ 2.54“9 cm
T k ke, kg T k k, kg T k k, kg T k ke k o
4 0,391 4 0.195 4 0,066% 4 0,037
6 0.591 6 0.295 6 0,100+ 6 0.056%
8 0.796 8 0.397 8 0,135% 8 0,077
10 1,00 10 0,501 10 0.170% 10  0.098%
15 1.54 15  0.767 15 0,264% 15  0.154%
20 2.01 20 1.03 20 0.358% 20 0.211%
25  2.46 25 1.28 25  0,451% 25 0.268%
30 2.89 30 1.51 30 0.539% 30 0,320%
40 3,50 40 1.89 40  0,699% 40  0.417%
50 3.67 50 2,14 50  0.834% 50 0.497¢
60 3.52 60 2.23 60  0.937¢ 60 0.560%
70 3.13 70 2.18 70 1.002% 70 0.616%
80 2.71 80 2,02 80 1.032% 80 0.660%
90 2.34 90 1.86 90 1.039% 90 0.691%
100 2.18 2.05 0.107% 100 1,78 1.69 0, 086% 100 1,064 0.990 0. (65% 100 0.723%  0.669 0. 054%
150  1,96% 1.87 0.089% 150 1, 72% 1.85 0. 074% 150  1.19%x¥ 1,13 0. 055§ 150 0.906% 0,859 0.047%
200 1.97% 1.90 0. 074% 200 1.79% 1.73 0. 063% 200 L.32%F  1.27 0. 048% 200 1.04% 1.00 0.041%
250  2.01% 1.95 0.064% 250 1,86% 1.80 0. 055% 250 1,42%%  1.38 0. 043% 250 1.16% 1,12 0.036%
273 2,05% 1.99 0. 0604 273 1,90% 1.85 0. 052% 273 L48*¥  1.44 0. 040% 273  1.21% 1.18 0.034%
300 2.08 2.02 0. 056% 300 1.94 1.89 0. 049% 300 1.53% 1.49 0. 038% 300 1.27# 1.24 0.033%
350 2,11 2.08 0. 050% 350  1.99 1.95 0.043% 350 Leéi¥ 1.58 0. 034% 350 1,35% 1.32 0. 030%
400 2.17 2.12 0.045% 400 2.06 2,02 0.040% 400 1.674 1.64 0.031% 400 1.41% 1.38 0.027%
500 2.18 2.14 0, 037% 500 2.08 2.05 0. 033% 500 L 72% 1,69 0, 027% 500 1.46% 1.44 0. 024%
600 2.16 2.13 0.032% 600 2.08 2,05 0.029% 600 174 1,72 0. 024% 600 1.50% 1.48 0.021%
700 2,12 2,09 0.028% 700 2,06 2,03 0. 025% 700 176 1.74 0,021% 700 1,53 1.51 0.019%
800 2.07* 2.04 0. 025% 800 2.01% 1.99 0, 023% 800 1.76% 1.74 0. 020% 800 1.56% 1.54 0.017%
900  2,00% 1.98 0, 022% 900 1.96% 1.94 0, 021% 881  1,76% 1,74 0,018% 849 1,55% 1.53 0.016%
922  1.99% 1.97 0.021% 913 1.95% 1.93 0.021%

T Uncertainties in the total thermal conductivity, k, are as follows:
99,50 Al - 0,50 Mg: 110% up to 200 K and .+ 6% above 200 K.
99.00 Al ~ 1.00 Mg: +10% up to 200 K and +6% above 200 K,
97,00 Al - 3,00 Mg: +15% up to 500 K and + 8% above 500 K.
95,00 Al - 5. 00 Mg: & 15% up to 600 K and + 8% above 600 K.

¥ Provisional value.
¥ Typical value.
* In temperature range where no experimental thermal conductivity data are available.
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TABLE 5,

RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-MAGNESIUM ALLOY SYSTEM (continued) t

[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, ko W em=! K-1; Lattice Thermal Conductivity, kg’ W em~t K™1]

Al: 90.00% (89.02 At. %) Al: 10.00% ( 9.10 At.%) Al:  5.00% ( 4.53 At.%) Al:  3.00% ( 2.71 At.%)
Mg: 10.00% (10. 98 A:. %) Mg: 90.00% (90,90 At.%) Mg: 95.00% ($€5.47 At.%) Mg: 97.00% (97.29 At.%)
Py = 498 uQ om P, = 4-78 ) om
T k ke kg T k k kg T k k'e kg T k ke kg
40,0204 4 0.0204 %
6  0.031% 6 0. 0307 #
8  0.041% 8 0. 0409 %
10 0.052% 10 0. 0508 ¥
15 0,081 15 0.0752#
20 0.113% 20 0,0998+#
25  0.143% 25 0.124%
30 0.173% 30 0.148%
40  0.230% 40 0.192#
50  0.281% 50 0.232%
60  0.326% 60 0.266%
70  0.364% 70 0.295%
80  0.395% 80 0.318%
90  0.423% 90 0.339%
100 0.447F  0.404%  0,043% 100 0. 05644 100 0, 0723% 100  0.453%% 0.362% 0.0911%
150  0.576%  0.538% 0,038t 150 0,0477% 150 0.0613% 150 0,553%% 0.476% 0,0771F
200  0.690%  0.657F  0.033% 200 0. 0409% 200 0. 0527% 200 0.634%% 0.568% 0,0658%
250  0.795%  0.765%  0.030% 250 0.444%  0.408%  0,0358% 250 0.576%  0.530%  0.0460% 250 0.699%% 0.642%  0,0572%
273 0.840%  0.812%  0.028% 273 0.461%  0.427%  0.0338% 273 0,598%  0.554%  0.0435% 273 0.728%% 0.674%  0.0540%
300 0.891F  0.864%  0.027F 300 0.477F  0.445%  0.0317% 300 0,619%  0.578%  0.0407% 300 0.756% 0.705%  0.0505%
350  0.976%  0.952% 0, 024% 350 0.504%  0.475%  0.0285% 350 0.653%  0.616%  0.(367% 350 0.799%% 0,754%  0.0452%
400  1.03% 1.01% 0. 023% 400 0, 0259% 400 0.0334% 400 0.835%%  0,794%  0.0408%
500  1.12% 1.10# 0. 020% 500 0. 02203 500 0.0283% 500 0.888*% 0.854%  0,0343%
600  1.174 1.15% 0.017% 600 0.0191# 600 0. C247% 600 0.924%  0.894 0, 0295%
700 1.20 1.18 0. 016% 700 0. 0170% 700 0. (218% 700 0.946%  0.920 0. 0260%
788  1.22 1,21 0. 014# 756 0.0159% 800 0.0196% 800 0.964*% 0,941 0,02324%
839 0.(189% 872 0.975%  0.953 0. 0216%

+ Uncertainties in the total thermal conductivity, k, are as follows: .

90.00 Al - 10,00 Mg: +15% up to 600 K and + 84 above 600 K.
10,00 Al ~90.00 Mg: +15% between 250 and 350 K,
5.00 Al - 95, 00 Mg: + 15% betwsen 250 and 350 K.
3.00 Al - 97,00 Mg: *15% up to 500 K and + 8% above 500 K.

% Provisional value,

4 Typical

* In temperature range where no experimental thermal conductivity data are available,

value.
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TABLE 5. RECOMMENDED THERMAL CONDUCTIVITY OF ALUMINUM-MAGNESIUM ALLOY SYSTEM (continued) ¥
[Temperature, T, K; Thermal Corductivity, k, W em~! K-!; Electrenic Thermal Conductivity, kc’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™ K1)

Al 1,00% ( 0.90 At. %) AL 0.50% ( 0.45 At.%)
Mg: 99.00% (99,10 At. %) Mg: 99.50% (99.55 At. %)
[ 1.960 Q) cm P, = 0.980 uQd cm
T k k k T k k k
e g e g
4 0. 0500 4 0.0996
6 0.0750 6 0.150
8 0. 100 8 0. 200
10 0.125 10 0,249
15 0.186 15 0.369
20 0.245 20 0.481
25 0.301 25 0,586
30 0.355 30 0. 683
46 0.451 40 0.838
50 0.525 50 0.920
60 0.573 60 0.950
70 0. 602 70 0.962
80 0.619 80 0,971
90 0.634 90 0.978
100 0.793 0.660  0.133% 100 1.07* 0.982 0.152%
150  0.904 0,792 0.112% 150 1,18 1,05 0,127%
200 0.989 0.896 0, 09324 200  1.23% 1.13 0.104%
250 1.05 0.972 0.0797# 250  1.27% 1.18 0.0874%
273 1.08 1,01 0.0746% 273 1.29% 1.21 0. 0816%
300 1.10 1.03 0.0692% 300 1.30% 1.23 0. 0756%
350 1.14 1.08 0.0613% 350 1.32% 1.25 0. 0661%
400 1.17 1.12 0.0546% 400 1.33 1.27 0. 0589%
500 1.19 1.15 0.0449% 500 1.34 1.29 0.0481%
600 1.21 1.17 0.0382% 600 1.34 1.30 0. 0406%
700 1.22 1.19 0.0331% 700 1.33 1.30 0.0350%
800 1.22 1.19 0.0292% 800 1,33 1.30 0.0308%
900 1.22 1.19 0, 0262% 900 1, 32% 1.30 0. 0274%
906 1.22 1.19 0.0260% 914 1,32% 1.30 0. 0270%

8L61 ' "ON L "|OA 'D40( “y0y way) ‘shyd 'r

1 Uncertainties in the total thermal conductivity, k, are as follows:
1.00 Al - 99,00 Mg: +12% below 200 K, 16% between 200 and 500 K, and +8% above 500 K.
0.50 Al - 99.50 Mg: +12% below 200 K, 6% between 200 and 500 K, and £8% above 500 K.

# Typical value,
* Intemperaturc range where no experimental thermal conductivity dala are available.
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TABLE 6. THERMAY, CONDUCTIVITY OF ALUMINUM + MAGNESIUM ALLQYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMAT.ON
. Name and Composition
Cur. l;l\]ef. Author(s) Year N{?fhgd Rlemp.I( Specimen (weight percent) Composition (continued), Specifications, and Remarks
No.  No. s ange, Designation Al Mg
1 4l Mannchen, W, 1931 L 87-476 92.0 8.0 Cast; electrical conductivity reported as 20.02, 13.21, 10.5, and 8.8 x
' ) 104 Q-1 em™! at 87, 273, 373, and 476 K, respectively.
2 41  Mannchen, W, 1931 L 87-476 92.0 8.1 Amealed; electrical conductivity reported as 24.5, 15.05, 12.25, and
10,25 x 104 O~1 em~! at 87, 273, 373, and 476 K, respectively.
3 41 Mannchen, W, 1931 L 87-476 88.0 12,0 Cast; electrical conductivity reported as 19.6, 11.95, 9.4, and 7.85 x 10*
! em~? at 87, 273, 373, and 476 K, respectively.
4 41 Mannchen, W. 1931 L 87-476 86.0 14.¢ Annealed; electrical conductivity reported as 12.7, 8,96, 8.05, and 7.6 x
104 O~ em™! at 87, 273, 373, and 476 K, resgectively.
5 56 Johnson, E. W, 1960 4,3-128 5052 97.7- 2.%- 0.10 Mn; annealed.
97.1 2.§
8 56 Johnson, B, W, 1960 4,8-144 5154 96.8~ 3.1- 0,10 Mn; annealed.
96.0 3.9
7122 Meyer-Rassler, E. 1940 348.2 Magnalium 93.0 7.6 15 mm in diameter and 72 mm long; density 2.63 g em™3,
8 58  Mikryukov, V.E. and 1961 E 327-746 99.3 0.9 3 mm diameter and 300 mm long; prepared from 99, 9 pure Al
Karagezyan, A.G.
9 58  Mikryukov, V.E, and 1861 E 285-716 97.0 3.6 Similar to the above specimen,
Karagezyan, A.G.
16 58 Mikryukov, V,E. and 1961 E 330-766 95.0 5.0 Similar to the above specimen,
Karagezyan, A,G. .
11 58  Mikryukov, V. E. and 1961 E 289-717 92.0 8.1 Similar to the above specimen.
Karagezyan, A, G.
12 123 Materials in Design 1959 298.2 5005 Bal, 0.8 Nominal composition; annealed at 617 K; density 2,68 g em™%; electrical
Engineering resistivity 3.4 u) em at 20 C.
13 123 Materials in Design 1959 298.2 5050 Bal, 1.6~ Nominal composition; annealed at 617 K; density 2.68 g cm™3,
Engineering 1.8
14 123 Materials in Design 1959 298.2 5056 Bal, 4.~ 0.05~0,20 Cr and 0.05~ 0,20 Mn (nominal composition); anncaled at 617 X;
Engineering 5.€ density 2.63 g cm™3; electrical resistivity 5.94 uQ cm at 20 C,
5 123 Materials in Design 1959 293.2 G4A 96.0 4.¢ Nominal composition; as cast; density 2,63 g em~3,
Engineering
16 123  Materials in Design 1859 293.2 G10A 96.0 4.6 Nominal composition; as cast; density 2,57 g cm™3,
Engineering .
17 123  Materials in Design 1959 293.2 G8A 92.0 8.¢C Nominal composition; as cast; density 2,57 g cm™3,
Engineering
18 57 Powell, R.L., Hall, 1960 L 4-120 8063~T5 Bal, 0.€5 0.38 Si, 0.1 each Fe, Ga, Mn, 0,01 each Cr, Cu, Ti, V, Zn, 0.001 Ca,

W.,d. and Roder, H.M.

and 0,001 Pb; 3.66 mm diameter rod specimen; grain size 4. 052 mm x
0.048 mm (longitudinal) and 0, 052 mm {transverse); precipitation heat-
treated; electrical resistivity 0,28, 0.28, 0.33, 0.43, 0.§, 2.3, and
3.5 uf cm at 4, 10, 40, 60, 100, 200, and 300 K, respectively;
smoothed values reported.

v 43 OH
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TABLE 6.

THERMAL CONDUCTIVITY OF ALUMINUM + MAGNESIUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Cur,

No,

Ref.
No.

Author(s}

Year

Method

Temp.

Used Range,K

Name and
Specimen
Designation

Composition

Al

(weight percent)
Mg

Composition (continued), Specifications, and Remarks

19

20

21

22

57

23% 190

24

190

25" 190

Powell, R, L., Hall,
W.d. and Roder, H. M,

Powell, R, L., efal.

Powell, R.L., etal.

Powell, B, L., etal,

Mohan, N.S., Klafiky,
R.W., Harrimgton,

1960

1960

1960

1960

L.C., and Damon, D, .

Mohan, N.S., et al,

Mohan, N.S., et al.,

* Not shown in figure.

L

4-120

4-120

6-120

4-120

5-60

5~60

5052-0

5154~0

5083-0

5086-F

2a

2b

Bal.

Bal,

Bal,

Bal,

2.46

.32

0,22 ¢r, 0.1 each Cu, Fe, S{, Ga, Mn, Zn, 0.01 Ti, 0,01 V, 0,001 Ca,
anc 0.001 Zr; grain size 0,056 mm x 0, 032 mm {longitudinal) and
0, (40 mm (transverse); amnealed in vacuum for 1 br at 350 C; electrical
vegistivity 2.0, 2,1, 2.2, 2,7, 4.4, and 5.0 u) cm at 4, 20, 60, 100,
20¢, and 300 K, respectively; smoothed values reported.,

0.21 ¢r, 0.1 each Cu, Fe, 8i, Mn, 0.01 each Ti, V, Zn, 0.001 Ca, and
0,001 Ph; grain size 0,036 mm x 0,028 mm (longitudinal) and 0. 032 mm
(transverse); annealed in vacuum for 1 hr at 350 C; electrical resistivity
2.3, 2.3, 2.4, and 2.5 uQem at 4, 10, 30, and 60 K, respectively;
smoothed values reported.

9.7 Mn, 0.1 each Cr, Fe, Si, 0.04 Cu; supplied by R.D. Olleman, Kaiser
Alyminum and Chemical Co, ; average crystal grain size 0,74 mm x
0. 91 mm (longitudinal) and 0,54 mm x 0. 14 mm (transverse); annealed
in vacuum for 1 hr at 350 C,

0,51 Mn, 0.28 Fe, 0.1 each Cr, 8i, Zn, 0.07 Cu, and 0. 02 Ti; average
crystal grain size 0,061 mm x 0.022 mm (longitudinal) and 0,086 mm x
0,020 mm (transverse); as fabricated; eleetrical resistivity 3.0, 3.0,
3.1, 8.6, 5.0, and 5.7 ufl cm at 4, 40, 60, 100, 200, and 300 X,
respectively; smoothed values reported.

Starting composition 95.47 Al and 4.53 Mg; composition as determined from
residual resistivity was £6,38 Al and 3.62 Mg; specimen made in the
lakoratory of the Institute of Materials Science at Storrs, Comacticut;
ansealed at 473 K for 98 h, at 623 X for 72 b, and further annealed at
738 K for 8.5 h; specimen swaged from 1/4 in to 1/8 in at room temper-
atyre; also quenched in wzter at room temperature after annealing; so-
lute loss on heat treatment about 0.2%; residual resistivity gy = 1.842 x
10°8 Qym, measured at 4.2 K; no resistivity minimum found between 1.5
ani 4.2 X: composition of alloy was calculated from residual resistivity
using Fickett's recommended value of 4, 6 x 107 Qm per atomic percent
of Mg; original data reported tabularly; obtained after smoothing the
measured values using a standard least squares fit of the type \ =
X%+ X714 KT + Xy T2 + X5T% + XgT4; experimental accuracy about
34 for T £ 30 K, and abow: 54 for T 2 30.K.

Similar to the above specimen except for the following: stariing composition
95.47 Al and 4. 53 Mg; composition as determined from residual resisti-
vily was 96.41 Al and 3.59 My specimen further annealed at 773 X for
20h and slow-cooled in furnace to 293 K at g rate of 50 deg/h; solute
loss on heat treatment about 9, 75%; residual resistivity g = 1. 828 x
1wt Qm.

Similar to the above specimen except for the following: starting composition
95.47 Al and 4. 53 Mg; composition as determined from residual resisti~
vi‘y was 95.97 Al and 4,33 Mg; no heat treatment and solute 108s re-
parted; residual resistivity py = 2.045 x 1078 Qm.

SWILSAS AOTIV A¥VNIS 40 ALIALLONANOD TYWHIHL
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THERMAL CONDUCTIVITY OF ALUMINUM + MAGNESIUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Name and
Specimen
Designation

Al

Composition
(weight percent)
Mg

Composition (continued), Specifications, and Remarks

TABLE 6.
Cur. Ref. Method Temp.
No. No. Author(s) Year  “yeed Range,K
26% 190 Mohan, N.S., Klaffky, 5-60 3a
R.W., Harrington,
L.C., and Damon, D.H.
27 190 Mohan, N.S., et al, 5-60 3b
28 190 Mohan, N.S., et al. 5-60 4
29% 190 Mohan, N.S., et al, 5-60 5
30% 190  Mohan, N.S., et al. 5-60 6
31 190 Mohan, N,S., et al. 5-60 6a
32 190 Mohan, N.S., et al. 5-60 7

* Not shown in figure.

Similar to the above specimen except for the following: starting composi~
tion 95.47 Al and 4, 53 Mg; composition as determined from residual
resistivity was 96.33 Al and 3.67 Mg; specimen annealed at 843 K for
16 h and kept at 673 K for 24 h; solute loss on heat treatment about 0.2%;
residual resistivity gy = 1.869 x 1073 Qm.

Similar to the above specimen except for the following: starting composition
95.47 Al and 4.53 Mg; composition as determined from residual resis-
tivity was 96.34 Al and 3. 66 Mg; specimen annealed at 843 K for 16 h,
kept at 673 K for 24 h, further annealed at 876 K for 17 h and slow-
cooled in furnace to 543 K at a rate of 1 deg/min; solute loss on heat
treatment about 0. 02%; residual resistivity py = 1.862x 10°8Qm.

Similar to the above specimen except for the following: starting composi~
tion 93,68 Al and 6. 35 Mg; composition as determined from residual
resistivity was 94.65 Al and 5. 54 Mg; specimen annealed at 876 K for
16 h and slow cooled in furnace to 708 K at a rate of 1 deg/min; solute
loss on heat treatment about 0.2%; residual resistivity po = 2.812x
1078 om.

Similar to the above specimen except for the following: starting composi-
tion 93.6f Al and 6.35 Mg; composition as determined from residual
resistivity was 94,59 Al and 5.41 Mg; specimen swaged from 3/8 in
to 1/8 in; no heat treatment and solute loss reported; residual resisti~
vity pp = 2. 744 X 1078 Qm,

Similar to the above specimen except for the following: starting composi~
tion 93.65 Al and 6.35 Mg; composition as determined from residual
resistivity was 95.14 Al and 4,96 Mg; specimen swaged from 3/16 in
to 1/8 in; no heat treatment and solute loss reported; residual resisti-
vity pp = 4.521 x 107t Qm,

Similar to the above specimen except for the following: starting composi-
tion 93.65 Al and 6.55 Mg; composition as determined from residual
resistivity was 95.23 Al and 4. 77 Mg; specimen swaged from 3/16 in
to 1/8 in; annealed at 673 K for 25 h and air quenched; no solute loss
on heat treatment reported; residual resistivity 2.424 x 10"8 Qm.

Similar to the above specimen except for the following: starting composi-
tion 93.65 Al and 6,35 Mg; composition as determined from residual
resistivity was 95.35 Al and 4.65 Mg; specimen swaged from 3/8 in
to 1/8 in; annealed at 473 K for 96 h, further at 623 K for 72 h; further
at 738 K for 85 h, further at 848 K for 10 h and kept at 273 K for 15 h;
solute less on heat treatment about 1.9%; residual resistivity 2.359 x
1078 Qm.,

ozol
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TABLE 7. THERMAL CONDUCTIVITY OF MAGNESIUM + ALUMINUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition
(12\11;1'. %if‘ Author(s) Year l\igathgd RTemp.K Specimen (weight percent) Composition {continued), Specifications, and Remarks
: : se ange, Designation Mg Al
1 45 Smith, A, W. 1925 L 336.2 95. 82 4.12 0.028 Fe and 0,019 Si;~5 cm long and 0. 3 em? in cross-section; supplied
by Aluminum Co. of America; electrical conductivity 9. 06 x 104Q1em™!
at 63 C.
2 45 Smith, A, W. 1925 L 336.2 89.82 10.12 0,023 Si and 0.028 Fe; similar to the above specimen éxcept electrical
: conductivity 6. 00 x 104 Q™ cm™ at 63 C.
3 124, Staebler, J.; 1929 L 87-476 94.0 6.0 1. 23 ecm? in cross-section and 3 cm long; cast; electrical conductivity
41 Mannchen, W. 1931 14.7, 8.04, 6.47, and 5.99 x 104 ! cm™ at 87, 273, 373, and 476 K,
raspectively.
4 124, Staebler, J.; 1929 L 87-476 92,0 8.0 1.23 cm? in eross-section and 3 cm long; electrical conductivity 13. 32, 7. 31,
41 Mannchen, W. 1931 5.95, and 5.55 x 104 Q! em™ at 87, 273, 373, and 476 K, respectively.
5 124, Staebler, J.; 1928 L 87-476 88 12 1.23 em? in cross-section and 3 cm long; electrical conductivity 9. 65, 5.99,
41 Mannchen, W. 1931 5.27, and 4,90 x 104 Q! em™ at 87, 273, 373, and 476 K, respectively.
6 60 Maybrey, H.J. 1928 L 373-623 94 6 12 in. long and 1 in. in diameter; annealed at 300 C for 3 hr.
7 60 Maybrey, H.J. 1928 L 373-623 89 11 Similar to the above specimen.
8 59 Kikuchi, R. 1932 E 300,2 97.9 2.1 3 mm diameter and 200 mm long; electrical conductivity 11. 9 x 10901 em™!
at27C.
9 59 Kikuchi, R. 1932 E 2955 95,8 4.2 3 mm diameter and 200 mm long; electrical conductivity 8.9 x 104Q1em™
) at 22,3 C.
10 59 Kikuchi, R. 1932 E 295.1 93,8 6.2 3 mm diameter and 200 mm long; electrical conductivity 6.9 x 104Q!cm™
' at 21.9C.
11 59  Kikuchi, R. 1932 E 291.5 91.8 8.2 3 mm diameter and 200 mm long; electrical conductivity 5.9 x 10'Q1cem™!
. at18.3 C.
12 59  Kikuchi, R. 1932 E 2815 89.7  10.3 3 mm diameter and 200 mm long; electrical conductivity 5.5 x 10‘Q1em™
at19.3C.
13 59  Kikuchi, R. 1932 E 296.5 87.8  12.2 3 mm diameter and 200 mm long; electrical conductivity 5.1 x 104Q 1 cm™
a: 23.1C.
14 125  Giuliani, S. 1967 o} 375-736 Magnox; Al 8L 0. 80 0. 0050 Be, 0.0020 Mn, and 0.0004 Cu; 1.2 to 1. 3 cm in diameter and 1. 8
to 2.5 cm long; Armco iron used as comparative material.
15 125  Giuliani, S. 1967 C 387-674 Magnox; 8-9 0.5-1 Zn and 0.2 Mn; 1.2 to 1.3 cm in diameter and 1.8 to 2.5 cm long;
Atesia T Armco iron used as comparative material.
16 123  Materials in Design 1959 293.2 AZ6aA-F 5.8~ 0.4-1.5%n and >0, 15 Mn (nominal composition); density 1. 80 g cm™;
Engineering 7.2 electrical resistivity 12.5 yQ cm at 20 C.
17 123  Materials in Desigr. 1959 293.2 AZB0A-T 7.8~ 0.2-0.8 Zn and>0.12 Mn {nominal composition); density 1.83 g cm™;
Engineering 9.2 electrical resistivity 14.5 £} cm at 20 C.
18% 173 P&'jwell, R.W,, 1964 C 323-773 Magnox B 1.0 0.002-0.003 Be; 2.5 cm diameter x 20" em long; electrical resistivity
Hickman, M.J., 6.05, 6.5, 7.3, 8.9, 10.6, 12.3, and 14.15 yf em at 20, 50, 100,
and Tye, R.P. 200, 300, 400, and 500 C, respectively.

# Not shown in figure.
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4.3. Copper-Gold Alloy System

The copper-gold alloy system forms a continuous series of
solid solutions over the entire range of compositions. Ordered
structures are formed at temperatures below about 663 K for
compositions ranging from about 40 to 63% Au (17.7 to 35.5
At.% Au) and at temperatures below about 683 K for compo-
sitions ranging from about 63 to 94% Au (35.5 to 83.5 At.%
Au). These ordered structures are due to the formation of the
intermetallic compounds CusAu (50.85% Au), CuAu (75.63%
Au), and CuAu; (90.30% Au). In this work only the thermal
conductivity data of disordered alloys are treated.

There are 75 sets of experimental data available for the
thermal conductivity of this alloy system. Of the 17 data sets
for Cu+Au alloys listed in table 9 and shown in figure 24,
nine sets are merely single data points around room tempera-
ture. Of the 58 curves for Au+Cu alloys listed in table 10 and
shown in figure 25, 35 sets are single data points.

For the Cu+Au alloys, the data can be separated into three
groups: the low temperature data of Griineisen and
Reddemann [61] (Cu+Au curves 1 and 2) and of Kemp et al.
[62] (CutAu curves 8 and 9), the data of Sedstrom [63]
(CutAu curves 10-15) at the ice point, and the five points
around 440 K measured by Zolotukhin [65] (Cu+Au curves
3-7) for a partially ordered 5% Au. No data are available
above 470 K. Hence the experimental data are very limited.
To derive recommended values, the electronic component &,
was calculated from eq (12) and the lattice component &, was
calculated from eq (35). The total k was obtained by adding £,
10 k.. The recommended curves were extended to the solidus
points at high temperatures. The curves for alloys containing
10% Au or less were not extended to temperatures below 40
K because of the large uncertainties of the calculated k, val-
ues at low temperatures. For denser alloys, however, the
curves were extended to 4 K using &, values derived from the
data of Kemp et al. [62]. The &, values for dilute alloys are ex-
tremely uncertain at low temperatures and are not reported
helow 60 K. ’

A graphical comparison of the recommended total thermal
conductivities with some of the experimental data for Cu+Au
alloys is given in figure 20. The smooth solid curves in the
figure were obtained by interpolating the recommended val-
ues of table 8 in order to obtain thermal conductivities for the
desired alloy compositions. The recommended values are in
agreement with the data of Kemp et al. [62] (Cu+An curves 8
and 9), of Leaver and Charsley [120] (Cu+Au curve 16), and
of Griineisen and Reddemann [61] (Cu+Au curve 2) to within
8%. Measurements of Sedstrém [63] (Cu+Au curves 12-15)
at the ice point for a wide range of compositions difter trom
the recommendations by no more than 10%.

The data for Sedstrém’s 44.76% Au specimen (Cu+Au
curve 10) show poor agreement, especially at 373 K, with the
recommendations and are not shown in figure 20. However,
the temperature dependence of both the thermal and elec-
trical conductivities of this specimen is at odds with all other
experimental data and may be sately discounted as errone-

ous. Similarly, the measurements of Griineisen and

3. Phys. Chem. Ref. Date, Vol. 7, Ne. 3, 1978
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Reddemann [61] (Cu+Au curve 1) for a 24.8% Au specimen
are 10-20% higher than the recommendation and are not
shown in the figure. Since the recommended values are for
disordered alloys only, there can be no valid comparison with
the data of Zolotukhin [65] (CutAu curves 3-7) for a partially
ordered alloy.

For the Au+Cu alloys, the experimental data were mostly
obtained below the order-disorder transition temperature on
specimens in the ordering range, except for two measure-
ments made by Griineisen and Reddemann [61] (Aut+Cu
curves 40 and 41) on specimens containing 1.57 and 3.10%
Cu at low temperatures and one made by Goff et al. [66]
(Au+Cu curve 56) on a disordered Cu;Au specimen. The rec-
ommended values for disordered alloys were derived from k,
calculated from eq (35) and £. calculated from eq (12) using
electrical resistivity data for disordered alloys. The recom-
mended curves were extended to the solidus points at the
high temperature end, but not below 40 K at the low temper-
ature end owing to the large uncertainties of the calculated k,
values at very low temperatures, except for the curves for
alloys with 45 and 50% Cu, which were extended to 4 K using
the k, values derived from the data of Kemp et al. [62]. The &,
values for alloys containing 40% Cu or less are very uncer-
tain at low temperatures and are not reported below 60 K.

The recommended total thermal conductivities for the
Au+Cu alloys are compared with some of the experimental
data in figure 21. Not all of the experimental data shown are
for fully disordered specimens. Due to poor experimental
data and a lack of data for disordered specimens, a detailed
quantitative comparison of the calculated values is not prac-
tical. However, the recommended values are within 5% of the
low temperature data of Griineisen and Reddemann [61]
(Au+Cu curves 3841, 45, 46, and 48) for disordered
specimens or specimens quenched from above the ordering
transition temperature. Some of the data of Sedstrém [64]
(Au+Cu curves 21, 23, 27, and 29) are within 5% of the
recommendations. The agreement with the low-temperature
resnlts of Goff et al. [66}(Au+Cu curves 56 and 58) is poor,
but from 60-300 K their measurements fall within 10% of the
recommendations.

The resulting recommended values for %, k., and k, are
tabulated in table 8 for 25 alloy compositions. These values
are for disordered alloys which have not been severely cold
worked or quenched. The- values for k are also presented in
fignres 22 and 23. In order to clearly show the trend of the
dependence of the thermal conductivity on solute concentra-
tion and to clarify the confusion in figure 23 due to crossover

of curves, recommendations for alloys with 55-75% Au are

also displayed in figure 22 along with recommendations for
the CutAu alloys. The values of residual electrical resistivity
for the alloys are also given in table 8. The uncertainties of
the k values are stated in a footnote to table 8, while the un.
certainties of the &, and k, values are indicated by their being
designated as recommended or provisional values. The
ranges of uncertainties of recommended and provisional
values are less than £15% and between %15 and %£30%,
respectively.
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TABLE 8.
[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, kg, W em~! K-1l; Lattice Thermal Conductivity, kg, W em™! K1)

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM

8 I¢? 2 3 4

TURE, K

t

Cu: 99.50% (99. 84 At.%)
Au:  0.50% ( 0.16 At.%)

Cu: 99.00% (99.68 At.%)
Au:  1.00% ( 0.32 At.%)

Cu: 97.00% (95.01 At.%)
Au: 3.00% ( (.99 At.%)

Cu: 95.00% (98.33 At.%)
Au:  5.00% ( 1.67 At, %)

p°=0.10;£2cm

p0=0.20uﬂcm

p, = 0.530 yQ cm

P, = 0. 870 uQ cm

T k kg Ty T k kq kg T ¥ k, Iy T k k, ‘ kg
4 0.977 1 0.489 1 0.134 4 0.112
6 1.47 6 0.733 6 0.276 6 0.168
8 1.95 8 0.977 8 0. 339 8 0.225
10 2.44 10 1.22 10 0.451 10 0.281
15 3.66 15 1.83 15 0.631 15 0.421
20 4.89 20 2.44 20 0.922 20 0.562
25 5.76 25 2.96 25 1.14 25 0.697
30 6.11 30 3.49 30 1.38 30 0.832
40 6.76 40 4.17 40 1.73 40 1.08
50 6.30 50 4.48 50 1.9 50 1.28
60 5.57%  5.26 60 4.34%  4.09 60 2.29% 2.12 60 1.55% 1.41
70 4.80%  4.50 70  3.98%  3.74 70 2.34% 2.18 70  1.63% 1.50
80  4.37%  4.09 80 3.75%  3.52 80  2.36% 2.21 80  1.70% 1.58
90 4.12%  3.85 90 3.80%  3.38 90  2,39% 2.2 90  1.76* 1.64
100 4.01*  3.75 100 3.55%*  3.34 100 2.44% 2.9 100  1.83% 1.72
150  3.92% 3,71 9.205% 150  3.60% 3.44 0.165% 150 2.74% 2.63 0.112% 150  2.17% 2.08 0.0906%
200 3.88* 3,71 .170 200 3.65%  3.51 0.141% 200  2.02% 2.8 0.0858% 200 2.42%  2.34 0.0778%
250 3.86%  3.71 0.147% 250 3.68%  3.56 0.123 250 3.05% 2,67 0.0843% 250 2.60%  2.53 0.0686%
273 3,85  3.71 0,138% 273 8.70%  3.58 0.116% 273 3.10% 3.02 0.0801% 273 2.67 2.60 0.0852%
300 3.85%  3.72 5.129% 300 3.71* 3,60 0.109* 300  3.15% 3.07 0.0757% 300 2.74%*  2.68 0.0618%
350 3.85%  3.74 p.114% 350 3.73%*  3.63 0.0979% 350  8.21% 3.14 0.0688¥ 350 2.85%  2.79 0.0564%
400 3.83%  3.78 ».103% 400 3.72%  3.63 0.0890% 400 3.26% 3.20 0.0633% 400 2.92%  2.87 0.0520%
500 3.77%  3.68 1.0861% 500 3.69%  3.61 0. 0755% 500  3.32% 3.% 0.0548% 500 38.03* 2,98 0.0453%
600 3.71%  3.64 2.0738 600 3.65% 3,58 0.0656F 600  3.34% 3.29 0.0286% 600 3.08* 3.04 0.0403%
700 3.65¢ 3,59 3. 0647F 700 3.60%  3.54 0.0581% 700  3.35% 3.9 0.0237% 700 3.12% 3.08 0.0365%
800 3.60*  3.54 9.0575% 800 3.55%  3.50 0.0521% 800  3.34% 3,50 0.0398% 800  3,14% 3.11 0.0335%
900 3.55%  8.50 3.0518% 900 3.50%  3.45 0.0473% 900 3.31% 3.27 0.0366F 900 3.14* 3.11 0.0309%
1000 3.49%  3.44 0.0471F 1000 3.45%  3.41 0.0433% 1000  3.28% 3.25 0.0340% 1000  3.13% 3.10 0.0288%
1200 3.36*  3.32 9.0399% 1200 3.33%  3.29 0.0370% 1200  3.20% 3.17 0.0207% 1200  3.09% 3.06 0.0254%
1355  3.26% 1353  3.24% 1346  3.13% 1339 3. 04%

¥ Uncertainties in the total thermal conductivity, k, are as follows:
+14% below 100 K, +10% between 100 and 300 K, and + 8% above 300 K.
+14% below 100 K, +10% between 100 and 300 K, and + 8% above 300 K.
14% below 200 K and +10% above 200 K.
+14% below 200 K and * 10% above 200 K.

99.50 Cu - 0. 50 Au:
99.00 Cu - 1.00 Au:
97.00 Cu - 3.00 Au:
95.00 Cu - 5,00 Au:

* provisional value.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 8.

RECOMMENDED TAERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM (continued) T

[Temperature, T, K; Thermal Concuctivity, k. W ecm~! K-1; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™! K1)

Cu: 90.00% (96.54 At.%)
Au: 10.00% ( 3.46 At.%)

Cu: 85.00% (94.61 At. %)
Au: 15.00% ( 5.39 At.%)

Cu: 80.00% (92.54 At.%)
Aun: 20.00% ( 7.46 At.%)

Cu: 75.00% (90.29 At.%)
Au: 25.00% ( 9.71 At.%)

p, =172 ¥ cm

oo=2.53uﬂcm

po=3,52uncm

p0=4.45 uQ cm

T k ke k e« T k ke k ¢ T k ke kg T k ke kg
4 0.0568 4 0.0462 €.0379  0,00829 4 0.0278  0.00805 4 0.0299 0.0220 0,00788
6 0.0852 6 0.746  (.0568 0,0178 6 0.0416  0.0164 6 0.0482 0.0329 0.0153
8 0.117 8§ 0.104  €.0758 0,0287 8 0.0555  0,0256 8 0.0675 0.0439  0,0236
10 0.142 10 0.134  (.0947  0,0397 10 0.0694  0.0350 10 0.0867 0.0549  0.0318
15 0.213 15 0,205  €.142  0,0631 15 0.104  0,0542 15 0,131  0.0823  0,0486
20 0.284 20 0.269  €.189  0.0799 20 0.139  0.0674 20 0.170  0.110  0.0598
25 0. 353 25 0.324 (.23  0,0901 25 0.173  0,0755 25 0.204  0.137  0.0665
30 0.421 30 0.375  €.280  0.0950 30 0.206  0.0795 30 0.233  0.163  0.0697
40 0.553 40 0.462  €.368  0.0942 40 0.272  0,0789 40 0,284  0.216  0.0684
50 0.666 50 0.534  C.446 00879 50 0.333  0.0743 50 0.332  0.267  0,0647
60 0.856  0.756 60 0.600  ¢.518  0.0816F 60 0.380  0.0694% 60 0.373  0.312  0.0606%
70 0.932  0.838 70 0.658  (.582  0.0763F 70 0.441  0.0649% 70 0.414  0.358  0.0565%
80 1.00 0.916 80 0.714  (.642 0.0710% 80 0.491  0.0610% 80 0.453  0.400  0.0532F
90 1.07 0.982 , 90 0.769  €.761  0.0682} 90 0.539  0.0578% 90 0.491  0.441  0.0503%
100 1.13%  1.05 100 0.824%  (.759  0.0649%F 100 0.588  0.0550% 100 0.530  0.482  0.0478%
150 1.44%  1.37 0.0657F 150 1.08% 1,03 0.0532% 150 0.816  0.0450% 150 0.717%  0.678  0.0391%
200 1.70%  1.64 0.0565% 200  1.81% 1.26 0.0457% 200 1.02 0.0388% 200 0.882% 0.848 0.0337%
250  1.90% 1.85 0.0500% 250  1.50% 1,46 0.0406% 250 1.18 0.0344% 250 1.03%  1.00 0.0299%
273  1.98 1.93 0.0476" 273 1.58 1.54 0. 0386+ 273 1.26 0.0328% 273 1.09 1.06 0.0285%
300 2.08% 2,03 0. 0452 300 1.66% 1.62 0.0367% 300 1.34 0.0311% 300 1.17 1.14 0.0271%
350 2.22% 2,18 0.0414% 350 1.80% 1.77 0.0336% 350 1.47 0.0286% 350  1.29 1.26 0.0249%
400 2.33F  2.29 0.0383" 400 1.91% 1.88 0.0312% 400 1.59 0.0265% 400 1.40%  1.38 0.0231%
500 2.50% 2,47 0.0335% 500 2.11% .08 0.0274F 500 1.79 0.0234% 500  1.59% 1.57 0.0204%
600 2.61* 2,58 0.0300% 600 2.25% 2,23 0.0246% 600 1.95 0.0210% 600 1.74%  1.72 0.0184%
700 2.70%  2.67 0.0274% 700 2.37%  2.35 0.0224% 700 2.07 0.0192% 700 1.87%  1.85 0.0168%
800 2.76%  2.73 0.0252% 800 2.46%  2.44 0.0207% 800 2.17 0.0178% 800 1.97% 1.95 0.0156%
200 2.80%  2.78 0.0234% 900 2.50%  2.49 0.0193% 900 2.24 0.0166% 900  2.05% 2,04 0.0145%
1000 2.82%  2.80 0.0219% 1000 2.56% 2,54 0.0181% 1000 2.31 0.0155% 1000 2.12%  2.11 0.0136%
1200 2.84% 2,82 0.0195% 1100 2.59% 2,57 0.0171% 1100 2.37 0.0147% 1100 2.18F 2,17 0.0129%
1320  2.83% 1308 2.63% 1289 2.47% 1277 2.27%

T Uncertainties in the total thermal conductivity, k, are as follows:
90.00 Cu - 10.00 Au: +12% belov 100 K, + §% between 100 and 400 K, and +10% above 400 K.

85.00 Cu - 15,00 Au: +12% below 100 K, + & between 100 and 400 K,
80,00 Cu - 20,00 Au: +10% below 200 K, + 8% between 200 and 500 K,
75.00 Cu - 25,00 Au: +10% below 200 K, + &% between 200 and 500 K,

¥ provisional vane.

* In temperature range where no experimental thermal conductivity data are available,

and + 10% above 400 K,
and + 10% above 500 K.
and + 10% above 500 XK.
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TABLE 8.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM (continued) u
[Temperature, T, K; Thermal Conductivity, k, W em~! K~1; Electronic. Thermal Conductivity, kW em~! K~1; Lattice Thermal Conductivity, kg’ W em™! K1)

Cu: 70.00% (87. 85 Ai.%)
Au: 30.00% (12.15 AL %)

Cu: 65.00% (85,20 At.%)
Au: 35.00% (14.80 At.%)

Cu: 60.00% (82.30 At,%)
Au: 40.00% (17.70 At. %)

Cu: 55.00% (79.12 At.%)
Au: 45,00% (20. 88 At.%)

Py = 547 uQ) cm

p0=6.52p0cm

po=7.52pﬂcm

P, = 8-48 y om

T k kg Ky T k k, kg T k kg K T k kg kg
40,0256 0.0179  0.00772 4 0.0226 0.0150 0.00758 4 0.0205 0.0130 0. 00746 4 0.0188 0.0115 0.00735
6 0,0413 0.0268 0,0145 6 0.0364 0.0225 0,0139 6 0.0327 0.0195 0.0132 6 0.0298 0.0173 0.0125
8 0.0575 0.0357 0,0218 8 0.0505 0.0300 0,0205 8 0,0452 0.0%60 °  0.0192 8 0.0409 0.0230  0.0179
10 0.0739 0.0447  0.0292 10 0,0645 0.0375  0.0270 10 0,0575 0.0325 0. 0250 10 0.0518 0.0288 . 0,0230
15 0,111  0.0670  0,0441 15 0.0962 0.0562 0, 0400 15  0.0853 0.0487 0.0366 15 -0.0765 0.0432 0,0333
20 0,143  0.0893  0.0539 20 0,124  0.0749  0,0488 20 0,109 0.0650 0.0444 20 0.0978 0.0576  0,0402
25 0,171  0.111  0.0596 25 0,147  0.0930 0, 0540 25 0,130 0.0807 0. 0491 26 0.116  0.0717  0,0445
30 0,195 0.133  0.0623 30 0,168 0.111  0,0566 30 0,148 0.0964 0. 0515 30 0.132  0.0856  0.0468
40 0.236 0.175  0.0615 40 0.203  0.147 0. 0559 40 0,178 " 0.127 0. 0509 40 0.160  0.113  0,0467
50 0.275 0.217  0,0576 50 0,233  0.181  0,0522 50 0,204 0.157 0. 0472 50 0,183  0.140  0.0430
60 0.309%* 0.255  0.0537F 60 0.262% 0.214  0.0482% 60 0,230 0.186 0.0436% 60 0.204* 0.164  0.0396F
70 0.343% 0,293  0.0501% 70 0.291% 0,246  0.0449% 70 0.254 0.214 0.0405% 70 0.228% 0.191  0.0369F
80 0.376% 0.329  0,0470% 80 0,319% 0.277  0,0421% 80 0.279 0,241 0.0381% 80 0.251%* 0.216  0.0346F
90 0.409% 0.364  0.0445% 90 0.348% 0.308  0.0398% 90 0.305 0.269 0.0360% 90 0.274* 0.241  0.0327%
100 0.442% 0,400  0,0423% 100 0.377%  0.339 0.0379% 100 0.331% 0.297 0.0342% 100 0.296* 0.265  0.0311%
150 0.603* 0.568  0.0346F 150 0.518% 0,487  0,0309% 150  0.456% 0.428 0.0279% 150 0.410% 0.385  0.0254%
200  0.750% 0,720  0,0298% 200 0.651* 0.624  0,0267% 200 0.576% 0.552 0.0241% 200 0.520% 0.498  0,0219%
250 0.886* 0.859  0.0265% 250 0.773%  0.749  0.0237% 250 0.687* 0.666 0.0214% 250 0.622* 0.603  0.0194%
273  0.942  0.917  0.0253% 273  0.825% 0.802  0,0226% 273 0.736 0.7:6 - 0.0204% 273 0.666  0.647  0.0186%
300 1.01 0,98  0.0240% 300 0.886* 0.865  0.0215% 300 0.791  0.772 0.0194% 300 0.717 0.699 0.0176%
350 1.12 1.10 0.0221% 350 0.988% 0.968  0.0198% 350 0.887  0.869 0.0179% 350 0.807  0.791  0.0162%
400 1.22% 1,20 0.0205% 400 1.08* 1.06 0.0184% 400 0.976 0.959 0.0166% 400 0.890  0.875  0.0151%
500 1.40%  1.38 0.0181% 500 1.25% 1.23 0.0162% 500 1.14%  1.13 0.0147% 500 1.04% 1.03 0.0134%
600 1.55% 1.53 0.0163% 600  1.40% 1.39 0.0147% 600 1.27% 1.26 0.0133% 600 1.18% 1.17 0.0121%
700 1.68* 1.67 0.0150% 700  1.53% 1.52 0.0134% 700  1.40% 1.39 0.0122% 700  1.29% 1.28 0.0111%
800 1.79%¢  1.78 0.0138% 800 1.63*% 1.62 0.0124% 800 1.50%  1.49 0.0113% 800 1, 39% 1.38 0.0103%
900 1.88% 1,87 0.0129% 900 1.72% 1.71 0.0116% 900 1.59% 1.5% 0.0106% 900 1.48% 1.47 0.00962F
1000 1.96% 1,95 0.0122% 1000 1. 80% 1.79 0.0109% 1000 1.67*  1.66 0.00993% 1000 1.56% 1.55 0.00908%
1100 2.03% 2,02 0.0115% 1100 1.88% 1.87 0.0104% 1100 1,74  1.73 0.00939% 1100  1.63% 1.62 0.00858%
1265 2,12% 1255  1.97% 1245 1,82% 1236 1.71%

¥ Uncertainties in the total thermal conductivity, k, are as follows:
70,00 Cu - 30.00 Au: +10% below 200 K,
65.00 Cu - 35.00 Au: +10% below 200 K,
60.00 Cu - 40.00 Au: +10% below 200 K,
55.00 Cu - 45.00 Au: +10% below 200 K,

¥ Provisional value.

+ 8% between 200 and 500 K, and + 10% above 530 K.
+7% between 200 and 500 K, and + 10% above 500 K.
+7% between 200 and 500 K, and +10% above 530 K.
+7% between 200 and 500 K, and + 10% above 50 K.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 8,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM (continued) A

[Temperature, T, ¥X; Thermal Conductivity, k, W em~! K~!; Electronic Thermal Conductivity, ke’ W em-! K-!; Lattice Thermal Conductivity, kg’ W em™! K1}

Cu: 50.00% (75.61 At.%)
Au: 50.00% (24. 39 At.%)

Cu: 45.00% (71.72 At.%)
Au: 55.00% (28.28 At.%)

Cu: 40.00% (37.39 At.%)
Au: 60.00% (32.61 At.%)

Cu: 35.00% (62.54 At.%)
Au: 65.00% (37.46 At.%)

3461 'S °ON 'L JOA 'P10Q "joY Wey) SAyq T

p0=9.34uﬂmn

P, = 10,1 uQk em

0, = 10.9 uSY em

p§= 11.4 pQd cm

T k ke k T k ke k o T k ke kg T k ke kg
4 0,0178 0.0165 0.00725 4 0.0168 0.00964 9,00717 4 0.00898 4 0.00855
5 0.0277 0.0157  0.0120 6 0.0259 0.0144 10,0115 6 0.0135 6 0.0128
8 0.0376 0.0209  0.0167 8§ 0.0350 0.0183 0, 0157 8 0.0180 8 0.0171
10 0.0474 0.0262  0,0212 10 0.0437  0.0241 - 5.0196 10 0.0224 10 0.0214
5 0.0694 0.0392  0,0302 15  0,0636 0.0361  9,0275 15 0.0337 15 0.0321
20 0.0887 0.0523  0,0364 20 0.0811 0.0482  ,0329 20 0.0449 20 0.0427
25 0,105  0.064%  0,0402 25 0,0961 0,0599  5.0362 25 0.0557 25 0.0532
D 0.120  0.0777  0.0422 30 0,110  0.0716 D, 0379 30 0.0669 30 0.0636
40 0.145  0.108  0.0421F 40 0,133 0.0947  0.0380% 40 0.126%  0.0885 40  0.118%  0.0842
50 0.166  0.127 0.0394% 50 0.153  0.117 0. 0360% 50  0.143%  0.110 50 0.135%  0.104
60 0.187  0.151 0.0362%F 60 0.172  0.139 0.0333% 60 0.161%  0.130 60 0.152%  0.124
7 0.207  0.173 - 0.0337F 70 0.192  0.161 2.0309% 7 0.179%  0.150 70 0.169%  0.143
8 0.228 0,196 0.0316% 80 0.211 0.182 2. 0290% 80 0.197%  0.170 80 0.187% 0,162
90 0.250  0.220 0.0299% 90 0.231 0.204 3. 0274F 90 0.216% 0,191 90  0.204% 0,181
100 0.271  0.243  0.0284F 100 0.250 0.224 9. 0260% 100 0.23¢%  0.210 0.0240% 100 0.222%  0.200 0.0221%F
150  0.376  0.353  0.0232F 150 0.348  o0.327  d.0212f 150  0.826%  0.306  0.0196% 150 0.310%  0.292  0.0180%
200 0.476  0.456 0.0200% 200 0.441 0.423  2.0183% 200 (.413%  0.396 0.0168% 200 0.394%  0.378  0.0156%
25 0.570  0.552  0.0178% 250 0.530  0.514  9.0163% 250 (.496%  0.481  0,0150% 250 0.473% 0,459  0.0138%
273 0.612  0.595  0.0170% 273 0.569  0.553  2.0156F 273 .534 0.520 0.0143% 273 0.509 0.496 0.0132%
300 0.660% 0,644 0.0161%F 300 0.614  0.599 3.0148% 300 €.575  0.561 0.0136% 300 0.549 0.536 0.0126%
3%  0.743% 0.728  0.0149% 350 0.692  0.678  0.0136% 350 (.651 0.638  0.0125% 350 0,621 0.609 0.0116%
400 0.823  0.809 0.0138F 400 0,768  0.755  0.0127% 400  (.721 0.709 0.0117% 400  0.688 0.677 0.0108%
500 0.967  0.955  0.0122% 500 0.904  0.893  9.0112% 500 C.850% 0,840 0,0103% 500  0.812% 0,802  0,00954%
600 1.09 1.08 0.0110% 600 1.02 1.01 2. 0102% 600  (.966% 0,957 0.00935% 600 0.922%  0.913  0.00864%
700 1.20% 1.20 0.0101% 700 1.13% 1.12 7. 00932 % 700 1.07% 1.06 0.00859% 700 1.02% 1.01 0.00793%
800  1.30% 1.29 0.00942F 800  1,22% .21 3.00865F 800 1.15 0.00797% 800  1.11% 1.10 0.00736%
900 1.39% 1.38 0.00881%F 900  1.30% 1.29 2.00810% 900 1.22 0.00746% 200 1.18* 1.17 0.00689F
1000 1.46% 1.45 0.00829% 1000 1.38 1.37 3.00763% 1000 1.29 0.00703* 1000 1.25% 1.24 0.00649%
1100 1.53% 1.52 0.00786% 1100 1.44% 1.43 7. 00722%F 1100 1.36 0.00666F 1100 1.31% 1.30 0.00615%
1296 1.62% 1216 1206 1.42 0.00632 1196  1.37% 1.36 0.00587F

1.5

T Uncertainties in the total thermal conductivity, k, are as follows:
50.00 Cu - 50.00 Au: *10% below 200 K, +7% between 200 and 500 K, and £10% above 500 K.
45.00 Cu -~ 55.00 Au: +10% below 200 K, + 8% between 200 and 500 K, and +10% above 500 K.

40.00 Cu -~ 60.00 Au: £10% below 200 K, * 8% between 200 and 500 K,
35.00 Cu - 65.00 Au: +10% below 200 K, + 8% between 200 and 500 K,

* provisional value.
* In temperature range where no experimental thermal conductivity data are availcble.

and £10% above 500 K,
and +10% above 500 X,

3zo0\
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TABLE 8.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM ( continued) ¥
[Temperature, T, K; Thermal Conductivity, k, W em~! K=!; Electronic Thermal Conductivity, k,, W cm~! K-1; Lattice Thermal Conductivity, kg, W em=t K™1]

Cu: 30.00% (57.05 At.%)
Au: 70.00% (42.95 At.%)

Cu: 25.00% (50.82 At.%)
Au: 75.00% (49.18 At.%)

Cu: 20.00% (43.66 At.%)
Au: 80.00% (56.34 At.%)

Cu: 15.00% (35.36 At.%)
Au: 85.00% (64.63 At.%)

0, = 11.8 uQ cm

p,=12.0 U2 ecm

Py = 11.7 kQ cm

p, = 10.8 yQ em

T k k, kg T k k kg T k k, kg T k kg k o
4 0.00827 4 0.00818 4 0.00834 4 0.00909
6 0.0124 6 0.0123 6 0.0125 6 0.0136
8 0.0165 8 0.0164 8 0.0187 8 0.0182
10 0. 0207 10 0.0204 10 0.0208 10 0.0227
15 0.0310 15 0.0307 15 0,0313 15 0.0341
20 0.0413 20 0.0409 20 0.0417 20 0.0454
25 0.0514 25 0.0508 25 0.0£18 25 0.0565
30 0.0615 30 0.0607 30 0.0620 30 0.0675
40  0.113* 0.0814 40 0.110 0.0803 40 0.110 0.0£20 40 0.115 0.0892
50 0,129* 0. 100 50 0,127 0.0998 50 0.127 0.102 50 0.134 0.110
60 0.146% 0.120 60 0.143 0.118 60 0.144 0.121 60 0.153 0.131
70  0.163* 0.139 70 0.159 0.136 70 0.161 0. 140 70 0.172 0.152
80 0.180% 0. 157 80 0.176 0.155 80 0.178 0.1:8 80 0.191 0.172
90 0.197* 0.175 90 0.193% 0.173 90 0.196* 0.177 90 0.209 0.191
100 0.214% 0.194 0.0205% 100  0.209* 0.190 0.0191% 100 0.213% 0.185 0.0178% 100 0.228%* 0.211 0.0169%
150  0.299% 0.282 0.0167% 150  0.294* 0.279 0.0155% 150 0.299% 0.28 0.0145% 150 0.321% 0. 307 0.0137%.
200 0,381% 0. 367 0.0144% 200 0.375*% 0.362 0.0134% 200 0,381% 0. 369 0.0125% 200 0.409* 0.397 0.0118%
250 0.458* 0.445 0.0128% 250  0.452% 0.440 0.0119% 250  0.459% 0.448 0.01:1% 250 0.492% 0.481 0.0105%
273  0.492 0.480 ().()122.$ 273 0.486 0.475 0.0114% 273 0.493 0.482 0.0106% 273 0.529 0.519 0.0100%
300 0.531% 0.519 0.0116% 300 0.525% 0.514 0.0108% 300 0.532* 0. 522 0.0101% 300 0.570 0. 560 0.00951%
350 0.600% 0. 589 0.0107% 350 0,593 0.583 0.00996% 350 0.601% 0. 592 0.00929% 350 0.643 0.634 0.00875%
400 0.666* 0.656 0.00097% 400 0.658 0.649 0.00926% 400 0.667 0.6:8 0.00864% 400 0.712%* 0.704 0.00814%
500 0.786% 0.777 0.00884F 500 0.775*% 0.767 0.00820% 500 0.785% 0.777 0.00765% 500 0.836 0. 829 0.00720%
600 0.893* 0.885 0.00799% 600 0.881* 0.874 0.00742% 600 0.892% 0. 885 0.00692% 600 0.947% 0.940 0.00650%
700 0.990% 0.983 0.00734% 700  0.975*% 0.968 0.00681% 700  0.988* 0.9€2 0.00635% 700 1.04%* 1.03 0.00596%
800 1.08% 1. 07 0.00682% 800 1.06% 1.05 0.00632% 800 1.07% 1.06 0.00589% 800 1.13% 1.12 0.00553%
900 1.15% .14 0.00638% 900 1.13%* 1.12 0.00592% 900 1.14% 1.12 0.00551% 900 1.20% 1.20 0.00517%
1000 1.21% 1.20 0.00601% 1000 1.19% 1.18 0.00558% 1000 1,.21% 1.20 0. 00520# 1000 1.26% 1.26 0.00487%
1100 1.27% 1.26 0.00570% 1100 1,25% 1.24 0.00528% 1100 1.26% 1.2§ 0.00492% 1100 1.31% 1.31 0.00461%
1188 1.32% .31 0,00547% 1184 1.29*% 1.28 0.00507% 1182  1.30% 1.3¢ 0.00473% 1185 1.35% 1.35 0.00442%

¥ Uncertainties in the total thermal conductivity, k, are as follows:

30.00 Cu - 70.00 Au: +10% below 200 K, + 8% between 200 and 500 K,
25.00 Cu ~ 75.00 Au: +10% below 200 K, + 8% between 200 and 500 K,
+10% below 200 K, + &% between 200 and 500 K,
410% below 200 K, + 8% between 200 and 500 K,

20.00 Cu - §0.00 Au:
15.00 Cu ~ §5.00 Au:

¥ provisional value.

* In temperature range where no experimental thermal conductivity data are available.

and + 10% above 500 K.
and + 10% above 500 K.
and + 10% above 500 K.
and +10% above 500 K.
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TABLE 8.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM (continued) T
{Temperature, T, K; Thermal Conductivity, k, W cm~! K-1; Electronic Therma. Conductivity, k o W em~! K-!; Lattice Thermal Conductivity, kg, W em™ K1)

Cu: 10.00% (25.62 At.%)
Au: 90.00% (74.38 At.%)

Cu: 5.00% (14.03 At.%)
Au: 95.00% (85.97 At.%)

Cu: 3.00% { 8.75 At.%)
Au: 97.00% {(91.25 At.%)

Cu: 1.00% ( 3.04 At.%)
Au: 99.00% (96.96 At.%)

0, = 8.72 pQ cm

po=5.27 uQd cm

0, = 3.44 42 em

P, = 1.40 pd cm

T k k. kg T k k, kg T k k, kg T k k kg
4 0.0112 4 0.0185 4 0.0284 4 0.0€98
6 0.0168 6 0.0278 6 0.0426 6 0.1¢5
8 0.0224 8 0.0371 8 0.0568 8 0.140
10 0.0280 10 0.0464 10 0.0701 10 0.174
15 0. 0420 15 0.0695 15 0.106 15 0.262
20 0.0560 20 0.0927 20 0.142 20 0.349
25 0. 0696 25 0.114 25 0.174 25 0.430
30 0.0832 30 0.136 320 0.206 30 0.492
40 0.135  0.110 40 0.204 0.178 40 0.297 0.267 40 0.663 0.622
50 0.158  0.135 50 0.242 0.218 50 0.351 0.324 50 0,758  0.7¢1
60 0.181  0.160 60 0.278  0.256 60  0.403 0.378 60 0.848 0.814
70 0.205  0.185 70  0.314 0.294 70 0,453  0.430 70 0.932 0.901
80 0.228  0.210 80 0.350 0.331 80 0.502 0.180 80 1.01 0.931
90 0.251  0.234 90 0.385  0.367 90 0.549 0.529 90 1.09 1.06
100 0.274% 0.258  0.0163% 100 0.420%  0.403  0.0171% 100 0.597¢  0.578  0.0190% 100  1.17% 1.14 0.0256%
150 0.385%  0.372 0.0133% 150  0.584%  0.570 0.0138% 150 0.812% 0,797 0.0150% 150 1,47 1.45 0.0203%
200 0.489% 0,478 0.0114% 200 0.731%  0.719 0.0118% 200 0.993* 0,380 0.0129% 200 1.69% 1.68 0.0172%
250 0.585%  0.575 0.0101% 250 0.862%  0.852 0.0104*% 250 1.15% 1.14 0.0114% 250 1.86% 1.84 0.0150%
273 0.627 0,617 0.00964F 273 0.918  0.908 0.00995% 273  1.21 1.20 0.c108% 273 1.92% 1.91 0.0142%
300 0.675 0.666 0.00915% 300 0.979 0.970 0.00943% 300 1.28 1.27 0.c102¥ 300 1.98% 1.97 0.0134%
350 0.757  0.749 0.00841% 350 1.08 1.07 0.00865% 350 1.39 1.38 0.00935% 350 ; 2.07 0.0122%
400 0.834%  0.826 0.00781% 400 1.17* 1.16 0.00801% 400  1.49% 1.48 0.c0865% 400 : 2.15 0.0112%
500 0.967  0.960 0.00690% 500 1.33% 1.32 0.00704% 500 1.64% 1.63 0.€0758% 500 2.27% 2.26 0.00974%
600 1.08%  1.07 0.00622F 600 1.45% 1,44 0.00633% 600 1.76%* 175 0.00679% 600 2.34%  2.33 0.00864%
700 1.18% 1.17 0.00570% 700 1.55% 1.54 0. 00578% 700  1.86% 1.85 0.00618% 700 2.37% 2.36 0.00780%
800 1.26 0.00528% 800 1.62% 1.61 0.00534% 800 1.92% 1.91 0.00569% 800 2.38* 2.37 0.00712%
900 1.34 0.00493% 900 1.68% 1.68 0.00498% 900 1.96% 1.95 0.00529% 900 2.37* 2.36 0.00657F
1000 1,39 0.00464% 1000 1.73% 1.73 0.00467% 1000 1.98% 1.98 0.00495% 1000 2. 34% 2.33 0.00610%
1100 1,44 0.00439% 1100 1.77% 1.77 0. 00441% 1100 1.99% 1.99 0.00466% 1100 2.31% 2.30 0.00571%
1199 1.48 0.00417% 1241  1.81% 1270  1.98* 1296  2.22%

f Uncertainties in the total thermal conductivity, k, are as {follows:
+10% below 200 K, +8% between 200 and 500 K, and # 10% above 500 K.
+ 12% below 200 K, +8% between 200 and 500 K, and # 10% above 500 K.
+12% below 200 K, +8% between 200 and 507 X, and + 10% above 500 K.

10.00 Cu - 90.00 Au:
5.00 Cu - 95.00 Au:
3.00 Cu - 97.00 Au:
1.00 Cu - 99.00 Au:

* Provisional value,

+14% below 200 K and +10% above 200 K.

* In temperafure range where no experimental thermal conductivity data are availadle.

0€01
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{Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conductivity, kg» W cm~! K-1; Lattice Thermal Conductivity, k o W em™t K™1]

TABLE 8.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-GOLD ALLOY SYSTEM (continued) t

: 0.50% { 1.53 At.%)

u
Au: 99, 50% (98,47 At.%)
P = 0.770 uQ cm
T k k, kg
4 0.127
6 0.190
8 0.254
10 0.317
15 0,476
20 0.634
25 0.740
30 0. 843
40 1.08* 1.03
50 1.20% 1.15
60 1.30% 1.26
70 1.39% 1.35
80  1.48% 1.44
90 1.56% 1.52
100 1.64% 1.61 0.0329%
150 1.96%  1.93 0.0257%
200 2.16* 2.14 0.0213%
250  2.30% 2.28 0.0185%
273 2.34% 2.32 0.0175%
300 2.39% 2,37 0.0164%
350 2.45% 2.43 0.0148%
400  2.50% 2.49 0.0136%
500 2.56% 2.55 0.0116%
600 2.59%  2.58 0.0102%
700 2. 59% 2.58 0.00914%
800 2.58% 2.57 0.00828%
900  2.54% 2.53 0.00757%
1000 2.50% 2,49 0,00698%
1200 2.40%  2.39 0.00605%
1323  2.82%

¥ Uncertainties in the total thermal conductivity, k, are as follows:

¥ provisional value.
* In temperature range where no experimental thermal conductivity data are available,

0.50 Cu - 99. 50 Au: #* 14% below 200 K and + 10% above 200 K.
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THERMAL CONDUCTIVITY ,W cnit K~!

8
6 "35% Cu
5
2 N -
i 40% Cu
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TABLE 9. THERMAL CONDUCTIVITY OF COPPER + GOLD ALIOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

. Name and Composition
Cur. Ref. Author (s) Year Method = Temp. Specimen 'weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Range, K . :
Designation Cu Au
1 61 Griineisen, E. and 1934 1 21-93 10 75.2 24.8 Caleulated composition; polycrystalline; form factor 1.53 x 10%; residual
Reddemann, H. electrical resistivity 6. 54 u£} cm; electrical resistivity 5.09 and
4.71 ) cm at ~190 and -251 C, respectively.
2 61 Grineisen, E. and 1934 L 21-91 9 87.4 12.8 Caleculated composition; polycrystalline; form factor 2. 6L x 10%; residual
Reddemann, H. electrical resistivity 3. 83 u{ cm; electrical resistivity 2.487 and
2.172 ) em at -19¢ and -251 C, respectively.
3 65  Zolotukhin, G.E. 1957 L 422.7 56.33  43.67 Caleculated composition; cylindrical specimen 1.43 cm long and 0. 63 em?
in cross-section; cast; density 14.30 g em™,
4 65  Zolohikhin, G.L. 1957 L 448.2 The above specimen; amnealed for 10 hr.
5 65  Zolotukhin, G.E. 1957 L 411.2 The above specimen; annealed for 20 hr.
6 65  Zolotukhin, G.E. 1957 L 467.2 The above specimen; amealed for 30 hr,
7 65  Zolotukhin, G.E. 1957 L 422.2 The above specimen; annealed for 40 hr.
8 62 Kemp, W.R.G,, 1957 L 1.9-124 29. 09 8 cm long and 0.5 cm in diameter; annealed at 750 C for 1 hr; electrical
Klenens, P.G., and resistivity reported as 3.53, 3.91, and 5.37 uQ cm at 0, 90, and 293 K,
Tainsh, R.J. ) respectively,
9 62 Kemp, W.R.G., et al. 1957 L 1.9-91 37.99 Similar to the above specimen except electrical resistivity reported as
7.04, 7.38, and 8.8% yQ cm at 0, 90, and 293 K, respectively.
10 63  Sedsirom, E. 1919 T 273,373 55.24 44,76 Caleulated composition; specimen rolled and drawn to wire 1 mm diameter;
heated to near melting point for 0.5 hr; electrical conductivity 5.7 x
» 10% and 5.5 x 104 Q! cm™ at 0 and 100 C, respectively.
11 83  Sedsirdm, L. 1919 T 2173, 373 73.52 26,48 Similar to the above specimen except electrical conductivity 10.7 x 104
and 9.1 x 104 Q! em! at 0 and 100 C, respectively.
12 63  Sedswom, E. 1924 T 273.2 94,6 5.4 Calculated composition; specimen rolled and drawn to a wire of 3 cm in
length and 1 mm? in cross-section, then heated to the melting point;
electrical resistivity 8.2 pQ cm at 0 C.
13 83  Sedstrom, E. 1924 T 273.2 87.6 12.4 Similar to the above specimen except electrical resistivity 4.7 uQ cm at
0C.
14 63  Sedstrom, E. 1924 T 273.2 72.7 27,3 Similar to the above specimen except electrical resistivity 7.3 uQ cm at
0C.
15 63  Sedsirdm, E. 1924 T 273.2 55.0 45,0 Similar to the above specimen except electrical resistivity 10.4 uQ cm at
oC
16 120 Leaver, A.D.W, and 1971 L 2.6-4,2 10 Au 25,4 Polycrystalline; obtained from the International Research and Development
Charsley, P. Co., Ltd,; annealed; residual electrical resistivity 4.386 uf2cm.
17 120  Leaver, A.D,W, and 1971 L 2,1-4,1 10 Au The above specimen tensile strained 13, 4% under 2 stress of 36. 68 kg mm™%;

Charsley, P.-

residual electrical resistivity 4. 444 uQcm.
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TABLE 10. THERMAL CONDUCTIVITY OF GOLD + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition
%\:)r. l;?)f' Author(s) Year N{?mgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
: : se ange, Designation Au Cu
1 65 Zolotukhin, G.E. 1987 L 488.7 v 75.61 24,39 Ctlculated composition; cast; 1. 30 cm long-and 0. 63 cm? in cross-section;
» density 18.34 g cm™S.
2 65 Zolotukhin, G.E, 1987 L 483.2 v The above specimen annealed 10 hr at 200 C.
3 65 Zolotukhin, G.E. 1957 L 420.7 v The above specimen amnealed 20 hr at 200 C.
4 65 Zolotukhin, G.E. 1957 L 473.7 v The above specimen annealed 30 hr at 200 C.
5 65  Zolotukhin, G.E. 1957 L 395.2 v The above specimen annealed 40 hr at 200 C.
6 65 Zolotukhin, G.E. 1957 L 466.2 v 85.20 14.80 Calculated composition; cast; 1. 30 cm long and 0. 63 cm? in cross-section;
density 19,40 g em™3,
7 65  Zolotukhin, G.E. 1957 L 504.7 v The above specimen annealed 10 hr at 200 C.
8 65 Zolotukhin, G.E. 1957 L 426.2 v The above specimen annealed 20 hr at 200 C.
9 65 Zolotukhin, G.E. 1957 L 481.7 v The above specimen annealed 30 hr at 200 C.
10 65 Zolotukhin, G.E. 1957 L 460.7 v The above spacimen annealed 40 hr at 200 C.
11 65  Zolotukhin, G.E. 1957 L 445, 7 o 50.82  49.18 Calculated composition; cast; 1. 49 cm long and 0. 63 cm? in cross-section;
density 15.05 g cm™.
12 65 Zolotukhin, G.E. 1957 L 493.2 I The above specimen annzaled 10 hr at 200 C.
i3 65 Zolotukhin, G.E. 1957 L 401.7 I The above spzcimen annzaled 20 hr at 200 C.
14 65  Zolotukhin, G.E. 1957 L 470.2 i The above specimen anncaled 30 hr at 200 C.
15 65  Zolotukhin, G.E, 1957 L 403.7 I The above specimen annealed 40 hr at 200 C.
16 65 Zolotukhin, G.E. 1957 L 497.17 it 62.54 37.46 Calculated composition; cast; 1. 45 cm long and 0. 63 cm? in cross-section;
) density 16,70 g cm™,
17 65  Zolotukhin, G.E. 1957 L 455.7 I Tae above specimen annealed 10 hr at 200 C.
18 65 Zolotukhin, G.E. 1957 L 437.7 o1 The above specimen annealed 20 hr at 200 C.
19 65  Zolotukhin, G.E, 1957 L 457.7 I The above specimen annealed 30 hr at 200 C.
20 65  Zolotukhin, G.E, 1957 T, 444.7 1k The above specimen annealed 40 hr at 200 C.
21 63 Sedstrom, E. 1919 T 273,373 96.73 3.27 Caleulated composition; rolled and drawn to 1 mm diameter wire; annealed
close to melting poim: for 0.5 hr; electrical conductivity 14.3 and 13.4 x
10401 et at 0 and 100 C, respectively.
22 63 Sedstrom, E. 1919 T 273,373 92.55 7.45 S:milar to ths above specimen except electrical conductivity 8.5 and 8.2 x
104Q ! e at 0 and 100 C, respectively.
23 63 Sedstrom, E, 1919 T 213,373 87.77 12.23 Similar to the above specimen except electrical conductivity 6.3 and 5.9 x
104 Q! em? at 0 and 100 C, respectively. -
24 63 Sedstrom, E. 1919 T 273,373 59.25 40,75 Similar to the above specimen except electrical conductivity 5.0 and 4.6 x
101t em at 0 and 100 C, respectively.
25 64 Sedstrom, E. 1924 T 273.2 50, 8 49.2 Rolled and drawn to 1 mm? in cross-sectional area and 3 em long; annealed
close to melting point for 0.5 hr; electrical resistivity 10.8 yQ cm at
. 273 K.
26 64  Sedstrém, E. 1924 T 273.2 54.0 46,0 Similar to the above specimen excépt electrical resistivity 11.4 uf) cm at

273 K.
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TABLE 10. THERMAL CONDUCTIVITY OF GOLD + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
: Name and Composition
(I:\;:)r' l:,if' Author(s) Year N{Jetl;gd stn;pk Specimen (weight percent) Composition (continued), Specifications, and Remarks
’ : s £€s Designation - Au Cu
27 64 Sedstrom, E. 1624 T 273.2 57.0 43.0 Similar to the above specimen except electrical resistivity 11.8 pQ cm at
273 K. )
28 64 Sedstrom, E. 1624 T 273.2 62.6 37.4 Similar to the above specimen except electrical resistivity 13.0 uQ cm at
273 K.
29 64 Sedstrom, E. 1824 T 273.2 67.2 32.8 Similar to the above specimen except electrical resistivity 13.6 u) cm at-
273 K.
30 64 Sedstrom, E. 1624 T 273.2 71.9 28.1 Similar to the above specimen except electrical resistivity 10.5 pQ cm at
273 K.
31 64 Sedstrdm, E, 1624 T 273.2 78.1 21.9 Similar to the above specimen except electrical resistivity 7.6 pQ cm at
273 K.
32 64  Sedstrém, E 1924 T 273.2 78.2 21.8 Similar to the above specimen except electrical resistivity 7.6 u£? cm at
273 K.
33 64  Sedstrém, E. 1924 T 273.2 78.9 21.1 Similar to the above specimen except electrical resistivity 8.4 uQ cm at
273 K.
34 64  Sedstrom, E. 1€24 T 273.2 82.1 17.9 Similar to the above specimen except electrical resistivity 11.6 pQ cm at
273 K.
35 64 Sedstrom, E. 1€24 T 273.2 82.4 17.6 ‘Similar to the above specimen except electrical resistivity 11.6 pQ cm at
273 K.
36 64 Sedstrom, E. 1€24 T 273.2 87.5 12.5 Similar to the above specimen except electrical resistivity 11.6 uQ cm at
273 K.
37 64 Sedstrom, E. 1624 T 273.2 94.1 5.9 Similar to the above specimen except electrical resistivity 8.0 u) cm at
273 K.
38 61 Grineisen, E. and 1634 L 80, 92 11 89.6 10.4 Calculated composition; polycrystalline; cast; electrical resistivity
Reddemann, H. 9.27 uQ em at 83 K.
39 61  Grineisen, E. and 1€34 L 22-80 11a The above specimen annealed in vacuo for 40 hr at 365 C; electrical re-
Reddemann, H. sistivity 10. 88 u{) cm at 273 K.
40 61  Grimeisen, E. and 1634 L 22-91 12 96.9 3.10 Calculated composition; polycrystalline; cast; electrical resistivity 3.828,
Reddemann, H, 4.345, ard 5.94 pQ cm at 22, 83, and 273 K, respectively.
41 61  Gruneisen, E. and 1634 L 21-91 13 98.43 1.57 Calculated composition; polycrystalline; cast; electrical resistivity 1. 841,
Reddemann, H. 7 2.353, and 3. 93 p.ﬂ cm at 22, 83, and 273 K, respectively.
42 61  Griineisen, E. and 1934 L 79-91 14a 50.1 49.9 Calculated composition; polycrystalline; cast; quenched from 800 C;
Reddemann, H. electrical resistivity 6. 64 u2 cm at 83 K.
43 61  Griineisen, E, and 1€34 L 87.4 14b The above specimen annealed at ~400 C for 20 hr; electrical resistivity
Reddemann, H. 3.23 and 5. 80 4} cm at 83 and 273 K, respectively.
44 61 Grineisen, E. and 1634 L 79,92 1l4c The above specimen annealed at~360 C for 32 hr; electrical resistivity
Reddemann, H. 3.126 and 5. 42 uQ) cm at 83 and 273 K, respectively.
45 61  Griineisen, E. and 1634 L 80, 92 14d The above specimen annealed at~820 C for 2 hr and then quenched;
Reddemann, H. electrical resistivity 11. 49 uQ cm at 273 K.
46 61 Griineisen, E. and 1€34 L 22-80 14e The above specimen measured after 5 months; electrical resistivity 9. 88

Reddemann, H.

and 11.48 yQ cm at 83 and 273 K, respectively.
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TABLE 10. THERMAL CONDUCTIVITY OF GOLD + COPPER ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

: Name and Composition
(;;:)r. I;if' Author(s) Year L%?tggc Riﬁn;p‘l( ) Specimen (wgight percent) Composition {continued), Specifications, and Remarks
: : ) s e, Designation Au Cu
47 61  Griineisen, E. and 1934 L 21-81 14f The above specimen annealed at~325 C for 30 hr; electrical resistivity
* Reddemann, H, 2,70 and 3.41 4@ cm st 22 and 83 K, respectively.
48 61  Griineisen, E. and 1934 L 86.9 15a 75.6 24,4 Calculated composition; polycrystalline; cast; quenched from 800 C;
Redderann, H. ‘electrical resistivity 11.57, 13.2, and 13. 41 pQ cm at 33, 273, and
292 K, respectively, .
49 61  Griineisen, E. and 1934 L 85, 85 15b The above specimen annealed at 360 C for 22 hr; electrical resistivity
Reddemann, H. 1.753, 3.974, and 4. 82 € cm at 83, 273, and 293 K, respectively.
50 61  Griineisen, E. and 1934 L 81,92 15¢ The above specimen annealed at 345 C for 30 hr; electrical resistivity
Reddemann, H. 2.228 and 4.48 uQ cm at 83 and 273 K, respectively.
51 61  Grtneisen, E. and 1934 . L 79-91 15d The above specimen annealed at 325 C for 30 hr; electrical resistivity
Reddemann, H. 1.797 and 4. 07 uQ} cm at 83 and 273 K, respectively.
52 61  Griineisen, E. and 1934 L 79,91 15¢ The above specimen annealed at 800 C for 2 hr and then quenched; electrica
Reddemann, H. resistivity 9. 17 y) cn at 83 K.
53 61  Grlineisen, E. and 1934 L 22-79 15 The above specimen measured after 4 months; electrical resistivity
Reddemann, H. 7.90 u§) cm at 83 K.
54 61 Griineisen, E. and 1934 L 21-80 15g The above specimen annealed at~325 C for 30 hr; electrical resistivity
Reddemann, H. ) 1.826 and 4. 09 yQ) cm at 83 and 273 K, respectively.
55 126, Linderbaum, S.D. and 1962 L 407-680 CuzAu 49.18 Intermetallic compound; 0. 1858 in. diameter and 2. 41 in. long; succes-
174, Quimty, S.L. sively annealed at 360 C for 90 hr, 240 C for 110 hr, and 220 C for
175 600 hr; critical temperature lies between 387.5 and 358. 2 C; electrical
resistivity reported as 4, 2582, 4.3864, 4.8367, 5.2834, 5,6889,
6.2509, 6,6710, 7.2362, 8.2142, 9.3038, 10.6252, 10.8993, 11,3171,
12.1987, 13.6671, 14,0257, 14.0355, 14,0752, 14.1084, and 14,2959
p§ em at 33,30, 43.74, 83.38, 124.04, 160.92, 211.71, 248. 80,
278.71, 311.98, 345.78, 373.61, 377.93, 382.60, 385.80, 387.54,
388.19, 390,97, 395.25, 404.20, and 419, 77 C, respectively (selected
from 76 points reported by the authors).
56 66  Goff, J.F., Verbalis, 1968 L 1,7-278 CuzAu 49,18 0.1 Fe; intermetallic compound; specimeh 60 mm x 3.2 mm x 3.2 mm;

A.C., Rhyne, 4.J.,
and Klemens, P.G.

prepared from ASARCO five-9 Cu and Au material; the melt was first
homogenized by rocking for about 10 min then cast in a constricted

end of the same tube; annealed for 2 hr at 850 C and quenched from

700 C by breaking the capsule in water (all melting and annealing the
specimen and specimen materials were done in quartz tubes had been
evacuated to less than 1078 torr at close-off); residual electrical resis-
tivity 0.092 u$ cm; electrical resistivity ratio p(300K)/p (4. 2K) = 1.23;
electrical resistivity reported as 9.1, 9.1, 9.2, 9.3,.9.3, 9.2, 9.4,
9.4, 9.5, 9.7, 9.8, 9.9, 10.2, 10,5, 10.8, 11.0, 10,9, and 11.3 1Q
cm at 1.8, 5.6, 13.¢, 16.4, 19.6, 30.0, 41.3, 63.2, 86.6, 101, 114,
131, 163, 191, 227, 254, 261, and 299 K respectively,

SWILSAS AOTIV -ANVNIE 40 ALIALLONANOD TVWYIHL
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TABLE 10. THERMAL CONDUCTIVITY OF GOLD + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

8461 'S "ON 'L '|OA ‘040Q “$0Yy “wey) shyd

. Name and Composition
Cur. Ref, Author(s) Year Method = Temp. Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Range,K Designation Au Cu
57 66  Goff, J.F., Verbalis, 1968 L 117-269 CuzAu 49.18 Intermetallic compound; similar to the above except electrical resistivity .
A.C., Rhyne, J.J., reportedas 9.7, 9.9. 10.1, 10.3, 10.4, 10.6, 10.8, 10.7, 10.9, and
and Klemens, P.G, 11.3 uQlem at 88, 115, 148, 159, 180, 194, 224, 232, 247, and

293 K, respectively; measurement was made with an insulating packing
inside the radiation shield.

58 66  Goff, J.F., etal. 1368 L 154~276 CugAu 49.18 Similar to the above except electrical resistivity reported as 9.1, 9.9,
9.8, 9.9 10.1, 10,5, 11.0, 10.7, 10.9, 11.0, and 11.4 pQ cm
at 9.0, 112, 129, 143, 171, 211, 235, 240, 260, 265, and 287 K,
respectively; measurement was made in the original condition but with
a measured radiation loss correction.

orvol
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'THERMAL CONDUCTIVITY ‘OF. BINARY. ALLOY SYSTEMS

4.4, Copper—Nickel ANoy dystem

The copper-nickel alloy system forms a continuous series of
solid solutions and is free of all tranformations except that of
ferromagnetism. As shown in figure 2, the electrical resistivi-
ty versus temperature curves for Ni+Cu alloys change slope
-abruptly at the Curie temperature of the alloys. The Curie
temperature decreases as the concentration of copper in the
alloys increases. The ferromagnetism disappears and the
Curie temperature drops to zero as the concentration of cop-
perreaches 61.88% (60 At.%).

Mott [3] has given an explanation of the ferromagnetic
chavior of these alloys based on the filling of holes in the d
and of nickel by the s electrons of copper. The d-shell in a
spper atom is completely occupied and there is a single s
lectron outside, whereas the 3dt band of a nickel atom is full
ut there are 0.54 holes in the 3dV band: these d-band holes
e the elementary magnets in nickel. The Curie témperature
s proportional to the number of elementary magnets per unit
volume, which in nickel is thus 0.54 times the number of
toms per unit volume. The density of states in the d band of
he nickel atom at the Fermi surface is approximately ten
imes greater than the density of states in the s band, so that
15 copper is added to nickel about 9C percent of the extra s

electrons. go to fill up the d band, and thus decrease the
number of elementary magnets per unit volume, until at 60
% Cu the d band of nickel is full, at which point the fer-
magnetism disappears and the Curie temperature drops to

K. The insert in figure 2 shows the Curie temperature as a
inction of percent copper in nickel, which is linear for the
:omic percent of copper. This straight-line relationship was
etermined from the electrical resistivity data shown in
gure 2. The behavior of the electrical resistivity of these
loys has a direct bearing on the behavior of the thermal
»nductivity (see figure 29), and therefore the knowledge of
1e former is prerequisite io the understanding of the latter.

- There are 153 sets of experimental data available for the
rermal conductivity of this alloy system. However, of the 104
ata sets available for Cu+Ai alloys listed in table 12 and
hown in figure 30, 27 sets are merely single data points and
5 sets cover only a narrow temperature range from around
oom temperature o abuut 500 K. Of the 49 data sets for
Vi+Cu alloys listed in table 13 and shown in figure 31, 23 sets
ire single data points. Furthermore, many sets of data show

large discrepancies.

‘_.,’For the Cu+Ni alloys, the most reliable measurements at
room temperature were made by Smith and Palmer [49]
(Cu+Ni curves 1-7), surprisingly in 1935, for a set of well-
‘annealed alloys. Electrical resistivity data were also reporied
for the same specimens used for the thermal conductivity
measurements. These provided the basis for the easy separa-
tion of the lattice component from the measured thermal
conductivity.

Hulm [69] measured the thermal conductivity of an alloy
with 20% Ni below 25 K (Cu+Ni curve 15). Berman [70]
.measured thermal conductivity of a sample of Constantan
(40% Ni) below 100 K (Cu+Ni curve 21). Wilkinson and
Wilks [71] measured the thermal conductivity of an alloy with
30% Ni below 20 K (Cu+Ni curve 14). These three sets of low-

1041

temperature data appear to be reliable and consistent in view
of the cold-work condition of the 30% Ni specimen of Wilkin-
son and Wilks (curve 14)..

In the temperature range below 70 K, Erdmann and
Jahoda have measured the thermal conductivity of the Cu-Ni
alloy system several times [72-74] (Cu+Ni curves 52-55, 62-66,
68, and 84; Ni+Cu curves 13-19 and 21-23). One set of their
measurements [74] (Cu+Ni curves 52-55 and Ni+Cu curves
13-19) is the only one that covers a wide range of composition
at low temperature. However, it was very difficult to evaluate
the reliability of their results. For copper-rich alloys, the lat-
tice thermal conductivities derived from their measured total
thermal conductivities are about 40% higher than those.
derived from other authors’ results. Since their samples
seemed to be the best annealed (at 930° C) among-the alloy
samples, it had been thought that the lattice thermal conduc-
tivities of their samples might be higher than those of the
others because annealing could eliminate dislocations. How-
ever, after the effect of annealing on the electrical resistivity
and lattice thermal conductivity of binary alloys had been
reviewed carefully, it was concluded that the differences are
too large to be accounted for by annealing. Furthermore,
around liquid helium temperature, the difference between
the lattice thermal conductivities of their own dilute and con-
centrated alloys are too large compared with those of other
measurmements. If their measured total thermal conductivi-
ties are connected to the total thermal conductivities above
300 K measured by other authors, the slopes of the
conductivity-temperature curves become negative between
100 and 300 K for concentrated alloys. This seems unlikely
for it does not occur in the conductivity-temperature curves
of the analogous silver-palladium alloys. Recent private com-
munication from Klemens [76] provided useful thermal con-
ductivity data for a copper alloy with 4 At.% Ni at
temperatures below 40 K (Cu+Ni curve 103). The sample was
annealed at 1075° C for 72 hours and slowly cooled. The
results also indicate that the lattice thermal conductivities of
Erdmann and Jahoda are too high at temperatures above
that of the maximum. of the lattice component although
they are in agreement with the results of others ai lower
temperatures. Consequently, the results of Erdmann and
Jahoda were not used in the present data synthesis at
temperatures above that of the lattice component maximum.

For Ni+Cu alloys, Sager [77] (Ni+Cu curves 1 and 2),
Smith [45] (Ni+Cu curves 3-6), and Sedstrom [63] (Ni+Cu
curves 7 and 8) have measured the thermal conductivity
around room temperature. There is some doubt about the re-
ported compositions of their specimens as the electrical resis-
tivity data reporied for the same specimens differ from those
obtained by other authors for alloys with the same nominal
compositions.

Greig and Harrison {78] measured the thermal conduc-
tivities of nickel alloys with 0.32, 0.6, 1.5, and 4.2 At% Cu
below 100 K (Ni+Cu curves 9-12). More recently Farrell and
Greig [79] studied the electrical resistivity and thermal con-
ductivity of a ncikel alloy with 0.31 At.% Cu below 100 K
(Ni+Cu curve 34). They concluded that the lattice thermal
conductivity of pure nickel is quite high and close to those of
dilute copper alloys,

J. Phys. Chem. Ref, Datg, Vol. 7, No. 3, 1978
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Chari [80] has suggested a method to separate the lattice
thermal conductivity from total thermal conductivity of pure
nickel and dilute nickel-thenium alloys above 400 K. There is,
however, doubt concerning his method of graphical separa-
tion of electrical resistivity into the instrinsic and magnetic
components, because the anomaly of the temperature de-
pendence of the electrical resistivity of the ferromagnetic
metals can be- explained by the ferromagnetic ordering of
metals below the Curie point. Many authors have tried to ex-
press the resistivities of the ferromagnetic alloys in the form
of g=g¢* (1+pu), where p, the ferromagnetic ordering para-
meter, is negative and vanishes above the Curie point [167],
and p* represents the resistivity of ferromagnetic metal in the
absence of ferromagnetic ordering. In other words, o*
represents the resistivity of the ““normal’’ non-ferromagnetic
metal. Farrell and Greig [81] indicated that deviations from
Matthiessen’s rule due to spin mixing must be taken into ac-
count when analyzing the electronic transport properties of
nickel alloys.

In the present data synthesis, the electronic thermal con-
ductivities of the alloys were calculated directly from eq (12)
using the recommended electrical resistivity values from ref.
[7] and the recommended thermoelectric power values from
ref. [40]. This analysis does not include spin-disorder scatter-
ing in agreement with the treatment by Coles [189]. For those
alloys for which both the thermal conductivity and electrical
resistivity had been measured the electronic thermal conduc-
tivities were also calculated from eq (12) in order to separate
the lattice component from the measured total thermal con-

ductivity. The resulting “‘experimental’’ lattice thermal con- -

ductivity data at low temperatures were used directly to
generate the low-temperature lattice conductivity values, and
those at moderate and high temperatures were used for the
adjustment of the lattice thermal conductivities of the virtual
crystals so that the calculated lattice conductivities are in
agreement with the experimental data.

At moderate and high temperatures, lattice conductivities
were calculated from eq (35). As stated previously in section
2.2, experimental data for k.., which are necessary as input for
eq (35), are available for copper but not for nickel. For cop-
per, White [91] reported an experimental value for £,T at
temperatures above 60 K as 35.0 W ¢m™ and this valuc was
used in eq (35) for the calculations. The value of &, T for nick-
el estimated from the modified Leibfried-Schlémann equa-
tion (37) varies considerably depending upon the selected
value of the Debye temperature used in the calculation, and
the initial estimates of the value of £, T range from 21 t0 31 W
cm™'. A final value of 30.8 W cm™' was determined by using
the various values for the calculations of the lattice conduc-
tivities and comparing the calculated values with the experi-
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mental data as shown in figure 6 and discussed previously in
section 3. From the two k,T values for copper and nickel the
k. values of the virtual crystals were estimated and used in eq
(35) to generate lattice conductivities for all the alloys at
temperatures above the region of the maximum in k,.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 26 and 27. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 11 in order to obtain thermal conductivities for the
desired alloy compositions. For copper-rich alloys shown in
figure 26, the recommended values are in agreement with the
data of Smith and Palmer [49] (Cu+Ni curves 1-7), of Bouley
et al. [76] (Cu+Ni curve 103), of Zimmerman [130] (Cu+Ni
curves 17 and 20), and of Willett [146] (CutNi curve 99) to
within 5%, and with the data of Kierspe [83] (Cu+Ni curve
67), of Berman [70] (Cu+Ni curve 21), and with some of the
data of Mikryukov [144] (Cu+Ni curves 44 and 72) to within
12%. For nickel-rich alloys shown in figure 27, at high
temperatures the recommended values agree with the data of
Smith [45] (Ni+Cu curves 3-0) and of Jackson and Saunders
[147] (Ni+Cu curve 20) to within 12%. At low temperatures
there is conflict between different sets of experimental data
and the agreement of the recommendations with the data is
less satisfactory. The large difference between the data of
Erdmann and Jahoda [74] (Ni+Cu curve 19) and those of
Greig and Harrison [78] (Ni+Cu curve 9) for an alloy of the
same composition, for example, illustrates the large discrep-
ancies in the results of different investigators. For ailoys with
about 4% copper, the data of Erdmann and Jahoda [74]
(Ni+Cu curve 18) and of Greig and Harrison [78] (Ni+Cu
curve 11) both agree with the recommendations to within
10%, but at other solute concentrations, the recommenda-
tions receive little direct experimental support. The thermal
conductivity values in this range are consequently provi-
sional.

The resulting recommended values for k, k., and &, are
tabulated in table 11 for 25 alloy compositions covering the
temperatures from 4 to 1200 K. These values are for alloys
which have not been severely cold worked or quenched. The
values for k are also presented in figures 28 and 29. The
values of residual electrical resistivity for the alloys are also
given in table 11. The uncertainties of the thermal conductiv-
ity values are stated in a footnote to table 11, while the uncer-
tainties of the k. and k, values are indicated by their being
designated as recommended, provisional, or typical values.
The ranges of uncertainties of recommended, provisional,
and typical values are less than +15%, between 15 and
+30%, and greater than =30 %, respectively.
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TABLE 11.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEMT

[Temperature, T, K; Thermal Conductivity, kX, W cm~! K~!; Electronic Thermal Conductivity, k_, W em~! K-!; Lattice Thermal Conductivity, kg, W em™ K™1]

<

Cu: 99.50% (99.46 At.%)
Ni: 0.50% ( 0.54 At.%)

Cu: 99.00% (98.92 At. %)
Ni: 1.00% ( 1.08 At.%)

Cu: 97.00% (96.76 At.%)
Ni: 3.00% ( 3.24 At.%)

Cu: 95.00% (94.61 At.%)
Ni: 5.00% ( 5.39 At.%)

0, = 0.620 uQcm

p°=1.25‘mcm

po=3,70 HQ cm

P = 6:10 402 em

T k ky kg T k kg kg T k kg kg T k kg kg
4 0.176% 0.158  0.0185% 4 0,0917 0.0782  0.0135% 4 0.0347 0.0264 0.0083C 4 0.0215 0.0160  0.00550
6 0.281% 0.236  0.0450% 6 0.150  0.117 0.0335% 6 0.0611 0.0396 0.0215 6 0.0391 0.0240 0.0151
g 0.399% 0.315  0.0840% 8 0.218  0.156 0.0625% 8 0.0936 0.0528  0.0408 8 0.0616 0.0320 0.0296
10 0.525%  0.394  0.131% 10 0.295  0.195 0.100% 10 0.132  0.0660 0.0655 10 0.0890  0.0400  0.0490
15 0.846* 0.591  0,255% 15 0.496  0.293 0.203% 15 0.23¢  0.0990 0.135 15 0.166 0.0601  0.106
20 1.14% 0.788  0.355% 20 0.684  0.391 0.293% 20 0.340  0.132 0.208 20 0.250 0.0801  0.170
25 1,38 0.945  0.430% 25  0.840 0.482 0. 358% 25 0.428  0.164 0.264 25 0.321 0.0999  0.221
30 1.59% 1.11 0.480% 30 0.978  0.573 0.405% 30 0.498  0.196 0.302 30  0.379 0.120  0.259
40  1.92% 1.39 0.535% 40 1.20 0.743 0.460% 40 0.599  0.258 0.341 40 0.458 0.158  0.300
50 2.14% 1.60 0.545% 50 1.36 0.889 0.470% 50 0.666  0.315 0.351 50 0.509 0.195  0.314
60 2.26% 1.73 0.535% 60 1.46 1.00 0.465% 60 0.715  0.366 0.349 60 0.544 0.231 0.313
70 2.32% 1.82 0.500% 70 1.54 1.10 0.445% 700 0.755  0.414 0.341 70  0.571 0.264  0.307
80 2. 36% 1.89 0.465 80 1.61 1.19 0.420 80 0.790  0.459 0,331 80 0.593 0.296  0.297
90 2.39% 1.96 0.430 90 1.66% 1.27 0.395 90 0.823%  0.504 0.319 90 0.615% 0.328  0.287
100 2.43% 2.03 0.400 100 1.72% 1.35 0. 370 100  0.854%  0.548 0.306 100 0.634%  0.358  0.276
150 2.64% 2.35 0.293 150 1.98% 1.70 0.281 150  1.01% 0,759 0.248 150 0.731% 0.505  0.226
200 2.82%  2.58 0.234 200 2.20% 1.97 0.227 200 1.15% 0,947 0.204 200 0.828%  0.640 0.188
250 2.93% 2.74 0.194 250 2.36%  2.17 0.189 250  1.29% 1.11 0.172 250 0.922*%  0.761  0.160
273 2.97 2.79 0.179 278 2.41% 2,24 0.175 273 1.34%  1.18 0.161 273  0.963%  0.813  0.150
300 3.04 2. 87 0.164 300 2.49 2.32 0.161 300 1.41 1.26 0.149 300 .1.01 0.872 0. 140
350 3.10 2.96 0.143 350 2,59 2.45 0. 140 350 1.51 1.38 0.131 350 1.09 0.972  0.123
400 3.16 3.04 0.126 400 2.68 2.56 0.124 400 1.61 1.49 0.116 400  1.17 1.06 0.110
500 3.24% 3.13 0.102 500 2.80 2.70 0.100 500 1,77 1.67 0.0953 500 1.32 1.23 0.0911
600 3.26% 3.18 0.0853 600 2,90 2.81 0.0843 600 1.90% 1.82 0. 0807 600 1.45 1.87 0.0776
700  3.29% 3.21 0.0734 700 2.96 2.89 0.0727 700  2,01% 1.94 0.0699 700 1.56 1.49 0. 0675
800 3.27* 3.21 0.0644 800 2.98 2.92 0.0638 800 2.08%  2.02 0.0617 800 1.65 1.59 0.0598
900 3.26% 3.20 0.0574 900 2.98 2.92 0.0569 900 2.14% 2,09 0.0552 900 1.72 1.66 0.0536
1000  3.22% 3.17 0.0517 1000 2.96 2.91 0.0513 1000 2.18% 2,13 0.0499 1000 1.77 1.72 0.0486
1100  3.20% 3.16 0.0471 1100 2.96%  2.91 0, 0468 1100 2.22%  2.17 0.0455 1100 1.82 1.78 0.0445
1200 3.16% 3.12 0.0432 1200 2.94% 2.89 0. 0429 1200 2.23%  2.19 0.0419 1200 1.86 1.82 0.0410

t Uncertainties in the total thermal conductivity, k, are as follows:
99.50 Cu - 0,50 Ni: +10% below 200 K and + 5% above 200 K.
99.00 Cu - 1,00 Ni: *10% below 200 K and + 5% above 200 K.

97,00 Cu - 3,00 Ni:
95.00 Cu - 5.00 Ni:

¥ provisional value.
# Typical value,

+ 5%.
+ 5%.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 11.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conductivity, ke, W em=! K-1; Lattice Thermal Conductivity, kg, W em™ K1)

Cu: 90.00% (89,27 At.%)
Ni: 10.00% (10.73 At.%)

Cu: 85.00% (83.96 At.%)
Ni: 15.00% (16.04 At.%)

Cu: 80.00% (78.71 At.%)
Ni: 20.00% (21.29 At.%)

Cu: 75.00% (73.49 At.%)
Ni: 25.00% (26.51 At.%)

0,= 12.15 yQ cm

0, = 17.95 pQ em

0, = 23.70 yQ cm

Py = 29.30 uQ cm

T k kg kg T k kg k, - T k k, kg T k k, kg
4 0.0112  0.00804 0.00315 4 0.00869%%0,00544 0.00325% 4 0.00762% 0.00412 0.00350% 4 0.00724% 0.0033¢ 0.00390%
6 0.0216 0.0121  0.00950 6 0.0170%% 0.00817 0.00890% 6 0.013% 0.00619 0.00910% 6 0.0143%¥ 0.00500 0.00930%
8 0.0358 0.0161  0.0197 8 0.0283*% 0.0109  0.0175% 8 0.0283T 0.00825 0.0170% 8 0.0234*% 0,00667 0.0167F
10 0.0536  0.0201  0.0335 10 0.0426%% 0.0136  0.0290% 10 0.0373% 0.0103 - 0.0270% 10 0.0343%F 0,00834 0.0260%
15  0.106 0.0302  0.0760 15  0.0839%% 0.0204  0.0635% 15  0.0725% 0.0155  0.0570% 15 0.0660%% 0,0125 0.0535%
20 0.164 0.0402  0.124 20  0.128%% 0,0272  0.101% 20 0.111%  0.0206  0.0900% 20 0.10¢%% 0.0167  0.0835%
25 0.215 0.0502  0.165 25 0.169%F 0.0839 0.135% 25 0.144%  0.0257 0.118% 25  0,12¢%% 0.0209  0.108%
30 0.256 0.0601  0.196 30  0.202%% 0,0407 o0.161% 30 0.172%  0.0309  0.141% 30 0.152¢F 00,0251  0.127%
40 0.316 0.0799  0.236 40  0.252%% 0,0541  0.198% 40  0.215%F  0.0411  0.174% 40 0.188% 00,0334 0.155%
50 0.355 0.0996  0.255 50 0.284%F 0.0673 0.217F 50 0.245%F  0.0512  0.192% 50 0.212%% 0.0416  0.170%
60 0.378 0.118 0.260 60 0.305%% 0.0802 0.225% 60 0.261%F  0.0611  0.200% 60 0.230%% 0.0498  0.180%
70 0.395 0.137 0.258 70 0.317%F  0.0931  0.224% 76 0.275%  0.0711  0.202% 70  0.241%% 0.0579  0.183%
80  0.407 0.155 0.252 80 0,327 0.106 0.221 80  0.281 0.0808  0.200% 80 0.248%  0,0658 0.182%
90  0.416%  0.174 0.242 90 0.333%* 0.118 0.215 90  0.286*  0.0904 0.196 90 0.253%  0.0738  0.179
100 0.423% . 0.190 0.233 100 0.339%  0.130 0.209 100 0.290%  0.0994  0.191 100 0.257  0.0808  0.176
150  0.468%  0.275 0.193 150 0.363% 0,189 0.174 150 0.306%  0.144 0.162 150 0.27¢%  0.117 0.153
200 0.516%  0.353 0.163 200 0.392% 0,244 0.148 200 0.324%  0.187 0.138 200 0.28%%  0.152 0.131
250 0.568%  0.428 0.141 250  0.427%  0.299 0.128 250 0.348% 0,228 0.120 250  0.30C% 0,186 0.114
273 0.592 0.460 0.132 273 0.444*  0.323 0.121 273 0.361 0. 247 0.113 273 0.309% 0,201 0.108
300 0.621 0.498 0.124 00  0.464 0. 350 0.113 200, 0.37¢ 0.269 0.106 300 0.32¢%  0.218 0.101
350 0.676 0. 566 0.110 350  0.502 0.400 0.102 250 0.408 0. 308 0.0957 350 0.341%  0.249 0.0913
400  0.727 0.627 0.0995 400  0.540 0.448 0.0922 400 0.432 0.345 0.0870 400 0.364% 0,281 0.0832
500 0.831 0.747 0.0833 50 0.615%  0.537 0.0778 £00  0.491 0.417 0.0738 500 0.412% 0,341 0.0708
600 0.930°  0.859 0.0716 600 0.684%  0.617 0.0673 600  0.54€ 0.483 0.0641 €00  0.462%  0.400 0.0617
700 1.01 0.949 0.0628 700 0.753%  0.694 0.0594 700 0.601 0. 544 0.0568 700 0.517%  0.456 0.0548
800 1.09 1.03 0.0560 800 0.820%  0.767 0.0531 €00 0.654 0.603 0.0509 €00 0.557%  0.508 0.0493
900 1.16 1.11 0.0505 900 0.879% 0,830 0.0481 900 0.708 0.662 0. 0462 900 0.60T*  0.556 0.0448
1000 1.22 1.18 0.0460 1000  0.937%  0.894 0.0439 1000 0.756 0.714 0.0423 1000 0.642% 0,601 0.0411
1100 1.28* 1.24 0.0422 1100  0.988*% 0,948 0. 0404 1100 0.804%  0.765 0.0390 1100  0.68%%  0.645 0.0379
1200  1.33*% 1.29 0.0390 1200 1.04% 1.00 0.0375 1200  0.85%% 0,814 0.0362 1200 0.725%  0.688 0.0352

i Uncertainties in the total thermal conductivity, k, are as follows:

90,00 Cu - 10.00 Ni:
85.00 Cu - 15,00 Ni:
80.00 Cu - 20.00 Ni:
75.00 Cu - 25,00 Ni:

¥ Provisional value.

+5%

* In temperature range where no experimental thermal conductivity data are available.

+15% below 80 K, + 10% between 80 and 200 K, and + 5% above 200 K.
+15% below 80 K, +10% between 80 and 200 K, and + 5% above 200 K.
+15% below 80 K, +10% between 80 and 200 K, and + 5% above 200 K.

9y ol

“Iv 13 OH



861 'S 'ON 'L '|OA ‘040 '§2¥ "wiay) 'shyd

TABLE 11,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEM (ccntinued)f
[Temperature, T, K; Thermal Conducﬁvity, k, W em™! K-1; Electronic Thermal Conductivity, k,, W cm~! K-1; Lattice Thermal Conductivity, kg’ W em~! K1)

Cu: 70.00% (68. 31 At,%)
Ni: 30.00% (31.69 At.%)

Cu: 6£.00% (63.18 At.%)
Ni: 36.00% (36.82 At.%)

Cu: 60.00% (58.09 At.%)
Ni: 40.00% (41.91 At.%)

Cu: 55.00% (53.04 At.%)
Ni: 45.00% (46.96 At.%)

0, = 34.90 40 om

Po= 40.05 uQ em

P, =45.00 u cm

Py = 46,60 uQ) cm

T k k, kg T k ke kg T k k, kg T k kg k .
4 0.00720% 0.00280 0.00440% 4 0.00749%%0.00244 0.00505% 4 0.00797% 0.00217 0.00580% 4 0.00900%%0.00210 0.00690%
6 0.0142% 0.00420 0.010¢% 6 0.0145%% 0.00366 0.0108% 6. 0.0152% 0.00326 0.0119% 6 0.0166%% 0.00315 0.0134F
8 0.0231F% 0.00560 0.0175% 8  0.0232%% 0,00488 0.0183% 8 0.0238% 0.00434 0.0195% 8  0.0253% 0.00419 0.0211%
10 0.0335% 0.00700 0.0265% 10 0.0331%% 0.00610 0.0270% 10 0.0334% 0.00543 0.02¢0% 10 0.0347%% 0.00524 0.0295%
15 0.0620% 0.0105 0.0515% 15 0.0602%% 0.00915 0.0510% 15 0.05%6% 0,00814 0.0505% 15 0.0589%% 0.00786 0.0510%
20 0.0930% 0.0140  0.079¢¥ 20 0.0877%% 0.0122  0.0755% 20 0.0839% 0.0109  0.07%0% 20 0.0820%% 0.0105  0.0715%
25 0.118%  0.0175  0.100% 25 0.110*% 0.0154  0.0950% 25 0.104%  0.0137  0.09C0% 25 0.101%  0.0129% 0.0885%
30 0.139% o0.0210 0.118% 30 ©.128<F 0.0185  0.110% 30 0.121%  0.0164  0.10&% 30 0.118%  0.0155% 0.102%
40 0.170%  0.0280  0,142% 40 0.157% 0.0246  0.132% 40 0.147%  0.0219 o0.128% 40 0.142%  0.0206% o0.121%
50 0.192%  0.0349  0.157% 50 0.177% 0.0307  0.146%F 50 0.164%  0.0274  0.13%% 50 0.159%  0.0257% 0.133%
60 0.207%  0.0418 0.165% 60 o0.1917%% 0.0367 0.154% 60 0.173%  0.0329  0.14£F 60 0.170%  0.0308% 0.139%
70 0.217% 0.0486 0.168% 70 0.19¢*%% 0,0428 0.156% 70 0.1853% 0.0383 0.14%% 70 0.178% 0.0359% 0.142%
80 0.223 0.055¢ 0.168% 80 0.206% 0.0488  0.157% 80 0.192%  0.0437  0.148F 80 0.184 0.0409  0.143
90 0.228¢  0.0621 0.166 90 0.211%  0.0547 0.156 90 0.195 0.0491  0.147% 90 0.189 0.0459  0.143
100 0.232%  0.0679  0.164 100 0.214  0.0598  0.154 100 0.200%  0.0536 0,146 100 0.192 0.0502 0,142
150 0.243%*  0.0991  0.144 150  0.225  0.0871  0.138 150 0.212* 0,078  0.133 150  0.204 0.0738  0.130
200 0.255%  0.129 0.125 200 0.235  0.113 0.122 200 0.221*  0.103 0.118 200 0.213 0.0968 0.116
250 0.268% 0,158 0.110 250  0.246%  0.139  0.107 250 0.231%  0.127 0.104 250 0.222 0.119 0.103
273  0.275%  0.171 0.104 273 0.25%%  0.151 0.101 273  0.237%  0.138 0.0959 273 0.227 0.129 0.0976
300 0.284 0.186 0.0977 00 0.26¢¢  0.165 0.0950 300 0.244 0.15: 0.0931 300 0.233 0.141 0.0919
350 0.302 0.214 0.0881 350 0.276¢  0.190 0.0858 350 0.253 0.174 0.0842 350 0.246 0.163 0.0831
400 0.322 0.241 0.080¢< 400 0.293*  0.215 0.0783 400  0.274 0.198 0.07€9 400 0.261%  0.185 0.0759
500 0.363 0.294 0.0686 500 0.33(*  0.263 0.0669 500 0.309 0,244 0.0657 500 0.295%  0.230 0.0649
600 0.407 0.347 0.059¢ €00 0.368% 0.310 0.0585 600 0,347 0.289 0.0575 600 0.332*  0.275 0. 0569
700  0.450 0. 397 0.0532 700  0.408%  0.356 0.0521 700 0.38% 0.333 0.0512 700 0.370%  0.319 0. 0507
800 0.491 0.443 0.0480 §00  0.446*  0.399 0. 0470 800 0.419 0.373 0.0462 800 0.404*  0.358 0. 0457
900 0.531 0.488 0.0437 900  0.480%  0.438 0.0428 900 0.453 0.411 0.0421 900 0.437*  0.395 0.0417
1000 0.568 0.528 0.0401 1600  0.515%  0.475 0.0393 1000 0.483 0. 447 0.03¢7 1000  0.469% 0,431 0.0383
1100 0.604%  0.566 0.0371 1100 0.548%  0.512 0.0364 1100  0.517 0.481 0.0359 1100  0.501%  0.466 0.0355
0.640%  0.605 0.0345 1200  0.581%  0.548 0.0339 1200 0,547 0. 514 0.0334 1200  0.533%  0.500 0.0331

1200

T Uncertainties in the total thermal conductivity, k, are as follows:

70.00 Cu - 30.00 Ni:
65.00 Cu - 35.00 Ni:
60.00 Cu - 40.00 Ni:
55.00 Cu - 45.00 Ni:

* Provisional value.

+15% below 80 K, +10% between 80 and 200 K,
+15% below 80 K, +10% between 80 and 200 X,
+15% below 90 K, +10% between 90 and 200 K,
+15% delow 80 K, +10% between 80 and 200 K,

* In temperature range where no experimental thermal conductivity data are available,

and 4 5% above 200 K.
and + 5% above 200 K.
and + 5% above 200 K.
and + 5% above 200 K.
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TABLE 11.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEM (continued)*
{Temperature, T, K; Thermal Conductivity, &, W em™ K~!; Electronic Thermal Conductivity, k o’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™ K1)

Cu: 50.00% (48.02 At.%)
Ni: 50.00% (51.98 At.%)

Cu: 45.00% (43.05 At.%)
Ni: 55.00% (56.95 At.%)

Cu: 40.00% (39.12 At.%)
Ni: 60.00% (61.88 At.%)

Cu: 35.00% (33.22 At.%)
Ni: 65.00% (66.78 At.%)

Dy = 40.30 pQem

oo=35. 85 uQ cm

0, = 31.60 yQem

Py = 27.65 Q) cm

T k kg kg T k kg Ky T k ke kg T k kg ky
4 0.0107% 0.00243 0.00825% 4 0.0120%% 0.00273 0,00930% 4 0.0131%% 0.00309 0.0100% 4- 0.0138  0.00353 0.0103
6 0.0186% 0.00364 0.0150% 6 0.0202%% 0.00409 0.0161% 6 0.0216%% 0,00464 0.0170% 6 0.0228 0.00530 0.0175
8  0.0274% 0.00485 0.0226% 8 0.0292%% 0.00545 0.0237% 8  0.0307*% 0,00619 0.0245% 8 0.0321  0.00707 0.0251
10 0.0371%* 0.00606 0.0310% 10 0.0385%% 0.00682 0.0317% 10 0.0402%% 0,00773 0.0325% 10 0.0418  0.00884 0.0330
15  0.0606% 0.00909 0.0515% 15 0.0617+% 0.0102  0,0515% 15 0.0631%%F 0,0116  0.0515% 15 0.0658  0.0133  0.0525

20 0.0831% o0.0121  0.0710% 20  0.0842%% 0,0137  0.0705% 20 0.0860%% 0,0155  0.0705% 20 0.0882  0.0177  0.0705

25 0.101%  0.0144% 0.0870% 25 0.102%% 0.0163% 0.0860% 25 0.105%% 0,0188% 0.0860% 25 0.108%  0.0216% 10,0865
30 0.117%  0.0171% 0.0995 30 0.118%F 0.0194% 0.0090% 30 0.12v%%  0,0224% 0.0990% 30 0.126%  0.0257% 0.100

40 0.139% 0.0223% 0,117% 40 0.143%% 0.0255% 0.117% 40 0.147%%  0,0294% 0.118% 40 0.154%  0.0339%. 0.120
50 0.156% 0,0275% 0.128% 50 0.159%% 0,0312% 0.128% 50" 0.166%% 0,0361% 0.130% 50 0.174%  0.0417% 0.132
60 0.167% 0.0324% 0.135% 60 0.172%* 0.0368%f 0.135% 60 0.180%F 0,0425% 0,137% 60 0.189%  0.0491F 9,140
70 0.175%  0.0373% o0.138% 70  0.181%% 0.0421% 0.139% 70 0.190%% 0,0487F 0.141% 70 0.201%% 0,0562% 0.145
80 0.182 0.0421%  0.140 80 0.188*% 0,0469% 0.141% 80 0.198 0.0545% 0.143% 80  0.210%% 0.0630% 0.147

90 0.187%  0.0468% 0.140 90 0.194%% 0,0522% 0.142% 90 0.204%% 0,0600%. 0.144% 90  0.217%%  0.0694% 0.148

100 0.190%  0.0507% 0.139 100 0.197%% 0.0562% 0.141% 100  0.208%% 0.0645% 0.143% 100 0.222%F 0.0745% 0,147

150  0.201%  0.0729  0.128 150 0.209%% 0.0775% 0.131% 150  0,219%% 0.0866% 0.132% 150  0.235%F  0.0986% 0.136

200 0.208 0.0944 0.114 200 0,214%  0.0969  0.117 200 0.223%% 0.105%  0.118 200 0.237%%  0.117%F  1.120

250 0.217% 0.115  0.102 250 0.219% 0.116 0.102 250 0.224% 0,121 0.103 250 0.237%% 0.132% 0.105

273 0.221% 0,124 0.0970 273 0.222%  0.125 0. 0970 273 0.228  0.130 0.0976 273  0.237*%  0.138 7. 0989

300 0.227  0.135  0,0913 300 0.227%  0.136 0.0913 300 0.232 0.140 0.0919 300 0.240%  0.147 7. 0930

350 0.239  0.156 0.0826 350 0.239%  0.156 0.0825 350 0.243 0,160 0.0830 350 0.250%  0.166 7. 0840

400 0.254%  0.178 0.0754 400 0.252%  0.177 0.0754 400 0.255  0.179 0.0758 400 0.261% 0,185 2. 0766

500 0.287%  0.222 0.0645 500 0.284%  0.220 0.0644 500 0.284 0.219 0.0647 500 0.289%  0.223  0.0654

600 0.328% 0,266 0.0565 600 ©0.319% 0.263  0.0564 600 0.318 0.262  0.0566 600 0.322%  0.265  0,0571

‘700  0.361*%  0.311 0.0503 700 0.357%  0.307 0.0502 700 0.356 0.306  0.0504 700 0.360%  0.309 2.6508
800 0.396%  0.350 0.0454 800 0.392%  0.347 0.0453 800 0.391 0.345  0.0454 800 0.394% 0,349 2. 0457
900 0.429%  0.388 0.414 900 0.426% 0.385  0.0413 900 0.424 0.383  0.0414 900 0.428%  0.386 2.0416

1000 0.462% 0,424 0.0381 1000 0.459% 0,421 0. 0380 1000 0.458  0.420 0.0380 1000  0.461%  0.423  ).0382

1100  0.493%  0.458 0.0353 1100  0.491% 0,456 0.0352 1100  0.491%  0.456 0.0352 1100 0.495%  0.460 1. 0354

0.525% 0,492 0.0328 1200 0.522*  0.489 0.0327 ‘1200 0.525% 0,493  0.0328 1200  0.528%  0.495  0.0329

1200

t Uncertaintiés in the total thermal conductivity, k, are as follows:

50.00 Cu - 50.00 Ni:
45.00 Cu - 55,00 Ni:
40.00 Cu - 60.00 Ni:
35.00 Cu - 65.00 Ni:

# Provisional value,

* In temperature range where no experimental thermal conductivity data are available.

and +10% above 250 K.

+15% below 20 K, +20% betweea 20 and 100 K, +10% between 100 and 200 K, and 5% above 200 K.
+15% below 20 K, +20% between 20 and 150 K, and +10% above L50 K.
+15% below 20 K, +20% betweea 20 and 200 K, and + 10% above 200 XK.
+10% below 20 K, +20% between 20 and 250 K,

8yol
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TABLE 11.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conductivity, ke, W cm~! K-1; Lattice Thermal Conductivity, kg’ W em~ K™1]

Cu: 30.00% (28.37 At.%)
Ni: 70.00% (71.63 At.%)

Cu: 25.00% (23.55 At.%)
Ni: 75.00% (76.45 At.%)

Cu: 20.00% (18.76 At.%)
Ni: 80.00% (81.24 At.%)

Cu: 15.00% (14.02 At.%)
Ni: 85.00% (85.98 At.%)

P =23.70 uQ em

po=19.80 uQ cm

0, = 16.00 poem

Py = 11.90 yQ cm

T k kg kg T k kg k . T k k, k - T k kg kg
4 0.0144%% 0.00412 0.0103% 4 0.0148% 0.00494 0.00985% 4  0.015%* 0,00611 0.0092% 4 0.0162% 0.00822 0.00800%
6 0.0237%% 0,0061¢ 0,0175% 6 0.0238F 0.00740 - 0.0164% 6  0.0244%% 0.00916 0.0152% 6 0.0258% 00,0128 0.01385%
8 0.033¢4%¥% 0.00825 0.0251% 8 0.0335% 0.00987 0.0236% 8 0.0339<% 0.0122  0.0217% 8 0.0359% 0.0164 0.0195%
10 0.0433+% 0.0103  0.0330% 10 0.0433% 0.0123 . 0.0310% 10 0.0438% 0.0153  0.0285% 10 0.0465% 0.0208  0.0260%
15 0.0670%% 0,0155 0.0515% 15 0.0675% 0.0185  0.0490% 15  0.068¢%% 0.0229  0.0460% 15 0.0738% 0.0308 . 0.0430%
20 0.0896%% 0.0206 0.0690% 20 0.0917%% 0.0247  0.0670% 20 0.0955%% 0,0305  0.0650% 20 0.103%  0.0411  0.0615%
25  0.110%% 0,0254° 0.0845% 25 0,114+ 0,0303% 0.0835% 25  0.120%F 0,03875% 0.0820% 25 0.130%  0.0505F 0.0800%
30 0.128%% 0.0303% 0.0980% 30 0.135% 0,0362% 0.0985% 30 0.144*F 0,0449% 0.0990% 30 0.157%  0.0597F 0.0970%
40 0.159%% 0.0400° o0.119% 40 0.169%F 0.0477% 0.121% 40 0.1g82¢% 0,0590% - 0.123% 40 0.203% 0.0783% 0.125%
50 0.180%% 0.0492° 0.131% 50 0.195°F 0.0586% 0.136% 50 0.212%% 0,0725% 0.139% 50 0.239%  0.0958% 0.143%
60 0.198*% 0,0580° 0.140% 60 0.214%% 0.0691% 0.145% 60  0.236*F 0,0855% 0.150% 60 0.268%F 0.113¢  0.155%
70 0.213*% 0.0665° 0.146% 70 0.230%% 0,0792% 0.151% 70 0.255%F 0.0977% 0.157% 70 0.292%% 0.128%  0.164%
80 0.223%%  0.0744% 0.149% 80 0.242% o0.0884% 0,154% 80 0.270% 0.109% 0.161% 80 0.312% 0.142%¢  0.170%
90 0.232¢% 0,0818% 0.150% 90 0.252%F 0.0972% 0.155% 90 0.284%F 0,120% 0.164% 90 0.328+% 0,156% 0,172%
100 0.237%%  0,0877% 0.149% 100 o0.258F 0.104% o.154% 100 0.293*% 0.129%  0.164% 100 0.340%% 0.167%  0.173%
150  0.253%% 0.116% 0.137% 150 0.281%F 0.138%  0.143% 150 0.320%F 0.169%  0.151F 150  0.373% 0.214%  0.159%
200 0.256%% 0,134% o.122% 200 0.287F o.161%  ¢.126% 200 0.330%% 0,198%  0,132% 200 0.387%% 0.247%  0.140%
250 0.257%F 0.150%  0.107% 250 0.286*F 0,176% o0.110% 250  0.332%F 0,217F  0.115% 250 0.388%* 0.2674  0.122%
273 0.257%% 0,156%  o0.101% 273  0.285%%  0.181%  0.104% 273  0.331% - 0.223%  0.108% 273 0.388% 0.273%  o0.114%
300 0.257%  0.162%  0.0949% 300 0.285% 0.187%  0.0977* 300 0.330% 0.228%  0.102% 300 0.388% 0.280% 0.107%
350 0.261 0.175 0.0856% 350 0.283% 0.195%  0.0880% 350 « 0.325% 0.234%  0.0913% 350 0.381%  0.285%  0.0959%
400 0.272 0.194 0.0780% 400 0.286%  0.206 0.0800% 400 0.320%  0.237%  0.0829% 400 0.373*% 0.287% 0.0868%
500 0.298 0.232 0.0664% 500 0.313%  0.245 0.0679% 500 0.333  0.263 0.0701% 500 0.359%  0.286 0.0730%
600 0.331 0.273 0.0579% 600 0.347% 0.288 0.0591% 600 0.367 0. 306 0.0608* 600 0.397%  0.334 0.0630%
700  0.369 0.318 0.0514% 700 0.388% 0.335 0.0524% 700  0.411 0. 357 0.0537% 700 0.445%  0.389 0.0555%
800 0.404%  0.357 0.0463% 800 0.422%  0.375 0.0471% 800 0.445  0.397 0.0481% 800 0.479%  0.429 0.0495%
900 0.438%  0.396 0.0421% 900 0.456*%  0.413 0.04277% 900 0.478 0.435 0.0436% 900 0.510%  0.465 0.0448%
1000 0.472% 0,433 0.0386% 1000  0.489%  0.450 0.0391% 1000 0.511%  0.471 0.0399% 1000 0.539%  0.498 0.0408%
1100  0.506%  0.470 0.0357% 1100  0.521*  0.485 0.0361% 1100  0.542*  0.505 0.0367F 1100  0.567% . 0.529 0.0376%
1200 0.538%  0.505 0.0331% 1200 0.552%  0.518 0.0335% 1200 0.572%  0.538 0.0341% 1200  0.595%  0.560 0.0348%

T Uncertainties in the total.thermal conductivity, k, are as follows:

30.00 Cu - 70.00 Ni:
25.00 Cu -~ 75.00 Ni:
20,00 Cu - 80.00 Ni:
15,00 Cu - 85.00 Ni:

¥ provisional value.

# Typical value,

+15% below 20 K, +20% between 20 and 300 K,
+15% below 20 K, +20% between 20 and 350 K,
+15% below 20 K, +20% between 20 and 400 K,
+15% below 20 K, +20% between 20 and 400 K,

* In temperature range where no experimental thermal conductivity data are zvailable.

and + 10% above 300 XK.
and + 14% above 350 K.
and + 14% above 400 K,
and + 14% above 400 K.
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TABLE 11.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY SYSTEM (continued) t
[Temperature, T, X; Thermal Conductivity, k, W ¢em~! K-; Electronic Thermal Conductivity, k, W cm~! K~1; Lattice Thermal Conductivity, kg, W em=l K1)

8161 '€ 'ON 'L'|OA 'njoQ ‘304 wey) ‘sayd r

Cu: 10.00% ( 9.31 At.%) Cu:  5.00% ( 4.64 At.%) Cu: 3.00% ( 2.78 At.%) Cu: 1.00% ( 0.92 At.%)
Ni: 90.00% (90.69 At.%) Ni: 95.00% (95.36 At.%) Ni: 97.00% (97.22 At.%) Ni: 99.00% (99.(8 At.%)
po=8'00 uQ cm po=4.100,_mcm po=2.4OOMcm p°=0.900ugcm
T k k, kg T k kg k, T k ky kg T k kg kg
4 0.0188% 0.0122  0.00660% 4 0.0279% 0.0238  0.00410% 4 0.0481%% 0.0407  0.00740% 4 o.122F  0.100  0.0140%
6 0.0%9% 0.0133 0.0116% 6 0.0438% 0.0358  0.00800% 6 0.0741%% 0.0611  0.0130% 6 0.186% 0.163  0.0233%
8 0.0415% 0.0244  0.0171% 8 0.0604% 0,0477  0.0127% 8 0.101%% 0.0814  0.0192% 8 0.25¢%  0.217 0.0330%
16 0.0536% 0.0305 0.0231% 10 0.0778% 0.0596  0,018% 10 o0.128% 0.102 0.0260% 10 0.314% 0,271 0.0433%
15 0.0851% 0.0458  0.0393% 15 0.123% 0.08%4  0.0337F 15 0.198<F 0.153 0.0445% 15 0.477%F  0.407  0.0695%
20 0.118% 0.0611% 0.0570% 20 0.171%  0.119 0.0515% 20  0.269%F 0,204 0.0650% 20 o0.63¢% 0.543  0.0960%
25 0.15%%F  0.0752% 0.0750% 25 0.217F  0.14¢%  0.0705% 25  0.320%F o0.242%  0,0870% 25 0.771%  0.649F  0.122%
30 0.183%  0.0896% 0.0930% 30 0.264%  0.173%  0.0910% 30 0.397x% 0,287% .0.110% 30 0.89c* 0,742F  0.148%
40 o0.242% o0.117¥%  o0.125% 40 0.354%  0.22¢%  0.130% 40 0.516%% 0.363% 0.153% 40 1.07% 0.875%  0.195%
50 0.293%  0.143%  0.150% 50 0.433%F  0.268%  0.165 50 0.613+F 0.424%  0.189% 50 1.19%  0.952%  0.235%
60 0.33%% 0.165%  0.166% 60  0.497%  0.306% 0.191% 60 o.688%F o0.473%  0.215% 60 1.21% 0.949%  0.265%
70 0.365%% 0.187%  0.178% 70 0.543%  0.331%  0.206% 70 0.734*% 0.504%  0.230% 70 1.21% 0.924%  0.283%
80 0.390%  0.204% o0.186% 80 0.578% 0.362%  0.216% 80 0.765%% 0,524%  0.241% 80 1.19% 0.899%  0.203%
90  0.411*%% o¢.221%  0.190% 90 0.599%% 0.378%  0.221% 90 0.784*% 0.537%  0.247% 90 1.16% 0.866%  0.295%
100 0.426%%  0.234F  0,192% 100 0.614*%¥ 0.391%  0.223% 100 o0,786%*% 0.536%  0.250% 100 1.11% 0.823%F  0.290%
150  0.465%% 0.287F  0.178% 150 0.642%% 0.436%  0.206% 150 0.779%% 0.554%  0.225% 150 0.995%% 0.741%  0.252%
200 0.474%% 0,322F  0.152F 200 0.637*% 0.463% 0, 174% 200 .0.743% 0.557%  0,186% $00  0.90C%%  0.698%  0.202%
250  0.473%% 0.342%  0.131% 250 0.623%% 0.47¢%  0,147F 250  0.717%% 0.561%  0.156% 250 0.838% 0.670% 0.168%
273 0.472%% 0.343%  0.123% 273 0.616%%F 0.478%  0.137F 273 0.704*% 0.559%  0.145% 73 o.819*% o0.663F  0.155%
300 0.471%  0.35%  o0.115% 300 0.608% 0.48:% 0.127F 300  0.692%%  0.558%  0.134% 300 0.801% o0.658F  0,143¥%
350 0.489%  0.858%  0.103F 350 0.591%  0.479%  o0.112% 350  0.665%% 0.547%F  0.118% 350 0.764%% 0.640%  0.124%
400 0.447%% 0.35%  0.0923% 400 0.566%% 0.46¢% 0. 100% 400 0.635*% 0.530%  0.105% 400 0.724%% o0.615%  0.110%
500 0.419% 0.342%  0.0770% 500 0.523% 0.44:%  0,082%% 500 © 0.581%% 0.495%  0.0855% 500 0.655%% 0,566F  0.0890%
600 0.4 . 0.37L  0.0660% 600 0.494  0.42¢  0.0702% 600 0.527¢% 0.455%  0.0723% 600 0.598%% 0.523%  0.0747%
700 0.486%  0.423 0.0578% 700 0.547% 0,486 0.0610% 700 0.581*%  0.518 0.0626% 00 0.61¢%  0.555  0.0643F
800 0.520%  0.469 0.0514% 800 0.579%  0.525 0.05%% 300 0.611%  0.556 0.0551% 800 0.64%  0.587  0.0565%
900 0.550%  0.503 0.0463% 900 0.607%  0.559 0.0483% 900 0.638* 0,588 0.0493% $00 0.665*  0.618  0,0503%
1000  0.578%  0.536 0.0421% 1000 - 0.635%* 0,591 0.0437% 1000 0.662*  0.618 0.0445% 1600 0.698%  0.646  0.0454%
1100 0.606%  0.583 0.0386% 1100 0.661% 0,62 0. 0400% 1100  0.687%  0.646 0.0406% 1100  0.71%  0.673  0,0413%
1200 0.622%  0.598 0.0357% 1200  0.686*%  0.649 0.0368% 1200 0.710%  0.672 0.0373% 200  0.73€¢*  0.698  0,0379%

E]

10.00 Cu - 90.00 Ni:
5.00 Cu ~ 95. 00 Ni:
3.00 Cu - 97.0¢ Ni:
1.00 Cu ~ 99,00 Ni:

4 Provisional value.

# Typical value.

Uncertainties in the total thermal conductivity, k, are as follows:

+20% below 20 K, +25% between 20 and 500 X, and + 15% above 500 K.

+20% below 20 X,
+20% below 20 K,
+20% below 20 K,

+25% between 20 and 500 X,
+25% between 20 and 600 K,
+ 25% between 20 and 600 K,

* In temperature rangs where no experimental thermal conductivity data are available.

and 4 15% above 500 K.
and + 15% above 600 K,
and + 15% akove 600 K.
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TABLE 11. RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-NICKEL ALLOY .SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Cénductivity, k o W em=~! K-1; Lattice Thermal Conductivity, k g W em~! K~1]

Cu: 0.50% ( 0.46 At.%)
Ni: 99.50% (99. 54 At.%)

Po = 0. 500 yQcm

T k ke kg

4 0.212% 0.195 0.0170%
6 0.321% 0.293 0.0278%
8 0.430% 0.391  0.0390%
10 0.540% 0.489  .0.0510%
15 0.813%  0.733  0.0800%

20  1.09% 0.977  0.110%
25  1.31% 1.17% 0.140%
30 1.46% 1.29% 0.170%
40 1.62% 1.40% 0.220%
50 1.64% 1. 38% 0.260%

60 1.62% 1.33%  0.290%
70 1.56%  1.25%  0.308%
80 1.45%  1.13%  o.318%
90 1.36% 1.04%  0,320%
100 1.29%  0.969% 0.318%

150 - 1.06%%  0:796%  0.263%
200 0.954%% 0.745%  0.209%
260 0.888%% 0.717%  0.171%
273 0.860%% 0.701%  o0,158%
300 0.837%% 0.692%  0,145%

350 0.793*% 0.667%  0.126%
400 0.752%% 0.641% o0.111%
500 -0.679%% . 0.589%  0.0899%
600 0.618%*% 0.5431 0.0753%
700  0.629% 0.564  0,0648%

800 0.653*  0.596 0.0569%
900 0.678%  0.627 0.0506%
1000 0.700%  0.654  0.0456%
1100 0.724*  0.682  0.0415%
1200 0.747%  0.709 0.0381%

BLOL b VN L VA MVU 98 WwY) dayg T

¥ Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Cu ~ 99.50 Ni: +20% below 20 K, +25% between 20 and 600 K, and + 15% above 600 K.

* Provisional value.
# Typical value,
* In temperature range vhere no experimental thermal conductivity data are available.
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TABLE 12. THERMAL CONDUCTIVITY OF COPPEE + NICKEL ALLOYS ~- SPECIMZIN CHARACTERIZATION AND MEASUREMENT INFORMATION
Method T Name and Composition
Cur. Ref. Author (s) Year €tho emp. Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Range,K Tesignation Ca Ni ’
1 49 Smith, C,S. and 1935 L 293,473 Bar 107 99.73 0.28 0.03 Mg and 0.01 Fe; specimen 0.75 in. in diameter and 8 in. long; supplied
Palmer, E.W. by American Brass Co.; cold-rolled, annealed, and cold-drawn; annealed
at 800 C for 2 hr; electrical conductivity 45,70 and 29,11 5 104 ! em~!
at 20 and 200 C, respectively. . -
2 49 Smith, C,S. and 1935 L 293,473 Bar 108 99.47 0.54 0.04 Mg and 0.02 Fe; similar to the above specimen except electrical
Palmer, E.W. conductivity 89.94 and 26.86 x 1# Q=1 cm~? at 20 and 200 C,
respectively.
3 49 Smith, C.S. and 1935 L 293,473 Bar 109 97.94 1,97 0.04 Mg and 0. 02 Fe; similar to the above specimen except amealed at
Paimer, E. W, 800 C for 4 hr; electrical conductivity 22.71 and 17.58 x 104 1 cm~1
at 20 and 200 C, respectively.
4 49 Smith, C.S. and 1935 L 293,473 Bar 110 94,92 5.09 0.03 Mg and 0.01 Fe; similar to the above specimen except electrical
Palmer, E.W. conductivity 12.39 and 10.64 x 104 Q™1 cm~1 at 20 and 200 C,
respectively.
5 49 Smith, C.S. and 1935 L 293,473 Bar 111 89.90 10.07 0.03 Mg, 0.024 C, and 0.02 Fe; similar to the above specimen except
Palmer, E.W. electrical conductivity 7.07 and 6.46 x 104 (! em~! at 20 and 200 C,
. respectively.
6 49 Smith, C.S. and 1935 L 293,473 Bar 125 84.85 15.07 0.05 Fe, 0.03 Mn, and 0.01 Mg; similar to the above specimen except
Palmer, E.W. electrical conductivity 5.094 and 4.795 x 104 Q=1 em™! at 20 and 200 C,
respectively.
7 49 Smith, C.S. and 1935 L 293,473 Bar 124 69.54 30.23 0.13 Mn, 0.05 Fe, and 0. 05 Mg; similar to the above specimen except
Palmer, E.W, electrical conductivity 2.754 and 2.730 x 10 Q-1 em~! at 20 and 200 C,
respectively.
8 68 Zavaritskii, N.V. 1956 L 2.3-108 Russian cupro 81,0 19.0 Specimen in strip form cut from a 6 x 5 mm tube; measured in helium.
and Zeldovich, A.G. nickel NM-81; 7
9 68 Zavaritskii, N.V. 1956 L 2.5-76 Russian cupro 81.0 19.0 The above specimen; annealed at 800 C; measured in helium.
and Zeldovich, A.G. nickel NM-81; 6
10 77 Sager, G.F, 1930 P 321-984 ~79.8 20.0 0.2 Mn and trace Mg; ~0.25 cm in diameter and ~3.5 em long; chill cast,
hot rolled and cold drawn; annealed at 700 C for 12 hr; electrical con-
ductivity 3.54, 3.46, 3.3%, 3.21, 3.12, and 3.02 x 10¢ Q~! cmr! at 48,
150, 315, 462, 575, and 711 C, respectively.
11 77 Sager, G.F. 1930 P 335-991 ~59.8 40,0 Similar to the above specimen except electrical conductivity 1.99, 1,99,
1.96, and1.92 x 10% Q-1 em! at 62, 266, 510, and 717 C, respectively.
12 127  Barratt, T. 1914 F 273-373 Eureka 60.0 40.0 0.0995 cm diameter and 40. ¢ ecm long; electrical resistivity <5. 90 and
45,87 u Q cm at 0 and 100 C, respectively.
13 128 Griineisen, E. and 1927 L 21,83 Cu 11 99.0 1.0 7 cm long and 0.1 to 0.3 cm wide; drawn; electrical resistivity 2,97, 1.60,
Goens, E, and 1.295-.uQ cm at 0, -190, and -252 C, respectively.
14 71  Wilkinson, K.R. 1949 L 10-20 Cupro-nickel 70 30 4.1 mm in O,D., 2.5 mm inLD,, and 21 mm long; supplied by Yorkshire
and Wilks, J. Copper Works Ltd. ; cold-worked,
15 69 Hulm, J.K. 1951 L .1.9-22 80 20 Average grain size 0.011 mm,
16 129 Jaeger, W. and 1900 E 291,375 ‘Constantan 60 40 1.996 cm diameter and 27 cm long; density 8,92 g em™? at 18 C; electrical

Diesselhorst, H.

conductivity 2.04 and 2.027 x 104 Q~! cm! at 18 and 100 C,
respectively.
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TABLE 12.

THERMAL CONDUCTIVITY OF COPPER + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Method T Name and Composition
Cur. Ref. Author(s) Year 5 3 R emp.K Specimen (weight percent) Composition (continuec), Specifications, and Remarks
No. No. se ange, Designation Cu Ni :
17 130, Zimmerman, J.E. 1951 L 3.3-7¢ CN1 90 10 Cylindrical specimen 0.125 in. in diameter; machined from a forged bar;
176 electrical resistivity 12,50, 12.72, ard 14.68 uQ cm at 19.7, 78.9,
and 298 K, respectively.

18 130, Zimmerman, J.E. 1961 L 3.0-77 CN 2 90 10 Cylindrical specimen 0.125 in. in diameter; cold-worked by rolling from

176 0.25 in. thick to 0.14 in. before being machined to size; electrical
resistwvity 12.65 and 14.69 uQ cm at 76. 2 and 296 K, respectively.

19 130, Zimmerman, J.E. 1981 L 3.6-7¢ CN 3 90 10 Cylindrical specimen 0.125 in. in diameter; severely cold-worked; rolled

176 from G, 5 in.? cross sectionto 0.22 x ). 24 in. before machining; elec-
trical resistivity 12.63 and 14.65 Q2 om at 78.7 and 298 K, respectively.

20 130, Zimmerman, J.E. 1951 L 3.4-7¢ CN 4 90 10 Single crystal; cylindrical specimen 0,125 in, in diameter; electrical

176 resistivity 13,0, 13.10, and 15.04 u{) cm at 20.5, 79.3, and 298 K,
respectively.

21 70 Berman, R. 1951 L 3.0-91 Coastantan 60 40 317 36 gauge wires bound and soldered together at ends; electrical resistivity
44.3, 45.3, and 32.7 ufl e at 20, 90, and 290 K, respectively.

22 47 Hanson, D. and 1932 L 438.2 Bal. 0.78 Prepared from high grade electrolytic Cu with traces of impurities; 6.5 in.

Rodgers, C.E. long axd 0.5 in, in diameter; annealed at 900 C.
23 47 Hanson, D. and 1932 L 438.2 Bal. 1.57 Similar t> the above specimen,
Rodgers, C.E.

24 47 Hanson, D. and 1932 L 438.2 Bal. 2,76 Similar to the above specimen.
Rodgers, C.E.

25 47 Hanson, D. and 1932 L 438.2 Bal. 4.9 Similar t> the above specimen.
Rodgers, C.E. .

26 45 Smith, A.W. 1925 L 330.2 50 50 ~5 em loag with cress section 0.3 em?; made from Cu (< 0.03 of total
impurity) supplied by Baker by fusing with Ni (99.75 to 99. 85 pure
including cobalt) supplied by International Nickel Co. of America;
electrical conductivity 1,98x 104 Q-1 em~1 at 25 C,

27 45 Smith, A. W, 1925 L 330.2 60 40 Similar t> the above specimen except electrical conductivity 2.04 x 104
Q~1em?at2sC.

28 45 Smith, A.W. 1925 L 330.2 70 30 Similar to the above specimen except electrical conductivity 2.48 x 104
Q-1 cmrlat 25 C,

29 45 Smith, A.W, 1925 L 330.2 90 10 Similar to the above specimen except electrical conductivity 3.49 x 104
Q-1 emr1at 25 C.

30 131 Ellis, W.C., Morgan, 1928 P 305.2 Advance 55 45 0.25 cm diameter and 35 cm long; density 8.78 g cm™3; electrical conduc-

F.L. and Sager, F.G. tivity 2. 023 x 10! Q! cm~! at 32 C; thermal conductivity value calculated
from measured thermal diffusivity, specific heat capacity, and density.

31 132 Silverman, L. 1953 C 323-1174 Lohm 93.4 6.05 0.01 Mn and 0.01 Si; annealed at 900 C; advance used as comparative
material, )

32 133 Powers, R.W., 1951 L 26-295 Constantan 55 45 No details given,

Ziegler, J.B. and
Johnston, H. L.
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TABLE 12. THERMAL CONDUCTIVITY OF COPPER + NICKEL ALLOYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name. and Composition
Cur. Ref. Author (s) Vear  Method Temp. Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used  Range,K Designation Cu Ni
33 63 Sedstrtm, E. 1919 T 273,373 89.94 10.06 Calculated composition; rolled and drawa to 1 mm thick; heated 0.5 hr
close to melting point; electrical .conductivity 6,2 and 6.1'x 104 Q-1 em~1!
at 0 and 100 C, respectively.
34 63 Sedstrtm, E. 1919 T 273,373 79.90 20.10 Similar to the above specimen except electrical conductivity 3.5 and 3.3 x
104 Q! em™! at 0 and 100 €, respectively.
35 63 Sedstrém, E. 1919 T 273,373 60,02 39.98 Similar to the above specimen except electrical conductivity 2.0 and 2.0 x
104 Q1 em™! at 0 and 100 C, respectively.
36 134 Aoyama, S. and 1940 L 78.2 8 29. 89 0.03 Mn, 0.03 Fe, and traces of other impurities; prepared from electro-
Ito, T. lytic Ni {containing 0.53 Co, 0.05 Fe. and 0,02 Al) and electrolytic
Cu (containing 0. 015 Sb, 0.01 Fe, 0,007 S, and trace of P) by fusing;
4.00'mm in-diameter.and 60.0 mm long; electrical resistivity 40.3 ua
cm at -195 C,
37 134 Aoyama, S, and 1940 L 78.2 9 19.83 0.04 Mn, 0.02 Fe, and traces.of other impurities; the same original
Ito, T. materials and dimensions as the above specimen; electrical resistivity
27.1 4} cm at -195 C.
38 134 Aoyama, S, and 1940 L 78.2 10 13.84 0,11 Fe and trace Mn; the same original materials and dimensions as the
Ito, T. above specimen;.electrical resistivity 17.6 pQ cm at -195 C.
39 134 Aoyama, S, and 1940 L 78.2 11 9.47 0.14 Fe, traces of Mn and otter impurities; the same original materials
Ito, T. and dimensions as the above specimen; electrical resistivity 11.9 uQ
cm at -195 C.
40 134 Aoyama, S. and 1940 L 78.2 12 3.67 0.09 Fe and traces of other impurities; the same original materials.and
Ito, T. dimensions as the above specimen; electrical resistivity 3.43 uQ em
at ~195 C.
41 134 Aoyama, 8., and 1940 L 78.2 13 98.94 1.03 0. 03 Fe and traces of other impurities; the same original materials and
Ito, T. dimensions as the above specimen; electrical resistivity 1.039 yQ cm
at -195 C,
42 135  Grioheisen, E. 1900 L 291.2 54 46 Density 3.89 g cm?; electrical conductivity 1.99 x 10° Q-1 cm~1 at 18 C.
43 144 Mikryukov, V.E, 1957 336-825 99.05 0.70 0.1 Be and 0,15 Cc; electrical conductivity 25.8, 23.1, 20.4, 18.25, 16.5,
15.67, and. 14.33 x'10% Q! cm~1! at 63.0, 114.6, 195, 273, 375.8,
433.5, and 551.3 C, respectively.
44 136 Mikryukov, V.E. 1957 333-900 Bal. 0.90 0.10.Beand 0.10.Zr; electrical resistivity 3,34, 3.85, 4.33, 5.21, 5.78,
6.33, 7.05, and 8.14 u{l cm at 59.4, 115.6, 171.5, 291.6, 365.86,
457, 334.5, and 626.5 C, respectively.
45 136 Mikryukov, V.E. 1957 336-947 Bal, 0. 80 0,20 Ti; electrical resistivity 4,25, 4.83, 5.56, 6.01, 6.46, 6.57, 7.18,
7.28,7.66, 8.93, and 9.78 uQ cm at 62.8, 130.9, 217.5, 290.6,
462.5, 440.3, 580.3, 538.3, 674.3, 618.0, and 673.6 C, Tespectively.
46 136 Mikryukov, V.E, 1957 345-923 Bal. 0.55 0.17 Zr; electrical resistivity 3.45, 4.13, 4.43, 5.10, 5.32, 5.78, 6.20,
6.83, 7.20, and8.07 4§ cm.at 71,8, 158.7, 201.0, 291.0, 331.0,
401.4, 473.6, 534.5, 575.0, and 649,5 C, respectively,
47 137 Chubb, W, F. 1938 L 273-413 Bal, 0.204 ~0,079.0; specimen 50.6 ¢m long,
48 137 Chubb, W.F. 1938 L 273-413 Bal. 0.303 ~0.079 O; specimen 50.6 cm long,
49 137 Chubb, W.F. 1938 L 273-423 Bal. 0.508 ~0.079 0; specimen 50.6 cm long,
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TAELE 12. THERMAL CONDUCTIVITY OF COPPER + NICKEL-ALLOYS -~ SPECIMEN CHARACTERIZATION AND. MEASUREMENT INFORMATION (continued)
Method. T Name and Composition
Cur. Ref. Author(s) Year Ue .; : Raﬁmpk Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No. No. se g€, Designation Cu Ni
5¢ 137 Chubb, W.F. 1938 L 273-403 Bal. 0.303 0.0042 Fe, 0.0014 Pb, trace Sn and- Zn; specimen 50,6 cm long.
51 137 Chubb, W.F, 1938 L 273-403 Bal. 0.508 ~0.022 Oy specimen 50,6 cm long..
52 74 IZrdmann, J,C, and 1968 L 4,2-70 Cu 98 2.29 Single crystal; 6,0-7.5 mm diameter and.12 cm long; prepared by electron
Jahoda, J.A.. beam float zoning; supplied by Materials Research Corp.; residual
: electrical resistivity 2.17 Q.cm; measured in.a vacuum of 10~8 mm Hg.
58 T4 Frdmann, J.C. and 1968 L 4,2-51 Cu 96 4.05 Similar to the above specimen except residual electrical resistivity 4.95
Jahoda, J.A. u& em.
54 74 Zrdmann, J.C, and 1968 L 4,2-71 Cu 91 9.30 0. 025 Al; polycrystalline; 5.0 mm in diameter-and 10 cm long; vacuum
Jahoda, J.A. cast. ingot hammer forged, hot rolled to 18 mm diameter and. rough
turned, the rough swaged to 10 mm in diameter, then machined to size;
annealed at 930 C for 24 hr in the argon furnace and allowed to cool
slowly; residual eleetrical resistivity 11.22 uf em; measured:-in a
vacuum: of 10~° mm Hg.
55 T4 Zrdmann, J.C. and 1968 L 4,2-54 Cu 72. 27,96 0,023 Al; similar to the above specimen except residual electrical
Jahoda, J.A. resistivity 33.38 pQ cm.
56 138 Kummer, D. L., 1965 [o] 438-849 Constantan, ~60 ~40 Thermocouple grade; 1 in. diameter and 1 in. thick; Armco iron used as
Rosenthal, J.J, and’ No. 103 comparative material.
Lum, D.W.
57 138 Kummer, D.L., et al. 1965 C 539-906 Constantan, ~60 ~40 2,51in, O0.D., 0.75 in, ‘LD. , and 3 in, long.
No. 103
58 139 Carroll, J.M. 1964 C 492-850- Constantan; ~60 ~40 Thermocouple grade; 1 in, in diameter.and 1 in. long; Armco iron used as
Specimen No, -1 comparative material,
5¢% 139 Carroll, J.M. 1964 C 499-850 Constantan; ~60 ~40 Similar to the above specimen.
‘Specimen No. 2
6C 139 Carroll, J.M, 1964 R 693-1044 Constantan;. ~60 ~40 Thermocouple grade; 0.25 in, I.D., 1 in, O,D., and 1 in. long.
Specimen No. 1
61 139 Carroll, J.M. 1964 R 622-1175 Constantan; ~60 ~40 Similar to.the above specimen,
Specimen No, 3
62 73 Erdmann, J§.C, and 1964 L 4.2 Ko Bal. ~40 Polycrystalline; wire specimen 1, 35 to 1.45 mm in diameter and 125 mm
Jahoda, J.A. long; obtained from International Nickel Co.; vacuum cast ingot hammer
forged; hot rolled to 18.5 mm diameter, rough turned, cold rolled to
6 mm diameter and drawn to 1.5 mm diameter, cut; annealed at 1000 C
for 24 hr, slowly cooled in the furnace over a period of 6 hr, electro-
polished; electrical resistivity 42.3 uQ) cm at 4.2 K,
63 73 Erdmann, §.C. and 1964 L 4.2 666 Bal. 9.3 0.025 Al; polycrystalline; same dimensions, supplier, and fabrication
Jahoda, J.A. method as the above specimen; electrical resistivity 10.94 uQ cm at
4.2 K,
64 73 Erdmann, J.C. and 1964 L 4.2 664 Bal. 4.74 <0.1 each-of Fe, Mg, and Mn, and 0.043 Al; polycrystalline; same
Jahoda, J.A. dimensions, supplier, and fabrication method as the .above specimen;
electrical resistivity 7.04 uQ cm at'4.2 K.
66 73  Erdmann, J.C, and 1964 L. 4.2 868 Bal. 1.96 Polycrystalline; same dimensions, supplier, and fabrication method.as the

Jahoda, J. A.

* Not shown in figure.

above specimen; electrical resistivity 2.17 u$ cm at 4.2 K.
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TABLE 12. THERMAL CONDUCTIVITY OF COPPER + NICKEL ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

: . ‘Method T Name and Composition
Cur. Ref. Author(s) Year etho R emp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used ange, Designation Cu Ni
66 140 Erimann, J.C. and 1968 L 4.6-78 Cu 72 Ni28 72 28 Polycrystalline; 1.35 to 1.45 mm in diarheter and 130 mm long; obtained
Jahoda, J. A. from International Nickel Co., Inc.; vacuum cast ingot hammer forged,

hot-rolled to 18.5 mm diameter, rough turned, cold-rolled to 6 mm
diameter and drawn to 1.5 mm diameter, cut, annealed in argon atmos-
phere at 1000 C for 24 hr, slowly cooled in the furnace over a period of
6 hr, electropolished; grain size 50 to 200 p.

67 83 Kierspe, W. 1967 L 293.2 1.85 Cylindrical specimen; electrical resistivity 2.246€, 2,2492, 2.2521, 2.2662,
2.2993, 2.3492, 2.4812, 2.5802, 2.7301, 2.8818, 3,0326, 3.1811,
3.3266, 3.4710, 3.6146, 3,7563, 3.8972, and 3.9674 pQ cm at 4.2,
10, 20, 30, 40, 50, 70, 83, 103, 128, 143, 163, 183, 203, 223, 243,
263, and 273 K, respectively.

68 72, Erdmann, J.C. and 1962 E 4.2 Constantan 60 40 Commercial alloy; aboutl to 3 mm in diameter and about 100 mm long;
141 Jahoda, J.A. annealed; measured in different strain conditions,

69 132 Silverman, L. 1953 C 323-1173 Advance 54.79 44.04 1.20 Ma, 0.035 C, and 0,003 Si; cylindrical bar sdecimen; annealed at
900 C; lead used as comparative material; smoothed values
repcrted.

70 142 Zlunitsyn, S. and 1939 L 18-290 Cupronickel 77.44 20.48 1.99 Zn; 4.97 mm O0.D., 4.16 mm I.D., and 87 mm long.

Savel'ev, 1.V,
71 144, Mikryukov, V.E. 1957 E 321-1002 99.03 0.60 0.27 Zr and 0.1 P; electrical conductivity 36.70, 32.15, 27.61, 24.70,
145 21.70, 19.34, 17.54, 15.80,.14.56, 13.36, 12.64, and 11,38 x 104

Q~lem 1 at47.3, 94.0, 155.5, 211,0, 283.5, 354.3, 432.1, 493.8,
560.5, 616.3, 655.1, and 729.0 C, respectively.

72 144, Misryukov, V.E, 1957 E 334-884 98.99 0.60 0.26 Zr and 0.15 Sn; electrical conductivity 32.00, 28,95, 24.82, 22.12,
145 20.71, 18.47, 17.43, 16.23, and 15.00 x 104 Q"1 crma~? at 61,0, 106.5,
193.0, 281.5, 331.3, 442.0, 482.0, 544.0, and 611.0 C, respectively.
73 138 Mikryukov, V.E, 1957 E 336-948 99.0 0,80 0.20 Ti; electrical conductivity 23.50, 20.50, 17.97, 16.65, 15.48, 15.20,

14.91, 13.72, 11.20, and 10.22 x 10t Q-1 em1at 62,8, 130.9, 217.5,
290.6, 362.5, 440.3, 538.3, 580.3, 618.0, and 673.6 C, respectively.

74 136  Mikryukov, V.E, 1957 E 329-774 98.35 0.40 0.25 P; electrical conductivity 19.96, 18.60, 17.35, 15.44, 16,22, and
13.40 x 104 Q-1 emr? at 56.0, 118.8, 201.0, 316.0, 422.0, and 500.5 C,
respectively.

75 136  Mikryukov, V.E, 1957 E 370-920 98.50 1.20 0.30 Si: electrical conductivity 15,02, 14.20, 13.87, 12.25, 11.86, 12.65,

13.13, 11.35, 9.11, and 8.06 x 104 Q- ecm~! a3 96.6, 135.6, 184.8,
279.0, 333.1, 413.0, 429.0, 493.3, 570.0, and 646.6 C, respectively.

76 136 Misryukov, V.E. 1957 E 331-815 98.73 0.80 0.33 Zr and 0.14 Be; electrical conductivity 25.70, 23.10, 22.00, 19.85,
17.30, 15.60, 14,60, and 13.65 x 10* Q~! em~1at 58.0, 123.0, 136.0,
195.8, 290.3, 405.6, 493.0, and 542, 0 C, respectively.

7 136 Mizryukov, V.E, 1957 E 333-910 98.53 1.0 0.33 Zr and 0.14 Be; electrical conductivity 24.65, 22.00, 19.35, 17.13,
16.20, 15.32, 12.75, and 11,35 x 10* Q~! cm~1at 60.0, 117.0, 195.8,
282.0, 354.3, 442.0, 544.8, and 637.0 C, respectively.

78 136 Mixryukov, V,.E. 1957 E 326-974 99.13 0.862. 0.25 Zr; electri’cal conductivity 29.3, 24.7, 21.1, 18.4, 17.2, 16.8, 14.8,
12.9, and 11.7 x 104 Q=1 em~! at 52.6, 131.5, 225.4, 325,3, 403.8,
435.9, 533.9, 635.7, and 701.1 C, respectively,

0901
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TABLE 12.

THERMAL CONDUCTIVITY OF CCPPER + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

c Ref Method 'fe - Name and Composition
ur. hel. Author(s) Year Used R . p.K Specimen weight percent) Composition {(continued), Specifications, and Remarks
No. No. se ange, Designation Cu N
79 136 Mikryukov, V.E. 1957 E 333-855 49.3 0.28 0.24 Zr and 0.18 Be; electrical conductivity 26.10, 22,90, 19.50, 17.46,
15.30, 14.34, 13.40, and 12.12 x 104 Q=1 co~?! at 59.8, 119.5, 216.8,
302.6, 383.0, 4565.1, 522,0, and 581L.6 C, respectively.
80 134 Aoyama, S, and 1940 L 78.2 6 Bal. 49.45 0.26 Co, 0,06 Fe, 0,05 Mn, 0.01 Al, 0,008 Sb, 0.004 S, and trace Pb
Ito, T. (caleulated composition); electrical resistivity 54.9 U em.
81 134 Aoyama, S. and 1940 L 78.2 7 Bal. 39.6 0.21 Co, 0.07 Fe, 0.02 Mn, 0,009 Sb, 0.008 Al, 0.004 S, and trace Pb
Ito, T. (caleulated composition); electrical resistivity 51.4 p em.
82% 143 Fairbank, H. A, and 1960 L 0.28-4.0 Cupronickel 69.60 30.0 0.40 Fe; nominal composition; suppliec by Anaconda; drawn into 0. 0622 in.
Lee, D. M. O.D. and 0.0587 in. 1.D.
83 143 Mikryukov, V.Ye. 1958 E 340-827 Bal. 0.7 0.15 Co, 0.15 Fe, 0.1 Be, and 0.1 C; electrical resistivity 3.99, 4.29,
5.01, 5.60, 5.98, 6.37, 5.93, 7.55, and 9.32 pQ cm at 65, 115, 196,
275, 380, 440, 511, 588, and 700 C, respectively.
84 73 Erdmann, J.C. and 1964 L 4,2 667 Bal. 27.96 <1.0 each Mn, Mgz, Fe, and 0, 023 Al; polycrystalline; wire specimen 1.35
Jahoda, J. A, to 1,45 mm indiameter and 125 mm long; obtained from International
Nickel Co, ; vacuum cast ingot hammer forged, hot rolled to 18.5 mm
diameter, rough turned, cold rolled to 6 mm diameter and drawn to
1.5 mm diameter, cut; annealed at 1000 C for 24 hr, cooled slowly in
the furnace over a period of 6 hr, electropolished; electrical resistivity
32.3 uQ cm at4.2 K.
85 49 Smith, C.S. and 1935 L 293,473 Bar 39 79.68 19.79 0.30 Mn and 0,23 Fe; 0.75 in, diameter and 8 in. long; cold-rolled to 1.25
Palmer, E.W, in, in diameter, annealed, cold-drawn to size; heat-treated at 800 C;
electrical conductivity 3.755 and 3.500 x 104 Q~! em™! at 20 and 200 C,
respectively.
86 49 Smith, C. 8. and 1935 L 293,473 Bar 66 96.05 3,01 0.88 Si and 0,04 Fe; 0,75 in. diameter and 8 in. long; cold-rolled to 1.25
Palmer, E. W, in. in diameter, annealed, cold-drawn to size; heat-treated at 870 C
for 3 hr, quenched; electrical conductivity 9.775 and 9.140 x 10 Q-1
cm™! at 20 and 200 C, respectively.
87 49 Smith, C.S. and 1935 L 293,473 Bar 66A Simila- to the above specimen except reheated after quenching at 500 C for
Palmer, E.W. 2 hr; electrical conductivity 20,69 end 16,38 x 104 (! cm~1! at 20 and
200 C, respecively. ’ .
88 49 Smith, C.S. and 1935 L 293,473 Bar 66B Similar to the abeve speciman bhar 66 (Curve No. 86) except cooled slowly
Palmer, E.W. after heat-treatment at 870 C; electrical conductivity 22.60 and 17.34 x
104 Q-1 em~* at 20 and 200 C, respectively.
89 123  Materials in Design 1959 29:.2 Cupro-nickel  68.9 30 0.6 Mn and 0.5 Fe; nominal composition; density 8.94 g cm~?; electrical
Engineering resistivity 37 uQ em at 20 C.
90 123 Materials in Design 1959 29:.2 Cupro-nickel 88.35 10 1.25 Fe and 0.4 Mn; nominzl composition; density 8.94 g cm~3; electrical
Engineering . resistivity 15 u{) ecm at 20 C.
91 146  Willett, R.E. 1968 C 378-463 Copper-Nickel 88.08 10,07 1.18 Fe, 0.67 Mn, < 0,10 Zn, and < 0,02 Pb; annealed at 750 C and cooled
706) alloy by waterfall spray at the exit end of the furnace; Armco iron used as
comparative material; equilibrium 1.
92 146 Willett, R.E. 1968 C 701-969 Cgpper—Nickel The akove specimen; equilibrium 2.
708) alloy
93 146  Willett, R.E, 1968 C 388-466 Copper-Nickel The akove specimen; equilibrium 3.
. {706) alloy

* Not shown in figure.
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TABLE 12. THERMAL CONDUCTIVITY OF COPPER + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Method Tem: Name and Composition .
Cur. Ref. Author (s) Year (? g R M p.K Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No. No. se ange, Designation Cu Ni
94 1486 Willett, R.E. 1968 C 447-558 Copper-Nickel 88,08 10,07 1.18 Fe, 0.67 Mn, <0.10 Zn, and <0,02 Pb; the above specimen;
‘ (706) alloy equilibrium 4,
95 146 Willett, R, E, 1968 C 557-738 Copper-Nickel The above specimen; equilibrium 5,
‘ (706) alloy .
96 146 Willett, R. E. 1968 C 391-686 Copper-Nickel Similar to the above specimen except annealed at 750 C or 1 hr and water
(708) alloy quenched.
97 146 Willett, R.E. 1968 C 377-1017 Copper-Nickel Similar to the above specimen except annealed at 750 C for 1 hr and furnace
(706) alloy cooled.
98 146 Willett, R.E. 1968 (o] 382-1020 Copper-Nickel 77.75 20.67 0.81 Fe, 0.55 Mn, 0.20 Zn, 0.01 Pb, and 0.017 C; annealed at 750 C and
(710) alloy cooled by waterfall spray at the exit end of the furnace; Armco iron
used as comparative material,
99 146 Willett, R.E. 1968 C 406-927 Copper-Nickel 6£.33 30.72 0.53 Fe, 0.41 Mn, <0.10 Zn, 0.026 C, and <0. 005 Pb; annealed at 650 C
(715) alloy; 1 and cooled by waterfell spray at the exit end of the furnace; Armeco iron
used as comparative material.
100 146 Willett, R.E. 1968 C 365-949 Copper-Nickel 6¢.29 30.57 0.59 Mn, 0.51 Fe, 0,36 C, <0.10 Zn, and 0.005 Pb; similar to the above
(715) alloy; 2 specimen except annealed at 750 C.
101 146 Willett, R.E. 1968 C 385-948 Copper-Nickel 6§.40 29,94 0.62 Fe, 0.50 Zn, 0,46 Mn, 0.063 C, and 0.010 Pb; similar to the above
715) alloy specimen.
102 146 Willett, R.E. 1968 C 380-991 Copper-Nickel 6£.60 29.94 0.61 Fe, 0.48 Mn, 0.30 Zn, 0.059 C, and 0.007 Pb; similar to the above
(715) alloy specimen except annealed at 1000 C and water guenched.
103 76 Bouley, A., Linz, R., 1974 11-40 3.71 Calculated composition irom atomic percent; annealed at 1075 +5 C for 72
Kluffky, R., Damon, hrs and slowly cooled afterwards in 18 hrs; residual electrical resistivity
D.H., and Mohan, N, S, reported as 4.92 pQem.
104 76  Bouley, A., etal. 1974 10-41 3.71 Calculated composition from atomic percent; heavily swaged; residual elec~

trical resistivity reported as 4. 54 uQcm.
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TABLE 13. THERMAL CONDUCTIVITY OF NICKEL + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Cur. Ref.
No.

No.

Author (s)

Method
Used

Name and
Specimen
Designation -

Temp.
Range,K

Compos:tion
(weight percent)

Ni

Cu

Composition (continuec), Specifications, and Remarks

10

i

'7'7

45

45

45

45

63
63
78

78

Sager, G.F.

Sager, G.F.

Smith, A.W.

Smith, A.W.
Smith, A.W.
Smith, A.W.

Sedstrém, E.
Sedstrém, E.

Greig, D. and
Harrison, J.P.

Greig, D. and
Harrison, J.P.

1930

1930

195

1925

1925

1925

1919

1965

1965

P

=

E

325-970

317-966

330

330

330

330

273, 373
273, 373
1.6-111 c

1.6-107 D

60

80

80

70

60

50

60, 93
81,63

40

20

20

30

40

50

39. 07
18.37
0.65

0.2 Mn and 0.17 Mg; 2 mm diameter and 35 cm long; prepared from Mond
nickel by fusing, chill-casting, hot-rolling, and cold-drawing; annealed
at 70C C for 12 hr; density 8. 81 'g cm™; electrical conductivity 1. 88,

1.86, 1.85, 1.82, 1.81, 1.78, 1.76, 1.75, and 1,72 x 10* 071 cm™ at

26, 133, 204, 386, 467, 580, 642, 690, and 756 C, respectively;thermal
conductivity values calculated from measured thermal diffusivity, specific
heat capacity, and density.

Similar {o above except density 8. 82 g cm™ and electrical conductivity 3. 60,
3.06, 2.90, 2.72, 2.67, 2.48, 2,40, 2.33, 2.27, 2.22, 2.17, 2.12,
2.04, 1.97, and 1. 92 x 104 ! em™ at 26, 76, 91, 126, 131, 164, 184,
231, 291, 331, 396, 451, 546, 668, and 744 C, respectively,

Prepared by fusing Ni (99. 75 to 99, 85 pure); supplied by International
Nickel Co,, and 99, 97" pure Cu, supplied by Baker;~5.5 ¢m long and
0.3 cm? in cross-sectional area; electrical conductivity 3.00 x 10% (1
cml at 25 C,

Similar to the above specimen except electrical conductivity 2. 17 x 104Q
em? at 25 C.

Similar io the above specimen except electrical conductivity 2. 02 x 104Q!
cmt at 25 C.

Similar to the above specimen except electrical conductivity 1. 98 x 1041
el at 25 C.

Rolled and drawn; annealed at close to melting point for 0.5 hr.
Similar {o the above specimen.

4

Cylindrical specimen, 4 mm in diameter; calculated composition from atomic
composition; supplied by Johnson Matthey and Co. ; chill cast from
J.M. 890 Ni and J. M. 30 Cu; annealed at 850 C for 12 hr; small grains;
very fine grain boundaries; electrical resistivities are estimated from
reported Lorenz number L and thermal conductivity k as 0.504, 0.594,
0.582, 0.625, 0.622, 0.638, 0.638, 0.684, 0,664, 0,679, 0, 685,
0.669, 0.688, 0.707, 0.694, 0.709, 0.736, 0,738, 0.764, 0,793, 0.809,
and 0.830 Q2 cm at 1.6, 2.5, 4.4, 6.4, 8.3, 10.3, 12,3, 14.9, 16.3,
17.9, 19.7, 20.3, 22.2, 24.4, 25.6, 29.8, 32.2, 35.1, 37.4, 40.6,
42,5, and 45. 3 K, respectively.

Similar to the above specimen; long grains running in one direction, very
thick (~0. 05 mm) grain botndaries; electrical resistivities are esti-
matec from reported Lorenz number L and thermal conductivity k as
0.963, 1.006, 1,115, 1.29), 1.299, 1.356, 1.441, 1.327, 1.445,

1.425, 1.468, 1.407, 1.471, 1.447, 1.513, 1.551, 1.626, 1.813,

2.097, 2.297, and 2.623 uQ cm at 1.6, 2.4, 5.2, 7.6, 10.2, 12.5, 15.1,
16.2, 18.9, 20.7, 22,8, 25.7, 30.5, 35.3, 40.2, 45.4, 50,4, 60.3,
80.4, 90.2, and 101.7 K, respectively.
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TABLE 13. THERMAL CONDUCTIVITY OF NICKEL + COPPER ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Method T Name and Composition
Cur. Ref. Author (s) Year Ue g R emp.K Specimen (weight percent) Composition (continuec), Specifications, and Remarks
No. No. S€ ange, Designation Ni Cu
11 78 Greig, D. and 1935 E 2.3-82.1 E 4.53 Similar {o the above specimen; various sizes of grain; various thickness of
Harrison, J.P. grain boundaries; electrical resistivities are estimated from reported
Lorerz number L and thermal conductivity k as 2. 997, 4,318, 3. 344,
3,337, 3.804, 3,757, 3.703, 3.912, 5.096, 4,963, 4.422, 4.276, 4.261,
4.166, 4.268, 4.366, 4.211, 4.190, 4.096, 4,129, 4.288, 4.808, 4.929
K cm at 2.3, 3.2, 4.6, 6.5, 8.6, 1(.6, 12,5, 14.4, 15,4, 16.3, 18,5,
20.1, 22.4, 24.4, 26.1, 30.6, 35.0, 40.4, 45.2, 50.2, 61.7, 70.1,
and 82,1 K, respectively.
12 78 Greig, D. and 1965 E 2.0-111 F 0.35 Similar to the above specimen; mostly small grains, but few long grains
Harrison, J.P. running from center; electrical resistivities are estimated from reported
Lorenz number L and thermal conductivity k as 0.219, 0.199, 0.225,
0.224, 0.220, 0.225, 0.230, 0.227, 0,228, 0.244, 0.244, 0.250, 0.255,
0.264, 0.289, 0.328, 0.36L, 0.414, 0.541, 0.712, 0.873, 1.084, and
1.323 1£2 cm at 2.6, 4.4, 6.7, 8.7, 10.4, 12.3, 14.6, 16.7, 18.2, 20.3,
23.3, 25.8, 28.3, 25.8, 28.0, 30.1, 35.2, 40.9, 45.5, 51.0, 62.1,
71.8, 81.3, 90.3, and 100.8 K, respectively.
13 74  Erdmann, J.C. and 1938 - 4. 2~45 Cu 49 50. 50 49. 47 0. 030 Al polycrystalline; 5,0 mm diameter and 10 cm long; supplied by
Jahoda, J.A. Interrational Nickel Co., Iac; vacuum cast ingot hammer forged, hot-
cast rolled to 18 mm diameter and rough turned; swaged to 10 mm dia-
meter, and machined to size; annealed at 930 C for 24 hr in argon
furnace and cooled slowly; residual electrical résistivity 46.10 uQ cm;
measured in a vacuum of 1% mm Hg.
14 74 Erdmann, J.C. and 1968 - 4.2-65 Ni65 64, 87 Bal, 0. 051 Al; similar to above except residual electrical resistivity 27. 62 £ cm.
Jahoda, J.A.
15 74 Erdmann, J.C. and 1968 - 4.2-53 Ni 85 84.70 Bal, 0.054 Al similar to above except-residual electrical resistivity 11.14 42 cm.
Jahoda, J.A.
16 74 Erdmann, J.C. and 1958 - 4.2-39 Ni 90 90, 24 Bal. 0.060 Al; similar to above except residual electrical resistivity 8.24 1 cm.
Jahoda, J. A,
17 74 Erdmann, J.C, and 1958 - 4,2-61 Nigl 91. 05 Bal. 0. 046 Al; similar to above except residual electrical resistivity 15,88 uf cm.
Jahoda, J.A.
18 74 Erdmann, J.C. and 1968 - 4,3-42 Ni 96 95. 60 Bal. Similar to above except residual electrical resistivity 3.91 152 cm,
Jahoda, J.A.
19 74 Erdmann, J.C, and 1968 - 4.2-28 Ni 98 99. 35 Bal. Single crystal; 6. 0-7.5 mm in diameter and 12 cm long; supplied by
Jahoda, J.A. Materials Research Corp; prepared by electron beam float zoning;
residual electrical resistivity 0. 907 uQ) cm; measured in a vacuum of
108 mm Hg. :
20 147 Jackson, P.J. and 1968 514~-614 Bal. 8.7 Polycrystalline; prepared from 4 N purity Ni and Cu; annealed; Curie point
Saunders, N.H. 278 C, ’
21 73 Erdmann, J.C. and 1964 L 4.2 131 Bal. 2,03 Polycrystalline; wire specimen 1. 35 to 1.45 mm in diameter and 125 mm

Jahoda, J.A.

long; obtained from International Nickel Co. ; vacuum cast ingot hammer
forged, hot-rolled to 18.5 mm in dianmeter, rough turned, cold rolled to
6 mm diameter and drawn to 1. 5 mm diameter, -cut; annealed at 1000 C
for 24 hr, slowly cooled inthe furnac: for a period of 6 hr, electro-
polished; grain size 50 to 250 y; electrical resistivity 1.65 uf cm at
4.2 K,
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TABLE 13. THERMAL CONDUCTIVITY OF NICKEL + COPPER ALLOYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
Cur. Ref. Author (s) Year Mg;;l;gd RTen;p.K . Specimen (weight percent) Composition (contirued), Specifications, and Remarks
No. Ne. ange, Designation  Ni Cu
22 73 Erdmanmn, J.C. and 1964 L 4,2 670 84.7 Bal, <0.1each of Fe and Mn, 0.054 Al, and 0. 02 C; polycrystalline; same
Jahoda, J.A. supplier and fabrication method as the above specimen; electrical
resistivity 10. 64 uf) cm at 4.2 K.
23 73 Erdmann, J.C. and 1964 L 4.2 669 64, 87 Bal. 0.051 Al, 0.013 C, and <0. 01 Fe; polycrystalline; same supplier and
Jahoda, J.A. fabrication method as tte above specimen; electrical resistivity
278 ufd cm at 4.2 K.
24 148 Burger, R., Dittrich, 1968 E 316.2 95 5 Prepared from 99. 98 pure nickel; measured in transverse magnetic fields
H., and Koch, X.M. ranging from.0, 48 to 10,63 kOe; reported data taken:frcm smooth curve.
25 148 Burger, R., etal. 1968 E 316.2 The zbove specimen measured in longitudinal magnetic fields ranging from
0.16 ta 10, 59 kOe; smoothed values reported,
26 148 Burger, R., etal, 1968 E 316.2 920 10 Prepared from 99. 98 pure nickel; measured in transverse magnetic fields
ranging from 0,49 to 10,48 kOe; smoothed values reported.
27 148 Burger, R., etal, 1968 E 316.2 The tbove specimen measured in-longitudinal magnetic fie.ds ranging from
0.17 to 10.48 kOe; smoothed values reported.
28 148 Burger, R., etal. 1968 E 316.2 85 15 Prepared from 99. 98 pure nickel; measured in transverse magnetic fields
ranging from 0, 47 to 10. 50 kOe; ‘smoothed values reported.
29 148 Burger, R., etal. 1968 E 316.2 The tbove specimen measured in longitudinal magnetic fields ranging from
0.19 to 10. 47 kOe; smoothed values reported.
30 148 Burger, R., etal, 1968 E 316.2 80 20 Prepared from 99. 98 pure nickel; measured in transverse magnetic fields
ranging from 0, 45 to 10. 39 kOe; smoothed values reported.
31 148 Burger, R., etal, 1968 E 316.2 The zbove specimen measured in longitudinal magnetic fields ranging from
0.29 to 10.42 kOe; smoothed values reported,
32 148 Burger, R., et al. 1968 E 316.2 75 25 Prepared from 99, 98 pure nickel; measured in transverse magnetic fields
ranging from 0. 48 to 1C. 34 kOe; smoothed values reported.
33 148 Burger, R., etal. 1968 E 316.2 The above specimen measured in longitudinal magnetic fields ranging from
0.33 to 10.46 kOe; smoothed values reported,
34 8L  Farrell, T. and 1969 L 3.4-90 0.34 ~3 mm diameter and 9-cm long; supplied by Metals Research Ltd. ; annealed
Greig, D. at 850 C for 15 hr; residual electrical resistivity 0.247 uQ cm; electrical
resistivity 6.67 uQ cmat 0.C.
35 149 Berger, L. 1969 L 1,7-4.3 Bal. 35 -Polycrystalline from Johnson Matthey Ni and Cu, vacuum melted. swaged,
: ‘homogenized for 48 hr-at 1200 C in purified helium, and furnace cooled,
36 149 Berger, L. 1969 L 1.5-4.3 The 2bove specimen measured in a constant longitudinal fizld of 58. 9 kG.
37% 106, Yelon, W.B. and 1970 L 1.6-4.3 33.4 Prepared by melting high-purity Johnson Matthey metal in a vacuum of
177 Berger, L. 6 x 107% torr, after cooling, machining to round rod, homogenizing at
1200 C for 2400 hr, in helium, annealing in a vacuum of 107 torr at
1000 C for 0.5 hr, swaging to 0.797 cm in diameter, again annealing in
a vacuum of 6 x 107 torr.at 750 C for 1 hr; grain size €. 1~0.5 mm;
electrical resistivity 23.4 uf) cm at 4.2 K; run 7.
38* 106, Yelon, W.G. and 1970 L 1.7-4.3 The above specimen; run §.
177 Berger, L.

* Not shown in figure.
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TABLE 13. THERMAL CONDUCTIVITY OF NICKEL + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
Cur. Ref. Author(s) Year N{?;hgd. Rzimpk Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. € ges Designation  Ni Cu
39% 106, Yelon, W.B. and 1970 L 2.3-21 The above specimen measured in a parallel magnetic field of 58. 96 kG;
177 Rerger, L. run 10.
40* 106, Yelon, W.B. and 1970 L 1.4-2.1 The above specimen measured without the magnetic field;. run 11.
177 EBerger, L.
41% 106, Yelon, W.B. and 1970 L. 1.4-4.3 The above specimen; run 9.
177 ~Berger, L.
42% 106, Yelon, W.B. and 1970 L Z.1-21 The above specimen; run 12,
177  EBerger, L.
43 150 CTConaldson, J. W, 1939 L 3563-701 "K' Monel 66,73 29,176 2.50 Al, .0.35 Fe, 0.258i, 0,20 C, and 0,21 Mn; rolled and annealed.
44 134 Aoyama, S. and 1940 L 78 No. 0 94,77 4.36 0.51 Co, 0.26.Mn, 0,08 Fe, 0.02 Al, 0.001 Sb, 0. 0004 S, and trace Pb
Ito, T. (calculated composition); 4. 00 mm diameter and 60: 0 mm long; cast,
hot-rolled, then machined to size; electrical resistivity 5. 00 uQ cm at
78 K.
45 134 Aoyama, S, and. 1940 L 78 No. 1 90.43 8.85 0.48 Co, 0.13 Mn, 0.09 Fe, 0.02 Al, 0.001 Sb, 0.0007 S, and trace Pb
I{o, T. (calculated composition); 4. 00 mm diameter and 60. 0 mm long; cast,
hot-rolled, machined to size; electrical resistivity 8.50 uQ. cm at 78 K..
46 134 Aoyama, S. and 1940 L 78 No., 2 85. 62 13.71 0.46 Co, 0.10 Mn, 0.094 Fe, 0.017 Al, 0.002 Sb, 0.001 S, and trace Pb
Ito, T. (calculated composition); 4, 00 mm diameter and 60. 0-mm long; cast,
hot-rolled, machined to size; electrical resistivity 12.2 uf cm.at 78 K,
47 134 Aoyama, S, and 1940 L 78 No. 3 77.73 21.69 0.414 Co, 0,091 Fe, 0.05 Mn, 0..015 Al, 0.003 Sb, 0.0015 S, and trace
Iio, T. Pb (calculated composition); 4. 00 mm diameter and 60.0 mm long;
cast, hot-rolled, machined to size; electrical resistivity 18.1.uQ.cm
at 78 K.
48 134 Aoyama, S. and 1940 L 78 No. 4 69.14 30.35 0,37 Co, 0.05 Si, 0.068 Fe, 0.014Al, 0.005 Sh, 0,0021 S, and trace Pb
Ito, T. (calculated composition); 4. 00 mm diameter and 60.0 mm long;:cast,
) hot-rolled, machined to size; electrical resistivity 28,0 ufl cm at 78 K,
49 134 Aoyama, S. and 1940 L 78 No. 5 58,98 40,53 0.314 Co, 0.104 Fe, 0.012 Al, 0,04 Mn, 0.006.Sb, 0.0028 S, and trace Pb

o, T.

# Not shown in figure.

(calculated composition); 4. 00 mm diameter and 60. 0 mm long; cast,
hot-rolled, machined to size; electrical resistivity 47.7 uQ em at 78 K.
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THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS

4.5. Copper-Palladium Alloy System

The copper-palladium system forms a continuous series of
solid solutions over the entire range of compositions. Ordered
structures are formed at temperatures below about 775 K for
compositions ranging from slightly below 10 to somewhat
above 25 At.% (16 to 36%) palladium and at temperatures
below about 975 K for compositions ranging from slightly
below 30 to somewhat above 50 At.% (42 to 63%) palladium.
The maxima of the temperatures of transfonmation suggest
that these ordered structures are based on PdCus and
PdiCus, respectively. In this connection, it should be noted
that curves 2 and 3 of the Cu+Pd alloys and curves 3, 5, 6, 12,
13, 14, 15, 22, 23, 24, and 25 of the Pd+Cu alloys are results
obtained from specimens which were in a partially ordered
state.

There are 49 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 19
data sets available for Cu+Pd alloys listed in table 15 and
shown in figure 36, 14 sets are merely single data points
around room temperature, and of the 30 data sets for Pd+Cu
alloys listed in table 16 and shown in figure 37, 19 sets are
single data points around room temperature.

The thermal conductivity of these alloys was first investi-
gated by Sedstrom [178,179] who measured the thermal con-
ductivity at 273 K of .14 specimens ranging from 3.5 to 93%
Pd and the thermal conductivity at 323 K of 17 specimens
ranging from 8.41 to 93.19% Pd. Later Griineisen and
Reddemann [61] measured the low temperature thermal con-
ductivity of specimens containing 10.3, 57.8, 62.7, and 90.8%
Pd (Cu+Pd curve 1 and Pd+Cu curves 1-5) and it was found
that prolonged annealing just below the order-disorder tran-
sition temperature produced a 6-fold increase in the thermal
conductivity at 80 K of the specimen containing 57.8% Pd.
More recently, Pott [82] measured the thermal conductivity
of specimens containing 24.18, 35.82, 52.75, 57.81, and
70.67% Pd at temperatures ranging from 293 to 1073 K. The
first four specimens were measured both in the disordered
state and after prolonged annealing just below the transition
temperature (Cu+Pd curves 2-5 and Pd+Cu curves 6, 7, 9,
and 10); the specimen containing 70.67% Pd was measured
following two different heat treatments (Pd+Cu curves 8 and
10). The most recent measurement on alloys of this system
was made in 1967 by Kierspe [83] (Cu+Pd curve 6)for a spec-
imen containing 4.92% Pd at room temperature.

The low-temperature experimental thermal conductivity
data for disordered specimens are in satisfactory agreement
with the values calculated from eqs (12) and (35) for those
compositions for which the &k, maximum occurs below 80 K.
The investigation by Fletcher and Greig [84] of the lattice
thermal conductivity of palladium-silver alloys showed that
the strong electron-phonon interaction in the palladium-rich

alloys reduces the low temperature lattice thermal conductivi-

ty, causing its maximum to occur at much higher tempera-
tures than in the silver-rich alloys. A similar elevation of the
temperature of the maxiinum of the lattice component is be-
lieved to occur in this alloy system. The discrepancy between
the experimental and calculated values of the thermal con-
ductivity at 80 K ranged from 2 to 12%, the calculated values
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being higher; the 12% discrepancy was with the specimen
containing 57.8% Pd and the electrical resistivities reported
for this specimen are 8% greater than those reported by
other authors for this composition.

At ordinary temperatures Sedstrém’s data for his dis-
ordered specimens tend to be lower than the calculated val-
ues, particularly for the more dilute alloys; this is not surpris-
ing in view of the fact that the electrical resistivities of the
specimens are higher than those reported by other authors
for the same nominal compositions. In this samc tempcrature
range the calculated values are within 3% of Kierspe’s data
for a specimen containing 4.9% Pd and Pott’s data for a
specimen containing 57.8% Pd. On the other hand, the calcu-
lated values were 16% below Pott’s data for a specimen con-
taining 24.18% Pd and 28% below his data for a specimen
containing 70.67% Pd. After correcting for the lattice compo-
nent, corresponding Lorenz ratios for these specimens are
respectively 22 and 36% greater than the classical value; it is
unlikely that band structure effects could cause such large
deviations from the classical value for these alloys at 300 K.

At higher temperatures there are four large discrepancies
between the calculated and experimental data, ranging from
30 to 40%. Three of these are with the 70.67% Pd specimen
mentioned above and are associated with Lorenz ratios 33 to
38% greater than the classical value; the other discrepancy is
with Pott’s specimen containing 57.8% Pd and the corres-
ponding Lorenz ratio is 36% greater than the classical value.
While heavy alloying with a noble element would presumably
reduce band structure effects, these Lorenz ratios are larger
than those obtained by Laubitz and Matsumura [10] for pure
palladium. Also, they are very much larger than those ob-
tained by Laubitz and van der Meer [85] for a gold alloy with
34.95% Pd in which comparable band structure effects might
be expected. Further experimental work on the palladium-
rich alloys of this system is clearly in order. Until there is ad-
ditional experimental evidence or some theoretical support
for these very large Lorenz ratios it seems safer to use
evidence from similar systems rather than the thermal con-
ductivities associated with these Lorenz ratios as a guide in
recommending values.

A graphical comparison of the recommended total thermal
conductivity values with some of the experimental data is
given in figures 32 and 33. The smooth solid curves in these
figures were obtained by interpolating the recommended
values of table 14 in order to obtain thermal conductivity
values for the desired alloy compositions. For the éopper-rich
alloys shown in figure 32, the recommended values are in

‘agreetnent with the higher temperature portion of the data of

Crineisen and Reddemann [61] (Cu+Pd curve 1) to within
6%, with the data of Pott [82] (Cu+Pd curve 5) to within 5%,
and with the data of Kierspe [83] (CutPd curve 6) and of
Holgersson and Sedstrom [178] (Cu+Pd curves 12 and 13) to
within 3%. The agreement with the data of Holgersson and
Sedstrom for their 8.41% and 16.57%Pd alloys (Cu+Pd
curves 7 and 8) is not as good, being within 12% and 8%,
respectively. For palladium-rich alloys shown in figure 33, the
recommendéd values agree with the data of Pott [82]
(Pd+Cu curve 9) and of Holgersson and Sedstrom [178]
(Pd+Cu curve 18 and 20) to within 3to 5%.

J, Phys. Chem. Ref. Data, Veol. 7, Ne. 3, 1978
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The recommended values for £k, k., and k, are tabulated in
table 14 for 25 alloy compositions. These values are for dis-
ordered alloys which have not been severely cold worked or
quenched. The values for k are also presented in figures 34
and 35. In order to show more clearly the systematic variation
of the thermal conductivity with alloy composition and to
clarify the confusion in figure 35 due to crossover of curves,
the recommended curves for palladium-rich alloys with 55 to

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978

HO ET AL

70% Pd are also displayed in figure 34. The k. values cover
the full temperature range from 4 to 1200 K, but k and &, val-
ues are-not given at very low temperatures. The values of re-
sidual electrical resistivity for the alloys are also given in
table 14. The uncertainties of the k values are stated in a foot-
note to table 14, and those of the k. and k, values are of the
order of £10to +14%.
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TABLE 14.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEMT
[Temperature, T, K; Thermal Conductivity, k, W cm™ K-!; Electronic Thermal Conductivity, k, W em~! K-1; Lattice Thermal Conductivity, k & W em~t K™1]

Cu: 99.50% (99.70 At.% Cu: 99.00% (99.40 At.% Cu: 97.00% (98.19 At.%; Cu: 95.00% (96,95 At. %)
Pd:  0.50%( 0.30At.% Pd:  1.00% ( 0.60 At.% Pd: 3.004 ( 1.81 At.% Pd:  5.00% ( 3.05At.%)
P, = 0.2800 uQcm Py = 0.580 KQem £ = 1.620 pQlem Py = 2.700 1K em
T k k, 1«:g T k k, kg T k k, kg T k k, kg
1 0,349 4 0.168 4 0. 0603 4 0.0362
3 0.524 6 0.253 6 0. 0905 6 0.0542
3 0,698 8 0.337 8 0.121 8 0,0724
1) 0.873 10 0.421 10 0. 151 10 0. 0905
15 1.31 15 0.632 15 0.226 15 0.136
20 1.75 20 0.842 20 0. 302 20 0.181
25 2.06 25 1.04 25 0. 376 25 0.226
3 2,44 30 1,24 30 0. 450 30 0,270
40 3.11 40 1.59 40 0.591 40 0.359
50  3,68% 3.36 0.324 50 2.15% 1.87 0. 277 50 0.917% 0,713 0.204 50 0.615% 0,442 0.173
60 3.58% 3.27 0.316 60  2.25% 1.98 0.267 60  1.01* 0.820 0.194 60 0.680% 0.516 0.163
70 3.45% 3.14 0.307 70 2.29% 2,04 0. 258 70 1.09% 0.905 0.184 70 0.736%  0.582 0.155
80 3,3k 3,01 0.297 80  2.2%%k 2,05 0.248 80 1.15% 0. 975 0.176 80 0,791%  0.644 0,147
90  3,26% 2,97 0.286 90  2.35% 2,11 0.239 90  1.22% 1.05 0.168 90 0.845% 0,705 0. 140
100 3.25% 2,98 0.275 100 2,41% 2,18 0.229 100 1.28% 1.12 0.161 100 0.895%  0.761 0.134
150  3.31% 3.09 0.226 150 2, 72% 2.53 0.190 150 1,58 1. 44 0.133 150  1,15% 1.04 0.110
200  3.46% 3,27 0.188 200  2.90x% 2.74 0.161 200 1.83% 1,71 0.114 200  1.35% 1.26 0. 0947
250  3,48% 3.32 0.160 250  3.05% 2,91 0.139 250  2.03% 1.93 0.100 250 1.53% 1.45 0.0834
273  3.51% 3.36 0.150 273  3.08% 2.95 0.131 273 2,11% 2,02 0.0949 273 1.61 1.53 0.0792
300  3.54% 3.40 0.140 300 3.16% 3,04 0.122 300 2. 19% 2. 10 0.0895 300 1.69 1.61 0.0748
350 3.56% 3.44 0.123 350 3.22% 3.12 0.109 350  2.31% 2.23 0.0811 350 1.82 1.75 0. 0681
400 3.56% 3.45 0.110 400  3.30% 3.20 0. 0987 400  2.42% 2.35 0.0743 400 1,93 1.86 0. 0626
500 3, 64% 3,55 0.0913 500 3.36% 3.27 0.0828 500  2.60% 2.54 0.0638 500 2.15% 2.09 0. 0542
600  3.58% 3.50 0.0778 600 3.37* 3.29 0.0713 600  2.73% 2.68 0. 0561 600 2, 28% 2.23 0. 0481
700  3.58% 3.51 0.0677 700 3, 37* 3.31 0. 0627 700  2.81% 2.76 0.0502 700 2,40% 2.35 0.0433
800 3. 50% 3,44 0.0599 800 3.36% 3.30 0.0559 800 2.84% 2.80 0.0455 800 - 2.48% 2.44 0. 0395
900  3.47* 3.41 0.0538 900 8.31% 3.26 0. 0505 900  2.88% 2.84 0.0416 900 2.53* 2,49 0. 0363
1000  3.42% 3.37 0.0488. 1000  3.29% 3.24 0.-0460 1000 2.88% 2.84 0.0383 1000 2. 56% 2,52 0.0337
1100  3.36% 3.32 0.0446 1100  3.26% 3,22 0. 0422 1100 2.88% 2.85 0. 0356 1100  2,58* 2,55 0.0314
1200 3.31% 3.27 0.0411 1200  3.21% 3.17 0.0391 1200 2,87% 2.84 0.0332 1200 2,59% 2.56 0.0294

T Uncertainties in the tofal thermal conductivity, k, are as follows:

99.50 Cu -"0,50 Pd: +10%.
99,00 Cu - 1.00 Pd: +10%.
97.00 Cu - 3.00 Pd: +10%.
95,00 Cu - 5,00 Pd: +10%.

* In temperature range where no experimental thermal conductivity data are zvailable.
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TABLE 14,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conduectivity, ke’ W em-! K-1; Lattice Thermal Conductivity, kg’ W em™! K1)

Cu: 90.00%(93. 78 At.%) Cu: 85.00%(90. 47 At.%) Cu: 80.00%(87.01 At.%) Cu: 75.00% (83. 40 At.%g
Pd: 10.00%( 6.22 At.%) Pd: 15.00%( 9.53 At.%) Pd: 20.00%(12.99 At. %) Pd: 25.00%(16.60 At.%
P, = 5. 32 Kem Py = 7-91 pfdem P, = 10-43 yQdem P, = 12.90 yQem
T X kg K, T k k, kg T k k, ke T k k, k
4 0.0184 4 0.0124 4 0. 00937 4 0.00758
6 0.0276 6 0.0185 6 0.0141 6 0.0114
8 0.0367 8 0.0247 8 0.0187 8 0.0152
10 0.0459 10 0.0309 10 0. 0234 10 0.0189
15 0.0689 15 0.0463 15 0.0351 15 0.0284
20 0.0918 20 0.0618 20 0.0468 20 0.037)
25 0.114 25 0.0771 25 0.0585 25 0.0473
30 0.137 20 0.0924 30 -0, 0702 30 0.0567
40 0.181 40 0.123 40 0, 093¢ 40 0.0755
50 0.360 0.225 0,135 0 0.267% 0.152 0,115 50  0.218% 0.116 0.102 50 - 0,186k 0.0933 0.0925
60 0.393 0.267 0.126 60 0.288% 0.181 0.107 60 0.233*% 0,138 0.0945 60 0.198%«  0.112 0.0857
70 0.424 0.305 0.119 0 0.308% 0.208 0.100 70 0.249% 0.160 0.0888 70 0.210% 0.130 0.0802
80 0.455 0.343 0.112 80 0.329% 0,234 0,0947 80  0,265% 0.181 0.0835 80 0.223« 0.147 0.0756
90 0,486 0,379 0,107 80  0.351% 0.261 0. 0899 90  0.281% 0.202 0.0792 90  0.236% 0.164 0.0717
100 0.516% 0.414 0.102 100 0.373% 0.287 0. 0857 100 0,299% 0.223 0.0755 100 0,249% 0.181 0.0682
150 0.668% 0.585 0.0837 150 0. 484* 0,414 0.0703 150  0.386% 0.324 0.0618 150  0.321% 0.265 0.0558
200 0.815% 0.743 0.0719 200 0.593* 0,533 0.0604 200 0.472%  0.419 0,0532 200 0.393%  0.345 0. 0480
250 0,950%  0.887 0.0635 250  0.698% 0.644 0. 0534 250  0.557% 0.510 0.0471 250 0.465% 0,422 0.0425
273 1.01 0.945 0.0604 273 0.742 0.691 0. 0509 273 0.59%4" 0. 549 0, 0448 273  0.4986 0.456 0.0405
300 1.07 1.01 0.0572 300 0.796 0.748 0. 0482 300 0.638 0. 596 0.0425 300 0.533 0.494 0.0384
350 1.18 1.13 0.0522 350 0.886 0,842 0.0441 350  0.715 0.676 0.0389 350 0.599 0.564 0.0352
400  1.29% 1.24 0,0482 400 0.971x 0.930 0, 0408 400  0.787* 0.751 0.0360 400 0.662 0.629 0.0326
500 1,47% 1.43 0,0421 500 1.13% 1.10 0.0357 500 0,924 0.893 0,03186 500 0.782 0.753 0.0287
600 1.63% 1.59 0.0375 600 1.27% 1.24 0,031¢ 600 1,05% 1.02 0,0283 600 0.895 0.869 0.0257
700 1.77% 1.73 0.0340 700 1.40% 1.37 0, 0290 700 1,17 1.14 0. 0258 700 1.00 0.979 0.0235
800 1.88% 1.85 0.0312 800 1.51% 1.48 0,0287 800 1.27% 1.25 0.0238 800 1.10 1.08 0,.0216
900  1.97* 1.94 0.0289 900 1.61% 1.58 0.0248 900 1.36% 1.34 0.0221 900  1.19 1.17 0.0201
1000  2,04% 2.01 0.0270 1000 1.88%* 1.66 0.0232 1000 1.45% 1.43 0.0207 1000 1,27 1.25 0.0189
1100 2,09% 2.07 0.0253 1100 1.75% 1,73 0,0218 1100  1.52% 1.50 0.0195 1100 1.35% 1.33 0.0178
1200 2,14%* 2.11 0.0238 1200 1,80%* 1.78 0. 0206 1200 1.58% 1.56 0,0184 1200  1.42% 1.40 0.0188

1 Uncertainties in the total thermal conductivity, k, are as follows:

90,00 Cu - 10.00 Pd: +10%.
85.00 Cu ~ 15.00 Pd: +10%.
80.00 Cu - 20.00 Pd: +10%.
75,00 Cu - 25,00 Pd: £10%.

* In temperature range where no experimental thermal conductivity data are available,
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TABLE 14,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM (continued) t
[Temperature, T, X; Thermal Conductivity, k, W em~! K-; Electronic Thermal Conductivity, k o W cm-! K-1; Lattice Thermal Conductivity, kg. W em~! K1)

Cu: 70.00% (79,62 At.%) Cu: 65.00% (75.67 At.%) Cu: 60.00% (71.52 At,%) Cu: 55.00% (€7.18 At.%)
Pd: 30.00% (2).38 At.%) Pd: 35.00% (24.33 At.%) Pd: 40.00% (23.48 At.%) Pd: 45.00% (52,82 At.%)
p, = 15.30 flem p, = 17.68 [Kiem p, = 20.01 Kem p, = 22.60 iNem
T k k, Ky T k k, k T k kg k T k k, ke
4 0. 00639 4 0.00553 4 0.00488 4 0.00432
6 0.00958 6 0.00829 6 0.00733 6 0.00649
8 0. 0128 8 0.0111 8 0. 00977 8 0. 00865
10 0. 0160 10 0.0138 10 0.0122 10 0.0108
15 0. 0240 15 0.0207 15 0.0183 15 0.0162
20 0.0319 20 0.0276 20 0. 0244 20 0.0216
25 0. 0399 25 0.0345 25 0. 0305 25 0.0270
30 0.0478 30 0.0414 30 0.0366 30 0.0324
40 0. 0636 40 0.0551 40 0. 0487 40 0.0431
50 0.165%  0.0791  0.0855 50 0.149*  0.0688  0.0799 50 0.136%  0,0606  0.0756 50 0.126%  0.0537  0.,0721
60 0.174%  0.0945 0.0791 60 0.156% 0,0822  0,0739 60 0.142%  0,0724  0,0698 60 0.131*  0,0642  0.0665
70  0.183% 0.109  0.0739 70  0.164*%  0,0953  0.0691 70 0.149%  0,0840  0.0652 70 0.137%  0.0745  0.0621
80 0,194 0,125  0.0696 80 0.173%* 0,108  0.0650 80 0.L57*  0.0955  0.0613 80 - 0.143*  0,0847  0.0584
90 .0.205% 0,139  0.0660 90 0,183* 0.121  0.0615 9 0.165% 0,107  0.0580 90 0.150%  0.0948  0.0553
100 0.217% 0,154  0.0628 100  0.193% 0,134  0.0585 100 0.173* 0,118  0,0552 100 0,158% 0,105  0.0526
150 0.278% 0,226  0.0514 150  0.246%  0.198  0.0479 150 0.219% 0,174  0.0451 150  0.198%  0.155  0.0429
200 0.339% 0.295  0.0442 200 0.300% 0.259  0.0412 200 0.267% 0.229  0.0388 200 0.240%  0.203  0,0369
250 0.401*% 0.362  0,0392 250 0,354% 0,317  0.0365 250 0.316% 0,281  0.0344 250 0.283%  0.250  0,0328
273  0.428% 0.391  0.0373 273 0.378  0.344  0.0348 273 0.338  0.305  0.0328 273 0.302  0.271  0.0312
300 0.462% 0,426  0,0354 300 0.407  0.374  0.0330 300 0.363  0.332  0,0311 300 0,325  0.295  0.0297
350 0.520% 0.487  0.0325 350 0.459  0.428  0,0303 350 0.410  0.381  0.0286 350 0.367 0,340  0.0272
400 0.575% 0.55  0.0301 400 0,509  0.481  0,0281 400  0.454% 0,428  0.0265 400  0.407%  0.382  0.0252
500 0.683%  0.657  0.0264 500 0,808  0.583  0.0247 500 0.542% 0,519  0,0233 500 0.485% 0,463  0.0222
600 0.826%  0.802  0,0238 600 0.701  0.678  0.0222 600 0.327% 0,606  0.0210 600 0.561%  0.341  0,0200
700  0.882%  0.860  0,0217 700 0.790* 0,770  0.0203 700  0.707%*  0.688  0.0192 700  0.633% 0,815  0.0183
800 0.972% 0.952  0,0200 800 0.873  0.854  0.0187 800 0.782% 0,764  0.0177 800 0.701%  0.585  0.0169
900 1.05%  1.04 0.0186 900 0.948  0.93t  0.0175 900 0.353% 0,837  0,0165 900 0.765% 0,749  0.0157
1000 1.13% 1.1l 0.0175 1000 1.02 1.00 0. 0164 1000 0.320% 0,904  0.0155 1000 0.825%  0.810  0.0148
1100 1.20%  1.18 0.0165 1100 1.09 1.07 0. 0154 1100  0.982% 0,967  0.0146 1100 0.881*% 0,867  0.0140
1200 1.26%  1.25 0.0156 1200 1.15% 1,14 0.0146 1200 1.04% 1,03 0.0139 1200 0.933%  0.920  0.0132

T Uncertainties. in the total thermal conductivity, k, are as follows:

70,00 Cu - 30.00 Pd: +10%.
65.00 Cu - 35.00 Pd: +10%.
60.00 Cu ~ 40,00 Pd: +10%.
55.00 Cu - 45.00 Pd: +10%.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 14,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM (continued‘) t
[Temperature, T, K; Thermal Conductivity, k, W em™ K-!; Electronic Thermal Conductivity, k o W em-! K-1; Lattice Thermal Conductivity, kg, W em™! K1)

Cu: 50,00% (6261 At.% Cu: 45,00% (57,81 At. %; Cu: 40.00% é 52,75 At. %) Cu: 35.00% ( 47.41 At. %)
Pd: £0,00% (37.39 At.% Pd: 55,00% 242. 19 At.% Pd: 60.00% (47,25 At.%) Pd:- 65,00% (52,59 At. %)
p, = 25.53 jdem P, = 29.00 K em. p, = 32.63 idem P, = 40.00 )Qem
T k ke kg T k ke kg T k ke kg T k ke kg
4 0.00383 4 0.00337 4 0.00300 4 0,00244
6 0.00574 (] 0.00505 6 0.00449 6 0.00366
8 0.00766 8 0.00674 8 0.00599. 8 0.00489
10 0. 00957 10 0.00842 10 0.00749 10 0,00611
15 0.0144 15 0.0126 15 0.0112 15 0.00916
20 0.0191 20 0.0168 20 0.0150 20 0.0122
25 0,0239 25 0,0210 25 0.0186 25 0,0152
30 0.0287 30 0.0252 30 0.0223 30 0,0182
40 0.0381 40 0.0336 40 0,0296 40 0.0242
50 0.117*%  0.0476  0.0693 50 0.0419 50 0.0369 50 0.0301
60 0.121*%  0.0668  0,0640 60 0.112* 0,0500 0,0620 60 0. 0440 60 0.0360
70 0.126%«  0.0659  0,0597 70 0.116% 0.0580  0,0578 70 0,108 0.0511  0,0565 70 0.0419
80 0.131*  0,0750  0.0561 80 0.120 0.0660  0.0544 80 0,111 0.0582  0,0531 80 0.100 0.0477  0.0525
90 0.137*  0.0840  0,0531 90 0.125 0.0740  0.0514 90 0.115 0.0652  0.0503 90 0.103 0.0535  0.0496
100  0.143%  0.0929  0.0505 100 0.131* 0.0819  0.0489 100 0.120% - 0.0722  0.0478 100 0.106%  0.0591  0.0471
150 0.17%8%  0.137 0.0412 150  0.161*  0.121 0.0399 150 0,145%  0.106 0,03%0 150 0.126%  0,0872  0,0385
200 0,215% 0. 180 0. 0335 200 0.192% 0,158 0,0343 200 0.172%  0.139 0.0335 200  0.148%  0.114 0,0331L
250 0,253%  0.222 0.0315 250 0.224% 0,194 0. 0305 250 0.200%  0.170 0.0297 250 0.170% 0,141 0.0293
273 0,269 0.23% 0, 0300 273 0,239 0.210 0. 0290 273 0.212 0,184 0.0283 273 0,181 0.153 0.0279
300 0,289 0.260 0.0285 300 0.257 0.230 0.0276 300 0.227 0.200 0.0269 300 0.193 0,167 0,0265
350 0.325 0.299 0, 0261 350 0.289 0.263 0.0253 350 0.254 0,230 0.0247 350 0.216 0,192 0.0243
400  0.361 0.337 0.0242 400 0.320 0.296 0.0235 400 0.281 0,258 0,0229 400 0.239%  0.216 0.0226
500  0.430 0.409 0.0213 500 0.379 0,359 0. 0207 500 0.333 0.312 0.0202 500 0,283% 0,263 0,0199
600 0,497 0.477 0.0192 600  0.437 0.418 0.0186 600 0.382 0,363 0.0182 600 0.325%  0.307 0.0179
700  0.561 0.543 0.0176 700 0,492 0,475 0.0170 700 0.429 0.413 0.0166 700 0.366%  0.350 0.0164
800 0.622 0. 605 0.0162 800 0.545 0,529 0. 0157 800 0.475 0. 460 0.0154 800 0.407%  0.392 0.0151
900 0,680 0. 665 0.0151 900 0.596 0.581 0.0147 900  0.520 0. 506 0.0143 900  0.448*% 0,433 0.0141
1000 0.734 0.72) 0.0142 1000 0,845 0.631 0,0138 1000 0,563 0. 549 0.0134 1000 0,488* 0,474 0.0132
1100 0.786 0.773 0.0134 1100 0.691 0.678 0..0130 1100 0.604 0,591 0.0127 1100 0,529%  0.516 0,0125
1200 0.835*  0.822 0,0127 1200 0.734*%  0.722 0.0123 1200 0.643*  0.631 0.0120 1200 0.570% 0,558 0.0119

1 Uncertaimies in the total thermal conductivity, k, are as follows:

50,00 Cu - 50.00 Pd: +10%.
45,00 Cu - 55.00 Pd: +10%.
40.00 Cu ~ 60.00 Pd: +10%.
35,00 Cu ~ 65,00 Pd: +10%.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 14.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, ké, W em~! K-1; Lattice Thermal Conductivity, kg’ W em~! K1)

Cu: 30.00% (41.78 At. %) Cu: 25.00% (35.82 At. %) Cu: . 20. 00% (29.51 At.%) Cu: 15.00% (22.81 At.%)
Pd: 70.00% (58.22 At. %) Pd: 75.00% (64.18 At.%) Pd: 80.00% (70.49 At.%) Pd: 85.00% (77.19 At.%)
Py = 44.19 Kiem R, =42.40 pem po=36.26 Kem P, = 28.68 [ em
T k k, kg T k k, kg T k k, kg T k kg kg
4 0. 00221 4 0.00231 4 0. 00270 4 0.00341
8 0.00332 6 0, 00346 6 0. 00404 6 0.00511
8 0. 00442 8 0, 00461 8 0.00539 8 0.00682
10 0. 00553 10 0.00576 10 0. 00674 10 0.00852
15 0. 00829 15 0.00864 15 0.0101 15 0.0128
20 0.0111 20 0.0115 20 0.0135 20 0.0170
25 0.0137 25 0.0142 25 0. 0165 25 0. 0207
30 0.0165 0 0. 0170 30 0.0198 30 0. 0247
49 0.0219 40 0. 0226 40 0. 0261 40 0.0325
50 0.0273 50 0.0281 50 0. 0323 50 0. 0400
6 0.0326 60 0. 0335 60 0.0384 60 0.0473
70 0. 0379 70 0.0388 70 0.0444 70 0.0545
80 0.0432 80 0. 0441 80 0. 0503 80 0.0615
90 0.0485 % 0.0494 90 0.0561 90 0.0684
100 0.0535 100 0.0547 100 0.0619 100 0.0752
150 0.117*  0.0790  0,0384 150 0.119%  0,0801  0.0388 150 0.0893 150 0.107
200 0.137%  0.104 0.0330 200 0.138% 0,105 0, 0334 200 0.150% 0,115 0.0344 200 0.172%  0.136 0.0365
250 0.157% 0.128 0.0292 250 0.158+%  0.129 0.0296 250 0.171%  0.140 0. 0305 250 0.195%  0.163 0.0323
273 0.167 0.139 0.0279 273 0.168 0,139 0. 0282 273 * 0,180 0.151 0. 0290 273  0..206 0.175 0. 0308
300 -0.178 0.152 0.0264 300 0.179 0.152 0.0267 300 0,192 0.164 0.0275 300 0.218 0.189 0. 0292
350 0,199 0.175 0.0243 350  0.200 0.176 0.0245 350 0.214 0.189 0,0252 350 0.242 0.215 0. 0267
400 0.220 0.198 0.0225 400  0.222 0.199 0..0227 400 0.236% 0.213 0.0234 400  0.265%  0.240 0. 0247
500  0.262 0.242 0.0198 500 0,264 0.244 0. 0200 500 0.280%  0.259 0.0206 500 0.311% 0,289 0.0217
600 0.303  .0.285 0.0178 600 0.306 0.288 0.0180 600 0.323* 0,304 0.0185 600 0.356%  0.336 0.0195
700  0.343%  0.327 0.0163 700 0.347%  0.331 0. 0164 700 0.366%  0.349 0.0169 700  0.400%  0.383 0.0178
80) 0.383 0. 368 0.0151 800 0.388 0.373 0. 0152 800 0,408+  0.393 0.0156 800 0.443% 0,427 0.0164
900  0.422 0. 408 0.0140 900 0.430 0.415 0.0142 900 0.450%  0.436 0.0145 900 0.485% 0,470 0. 0153
1000  0.461 0,448 0.0132 1000  0.470 0.457 0.0133 1000  0.492%  0.478 0.0136 1000 0.526% 0,511 0.0143
1100 0,502  -0.489 0.0124 1100 0,513 0. 500 0. 0125 1100  0.534%  0.521 0.0128 1100 0.566% 0,553 0.0135
1200 0.543%  0.531 0.0118 1200 0.556% 0,544 0.0119 1200 0.578%  0.566 0.0122 1200 0.607*  0.594 0.0128

T Uncertainties inthe total thermal conductivity, k, are.as follows:
30.00 Cu -~ 70.00 Fd: *14%,

25.00 Cu ~ 75,00 Pd:

+14%,

20.00 Cu - 80.00 Pd: + 14%.

15.00 Cu - 85,00 Pd:
* In temperaturs range where no experimental thermal conductivity data are available.

3 14%.
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TABLE 14.

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER~PALLADIUM ALLOY SYSTEM (continued) T
[Temperature, T, K; Thermal Conductivity, k, W em~! K~1; Electronic Thermal Conductivity,. K, W em~! X-1; Lattice Thermal Conductivity, kg’ W em~! K™

Cu: 10.00% $15.69 At. %)

Pd: 90.00%

84. 31 At. %)

Cu:  5.00% ( 8.10 At, %)
Pd: 95,00% (91.90 At, %)

Cu:  3.00% ( 4.92 At.%)
Pd: 97.00% (95,08 At.%)

Cu:  1.00% ( 1.66 At.%)
Pd: 99,00% (98,34 At.%)

Py = 20.10 (em

Py = 10.31 fdcm

Py = 6 20 1flcn

P, = 2.100 pQcm

T k kg kg T k kg Ky T k k, K, T k k kg
4 0. 00485 4 0.00948 4 0.0158 4 0.0465
6 0.00729 8 0.0142 8 0.0236 [ 0.0698
8 0. 00972 8 0.0190 8 0.0315 8 0.0931
10 0. 0122 10 0.0237 10 0.0394 10 0.116
15 0. 0182 15 0.0855 15 0.0591 15 0.175
20 0.0243 20 0.0474 20 0.0788 20 0.233
25 0. 0294 25 0.0572 25 0.0959 25 0.276
30 0. 0350 30 0. 0676 30 0.113 30 0.815
40 0. 0459 " 0.0871 40 0.143 49 0.364
50 0. 0562 50 0.105 50 0.167 50 0.382
60 0. 0660 60 0.120 60 0.214 80 0.389
70 0.0756 70 0.135 70 0.230 70 0.397
80 0. 0849 80 0.149 80 0.246 80 0.407
90 0. 0940 %0 0.162 920 0.261 90 0,417
100 0.103 100 0.175 100 0.273 100 0.422
150 0.141 150 0.223 150 0.294 150 0.441
200 0.216% 0,176  0,0407 200 0.312% 0.261  0.0509 200 0.329 200 0.454
250 0.241%  0.205  0,0360 250 0.337%  0.293  0.0448 250 0.411% 0.358  0.0533 250 0.547%  0.471  0.0762
273 0.252  0.218  0.0342 273  0.348  0.305  0.0426 273 0.421% 0.371  0.0505 278 0.553%  0.481  0.0719
300 0.266  0.234  0,0324 300 0.362  0.322  0.0403 300 0.435% 0,387  0,0477 300 0.562% 0,494  0.0676
350 0.292  0.262  0,0297 350 0.389  0.352  0.0367 350 0.462%  0.419  0,0434 350  0.583% 0.522  0.0608
400 0.317%  0.290  0,0274 400 0,415 0,381  0.0339 400  0.486% 0.446 0, 0399 400 0,604% 0,548  0.0554
500 0.366% 0.342  0,0240 500 0.465%  0.436  0.0295 500 0.533% 0.499  0,0346 500 0.646% 0.599  0.0471
600 0.412%  0.391  0.0215 600 0.515% 0,489  0.0263 600 0.579% 0.548  0,0307 600  0.690% 0,649  0,0411
700 0.456%  0.436  0.0196 700 0.559%  0.535  0.0239 700 0.623% 0.595  0.0277 700 0.731% 0.694  0.0365
800 0.499%  0.481  0,0180 800 0.661% 0.639  0.0219 800 0.665% 0.640  0,0253 800  0.770%  0.737  0.0329
900 0.541%  0.525  0.0168 900 0.641% 0.621  0.0202 900 0,706* 0.682  0.0233 900 0.808% 0.778  0.0299
1000 0.581% 0.565  0,0157 1000 0.676% . 0.657  0,0189 1000 0.743% 0.722  0,0216 1000 0.847+  0.819  0.0275
1100 0.621* 0.606  0.0148 1100 0.711%  0.693  0,0177 1100 0.,775%  0.755  0.0202 1109 0.886%  0.861  0.0254
1200 0.660% 0.646  0,0140 1200 0.745% 0.728  0.0167 1200 0.810% 0.791  0,0190 1200  0.926%  0.903  0,0236

T Uncertainties in the total thermal conductivity, k, are as follows:
10.00 Cu - 90.00 Pd: + 14%.
5.00 Cu - 95.00 Pd:: + 14%.
3.00 Cu - 97.00 Bd: 1 14%.
1.00 Cu - 99.00 Pd: 1 14%.

* In temperature range vhere no.experimental thermal conductivity data are available,
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TABLE 14,
{Temperature, T, K; Thermal Conductivity, k, W em~! K-}; Electronic Thermal Conductivity, ke’ W cm~! K-1; Lattice Thermal Conductivity, kg, W em™t K1)

RECCMMENDED THERMAL CONDUCTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM (continued) T

Cu: 0.50% ( 0.83 At. %;
Pd: 99.50% (99.17 At. %

p,=1.100 uQem

T k ke kg
4 0.0888
8 0.133
8 0.178
10 0.222
15 0.333
20 0.444
25 0.518
30 0. 557
40 0.596
50 0.582
60 0. 557
70 0.539
80 0.529
90 0.530
100 0. 520
150 0.504
200 0.504
250 0.606% 0,514 0.0922
273 0.608%  0.521 0.08686
300 0.615%  0.534 0,0809
350 0.634% 0,562 0.0721
400 0,652*  0.587 0.0650
500 0.689%  0.634 0.0545
600 0.730%  0.683 0.0469
700 0.772% 0,731 0.0412
800 0.810% 0,773 0. 0367
900 0,849+  0.816 0,0332
1000 0.887*%  0.857 0,0302
1100 0,927«  0.899 0.0278
1200 0,966%  0.940 0.0257

T Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Cu - 99,50 Pd: +14%.

* In tempersture range where no experimental thermal conductivity data are available,
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TABLE 15. THERMAL CONDUCTIVITY OF COPPER + PALLADIUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition
Cur. Ref. Author(s) Year N{Jefhgd RTem p-K Specimen (weight percent) Composition {continusd), Specifications, and Remarks
No. No. se ange, Designation Cu Pd
1 61 Gruneisen, E. and 1934 L 22-91 20 89.7 10.3 Calculated composition; polycrystalline; electrical resistivity 6.82, 5.508,
‘Reddemann, H. and 5. 184 &2 em at 0, -190, and -251 C, respectively.
2 82 Pott, F.P. 1958 L 293,573 24.18 Calculated composition; annealed at 60) to 700 C for 2 hr; ordered; elec~
trical resistivity- 9.7, 12.4, and 13.9 u} em at 36, 300, and 480 C,
respectively.
3 82 Pott, F.P. 1958 L 293,623 35,82 Similar to the above specimen except electrical resistivity 10.5, 12.9,
and 15,2 uQ} cm at 34, 2£1, -and 449 C, respectively.
4 82 Pott, F.P. 1958 L 293,1048 24,18 Similar to the above specimen except disordered with electrical resistivity
14.2, 17.1, and 19.3 ufd cm at 19, 441, and 779 C, respectively.
5 82 Pott, F.P. 1958 L 818,1028 35.82 Similar to the above specimen except electrical resistivity 19.7, 22.4,
and 25.6 u§} cm at 25, 400, and 800 C, respectively.
6 83 Kierspe, W. 1967 L 293.2 4.9 Cylindrical spec¢imen; electrical resistivity 2.5862, 2.5865, 2.5901,
2.6052, 2.6379, 2.6849, 2.8092, 2.9047, 3.0440, 3.1847, 3.3258,
3.4636, 3.6008, 3.7351, 3.8703, 4.0055, 4.1351, and 4.2018 uQ cm
at 4.2, 10, 20, 30, 40, 59, 70, 83, 103, 123, 143, 163, 183, 203, 223,
243, 263, and 273 K, respectively.
7 178 Holgersson, S. 1324 323.2 8.41 Calculated composition (5. 2 a/o Pd); electrical resistivity 6.8 uQ cm at
and Sedstrém, E. 50 C.
8 178 Holgersson, S. 1924 323.2 16. 57 Calculated composition (10.€ a/o Pd); slectrical resistivity 11.9 ud em at
and Sedstrém, E. 50 C.
9 178 Holgersson, S. 1924 323.2 22.40 Calculated composition (14.% a/0.Pd); slectrical resistivity 15.4 Ut em at

and Sedstrém, E. 50 C.

10 178 Holgersson, S. 1924 323.2 28.73 Calcutated composition (19.4 a/o Pd); density 9.78 g cm™3; electrical
and Sedstrdm, E. resistivity 18, & uQ) em at 50 C.

11 178 Holgersson, S. 1924 323.2 35.45 Calculated composition (24.7 a/o Pd); electrical resistivity 22.0 ufd cm at
and Sedstrém, E. 50 C.

12 178 Holgersson, S. 1924 323.2 42,36 Calculazed composition (30.5 a/o Pd); slectrical resistivity 27.0 1 cm at
and Sedstrém, E. 50 C.

13 178 Holgersson, S. 1924 323.2 48,94 Calculated composition (36.4 a/o Pd); density 10.12 g cm™?; electrical
and Sedstrém, E. resistivity 29.8 uQ ecm at 50 C.

14 179 Sedstrom, E. 1924 273.2 3.5 Thermal conductivity value extracted from Schulze, A. (Z. Anorg. Chem.,

159, 325-42, 1£27).

15 179 Sedstrém, E. 1924 273.2 8.7 Same as above; electrical resistivity 6.90 yQ cm at 0 C.

16 179 Sedstrém, E. 1924 273.¢ 11.1 Same data source as above.

17 179 Sedstrém, E. 1924 273.2 17.3 Same as above; electrical resistivity 11.79 yQ ecm at 0 C.

18 179 Sedstrém, E. 1924 273.2 42,8 Same as above; electrical resistivity 25.38 uf2 cm at 0 C.

19 179 Sedstrdm, E. 1924 273.2 49.0 Same ae above; electrical resistivity 29.67 uQ cm at 0 C.
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TABLE 16. THERMAL CONDUCTIVITY OF PALLADIUM + COPPER ALLOYS ~~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION
Name and Composition
Cur. Ref. Author (s Year I\%Ethgd Temp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. sed Rarge, Designation Pd Cu
1 61 Grimeisen, E. and 1934 L 21-91 18 90. 8 9.2 Calculated composition; polycrystalline; electrical resistivity 20,59, 22,18,
Reddemann, H. and 28. 05 2§ -cm at 22, 83, and 273 K, respectively.
2 61 Gruneisen, E. and 1934 L 21-85 19 62.7 37.3 Calculated composition; electrical resistivity 32.49, 33. 68, 36.8, and
Reddemann, H. 37,15 ufd cm at 22, 83, 273, and 291. 60 K, respectively.
3 61 Grimeisen, E. and 1934 L 75-87 21a 57.8 42.2 Calculated composition: electrical resistivity 3.168, 5.1, and 5.32 uQ’cm
Recdemann, H. at 83, 273, and 292. 6 K, respectively.
4 61 Grineisen, E. and 1934 L 21-92 21b The above specimen annealed in vacuo for 2 hr at ~850 C; €lectrical resis~
Recdemann, H, tivity 33. 47, 34.01, 36.4, and 36.6 y&2 cm at 22, 83, 273, and 291.60 K,
respectively.
5 61 Grineisen, E. and 1934 L 21-80 21c The above specimen annealed at~325 C for 30 hr; electrical resistivity
Reddemann, H. 2.812, 3.286, and 5.25.uQ cm at 22, 83, and 273 K, respectively.

6 82 Poti, F.P, 1958 L 292,823 52,75 47.25 Calculated composition; specimen cut from a 0. 2 mm thick sheet; cold~
rolled, annealed for 2 hr at~650 C; ordered atomic arrangement;
electrical resistivity 7. 8, 10.8, and 14. 0 y cm at 35, 300, and 590 C,
respectively.

7 82 Pott, F.P. 1958 L 295,623 57.81 42.19 Similar to the above specimen except electrical resistivity 4.3, 7.7, and
11.0 uQ.cm at 0, 291, and 560 C, respectively.

8 82 DPott, F.P. 1958 L 305,623 70.67 29.33 Similar to the above specimen except electrical resistivity 49.3, 50.6, and
51.4 yQcm at 0, 314, and 580 C, respectively.

9 82 Pott, F.P. 1958 L 895, 1048 52.75  47.25 Similar to the above specimen except disorderéed atomic arrangement and
electrical resistivity 28.4, 31.4, and 35.9 uf? cm at 25, 400, and 792 C,
respectively.

10 82 Poti, F.P. 1958 L 295,1048 57.81 42.19 Similar to the above specimen except electrical resistivity 34.2, 37.4,
and 41.4 uf cm at 36, 400, and 800 C, respectively.
11 82 Pott,-F.P. 1958 L 821,1073 70.67 29.33 Similar to the above specimen except electrical resistivity 47.6, 49.7,
and 51.7 y€) cm at 32, 400, and 800 C, respectively.
12 178 Holgersson, S. 1924 323.2 48.40 Calculated composition (61.1 a/o Cu); electrical resistivity 11.9 uQl cm
‘and Sedstrém, E, at 50 C.
13 178 H‘olgerssox}_, S. 1924 323.2 47,56 Calculated composition (60.3.a/0 Cu); electrical resistivity 10.3 uSrem
and Sedstrém, E. at 50 C.
14 178 Holgersson, S. 1924 323,2 41.70 Calculated composition (54.5 2/0 Cu) ; density 10. 35 g cm™3; electrical
and Sedstrom, E. resistivity 19,1 uQ cm at 50 C,
15 178 Holgersson, S. 1924 323.2 37.58 Calculated composition (49.8 a/o Cu); electrical resistivity 10,0 uQ em
and Sedstrém, E. at 50 C,
16 178 Holzersson, S. 1924 323.2 35. 63 Calculated composition (48.1 a/o Cu) ; density 10, 50 g cm~3; electrical
and Sedstrém, E. resistivity 48.1 u§ cm at 50 C.
17 178 Holgersson, S, 1924 323.2 33. 36 Calculated composition (45. 6 a/o Cu) ; density 10. 96 g cm™3; electrical
and Sedstrdém, E, resistivity 50.1 uQ cm at 50 C.
18 178 Holzersson, S. 1924 323.2 28.99 Calculated composition (40. 6 a/0 Cu); electrical resistivity 55.4 uQ cm

and Sedstrdm, E.

at 50 C.
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TABLE 16. THERMAL CONDUCTIVITY OF PALLADIUM + COPPER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (cortinued)

Name and Composition
Cur. Ref. Author(s) Year N{‘;’mgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. se ange, Designation Pd Cu
19% 178 Ho.gersson, S. 1924 323, 2 20,22 Calculated composition (29.8 a/o Cu); density 11,26 g cm™3; electrical
and Sedstrém, E. resistivity 51.4 uQ cm at 50 C. )
20 178 Hoigersson, S. 1924 323.2 14.13 Calculated composition (21,6 a/o Cu); electrical resistivity 41.1 4Q cm
and Sedstrém, E. at 50 C.
21 178 Holgersson, S. 1924 323.2 6.81 Calculated composition (10.9 a/o Cu); electrical resistivity 29.7 ufd em
and Sedstrom, E. at 50 C.
22 179 Sedstrém, E. 1924 273.2 51.6 Thermal conductivity value extracted from Schulze, A, (Z. Anorg. Chem,,
159, 325-42, 1927) ; electrical resistivity 11.10 uSdecmat 0 C,
23 179 Sedstrém, E. 1924 273.2 52.5 Same as above but electrical resistivity 8. 77 uQdcmat 0 C,
24 179 Sedstrdm, E. 1924 273.2 58.4 Same as above but electrical resistivity 18.28 ©Qemat0C,
25% 179 Sedstrém, E. 1924 273.2 62.4 Same as above but electrical resistivity 8,26 uQ cm at 0 C.
26 179 Sedstrdm, E. 1924 273. 2 64.4 Same as above but electrical resistivity 47. 39 ulcmat 0C,
27 179 Sedstrém, E. 1924 273.2 66.7 Same data source as above,
28% 179 Sedstrdm, E, 1924 273.2 79.8 Same as above; electrical resistivity 50,76 u) cm at 0 C.
29 179 Sedstrdm, E. 1924 273.2 85.9 Same as above but electrical resistivity 40.16 uSecmatoC,
30 179 Sedstrém, E. 1924 273.2 93.0 Same as above but electrical resistivity.27,32 uStemat 0C,

* Not shown in figure.
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THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS

4.6. Copper-Zinc Alioy System

The copper-zinc alloy system does not constitute a contin-
uous series of solid solutions. The maximum solid solubility
of zinc in copper is 38.3% (39.0 At.%) at 727 K and the
solubility decreases at higher and lower temperatures. At
lower temperatures, the attainment of equilibrium becomes
very slow and the solubility data are uncertain. Massalski and
Kittl [86] analyzed the existing data and concluded that the
boundary lies at about 35% Zn at 473 K and it may lie at less
than 30% Zn at room temperature. Shinoda and Amano [87]
reported a much greater reduction in solubility at room
temperature.

There are 91 sets of experimental data available for the
thermal conductivity of Cu+Zn alloys as listed in table 18 and
shown in figure 40. Of these, seven sets are merely single data
points, 24 sets cover a narrow temperature range from
around room temperature to about 500 K, and 17 sets are for
temperatures below 4.5 K. Most of the measurements were on
alloys in the solid solution region. Surprisingly there are no
data available in the literature for the Zn+Cu alloys. Conse-
quently, only Cut+Zn alloys are treated in the present work.

In order to ascertain the reliability of experimental data
and to fill gaps in data, the lattice and electronic components
of the thermal conductivity of the Cu+Za alloys were
calculated. The electronic component was calculated from eq
(12). However, these calculations were limited to tempera-
tures below 400 K, since no reliable electrical resistivity data
were available at higher temperatures. Where values of the
electronic components are reported at higher temperatures in
table 17, these were obtained by graphical smoothing of the
differences between the experimental thermal conductivity
data and the calculated values of the lattice thermal conduc-
tivity. Estimates of the lattice thermal conductivity in the low
temperature region were based on experimental data and
values in the high temperature region were calculated from
eq (35). In the intermediate range, near the maximum, graph-
ical techniques were used to smoothly join the high and low
temperature values (following a crude separation of k, as a
guide). The high temperature calculations of the lattice com-
ponent were limited to alloys with Zn not exceeding 30%.

The low-temperature lattice thermal conductivity of solid-
solution Cu+Zn alloys in both straincd and anncalcd states
has been extensively investigated by Kemp et al. [62,88,89]
(curves 17-24 and 27-33). Their results show that the lattice
and total thermal conductivities of the alloys increase mark-
edly as the annealing temperature is increased, due to the
removal of both point defects and dislocations. This increase
is illustrated, by curves 30-33 in figure 40 for an alloy with
32% Zn. Apparently the dislocations are locked in by the im-
purity atoms and cannot be removed by normal annealing
just above the recrystallization temperature. Even annealing
the alloys at temperatures ncar the melting point was found
to remove only a fraction of the dislocations. In recommend-
ing low-temperature lattice thermal conductivities, only the
data for alloys annealed at high temperatures were used. The
values given in table 17 were based primarily on the data of
Kemp et al. [62] for alloys with 5.14 and 10.26% Zn (curves
28 and 29), which were annealed at 1123 K. Because the low-

1085

temperature lattice thermal conductivities of solid-solution
Cu+Zn alloys do not vary greatly with composition in the 10-
30% Zn range, it was possible to estimate the lattice com-
ponents of alloys in this range by graphically extending the
conductivity-composition curves formed by the 5.14 and
10.26% Zn alloys to higher Zn concentrations, using data of
Kemp et al. [88] for alloys annealed at a lower temperature
(773 K) (curves 18, 20, and 24) as a guide. Although this pro-
cedure should not introduce unacceptable uncertainties, the
lattice components reported for the 10-30% Zn alloys should
be accepted with more caution than those for which direct,
supporting experimental data are available.

Problems were encountered in attempts to develop reliable
estimates of the lattice thermal conductivities of the alloys at
high temperatures. Initially, the lattice components for the
alloys were calculated by using White and Woods' [90,91]
value of 35.0 W cm™ for the value of k,T of pure copper to
determine k,(T”) in eq (35). However, calculations of the lat-
tice components from higher temperature measurements by
Kemp et al. {62, 88, 89] (curves 17-24 and 27-33) and Smith
[92] (curves 1-13) of the total thermal conductivity and the
electrical resistivity for the same alloy samples were as much
as 50% higher than the values calculated using eq (35) with
White and Woods’ values for the lattice component of cop-
per. It was found that this discrepancy could be reduced by
increasing the values for the lattice component of pure cop-
per by 50% at high temperatures. This resulted in a much
better agreement between experimental and calculated val-
ues of the lattice component over the entire range of compo-
sitions. However, because of this conflict between White and
Woods’ value for the lattice component of copper and the
available experimental data for copper-zinc alloys, the lattice
components of the dilute copper-zinc alloys are not reported
at high temperatures.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figure 38. The smooth solid curves in the figure were ob-
tained by interpolating the recommended values of table 17
in order to obtain thermal conductivity values for the desired
alloy compositions. As shown in figure 38, the recommended
values are in agreement with the data of Smith [92] (curves
2.8, and 11), of Bailey [151] (curve 15), of Kemp et al. [88]
(curves 18, and 20-22), of Kierspe [83] (curve G67), and of
Lomer [161] (curves 82 and 84-86) to within 14%. There is a
difference of 21% at 20 K between experimental curve 80
and the recommended curve for 1% Zn, but curve 80 is not
well documented because we did not have access to the pri-
mary data and it is not consistent with curve 81 from the
same reference. On the other hand, taking account of the dif-
ferences in composition, curve 18 for 1.63% Zn supports the
recommended curve for 1% Zn. Also, the recommended
curves for 0.5 and 1% Zn show local minima not exhibited by
the experimental curves; however, in principle there is no
reason why these minima should not occur if the lattice com-
ponent is large enough and there is evidence that the lattice
component is significant in this alloy system.

The recommended values for k, k., and k, are tabulated in
table 17 for nine alloy compositions ranging from 0.50 to
30% Zn. These values are for alloys which have not been

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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severely cold worked or quenched. The values for k are also
presented in figure 39, covering the temperature range from
4 to 700 K. The values of residual electrival resistivity for the
alloys are also given in table 17. The uncertainties of the %
values are stated in a footnote to table 17, while the uncer-

J. Phys. Chem. Ret. Data, Vol. 7, No. 3, 1978

tainties of the k. and k, values are indicated by their being
designated as recommended or provisional values. The
ranges of uncertainties of recommended and provisional
values are less than +15% and between +15% and +30%,
respectively.



8L61°€ "ON 'L |OA 'Di0Q "§oY 'wey) “shyd 7

THERMAL CONDUCTIVITY, W cm K

I I [ T baezner—— W—v\—l@sw zn] |
16 % Zn— 1 T 051 % Zn
3 s 095 % Zn
5 (aFmeti 154 % Zn
— - 4.77 % Zn
-, o 9.91% Zn
2 ) - 10.26 % Zn
A = 20.65 % Zn
N ; 5 S 30.81 % Zn ]
< o zo.ss% Zn
. (1)3081% Zn
s __ \@1676%Zn
1 /
o - \ \\@30 % 2Zn

‘ 55% Zni8 \x

= 30% zn

\—255"/ Zn

1676 % Zn
19.48 % Zn

S

__i_.?
|

}

THERMAL CONDUCTIVITY OF
SELECTED COPPER + ZINC ALLOYS

]

4 b——
9,98 % Zn / g | '
/ / L i
3 L \@ B |
L 10.26 % Zn P
2 | e 1
152
8 4—
6
Zn: MP 69273K Cu: MP13576K
5 AN
RN | | il T 5 J L
! 2 4 5 6 10 2 3 4 5 6 8 O 2 3 4 8 2 3¢ 4 5
CINDAS TEMPERATURE |, K FIGURE 38

SWILSAS AOTIV AN¥VNIE 40 ALIALLDNANOD TVYWAHIHL

£L801



8161 ' 'ON 'L |OA '04bQ "§9Y "Wy “shyd T

TABLE 17,

RECOMMENDED THERMAL CONDUCTIVITY OF COPPER-ZINC ALLOY SYSTEMt
[Temperature, T, K; Thermal Conductivity, k, W em~! K~; Electronic Thermal Conductivity, k., W cm~! K-1; Lattice Thermal Conductivity, kg, W em~! K™1]

Cu: 99.50% (99.51 At.%)
Zn:  0.50% ( 0.49 At.%)

Cu: 99.00% (99.03 At.%)
Zn: 1.00% ( 0.97 At.%)

Cu: 97.00% (97,08 At.%)
Zn: 3.00% ( 2.92 At.%)

Cu: 95.00% (95,13 At.%)
Zn:  5.00% ( 4.87 At.%)

P, = 0. 1500 uQ cm

py = 0.2650 pQem

p, = 0.705 pQcm

7‘.’0 =1,090 yQem

T k k k T k k k T k k k T k k k
e g [ g ] 3 e g
4 0.675%  0.651 0.0235% 4 0.38) 0.369 0.0196% 4 0.152 0.139 0.0129 4 0.101 0.0897  0.0114
6 1.03% 0. 977 0.0565% 6 0.603 0.553 0.0498% 6 0.242 0.208 0. 0341 6 0.162 0.134 0.0280
8 1.40% 1.30 0.104} 8 .0.834 0.738 0. 0960% 8 0.345 0.277 0.0877 8 0.232 0.179 0. 0530
10 1,79k 1.63 0.160% 10 1.07 0.922 0.148% 10  0.453 0. 347 0.106 10  0.309 0.224 0. 0850
15 2.73% 2,44 0.290% 15 1.64 1.38 0.264% 15 0.705 0. 520 0.185 15  0.496 0.336 0.160
20  3.65% 3.26 0. 385F 20 2.13 1.78 0.346% 20 0.945 0. 693 0.252 20 0.667 0.448 0.219
25  4.13% 3,68 0.447¢ 25 2,46 2.06 0. 399% 25 1.15 0.853 0.298% 25 0.808 0. 547 0.261%
30 4.56% 4.07 0. 489% 30 2.80 2.36 0.434% 30 1.33 1.00 0.33:% 30 0.935 0.645 0.290%
40 4, 70% 4,16 0.533¢f 40 3,14 2.68 0.468% 40 1.64 1.27 0. 366% 40 1.14 0.823 0.320%
50 4.69% 50 3.29 50 1.82 50 1.30 0.968 0.327%
60  4.30% 60 3.23 60 1.89 60 1.39 1.07 0. 820%
70  4.08% 70 3.16 70 1,95 70  1.46 1.15 0.308%
80  3.90% 80 3.13 80 1.99 80 1.51 1.22 0.295%
90 3.87% 90 3.13 9 2.05 90 1.58 1.29 0.284%
100 3. 88% 100 3.18 100 2.11 100  1.64 1.37 0.274%
150  3.81% 150 3.34 150 2,42 150 1.95 1.72 0.230%
200  3.79* 200 3,47 200 2.65 200 2.18 1.98 0.198%
250  3.77% 250  3.50% 250 2.80 250 2.36
273  3.76% 273 3.52 273 " 2.85 273 2.41
300 3.76 300 3.54 300 2.90 300 2.49
350 3.75 350 3.56 350 2.97 350 2.58
400 3.74 400 3.57 400 3.03 400 2.65
500 3.70 500  3.57 500 3.11 500 2.77
600 3.67* €00 3,57 600 3.18¢ 600 2,89%
700  3.65% 700  3.57* 7000 3.26% 700 2.99%

1 Uncertainties in the total thermal conductivity, k, are as follows:

99.50 Cu - 0. 50 Zn:
99,00 Cu - 1.00 Zn:
97.00 Cu - 3.00 Zn:
95.00 Cu - 5.00 Zn:

% Provisional value.

* In temperature range where no experimental thermal conductivity data are available,

4 14%.
+14%.
+14%.

+10% kelow 300 K and +5% above 300 K.
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TABLE 17.

EECOMMENDED THERMAL CONDUCTIVITY OF COPPER-ZINC ALLOY SYSTEM ( continued) t
[Temperzture, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conductivity, ke’ W em=! K~1; Lattice Thermal Conductivity, kg’ W em~! K™

Cu: 90.00% (90.25 At.%)
Zn: 10.00% ( 9.75 At.%)

Cu: 85.00% (85.36 At.%)
Zn: 15.00% (14.64 At.%)

Cu: 80.00% (80.45 At.%)
Zm: 20.00% (19.55 At.%)

Cu: 75.00% (75.53 At.%)
Zn: 25.00% (24.47 At.%)

p, = 1.840 uQecm

B= 2.380 chm-

Py = 2. 840 uQcm

Py = 3-200 pQem’

T k k, kg T k k, kg T k kg kg T k kg kg
4 0.0640 0.0531  0.0109 4 0,0519  0.0411  0.0108% 4 0.0448 0.0344  0.0104% 4 0.0408  0.0305 0.0103%
6 0.105 0.07¢7  0.0254 6 0.0865% 0.0616 0.0249% 6 0.0759 0.0516  0.0243% 6 0.0646  0.0458  0.0238%
8 0.152 0. 106 0.0461 8 - 0.127% 0,0821  0,0448f 8 0.113 0.0688  0.0441% 8 0.104 0.0611  0.0433%
10 0.204 0.133 0.0708 10 0.172% 0,103 0. 0694% 10 0.154 0.0860  0.0680% 10 0.144 0.0763  0.0672%
15 0,332 0.19¢ 0.133 15  0.281%  0.154 0.127% 15 0.254 0.129 0.125% 15 0.237 0.115 0.122%
20 0,450 0. 266 0.184 20 0.378% 0,205 0.173% 20 0.338 0.172 0.166% 20 0.313 0.153 0.160%
25 0,545 0.325 0.220 25 0.455% 0,252  0.203% 25 0.402 0.212 0.190% 25 0.373 0.189 0.184%
30 0.631 0. 38§ 0.243 30 0.520% 0,299 0.221% 30 0.459 0.253 0.206% 30 0.422 0.225 0.197%
40 0,762 0. 503 0.25%% 40 0.623% 0,389 0.234% 40 0.546 0.329 0.217% 40 0.497 0.292 0.205%
50 0.861 0. 601 0.260% 50 0.699%  0.466 0,233% 50 0.611 0. 396 0.215% 50 0.556 0.353 0.203%
60 0.938 0. 682 0. 256% 60 0.761% 0,534 0.227% 60 0.660 0.452 0. 208% 60 0.601 0.405 0.196%
70 0.996 0.748 0.248% 70 0.811% 0,592 0. 219% 70 0.703 0. 503 0.200% 70  0.638 0. 450 0.188%
80 1.05 0. 810 0.238F 80 0.854 0.644 0.210% 80 0,742 0. 550 0.192% 80 0.673 0.493 0.180%
90 1.10 0. 869 0.228%" 90 0,898 0.697 0. 201% 90  0.780 0. 596 0.184% 90  0.707 0.535 0. 172%
100 1.15 0.93¢ 0.218% 100  0.943 0,751 0.192% 100 0.818 0,643 0.176% 100 0.742 0.578 0.164%#
150 1.41 1.23 0.183% 150 1.16 1.00 0.160% 150 1.01 0.867 0.146% 150  0.918 0.782 0.136%
200 1.62 1.47 0.158% 200 1.35 1.21 0.138% 200 1.18 1.05 0.126% 200 1,07 0.951 0.118%
250  1.79 1.65 0. 140% 250  1.50 1.38 0.122% 250 1.32 1.20 0.111% 250 1,20 1.09 0.104%
273  1.86 1.72 0.133% 273  1.56 1.44 0.116% 273 1.37 1.26 0.106% 273 1.24 1.15 0.0992%
300 1.93 1.80 0.125% 300 1.62 1.51 0.110% 300 1.43 1.33 0.100% 300 1.30 1.20 0.0940%
350 2.03 1.92 0.114% 350 1.73 1.63 0.100% 350 1.52 1.43 0.0918% 350 1.39 1.30 0.0859%
400 2.12 2,02 0.105% 400 1.81 1.72 0.0925% 400 1.60 1.51 0.0847% 400 1.46 1.38 0.0793%
500 2,29 2.20 0.0910% 500 1.96 1.88 0.0805% 500 1.73 1.66 0.0738% 500 1.59 1.52 0.0692%
600  2.41* 2.33 0. 0806% 600 2. 09 2.02 0.0716% 600  1.86% 1.79 0.0657% 600 1.70 1.64 0. 0617%
700 2,51 2.44 0.0725% 700 2.20% 2.14 0. 0646% 700  1.96% 1.90 0.0595% 700 1.78 1.72 0. 0559%

+ Uncertainties in the total thermal conductivity, k, are as follows:

90,00 Cu -~ 10.00 Zn:
85.00 Cu - 15.00 Zn:
80.00 Cu - 20.00 Zn:
75.00 Cu - 25.00 Zn:

# Provisionsl value,

* In temperature range where no sxperimental thermal conductivity data are available.

+10% below 300 X and +5% above 300 K,
+10% below 30C K and +5% above 300 K.
+14% below 70 K and +10% above 70 K.
+14% below 70 K and +10% above 70 K.
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[Temperature, T, K; Thermal Conductiviy, k, W em~! K-1; Electronic Thermal Conductivity, ke’ W em-! K-!; Lattice Thermal Conductivity, kg’ W-em=t K™

TABLE. 17.

RECOMMENDED THERMAL CONDUCTIVITY OF COP?ER-ZINC ALLOY SYSTEM (continued) t

Cu: 70.00% (70.59 At.%;
Zn: “30,00% (29.41 At.%,

P = 3.390 uQlem

T k k, ky
4 0.0389 0.0288  0,0101%
6 0.0667 0,0432  0,0235F
8 0.0998 0,0577  0.0421%
10 0.138  0.0721  0.075%
15 0,227  0.108  0.1194
20 0.300  0.144  0.156%
25 0.356 0,178  0,178%
30 0,400  0.211  0.189%
40 0.472 0,275 0,197
50 0.526  0.331  0.195%
60 0.566  0.378 0,188
70 0.601  0.421  0.180%
80 0.633  0.462  0,172¢
90 0,664  0.500 0,164
100 0.697  0.541  0,156%
150 0.862  0.732  0,1304
200 1.00 0.892 0,112
250 1.12 1,02 0.0991%
273 1.17 1.08 0.0943%
‘300 1.22 1.13 0. 0894+
350 1.30 1.22 0.0817%
400 1.87 1.29 00756+
500 1,49 1.42 0. 065¢%
600 1.59 1.53 0. 0586+
‘700 1.66 1.61 0.0534%

1:Uncertainties in the total-therma. conductivity, k, areas follows:
70,00 Cu --30.00 Zn: +14% below 70 K and +10% above 70 K.

% Provisional value,
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TABLE 18. THERMAL CONDUCTIVITY OF COPPER + ZINC ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition
Cur. Eef' Author(s) Year L%emgd RTemp X Specimen.  (weight percent) Composition (continued), Specifications, and Remarks
No. Yo. se ange, Designation Cu Zn

1 32 Smith, C.S. 1930 L 319-494 90 99. 64 0.35 0.02 Fe and 0.01 Pb; polycrystalline; cylindrical specimen 13.25 in. long
and 0. 750 in. diameter; grain size 0. 070 mm; annealed at 650 C for 1 hr,
cooled in air; electrical conductivity 55.264 x 104Q™ ecm™ at 20 C.

2 92  Smith, C.S. 1930 L 323-501 89 99.45 0.51 0.01 Fe and 0. 01 Pb; similar to the above specimen except grain size 0.110

. mm and electrical conductivity 53.325 x 104 Q! em™ at 20 C.

3 92 ° Smith, C.S. 1930 L 324-494 73 98.93 0.95 0. 02 Fe; similar to the above specimen except annealing temperature 700 C
and grain size 0.120 mm; electrical conductivity 47.685 x 104 Q™1 em™ at
20C.

4 49, Smith, C.S. 1930 L 332-506 12 96,94 3.04 0.02 Fe; similar to the above specimen except annealing time 0. 75 hr, grain

92 size 0,100 mm, and electrical conductivity 36.607 and 25.21 x 104 Q1em™
at 20 and 200 C, respectively.

5 49, Smith, C.8. 1930 L 328-507 13 95,21 4. 77 Similar to the above specimen except grain size 0. 085 mm and electrical

92 conductivity 33.062 and 23. 31 x 104Q™! cm™ at 20 and 200 C, respectively.

6 92  Smith, C.S. 1930 L 328-510 14 90, 07 9.91 0.01 Fe and 0. 01 Pb; similar to the above specimen but grain size 1 mm
and electrical conductivity 25.293 x 10° Q™! em™ at 20 C.

7 92 Smith, C.S. 1930 L 326-504 15 83.20 16.76 0.03 Fe and 0. 01 Pb; similar to the above specimen except grain size
0.125 mm and electrical conductivity 20.108 x 10401 em™ at 20 C.

8 92  Smith, C.S. 1930 L 327-510 16 79.62  20.35 0.01 Fe and 0. 02 Pb; similar to the above specimen except grain size
0.190 mm and electrical conductivity 18.459 x 10¢Q™! cm™ at 20 C.

9 92  Smith, C.S. 1930 o 325-512 22 59.20 40.75 0.02 Fe and 0. 03 Pbh; same structure and dimensions as the above specimen;
grain gsize 0. 070 mm; annealed at 650 C for 3 hr; cooled in furnace;

« electrical conductivity 16.700 x 10¢ Q™! cm™ at 20 C.
10 92 Smith, C.S. 1930 L 328-508 85 50.30 49,49 0.01 Fe and 0. 04 Pb; similar to the above specimen but annealing time 2 hr,
grain size 16 mm, and electrical conductivity 23.812 x 104 Q1 em™ at
20 C. i
11 92 Smith, C.S. 1930 L 329-512 18 69.14 30,81 0.03 Fe and 0. 02 Pb; same structure and dimensions as the above specimen;
annealed at 650 C for 0. 75 hr, cooled in air; electrical conductivity
15.857 x 104 Q™1 em™ at 20 C.
12 92 Smith, C.S. 1930 L 329-511 21 65,43 34.53 0.01 Fe and 0. 03 Pb; similar to the above specimen except grain size
) 0.080 mm and electrical conductivity 15.325 x 1041 em™ at 20 C.
13 92  Smith, C.S. 1930 L 326-505 88 54,96 45,02 0.01 Fe; similar to the above specimen except annealing time 2 hr, grain
size 0,040 mm, and electrical conductivity 20.466 x 104 Q1emat 20 C.
14 49  Smith, C.S. and 1935 L 293,473 19 66.24 33,72 0.03 Pb and 0. 01 Fe; annealed at 650 C for 0, 75 hr; electrical conductivity
Palmer, E,W. 15.63 and 12.24 x 104 Q™! em™ at 20 and 200 C, respectively.
15 151 Bailey, L.C. 1931 L 351-703 Brass 70/30 70 30 7 to 8 cm long and 0. 585 cm in diameter; density 8.44 g cm™ at 22 C.
16 152  Lees, C.H. 1908 L 108~-299 Brass 70/30 70 30 7 to 8 cm long and 0, 585 cm in diameter; density 8.44 g cm™ at 22 C.
17 88 Xemp, W.R.G., 1957 i 2.8-123 28 1.63 ~8 cm long and 0.5 cm in diameter; supplied by Johnson Matthey and Co.,
Klemens, P.G., Tainsh, Ltd. ; as drawn; residual electrical resistivity 0.425 yQ cm.

R.J., and White, G.K.
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TABLE 18. THERMAL CONDUCTIVITY OF COPPER + ZINC ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION
d T Name and Composition

Cur. Rof, Author(s) Year Metho emp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks

No. No. Used  Range, Designation Cu Zn

18 88 .Kemp, W.R.G., 1957 I 2.0-130 2 The above specimen annealed at 500 C for 4 hr in helium atmosphere;

Klemens, P.G., Tainsh, residual electrical resistivity 0.38 u{2 cm.
R.J., and White, G.X.

189 88 Kemp, W.R.G., et al. 1957 L 2.1-91 58 5.37 Same dimensions and supplier as the above specimen; as drawn; residual
electrical resistivity 1.22 yQ cm.

20 88 Kemp, W.R.G., et al. 1957 L 2.5-91 5 The above specimen annealed at 500 C for 4 hr in a helium atmosphere;
residual electrical resistivity 1.12 uQ cm.

21 38 Kemp, W.R.G., et al. 1957 L 1.9-91 10 9.98 Similar to the above specimen except residual electrical resistivity 1. 88
s cm.

22 88 Kemp, W.R.G., et al. - 1957 L 1.9-91 20 19.48 Similar to the above specimen except residual electrical resistivity 2. 97
uf em. .

23 88 Kemp, W.R.G., et al. 197 L 2,5-91 308 31. 87 Same dimensions and supplier as the above specimen; as drawn; residual
electrical resistivity 4. 31 u2 cm.

24 88 Kemp, W.R.G., etal. 197 L 2.2-91 30 The above specimen annealed in a helium atmosphere at 500 C for 4 hr;
residual electrical resistivity 3. 60 u§ cm.

25 153 Raeth, C.H. 1944 L 302-335 Brass Cylindrical specimen 2. 565 cm long and 5. 017 cm? in cross—sectiona} area.

26 153 Raeth, C.H. 1944 314-344 Brass Cylindrical specimen 2.570 cm long and 3. 447 cm? in cross-sectional area.

27 62 Kemp, W.R.G., 1957 L 1.9-121 2,06 8 cm long and 0.5 cm in diameter; drawn; annealed at 850 C for 4 hr;

Klemens, P.G., and electrical resistivity reported as 0.563, 0.873, and 2.273 uQ cm at
Tainsh, R.J. 0, 90, and 293 K, respectively.

28 62 Kemp, W.R.G., etal. 197 L 2.0-91 5,14 Similar to the above specimen except electrical resistivity reported as
1.20, 1.583, and 3.00 uQ cm at 0, 90, and 293 K, respectively.

29 62 Kemp, W.R.G., etal. 1957 L 2.2-91 10. 26 Similar to the above specimen except electrical resistivity reported as
1.94, 2,31, and 3.89 uQ2 cm at 0, 90, and 293 K, respectively.

30 89 Kemp, W.R.G., etal. 1959 L 2.0-91 1 32 a-brass; machined from an annealed and torsionally deformed bar; elec-
trical resistivity 4.59, 5.11, and 7.27 u$} cm at 4.2, 90, and 293 K,
respectively.

31 39 Kemp, W.R.G., etal. 1959 L 6.5-91 2 Similar to the above specimen except annealed (after machining) up to 250 C
at a rate of 6 C min™; electrical resistivity 4.20, 4,84, and 6. 88
ufd em at 4.2, 90, and 293 K, respectively.

32 39 Kemp, W.R.G,, etal. 1959 L 2,1-91 3 Similar to the above specimen except annealed (after machining) up to 290 C
at a rate of 6 C min™; electrical resistivity 3. 90, 4.49, and 6. 58
pQ cm at 4.2, 90, and 293 K, respectively,

33 39 Kemp, W.R.G., etal. 199 K 2.0-91 4 Similar to the above specimen except annealed after machining up to 400 C
at a rate of 6'C min™!; electrical resistivity 3. 66, 4.27, and 6,31
u§d cm at 4.2, 90, and 293 K, respectively.

34 53 Sedstrom, E. 1919 T 273,373 92. 65 7.35 Rolled and drawn; annealed close to the melting point for 0.5 hr.

35 83 Sedstrbm, E. 1919 T 273, 3713 85.65 14,35 Similar to the above specimen.

36 33 Sedstrom, E. 1919 T 273, 373 72,11 27,89 Similar to the above specimen.

37 33 Sedstrdm, E. 1919 T 273, 373 66.97 33.03 Similar to the above specimen.
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TABLE 18.

THERMAL CONDUCTIVITY OF COPPER + ZINC ALLOYS ~- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition

Cur. Ref. Author (s) Year Mt}athgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks

No. No. se ange, Designation Cu Zn

38 154 Eucken, A, and 1924 L 90, 273 Red brass 82 18 Polycrystalline; grain size 0. 006 cm?; electrical conductivity 26, 95 and

Neumann, O. 17.50 x 104 @1 em™ at 90 and 273 K, respectively.
39 154 [Eucken, A, and 1924 L 90,273 Red brass 82 18 Polycrystalline; grain size 0.11 cm?; electrical conductivity 27. 36 and
Neumann, O. 17.75 x 104 Q7 em™ at 90 and 273 K, respectively.
40 155 Lomer, J.N. and 1959 L 2.3-4.4 Brass 85 i5 o-brass; 2.5 mm diameter and 4 cm long; prepared from Johnson Matthey
Rosenberg, E.M. spectrographically standardized me:als by melting in vacuo, cooling,
and swaging; annealed just below melting point for 40 hr,
41 155 Lomer, J.N. and 1959 L 2.3-4.5 Brass The above specimen drawn to produce 4. 6% strain.
Rosenberg, E.M.

42 155 Lomer, J.N, and 1959 L 2.4-4.5 Brass The above specimen drawn to produce 10. 45 strain.
Rosenberg, E. M.

43 155 Lomer, J.N., and 1959 L 2.3-4,4 Brass The above specimen drawn to produce 19. 8% strain.
Rosenberg, E. M.

44 156 Aoyama, S. &nd Ito, T. 1940 L,R 78,273 1 95, 4¢€ 4. 54 Prepared from electrolytic copper containing imgpurities: 0. 15 Sb,
0.010 Fe, 0.007 S, 0.0008 As, and 0. 0008 Pb; ¢-brass; znnealed in N,
for 20 hr at 380-400 C; electrical conductivity 6. 00 and 3.25 x 10°
Q1 cm-1 at 78 and 273 K, respectively.

45 156 Aoyama, S. znd Ito, T. 1940 L,R 78,273 2 92, 82 7.18 Similar to the above specimen eéxcept electrical conductivity 4. 59 and
2.71 x 10° Q™ em™ at 78 and 273 K, respectively.

46 156 Aoyama, S. zndIto, T. 1940 L,R 78,273 3 86.87 13.13 Similar to the above specimen except electrical conductivity 3. 56 and

: 2.29x 10°Q1 cm™! at 78 and 273 K, respectively.

47 156 Acgyama, S. endIto, T. 1940 L,R 78,273 4 82.58 17.42 Similar to the above specimen except electrical conductivity 3. 08 and
2.03 x 10°Q7! cm™ at 78 and 273 K, respectively.

48 156 Aoyama, S. aznd Ito, T, 1940 L,R 78,273 5 79.78  20.27 Similar to the above specimen except electrical conductivity 3. 04 and
1.99 x 105 Q™ em™ at 78 and 273 K, respectively,

49 156 Aoyama, S. znd Ito, T. 1940 L,R 78,273 6 75.44 24.56 Similar to the above specimen except electrical conductivity 2. 83 and
1.87x 105 Q1 cm™ at 78 and 273 K, respectively.

50 156 Aocyama, S, end Ito, T. 1940 L,R 73,273 7 70 30 Similar to the above specimen except electrical conductivity 2. 46 and

. 1.64 x.105 Q71 em™ at 78 and 273 K, respectively.

51 156 Aoyama, S. end Ito, T. 1940 L,R 73,273 8 64.05 35.95 Similar to the above specimen except electrical conductivity 2. 39 and
1.57x 105 Q™! cm™ at 78 and 273 K, respectively,

52 156 Acyama, S. end Ito, T. 1940 L,R 73,273 9 62.3C 37.70 Prepared from the same orignal materials by the same fabrication method;
o+ fB-brass; electrical conductivity 2.63 and 1.61 x 10°Q™ cm™ at
78 and 273 K, respectively.

53 156 Aocyama, S. end Ito, T. 1940 L,R 73,273 10 59.93  40.07 Similar to the above specimen except electrical conductivity 3. 28 and
1.76 x 10° Q1 em™ at 78 and 273 K, respectively,

54 156 Aoyama, S. end Ito, T. 1940 L,R 73,273 11 55.62 44.38 Similar to the above specimen except electrical conductivity4.73 and
2.05 x 10°Q71 em™ at 78 and 273 K, respectively,

55 156 Acyama, S. end Ito, T. 1940 L,R 73,273 12 51.08 48.91 B-brass; prepared from the same original materials by the same fabrica-

tion method; electrical conduectivity 8. 25 and 2.50 x 10° Q1 em™ at
78 and 273 K, respectively.
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TABLE 18. THERMAL CONDUCTIVITY OF COPPER + ZINC ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT: INFORMATION (continued)
Name and Composition

Cur. Ref. Author(s) Year Nﬁthcfd Temp.'{ Specimen (weight percent) Composition (continued), Specifications, and Remarks

No. No. sec  Range,X  pogigmation  Cu Zn

56 157 Olsen, T. 1960 L 1.3-4.2 Z4 95.4 4.59 0. 01 Pb; cylindrical specimen 10 cm long; machined; annealed for 21 hr at
540 C; electrical resistivity 1.13 and 1. 08 uQ cm at 1,05 and 4.2 K,
respectively.

57 157 Olsen, T. 1960 L 1.83-4.2 Z15 84,53 15.43 0.02 Fe and 0. 02 Pb; cylindricz]l specimen 10 cm long; machined; annealed
for 21 kr at 540 C; electrical resistivity 2.55 and 2.36 uf).cm at 1,05
and 4. 2 K, respectively.

58 157 Olsen, T. 1960 L 1.4-4,2 Z20 86.56 13.43 0.01 Fe; cylindrical specimen 10 cm long; cold-worked and machined;
annealed at 500 C for 17 hr; electrical resistivity 2.73 and 2.58 yQ cm
at 1. 05 and 4. 2 K, respectively.

59 157 Olsen, T. 1960 L 1.3-4.1 z30 69.95 30.02 0.02 Fe and 0. 01 Pb; cylindricel specimen 10 cm long; machined; annealed
for 21 hr at 540 C; electrica. resistivity 4.22 and 4.10 uQ cm at 1. 05
and 4, 2 K, respectively.

60 158 Gordon, J.E. and 1965 1.1-4.1 CDA alloy; 69.3% 30.7+ 0.07 Si, 0.025 Pb, <0, 01 each of Fe, Co, and Ni; strip specimen 0. 0150 cm

Amstutz, L.I. No. 260 0.5 0.5 in cross-section and 3, 46 cm long; supplied by Chase Brass and Copper Co. ;
cold-rolled cartridge brass of nominal grain size 0. 025-0. 050 mm;
electrical resistivity 3. 78 ard 6. 65 ufd cm at 4. 2 K and room temperature,
respectively.

61 123  Materials in Design 1959 293.2 Gliding 94,0-  Bal. Nominal composition; density 8.86 g cm™.

Engineering 96.0

62 123 Materials in Design 195¢ 293.2 Commercial 89.0~ Bal. Nominal composition; density 8.80 g cmi 3.

Engineering bronze 91.0

63 123 Materials in Design 195¢ 293.2 Red brass 84.0- Bal. Nominal composition; density 8 75 g cm™.

Engineering 86.0

64 123 Materials in Design 1958 293.2 Low brass 78.5- Bal. Nominal compositior; density 8.66 g cm™3.

Engineering 81.5

65 123 Materials in Design 1959 293.2 Cartridge 68.5-  Bal. Nominal composition; density 8.53 g em™,

Engineering brass 71.5

66 123 Materials in Design 1959 293.2 Muntz metal 59.0-  Bal. Nominal composition; density 8.39 g cm™.

Engineering 63.0

67 83 Kierspe, W. 1967 L 293.2 1.54 Cylindrical specimen.

68 159 Srivastava, B.N., 1969 L 17-92 1.96 Prepared from spectrographica:ly pure rods of copper and zinc, supplied by

Chatterjee, S., and Johnson Matthey and Co., Lid, by sealing the metals in appropriate por-

Sen, S.K. tion in an evacuated quartz ttbe, heating to 1100 C, shaking thoroughly,
cooling to 900 C and maintairing for 5 days, rolled, annealed at 500 C for
6 hr; residual electrical resistivity 0.549 yQ cm.

69 159 Srivastava, B.N., et al. 1969 L 18-91 4.76 Same fabrication metxod as the above specimen; residual electrical resis-
tivity 1.043 pQ cm.

70 44  Griffiths, E. and 1928 L 337-498 Ber 4 60.7 38.5 0.5 Sn and 0. 30 Mn; 1 in. diameter and 15 in. long; electrical resistivity

Schofield, F.H. 9.8, 9.8, 10.0, 10.4, 10.9, and 11.3 uQ cm at 20, 75, 100, 150, 200,
and 250 C, respeciively.

7% 92  Smith, C. 8. 1930 L 405-515 Bar 55 81.18 18.63 0.20 Sn, 0.02 Fe, and trace Pb; 0. 750 in. diameter and 13. 25 in. long;

* Not shown in figure.

annealed at 700 C Zor 2 hr; electrical conductivity 18. 674 x 104 Q1 ecm™
at 20 C,

9601
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TABLE 18. 'THERMAL CONDUCTIVITY OF COPPER + ZINC ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition

Cur. -Ref. Author () Year j\%"thgd Rzimpk Specimen (weight percent) Composition (continued), Specifications, and Remarks

No. No. se g€, Designation Cu Zn

72 92 Smith, C.S. 1930 L 321-508 -Bar 56 71.09 27.77 1.02 Sn, 0.02 Fe, and trace PB; 0. 750 in. diameter and 13.25 in. long;
annealed at 700 C for 45 min; electrical conductivity 14.298 x 104
Qlcmtat20C,

78% 92 Smith, C.8. 1930 L 320-517 Bar 57 59,85  39.36 0.70 Sn, 0.07Pb, and 0. 02 Fe; 0. 750 in. diameter and 13.25 in. long;
annealed at 650 C for 3 hr; electrical conductivity 15,146 x 104 Q1cm™
at 20 C.

74 150 . Denaldson, J. W. 1925 L 363-702 70:30 brass 70.29 28.71 0.35 8n, 0.34 Pb, and 0.31 Fe; 0. 75 in. diameter and 15.5 in. long;

- machined from a dry sand-cast bar.

75 160 Tezdokoro, Y. 1936 P 479-888 Brass 71.00 28.43 0.25Pb, 0.24 Fe, and trace Ni and 8i; 110 x 110 x 70 mam; annealed at
650 C for 1.5 hr; density 8. 062 g cm™®; thermal conductivity values
calculated from measured thermal diffusivity, specific heat capacity,
and density data.

76 52 Charsley, P,, Salter, 1968 L 1.8-4.2 o~brass 27.8 Polycrystalline; supplied by the International Research and Development

J.A.M., and Leaver, Co., Ltd.; prepared by induction melting; annealed in vacuum at 750 C
A.D.W, for 15 hrs, furnace cooled.
77 52 Charsley, P., et al. 1968 L 1.7-4.2 o~brass The above specimen deformed by tensile strain of 4. 4%,
78 120 Leaver , A.D.W, and 1971 L 2.1-4.1 30 Zn Similar to the specimen for curve No. 76; deformed by tensile strain of
Charsley, P. 3..2%.
" 79% 161 Lomer, J.N. 1958 10-100 0.1%n 99,9 0.1 Data taken from smooth curve presented by H. M. Rosenberg [180] .

80 161 Lomer, J.N, 1958 10-100 1.0 Zn 99.0 1.0 Similar to above,

81 161 Lomer, J.N, 1958 10-100 2.0 Zn 98,0 2.0 Similar to above,

82 . 161 ZLomer, J.N, 1958 10-100 3.0 Zn 97.0 3.0 Similar to above.

83 161 Lomer, J.N, 1958 10-100 4.5Zn 95.5 4.5 Similar to above.

84 161 Lomer, J.N, 1958 10-100 7.2 %Zn 92.8 7.2 Similar to above.

85 161 Lomer, J.N, 1958 10~100 10.0 Zn 90.0 10.0 Similar to above,

86 161 Lomer, J.N, 1958 20~100 25.5 Zn T4.5 25.5 Similar to above,

87+ 172 Kapoor, A., Rowlands, 1974 L 0.57-4.0 o-Brass 69.4 30.6 Calculated composition (30 a/o Zn); 4 mm diameter x 12 cm long; cast in

J.A., and Woods, S.B. air, swaged to 0,25 in, diameter, and machined to size; cold worked;
residual electrical resistivity 4. 59 pQ cm.

88* 172 Xapoor, A., etal, 1974 L 0.52-3.9 a~-Brass The above specimen annealed in argon at 600 K for 12 hr; residual elec-
trical resistivity 3.82 uQ cm.

89% 172 Kapoor, A., etal, 1974 L 0.71-4.0 a~Brass The above specimen reannealed in argon at 700 K for 12 hr; residual
electrical resistivity 3.77 uQ cm,

90* 172  Kapoor, A., etal, 1974 L 0,73-4.0 oa~Brass The above specimen reannealed in argon at 1000 K for 12 hr; residual
electrical resistivity 3.86 uQ cm.

91*% 172 Kapoor, A., et al, 1974 L 0.68-4.0 Brass Single crystal; 3 mm diameter x 15 cm long; obtained from Windsor Metal

* Not shown in figure.

Crystals Inc., Md.; residual electrical resistivity 3,53 yQ cm.
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4.7. Gold-Palladium Alloy System

The gold-palladium alloy system forms a continuous series
of solid solutions ovér the entire range of compositions and is
free from the complicating effects of any kind of transforma-
tions,
~ There are 14 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the
nine data sets available for Au+Pd alloys listed in table 20
and shown in figure 45, five sets are merely single data points
at room temperature, and all the five data sets available for
Pd + Au alloys are single data points at room temperature, as
listed in table 21 and shown in figure 46.

The thermal conductivity of these alloys was first investi-
gated by Schulze [93] (Au+Pd curves 1-5"and Pd+Au
curves 1-5) who measured the room-temperature thermal
conductivity of these alloys at intervals of 10%. These data,
which include the only experimental data for this system for
palladium concentrations greater than 40%, are thought to
be more than 20% too high in some cases. This judgment is
based primarily on the fact that interpolation between the
values for 30 and 40% Pd yields a value 27% greater than
that obtained by Laubitz and van der Meer [85] (Au+Pd
curve 8) on a specimen containing 34.95% Pd and is sup-
ported by the fact that, after correcting for the lattice compo-
nent, the Lorenz ratio for the specimen containing 40% Pd
(55.24 At.% Pd) is 30% greater than the classical value. It is
unlikely that band structure effects could cause such a large
deviation from the classical value for this composition at 298
K.

In contrast to this, the early measurements by Griineisen
and Reddemann [61] of the thermal conductivity at liquid
hydrogen and liquid nitrogen temperatures of specimens
containing 5, 10, and 39.9% Pd (Au+Pd curves 6-8) are
thought to be close to the true values. The values calculated
from eqs (12) and (35) are in good agreement with these
measurements at those temperatures for which it was possible
to calculate the lattice component. The investigation by
Fletcher and Greig [84] of the therral conductivity of
palladium-silver alloys revealed that the strong electron-
phonon interaction in palladium-rich alloys suppresses the
low temperature lattice thermal conductivity, causing its
maximum to occur at much higher temperatures than in

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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silver-rich alloys. This elevation of the temperature of the
maximum of the laitice component is believed to occur also in
this alloy system. The evidence for this is that while the
calculated and experimental data for the 5, 10, and 39.9% Pd
(8.88, 17.06, and 55.24 At.% Pd) alloys differ by less than 5%
at 80 K and while the measured values at liquid hydrogen
temperatures of the 5 and 10% Pd specimens are consistent
with the calculated values at 30 K, the measured value for the
39.9% Pd specimen is far below the calculated value for 30 K.

At high temperatures the only measurements are those of
Laubitz and van der Meer [85], but these range from 300 to
1200 K and provide a test of the temperature dependence of
the calculated values of the thermal conductivity of these al-
loys in this region. While the slope of the calculated curve is
slightly steeper than that of the experimental curve, the larg-
est discrepancy between the calculated and experimental val-
ues is less than 7%; in view of the 3.5% experimental error
estimated for these measurements this is considered satisfac-
tory agreement.

A graphical comparison of the recommended total thermal
conductivity values with some of experimental data is given
in figures 41 and 42. For gold-rich alloys shown in figure 41,
the recommended values are in agreement with the higher
temperature portion of the data of Griineisen and
Reddemann [61) (Au+Pd curves 6-8) to within 5%, with the
data of Laubitz and Van der Meer [85] (Au+Pd curve 9) to
within 7%, and with the data of Schulze [93] (Au + Pd curves
3-5) to within 6 to 10%. For palladium-rich alloys shown in
figure 42, the recommended values agree with the data of
Schulze [93] to within 3%.

The recommended values for &, k., and &, are tabulated in
table 19 for 25 alloy compositions. These values are for alloys
which have not been severely cold worked or quenched. The
k. values cover the full range of temperature from 4 to 1200
K, whereas the k and k, values are not given for low tempera-
tures. The values for & are also presented in figures 43 and 44
and their uncertainties are stated in a footnote to table 19, in
which the values of residual electrical resistivity for the alloys
are alsa given. The uncertainties of the k., and k, values are
indicated by their being designated as recommended or pro-
visional values. The ranges of uncertainties of recommended
and provisional values are less than £15% and between *15
and +30% respectively.
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TABLE19.

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-PALLADIUM ALLOY SYSTEM*

[Temperature, T, K; Thermal Conductivity, X, W cm~! K-t; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg, W em=t K1)

Au: 99.50% (99.08 At. %) Au: 99.00% (98.16 At.%) Au: 97.00% (94.58 At.%) Au: 95.00% (91.12 At. %)
Pd: 0.50% ( 0.92 At.%) Pd:  1.00% ( 1.84 At.%) Pd:  3.00% ( 5.42 At.%) Pd:  5.00% ( 8.88 At.%)
p,= 0.3500 pQem p, = 0.680 pQem Py = 2.010 yQem Py = 3-270 pQem
T k kg kg T k k, kg T k kK, kg T k k. kg
4 0.27¢ 4 0.144 4 0. 0486 4 0. 0299
6 0.419 6 0.216 6 0. 0729 6 0.0448
8 0.558 8 0,287 8 0. 0972 8 0.0598
10 0. 698 10 0.359 10 0.122 10 0. 0747
15 1.05 15 0.539 15 0.182 15 0.112
20 1.40 20 0,719 20 0.243 20 0.149
25 1.39 25 0.784 25 0.292 25 0.182
30  1.57% 1.48 0.0917 30 0.955%  0.878 0.0774 30 0.401% 0,342 0.0593 30 0,269 0.216 0. 0535
40 1.68% 1.60 0.0854 40 1.11% 1.04 0.0771 40 0,489« 0,436 0.0534 40 0.328 0.280 0.0479
50  1.79% .71 0.07¢3 50 1.23% 1.17 0.0656 50 0.567*  0.518 0.0488 50  0.382 0.339 0. 0436
60 1,88% 1.81 0.0736 60 1,34% 1.28 0.0608 60 0.643%  0.598 0.0451 60 0.436 0.396 0.0402
70 1,96% 1.90 0.0684 70 1.43% 1.38 0. 0566 70 0,715+ 0,673 0.0419 70  0.488 0.451 0.0374
80  2,02% 1.95 0.0638 80 1,51% 1.48 0. 0529 80 0.779% 0,740 0.0392 80  0.537 0,502 0.0350
90 2.10% 2,04 0.0597 90 1.60% 1.55 0, 0497 90 0.846%  0.809 0.0369 90 0.587 0.554 0.0329
100 2,16+ 2.10 0. 0561 100 1.68% 1.64 0.0468 100 0.910%  0.875 0.0349 100 0.635%  0.604 0.0312
1500 2.42% 2.37 0.0429 150 2, 00% 1.97 0.0366 150 1.19% 1.16 0.0278 150 0.857* 0,832 0. 0249
200 2,55+ 2. 52 0,0348 200 2.18%* 2.15 0. 0302 200  1.40% 1.38 0. 0234 200 1,04% 1.02 0.0211
250 2.64x 2.61 0.0282 250  2,30% 2.28 0. 0258 250 1.57T* 1.55 0.0203 250  1.20% 1.18 0,0184
273 2.66% 2.63 0.0272 273 2.36% 2.33 0. 0242 273  1.63% 1.61 0.0192 273 1.27%* 1.25 0.0175
300 2,68« 2.66 0.0282 300 2.40% 2.37 0.0226 300 1.70% 1.69 0,0181 300 1.33% 1.32 0.0165°
350 2,72 2.69 0.0222 350  2,45% 2.43 0. 0201 350 1.81% 1.79 0.0163 350  1.45% 1.43 0. 0150
400 2,765% 2.73 0.01%8 400 2, 51% 2.49 0.0181 400 1.91% 1.89 0.0149 400  1.55% 1.54 0.0137
500 2,.80% 2.78 0.0163 500 2.57%* 2,55 0. 0152 500 2,04 2.03 0.0128 500 1,70% 1.69 0.0119
600 2.79% 2.7 0.0139 600  2.62% 2,61 0.0130 600 2.14% 2.13 0.0113 600  1.82% 1.81 0.0105
700  2.75% 2.74 0.0121 700 2,62% 2.61 0.0115 700 2.20% 2,19 0.0101 700 1.90% 1.89 0. 00949
800  2.71x 2.70 0.0107 800  2.59% 2.58 0.:0102 800 2.22% 2.21 0.00914 800  1,95% 1.94 0.00866
900  2.65% 2.64 0.0959 900  2.54% 2.54 0. 00923 900  2.23% 2.22 0.00837 900 1.99% 1.98 0. 00797
1000 2,60+ 2.59 0.00870 1000 2, 52% 2.51 0. 00841 1000 2.23% 2.22 0.00772 1000 2,01% 2.00 0.00740
1100 2,53« 2.52 0.00796 1100 2, 46%* 2.45 0.00773 1100 2,21 2.21 0.00717 1100 2.01% 2.01 0.00691
1200 2.47* 2.46 0.00733 1200 2,41% 2,40 0.00715 1200 2.19% 2.18 0. 00670 1200 2,00% 2.00 0. 00649

f Uncertainties in the total thermal conductivity, k, are as follows:
99.50 Au - 0. 50 Pd: + 14% below 60 K and + 10% above 60 K.
99.00 Au - 1. 00 Pd: + 14% below 60 K and + 10% above 60 K.
97.00 Au - 3,00 Pd: + 14% below 60 K and + 10% above 60 K.
95.00 Au - 5. 00 Pd: i+ 14% below 60 K and + 10% above 60 K.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE19.

"RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-PALLADIUM ALLOY SYSTEM (continued) *
[Temperature, T, K; Thermal Conductivity, k, W cm-~! K-1; Electronic Thermal Conductivity, “{e’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em-! K1)

Au: 90.00% (82.94 At.%)
Pd: 10.00% (17.06 At.%)

Aw: 85,00% (75,38 At. %)
Pd: 15.00% (24.62 At. %)

Au: 80.00% (68.36 At.%)
Pd: 20.00% (31.64 At.%)

Au: 75.00% (61.84 At.%)
Pd: 25.00% (38.16 At.%)

p, = 6-160 pQem

P, = 8.65 uQem

p, = 10.85 uQem

P, = 12.74 pQem

T k ke kg T k ke kg T k ke kg T k ke kg
4 0.0159 4 0.0113 4 0.00901 4 0. 00767
6 0. 0238 6 0.0169 6 0.0135 6 0.0115
8 0.0317 8 0.0226 8 0.0180 8 0.0153
10 0.0397 10 0.0282 10 0. 0225 10 0.0192
15 0.0595 15 0.0424 15 0.0338 15 0,0288
20 0.0793 20 0.0565 20 0. 0450 20 0.0384
25 0.0965 25 0.0694 25 0.0554 25 0.0474
30 0.164 0.115 0.0489 30 0. 0829 30 0.0663 30 0. 0566
40 0.195 0.151 0.0435 40  0.152%  0.109 0.0429 40 0. 0876 40 0.0749
50 0.226 0.187 0.0395 50 0.174*  0.135 0. 0389 50  0.148* 0,109 0.0396 50 0,0929
60 0.258 0.222 0.0363 60 0.197%  0.161 0.0358 60 0.166%  0.129 0.0364 80  0.148%  0.111 0.0376
70 0.290 0.256 0.0338 70 0.220%  0.186 0.0333 70  0.184¢ 0,150 0.033¢9 70 0.163¢ 0,128 0.0350
80 0.320 0.289 0.0316 80 0.242*%  0.211 0.0312 80 0.202%  0.170 0.0317 80 0.178%  0.146 0.0328
90 0.351 0.322 0.0298 90 0.265% 0.235 0.0294 90  0.220% 0,190 0.0299 90 0.194% 0,163 0.0310
100 0.383*%  0.354 0.0282 100 0.287*  0.259 0.0278 100  0.238* 0,209 0.0284 100  0.209x 0,180 0.0294
150 0.529% 0,506 0.0227 150 0.397*%  0.375 0. 0225 150  0.327¢  0.304 0. 0230 150 0.285«  0.261 0.0238
200 0.660%  0.640 0.0193 200 0.500*%  0.481 0.0192 200 0.412%  0.392 0.0196 200 0.357%  0.337 0. 0204
250  0.778% 0,761 0.0170 250 0.594%  0.577 0. 0169 250 0.491%  0.473 0.0173 250 0.423%  0.405 0.0180
273  0.829% 0,813 0.0161 273  0.835% 0,169 0,0161 273 0.528%  0.512 0.0165 273 0.452%  0.435 0.0171
300 0.8886 0.871 0.0153 300 0.682*% 0.666 0.0152 300 0.565 0. 549 0.0156 300  0.486% 0,470 0.0162
350 0.983*%  0.969 0.0139 350 0.762%  0.748 0.0139 350 0.631*  0.617 0.0143 350 0.544%  0.529 0.0149
400  1.07% 1.06 0.0128 400 0.838%  0.826 0.0129 400 0.695%  0.682 0.0132 400 0.599%  0.586 0.0138
500  1.22% 1.21 0.0112 500 0.966%  0.955 0.0113 500 0.806x 0,795 0.0116 500 0.698% 0.686 0.0121
600 1,34 1.33 0.00999 €00 1.08% 1.07 0.0101 600  0.909%  0.899 0.0104 600 0.785% 0.774 0.0108
700 1.44% 1.43 0.00907 700 1.17* 1.16 0.00917 700 0.996¢  0.986 °  0.00947 700  0.861%  0.851 0. 00989
800 1.51% 1.50 0.00832 €00 1.25% 1.24 0. 00844 800 1.07% 1.086 0.00873 800 0.927%  0.918 0. 00912
900 1.57% 1.56 0.00771 €00  1.31% 1.30 0.00784 900 1,13+ 1.12 0.00812 900  0.981% 0,973 0. 00849
1000 1.61%* 1.61 0.00720 1000 1.37% 1.36 0.00733 1000 1.19% 1.18 0.00760 1000 1.03% 1.02 0.00796
1100  1.64% 1.64 0.00676 1100 1.41x 1.40 0.00690 1100 1.23% 1.22 0.00716 1100 1.06% 1.05 0.00750
1200 1.66% 1.66 0.00637 1200 1.43% 1.43 0. 00652 1200 1.26% 1.25 0.00678 1200 1.09% 1.09 0.00711

+ Uncertainties inthe total thermal conductivity, k, are as follows:

90.00 Au - 10,00 Pd: + 14% below 150 X and + 10% above 150 K.
85.00 Au ~ 15,00 Pd: + 14% below 150 X and + 10% above 150 K,
80. 00 Au ~ 20,00 Pd: 1 14% below 150 X and i 10% above 150 K,
75.00 Au - 25,00 Pd: 4 14% below 150 X and + 10% above 150 K.

* I temperahn:e range where no experimentzl thermal conductivity data are available.
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TABLE 19,

RECOMMENLCED THERMAL CONDUCTIVITY OF GOLD-PALLADIUM ALLOY SYSTEM (continued)
[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, ke’ W em-! K-1; Lattice Thermal Conductivity, kg’ V em™ K1)

Au: 70.00% {55.76 At.%)
Pd: 30.00% (44.24 At.%)

Au: 65.00% (50.08 At.%)
Pd: 35.00% (49.92 At.%)

Auw: 63.00% (44.76 At.%)
Pd: 40,007 {55.24 At.%)

Au: 55.00% (39.77 At.%)
Pd: 45.00% (60.23 At.%)

pp= 15.00 pQcm

p, = 20.57 plem

p, = 23.55 pldem

P, = 23.19 plem

T k k'3 kg T k ke kg‘ T k ke kg T k ke kg
4 0. 00652 4 0.00475 4 0.00415 4 0. 00421
6 0. 00977 6 0.00713 6 0. 00622 8 0. 00632
8 0, 0130 8 0.00950 8 0. 00830 8 0.00843
10 0. 0163 10 0.01.9 10 0.0104 10 0.0105
15 0.0244 15 0.0178 15 0. 0156 15 0.0158
20 0, 0326 20 0.0238 20 0.0207 20 0.0211
25 0, 0402 25 0.029%4 25 0. 0257 25 0.0261
30 0.0481 30 0.0352 30 0.0308 30 0.0312
40 0. 0637 40 0.0466 40 0. 0408 40 0.0413
50 0. 0780 50 0.0579 50 0. 0507 50 0.0512
60  0,133% 0.0942  0.0393 60 0.0688 60 0. 0605 60 0.0608
70 0.146%  0.10¢ 0.0365 70 0.0797 70 0. 0701 70 0. 0703
80  0.158% 0,124 0.0343 80 0.,127%  0.0905 0.0360 80 0.117¥ 0.0793  0.0381 80 0.0796
90 0.,171% 0,138 0.0323 90 0.135%  0.10. 0.0340 90 0, 125% 0.0887  0.0360 90 0. 0889
100  0.184%  0.153 0.0307 100 0.144% 0,112 0. 0323 100 0.132%+ 0.0980% 0.0341% 100 0.0976
150  0.246% 0,221 0. 0249 150 0.183% 0,162 0.0262 150  0,169%F 0,142%  0.0277% 150  0.169%% 0,140%  0,0295%
200 0.306%  0,28% 0.0213 200 0.23L%  0.200 0.0224 200 0.206%% 0,182%  0,0238% 200 0.204%% 0,178%  0,0253%
250 0,361k .0.34Z 0,0188 250 0.272%  0.252 0.0199 250 0,240%% 0.21%% 0,0210% 250 0.236%F  0.213%  0.0224%
273  0.385%  0.367 0.0179 273  0.290%  0.27° 0.0189 273  0.256%F 0.236%  0,0200% 273  0.250%% 0.229%  0.0213%
300 0.412%  0.39€¢ 0.0170 300 0.311 0.293 0.0179 300 0.274%  0.255%  0.0190% 300 0.267%% 0.247%  0,0202%
* .
350 0.461%  0.44% 0.0156 350 0.349 0.333 0.0164 350 0,303%F 0,201%  0.0174% 350 0.293%F 0.280% 0.0185#%
400 0.507% 0,492 0.0144 400 0.387 0.37: 0. 0152 400 0.341%F 0.325%  0,0161% 400  0.323%% 0.311% 0.0172%
500 0.58% 0,577 0.0127 500 0.46D 0.44" 0.0134 500 0.405%F 0.39.%  0,0142% 500 0.385%F 0.370%  0.0151%
600 0.662% 0,651 0.0114 600 0.53L 0.51% 0.0120 600 0.467%% 0.455%  0,0128% 600 0,441 0.4274  0.0136%
700 0.729% 0, 71S 0.0104 700  0.599 0,588 0.0110 700  0.523%% 0.517%  0,0116% 700 0.495%% 0.483%  0,0124%
800 0.789%  0.77S 0.00959 800 0,660 0. 650 0.0101 800 0.587%F 0.576% 0,0107% 800 0.546%F 0.535%  0.0114%
900 0.842% 0,832 0.00893 900 0.718 0.706 0.00944 900  0.64)%% 0.630%  0.0100% 900 0.593%F 0.582%  0.0107%
1000 0.888% 0,880 0.00838 1000 0.767 0.758 0. 00885 1000 0.683%F 0.679%  0.00939% 1000 0.634%F 0.624% 0.0100%
1100  0.930% 0,922 0. 00790 1100 0.815 0.807 0.00835 1100 0,.73%< 0,725%  0,00886% 1100  0,680%% 0.671%  0.00943%
1200 0.,972%  0.96% 0.00749 1200 0.864 0.858 0.00792 1200 0.782%% 0,773+  0,00840% 1200 0.724%F 0.715%  0.00894%

1 Uncertainties in the total thermal conductivity, .k, are as follows:

70. 00 Au ~ 30,00 Pd:
65,00 Au - 35,00 Pd:
60.00 Au - 40, 00 Pd:

+ 14% below 150 K and + 10% above 150 K.

+ 14% below 150 K and + 10% above 150 K.

55.00 Au -~ 45,00 Pd: +£15%.
% Provisional value.

+20% below 150 K and + 15% above 150 K,

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 19,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-PALLADIUM ALLOY SYSTEM (continued) t
{Temperature, T, K; Thermal Conductivity, k, W cm~! K-1; Electronic Thermal Conductivity, k, W em™! K-1; Lattice Thermal Conductivity, kg’ Wem~t K1)

Au: 50.00% ( 35.07 At. %)
Pd: 50.00% (64.93 At.%)

Au: 45,00% (30, €5 At.%)
Pd: 55,00% {69.55 At. %)

Aw 40,00% (26.48 At.%)
Pd: 60,00% (73,52 At. %)

Au: 35,00% (22.53 At. %)
Pd: 65.00% (77.47 At. %)

Py = 21.54 pliem

p, = 19.33 pQem

P, = 17.00 pllem

bo =14.70 pQcm

T k k, kg T k k, kg T k k, kg T k k, kg
4 0.00454 4 0.00505 4 0.005%75 4 0.00665
6 0. 00681 6 0.00758 6 0. 00862 6 0. 00997
8 0. 00907 8 0,0101 8 0.0115 8 0.0133
10 0.0113 10 0.0126 10 0. 0144 10 0.0166
15 0.0170 15 0.0190 15 0.0216 15 0.0249
20 0.0227 20 0.0253 20 0.0287 20 0.0332
25 0. 0281 25 0,0313 25 0.0353 25 0. 0408
30 .0.0336 30 0.0373 30 0. 0421 30 0.0486
40 0. 044« 40 0.0492 40 0.0553 40 0.0635
50 0. 0548 50 0.0605 50 0.0678 50 0.0776
60 0. 0649 60 0,0714 60 0.0798 60 0.0908
70 0. 0748 70 0.0820 70 0.0914 70 0.103
80 0.0845 80 0.0923 80 0.103 80 0.116
90 0. 0941 90 0.102 90 0.114 20 0.127
100 0.103 100 0.112 100 0.124 100 0.139
150 0.178xf 0.146%  0.0315% 150 0.156 150 0.170 150 0.187
200 0.211*% 0.184:  0.0270% 200 0.223+% 0,194F  0.0290% 200 0.241%% 0.209%  0.0314% 200  0.261%F 0,227t  0.0342%
250 0.242+«F 0.218%  0.0239% 250 0.254%% 0,228%  0,0257F 250 0.271x% 0.243f  0.0278% 250 0.291x% 0,261f  0.0302%
273  0.2554 0.232%  0.0228% 273  0.269%F 0,244%  0.0245% 273  0.284x% 0,258%  0,0265% 273  0.304F 0.275%f  0.0288%
300 0.271: 0.249%  0.0216% 300 0.283x% 0,260% 0.0232% 300 0.300: 0.274%  0,0251% 800 0.319%% 0.292% 0.0273%
350 0.301<%F 0.281%  0.0198% 350 0.312¢% 0,201%f 0.0213% 350 0.329%F 0.306°  0.0230% 350 0,349 0,324*  0.0250%
400 0.329x% 0.311¢  0.0184% 400 0.340%% 0,320% . 0.0197F 400 0.357+«F 0.335%  0.0213% 400 0.374%% 0.351:  0.0231%
500 0.383<% 0.367% 0.0161% 500 0,392+ 0.375%F 0.0173% 500 0.409%F 0.391%  0.0187% 500 0.432%F 0,412%  0,0203%
600 0.435%% 0.420¢  0.0145% 600 0.442%% 0,426F  0.0156% 600 0,459x% 0.443%  0,0168% 600 0.482«% 0,464  0.0183%
700 0.483=%¢ 0.470%  0.0132% 700  0.488% 0,474%  0.0142% 700 0.506% 0.490%  0.0153% 700 0.528% 0.512% 0.0166%
800 -0.529~% 0.517¢ 0.0122% 800 0.531% 0.518%  0.0131% 800 0,549 0,535%  0.0141% 800 0.570%% 0.554=  0.0153%
900 0.572<% 0.561%  0.0114% 900 0.571x% 0,559%  0.0122% 900 0.588+F 0.575%  0,0132% 900  0.609%% 0,594%  0.0143%
1000  0.615%F 0.6043  0,0107% 1000 0.809%F 0,598%  0.0115% 1000  0.626+ 0.614%  0.0123% 1000 0.646+%F 0.633*  0.0134%
1100 0,657 0.647%  0,0101% 1100 0.639% 0,628°  0.0108% 1100 0,663%% 0.652°  0.0116% 1100  0.683«% 0,671 0.0126%
1200 0.701x% 0.692%  0.00955% 1200 0.686x 0.676%F  0.0102%F 1200 0,700+ 0.689%  0,0110% 1200  0.719% 0.707*  0.0120%
t Uncertainties in the total thermal conductivity, k, are as follows:
50,00 Au - 50,00 Pd: +15%.
45,00 Au ~ 55.00 Pd: & 15%.

40,00 Au - 60.00 Pd: *15%.
35.00 Au ~ 65.00 2d: +15%.

+ Provisional value.
* In temperature range vhere no experimental thermal ¢onductivity data are available,
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TABLE 19.

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-PALLADIUM ALLOY SYSTEM (continued) +
{Temperature, T, K; Thermal Conductivity, kX, W cm~! K~!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg, W em~t K™Y

Au: 30. 00% (18. 80 At. %)
Pa:".70. 00% (81.20 At. %)

Au: 25.00% (15.26 At.%)
Pd: 75.00% (84.74 At.%)

Au: 20.00% (11,90 At.%)
Pd: 30,00% (88.10 At.%)

Au: 15.00% ( 8.70 At.%)
Pd: 85.00% (91,30 At. %)

P = 13.00 pQem

Py = 10.19 uQem

0y = 8.00 uQem

p, = 5-850 pQem

T k k, kg T k k, kg T k k, kg T k k, kg
4 0.00752 4 0.00959 4 0.0122 4 0.0167
6 0.0113 6 0.0144 6 0.0183 6 0.0251
8 0..0150 8 0.0192 8 0. 0244 8 0.0334
10 0.0188 10 0. 0240 10 0.0305 10 0. 0417
15 0. 0282 15 0.0360 15 0.0458 15 0.0626
20 0. 0376 20 0. 0479 20 0.0611 20 0.0835
25 0. 0459 25 0.0584 25 0. 0741 25 0.0993
30 0. 0545 30 0.0692 30 0. 0875 30 0.116
40 0. 0710 40 0. 0897 40 0.112 40 0.147
50 0. 0864 50 0,108 50 0.134 50 0.173
60 0.101 60 0.125 60 0.153 60 0.194
70 0.114 70 0.140 70 0.170 70 0.214
80 0.128 80 0.155 80 0.187 80 0.232
90 0. 140 90 0.170 90 0. 202 90 0. 250
100 0.152 100 0.183 100 0.216 100 0.254
150 0.202 150 0.236 150 0.271 150 0.317
200 0.280%F 0.243%  0.0376% 200 0.319%F 0.278%  0.0418% 200 0.330%%F 0.313% 0.0472% 200 0. 355
250 0.311%F 0,277%  0,0332% 250 0.349%F 0.312¢  0.0369% 250 0.337+F 0.345%  0,0417% 250, 0.433%F 0,384% 0.0482%
273  0.324%F 0.292%  0,0316% 273  0.,361%% -0.326%  0.0351% 273 - 0.339%f 0.359% 0.0396% 273  0.443% 0,397%  0.0458%
300 0.341% 0.311%  0,0300% 300 0.377#% 0.3443%  0,0333% 360 0.413% 0.376% 0,0375% 300 0.457* 0.414% 0.0434%
350 0,372%F 0,34%  0.0274% 350 0.408%F 0.378%  0,0304% 350 0.444%  0.410%  0.0343% 350 0.487+F 0.447%  0.0396%
400 0.402%% 0.377%  0.0254% 400 0,438%F 0.400%  0.0282% 400 0.474%  0.442%  0.0317% 400 0.516%F 0.479% 0.0366%
500 0.459%F 0.437%  0,0223% 500 0.492+F 0.467%  0,0247% 500 0.528%  0.500% 0.0277% 500 0.570%% 0.539% 0.0319%
600 0.511%¥ 0.491%  0,0200% 600 0.542%% 0.520%  0.0221% 600 0,578% - 0.553% 0,0248% 600 0.619%% 0.531% 0.0285%
700 0.557#% 0.539%  0.0182% 700 -0,588%% . 0,568%  0.0201% 700  0.626% 0.604% 0.0226% 700  0.666%F 0.640% 0.0259%
800 0.602+% 0.585%  0.0168% 800 0.633%¥ 0.615%  0,0185% 800 0.672% = 0.652% 0,0208% 800 0.709%% 0.635% 0.0237%
900 0.645%F 0.629%  0.0156% 900 0.677T+F  0.660%  0.0172% 900 0.7L7%  0.698%  0.0193% 900 0.757+F 0.735%  0.0220%
1000 0.681%F 0.667%F  0.0146% 1000 0.716%% 0.700%  0.0161% 1000 0,756%  0.738%  0,0180% 1000  0.797%% 0.776%+ 0.0205%
1100 0.718%% 0.704%  0.0138% 1100  0.754%% 0,739%  0,0152% 1100 0.795%  0.778%  0,0169% 1100  0.836%F 0.817¢ 0.0193%
1200 0.753%% 0.740%  0.0130% 1200  0.791%% 0.776%  0.0144% 1200 0,.832% 0.816% 0.0160% 1200  0.871% 0.853% 0.0182%

1 Uncertainties in the total thermal conductivity, k, are as follows:
30.00.Au ~ 70,00 Pd: +15%.
25.00 Au - 75.00 Pd: +15%.
20.00 Au - 80,00 Pd: +15%.
15.00 Au - 85,00 Pd: +15%.

4 Provisional value.

* In temperature range where no experimental thermal conductivity data are available,
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TABLE 19,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD~-PALLADIUM ALLOY 3YSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-t; Electronic Thermal Conductivity, kg, W em-t K-1; Lattice Thermal Conductivity, k'g’ Wem™! K1)

Au: 10.00% ( 5.66 At.%)
Pd: 90, 00% (94. 34 At.%)

Aw:. 5.00% ( 2.76 At.%)
Pd: 95.00% (97.24 At.%)

Au:  3.00% { 1.64 At.%)
Pd: 97.00% (98, 36 At.%)

Au: 1,00% ( 0,54 At. %)
Pd: 99.00% (99,46 At. %)

0o = 3.850 uQ} cm

P =1.900 3 em

Po= 1.100 Q2 cm

p, = 0-3800 pf3.om

T k kg ky T k k, ke T K kg kg T k k, kg
4 0.0254 4 0.0514 4 0.0888 4 0.257
6 0.0381 6 0.0771 6 0.133 6 0.386
8 0. 0508 8 0.103 8 0.178 8 0.514
10 0. 0635 10 0.129 10 0,222 10 0.643
15 0. 0952 15 0,193 15 0. 333 15 0.964
20 0.127 20 0.257 20 0. 444 20 1.29
25 0.151 25 0,296 25 0.483 25 1.16
30 0.175 30 0.337 30 0.533 30 1.15
40 0,227 40 0.393 40 0.576 40 1.03
50 0.247 50 0.418 50 0. 569 50 0.871
60 0.269 60 0,423 60 0. 550 60 0.762
70 0.288 70 0,430 70 0.537 70 0.699
80 0. 305 80 0.435 80 0.527 80 0.663
90 0.322 ) 0.444 90 0,520 90 0.637
100 0.333 100 0.447 100 0.515 100 0.615
150 0.377 150 0,462 150 0.505 150 0.559
200 0,407 200 0.475 200 0.508 200 0.545
250 0.489%F 0.431% 0,0582% 250 0,566%F 0,489% 0.0775% 250 0,610%% 0.517% 0.0930% 250 0.548
273 0.497%% 0.442% 0.0553 % 273 0.571%%  0,497% 0.0734% 273 0,612x% 0.524% 0.0879% 273 0.67v¢%F  0.553% 0.118%2
300 0.509% 0.457% 0,0523% 300 0,580+ 0,510%¢ 0.0692% 300 0,616%¢ 0.534%  0.0826% 00 0,675 0.565% 0.110%
350 0.538%F 0,490% 0.0476% 350 0.606%% 0,544% 0. 0627 % 350 0.640%F 0.566% 0.0745% 350  0.691%F  0,593% 0.0977%
400 0.566%% 0,522% 0.0439#% 400  0,629%% 0.572% 0.0575% 400 0.662%% 0,594% 0.0679% 400 0.706%%  0,618% 0.087¢%
500 0.617*% 0.578% 0.,0382% 500 0.677+% 0.627%  0,0495% 500 0.704%F 0.646%  0.0579% B00  0.739%% 0,666% 0.073C%
600 0.665+% 0,631% 0.0339% 600 0,720%F 0,677% 0,0437% . 600 0.746%F 0,.695% 0.0506% €00 0,778 0,715% 0.0625F
700 0.711%% 0.681%  0,0807% 700  0,761%%  0,722%  0.0392% 700 0.786%% 0.741%  0.045l% 200  0.816+% 0.761% 0.0546%
800 0.754%% 0.726%  0.0281% 800 0.806%F 0.770% 0,0356% 800 0,829%F 0.788%  0.04064% 800 0.856+F 0,807% 0.0485%
900 0.800%% 0,774% - 0.0259% 900 '0.850%% 0.817% 0.0326% 900 0.872%% 0.835% 0.0370 % €00  0.898* 0,855% 0.0437%
1000 0.841x% 0,.817% 0.0241 % 1000 0.887*F% 0.857% 0.0301% 1000 0,909%F 0.875% 0.0340 % 1000 0.933+ 0.893% 0.039%7%
1100  0.880%% 0.857% 0.0226 % 1100 0.925%k 0.897% 0.0280% 1100  0,949%% 0.917% 0.0314% 1100 0,972  0,935% 0.0364%
1200 0,918% 0.897¢  0,0213% 1200 0.958% 0,832%  0.0262% 1200  0,984%% 0.955%  0.0293% 1200 1.01#  0,980%  0.033¢4#

+ Uncertainties in the total thermal conductivity,. k, are as follows:
10,00 Au - 90.00 Pd: +15%.
5.00 Au - 95.00 Pd: +15%.
3.00 Au - 97.00 Pd: +15%.
1.00 Au - 99.00 Pd: +15%.

% Provisional value.

* In temperature range where no experimental thermal conductivity data are available,
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[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, ke’ W cm™! K-1; Lattice Thermal Conductivity, kg’ Wem™t K]

TABLE 19,

RECOMMENDED THERMAL CONDUCTIVITY CF GOLD-PALLADIUM ALLOY SYSTEM (continued) t

Aw:  0.50% ( 0.27 At.%)
Pd: 99.50% (99. 73 At. %)

p, = 0- 2600 uQ cm

T k k, kg
4 0.376

[ 0.564

8 0.752

10 0.940

15 1.41

20 1.88

25 1.51

30 1.42

40 1.16

50 0.944

60 0.803

70 0. 728

80 0.688

90 0. 667

100 0.641

150 0. 568

200 0.553

250 0.553

273  0.691%% 0.558%  0,133%
300 0.6937% 0.569%  0.123%
350 0.705<F 0.597%  0.108%
400 0.719%F  0.622%  0.0964%
500 0.751%% 0.672%  0.0791%
600 0.788<% 0.721F  0.0671%
700 0.823%% 0.765%  0.0581%
800 0.863xF 0.811%  0.0513%
900 0.903<% 0.857F  0.0460%
1000 0.939%% 0.898%  0.0416%
1100 0.978% 0.940%  0,0380%
1200 1.02%  0.983%  0.0350%

+ Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Au - 99,50 Pd: +15%.

# Provisional value,

% In temperature range where no experimentzl thermal conductivity-data are available,
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TABLE 20, THERMAL CONDUCTIVITY OF GOLD + PALLADIUM ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

T Name and Composition
%‘;r' ?I?)f‘ Author(s) Year I\!{Test};gd RZ:H;}J.K Specimen (weight percent) Composition [continued), Specifications, and Remarks
. . 5€5 Designation Au Pd
1 93 Schulze, F.A, 1911 E 298.2 50 50 Electrical conductivity 3.74 x 104 Q™ em™ at 25 C.
2 93  Schulze, F.A. 1911 E 298.2 60 40 Electrical conductivity 4.02 x 10°Q! em™ at 25 C.
3 93 Schulze, F.A, 1911 E 2098.2 70 30 Electrica’ conductivity 5,45 x 104Q™ ecm™ at 25 C.
4 93 Schulze, I, A. 1911 E 298.2 80 20 Electrica: conductivity 7.82 x 1010 cm™ at 25 C.
5 93 Schulze, F.A, 1911 E 298.2 90 10 Electrical conductivity 13.27 x 1041 cm™ at 25 C.
[ 61  Griineisen, E. and 1934 L 21-87 22 95 5 Calculated composition; heated at 800 C for 2 hr; elcetrical resistivity
Reddemann, H. 3.479, 3.939, and 5.44 uQ em at 22, 83, and 273 K, respectively.
7 61 Griineisen, F, and 1934 L 21-86 23 90 10 Calculated composition; heated at 800 C for 2 hr; elecirical resistivity
Reddemann, H. 7.175, 7.605, and 9.10 yf) cm at 22, 83, and 273 K, respectively.
8 61 Grimeisen, E, and 1934 L 21-92 24 60.1 39.9 Calculated composition; heated at 800 C for 2 hr; electrical resistivity
Reddemann, H. 23. 66, 24.48, and 27.1 u{) cm at 22, 83, and 273, K, respectively.
9 85 Laubitz, M.J, and 1968 L 300-1203  Platinel 1503 65.056 34.95 ~1.2 cm in diameter and 10 cm long; supplied by Engelhard Ind. ; annealed

Van der Meer, M.P.

at 800 0 900 K for 60 hr; electrical resistivity ratio p(273K)/p (4K) =
1.133; electrical resistivity reported as 24,3, 25.1, 25.5, 25. 9, 26.4,
26.9, 7.5, 28.2, 28.9, 29.5, 30.1, 30.8, 31.5, 31.9, 33.0 uQ cm
at 310, 420, 485, 551, 614, 688, 755, 821, 890, 953, 1012, 1072,
1140, 1198, and 1304 K, respectively; data extracted from smooth
curve.

it
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TABLE 21, THERMAL CONDUCTIVITY OF PALLADIUM + GOLD ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION
Name and Composition
%ur‘ %ef, Author (s) Year N{?mgd RTemp.K Specimen {weight percent) Composition (continued), Specifications, and Remarks
0. RO. se ange, Designation Pd Au
1 93  Schulze, F.A, 1911 E 298.2 90 10 1 mm thick wire specimen obtained from Heracus Co. ; electrical conduc-
tivity 6.65 x 101 Q1 em at 25 C.
2 93  Schulze, F.A, 1911 E 298.2 80 20 1 mm thick wire s?ecimen obtained from Heracus Co. ; electrical conduc-
tivity 5.33 x 10'Q*t cm™ at 25 C.
3 93  Schulze, T.A, 1911 E 298.2 70 30 1 mm thick wire specimen obtained from Heracus Co. ; electrical conduc-
tivity 4,72 x 10°Q1cm™ at 25 C.
4 93 Schulze, F.A, 1911 E 298.2 60 40 L mm thick wire specimen obtained from Heracus Co. ; electrical conduc-
tivity 3.89 x 10l em™ at 25 C.
5% 93 Schulze, F.A. 1911 E 298, 2 50 50 1 mm thick wire specimen obtained from Heracus Co. ; electrical conduc-

* Not shown in figure.

tivity 8.74 x 10°Q™1 em™ at 25 C.
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4.8. Gold-Silver Alloy System

The gold-silver alloy system. forms a continuous series of
solid solutions over the entire range of compositions [104].
Possible existence of ordered structures due to the formation
of AgAu, Ag;Au, AgsAu; and AgAu; intermetallic compounds
has been reported [183].

There are 39 sets of experimental data available for the
thermal conductivity of this alloy system. Of the 22 data sets
available for Au+ Ag alloys listed in table 23 and shown in
figure 51, nine sets cover only a narrow temperature range
from 273 to 373 K, which is the highest temperature at which
data exist. Of the 17 data sets for Ag-+Au alloys listed in
table 24 and shown in figure 52, four sets likewise cover only
the narrow temperature range from 273 to 373 K, which is
also the highest temperature at which data exist. This alloy
system is one of those in which at first sight the recommenda-
tions seem to be merely extensive extrapolations from a few
scattered experimental curves, but in fact the recommended
values for the electronic component are calculated from an
extensive body of electrical resistivity data and those for the
lattice component are calculated from well tested semi-
theoretical methods.

Thermal conductivities of this alloy system have been re-
ported in five papers [61, 63, 94, 95, and 172]. The measure-
ments by Griineisen and Reddemann [61] (Au + Ag curves 1
and 2 and Ag + Au curves 1 and 2) appear to he the most reli-
able, though there is some uncertainty in the compositions of
their gold-rich specimens. For most of their specimens, sepa-
ration of the electronic component from the measured total
thermal conductivities gives reasonable values for the lattice
component, without much scatter when these k, values are
plotted against the composition. However, the data for their
0.7% Au specimen (Ag+Au curve 1) are questionable. The
resistivities reported by Griineisen and Reddemann for this
specimen are as much as 15% higher than expected, while
separation of the lattice component gives negative values in
some cases. The lattice component for the 15.5% Ag speci-
men is 25% higher than the calculation from eq (35) at 83 K,
but the reported resistivity of this specimen is about 5%
higher than expected for an alloy of this composition; an er-
ror in the resistivity measurement of this magnitude would
account for the disagreement with the result from eq (35).
The separated lattice components for the 62.2 and 35.4% Ag
specimens (Ag + Au curve 2 and Au+Ag curve 1) show good
agreement with the k, values obtained from eq (35) at 83 K.

The most recent measurements, by Crisp and Rungis [94]
(Au-+Ag curves 12-20 and Ag + Au curves 8-17), cover a
wide range of composition below 300 K. Unfortunately, how-
ever, their measurements seem not to be accurate enough to
give reasonable lattice thermal conductivities. Lattice con-
ductivities of low accuracy were reported from 4 to 30 K for
several alloys in the 0.5-5.0 atomic percent solute range. But
separation of the electronic component from their measured
total thermal conductivities results in negative values for the
lattice component for most of their specimens at 83 and 273
K. In their paper it was mentioned that the separation failed
for the most dilute and the most concentrated alloys; in the

3. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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former case because the lattice component is only a very
small portion of the total, and because the conductivity
measurements were not sufficiently precise in the very con-
centrated alloys.

Early measurements by Sedstrém [63] (Au+Ag curves
3-11 and Ag+Au curves 3-7) in 1919 yield positive lattice
thermal conductivities at 273 X, but the k, values scatter and
seem to be high.

Van Baarle et al. [95] have measured the thermal conduc-
tivities of 1.26 At.% and 2.92 At.% Au alloys between 2 and
30 K, but they have reported only the lattice thermal con-
ductivity values. Because only lattice components were re-
ported, the original measurements of Van Baarle et al. are
not included in table 24 and figure 52. Below 10 K their lat-
tice conductivities for the 1.26 At.% Au alloy conflict with the
lattice conductivities reported by White et al. [188] for Ag-Sn
alloys with (.14 and 0.3 At.% Sn. The data reported by Van
Baarle et al. in this range are as much as 15% higher than
the lattice components of White et al.,, which in this report
were assumed to be the values of the lattice component for
“pure’” Ag. In their separation of the lattice component, Van
Baarle et al. did not consider deviations from Matthiessen’s
rule and its thermal analog. As a result, their reported lattice
conductivities are too low at the higher temperatures. At the
present time, it is difficult to judge the reliability of their
results because total conductivities are not reported and
because the low-temperature results of Crisp and Rungis [94]
which might have been compared are highly uncertain.

Since the Au-Ag system is a non-transition solid-solution
alloy system, for which the calculations from egs (12) and (35)
should be more reliable, and since the calculated results show
reasonable agreement with the reliable experimental data of
Gruneisen and Reddemann {61}, the recommendations were
almost entirely based on the calculated values. Recommend-
ed values {ur the clegtrical resistivity of Au-Ag alloys were ob-
tained from ref. [7]. The experimental values of k, for Au and
Ag used in eq (35) were obtained from White et al. [188]. For
the dilute alloys (0.5-5.0% solute) at temperatures between
40 and 100 K, the calculations were not followed exactly
because calculations of the lattice component of the thermal
conductivity in this range are expected to fall below the actu-
al values. In this composition and temperature range, the k,
values were adjusted upward in such a way as to be consist-
ent with the experimental data for the “‘pure’’ element, the
experimental data of Van Baarle et al., and the calculations
for the more concentrated alloys. The only other place in
which calculations were not used directly was at low tempera-
tures where the lattice conductivity data of Van Baarle et al.
[95] made it possible to give provisional values for the 3.00
and 5.00% Au alloys. Although Van Baarle et al. reported
data down to 4 K, the provisional values given in table 22 for
the 3.00% Au alloy have not been extended below 20 K be-
cause of conflicts with the data for “pure’” Ag from White et
al. [188]. :

A graphical comparison of the recommended total thermal
conductivities with some of the experimental data is given in
figures 47 and 48. The smooth solid curves in these figures
were obtained by interpolating the recommended values of
table 22 in order to obtain thermal conductivities for the
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desired alloy compositions. The recommended thermal con-
ductivities show excellent agreement (within 3%) with the
data of Griineisen and Reddemann [61] for concentrated
alloys (Au + Ag curves 1 and 2 and Ag + Au curve 2). For the
dilute alloy of Griineisen and Reddemann (Ag + Au curve 1)
the agreement is good at 80 K but at lower temperatures the
recommendations show an upward trend and pass above the
experimental data by up to 25%. In this region, the elec-
tronic component constitutes 95% of the total, and it would
requirc unreasonably largc uncertaintics in the clectrical
resistivity of the dilute alloys to account for a reduction in the
total conductivity by 25%. Considering the difficulties with
this specimen discussed earlier, it was concluded that the
data were unreliable and no attempts were made to bring the
recommendations into better agreement with the question-
able experimental results.

The agrecment of the recommended thermal conductivities
with the work of other investigators is in general poor. As
discussed above, the data of Crisp and Rungis [94] are unre-
liable. They routinely differ from the recommendations by
20% and in some cases differ from the recommendations and
the data of Griineisen and Reddemann by much more. For
example, a comparison of the corresponding data of
Criinciscn and Rcddemann (Au + Ag curve 1 and Ag +Au
curve 2) and of Crisp and Rungis (Au + Ag curve 12 and Ag +
Au curve 8) for specimens of similar compositions show
disagreements of up to 25 and 60%, respectively. Never-
theless, some of the data of Crisp and Rungis [94] (Au + Ag
curves 14,17, and 20 and Ag + Au curves 9-17) agree with the

1115

recommendations to within 15% or better and are shown in
figures 47 and 48 for comparison. Similarly, the early meas-
urements of Sedstrom [63] often differ from the recommen-
dations by 15-20%, but some of the data (Au+Ag curves
7-11 and Ag+ Au curves 3-7) show better agreement and ap-
pear in the comparison figures. Sedstrém’s measurements
often exhibit a more rapid increase with temperature than
the recommendations.

The recommended values for %, k., and k, are tabulated in
table 22 for 25 alloy compositions mostly covering the tem-
perature range from 40 K to the solidus temperatures. These
values are for disordered alloys which have not been severely
cold worked or quenched. For two alloys, with 3% and 5%
Au, the tabulated values cover the range down to 20 K and 4
K, respectively. The &, values are given from 4 K to the
solidus temperatures for all 25 alloy compositions. The values
for k arc also presented in figurcs 49 and 50 cxcept for thosc
for 40% and 45% ‘Ag alloys which are not shown in figure 49
for the sake of clarity. The recommended curve for 65% Au
alloy is also shown in figure 50 in order to show more clearly
the systematic variation of the thermal conductivity with alloy
composition. The uncertainties of the & values are stated in a
footnote to table 22, in which the values of residual electrical
resistivity for the alloys arc also given. The uncertainties of
the k. and k, values are indicated by their being designated
as recommended, provisional, or typical values. The ranges of
uncertainties of recommended, provisional, and typical
values are less than +15%, between 15 and +30%, and
greater than £30%, respectively.

3. Fhys. Chem. Ref. Dete, Vol. 7, Ne. 3, 1578
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TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLOY SYSTEM t

[Temperature, T, K; Thermal Conductivity, k, W em~! K~!; Electronic Thermal Conductivity, ky, W cm~! K-'; Lattice Thermal Conductivity, kg’ W em™t K1)

Au: 99.50% (99,09 At.%) Au: 99, 00% (98.19 At. %) Au: 97.00% (94. 66 At. %) Au: 95.00% (91.23 At. %)
Ag:  0.50% ( 0.91 At.%) Ag: 1.00% ( 1.81At.9) Ag: 3.00% ( 5.34 At.%) Ag:  5.00% ( 8,77 At.%)
Py= 0.28 1Qcm p0=0.530uﬂcm p°=1.52 Kem p0=2.470 em
T k k k T k k k T k k k T k k k
e g e g e g e g
4 0. 349 4 0.184 4 0.0643 4 0.0396
6 0. 524 6 0.277 6 0.0964 6 0.0593
8 0.698 8 0. 369 8 0.129 8 0.0791
10 0,873 10 0.461 10 0.161 10 0.0989
15 1.31 15 0,691 15 0.241 15 0.148
20 1.75 20 0.922 20 0.321 20 0.198
25 1.86 25 1.06 25 0. 390 25 0.241
30 2,01 30 1.19 30 0.454 30 0.284
40 2.21 2.07 0.142% 40 1.49 1,37 0.120% 40 0.656 0.571 0. 0850% 40 0.436 0. 363 0.0727%
50 2,24 2.12 0.124% 50 1.61 1.50 0.106% 50 0.745 0. 669 0.0763% 50 0.502 0. 437 0.0653%
60 2.29 2.18 0.109% 60 1.68 1.59 0.0945% 60 0.836 0. 767 0, 0690% 60 0.567 0. 507 0.0596%
70 2.34 2.24 0.0970% 70 1,77 1.69 0.0848% 70 0.917 0.853 0, 0637% 70 0.628 0.573 0, 0550%
80 2.36 2.27 0.0878% 80 1.84 1.76 0.0770% 80 0.989 0.930 0. 0587+ 80 0.685 0.634 0.0512%
90 2.42 2.34 0.0800% 90 1,92 1.85 0.0710% 90 1.06 1.01 0. 0546% 90  0.742 0.694 0.0479%
100 2,48 2.41 0.0729% 100 2.00 1.93 0.0657% 100 1.13 1.08 0.0515% 100 0.798 0.753 0.0450%
150 2,70 2.65 0.0528% 150 2.29 2.24 0. 0489% 150 1.43 1.39 0.0398% 150  1.05% 1.01 0.0352%
200 2.80 2.76 0.0412% 200 2.44 2.41 0. 0388% 200 1.64% 1.61 0.0326% 200 1.25% 1.22 0.0292%
250 2.83 2.80 0.0337% 250 2.53 2.50 0.0320% 250 1.80% 1.77 0.0276% 250 1.41% 1.38 0. 0250%
273 2.85 2.82 0.0311% 273  2.56 2.53 0.0297% 273  1.86% 1.83 0.0258% 273 1.47 1.45 0.0235%
300 2.86 2.83 0.0285% 300 2.59 2.56 0.0273% 300 1.92% 1.90 0.0240% 300 1.54 1.52 0.0219%
350 2.86% 2.84 0.0247% 350 2.64% 2.61 0,0238% 350 2.02% 2.00 0.0212% 350 1.65 1.63 0.0196%
400 2.88* 2.86 0.0218% 400 2.67* 2.65 0.0211% 400 2.10% 2,09 0.0190% . 400  1.75% 1.73 0.0177%
500 2.85% 2.83 0.0176% 500  2.70% 2.68 0.0171% 500 2.22% 2.21 0.0158% 500 1.90% 1.88 0.0149%
600 2.83% 2.82 0.0147% 600 2. 70% 2.68 0.0145% 600 2, 30% 2.28 0.0135% 600  2.00% 1.99 0.0128%
700 2.80x 2.78 0.0127% 700 2. 69% 2. 68 0. 0125% 700 2.34% 2.33 0.0118% 700 2. 07% 2.06 0.0133%
800 2.75% 2.74 0.0111% 800 2.66% 2.65 0.0110# 800 2.36% 2.35 0.0105% 800 2.12% 2.11 0.0101%
900 2.69% 2.68 0.00994% 900 2.61% 2.60 0.00982% 900 2.35% 2.34 0.00944% 900 2.15% 2.14 0.00913%
1000 2.63x 2.62 0.00896% 1000 2. 56% 2.55 0. 00888% 1000 2.33% 2.32 0.00858% 1000 2. 15% 2.14 0. 00834%
1200 2,49+ 2.49 0.00749% 1200 2.44% 2.43 0.00744% 1200 2.27% 2.27 0.00725% 1200 2. 14% 2.13 0.00710%
1337  2.41* 2.40 0.00670% 1337  2.37% 2.36 0.00668% 1336  2,22% 2.21 0.00655% 1335 2. 12% 2.11 0.00645%

T Uncertainties in the total thermal conductivity, k, are as follows:

99.50 Au ~ 0. 50 Ag:
99.00 Au - 1. 00 Ag:
97.00 Au - 3. 00 Ag:
95.00 Au ~ 5. 00 Ag:

¥ Provisional value.

+10%.

+10% below 273 K, 4 7% between 273 and 500 K, and + 10% above 500 K,
+10% below 273 K, + 74 between 273 and 500 K, and + 10% above 500 K.
+10% below 273 K, +7% between 273 and 500 K, and +10% above 500 K.

* In temperature range where no experimental thermal conductivity cata are available.

8l
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TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W cm~! K-!; Electronic Thermal Conductivity, k., W em~! K-1; Lattice Thermal Conductivity, kg’ W em™! K™}

Au: 90,00% (83.13 At. %) Au: 85.00% (75.63 At.%) Au: 80,004 (68.66 At.%) Au: 75.00% (62.16 At.%)
Ag: 10.00% (16.87 At. %) Ag: 15.00% (24.37 At.%) Ag: 20.00% (31.34 At.%) Ag: 25.00% (37.84 At.%)
p0=4.53;ﬂcm po=6.12uﬂcm £, ="7.36 em p°=8.24uﬂcm
T k k k T k k k T k k k T k "k k
e g e g e g e
4 0.0216 4 0.0160 4 0.0133 4 0.0119
6 0.0324 6 0.0240 6 0.0199 6 0.0178
8 0.0431 8 0.0319 8 "0, 0266 8 0.0237
10 0.0539 10 0.0399 10 0.0332 10 0.0296
15 0. 0809 15 0. 0599 15 0. 0498 15 0.0445
20 0.108 20 0.0798 20 0. 0664 20 0.0593
25 0.132 25 0.0989 25 0.0823 25 0.0735
30 0.157 30 0.118 30 0.0980 30 0.0877
40  0.262 0.205 0.0576% 40  0.208 0.155 0. 0531% 40 0.180% 0,129 0. 0509% 40 0.165% 0.116 0.0499%
50 0,303 0.250 0.0527% 50  0.238 0.190 0. 0484% 50 0,205% 0,159 €. 0464% 50 0.188%  0.143 0.0455%
60 0,344 0.295  .0,0487% 60 0.269 0.224 0.0447% 60 0.231%  0.188 0.0427% 60 0.211% 0,169 0.0419%
70 0.383 0.338 0.0453% 70 0.300 0.258 0. 0416% 70 0.257%  0.217 €, 0397% 70 0.234%  0.195 0.0389%
80 0.421 0. 379 0. 0424% 80  0.330 0.291 0. 0389% 80 0.282% 0,245 €. 0372% 80 0.257%  0.220 0.0365%
90 0,459 0. 420 0.0399% 90  0.360 0.323 0.0366% 90  0.308% 0.273 €. 0350% 90 0,280%  0.246 0.0343%
100 0,497 0. 460 0.0377% 100 0.390%  0.355 0. 0346% 100 0.334% 0,301 C.0331% 100  0.304*% 0,271 0.0325%
150 0,676 0.646 0.0299% 150  0.534% 0,506 0. 0275% 150  0.457%  0.431 €. 0264% 150  0.416%  0.390 0.0259%
200 0.833%  0.808 0. 0250% 200 0.665% 0,641 0.0232% 200 0.573%  0.550 €. 0223% 200 0.522%  0.501 0.0219%
250  0.971%  0.949 0.0217% 250 0.782%  0.762 0.0202% 250 0.678%  0.658 €.0194% 250 0.621%  0.602 0.0192%
273 1.03 1.01 0. 0205% 273  0.833 0.814 0.0191% 273  0.723 0.704 €.0184% 273 0,664 0.646 0.0181%
300 1.09 1.07 0.0192% 300 0.889 0.872 0.0180% 300 0.775 0. 757 €.0173% 300 0.712 0.695 0.0171%
350 1.20 1.18 0.0173% 350 0.986 0.970 0.0162% 350 0.864 0.848 C. 0157% 350 0.797 0.781 . 0.0155%
400  1.29% 1.28 0.0158% 400 1.06 0. 01494 400 0,947+ 0,932 0. 0144% 400 0.874%  0.860 0,0143%
500 1,44 1.43 0.0135% 500 1.21 0.0128% 500 1.09% 1.08 €. 0124% 500  1.01% 1.00 0.01234
600 1,57% 1.56 0.0118% 600 . 1.33 0.0112% 600 1.21% 1.20 €. 0110% 600 1.13% 1.12 0.0109%
700  1.66% 1.65 0.0105% 700 1,44% 1.43 0.0101% 700 1.32% 1.31 0.00987% 700  1.24% 1.23 0.00988%
800  1.74% 1.73 0.00946F 800 1.53% 1.52 0.00913% 800  1.40x% 1.39 0. 00898% 800  1.33% 1.32 0.00895%
900  1.79% 1.79 0.00863% 900  1.59% 1.58 0. 00836% 900  1.47* 1.46 0. 00825% 900  1.40% 1.39 0,00823%
1000  1.83% 1.82 0. 00794% 1000  1.64% 1.63 0. 00772% 1000 1. 52% 1.52 0.00763% 1000  1.45% 1.45 0.00763%
1200 1,89 1.88 0.00684% 1200  1.72% .71 0.00671% 1200 1.81% 1.61 0,00666% 1200  1.55% 1.54 0. 00668%
1331 1,92% 1.91 0.00630F 1327  1.77% 1.76 0,00620% 1322 1.67% 1.66 0. 00615% 1317  1.59% 1.58 0.00620%

SWILSAS AOTIV ANVNIE 4O ALIAILINANOD TYWYIHL

T Uncertainties in the total thermal conductivity, k, are as follows:
90.00 Au - 10.00 Ag: +10% below 273 K,
+10% below 273 K, +7% between 273 and 500 K, and +10% above 500 K.
+10% below 273 K,
110% below 273 X,

85,00 Au - 15. 00 Ag:
80,00 Au ~ 20. 00 Ag:
75.00 Au - 25,00 Ag:

¥ Provisional value.

1 7% between 273 and 500 K,

#7% between 273 and 500 K,
+7% between 273 and 500 K,

* In temperature range where no experimental thermal conductivity data are available,

and +10% above 500 K.

and +10% above 500 K.
and +10% above 500 K.

6111
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TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLCY SYSTEM (continued) u
[Temperature, T, K; Thermal Conductivity, k, W em~ K~!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg, W em~1 K1)

Au: 70,00% (56.10 At.%) Au: 65.00% (50.42 At. %) Au: 60.00% (45.10 At.%) Az 55.00% (40.10 At.%)
Ag: 30.00% (43.90 At.%) Ag: 35.00% (49.58 At. %) Ag: 40.00% (54.90 At. %) Ag: 45.00% (59.90 At.9)
Po=8-77 1K po=9.0,_ﬂcm P, = 8.93 em Q)=8.66pﬂcm
T k ke kg T k ke kg T k ke kg T k ke kg
4 0.0111 4 0.0109 4 0.0109 4 0.0113
6 0.0167 6 0.0163 6 0.0164 6 0.0169
8 0.0223 8 0.0217 8 0.0219 8 0.0226
10 0.0279 10 0.0271 10 0.0274 10 0.0282
15 0.0418 15 0. 0407 15 0. 0410 15 0.0423
20 0. 0557 20 0.0543 20 0. 0547 20 0. 0564
25 0. 0691 25 0.0673 25 0.0679 25 0.0701
30 0. 0825 30 0.0803 30 0. 0811 30 0.0836
40 0.159% 0,109 0.0497% 40 0.156 0.106 0. 0502% 40  0.158%  0.107 0.0511% 40 0.163%  0.110 0.0526%
50  0.180¢  0.134 0.0453* 50 0.177  0.131 0. 04574 50 0.179% 0.132  0.0466% 50 0.184%  0.136 0.0479%
60 0.20.%  0.159 0.0417% 60 0.197 0.155 0.0421% 60 0.200% 0,157 0. 0429% 60 0.205% 0.161 0.0441%
70 0.223 0,184 0.0388% 70 0.218 0.179 0.0392% 70 0.221% 0,181 0. 0399% 70 0.227% 0,186 0.0410%
80 0.244% 0,208 0.0363* 80 0,240  0.203 0.0367¢ 80 0,242+ 0,205  0.0374% 80 0.249%  0.211 0.0384%
90 - 0.267¢  0.232 0. 0342% 9 0.261 0,227 0. 0345% 90 0.264%  0.229  0.0352% 90 0.271%  0.235 0.0362%
100  0.288%  0.256 0.0324% 100 0.282  0.250 0. 03274 100 0.285%  0.252 0. 0333% 100 0.294%  0.259 0.0343%
150 0.395% 0,370 0.0259* 150 0.387  0.361 0.0262% 150 0.391*% 0.364  0.0267% 150 0.402% 0,375 0.0275%
200 0.497¢ - 0,475 0.0219% 200 0.486  0.464 0.0221% 200 0.490% 0,468 0. 0226+ 200 0.505% 0,481 0.0232%
250 0.592% 0,571 0.0192% 250 0.579  0.560 0.0194% 250 0.584% 0.564  0,0198% 250 0.601%  0.581 0.0203%
273  0.632 0.614 0.0181% 273 0,620 0.601 0.0184% 273 0.624 0. 606 0.0187% 273 0.642 0.623 0.0193%
300 0.679 0. 661 0.0171% 300 0.666  0.649 0.0173% 300 0.671 0. 653 0.0177% 300 0,689 0.671 0.0182%
350 0,760 0. 744 0.0155% 350 0.746 0.731 0.0157# 350 0,752 0.736  0.0161% 350 0,773 0.756 0.0165%
400 0.836%  0.822 0.0143% 400 0.822% 0,808 0.0145% 400 0.828 0.813 0.0148% 400 0.852 0.837 - 0.0152%
500 0.969%  0.957 0.0124% 500 0.956% 0,943 0.0125% 500 0.964%  0.951 0.0128% 500 0.992%  0.978 0.0132%
600 1,09« 1.08 0.0110% 600 1.07% 1.06 0.0111% 600 1.08% 1.07 0.0114% 600 1.12% 1.10 0.0117#
700 1.19% 1.18 0.00988% 700 1,18% 1.17 0.0100% 700  1.19% 1.18 0. 0102% 700 1.22% 1.21 0.0105%
800 1.28% 1.27 0.00901% 800 1.26%  1.26 0.00915% 800 1.28% 1.27 0, 00936% 800 1.31% 1.30 0.00963%
900  1.35% 1.35 0.00830% 900 1.34*  1.33 0. 00843% 900 1.35% 1.34 0.00863% 900 1.39% 1.38 0.00888#
1000  1.41% 1.4 0. 00770% 1000 1. 40% 1.39 0.00783% 1000  1.42% 1.41 0.00801% 1000 1, 45% 1.44 0. 00825%
1200  1.51% 1,50 0.00676% 1200  1.50%  1.49 0. 00687¥ 1200 1.52% 1.51 0.00704% 1100 1.51% 1.50 0.00771%
1311 1.55% 1.54 0.00630% 1306  1.54% 1.53 0. 00650% 1300 1.55% 1.54 0.00660% 1295  1.59% 1.58 0.00685%

T Uncertainties in the total thermal conduetivity, k, are as follows:
70,00 Au - 30.00 Ag: +10% below 273 K,
65.00 Au - 35,00 Ag: +10% below 273 K,
60,00 Au - 40.00 Ag: +10% below 273 K,
55,00 Au - 45,00 Ag: +10% below 273 K,

¥ Provisional value,
# In temperature range where no experimental thermal conductivity data are available.

+7% between 273 and 500 K, and +10% above 500 K.
1% between 273 and 500 K, and +10% above 500 K.
7% between 273 and 500 K,
+7% between 273 and 500 K,

and 1104 above 500 K.
and +10% above 500 K,

octt
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TABLE 22, RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, k o W cm~! K-; Lattice Thermal Conductivity, kg, W em=! K1)

Au: 50.00% (35,39 At. %)
Ag: 50,00% (64.61 At %)

Au: 45.00% (30.94 At.%)
Ag: 55.00% (69.06 At.%)

Au: 40.00% (26,75 At. %)
Ag: 60.00% (73.25 At. %)

Au: 35.00% (22.77 At.9)
Ag: 65,00% (77.23 At.9)

P, =8-80 pfiem p0=7.79pﬂcm p,=7-18 fiem R, = 6.42 Qcm
T k k k T k k k T k k k T k k k
e g e e g e
4 0.0118 4 0.0125 4 0.0136 4 0.0152
6 0.0177 6 0.0188 6 0. 0205 6 0,0228
8 0.0235 8 0. 0251 8 0.0273 8 0.0304
10 0. 0294 10 0.0314 10 0.0341 10 0. 0381
15 0.0442 15 0. 0470 15 0.0512 15 0, 0571
20 0. 0589 20 0.0627 20 0.0682 20 0.0761
25 0.0732 25 0.0778 25 0.0849 25 0.0945
30 0. 0874 30 0. 0929 30 0,101 30 0.113
40 0.170%  0.115 0.0544% 40 0.179%  0.122 0.0568°* 40 0,193 0.133 0.0598% 40 0,212 0.148 0.0634°%
50 0.,192%  0.142 0. 0496% 50 0.203% 0,151 0.0518% 50 0.219 0.164 0,0545% 50  0.240 0.182 0.0579%
60  0.214%  0.169 0, 0458% 60 0.227% 0,179 0.0478% 60 0.245 0.194 0,0503% 60 0.269 0.216 0.0535%
70 0,237 0.194 0, 0426% 70 0.251%  0.206 0.0445% 70 0,271 0.224 0,0469% 70 0.298 0.248 0.0498%
80 0.260%  0.220 0.0399% 80 0.275%  0.234 0.0417% 80 . 0.297 0.254 0. 0439% 80 0.327 0.280 0.0467%
90 0.283%  0.246 0.0376% 90  0.300% 0,261 0.0393% 90 0.324 0.283 0,0414% 90 0.356 0.313 0.0440%
100 0.306%  0.271 0.0356% 100 0.324%  0.287 0.0372% 100 0.350%  0.311 0,0392% 100 0.385% 0,344 0.0416%
150  0.419%  0.391 0.0285% 150  0.444%  0.414 0.0298% 150 0.479% 0,448 0.0313% 150 - 0.527% 0,493 0.0333%
200 0.526%  0.502 0.0241% 200 0.557*%  0.532 0. 0252 ¥ 200 0.600% 0,573 0, 0265% 200 0.658%  0.630 0.0282%
250 0.626% 0,605 0.0211% 250 0,662% 0,640 0,0220% 250 0.712%  0.689 0. 0232% 250 0.780%  0.756 0.0246F
273  0.670 0.650 0. 0200% 273 0,708 0.687 0.0209% 273 0.760% 0,738 0, 0220% 273 0.833*  0.810 0.0233%
300 0.719 0,701 0.0189% 300 0,760 0,740 0,0197% 300 0.816%  0.795 0.0207% 300 0.892% 0,870 0.0220%
350  0.806 0,789 0.0171% 350 0.851 0.833 0.0179% 350 0.913* 0,894 0.0188% 350 0.996% 0,976 0,0200%
400 0.888%  0.872 0.0158% 400  0.936%  0.920 0.0164% 400 1.00% 0. 987 0,0173% 400  1.09% 1.07 0.0183%
500 1,03% 1,02 0.0136% 500 1.09% 1.07 0.0142 ¥ 500 1.16% .15 0,0149% 500 1.26% 1.24 0.0158%
600 1.16% 1.15 0.0121% 600 1,22+ 1.21 0.0126% 600 1.30% 1.29 0.0132% 600  1.40% 1.39 0.0140%
700 1.27% 1.26 0, 0109* 700  1.34% 1.32 0.0114% 700 1.42% 1.41 0.0119% 700 1.52% 1.51 0.0126+%
800 1,36% 1.35 0.009986% 800  1.43% 1.42 0.0104 % 800 1.52% 1.51 0,0109% 800 1.62% 1.61 0.0114%
900  1.44% 1.43 0.00918% 900 1,51 1. 50 0. 00955% 900 1.60% 1. 59 0. 00999% 900  1,71% 1.70 0.0105%
1000 1,51 1.50 0. 00853% 1000  1.58% 1.57 0.00887% 1000  1.87* 1.66 0,00927% 1000  1,78% 1.77 0.00974%
1100  1,56% 1.55 0.00797* 1100 1.63% 1. 62 0. 00828* 1100 1.73% 1.72 0. 00865% 1100 1.84% 1.83 0. 00908%
1289  1.65% 1.64 0.00710% 1284 1.72% 1.71 0.00740% 1278 1.82% 1.81 0.00775% 1273 1.93% 1.92 0.00820%

1t Uncertainties in the total thermal conductivity, k, are as follows:

50,00 Au - 50,00 Ag: +10% below 273 K, +7% between 273 and 500 K,
45,00 Au ~ 55,00 Ag: +10% below 273 K, +7% between 273 and 500 K,
40,00 A - 60,00 Ag: +10% helow 273 K, +7% between 273 and 500 K,
35,00 Au - 65. 00 Ag: +10% below 273 K, +7% between 273 and 500 K,

¥ provisional value.

* In temperature range where no experimental thermal conductivity data are available.

and +10% above 500 K.
and +10% above 500 K.
and +10% above 500 K.
and +10% above 500 K.
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TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLOY SYSTEM (continued) t
[Temperawure, T, K; Thermal Conductivity, k, W em™ K-1; Electronic Thermal Conductivity, k, W em-! K-1; Lattice Thermal Conductivity, kg’ W em~t K~}

Au: 3¢, 00% (19,01 At. %) Au: 25.00% (15.44 At.9) Au: 20,00% (12.04 At. %) Au: 15.00% ( 8,81 At.%)
Ag: 170,007 (80.99 At. %) Ag: 75.00% (84,56 At.9) Ag: 80.00% (87.96 At. %) Ag: 85,00% (91.19 At. %)
P, = 5.60 1S em p°=4.‘75‘Qcm m p, =386 N em Py = 294 fdcm
T k k, kg T k kg kg T k kg kg T ko k, kg
4 0,0175 4 0. 0206 4 0.0253 4 0.0332
6 0. 0262 5 0.0309 6 0. 0380 6 0.0499
8 0. 0349 3 0.0411 -8 0. 0506 8 0. 0665
10 0. 0436 10 0. 0514 10 0. 0633 10 0.0831
15 0.0654 15 0.0771 15 0.0949 15 0.125
20 0.0873 20 0.103 20 0.127 20 0.166
25 0.108 25 0.127 25 0.157 25 0.206
30 0.129 30 6.152 30 0.187 30 0.244
40 0.23%  0.169 0.0679F 40  0.272% 0,198 0.0736% 40 0.326 0.245 0. 0809% 40 0,408 0.317 0. 0909%
50 0.270¢ 0,208 0.0621F 50 0.311% 0,244 0.0674% 50 0.373 0.299 0.0744% 50  0.469 0. 385 0.0839%
60 0.305%  0.245 0.0574F 60 0.348%  0.286 0.0624% 60 0.418 0. 349 0.0689% 60 0.524 0. 446 0.0779%
70 0.335¢  0.282 0.0535F 70 0.387% 0.328 0.0582% 70 0,464 0. 400 0,0643% 70 0.580 0.508 0.0728%
80 0.368¢ 0,318 0.0502f 80 0.424%  0.370 0. 0546% 80 0.509 0.448 0.0603% 80 0.635 0.567 0.0683%
90 0.401* 0.354  0,0473F 90  0.462%  0.411 0.0514% 90 0.553 0. 496 0.0569% 90 0.691 0.626 0. 0644+
100  0.434%  0.389 0,0447F 100 0.500%  0.451 0.0487% 100 0.597 0. 543 0,0538% 100  0.744 0.683 0.0609%
150 0.592%  0.556 0.0358% 150  0.678% 0,640 0.0389% 150 0.805 0. 762 0.0429% 150 0,990 0.942 0,0484%
200 0.73% . 0,707 0.0302% 200 0.841% 0,808 0.0328% 200 0.987% 0,951 0.0361% 200 1,20% 1.16 0.0406%
250 0.871%  0.844 0. 0263F 250 0.988%  0.960 0. 0285% 250 1.15% 1.12 0.0313% 250 1.38% 1.35 0.0351%
273 0.92¢ 0.903 0. 0249% 273 1,05% 1.02 0.0270% 273 1.22 1.19 0. 0296+ 273 1.46% 1.43 0.0331%
300 0.99: 0. 969 0.0235% 300 1,12% 1.09 0. 0254% 300 1.29 1.26 0.0278% 300 1.54% 1.51 0.0311%
350 1.10 1.08 0.0213% 350  1.24 1.21 0.0230% 350 1.42 1.39 0.0251% 350 1.68% 1.65 0,0279%
400 1.20% 1.18 0.0195¢ 400 1.35%  1.33 0.0210% 400 1,54% 1.51 0.0229% 400  1.80% 1.78 0.0254%
500 1.38%.  1.36 0.0168% 500 1.53% 1.51 0.0181% 500 1.73% 1.71 0.0196% 500 2.01% 1.99 0.0216%
500  1.53% 1.51 0.0148% 600 1,68 1.67 0.0159% 600 1.89% 1.87 0.0172% 600 2,17% 2.15 0.0188%
700 1.65% 1.64 0.0133% 700  1.81% 1.80 0.0142% 700  2.02% 2.00 0.0154% 700 2.29% 2.27 0.0167%
300  1.76% 1.74 0.0121% 800  1.91% 1,90 0.0129% 800 2.12% 2.10 0.0139% 800 2,38% 2.36 0.0151%
300  1.83% 1.82 0.0111% 900 1.99%  1.98 0.0118% 900 2,19% 2.18 0.0127% 900 2.45% 2.4 0,0137%
1000 1.91% 1.90 0.0103% 1000 2.06%  2.05 0.0109% 1000 2.26% 2.24 0.0117% 1000 2,50% 2,49 0.0126%
1100 1.97% 1.96 0.0958% 1100 2.12%  2.11 0.0101% 1100 2.31%  2.30 0.0108% 1100 2. 54% 2.53 0.01164
1267 2.06¢ 2,05 0. 0860% 1261  2.20% 2.19 0.00920% 1256 2.38%  2.37 0.00980% 1251 2.59% 2,58 0, 0105%

f Uncertainties in the total thermal conductivily, k, are as follows:
+10% bhelow 273 K,
+10% velow 273 X,
+10% kelow 273 K,
1+10% below 273 K,

30,00 Au - 70.00 Ag:
25.00 Au - 75.00 Ag:
20,00 Au ~ 80. 00 Ag:
15,00 Au ~ 85,00 Ag:

¥ Provisional value.

+7% between 273 and 500 K,
7% between 273 and 500 K,
+7% between 273 and 500 K,
+7% between 273 and 500 K,

. * In temperature range where no experimental thermal cenductivity data are available.

and +10% above 500 K.
and +10% above 500 K.
and +10% above 500 K.
and +10% above 500 K.
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TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD~-SILVER ALLOY SYSTEM (continued) u
[Temperature, T, K; Thermal Conductivity, k, W cm~! K-!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™t K1)

Au: 10,0 5.74 At. %
Ag: 90. o% %94. 26 At.%;

Au:  5.00% ( 2.80 At.
A‘; 95.0%%97.20 At.é;

Au:  3.00% | 1.67 At.%g
Ag: 97.00% {98. 33 At.¢

Au: 1.00% ( 0.55 At. %
Ag: 99,00% (99,45 At. %4

Py =1.97 ;Kkem p°=0.99pncm Py = 0.5% u3cm Q, = 0.190 ;Qem
T k k k T ‘k k k T k k k T k k k
e g e g e g e g
4 0.0496 4 0.125%  0.0987  0.0259% 4 €.166 4 0.514
6 0.0744 6 0.202% 0.148 0.0539% 6 €.248 6 0.771 .
8 0.0992 8 0.275%  0.197 0.0776% 8 €. 331 8 1.03
10 0.124 10 0.344%  0.247 0.0969% 10 . 414 10 1.29
15 0.186 15 0.498% - 0.370 0.128% 15 €. 621 15 1.93
20 0,248 20 0.636% 0.494 0.142% 20 1.01 €. 828 0.179% 20 2,57
25 0.305 25 0.743%  0.598 0.145% 25 1.18 1,00 0.180% 25 2.90
30 0. 363 30, 0.849% 0,705 0, 144% 30 1.33 1.15 0.176% 30 3.21
40 0,571 0. 465 0.106% 40 1.01% 0.873 0,137% 40 1.52 1.36 0.163% 40 3.51 3.28 0. 225%
50 0,655 0. 557 0.0981% 50 1.14% 1.01 0,127% 50 1.65 1,50 0.148% 50 3.32 3.12 0.200%
60 0.726 0.635 0.0914% 60 1.23 1.11 0.118% 60 1.73 1.59 0.137% 60 3.11 2.93 0.179%
70  0.801 0.715 0, 0855% 70 1.32 1.21 0,110% 70 1.84 .71 0.127% 70 3.10 2.94 0. 162%
80 0.872 0.792 0.0803% 80 1.42 1.32 0. 104 80 1.95 1.83 0,118% 80 3.11 2.96 0.148%
90  0.944 0.869 0.0757% 90 1.53 1.43 0. 0968% 90 2.05 1.94 0.111% 90 3.18 3.04 0.137%
100 1.01 0.940 0.0716% 100 1.62 1,53 0. 0908% 100 2.14 2.04 0.105% 100 3.26 3.13 0.128%
150 1,32 1.26 0. 0566+ 150  2.00 1.92 0. 0706% 150 2.53 2.45 0.0799% 150 3.50 3.41 0.0941%
200 1.56 1.51 0.0471% 200 2.27 2,21 0.0577% 200 2.79 2.73 0.06434% 200 3.67 3.59 0.0737%
250 1.76 1.72 0.0404% 250 2.49 2.44 0. 0488% 250 2.98 2,93 0.0538% 250 3.77 3.7 0. 0605%
273 1.84 1.80 0.0380% 273 2.57 2.52 0. 0456% 273 3.05 3,00 0.0500% 273 3.77 3.71 0.0558%
300 1.93 1.90 0.0355% 300 2.64 2.60 0.0423% 300 3.11 3.06 0.0462% 300 3.81 3.75 0,0512%
350 2.08 2.05 0.0318% 350 2.77 2.74 0. 0374% 350 3.21 2,17 0.0405% 350 3.84% 3.79 0.0444%
400 2.21% 2.18 0.0287% 400 2.88% 2.85 0. 0335% 400 3.29% 5.26 0.0360% 400 3,87 3.83 0.0391%
500  2.40% 2.38 0.0242% 500 3.03% 3.00 0.0277# 500 3.39% 3,36 0.0295% 500 3,87 3.84 0.0316%
600 2.55%  2.53 0.0209% 600 3.13% 3.11 0.0237% 600 3.45% 3.43 0.0250% 600  3.85% 3.82 0.0265%
700 2.66% 2.64 0.0185% 700  3,19% 3.17 0. 0206% 700 3,47 5.45 0.0217#% 700  3,82% 3.80 0.0229%
800 2,73 2.72 0.0165% 800 3.22% 3.20 0.0183% 800 3.48% 3. 46 0.0192% 800  3.79% 3.77 0.0201%
900 2,77 2.76 0.0150% 900 3.27 3.21 0.0165% 900 3. 45% 3.44 0.0171% 900  3.72% 3.70 0.0179%
1000 2. 80% 2.79 0.0137% 1000 3. 22% 3.20 0. 0149% 1000  3.41* 3. 40 0.0155% 1000  3.65% 3.64 0. 0161%
1100  2.83%* 2.82 0.0126% 1100 3.20% - 3.19 0. 0137% 1100  3.38% 3..36 0.0142% 1100  3.58% 3.56 0.0147%
1245 2.87x 2.86 0.0114# 1240 3. 18% 3.17 0.0123% 1238  3.32% 3.81 0.0126# 1236 3.50% 3.49 0. 0132%

¥ Uncertainties in the total thermal conductivity, k, are as follows:

10.00 Au - 90.00 Ag: +10% below 273 K, +7%

between 273 and 500 K, and +10% above 500 K.
5.00 Au ~ 95,00 Ag: +15% below 40 K,  +10% between 40 and 273 K, + 7% between 273 and 500 K, znd +10% above 500 K.
3.00 Au - 97.00 Ag: +15% below 40 K, +10% between 40 and 273 K, + 7% between 273 and 500 K, and +104% above 500 K.

1.00 Au - 99,00 Ag: +£10% below 273 K, +7% between 273 and 500 K, and +10% above 500 K.

# Provisional value,
* In temperature range where no experimental thermal conductivity data are available.
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{Terﬁperahzre, T, K; Thermal Conductivity. k, W em™ K-!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™t K1)

TABLE 22,

RECOMMENDED THERMAL CONDUCTIVITY OF GOLD-SILVER ALLOY SYSTEM (continued) T

Au:  0.50% ( 0.28 At.%)
Ag: 99,50% (99,72 At.%)

Py = 0. 0800 1fcm

T k k, kg
4 1.22
6 1.83
8 2.44
10 3.05
15 4.58
20 6.11
25 6.08
30 6.20
40 5,20 4. 93 0, 266%
50 4.41 4.18 0.232%
60 3.86 3.68 0. 204%
70 3.73 3.55 0. 182%
80 3.72 3.56 0,164%
90 3.74 3.59 0.149%
100 3.79 3.65 0.138%
150 3.90 3.80 0.0989%
206 3.95 3.88 0,0768*
250 4.01 3.95 0.08625°
273 4.01 3.96 0.0576%
300  4.03 3.98 0.0527%
350 4,03 3.99 0. 0455*
400 4,03 3.99 0. 0400*
500  4.01% 3.98 0.0322*
600  3.97% 3.95 0.0270%
700 3,92 3.90 0.0232%
800  3.87% 3.85 0.0203%
900  3.79% 3.77 0.0181%
1000 3. 71% 3.69 0.0163%
1100  3.84% 3.62 0.0148¢%
1236 3. 55% 3.54 0.0133*

T Uncertainties in the total thermal conductivity, k, are as follows:
0. 50 Au - 99.50 Ag: +10%,

¥ Provisional value.

*In tempera‘ure range where no esperimental thermal conductivity data are available,

1441}
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THERMAL CONDUCTIVITY , W em ' K™
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TABLE 23. THERMAL CONDUCTIVITY OF GOLD + SILVER ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

N

Name and Composition
%“r' %ef' Author(s) Year M;‘thgd R';‘:mpk Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No.  Ro. se e, Designation Au Ag
1 81 Grineisen, E. and 1934 L 21-91 6 64.6 35.4 Calculated composition; single crystal; electrical resistivity 8. 85, 9.32,
Redlemann, H. ) and 10.8 uf} cm at 22, 83, and 273 K, respectively.
2 61 Grtheisen, E. and 1934 L 22~92 .7 84.5 15.5 Calculated composition; single crystal; electrical resistivity 6,69, 7.16,
Rediemann, H. and 8.69 uQ cm at 22, 83, and 273 K, respectively.
3 83 Sedstrom, E. 1919 T 273,373 54,62 45,38 Calculated composition; specimen rolled and drawn to 1 mm thick; heated
’ 0.5 hr at temperature near the melting point; electrical conductivity
9.1 and 8,4 x 10 Q~1 cm~! at 0 and 100 C, respectively.
4 63 Sedstrém, E, 1919 T 273,373 60.32 39.68 Similar to the above specimen except electrical conductivity 9.1 and 8.5 x
104 Q-1 em~! at 0 and 100 C, respectively.
5 63 Sedstrom, E. 1919 T 273,373 65.46 34.54 Similar to the above specimen except electrical conductivity 7.2 and 7.2 x
- 104 Q-1 em~! at 0 and 100 C, respectively.
6 63 Sedstrom, E. 1919 T 273,373 69.17 30.83 Similar to the above specimen except electrical conductivity 8,9 and 8.4 x
104 Q-1 cm~! at 0 and 100 C, respectively.
7 63 Sedstrém, E. 1919 T 273,373 73.19 26.81 Similar to the above specimen except electrical conductivity 9.1 and 8.5 x
104 1 em~1 at 0 and 100 C, respectively.
8 63 Sedstrém, E, 1919 T 273,378 81.23 18.77 Similar to the above specimen except electrical conductivity 10.2 and 9.6 x
104 Q-1 em~! at 0 and 100 C, respectively.
9 63 Sedstrém, E. 1919 T 273,373 88.82 11.18 Similar to the above specimen except electrical conductivity 13.2 and 12.4 x
102 Q-1 em~! at 0 and 100 C, respectively.
10 63 Sedstrdm, E. 1919 T 273,373 93.84 6.16 Similar to the above specimen except electrical conductivity 18.1 and 15.9 x
104 Q-1 em=1 at 0 and 100 C, respectively.
11 63 Sedstrém, E. 1919 T 278,373 97.26 2.74 Similar to the above specimen except electrical conductivity 25.1 and 22.0 x
: - 104 Q! em! at 0 and 100 C, respectively.
12 94 Crisp, R.S. ard 1970 L 4.1-307 35.39 Calculated composition from atomic percent; specimen purchased in three
Rungis, J. batches from Cambridge Metals Research Ltd,, England, prepared
from 99,999 and 99. 9999 Au and 99,9999 Ag; about 0.5 to 1 mm in
diameter and about 1 to 5 cm long; drawn down, etched, washed in
distilled water and alcohol, dried and sealed into quartz capsules with
1/3 atmosphere of oxygen and then annealed for 72 hr at 900 C.
13 94 Crisp, R.S. ard 1970 L 4.1-173 12.7 Similar to the above specimen except the electrical resistivity reported as
Rumngis, J. 6.038 and 8.107 u) cm at 0 and 273 K, respectively.
14 94 Crisp, R.8. ard 1970 L 4,1~165 4,43 Similar to the above specimen except the electrical resistivity reported as
Rurgis, J. 2.603 and 4.695 u{) cm at 6 and 273 K, respectively.
15 94 Crisp, R.S. ard 1970 L 4.1~100 2.29 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. : 1.404 and 3,517 u) em at 0 and 273 K, respectively.
16 94 Crisp, R.S. ard 1970 L 4.1-307 ’ 1.33 Similar to the above specimen except the electrical resistivity reported as
Rurgis, J. ‘ 0.855 and 2.991 uQ em at 0 and 273 K, respectively.
17 94 Crisp, R.S. ard 1970 L 4,1~156 1.05 " Similar to the above specimen except the residual electrical resistivity
Rurgis, J. reported as 0.670 O cm.
18 94 Crisp, R.S. ard 1970 L 4,1~307 0.47 Similar to the above specimen except the.electrical resistivity reported as
Rurgis, J. 0.370 and 2.421 u§) cm at 0 and 273 K, respectively.
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THERMAL CONDUCTIVITY OF GOLD + SILVER ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

TABLE 23.
Name and Composition .
Cur. Ref. Author(s) Year B/{?thgd RTemp'K Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No. No. sed Range, Designation Au  Ag
19 94 Crisp, R.S. and 1970 L 4.1-307 0,203 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. ) 0.135 and 2.209 uQ.cm at 0 and 273 K, respectively.
20 94 Crisp, R.S. and 1970 L 4,2-307 0, 082 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0.053 and 2.128 u2 cm at 0 and 273 K, respectively.
21% 172 Kapoor, A, , Rowlands, 1974 L  0.65-4.0 94.26 5.74 Calculated composition (10 a/o Ag); 4 mm? in cross section and 10 cm long;
J.A., and Woods, S.B. prepared by induction melting 99, 999 pure metals in argon, resulted
ingot rolled to size; cold-worked; residual electrical resistivity 2.90
uSd cm,
22% 172  Kapoor, A., et al, 1974 L 0.69-4.0 The above specimen annealed.in vacuum at 1000 K for 12 bhr; residual
electrical resistivity 2. 71 uQ em.

# Not shown in figure,

aett

v 13 OH
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TABLE 24. THERMAL CONDUCTIVITY OF SILVER + GOLD ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT IN FORMATION

Name and Composition
(;ur. %if‘ Author(s) Year L/:;athgd Rzg";pk Specimen (weight percent) Composition (continued), Specifications, and Remarks
o. : se ge, Designation Ag Au
1 61 Griineisen, E. and 1934 L 22~92 4 99.3 0.7 Calculated composition; wire specimen; electrical resistivity 0.163, 0.473,
Reddemann, H. and 1. 63 (2 cm at 22, 83, and 273 K, respectively.
2 61 Griineisen, E. and 1934 L 22-92 5 62,2 37.8 Calculated composition; single crystal; wire specimen; electrical resistivity
Reddeman, H. 6.87, 7.25, and 8..57 £2 cm at 22, 83, and 273 K, -respectively.

3 63 Sedstrom, E. 1919 T 273,373 55,84 44.16 Calculated. composition: wire specimen 1 mm in diameter; rolled and drawn;
annealed at close to melting point for 0.5 hr; electrical conductivity 10. 3
and 9.7 x 10 § cm™ at 0 and 100 C, respectively.

4 63 Sedstrom, E. 1919 T 273, 373 91.22 8.78 Similar to the above specimen; electrical conductivity 29.3 and 24.2 x 104
Q1 em a; 0 and 100C, respectively.

5 63 Sedstrom, E. 1919 T 273,373 80.74 19.26 Similar to the above specimen except electrical conductivity 19. 5 and
16.0 x 10Q! cm at 0 and 100 C, respectively.

6 63 Sedstrom, E. 1919 T 273.2 76,34 23.66 Similar to the above specimen except electrical conductivity 14.7 and
13.5 x 104 ¥ em™ at 0 and 100 C, respectively.

7 63 Sedstrom, E. 1919 T 273,373 68.63  31.37 Similar to the above specimen except electrical conductivity 12.5 and

. 11.5 x 104Q1 cm™ at 0 and 100 C, respectively.
-8 94 Crisp, R.S. and 19870 L 4.2-136 40,31 Celculated composition from atomic percent; specimen purchased in three
Rungis, J. batches from Cambridge Metals Research Ltd., England; prepared from

99. 9999 Ay and 99. 999 and 99, 9999 Au; about 0,5 to 1 mm in diameter
and about 1 to 5 cm long; drawn down, etched, washed in distilled water
and alcohcl, dried and sealed into quartz capsules with 1/3 atmosphere
of oxygen and then annealed for 72 hr at 900 C; electrical resistivity
reported as 7. 084 anc 8. 874 1£2 cm at 0 and 273 K, respectively.

9 94 Crisp, R.S. and 1970 L 4.1-136 0.164 Similar to the above specimen except the electrical resistivity reported as

Rungis, J. 0.033 and 1. 532 ¢f) cm at 0 and 273 K, respectively.

10 94 Crisp, R.S, and 1970 L 4.1-300 1.25 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0.249 and 1. 758 pQ) cm at 0 and 273 K, respectively.

11 94 Crisp, R.S. and 1970 L - 4.1-300 1.43 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0. 285 and 1. 788 uf) cm at 0 and 273 K, respectively.

12 94 Crisp, R.S. and 1970 L 4,1-300 2.47 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0.493 and 2. 052 uf2 cm at 0 and 273 K, respectively.

13 94 Crisp, R.S, and 1970 L 4,1-300 2.97 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0.593 and 2. 126 y) cm at 0 and 273 K, respectively.

14 94 Crisp, R.S. and 1970 L 4.1-300 3.95 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 0. 768 and 2, 507 Q) cm at 0 and 273 K, respectively.

15 94 Crisp, R.S. and 1970 L 4.2-106 9.27 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 1.813 and 3. 408 u cm at 0 and 273 K, respectively.

16 94 Crisp, R.S. and 1970 L 4.2-294 9.94 Similar to the above specimen except the electrical resistivity reported as
Rungis, J. 1.923 and 3. 581 uQ) cm at 0 and 273 K, respectively.

17 94 Crisp, R.S. and 1970 L 4,1-129 16.817 Similar to the above specimen except the electrical resistivity reported as

Rungis, J.

3.303 and 4. 958 ) cm at 0 and 273 K, respectively.
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4.9. iron-Nickel Alloy Sysiem

The iron-nickel alloy system does not form a continuous
series of solid solutions at low temperatures. There is an o
phase bounded on the right by a line extending from 0% Ni
at about 1183 K passing through 9% Ni at 473 K and a y
phase bounded vn the lefl by a line extending from 0% Ni at
about 1183 K passing through 74% Ni near 473 K. In addi-
tion, there is a martensitic transformation in alloys contain-
ing up to 27 At.% Ni quenched from above about 770 K,
resulting in a metastable a, phase. The phase diagram is fur-
ther complicated by magnetic transitions: at about 1030 K in
the o phase, at about 673 K in the «+y phase mixture, and
on a curve reaching a maximum of 895 K at about 65% Ni
in the y phase. Finally, there is an order-disorder transforma-
tion based on FeNi; covering a wide range of composition,
about 50 to 80% Ni, which has a maximum transition tem-
perature of about 776 K.

There are 99 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 64
data scts available for Fe +Ni alloys listed in table 26 and
shown in figure 57, 34 sets are merely single data points, and
of the 35 data sets for Ni+Fe alloys listed in table 27 and
shown in figure 58, five sets are single data points and 21 sets
are for temperatures below 4.5 XK. Few of these data sets are
on binary alloys and those for the low Ni alloys are presum-
ably not for the equilibrium phase. Since much of the data for
the Ferich region is for low alloy steels containing other im-
purities which affect the resistivity as well as the thermal con-
ductivity, essentially it is go that specifies the composition
and the thermal conductivity. In this connection, the provi-
sional values for Fe-3% Ni are from 12% to 15% below the
values for an Fe-3.15% Ni specimen [191] (Fe + Ni curve 64),
measured after this analysis was completed, over the temper-
ature range from 00 K to 400 K. The resistivity of thie
specimen at 90 K is 6.98 p@2 cm while the residual resistivity
cited for the provisional values is 7.20 uR2 cm corresponding
to a resistivity of 8.67 uQ2 em at 90 K, a value 20% greater
than that for the Fe-3.15% Ni specimen. Accordingly, the
tabulated values should be used with caution taking account
of the resistivity of the material.

For Fe + Ni alloys, no specimen containing less than 3% Ni
was measured below 100 K. The conductivity-composition
curve for 300 K was constructed based on the data of Powell
and Hickman [96] (Fe + Ni curves 3 and 4), of Kohlhaas and
Kierspe [97] (Fe + Ni curves 30, 31, and 63), and of Ingersoll
et al. [98] (Fe +Ni curves 7-16). The specimens reported in
[96] and [97] were well annealed, and the electrical resistivity
measurements were consictent with the thermal conductivity
results. No heat treatments were mentioned about the speci-
mens of Ingersoll et al., but their results are the only system-
atic measurements made on a number of alloys covering a
wide range of composition. The data of Ingersoll et al. thus
provided important information on the .variation of thermal
conductivity with composition. The electronic thermal con-
ductivities calculated from eq (12) were found to be un-
reliable for some temperatures and compositions: those alloys
containing more than 20% Ni at temperatures above 300 K.
Both the total & values and the calculated values of &, at 300
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K were plotted on a conductivity-composition graph and the
differences between k and k. were taken as k,. The &, values
atlower and higher temperatures were obtained by extrapola-
tion ‘according to the appropriate, theoretical temperature
dependence. Except for those alloys containing more than
20% Ni at temperatures above 300 K, the total conductivity
was obtained by adding the extrapolated k, to the calculated
k.. For those alloys containing more than 20% Ni at tem-
peratures above 300 K, the extrapolated k, values were sub-
tracted from the values of the total conductivity derived from
the experimental data to obtain the values of k.. In the proc-
ess of calculating the electronic thermal conductivity, the
correction due to the thermoelectric power was not made at
this time because anomalous variation of thermoelectric pow-
er with composition at 260 °C was reported by Wang et al.
[103] which requires further study. Since the corrections
would be small, no more than 0.2% for all compositions ex-
cept for the 30% Ni alloy, for which it comes to nearly 1% at
260 °C, the total thermal conductivity should not be in too
large an error without this correction.

For Ni+Fe alloys, the conductivity-composition curve for &,
at 300 K was extrapolated from the Fe+Ni part to the Ni+Fe
portion using the % value of Moore et al. [187] (Ni+Fe curve
36) for an alloy with 75.93% Ni as a reference point. That is,
the sum of the extrapolated k, value at 75% Ni and the k.
valué€ calculated from the selected electrical resistivity for this
composition was required to approximate the Moore et al.
value. The k. values for all compositions from 4 to 1100 K
were calculated from the selected electrical resistivities, and
the k, values at 300 K were extrapolated to higher temper-
atures following the temperature dependence of eq (35). At
low temperatures, all data {81,100,105,106] indicate that k, is
proportional to T, and the k, values were extrapolated to
higher temperature to join the k, valucs cxtrapolated from
300 K to lower temperatures. The total thermal conductivity
for each composition was then obtained by adding £, to k.,
except below 60 K for alloys containing 5% iron or less. The
respective Qo values were obtained based solely on the ex-
perimental data of ref. [81]. The correction due to the ther-
moelectric power, which would be no more than 2% of the
total thermal conductivity for any composition at any tem-
perature, was not made at this time for the same reason as for
the Fe+Ni alloys. The recommended values are for totally
disordered alloys only; there may be an order-disorder trans-
formation in Ni+Fe alloys over a wide range of compositions.

A graphical comparison of the recommended total thermal
conductivity values with selected experimental data is given
in figures 53 and 54. The smooth solid curves in these fignres
were obtained by interpolating the recommended values of
table 25 in order to obtain thermal conductivity values for the
desired alloy compositions. For iron-rich alloys shown in
figure 53, the recommended values are in agreement with
the data of Chari and de Nobel [99] (Fe+Ni curve 1), of de
Nobel [100] (Fe+Ni curve 35), and of Kohlhass and Kierspe
[97) (Fe+Ni curves 30 and 31) at low temperatures to within
10%, and with the data of Powell and Hickman [96] (Fe+Ni
curves 3 and 4), of Bicklund [101] (Fe+Ni curves 24 and 25),
and of Watson and Robinson [102] (Fe+Ni curves 19, 26, 28,
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29, and 62) at higher temperatures to within 12%. For
nickel-rich alloys shown in figure 54, the recommended
values agree with the data of Berger and Rivier [107] (Ni+Fe
curve 7), of Farrell and Greig [81] (Ni+Fe curves 12-14), and
of de Nobel [100} (Ni+Fe curve 35) at low temperatures to
within 5%, and with the data of Shelton and Swanger [108]
(Ni+Fe curves 3-5), and of Moore et al. [187] (Ni+Fe curve
36) at higher temperatures to within 10%.

The recommended values for k, £., and k, are tabulated in
table 25 for 25 alloy compositions, for most of which the tem-
perature range covered is from 4 to 1100 K. These values are
for disordered alloys which have not been severely cold
worked or quenched. The values for k are also presented in
figures 55 and 56. The recommended curves for Fe-rich alloys
containing 35 to 45% Ni are also shown in figure 56 in order
to show more clearly the systematic variation of the thermal
conductivity with alloy composition and to clarify the confu-

1133

sion in figure 55 due to crossover of curves. No values are
given at temperatures above 1100 K at this time since there is
a phase transformation in iron at 1183 K and it is as yet not
known what effect such a transformation has on the lattice
thermal conductivity of these alloys. It is noted that at high
temperatures the differences between the k values of 5% and
10% nickel alloys are rather large. This is caused by the
discontinuity of the Curie temperature at 5.5% nickel, where
it drops from 1038 K to 677 K as nickel content increases
[104]. The values of residual electrical resistivity for the al-
loys are also given in table 25. The uncertainties of the &
values are stated in a footnote to table 25, while the uncer-
tainties of the k. and k, values are indicated by their being
designated as recommended, provisional, or typical values.
The ranges of uncertainties of recommended, provisional,
and typical values are less than *15%, between *15 and
*30%, and grcatcr than £30%, respectively.

3. Phys. Chem. Ref. Date, Vel. 7, No. &, 1978
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM '
[Temperature, T, K; Thermal Corductivity, k, W cm~! K~t; Electronic Thermal Conductivity, kg W em~! K-1; Lattice Thermal Conductiyity, kg, W em™t K™1]

Fe: 97.00% (97.14 At. %)

Fe: 95,009 (95.23 At. )

Fe: 99.50% (99.52 At. %) Fe: 99,004 (99.05 At. %)
Ni:  0.50% ( 0.48 At.9) Ni: 1,004 ( 0.95 At. %) Ni: . 3.00% ( 2.86 At. %) Ni: 5,004 ( 4.77 At.%)
po=l.20mem p°=2.40;ncm p°=7.20m0m p0=10.8,,Qcm
T k k, kg T k kg kg T k k, kg T k k, kg
4 0.0868%% 4 0.0445 % 4 0,0148%% 0,0136% 0.00125% 4 0.,00978% 0,00905% 0.000732F
6 0.133%% 6 0,0688%% 6  0.0229%F 0.0204% 0.00250% 6 0.0151% 0.0136% 0.00147%
8 0,180%% 8 0. 092&** 8  0.0312%% 0.0271% 0.00408% - 8 0.0205% 0.0181% 0.00239%
10 0.229%% 10 0.120"F 10 0.0398%% 0,0339% 0,00592% 10 0.0261% 0.0226% 0.00347%
15  0.351%% 15  0.187%# 15 0.0623% 0.0508% 0.0115% 15 0.0407% 0.0339% 0.00678%
20 0.471%% 20 0.255%% 20 0.0852% 0.0672% 0,0180% 20 0.0559% 0,0452% 0, 0107%
25 0. 586:* 25 0.320%F 25 0.108% 0,0835% 0.0250% 25 0.0712% 0.0562% 0.0150%
30 0.697 % 30 0.386%% 30 .132% 0.0991% 0,0325% 30 0.0866% 0.0670% 0.0196%
40  0.879%% 40  0.508%F 40 ¢.178% 0.130%  0,0481% 40 0.116%  0.0867% 0.0294%
50 0,998%% 50 0.602%% .50 0.220% 0.157%  0.0632% 50 0.143%  0,104%  0,0391%
60 1.04%% 0,774% 0.265% 60 0.667*% 0.465%  0.202% 60 0.256% 0.179%  0.0770% 60 0.168% 0.120%  0.0485%
70 1.02%% . 0,737% o0.288% 70 0.701%% ¢0,478%¢ 0.223% 70 .287% 0.198%  0.0889% 70 0.190% 0.133%  0.0568%
80 0.984%% o0.684% 0.300% 80 0.709%% 0,474% 0.235% 80 .310% 0.212%  0.0979% 80 0.208% 0.144%  0.0638%
90 0.938%% 0.635% 0,303% 90  0,704%% 0,464%  0.240% 90 .328%  0.224%  0.104% 90 0.223% 0.154%  0,0688%
100 0.899%  0.599%  0.300% 100 0.697F  0.457%  0.240% 100 (.342%  0.234%  0.108% 100 0.236% . 0.164% 0,0724%
150 0.816% 0.555% 0.261% 150 0.678%  0,465% 0,213% 150 €.387% 0,282%  0.105% 150 0.282% 0.208% - 0.0742%
200 0.783% 0.566% 0.217% 200 0.673%  0.494%  0.179% 200 C.417% 0.325%  0.0923% 200 0.315% 0.248%  0.0671%F
250 0.746% 0.564% 0.182% 250 0.654% 0,503% . 0.151% 250 (.434%  0.354%  0.0800% 250 0.341% 0.282%¢  0.0589%
273  0.733% 0.564% 0.169% 273 0.650% 0.509% 0,141% 273 C.444%  0.369%  0.0750% 273 0.349%  0,.294%  0.0553%
300 o0.711% 0.555% 0.156% 300 0.637% 0.507% 0,130% 300 C.446% 0.377%  0.0695% 300 0.358% 0.306% 0,0519%
350 0.673% 0.537% 0.136% 350 0.612%  0.499% 0.113% 350 (.451%  0.390%  0.0613% 350 0.368% 0.322%  0,0458%
400 0.637% 0.517% 0.120% 400 0.586% 0.486% 0.100% 400 0.450%  0.395%  0.0545% 400 0.376%  0.335%  0.0408%
500 0.575%% o0,478% 0.0972% 500 0,541% 0.460%  0.0814% 500 0.442%  0.397%  0.0446% 500 0.385% 0.352%  0.0335%
600 0.522%% 0,440% 0,0817% 600 0.497%  0,429%  0.0685% 600 (.428%  0.390%  0,0376% 600 0.386%  0.358% ~ 0.0284%
700 0.471%% 0.401%  0.0702% 700 0.452%¥  0.393%  0.0591% 700 - 0.400%  0.367¢  0.0325% 700  0.370%  0.346%  0.0245%
800 0.417*% 0,355  0.0616% 800 0.403 0.351 0.0518% 800 0.362 0.333 0.0286% 800 0.338
900 0.367*  0.312 0.0548% 900 0.355%  0.309 0. 0462% 900 (0.321 0.295 0.0255% 900 0.305
1000  0.319%  0.269 0.0494% 1000 0.309%  0.267 0. 0416% 1000 0.281 0.258 0. 02304 1000 0.263
1100 0,289% 0.244  0.0451% 1100  0.281%  0.243 0. 0379% 1100  (.261 1100  0.250

T Uncertainties in the total thermal cenductivity, k, are as follows:
99,50 Fe ~ 0.50 Ni: + 15% up to 700 K and + 104 above 700 K.
99.00 Fe - 1. 00 Ni: + 159 up to 700 K and + 104 above 700 K.
97.00 Fe - 3. 00 Ni: + 15% up to 700 K and +10% above 700 K.
95,00 Fe ~ 5,00 Ni: 154 up to 700 K and + 104 above 700 K,

¥ Provisional value.

¥ Typical value.
* In temperature range where no experimental thermal conductivity data are available,
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF RON-NICKEL ALLOY SYSTEM {continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K~!; Electronic Thermal Conductivity, ke’ W cm~! K-1; Lattice Thermal Conductivity, kg, W cm~t K™

Fe: 90.00% (90, 44 At, %)
Ni: 10.00% ( 9.56 At. %)

Fe: 85.00% (85.63 At.%)
Ni: 15.004 (14,37 At. %)

Fe: 80.00% (80,79 At. %)
Ni: 20,009 (19.21 At, %)

Fe: 75.00% (75.93 At. %)
Ni: 25,00% (24.07 At. %)

Po~ 14.8 10 em

Po= 17.1,Q em

0= 19.4m cm

P, = 22.6 1 cm

T k k k T k k k T k k k T k k k
e g e g e g e g
4 0.00697% 0,00661% 0.000364% 4 0.00598% 0.00571% 0.000267% 4 0,00525% 4 0.00450%
6 0.0107% 0.00990 % 0,000752% 6 0.00911% 0,00857% 0.000538% 6 0.00800% 6 0.00884%
8 0.0144% 0.0132% 0.00120% 8 0.0123% 0.0114% 0,000881% 8 0.0108% 8 0.00923%
10 0.0183% 0.0165% 0,00176% 10 0.0156% 0,0143% 0.00129% 10 0.0137% 10 o0.0117%
15  0.0284% 0.0248% 0.00345% 15 0.0240% 0.0215% 0.00253% 15 0.0210% 15 0,0179%
20 0,0385% 0,0330% 0.00548% 20 0.0326% 0.0286% 0.00405% 20 0.0284% 20 0.0243%
25 0. 04893 0.0412% 0.00775% - 25 0.0412% 0,0355% 0.00575% 25  0.0359% 25 0.0308%
30  0.0593% 0.0491#% 0.0102% 30 0.0499% 0.0423% 0.00760% 30 0,0435% 30 0.0372%
40  0.0790% 0.0636% 0.0154% 40 0.0669% 0.0553% 0.0116% 40 0,0583% 40  0.0498%
50 0.0977% 0,0770% 0.0207% 50 0.0830% 0.0673% 0.0157% 50 0,0721% 50 0.0619%
60 0.115%  0.0889% 0.0260% 60 0,0978% 0,0780% 0.0198% 60  0.0848% 60 0.0733%
70 0.130%  0,0993% 0.0309% 70 0.111%  0,0872% 0.0236° 70 0.0967% 70 0.0839%
80 0,143% 0,108%  0.0354% 80 0.122%F 0,0954% 0.0271% 80 0.107*% 80 0.0933%
90 0.154% 0,115%  0.0391% 90 0.133** 0,103+ 0.0304% 90 90.117%% 90 0.102%
100 0.163%  0.121%  0.0421% 100 0, 143%% 100 0.126%% 100 0.110%
150 0.208% o0.161%  0.0468% 150 0,182%% 150 0.161%# 150 0.142%
200 0.239%  0.195%  0.0437% 200 0.210%# 200 0.188%% 200 0.164%
250  0.263% 0.224%  0.0390% 250 0,233%% 250 0, 208%% 250 0.182%
273  0.272% 0.235%  0.0370% 273 0.240% 278  0.216% 273  0.188%
300 0.281% 0.246%  0,0349% 300 0,248% 300 0,224% 300 0.195%
350 0.203™ o0.262% 0.0311% 350 0.259%F 350 0.235% 350 0.205%
400 0.303% 0,275%  0.0279% 400 0.267%% 400 0.244% 400 0.213%
500 0,313%: 500 0,278%% 500 0.255% 500 0.222%
600  0,319%: 600 0,286%% 600 0.263% 600 0.237%
700  0.316** 700 0.284%% 700 0.264% 700  0.241%
800  0.297% 800 0,274% 800 0.255 800 0,233
900  0,270% 900 0,254% 0,243 0.0114% 900  0.238% 0,228 0.0101% 900  0.220%  0.211 0, 00920%
1000 0.240*% 0,228 0.0121% 1000 0.237% 0,227 0.0103% 1000 0.228%  0.219 0.00911% 1000 0.218*% 0,210 0.00838%
1100 0,238%  0.227 0. 0110% 1100 0.233%  0.224 0. 00939¥ 1100  0,219% 0,211 0.00837% 1100 0.224%  0.216 0.00771%

T Uncertainties in the total thermal conductivity, k, are as follows:

90. 00 Fe ~ 10.00 Ni: + 15% up to 700 K and +10% above 700 K.
85,00 Fe ~ 15,00 Ni: +15% up to 700 K and £ 10% above 700 K.
80,00 Fe - 20.00 Ni: +15% up to 700 K and + 10% above 700 K.
75.00 Fe ~ 25,00 Ni: %154 up to 700 K and +10% above 700 K.

¥ Provisional value.

¥ Typical value.
* In temperature range where no experimental thermal conductivity data are available.
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K~!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg, W ecm~1 K~1]

Fe: 70.008 (71,04 At. %)
Ni: 30,008 (28.96 At.4)

Fe: 65.00% (66.13 At.%)
Ni: 35.004 (33.87 At.%)

Fe: 60,004 (51.19 At.4)
Ni: 40.00% (38,81 At.%)

Fe: 55.00% (56.23 At. %)
Ni: 45,004 (43.77 At.9)

Py = 92.7 K1 cm

py= 59110 cm

Py =36.1 1 cm

Py = 22.0 3 cm

T k k, kg T k k, Ik T k k, k T k k, kg
4 0.00315% 4 0.00180% 4 0.00442% 4 0.00610%
6  0.00480% 6 0.00277% 6 0.00666% 6 0.00917%
8  0,006504 8  0.00378% 8 0.00887#% 8 0.0122%#
10 0.00824% 10 0.00482% 10 o.0111¥ 10 0.0153%#
15  0.0127% 15 0.00757% 15 0,0166% 15 0,0228%#
20 0.0174% 20 0.0105% 20 0,0222% 20  0.0305%F
25 0.0220% 25 0.0135% 25  0,0276% 25 0.0379%%
30  0.0267+ 30 0.0166% 30 0.0328% 30 0.0451%%
40  0.0361% 40 0.0227% 40 0,0431% 40 0,0588%%
50  0.0452% 50 0.0289% 50  0,0526F . 50 0.0713%%
60 0,0538% 60  0.0350% 60 0.0613% 60 0.0819%%
70  0.0617F 70 0.0407% 70 0,0689% 70 0,092)*%
80 0.0691% 80 0.0460% 80 0,0757% 80 0.100" %
90  0.0757% 90  0.0510% 90 0,0815% 90 0.108%%
100  0.0820% 100  0.0554% 100 0,0862% 100 0.114%%
150 0.106% 150 0.0721% 150 0.102 150 0.135
200 0.123% 200 0.0825 200 0.112 200 0.149
250 0.136% 250  0.0905 250 0.119 250 0.158
273  0.141% 273 0.0938 273 0.121 273  0.161
300 0.146 300 0.0973 300 0.124 300 0.164
350 0.154 350 0.104 350 0.129 350 0.168
400 0.161 400 0.110 400 0.133 400 0.172
500 0.175 500 0.124 500 0.141 500 0.177
600 0.189 600 0.139 600 0.151 600 0.182
700  0.197 700 0.155 700  0.166 700  0.190 0.180 0. 00988%
800 0.197 0.187 0. 00950% 800 0.170 0.161 0. 00913% 800 0.182 0.173 0.00893% 800 0.204 0.195 0. 00882%
900 0.200% 0.191 0.00849% 900 0.184*%  0.176 0.00818% 900 0.198%  0.190 0.00807% 900 0,219 0.211 0. 00795%
1000  0.208%  0.200 0.00771% 1000  0.199% 0,192 0. 00740% 1000 0.212% 0,204 0.00736% 1000 0.233 0.226 0. 007254
1100 0.216% 0,209 0. 00704% 1100  0,210% 0,203 0. 006763 1100 0.223%  0.216 0. 00679% 11100  0.245 0.238 0.00668%

t Uncertainties in the total thermal conductivity, k, are as follows:
+20% below 300 K and 4 124 above 300 K.
+20% below 200 K and + 124 above 200 K.

70,00 Fe - 30.00 Ni:
65.00 Fe - 35. 00 Ni:
60.00 Fe ~ 40,00 Ni:
55.00 Fe - 45. 00 Ni:

+ Provisional value.

¥ Typical value.

+20% below 150 K, +10% between 150 and 500 K, and +12% above 500 K.
+20% below 150 K, 484 between 150 and 500 K, and + 10% above 503 K.

* In temperature range where no experimental thermal conductivity data are available.
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM ( continued) +
[Temperature, T, X; Thermal Conductivity, k, W em™ K~I; Electronic Thermal Conductivity, k,, W em~t K-1; Lattice Thermal Conductivity, kg‘ W em™! K™

Fe: 50,008 (51.25 At. )
Ni: 50.004 (48,73 At. %)

Fe: 45.004 (46.24 At. )
Ni: 55.00% (53.76 At. %)

Fe: 40.00% (41.21 At.%)
Ni: 60.00% (58.79 At. %)

Fe: 85.00% (36.15 At. %)
Ni: 65.00% {63.85 At. %)

P, = 14.8 42 om

0y = 10.9 5 om

P = 7495 2 om

P = 5.97 u3 cm

T k k, kg T k kg kg T k k, ky T k k, ky
4 6.00819% 4 0.0105 4 0,0139% 4 0.0181%
6 0.0123% 6 0.0158 6 0.0210% 6 0.0272%
8  0,0164™F 8 0.0211 8  0,0279% 8 0.0362%
10 0.0205%F 10 0.0264 10 0.0349% 10 0.0453%
15 0,0308% 15  0.0399 15 0,0524% 15 0.0680%
20 0.0410% 20 0.0529 20 0.0698% 20 0,0906%
25 0.0511% 25  0.0657 25 0,0864% 25 0.112%
30 0.0609% 30 0.0781 30  0.103% 30 0,133%
40 0.0794% 40 0.102 40 0,134% 40 0,173%
50  0.0956% 50 0.123 50 0.161% 50 0,207*
60 0.110% 60 0.142 60  0,184% 60  0,236"
70 0.122% 70 0,157 70 0.202% 70 0, 259%
80  0.132% 8¢ 0.170 80 0.217* 80 0,278%
90 0,142% 90 0,181 90 . 0.229% 90  0,293%
100 0.149% 106 0.190 100  0,239% 100 ©0.305%
150 0.174 150 0,220 150  0.270% 150 0, 342"
206 0,190 200 0,237 200  0.289% 200 - 0,359%
250  0.202 250 0,247 250  0,299% 250 0, 361%F
273 0.206 273 0,251 273 0.301% 273 0,358%
300 0.210 300 0,254 300  0.302%k 300 0,353%
350 0.216 350 0,257 350  0.301% 350 0,346%%
400 6.218 400 0.257 400 0.295%# 400  0.334%%
500 0.219 500 0,254 500 0.281% 500 0, 309%
600 0.220 800 0.247%  0.236 0.0109% 600  0.269%% 0,258 0.0111% 600 0,288%"F 0.276  0.0115%
700 0.216 0.206 0.00962% 706 0.236%  6.226 0.00958% 700 0.250% 0,240 0. 00974% 700 0,262% 0.252  0.0100%
800 0.221 0.213 0.00858% 800 0.234%  0.225 0. 00854% 800 0.244%F 0,235 0. 00868 800 0,251% 0,242  0,00893%
900 0.236 0.228 0.00774% 900 9,245%  0.237 0.00771% 900 0.252% 0,244 0. 00783% 900 0,258%F 0,250  ©,00807%
1000 6.250 0.243 0. 00706% 1000 0.259%  0.252 0.00701% 1000 ©0.266™F 0,259 0.00714% 1000 0,272% 0,265  0.00736%
1160 0.261 0. 254 0, 00650% 1100  0,271%  0.265 0.00648% 1100  0.278% 0,271 0. 00650 1100 0,284 0.277 0. 00679%

t Uncertainties in the total thermal conductivity, k, are as follows:
50.00 Fe - 50.00 Ni: %15% selow 150 K, 8¢ between 150 and 500 K, and + 144 above 500 K.

45.00 Fe - 55,00 Ni: 112% selow 100 K, +10% between 100 and 500 K, and +20% above 500 K.
40.00 Fe ~ 60.00 Ni: +12¢ yelow 200 K and x 20% above 200 K.
35.00 e - 65,00 Ni: +£12% elow 200 K and 4 204 above 200 K.
* Provisional value.

¥ Typical valne,
* In temperature range Where no experimental thermal corductivity data are available.
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, k., W cm~! K-1; Lattice Thermal Conductivity, kg’ W em™! K1)

Fe: 30.00% (31.06 At. %)
Ni: 70.00% (68. 94 At. %)

Fe: 25.004 (25.95 At.9)
Ni: 75.004 (74.05 At. )

Fe: 20.00% ({20.81 At.4)
Ni: 80.004 {79.19 At.4)

Fe: 15.00% (15.65 At.%)
Ni: 85.00% (84.35 At.9)

po=4.72mcm

Po = 3.83 Q) em

Po = 3.32 1Q cm

0o = 2.84 ) cm

T k kg kg T k kg kg T k k, kg T k k, kg
4 0.0225 4 0.0275 4 0.0317 4 0.0371%
6 0.0338% 6 0.0412% 6 0.0476% 6 0.0556%
8 0.0451% 8  0.0550% 8  0.0634% 8 0,0742%
10  0.0563* 10 0,0688* 10  0.0793% 10  0.0928%
15 0,0845% 15 0.103* 15 0.119% 15 0.139%
20 0.113% 20 0.138* 20 0.159% 20 0.184F
25  0.139% 25 0.170% 25 0.195% 25 0.228%
30 0.164% 30 0.201%* 30 0.230% 30 0.269%
40 0.214% 40 0.256% 40  0.294% 40 0. 338%
50  0.257* 50  0.301% 50 0.343% 50 0,392%
60  0.204* 60 0.339% 60 0,383 60 0,432%
70 0.323% 70 0.367% 70 0,413% 70  0.458%
80  0.345% 80 0.388* 80 0.433% 80 0.476%
90 0.362* 90  0,404% 90 - 0.447% 90  0.488%
100 0,374% 100 0.417% 100 0.457* 100 0. 498%
150  0.405* 150 0.453% 150  0.485% 150 0. 515%
200 0.416% 200. 0.465% 200 0,494% 200 0.516%
250  0,410%% 250  0.458% - 250  0.482% 250 0, 500%
273 0.407% 273 0.449% 273 0.473% 273 0,494%
300  0.400%3 300 0.438 300 0.464 300 0.481%
350 0.385™¢ 350 0.419 350  0.441 350 0.458% 0,435 0.0234%
400  0.368% 400  0.399% 400 0, 420% 400 0.439%  0.418 0.0210%
500 0.333% - 500 0.356% 0,342 0. 01463 500 0.373%  (.357 0.0158% 500 0.395%  0.378 0.0175%
600 0.304™F 0,292 0.0118% 600 0.320%% 0,308 0. 0125% 600 0.337%F (.323 0.0136% 600 0.360% 0.345 0.0150%
700 0.274™ 0,264 0.0103% 700 0,288% 0,277 0.0109% 700 0.309%F (.297 0.0119% 700 - 0.333% 0.320 0.0131%
800 0.258"% 0,249 0. 00918% 800 0.270% 0.260 0.00971% 800 0.287%k (.276 0.0106% 800 0.316% 0,304 0. 0117#
900 0.264" 0,256 0.00828% 900 0.273%  0.264 0.00876% 900 0.289%F (.280 0.00949% 900 0.325%F 0,315 0.0105%
1000 . 0.279%  0.271 0.00754% 1000 0.288% 0,280 0. 00798% 1000 0.305%F (.297 0.00863% 1000 0.339% 0.330 0. 009504
1100  0,291% 0.284 0.00695% 1100 0.301%F 0,294 0.00734% 1100 0.319% (.311 0.00796% 1100 0.352% 0.343 0. 00876%

1 Uncertainties in the total thermal conductivity, k, are as follows:

30,00 Fe - 70.00 Ni: 1124 below 200 K and 1 20% above 200 K,
+10% below 100 K, + 6% between 100 and 500 K, and + 159 above 500 K.
+12% below 100 K, + 6% between 100 and 500 K, and +15% above 500 K.
+15% below 100 K, +8% between 100 and 500 K, and +15% above 500 K.

25.00 Fe -~ 75,00 Ni:
20.00 Fe - 80.00 Ni:
15,00 Fe - 85,00 N::

¥ Provisional value,

# Typical value.

*In temperature range where no experimental thermal conductivity data are available,
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TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM (continued)
[Temperature, T, K; Thermal Conductivity, k, W cm~! K-1; Electronic Thermal Conductivity, ke’ W em~! K~!; Lattice Thermal Conductivity, kg' W em™ K1)

Fe: 10.00% (10. 46 At. %)
Ni: 90,004 (89.54 At. %)

Fe: 5,004 ( 5.24 At %)
Ni: 95,004 (94.76 A(.9)

Fo: 3.00% ( 3.15 At. %)
Ni: 97,00% (96.85 At. %)

Fe: 1,004 ( 1.05 At.
I;I? 99.00;598.35 At.;é;

Po = 2.38 0 cm

po=i.62m cm.

Po = 1.044Q cm

P, = 0.364 1 cm

T k I kg T k k, kg T k kg ky T k k, kg
4 0.0447% 4 0.0683% 4 D.0963% 4 0.276%
6  0.0670% 6 0.103% 6 0.146% 6 0.405%
8  0.0894% 8 0.137% 8 0.195% 8 0.530%
10 0.112% 10 0.170% 10 0.243% 10 0. 655%
15  0.167% 15  0.247% 15 0.352% 15  0.943%
20 0.220% 20 0.320% 20 0.449% 20 1.17%
25 0,271% 25 0.387% 25 0.538% 25 1.81%
30 0.317% 30 0.446% 30 0.612% 30 1.39%
40  0.399% 40 0,544+ 40 0.725% 40 1.45%
50  0.454% 50 0.611% 50 0,798% 50 1.43%
60 0,495+ 60 0.657% 60 0.838% 60 1.39%
70 0,521% 70  0.684% 70 0.8574 70 1.34%
80 0.537% 80  0.697% 80 0,864% 80 1.29%
90 0,545%F 90  0.702% 90 0.8654 90 1.24%
100  0.550% 100  0.703 100 0,861% 100 1.20
150 0.561% 150 0. 680" 150 0.816% 150  1.04%
200 0.555" 200 0.659* 200 0,760% 200 0.937*
250  0.538% 250 0. 628% 250 0,714% 250  0.862%
273 0.529* 273 0.619% 273  0,695% 273 0.835%
300 0.517% 300 0, 602% 300 0.675% 300 0.808*
350 0.492%  0.464 0.0282% 350 0.573% 0,528 0.0448% 350 0.646" 0,586 0.0596% 350 0.759*  0.668 0. 0913%
400 0.469%  0.444 0.0253% 400 0.548%  0.508 0. 0400% 400 ©0,616% ¢, 563 0.0531% 400 0.718% 0,638 0. 0802%
500 0.430%  0.409 0,0210% 500 0,504*% 0,471 0. 0328¢ 500 0.571% ¢ 527 0.0435% 500 0.652*% 0,586 0. 0656
600  0.398"F 0,383 0.0180% 600 0.482% 0,454 0. 0278% 600 0.534% (497 0.0367% 600 0.598% 0,544 0. 05¢3%
700  0.377%  0.367 0.0157% 700 0.459%  0.435 0. 0240% 700 0,513% (481 0.0318% 700 0.592% 0,545 0. 0468%
800 0,370%F 0,364 0., 0139 800 0.479*%  0.458 0.0211% 800 0.534* (. 506 0.0280% 800 0.615*% 0.574 0. 0410%
900 0.385%F 0.378 0, 0126% 900  0.495% 0,476 0. 0189 900 0.552% (527 0. 02494 900 0.638% 0,602 0.0364%
1000  0,399™F 0,388 0, 0114% 1000 0.510%  0.493 0. 0170% 1000 0.572%  (,550 0.0225% 1000 0.660* 0.627 . 0.0328%
1100 0,413%  0.402 0.0105% 1100 0.523*% 0,508 0. 0155% 1100 0.0205% 1100 0.681% 0,651 0.0299%

0.590*% (. 570

1 Uncertainties in the total thermal conductivity, k, are as follows:
10. 00 Fe - 90, 00 Ni: 1154 below 100 K,

5.00 Fe - 95.00 Ni: +154 below 100 K,

3,00 Fe - 97.00 Ni: +15% below 150 K,

1,00 Fe - 99.00 Ni: 4 15% below 100 K,

# Provisional value.
# Typical value.

3 8% between 100 and 500 K, and +15% above 500 K,
+ 6% between 100 and 500 K, and 104 above 500 K.
+6% between 150 and 500 K, and 84 above 500 K.

4104 between 100 and 250 K, and + 6% above 250 K.,

* In temperature range where no experimental thermal conductivity dita are available.

SW3LSAS AOTIV A¥VNIS 10 ALIALLDNANOD TVWIIHL

vt



8461 '€ "ON 'L °|OA 'DinQ "joy "wey) ‘shyd °r

[Temperature, T, K; Thermal Conductivity, k, W em~! K-!; Electronic Thermal Conductivity, ke’ W em~! K-1; Lattice Thermal Conductivity, kg’ W em™t K1)

TABLE 25.

RECOMMENDED THERMAL CONDUCTIVITY OF IRON-NICKEL ALLOY SYSTEM (continued)t

Fe: 0.50%( 0.53At.%)
Ni: 99.50% (99. 47 At. %)

Po = 0.182 p) cm

T k k k
e g

4 0.545%

6 0,796%

8 1.04%

10 1.29%

15 1.85%

20 2.10%

25 2.33%

30 2.32%

40 2.19%

50 2,01%

60 1.84%

70 1.69%

80 1.57%

90  1.47%

100 1.38

150 1.13%

200  0,994%

250  0.914%*

273 0.884%

300 0.852%

350 0.801 0. 695 0.106%
400 0.758 0. 665 0.0932%
500 0.686 0. 611 0.07524%
600 0.625  0.562 0.0630%
700 0.621 0. 567 0.0542%
800 0.643 0.596 0.0474%
900 0.667"  0.625 0. 0422%
1000 0.689%  0.651 0.0380%
1100 0.708% 0.0346%

0. 673

+ Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Fe - 99, 50 Ni: +20% below 100 K, +10% between 100 and 250 K, and £ 64 above 250 K.

¥ Provisional value.

# Typical valus.

* In temperature range where no experimental thermal conductivity data are available,
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TABLE 26, THERMAL CONDUCTIVITY OF IRON + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION

Name and Composition
(i\]ur. II{\]ef. Author(s) Year MUe thgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. No. se ange, Designation Fe Ni

1 99 Chari, M.S.R. and 1959 L 1.6-88 3703 Bal, 5.10 0.3t Mn, 0.16 Si, 0.11 C, 0.04 S, and 0,041 P; 7.5 mm diameter rod

de Nobel, J. specimen; heated to 800 C and cooled in furnace.

2 132 Silverman, L. 1953 C 323-1173 42% Ni-iron 56.8 43.91 0.22 Mn, 0.050 C, and 0,303 S; annealed at 950 C; Advance used as com-
parative material.

3 96 Powell, R.W, and 1939 C 273-423  Carbon steel; 1  Bal, 0.55 0.38 Mn, 0.08 Cu, 0.06 C, 0.039 As, 0.035 S, 0.03 Mo, 0.022 Cr, 0.017 P,

Hickman, M.d. (.01 Si, and 0.001 Al; 1 in, diameter and 8 ir. long; annealed at 930 C;
censity 7.871 g em™3; electrical resistivity 11,9, 14.6, 17.8, 21.1,
end 24.9 uQ cm at 0, 50, 100, 150, and 200 €, respectively.
4 96 Powell, R, W, and 1939 C 273-573 Alloy steel; 9 Bal. 3.47 0.55 Mn, 0.325 C, 0.18 Si, 0.17 Cr, 0,086 Cu, 0.034 S, 0.032 P, 0.023 As,
Hickman, M.J. (.04 Mo, 0.01 V, and 0,006 Al; annealed at 830 C; density 7,855 g cm~3;
electrical resistivity 256.5, 28.4, 31.5, 34.9, 38.5, 42.5, and 46.8
L em at 0, 50, 100, 150, 200, 250, and 300 C, respectively.

5 162 Powell, R. W, 1946 - 273-1473 The above specimen; thermal conductivity values calculated from measured
electrical resistivity by the Wiedemann-Franz relation using extrapolated
values of Lorenz function obtained from the previous thermal conductivity
neasurements.

6 98 Ingersoll, L.R., 1920 L 330 144E Bal. © 1,07 <0.1 C; electrolytic. .

Mussehl, O.F., Svartz,
D. L., Smith, H.T.,
Thompson, C.G., Mahre,
M. A., Frederickeon,
J.F. and Hubbard, D.R,

7 98 Ingersoll, L.R., et al. 1920 L 330 144F Bal, 1.93 <0.1 C; electrolytic.

8 98 Ingersoll, L.R., et al. 1920 L 330 144J Bal. 7.06 <0.1 C; electrolytic.

9 98 Ingersoll, L.R., et al, 1920 L 330 157D Bal. 10.20 <0.1 C; electrolytic.

10 98 Ingersoll, L.R., et al, 1920 L 330 144M Bal, 13.11 <0.l C; electrolytic.

11 98 Ingersoll, L.R., et al. 1920 L 330 144P Bal. 19.21 <0.1 C; electrolytic.

12 98 Ingersoll, L.R., et al, 1920 L 330 166G Bal, 22.11 <0.l C; electrolytic; electrical resistivity repor;ed as 38.7, 45.4, 53.4,
62,7, 72.5, 82,1, 108.3, and 111.6 u2 cm at 273.2, 373.2, 473.2,
§73.2, 673.2, 773.2, 873.2, and 973.2 K, respectively.

13 98 Ingersoll, L.R., et al, 1920 L 330 1548 Bal. 25,20 <0.1 C; electrolytic.

14 98 Ingersoll, L.R., et al. 1920 330 166C Bal. 28.42 <0.l C; electrolytic.

15 98 Ingersoll, L.R., et al. 1920 L 330 166L Bal, 35.09 <0.1 C; electrolytic; electrical resistivity repor:ed as 90.3, 100.0, 108.1,
115.2, 119.4, 123.2, 125.9, and 129.3 uQ en at 273.2, 373.2, 473.2,
§73.2, 673.2, 773.2, 873.2, and 973.2 K, respectively.

16 98 Ingersoll, L.R., et al. 1920 L 330 1660 Bal. 47.08 <0.1 C; electrolytic; electrical resistivity repor:ed as 44.2, 60.0, 75.6,
92.1, 103.3, 109.3, 112.3, and 114.0 4 cm at 273.2, 373.2, 473.2,
573.2, 673.2, 773.2, 873.2, and 973.2 K, respectively,

17 131 Elis, W.C., Morgan, 1928 P 305 Climax Bal. 30.0 2.5 mm diameter and 25 mm long; density 8. 01 g cm3; electrical conduc-

F.L. and Sager, G.F,

tivity 1.052 x 104 Q~! ecm~! at 32 C; thermal conductivity value calculated
from measured thermal diffusivity and specific heat capacity.
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TABLE 26. THERMAL CONDUCTIVITY OF IRON + NICKEL ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

. Method T Name and Composition

Cur. Ref. Author(s) Year (}3 g R emp.K . Specimen (weight percent) Composition (continued), Specifications, and Remarks

No.  No. s ange, Designation Fe Ni

18 163 Marue, H. 1928 C 446 Nickel steel Bal. 3.41 0.45 C; steel used as comparative material.

19 102 Watson, T.W, and 1961 L 125-263 AISI 2515 94,076 4.91 0.52 Mn, 0.33 Si, and 0.14 C; specimen about 2.54 cm in diameter and

Robinson, H.E, about 37 em long; furnished by International Nickel Co.; normalized at
1144.3 X, tempered at 866.5 K.
20 102 Watson, T.W, and 1961 - L 183-483 AISI 2515 The above specimen, run2.
Robinson, H.E,
21 102 Watson, T.W, and 1961 L 372-573 AISI 2515 The above specimen, run3.
Robinson, H.E.
22 102 Watson, T.W. and 1961 L 400-696 AISI 2515 The above specimen, run4.
Robinson, H,E. )
23 102 Watson, T.W, and 1961 L 423-908 AISI 2515 ‘The above specimen, runb5.
Robinson, H. E.

24 101 Bicklund, N.G. 1961 L 100-280 3 0.946 Original material supplied by Heracus, Inc.; re-melted and rolled into bars
with a cross-section of about 15 mm? and a length of 100 mm; after a
short rolling, annealed at 1373 K for 2 hr in evacuated silica tubes, then
rolled to final form and annealed at about 773 K for 10 hr; electrical re-
sistivity 3.4, 7.9, and 12.9 uQ cm at 90, 193, and 290 K, respectively.

25 101 Bicklund, N.G. 1961 L 100-280 5 1.90 Similar to the above specimen; electrical resistivity 5.3, 9.5, and 15.1
42 em at 90, 193, and 290 K, respectively.

26. 102 Watson, T.W. and 1961 L 123-813 High-perm=-49 49.503 49.15 0.44 Mn, 0.54 Si, 0,09 Cr, and 0,035 C; specimen 2.54 cm in diameter and

Robinson, H.E. 37 cm long; supplied by International Nickel Co. ; packed in powder and
annealed in hydrogen 5 hr at 922.1 K, 5 hr at 1450 K; furnace cooled to
. 700 K; data presented ¢s a smooth curve,
27 102 Watson, T.W, and 1961 L 123-813 Invar 63.97 35.41 0.13 Si, 0.06 C, and 0.04 Cr; specimen 2.54 cm in diameter and 37 cm long;
Robinson, H.E. supplied by International Nickel Co. ; annealed 30 min at 1102.6 K, water-
quenched, air-cooled at 588.7 K for 1 hr and at 369.3 K for 48 hr; data
presented as a smooth curve.

28 102 Watson, T.W, and 1961 L 123-813 AISI 2315 95.483  3.46 0.5¢ Mn, 0.32 Si, and 0.16 C; specimen 2.54 cm in diameter and 37 cm

Robinson, H.E. . long; supplied by International Nickel Co.; normalized at 1172.5 K and
tempered at 866.5 K; data presented as a smooth curve.

29 102 Watson, T, W, anc 1961 L 123-813 1% Ni 97.984 1,04 0.56 Mn, 0.27 Si, and 0,126 C; specimen 2,54 cm in diameter and 37 cm

Robinson, H.E. long; supplied by Interrational Nickel Co.; normalized at 1200 K, tem-
pered at 866.5 K; presented as a smooth curve.

30 97, Kohlhaas, R, and 1965 L 90-298 10 Ni 14 3.75 0.45 Mn, 0,32 Si, and 0.06 C; heat-treated in air at 850 C for 0.5 hr and

181 Kierspe, W. ¢t 600 C for 2 hr; electrical resistivity 16.78, 21,80, 22.89, 24.31,
25,82, 27.08, 28.36, 29.50, and 30.70 uQ cm at -190, -70, -50, -25,
¢, 20, 40, 60, and 80 C, respectively.

31 97, Kohlhaas, R. and 1965 L 90-298 12 Ni 19 4.75 0.40 Mn, 0.35 Si, and 0.086 C; same heat-treatment as above; electrical

181 Kierspe, W. resistivity 18. 26, 23.43, 24.51, 25. 96, 27.81, 28.78, 29,98, 31.19, and
£2.48 pQen at -190,-70,-50,-25,0,20,40,60, and 80 C, respectively.

32 164 Bungardt, K. and 1965 L 293-973 Ni 36 Bal. 36.91 0.32 Mn, 0.012 P, 0,08 Al, 0,05 Si, 0,06 Mo, 0.05Co, 0.02 C, and 0.008 S;

Spyra, W.

cylindrical specimen; heat-treated in water at 1000 C for 24 hr; electrical
resistivity 78.1, 86.8, 96.3, 101.7, 105.7, 109.0, 112.2, 115,0, 117.5,

119.7, 121,8, and 123.7.u§) cm at 20, 100, 200, 300, 400, 500, 600, 700,
800, 900, 1000, and 1190 C, respectively; smoothed values reported.
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TABLE 26. THERMAL CONDUCTIVITY OF IRON + NICKEL ALLOVS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)
Name and Composition
Cur. Ref. Author(s) Year Method Temp.' Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Range,K Desi N N
esignation Ni

33 99  Chari, M.S.R. znd 1959 L 1.7-76 1287 1 11.39 0.93 Mn, 0.22 Si, and 0.18 C; 5. 5 mm diameter rod specimen; heated to

de Nobel, J. 800 C and cooled in furnace.

34 99 Chari, M.S.R. znd 1959 L 1.7-76 1798 H 19.64 1.09 Mn and 0. 43 C; 7.5 mm diameter rod specimen; same heat-treatment

de Nobel, J. as the above specimen,

35 100 de Nobel, J. 1951 L 15-18¢ 1287 D 1. 92 0.72 Mn, 0.21 Si, and 0.14 C; 0.5 cm diameter and 4 cm long; heated to
800 C and cooled in farnace.

36 100 de Nocbel, J. 1951 L 15-96 1449 A 31. 4 0.82 Mn and 0. 70 C; 0.5 cm diameter and 4 cm long; heated to 800 C and
cooled in furnace.

37 100 de Ncbel, J. 1951 L 15-87 3450-3 36.17 0.92 Mn, 0.09 S, and 0.16 C; 0.5 cm diameter and 4 cm long; heated to
1050 C and quenched in water.

38 165 Honda, K. 1918 E 303 2a 4.6 0.48 Cu, 0.31 Mn, 0,11 Si, 0.10C, 0,028 P, 0.026 S, axd 0.012 Co
(calculated composition); 5 mm diameter and 20 cm long; prepared by
melting tcgether iron and nickel in a porcelain crucible, resulting alloy
polished, forged, anrealed, and filed to size; annealed at 900 C;
electrical conductivity 3.62 x 10° Q™! em™ at 30 C.

39 165 Honda, K. 1918 E 303 2b Same composition, dimensions, and fabrication method as the above speci-
men; cooled once to -190 C in liquid air; electrical corductivity 3. 64 x
10 Q1 et at 30 C.

40 - 165 Honda, K. 1918 E 303 3a 9.2 0.67 Cu, 0.82 Mn, 0.11C, 0.11 Si, 0,027 P, 0.025 S, and 0. 024 Co
{calculated composition); same dimensions and fabrication method as
the above specimen; annealed at 900 C; electrical concuctivity 2. 81 x
104 Q71 e at 30 C. :

41 165 Hondi, K. 1918 E 303 3b Same composition, dimensions, and fabrication method as the above speci-
men; cooled once to -190 C in liquid air; electrical conductivity 2. 76 x
1000 et at 30 C.

42 165 Honda, K. 1918 E 303 4a 1.8 0,87 Cu, 0.32 Mn, 0.12C, 0.12 Si, 0,035 Co, 0.025 P, and 0.025 S
(caleulated composition); same dimensions and fabricztion method as
the above specimen; annealed at 900 C; electrical conductivity 2.65 x
1000t el at 30 C.

43 165 Honda, K. 1918 E 303 4p Same composition, dimensions, and fabrication method as the above speci-
men; cooled once to -190 C in liquid air; electrical conductivity 2. 56 x
10001 e at 30 C.

44 165 Honda, K. 1918 E 303 5a 18.5 1.06 Cu, 0.32 Mn, 0.13C, 0.12 S8i, 0.048 Co, 0.024 P, and 0.024 S
{calculated composition); same dimensions and fabrication method as
the above specimen; annealed at 900 C; electrical conductivity 2. 22 x
1040t el at 30 C.

45 165 Honca, K. 1918 E 303 5b Same composition, dimensions, and fabrication method as the above speci-
men; cooled once to -190 C in liquid air; electrical conductivity 2. 42 x
101 Q1 em at 30 C.

46 165 K. 1918 E 303 6a 21.2 1.17 Cu, 0.32 Mn, 0.135C, 0.12 Si, 0.05 Co, 0.023 P, and 0.024 S

Honda,

(calculated composition); same dimensions and fabrication method as
the above speeimen; annealed at 900 C; elecirical conductivity 2.01 x
1048071 em™ at 30 C.

SW3LSAS AOT1IV ANVNIS 4O ALIAILDNANOD 1vWi3HL
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TABLE 26.

THERMAL CONDUCTIVITY OF IRON + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Cur.
No.

Ref.

No.

Author(s)

Year

Mettod
Used

Temp.
Range,K

Name and
Specimen
Designation

Composition
(weight percent)

Ni

Composition (continued), Specifications, and Remarks

47

48

49%

50

51%

52

53

54

55

56

57

58

59

165

165

165

165

165

165

165

165

165

165

165

96

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Honda,

Powell, R.W. and
Hickman, M.J.

K.

K.

¥ Not shown in figure,

1918

1918

1918

1918

1918

1918

1918

1918

1918

1918

1318

1939

E

303

303

303

303

303

303

303

303

303

303

303

303

273-623

6b

Ta

7b

9a

9b

102

10b

11a

11b

12a

12b

13a

High-Ni steel;
14

23.6

27.7

29.1

30.5

36.9

28, 37

Same composition, dimensions, and fabrication method as the above
specimen; annealed at 900 C; electrical conductivity 2.20 x 104 Q1 em?
30C.

1.27 Cu‘, 0.32 Mn, 0,14 C, 0.12 5i, 0.061 Co, 0.024 S, and 0.022 P
{calculated composition); same dimensions and fabrication method as the
above specimen; annealed at 900 C; electrical conductivity 1.82 x
10401t emtat 30 C. :

Same composition, dimensions, and fabrication method as the above

specimen; cooled once to -190 C in liquid air; electrical conductivity
2.33x10'Q ! em™ 22 30 C.

1.44 Cu, 0.32 Mn, 0.15C, 0.12 Si, 0.071 Co, 0.023 S, and 0. 021 P
(calculated composition); same dimensions and fabrication method as the
above specimen; annealed at 900 C; electrical conductivity 1.07 x
104! em™ at 30 C.

Same composition, dimensions, and fabrication method as the above
specimen; cooled once to -190 C in liquid air; electrical conductivity
2.40x10°Q 1 em™ 2zt 30 C.

1. 51 Cu, 0.32 Mn, 0.15 C, 0.12 Si, 0. 075 Co, 0.023 S, and 0, 021 P
(calculated composition); same dimensions and fabrication method as the
above specimen; annealed at 900 C; electrical conductivity 1. 02 x
104 Q1 emat 30 C.

Same composition, dimensions, and fabrication method as the above
specimen; cooled once to -190 C in liquid air; electrical conductivity
2.35x100Q 1 emt 2t 30 C,

1.56 Cu, 0.32 Mn, 0.155C, 0.12 Si, 0.078 Co, 0.023 S, and 0.020 P
{calculated composition); same dimensions and fabrication method as the
above specimen; annealed at 900 C; electrical conductivity 1. 08 x
104Q1 em™t at 30 C.

Same composition, dimensions, and fabrication method as the above
specimen; cooled once to ~190 C in liquid air; electrical conductivity
1.95x 10°Q1 emt 2t 30 C.

1.65 Cu, 0.33 Mn, 0.15C, 0.12 Si, 0.084 Co, 0.023 S, and 0.019 P
{calculated composition); same dimensions and fabrication method as the
above specimen; annealed at 900 C; electrical conductivity 1. 01 x
104 Q! em™ at 30 C.

Similar {o the above spzcimen except cooled once to -190 C in liquid air
instead of annealing.

1.83 Cu, 0.32 Mn, 0.17C, 0.13 Si, 0,095 Co, 0,022 S, and 0.018 P
(calculated composition); same dimensions and fabrication method as the
above specimen; anrealed at 900 C; electrical conductivity 1.25 x
1040 em! at 30 C.

(.89 Mn, 0.28 C, 0,158i, 0,030 Cu, 0.027 As, 0.012 Al, 0.009 P, 0.003 S,
and {race Cr; 1 in. diameter and 8 in. long; heated to 950 C and cooled in
water; electrical resistivity 84.0, 86.8, 89.9, 92.9, 95.9, 98.9, 102.0,
and 104. 8 yQ cm at 0, 50, 100, 150, 200, 250, 300, and 350 C, respec-
tively; iron used as comparative material.

ostL1
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TABLE 26. THERMAL CONDUCTIVITY OF IRON + NICKEL ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

Name and Composition
?\'“r' I;]ef. Author (s) Year M[?t};gd RTimp.K Specimen (weight percent) Compesition (coniinued), Specifications, and Remarks
o- 0. s ange, Designation Fe Ni
60 102 Watson, T.W. and 19€¢1 L 123-813 Low-exp-42 56.303 42.11 0.97 Mn, 0.16 Si, 0.09 Cr, and 0.085 C; specimen 2. 54 cm in diameter
Robinson, H. E. and 37 cm long; supplied by International Nickel Co. ; annealed for 30 min
at 1088. 7 X, furnace cooled; data presented as a smooth curve.
61 102 Watson, T. W, and 1961 L 123-813 free cut Invar  62.233 35.84 0.81 Mn, 0.34 Si, 0.12 Cr, and 0.08 C; specimen 2. 54 cm in diameter
Robinson, H.E. and 37 cm long; supplied by International Nickel Co. ; annealed for 30
min at 1102.6 K, water quenched, and air cooled 1 hr at 588.7 K, then
48 hr at 369. 3 K; date presented as a smooth curve.
62 102 Watson, T.W. and 1961 L 123-813 o Ni 90.29 8. 56 0,77 Mn, 0.28 8i, and 0.10 C; specimen 2.54 cm in diameter and 37 cm
: Robinson, H.E. . long; supplied by International Nickel Co. ; normalized at (1650 + 1450 F)
(1172 + 1031 K), tempered at 838. 7 K; data presented as a smooth curve.
63 97, Kohlhaas, R. and 1965 L 88-297 X8 Ni9 8.35 0,74 Mn, 0.28 Si, 0.051C, 0.016 P, and 0. 009 N; heat-treated in air at
181 Kierspe, W. 790 C for 0.5 hr and at 570 C for 3.5 hr; electrical resistivity 22. 66,
28,20, 29.34, 30,90, 32.56, 33.96, 35.21, 36.48, and 37.70 pd cm at
-190, -70, -50, -25, 0, 20, 40, 60, and 80 C, respectively.
64* 191 Holder, T.K. 1977 L 87-402 3.15 0.15 O, <0, 01 Si, 0,005 Cu, 0.0028 C, 0.0018 H, and 0,0015 N; polycrys-

* Not shown in figure,

talline, photomicrograph showed specimen was not homogeneous single
phase material; righ: circular cylindrical specimen 0,65 cm in diam
and about 7.6 ecm long; arc-cast, swaged, annealed in argon at 1223 K
for 2 h, cooled to 873 K and held there for 20 h, and furnace-cooled to
room temperature; electrical resistivity 6.66, 8,20, 9.72, 11.10,
12.55, 14,03, 15.57, 17,36, 17.39, 19,00, 20.80, 22.67, and 24.00
pf cm at 82.6, 116.7, 148.7, 176.6, 205.2, 233.7, 262.1, 294.5,
295.1, 322.5, 352.3, 381.4, and 401.5 K, respectively; thermoelectric
power 4,00, 5.21, 5.85, 5.97, 5.71, 5,12, 4.41, 3.53, 2.85, 2,78,
1.61, 0.70, -0.36, -1.29 yV K~1 at 86.9, 113.2, 139,6, 170.2, 193.4,
219.0, 243.3, 268.5, 294.3, 296.2, 328.4, 352.7, 379.7, and 402.1 K,
respectively; ratio of resistance at 273.15 K to that at 4.2 K was 3.00;
thermal conductivity, electrical resistivity, and thermoelectric power
accurate to within +1.2%, +0.4%, and + 0.1 4V K~1, respectively; pre-
liminary calculations indicated thermal conductivity and electrical re-
sistivity altered by as much as 1% by the presence of Fe;0;; data ex—
tracted from table.
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TABLE 27, THERMAL CONDUCTIVITY OF NICKEL + IRON ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION
Name and Composition
Cur, %Ef' Author (s, Year IV{Jethgd RTemp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. - se ange, Designation Ni Fe
1 98  Ingersall, L.R. 1920 L 293, 373 166 Q 75.06 <0.1 C; prepared from 99,97 pure iron and high~purity nickel by forging;
0.98 cm in diameter and 5.1 to 6.7 cm long; electrical resistivity
23.4, 31.3, 40.0, 51.0, 62.0, 70.2, 75.0, and 78.3 uQ2 cm at 0, 100,
200, 300, 400, 500, 600, and 700 C, respectively.
2 132  Silverman, L. 1953 C  323-1173 50.85 48.5 3.12 Mn, 0.024 C, and 0.003 S; annealed at 950 C;Advance (55 Cu, 45 Ni)
used as comparative material.
3 108  Shelton, S.M. and 1933 c 512-685 N.S. nickel, 99* 0.6 0,14 Cu, 0.09 Mn, and 0,014 S; 2 cm in diameter and 15 em long; lead
Swanger, W, H, commercial . used as comparative material.
4 108 Shelton, S.M. and 1933 c 313.2 N.S. nickel, Similar to the above specimen.
Swanger, W.H. commercial
5 108  Shelton, S.M, and 1933 c 339-864 N.S. nickel, Similar to the above specimen except nickel used as comparative material.
Swanger, W.H, commercial
6 166 Bell, I.P. and 1953 L 328-472 Nickel, 99.4 0.2 0.1 Mg, 0.95 Co, 0.03 Sn, 0.026 C, 0.02 Si, 0.01 Cr, 0.01 Mn, 0.005 S,
MacDonald, dJ.d. commercial 0.003 Ti, and 0.002 each of Al and Pb; cylindrical specimen.
7 107 Berger, L. and 1962 5 4.2,80 85.2 14.8 0.2 cm diameter and 5.2 cm long; fused in an induction furnace under vacuo
Rivier, D. of 10~3 torr; the mixture of Ni and Fe supplied by Johnson-Matthey;
cold-rolled, annealed at 1173 K for 2 hr, slowly cooled; electrical
resistivity 3.78, 4.60, and 13.22 ) cm at 4.18, 80.5, and 292.7 K,
respectively.
8 107 Berger, L. and 1962 L 4.2 The above specimen measured in transverse magnetic fields ranging from
Rivier, D. 0.150 to1.92 W m™%, .
9 107 Berger, L, and 1962 L 80 The above specimen measured in transverse magnetic fields ranging from
Rivier, D. 0.373t01.92 W m%,
10 107 Berger, L, and 1962 1 4.2 The above specimen measured in longitudinal magnetic fields ranging from
Rivier, D, 0.079t01.76 W m™%,
11 107 Berger, L. and 1362 L 80 The above specimen measured in longitudinal magnetic fields ranging from
Rivier, D, 0.051 to1.41 W m~?,
12 81 Farrell, T. and 1369 L 1.3-106 0.8 About 3 mm in diameter and 9 cm long; chill-cast under vacuum; annealed
Greig, D. at 850 C for 15 hr; residual electrical resistivity 0,307 yQ} cm,
13 81  TFarrell, T, and 1369 L 2.8-100 1.7 Similar to the above specimen except residual electrical resistivity 0.713
Greig, D. U em; electrical resistivity 7.99 uQ ecm at 0 C.
14 81 Farrell, T. and 1269 L 4.5-105 4.4 Similar to the above specimen except residual electrical resistivity 1.80
Greig, D. 1 cm; electrical resistivity 9.84 pQ ecm at 0 C.
15 105 Yelon, W.B. and 1370 L 1.3-4.1 Permalloy 82 18 Calculated composition,
Berger, L.
16 105 Yelon, W.B, and 1970 L 1.5-4.1 Permalloy 71 29 Calculated composition,
Berger, L.
17 105 Yelon, W,.B, and 1970 L 1.5-4.0 Permalloy The above specimen measured in a longitudinal magnetic field of 0.781 T.
Berger, L.
18%* 105 Yelon, W,B. and 1970 L 1.5-4.0 Permalloy The above specimen measured in a longitudinal magnetic field of 3.3 T.
Berger, L.

*Not shown in figure.
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THERMAL CONDUCTIVITY OF NICKEL + IRON ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

TABLE 27.
Name and Composition
Cur. Ref, Author (s) Year M{?thgd RTemp.K Specimen  (weight percent) Composition (continued), Specifications, and Remarks
No. No. se Ange, Designation Ni Fe
19 105 Yelon, W.B. and 1976 L 1.5-4.0 Permalloy The above specimen measured in a longitudinal magnetic field of 5.94 T.
Berger, L.
20 106, Yelon, W.B. and 197¢ L 1.6-4.4 29.8 Prepared by fusing Johnson-Matthey metals in argon atmosphere, remelting
177 Berger, L. and casting into 0.5 in, rods in helium, swaging to 0,3125 in. in diameter.
homogenizing in hydrogen at 1200 C for 38 hr, cooling to 900 C in vacuum
and annealing for 2 hr; grain size 0.1 ~ 0.5 mm; electrical resistivity
4,24 uQ emat4,2XK;run 7,
21 106, Yelon, W,B. and 197¢ L 1.5-4.4 The above specimen measured in a parallel magnetic field of 7.81 kG.
177 Berger, L.
22 106, Yelon, W.B, and 197¢ L 1.6-4.4 The above specimen measured in a parallel magnetic field of 33.00 kG.
177 Berger, L.
23 106, Yelon, W.B. and 197¢ L 1.6-4.4 The above specimen measured in a parallel magnetic field of 59.40 kG.
177 Berger, L.
24 106, Yelon, W.B. and 197¢ L 1.5-4.3 The above specimen, no magnetic field; run 8.
177  Berger, L.
25 106, Yelon, W,.B. and 197¢ L 1.3-4.4 The above specimen measured in a parallel magnetic field of 7. 81 kG.
177 Berger, L. )
26 106, Yelon, W.B, and 197¢ L 1.5-4.4 The above specimen measured in a parallel magnetic field of 59.40 kG.
177 Berger, L.
27 106, Yelon, W,B, and 197¢ L 1.3-4.7 18.9 Same preparation nethod as the above specimen; grain size 0.1-0.5 mm;
177 Berger, L. electrical resistivity 4.32 y§) cm at 4.2 K; run 2.
28 106, Yelon, W.B, and 1970 L 1.3-4.6 The above specimen measured in a parallel magnetic field of 7.15 kG.
177 Berger, L.
29 106, Yelon, W.B. and 1970 L 1.4-4.6 The above specimen measured in a parallel magnetic field of 59.40 kG.
177 Berger, L.
30 106, Yelon, W,B, and 1970 L 1.3-4.6 The above specimen measured in a parallel magnetic field of 7.15 kG; run 3.
177 Berger, L. - :
31 106, Yelon, W.B. and 1970 L 1.2-4.6 The above specimen measured in a parallel magnetic field of 33.00 kG.
177  Berger, L.
32 106, Yelon, W.B, and 1970 L 1.3-4.6 The above specimen measured in the same magnetic field; run 4.
177  Berger, L.
33 106, Yelon, W.B. and 1970 L 1.3-4.6 The above specimen measured in a parallel magnetic field of 59.40 kG.
177  Berger, L.
34 102 Watson, T.W, and 196 L 123-813 HyMu 80 79.24 15,283 0,71 Mn, 0.19 Si, 0.08 Cr, and 0.049 C; 2.54 cm diameter and 37 cm long;
Robinson, H.E, supplied by International Nickel Co.; powder packed in, annealed in
hydrogen at 922 K (1200 T) for 5 hr and at 1450 K (2150 F) for 5 hr,
furnace cooled to 700 K (800 F), then cooled in hydrogen; smoothed
values reported, ’
35 100 de Nobel, J. 1951 L 15-93 5277 57.5 1.31 Mn, 0.34 C, and 0.14 Si; as forged.
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TABLE 27, THERMAL CONDUCTIVITY OF NICKEL + IRON ALLOYS -- SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION ( continued)
Name and Composition ’
(Il\rur. I;Ief. ' Author(s) Year M[}estZZd RZsmp.K Specimen (weight percent) Composition (continued), Specifications, and Remarks
0. o £€) Designation Ni Fe ’
36 187 Moore, J.F., 1971 L 80~400 D1 75.4 24.2 <0,1 total impui'ities; 2.5 cm diameter x 7.5 cm long; cast, machined,
Kollie, T.G., ’ swaged, and lapped; annealed at 1375 K for 24 h and then quenched in
Graves, R.8., and ice water; electrical resistivity 42. 5, 5.05, 5.55, 6.18, 6.90, 7. 70,
McElroy, D, L. 8.65, 9,64, 10.78, 11.99, 13.35, 14.75, 16.20, 17.75, 19.44, 21.15,
22,95, and 24. 77 ;) cm at 4.2, 80, 100, 120, 140, 160, 180, 200, 220,
240, 280, 280, 300, 320, 340, 360, 380, and 400 K, respectively;
smoott values regorted. .
37 187 Moore, J.P., etal. 1971 L 80-400 o1 The above specimen heated to 1350 K in a vacuum of 10”7 torr and cooled

at a rate of 5 K min~! to room temperature; with high degree of local
order; electrical resistivity 4,00, 4.77, 5.24, 5.80, 6.46, 7.19, 8.03,
9.00, 10.07, 11.22, 12,48, 13.78, 15.13, 16.56, 18.08, 19.69, 21.45,
and 23.17 uQ cm at 4,2, 80, 100, 120, 140, 160, 180, 200, 220, 240,
260, 280, 300, 320, 340, 360, 380, and 400 K, respectively; smooth
values reported.
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THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS

4.10. Silver-Palladium Alloy System

The silver-palladium alloy system exhibits complete solid
solubility and is analogous to the copper-nickel alloy system,
but without the complications of ferromagnetic effects and
with an electronic specific heat that is better behaved [109].

There are 32 sets of experimental data available for the
thermal conductivity of this alloy system. However, of the 18
data sets availabel for Ag+Pd alloys listed in table 29 and
shown in figure 63, six sets are merely single data points, and
of the 14 sets for Pd+Ag alloys listed in table 30 and shown in
figure 64 seven sets are single data points.

This alloy system is the most extensively studied among the
noble metal-palladium alloy systems, but the only reliable ex-
perimental data on thermal conductivity are the low tempera-
ture measurements by Kemp et al. [110] (Pd+Ag curves 6-8
and Ag+Pd curves 6-14), Tainsh and ‘White [111] (Ag+Pd
curves 16-18), and Fletcher and Greig [84] (Pd+Ag curves
11-14). The early measurements by Schulze [93] (Pd+Ag
curves 1-5 and Ag+Pd curves 1-5) of the room-temperature
thermal conductivity of these alloys at intervals of 10% gave
values that are considerable above the actual values in some
cases. Even after correcting for the lattice component, the
Lorenz ratios corresponding to Schulze’s values for the 60,
70, and 80% Pd alloys are respectively 30, 44 and 35%
greater than the classical value; it is unlikely that band struc-
ture effects could cause such large Lorenz ratios in these al-
loys at 298 K. On the other hand, the more recent measure-
ments by Zolotukhin {112] at somewhat higher temperatures
on specimens containing 25 and 50% Ag (Pd+Ag curves 9
and 10 and Ag+Pd curve 15) appear to be too low, in the sec-
ond instance by approximately 25%.

This alloy system is one of the few in which the thermal
conductivity has been measured over a very wide range of
compositions from liquid helium temperatures to 100 K. The
measurements by Kemp et al. were undertaken to obtain fun-
damental information about the electron-phonon interaction,
in particular to scc whether electrons interact with lattice
waves of all polarizations, to determine the dependence of the
interaction on electron concentration and to deduce, by
interpolation between these and similar measurements on
silver-cadmivm alloys, the contribution of the electron-
phonon interaction to the lattice thermal resistivity of silver.
The study revealed the cusp-like behavior of the low
temperature lattice conductivity as a function of composition,
as discusssed in section 2 on Theoretical Background, and
led to additional measurments by Tainsh and White follow-
ing further annealing at higher temperatures to determine
whether or not this behavior was caused by the locking in of
dislocations by solute atoms. While the cusp-like behavior
persisted, it was found that an increase in the annealing
temperaturc from 883 K to 1213 K rcsulted in incrcascs of
30% or more in the lattice thermal conductivities of these
specimens at liquid helium temperatures.

A comparison of the initial values calculated from eqs (12)
and'(35) in the region above the lattice component maximum
with the experimental values of Kemp et al. revealed that the
calculated values for the silver-rich alloys were too low, the
total conductivity by as much as 8% and the lattice compo-
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nent by as much as 25%. It was found that both the total and
lattice thermal conductivities could be brought into good
agreement with the experimental data for all compositions
from 2 to 30% Pd by increasing the value of the lattice ther-
mal conductivity of pure silver by 50%. Although such an in-
crease does not require unreasonable values for the Debye
temperature or the Griineisen parameter in the equation
used to estimate the lattice thermal conductivity of the ele-
ments, it raises considerable doubt as to the reliability of
such estimates. While the separation of the electronic and lat-
tice components of very dilute alloys at temperatures above
that of the maximum of the lattice component involves some
uncertainty, a 50% error in the lattice component is unlikely.
Although excellent agreement was obtained for the lattice
conductivities of both 2 and 5% Pd alloys, it was decided, in
view of the conflicting evidence, not to report even provi-
sional values for the lattice thermal conductivity of the dilute
silverrich alloys. In addition, while the measurments of
Tainsh and White established that, in the region below its
maximum, the lattice thermal conductivity of well-annealed
samples is substantially greater than the values obtained
from the first set of measurments, these later measurements
were limited to temperatures below 10 K and to compositions
of 2, 5, and 10% Pd and could, therefore, only serve as a
rough guide for correcting the values of the lattice compo-
nent obtained from measurements on specimens annealed at
883 K; accordingly, the values for the silver-rich alloys at
temperatures below the maximum are provisional.

The lattice thermal conductivity of the palladium-rich al-
loys of this system was investigated by Fletcher and Greig,
who measured the thermal conductivity of specimens contain-
ing 5, 10, 15, and 20% Ag from liquid helium temperatures to
about 100 K. Their study showed that the strong electron-
phonon interactions in these alloys greatly reduce the low
temperature lattice thermal conductivity, causing its maxi-
mum to occur at much higher temperatures than in the
silver-rich alloys. The increase in the temperature of the max-
imum of the latticc component is cven greater than that
shown in their graph because, at the higher temperatures, the
method used to separate the electronic and lattice compo-
nents yields values of the latter which are below the true
values by an amount which increases with temperature, so
that the lattice components of these alloys are still increasing
at 100 K. This is consistent with the temperature of the max-
imum of %, (100 K) dcduccd from thc mcasurcments by Kemp
et al. on a specimen containing 30% Ag. Since the measure-
ments on the Pd-rich alloys did not extend to temperatures
above those of the lattice thermal conduetivity maxima, the
values of the lattice component in this region were obtained
by smoothly joining plots of the values deduced from meas-
urements to those calculated from eq (35). In doing this we
were guided by the shapcs of the latticc thermal conductivity
curves of the analogous Cu-Ni alloy system.

A graphical comparison of the recommended total thermal
conductivity values with some of the experimental data is
given in figures 59 and 60. The smooth solid curves in these
figures were obtained by interpolating the recommended
values of table 28 in order to obtain thermal conductivity
valuecs for the desired alloy compositions. For silverrich

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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alloys shown in figure 59, the recommended values are in
agreement with the data of Kemp et al. [110] (Ag+Pd curves
6, 8, 9, and 11-14) to within 7 to 12%. For palladium-rich
alloys shown in figure 60, the recommended values agree with
the data of Kemp et al. [110] (Pd+Ag curve 7) to within 5%,
and with the data above 10 K of Fletcher and Greig [84]
(Pd+Ag curves 11-14) to within S5to 7%.

The recommended values for &, k., and k, are tabulated in
table 28 for 25 alloy compositions covering the full range of
temperature from 4 to 1200 K for most cases. These values
are for alloys which have not been severely cold worked or
quenched. The values for k are also presented in figures 61

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978
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and 62. In order to show more clearly the systematic variation
of the thermal conductivity with alloy composition and to
clarify the confusion in figure 62 due to crossover of curves,
the recommended curves for palladium-rich alloys with 55 to
65% Pd are also shown in figure 61. The values of residual
electrical resistivity for the alloys are also given in table 28.
The uncertainties of the k values are stated in a footnote to
table 28, while the uncertainties of the &, and &, values are
indicated by their being designated as recommended or pro-
visional values. The ranges of uncertainties of recommended
and provisional values are less than £15% and between %15
and +30%, respectively.
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TABIE 28.

RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALLADIUM ALLOY SYSTEM T
[Temperature, T, K; Thermal Conductivity, k, W em~! K-1; Electronic Thermal Conductivity, k, W cem~! K-1; Lattice Thermal Conductivity, kg’ W em™! K1)

Ag: 99.50% (99.49 At. %)
0. 51 At. %)

Pd:  0.50%

Ag: 99,00% 598. 99 Af, %;

Pd: 1.00%

1.01 At. %

Ag: 97.00% (96. 96 At.%)
Pd:  3.00% ( 3.04 At.%)

Ag: 95.00% (94.93 At. %)
Pd: 5.00% ( 5.07 At.%)

p, = 0.2400 Kem

P, = 0.4900 Hem

P, = 1.390 yf3cm

p;) =2.260 (Qcm

T k ke kg T k ke kg T k ke kg T k ke kg
4 0,449+ 0,407 0.0415% 4 0.230%% 0,199 0.0310% 4 0.0963% 0.0703  0.0260% 4 0.0634% 0.0432  0,0202%
6 0.698% 0,611 0.0865% 6 0.365%% 0,299 0. 0655% 6 0.159% 0,105 0.0535% 6 - 0.109%  0.0649  0,0445%
8 0.949%  0.814 0,135% 8 0.505%% 0,399 0.106% 8 0.228% 0,141 0, 0870% 8 0.160% 0.0865  0.0735%
10 1,20% 1.02 0.180% 10 0.644x% 0.499 0. 145% 10 0.300% 0.176 0,124% 10 0.212%  0.108 0.104%
15 1.78% 1.53 0.246% 15 0.963%% 0,748 0.215% 15 0,453%  0.264 0.189% 15 0.319% 0,162 0.157%
20 2.33% 2.04 0.285% 20 1.25%F 0,997 0.254% 20 0.571%  0.352 0.219% 20 0.405% 0,216 0.189%
25 2.65% 2.35 0. 298% 25 1,47%% 1,20 0.272% 25 0,665% 0,433 0.232% 25 0.467+  0.262 0. 205%
30 2.84% 2.54 0.300% 30 1.67+ 1,39 0.276% 30 0.748%  0.513 0.235% 30 0.521%  0.311 0.210%
40 3.03%  2.73 0. 295% 40 1.96%%F 1,69 0.272% 40 0.892%  0.661 0.231# 40 0.612¢  0.404 0.208%
80 3.04% 50 2.11% 50 1,01 50 0.685
60 2.98% 60 2.18% 60 1.09 60 0.750
0 3.00% 70 2.26% 70 1.18 70 0.814
80 3.07* 80 2,35% 80 1.25 80 0.877
¢ 3.10% 90 2,44 90 1.33 90 0.938
100 3.19% 100 2,52% 100 1.41 100 0.998
150 3.40% 150  2.87% 150 1.76 150  1.27
200  3.59* 200 3.12% 200 2.02% 200 1.51%
250 3, 74% 250 3.27% 250  2.24% 250 1.71*
2983 3.78% 273 3.33% 273 2,38% 273 1. 80%
30 3.82% 300 3.41x 300 2,43 300 1.88%
350 3.88% 350 3.50% 350 2.57* 350  2.04%
400 3.90% 400 3.57* 400 2.69% 400 2.18%
5(0  3,91% 500 3.63% 500 2,89% 500 2.41%
6(0  3.90% 600 3.69% 600 3.03% 600 2, 58%
7¢0  3.84% 700 3.67% 700 3.12% 700 2.72%
8(0  3.81% 800 3.67% 800 3.18% 800 2.83*
90 3,74% 900 3.62% 900  3.21* 900  2.89%
1000 3.67% 1000 3.57% 1000 3.22% 1000  2,93%
1166 3.80% 1100 3.51% 1100 3.22% 1100 2. 96*
1206 3.55% 1200 3.46% 1200  3.22% 1200  2,98%

T Uncertainties in the total thermal conductivity, k, are as follows:
99.50 Ag - 0. 50 Pd:
99.00 Ag - 1. 00 Pd:
97.00 Ag - 3.00 Pd;
95.00 Ag - 5.00 Pd:

¥ Provisional value.
% In temperature range waere no experimental thermal conductivity data are available,

+10% below 40 K, +7% between 40 and 300 K, and +10% above 300 K.
+15% below 40 K and +10% above 40 K,
+15% below 40 K and +10% above 40 K.
+15% below 40 K and +10% above 40 K,

SWILSAS AOTIV ANVNIS 40 ALIAILDNANOD TwwmzLis

6511



"8L61 '€ 'ON ‘L "JOA ‘00 "joy way) ‘shyq

TABLE 28,

RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALLADIUM ALLOY SYSTEM (continued) T
[Temperatire, T, K; Thermal Conduétivity, k, W em™ K-!; Electronic Thermal Conductivity, ke' W em~! K~1; Lattice Thermal Conductivity, kg’ W em™! K]

Ag: 90.00% (89.8¢ At. %) Ag: 85.00% (84.82 At. %) Ag: 80.00% (79.78 At. %) Ag: 75.00% (74.74 At. %)
Pd: 10.00% (10, 12 At. %) Pd: 15.00% (15.18 At. %) Pd: 20.00% (20,22 At. %) Pd: 25.00% (25,26 At. %)
p0=4.46;ﬂcm po=6.46;§'20m po=8.41 em p0=10.60;ﬂcm
T k k k T k k k T k k k T k k k
e g . e g e £ e g
4 0.036< 0.0219 0,0145% 4 0.0299+% 0.0151  0.0148% 4 0,0270% 0.0116  0.0154% 4 0.0253+% 0,00922 0,0161%
6 0.0662f 0.0329 0,0333% 6 0.0553%% 0,0227  0.0326% 6 0,0518% 0.0174  0.0344% 6 0.0483%% 0.0138  0,0345%
8 0.1004 0.0438 0,0562% 8 0.0853% 0,0303  0.0550% 8 0.0812% 0.0232  0.0580% 8 0.0764*%* 0,0184 0, 0580%
10 0.135¢ 0,0578  0.0775% 10 0.119%% 0.0378  0.0810% 10 0.112¢  0,0290  0.0825% 10 0.107#% 0.0230  0.0840%
15 0.201% 0.0822 0.119% 15 0.182%F 0.0567  0,125% 15 0.,165% 0.0436  0.121% 15 0,159%F 0,0346  0,124%
20 0.253% 0,110 0,143% 20 0.224%F 0.0756  0.148% 20 0.200% 0.0581 0,142% 20 0.192%% 0,0461 0,146%
25 0,292¢  0.135 0.157% 25 0.251%F 0,0931L  0.158% 25 0.224%  0.0717  0.152% 25 0,213+ 0.0569  0.156%
30 0.324*  0.161 0,163% 30 0.272%% 0,111 0. 161% 30 0.241% 0.0856  0.155% 30 0,223+ 0.0680 0.155%
40 0,374%  0.213 0.161% 40  0.301%t 0,147 0. 154% 40 0.263% 0.113 0. 150% 40 0,238+ 0,0901  0,148%
50  0.417 0.261 0.156 50 0,326% 0.181 0.145 50 0,281 0. 140 0.141 50 0.248%  0.112 0.136
50 0.454 0. 307 0.147 60 0.351% 0.215 0.138 60 0.298 0.167 0.131 60 0.259+ 0,133 0.126
70 0.491 0.352 0.139 70 0.375% 0,248 0.127 70 0.316 0.193 0.123 70 0.271% 0,154 0.117
80 0.527 0.396 0.131 80 0.400%  0.281 0.119 80 0,333 0.219 0.114 80 0.285¢ 0.175 0.110
90 0.565 0. 441 0.124 90  0.427% 0.314 0,113 90 0.352 0.245 0,107 90 0.299% 0,195 0.104
100 0.602 0.485 0.117 100 0.452%  0.346 0.106 100 ~ 0,371 0.270 0.101 100 0.314% 0,216 0. 0975
150 0.780 0. 687 0.0930 150 0.581% 0,497 0. 0840 150 0,472 0. 392 0.0800 150 0.393* 0,316 0, 0770
200 0.943=  0.866 0.0775 200 0.706% 0.636 0.0700 200 0.573*%  0.506 0.0670 200 - 0.475%  0.410 0. 0645
250 1.10% 1.03 0.0665 250 0.827% 0.766 0. 0610 250 0,671*  0.613 0. 0580 250 0.556% 0,500 0. 0560
273 1.16% 1.10 0,0627 273 0.881*% 0.823 0. 0575 273  0.716%  0.661 0.0545 273 0.593*% 0,540 0. 0530
300 1.24 1.18 0.0586 300 0.942% 0.888 0. 0539 300 0.766 0.715 0.0511 300 0.635* 0.586  0.0494
350 1.38% 1.32 0.0526 350 1,05% 1.00 0. 0487 350 0.858% 0.812 0.0463 350 0.711* 0,667 0.0448
400 1.50% 1,45 0.0479 400  1.16% 1.11 0. 0444 400 0.946%  0.904 0.0424 400 0.782%  0.741 0.0411
500 1.72% 1.68 0.0406 500  1,35% 1.31 0.0380 500  1.11% 1.07 0.0364 500 0.922%  0.886 0.0354
600 1.91% 1.88 0,0354 60C 1, 52% 1,49 0.0333 600 1.26% 1.23 0.0320 600 1.05% 1.02 0,0313
700 2,07 2.04 0.0313 700 1.68% 1.65 0. 0297 700  1,39% 1.36 0.0287 700  1.17* 1.14 0,0281
800 2.21% 2.18 0.0282 80C 1,82% 1.80 0. 0268 800 1,52% 1.50 0. 0260 800 1.29% 1.26 0.0255
900  2.32% 2.30 0.0256 90C  1,93% 1.91 0.0245 900  1,62% 1.60 0,0238 900 1.38% 1,36 0.0234
1000  2.41% 2.39 0.0235 100C  2.02% 2.00 0. 0226 1000 1, 71% 1.69 0. 0220 1000 1.45% 1,43 0.0216
1100  2.47* 2.45 0.0217 110¢  2.10% 2.08 0..0209 1100  1.78% 1.76 0. 0204 1100 1.58% 1.51 0,0201
1200 2, 53% 2. 51. 0.0201 120¢  2.16% 2.14 0.0195 1200  1.84% 1.82 0.191 1200  1.60% 1,58 0.0188

1 Uncertaintiss in the total thermal conductivity, k, are as follows:

091t

v 13 OH

90,00 Ag - 10. 00 Pd: +15% below 40 K and +10% above 40 X,
85.00 Ag ~ 15.00 Pd: +20% below 40 K and +10% above 40 K.
80,00 Ag ~ 20.00 Pd: +20% below 40 K and +10% above 40 K.
75.00 Ag - 25.00 Pd: +20% below 40 K and +10% above 40 K.

¥ Provisional value.
* [n temperature range where no experimental thermal conductivity data are available.
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TABLE 28,

REYCOMMENDED THERMAL CONDUCTIVITY OF SILVER~PALLADIUM ALLOY SYSTEM { continued) t
[Temperature, T, K; Thermal Conductivity, k, W em™ K-1; Electronic Thermal Conductivity, K, W em~! K-1; Lattice Thermal Conductivity, kg. W em™ K™

Ag: 70.00% (89,71 At. %) Ag: 65.00% (64.69 At, %) Ag: 60.00% (59, 67 At.%) Ag: 55,00% { 54. 66 At, %)
Pd: 30.00% (30.29 At.%) Pd: 35,00% (35.31 At. %) Pd: 40, 00% (40. 33 At. %) Pd: 45.00% (45.34 At. %)
P, =13.01 (f3em p, = 15.62 pdem p,=18.44 Kem p, = 21. 56 Sl em
T k k k T k k k T k k k T k k I
e g e g e g e g
4 0.0241% 0.00751 0.0166% 4 0,0231%% 0.00626 0.0168% 4 0.0222% 0.00530 0.0169% 4 0,0212+% 0.00453 0.0167%
6 0.0472% 0.0113  0.0359% 6 0.0439%% 0,00938 0.0345% 6 0.0410%f 0.00795 0.0330% 6 0.0382%F 0,00680 0.0314%
8 0.0755t 0.0150  0.0605% 8 0.0690%F 0.0125  0.0565% 8 0.0646% 0.0106  0.0540% 8  0.0576+% 0.00907 0.0485%
0 0.102% 0,0188  0.0835% 10 0.0945%% 0.0156  0.0789% 10 0.0881% 0,0132  0.0749% 10 0.0778%% 0.0113  0.0665%
15 - 0.154%  0,0282  0.126% 15  0.144%F 0,0235  0,121% 15 0.134% 0.0189  0.114% 15  0.118% 0.(170  0.101%
20 0.186% 0.0376  0.148% 20 0.175%% 0.0313  0.144% 20 0.163% 0,0265 0.136% 20 0.144%% 0,0227 0.121%
35 0.201% 0,0464  0,155% 25 0.191%% 0.0387  0.152% 25 0.179% 0.0328  0.146% 25 0,162+F 0.0280  0,134%
30 0.212%  0.0555  0.156% 30 0.201%F 0,0463  0.155% 30 0.189% 0,0393  0.150% 30 0.173%f 0.0335 0.139%
40 0.221%  0.0736  0.147% 406 0.210%F 0,0614  0.149% 40 0.197% 0,0521  0,145% 40 0,183+ 0.0445  0.138%
50 0.227 0.0913  0.136 50 0.214*% 0,0763 0.138 50  0.200 0,0648  0.135 50 0.183%  0,0553  0,128%
60 0.235 0.109 0.126 60 0.216% 0,0909 0.125 60  0.201 0.0772  0.124 60 0.185%  0.€659  0.119
"9 0,243 0,126 0.117 70 0.220% 0,106 0.114 70 0.201 0,0896 0.115 70 0,187% 0.€764 0,111
80 0.252 0.143 0.109 80 0.227% 0,120 0.107 80 0.205 0.102 0.107 80 0.191% 0,0870 0.104
90  0.263 0.161 0.102 90 0.235% 0,134 0.101 90 0.211 0,111 0.100 90 0.195% 0.0974  0.0975
100 0.275 0,178 0.0965 100 0.245%  0.149 0. 0960 100  0.219 0.125 0. 0940 100  0.200% 0,108 0. 0920
150 0.338 0,261 0,0765 150 0.294* 0,219 0.0750 150  0.260 0.186 0.0740 150  0.232%  0.158 0. 0740
200  0.404% 0,340 0.0640 200 0.349%  0.286 0.0625 200 0.304% 0,242 0.0620 200 0.268% 0,206 0. 0620
250 0.471% 0,415 0.0555 250 0.403% 0,349 0, 0540 250 0.350%  0.296 0. 0540 250 0.305% 0,351 0.0540
278 0.501% 0,449 0,0520 273 0.428% 0,377 0,0510 273 0.371%  0.320 0.0510 273 0,323+ 0,272 0.0510
300 0.534 0.486 0.0484 300 0.457%  0.409 0.0479 300 0.396 0.348 0,0479 300 0.343+«  0.295 0.0482
350 0.598+ 0,555 06,0439 350 0.511*% 0,468 0. 0436 350 0.441%  0.397 0. 0435 350 0.380% 0,336 0. 0439
400 0.661%  0.621 0. 0403 400 0.563*% 0,523 0. 0400 400 0.484%  0.444 0. 0400 400 0.416% 0,276 0.0403
500 0,780% 0.745 0. 0349 500 0.664% 0,629 0. 0346 500 0.567% 0,532 0. 0347 500 - 0.482% 0,447 0. 0349
600 0.891%  0.860 0.0308 600 0.758% 0,727 0. 0307 600 0.643%  0.613 0. 0307 600 = 0,543+ 0,812 0.0310
700 0.998% 0,970 0. 0277 700 0.846% 0,818 0.0276 700 0.715% 0,687 0.0278 700 0.599%  0.571 0. 0279
800 1,10% 1.07 0.0252 800 0.926% 0,901 0, 0252 800 0.780%  0.754 0.0252 800 0.651% 0,626 0. 0255
900  1.18* 1.16 0.0232 900 0.997% 0,974 0.0231 900 0.837%  0.813 0.0232 900 0.701% 0,677 0.0235
1000 1,26% 1.24 0.0215 1000 1.06% 1.04 0,0215 1000 0.889%  0.867 0.0216 1000 0.750% 0,728 0.0218
1100 1,.32% 1.30 0.0200 1100 1.12% 1,10 0, 0200 1100 0.938% 0,917 0.0201 1100 0.798%  0.%78 0.0204
1200 1,39% 1.37 0.0187 1200 1.18% 1.16 0.0188 1200 0.984% 0,965 0.0189 1200 0.846%  0.€27 0.0191

T Uncertainties inthe total thermal conductivity, k, are as follows:
70.00 Az - 30.00 Pd: +20% below 40 K and +109% above 40 K,
65,00 Az - 35.00 Pd: +20% below 40 K ard +:10% above 40 K,
60,00 Az - 40.00 Pd: +20% below 40 K ard +10% above 40 K,
55.00 Ag - 45.00 Pd: +20% below 40 K ard +£10% above 40 K,

% Provisional value.
* In temperature range where no experimental thermal conductivity data are available.
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TABLE 28,

RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALLADIUM ALLOY SYSTEM (continued) t
[Temperature, T, K; Thermal Conductivity, k, W em™t K-!; Electronic Thermal Conductivity, k o W em~! K-1; Lattice Thermal Conductivity, kg’ W em~1 K™1]

Ag: 50, 00% (49,66 At.%; Ag: 45,00% (44.66 At.%) Ag: 40.00% (39.67 At.%) Ag: 35,00% (34,69 At.%)
Pd: 50.00% (50,34 At. % Pd: 55.00% (55,34 At. %) P& 60,00% (50,33 At.%) Pd: 55.00% (65.31 At. %)
P, = 4744 pflem P = 36.50 1K3em P, =40.15 flem f, = 39.40 }dem

T k k, kg T k k, kg T k k, kg T k k, kg
4 0.0197F 0.00356 0.0161% 4 0,0174%F 0,00268 0,0147F 4 0,0150%% 0.00243 0,0126% 4 0.0132%% 0,00248 0.0107%
6 0.0347F 0.00534 0,0294% 6 0.0292%F 0.00402 0,0252% 6 0,0243%% 0,00365 0,0206% 6 0,0200%% 0,00372 0.0163%
§ 0.0502% 0.00712 0.0431% 8 0.0411%F 0.00536 0.0356% 8 0,0335%F 0.00487 0,0286% 8  0.0268%% 0,00496 0.0218%
10 0.0654% 0.00890 0,0565% 10 0.0527#% 0.00669 0,0460% 10 - 0,0423%% 0.00609 0.0362% 10 0.0332%% 0.00620 0,0270%
15  0.0974% 0.0134  0,0840% 15 0,0755%% 0.0100  0.0655% 15 0,0611%% 0.00913 0,0520% 15 0.0476%% 0,00930 0, 0383%
20 0.118% 0.0178  0.100% 20 0.0914*F 0,0134  0,0780% 20 0,0757%% 0.0122  0,0635% 20 0.0599%% 0,0124  0.0475%
25 0.131% 0.0220 0,109% 25 0,103+ 0,0166  0.0860% 25 0,0866%% 0.0151  0,0715% 25 0,0703+% 0.0153  0.0550%
30 0.141% 0.0264 0.115% 30 0.111%% 0.0199  0,0910% 30 0,0946%+ 0.0181  0,0765% 30 0.0793%% 0.0183  0.0810%
40 0.,152%  0.0348  0,117# 40 0,123% 0,0264  0.0965% 40 0,106%% (0.0240  0,0820% 40  0.0933%F 0.0243 0., 0690%
50 0,157 0.0434 0.114 50  0,131%% 0.0327  0.0985% 50 0,115+%% 0.0298  0,0850% 50 0.104%¢ 0.0302  0.0740%
60 0.162 0.0518 0,110 60 0.137*% 0.0390  0.0980% 60 0,122%% 0.0356  0.0865% 60 0.113%% 0,0359 0.0770%
7¢ 0.165 0.0598  0.105 70 0.141% 0,0452  0.0960 70 0,128+ 0,0414  0.0870% 70 0.121%%F 0,0417  0.0790%
8¢ 0.168 0.0880  0,0995 80 0.144% 0.0514  0.0930 80 0,133%% 0.0469  0,0860% 80 0.127%F% 0.0474  0.0795%
90 0.171 0.0760 ' 0.0945 90 0.148% 0.0576  0.0900 90 0,138  0.0526  0.0850 90 0,133+ 0,051  0,0800%
100 0.175 0.0841  0.0905 100 0.151* 0.0637  0.0870 100 0.142*%  0.0582  0.0835 100 0,138+  0.0585 0,0800%
150 0.198% 0,123 0.0745 150 0,167« 0.0935 0.0735 150 0.159*%  0,0859  0.0730 150 0.158* 0.0854  0,0730
200 0.222%  0.159 0.0630 200 0,186% 0.122 0. 0635 200 0.175%  0.111 0.0640 200 0.177¢  0.111 0.0655
250 0.250% 0,194 0.0555 250 0.206%  0.150 0. 0560 250 0,193*  0.136 0, 0570 250 0.195% 0,136 0. 0590
273 0.26%+ 0,210 0.0525 273 0.216% 0,162 0.0535 273  0.202%  0.148 0.0543 273  0.204%  0.147 0.0565
300 0.278 0.228 0,0489 300 0.226% 0.176 0.0499 300 0.212 0.161 0,0513 300 0.214* 0,161 0.0532
350 0.304% 0,259 0.0445 350 0,249% . 0.204 0, 0454 350 0.233%  0.186 0,0467 350 0.233% 0,185 0.0484
400 0.330 0. 289 0.0409 400 0,272% 0.231 0.0418 400 0,255%  0.212 0,0429 400 0.233* 0,208 0. 0445
500 ©0.381 0.346 0,0354 500 0.318% 0.281 0.0362 500 0,297+  0.260 0.372 500 0.233% . 0.254 0.0385
600 0.430*% 0,398 0.0314 600 0.362% 0.330 0.0321 600 0,339%  0.306 0.0330 600 0,334 0.299 0.0342
700  0,477%  0.449 0.0284 700 0,407¢  0.378 0. 0290 700 0,381*% 0,352 0,0298 700 0.375%  0.34 0.0308
800 0.524*  0.498 0,0259 800 0.453%  0.426 0.0264 800 0.424%  0.397 0.0272 800 0.417%  0.389 0.0281
900 0.573%  0.549 0.0239 900 0,.499%  0.474 0. 0244 900 0,468+  0.443 0.0250 900 0.481*  0.435 0. 0259
1000 0.622%  0.600 0.0221 1000 0,545% 0,522 0.0226 1000 0.511*  0.488 0,0232 1000 0.505%  0.481 0.0240
1100  0,672%  0.651 0. 0207 1100 0.591% 0.570 °  0.0211 1100 0.556%  0.535 0.0217 1100 0.551%  0.529 0.0224
1200 0,723%  0.704 0.0194 1200 0,637% 0.617 0.0198 1200 0.602%  0.582 0.0204 1200 0.598% 0,577 0, 0211

+ Ureertainties in the total thermal conductivity, k, are as follows:

o9t

v 13 OH

50,00 Ag - 50.00 Pd: +15% below 40 K, and +10% above 40 K,

45,00 Ag - 55.00 Pd: +15% below 60 K, and +10% above 40 K.

40,00 Ag - 60,00 Pd: +15% below 80 K, and 1.10% above 80 K.

35,00 Ag - 65,00 Pd: '+15% below 100 K, and +10% above 100 K,
% Provigional value,

* Intemperature range where no experimental thermal conductivity data are available,
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TABLE 28, RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALLADIUM ALIOY SYSTEM (continued) t
[Temperaturs, T, K; Thermal Conductivity, k, W em™ K-t; Electronic Thermal Conductivity, ko W em~t K-1; Lattice Thermal Conductivity, kg, W em™t K1)

Ag: 30.00% (29, 71 At. %)
Pd: 70.00% (70.29 At.%)

Ag: 25.00% (24,74 At.%)
Pd: 75.00% (75.26 At.%)

Ag: 20.00% (19.78 At. %
Pd: 80.00% (80,22 At.%

Ag: 15.00% (14.83 At. %)
Pd: 85.00% (85.17 At.%)

P, = 35.11 (flem

Py = 29.95 i1ficm

p, = 24.13 Kem

Py = 18.15 il em

T k k k T k k k T k k k T k k k
€ | :4 e g e g e g

4 0.0108 0.00278 0,00800 4 0.00906% 0,00326 0.00580 4 0.00805 0.00405 0,00400 4 0.00807 0.00538 0.00269

6 0.0163 0,00418 0.0121 6 0.0140% 0,00489 0.00910 6 0.0127 0.00608 0.00665 6 0.0127 0.00808 0.00465

8 0,0218 0.00557 0.0162 8 0.0190% 0.00653 0.0125 8 0.0175 0.00810 0.00940 8 0.0177 0.0108 0.00685

10 0.0273 0.00696 0.0203 10 0.0241% 0.00816 0.0159 10 €.0225 0.0101 0.0124 10 0.0228 0.0135 0.00925
15 0.0399 0.0104 0.0295 15 0.0362* 0.0122  0.0240 15 0.0350 0.0152  0.0198 15 0.0359 0.0202  0.0157
20 0.0516 0.0139 0.0377 20 0.0480+ 0.0163  0,0317 20 (.0472 0.0202 0,0270 20 0.0490 0.0244  0.0226
256 0.0618 0.0170  0.0448 25 0.0583* 0.0198  0.0385 25 (.0583 0.0243  0.0340 25 0.0620 0.0325 0. 0295
30 0.0712 0.0203 0.0509 30 0.0681% 0.0236 0.0445 30 (.0690 0.0289 0.0401 30 0.0748 0.0383  0.0365
40 0.0868 0.0268  0.0600 40 0,0855% 0.0310 0,0545 40 (. 0889 0,0379 0.0510 40  0.0979  0.0499  0.0480
50 0,0995 0.0332 0.0663 50 0.0995¢ 0.0383 0.0612 50 . 105 0.0465 0.0585 50 0.117 0.0608  0.0565
60 0,110 0.0394  0.0708 60 0.111% 0.0452  0.0660 60 (.119 0.0548  0.0645 60 0.134 0.0711  0.0625
70 0.119 0.0455 0.0735 70 0.121% 0.0521  0.0685 70 0.131 0.0629 0.0680 70 0.147 0.0809 0.0665
80 0.127 0.0516  0.0750 80 0.131% 0.0589 0.0718 80 0.142 0.0708 0.0710 80 0.160 0.0906  0.0695
90 0.134 0.0577 0.0760 90 0.138%  0.0657  0.0720 90 (.152 0.0787 0.0730 90  0.172 0,100 0.0720
100 0,140 0.0637 0.0760 100 0,145 0,0723 0.0725 100 ¢.159 0.0864  0,0740 100 0.183 0.109 0.0740
150 0.165 0.0918  0.0735 150 0.176%  0.103 0.0725 . 150 0.197% 0.121 0.0760 150 0.227% 0,149 0.0780
200 0.187*  0.119 0.0675 200 0.201% 0,133 0. 0685 200  0.226% 0.153 0.0725 200 0.261* 0,184 0.0770
250 0,207*  0.145 0.0615 250 0.224*  0.160 0.0635 250 ¢.250% 0,182 0.0680 250 0.289% 0,215 0.0740
273 0,215% 0.156 0.0590 273 0.234*% 0,172 0.0615 273  0.281*% 0,195 0.0655 273 0.301% 0,229 0.0720
300 0.225 0.170 0.0556 300 0.246*% 0,187 0.0589 300 0.274 0.211 0.0632 300 0.314% 0,245 0.0693
350 0.245*% 0,195 0.0506 350 0.266% 0.213 0.0535 350 0,296% 0.239 0.0573 350 0.338*% 0,275 0.0628
400 0.265% 0,219 0. 04865 400 0.287%  0.238 0.0491 400 0,319% 0,266 0.0526 400 0.362% 0,305 0.0575
500 0.305% 0,265 0.0402 500 0.329 0.287 0. 0425 500 0.364% 0,319 0.0454 500 0.409% 0,360 0. 0494
600 0.346% 0.310 0.0357 600 0.373* 0.335 0.0376 600  0,410% 0. 370 0.0401 600 0.454% 0,411 0.0435
700  0.387*  0.355 0.0321 700 0.417%  0.384 0.0338 700  0.455%  0.419 0.0360 700 0.499% 0,460 0. 0390

800 0,430% 0,401 0.0293 800 0.461%  0.430 0. 0308 800 0,499 0, 466 0.0327 800 0.541% 0,506 0.0353 .
900  0.474% 0, 447 0. 0270 900 0.504*  0.476 0, 0283 900 0,543 0,513 0.0300 900 0.585% 0,552 0.0324
1000 0.518%  0.493 0.0250 1000 0.547+«  0.521 0.0262 1000 0.586%  0.558 0.0278 1000 0.627%  0.597 0. 0299
1100  0.565%  0.541 0.0233 1100 0.593*  0.569 0.0245 1100 0.630%  0.604 0.0259 1100 0.669* 0,641 0.0277
1200  0.613*%  0.591 0.0219 1200 0.640%  0.817 0.0229 1200 0.675%  0.651 0.0242 1200 0.712% 0,686 0. 0259

1 Uncertainties in the total thermal conductivity, k, are as follows:
30.00 Ag ~ 70.00 Pd: 310% below 100 K, +7% between 100 and 300 K, and +10% above 300 K.
25,00 Ag ~ 75.00 Pd: +10% below 150 K, +7% between 150 and 300 K, and +10% above 300 K.

20,00 Ag - 80,00 Pd: +10% below 150 K, +7% between 150 and 300 K,
15,00 Ag - 85.00 Pd: £10% below 150 K, £7% between 150 and 300 K,

* In temperature range where no experimental thermal conductivity data are available.

and +10% above 300 XK.,
and +£10% above 300 K.
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TABLE 28,

RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALIADIUM ALLOY SYSTEM (continued) ¥
[Temperature, T, K; Thermal Conductivity, k, W cm~! K-!; Electronic Thermal Conductivity, ke, W cm-! K-!; Lattice Thermal Conductivity, kg, W em™! K]

Ag: 10.00% ( 9.8E At.%) Ag:  5.00% g 4,94 At. %) Ag:  3.00% ( 2.96 At.%) Ag: 1.00% ( 0.99 At.%)
Pd: 90.00% (90,12 At.%) Pd: 95,00% (95.06 At.%) Pd: 97.00% (97.04 At.%) Pd: 99,00% (99,01 At.%)
po=12.16 Kem po=6.08 SKcm po=3.670 Kem po=1.270 1Klecm
T k k k T k k k T k k k T k k k
e g e g e g e g
4 0.00955 0,00804 0,00151 4 0,0170 0.0161 0, 000900 4 0.0266 4 0.0769
6 0.0151 0.0121 0.00301 6 0.0261 0.0241 0.00199 6 0.0399 6 0.115
8 0,0209 0,0161 0.00480 8 0.0355 0.0321 0.00342 8 0.0533 8 0,154
10° 0.0270 0.0201 0.00685 10 0.0454 0. 0402 0.00515 10 09,0666 10 0.192
15 0,0428 0.0301 0.0127 15 0.0708 0.0603 0,0105 15 0. 0999 15 0.289
20 0.0588 0.03%4 0.0194 20 0.0969 0.0799 0.0170 20 9.133 20 0,385
25 0.0744 0.0483 0.0261 25 0.120 0.0955 0. 0240 25 0.153 25 0.416
30 0.0898 0.0566  0.0332 30 0,143 0.112 0.0311 30 9.177 30 0.459
40 0.119 0.0728  0.0460 40 0.184 0.139 0.0452 40 0,214 40 0.499
50 0.144 0.0875  0.0560 50 0.217 0.159 0. 0579 50 0.237 50 0.495
60 0.165 0.101 0.0640 60 0,245 0.177 0.0682 60 0,254 60 0.482
70 0,184 0.114 0,0700 70 0.269 0.192 0.0770 70 ¢.269 70 0.471
80 0.200 0.126 0.0740 80 0.292 0.208 0.0842 80 ¢.285 80 0.472
90 0.216 0,138 0,0780 90 0.312 0,222 0.0898 90 0.301 90 0.475
100 0.230 0.149 0.0810 106 0.330 0.236 0.0940 100 0.313 100 0,479
150  0.283% 0.195 0.0875 150 0,393* 0.287 0.106 150 G, 358 150 0.482
200 0,321* 0.233 0.0875 200 0.433% 0.325 0.108 200 (. 389 200 0.490
250 0.349% 0,265 0. 0840 250 0.459% 0,356 0.103 250 0. 417 250 0,502
273  0.362* 0.280 0. 0815 273  0,.470* 0.370 0.0995 273 0,422 273 0.510
300 0.376 0.297 0.0788 300  0.483%* 0.387 0.0958 300 0,553% (. 445 0.108 300 0.651% 0,523 0,127
350 0.400% 0. 329 0.0711 350 0,504% 0.419 0,0858 350 0,572% 0. 477 0.0958 350 0.663% 0,552 0.111
400 0,424 0, 359 0.0649 400 0. 525% 0.447 0.0777 400 0,589* 0. 503 0.0862 400 0.675% 0.576 0.0989
500 0,469 0.414 0.0554 500 0.563* 0,497 0. 0654 500 0,624% (. 553 0.0718 500 0.705% 0.624 0.0808
600 0,514 0. 465 0.0485 600 0.602% 0.546 0. 0566 600 0.661%* €. 599 0.0615 600  0.740% 0.671 0. 0682
700  0.555% 0.511 0.0432 700 0.641* 0.591 0.0499 700 0,699 €. 645 0.0538 700 0,777 0.718 0, 0591
800  0.595% 0. 556 0,0390 800 0,676% 0.632 0.0446 800 0.733* €. 685 0.0479 800 0.814* 0.762 0.0521
900 0.636% 0. 600 0.0358 900 0,713* 0.673 0.0404 900 0,769 0.726 0.0431 900 0.852* 0.806 0, 0465
1000 0.675%  0.642 0.0327 1000 0,746 0,709 0. 0369 1000 0, 799% 0. 760 0.0392 1000 0, 885% 0,843 0, 0421
1100 0.715% 0. 684 0. 0303 1100 0,779% 0.745 0.0339 1100 0.831* 0.795 0,0359 1100  0.920% 0.881 0,0384
1200 0.755% 0.727 0.0282 1200 0.812% 0.781 0.0314 1200 0.862* 0.829 0.0332 1200 0.955% 0.920 0.0353
t Uncertainties in the total thermal conductivity, k, are as follows:
10,00 Ag - 90.00 Pd: +10%.
5.00 Ag - 95.00 Pd: +10%.
3.00 Ag - 97.00 Pd: +10%.
1.00 Ag - 99.00 Pd: +10%.

% In temperature range where no experimental thermal conductivity data are available.
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[Temperature, T, K; Thermal Conductivity, k, W ecm~! K~!; Electronic Thermal Conductivity, k. W em~! K-1; Lattice Thermal Conductivity, kg, W em~t K1)

. TABLE 28,

RECOMMENDED THERMAL CONDUCTIVITY OF SILVER-PALIADIUM ALLOY SYSTEM (continued) f

Ag:  0.50% (

.49 AL, %)

Pd: 99.50% (99,51 At.%)

p, = 0.660 em

T k k k
e
4 0.148
6 0.222
8 0. 296
10 0. 370
15 0. 555
20 0. 740
25 0.703
30 0.743
40 0. 757
50 0.705
60 0. 642
70 0.601
80 0.577
90 0.572
100 0. 563
150 0. 534
200 0.529
250 0.534
273 0,540
300 0.686% 0. 551 0,134
350 0.694% 0.577 0.117
400 0,705% 0.602 0.103
500 0,732% 0.648 0.0837
600 0,767 0. 697 0.0704 B
700  0,802% 0. 742 0. 0607
800 0.838* 0.785 0.0533
900 0.878* 0.831 0,0475
1000 0,912% 0.869 0.0429
1100 0.949= 0.910 0.0391
1200  0.988% 0.952 0.03592

1 Uncertainties in the total thermal conductivity, k, are as follows:
0.50 Ag - 99,50 Pd: +10%.

* In temperatire range where no experimental thermal conductivity data are available.

SWILSAS AOTIV AYVNIE 40 ALIAILDNANOD TVWHIHL

G911



1166

HO ET AL

19 39noid M ¢ IHUNLVHIANIL SYANID
S b ¢ A ¢Ol 8 9 ¢ ¢ € e 0O 8 9 6 ¢ o 8 9 ¢ ¢ € 2 ~o_
_ __:_ﬁ____%_ _ 11 11 « | 2
2

..... B wos ¢

L ; %0¢ v

SAOTIV WNIAY1Ivd + H3ATIS ¢

40 ALIAILONGNOD TYWNIHL Bk

= @3ANINWOO3Y Sp
TP

L _ ]
2

B i ¢
S
9
- o
2
N 1.
S
- - - 9
— | Ll _ e - M_

(AWM ALIAILONGNOD  TWINY3HL

J. Phys. Chem. Ref. Data, Vol. 7, No. 3, 1978



THERMAL CONDUCTIVITY OF BINARY ALLOY SYSTEMS 1167
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TABLE 29, THERMAL CONDUCTIVITY OF SILVER + PALLADIUM ALLOYS -- SPECIMEN CHARACTERIZATICN AND MEASUREMENT INFORMATION

Cur.

Ref.

Method Temp.

Composition

No. No. Author (s) Year Used Range,K (wzlgght pe;gent) Composition (continued), Specifications, and Remarks
1 93  Schulze, F.A, 1911 E 298.2 50 50 1 mm wire specimen obtained from Firma Heracus; electrical conductivity
3.03 x104 Q-1 ecm!at 25 C.
2 93  Schulze, F.A, 1911 E 298.2 60 40 1 mm wire specimen obtained from Firma Heracus; electrical conductivity
4.56 x 10 Q! em~1at 25 C,
3 93 Schulze, F.A. 1911 E 298.2 70 30 1 mm wire specimen obtained from Firma Heracus; electrical conductivity
6.43 x 104 Q-1 enmrlat 25 C.
4 93  Schulze, F.A, 1911 E 298.2 80 20 1 mm wire specimen obtained from Firma Heracus; electrical conductivity
9.47 x 104 Q-1 em~1 at 25 C.
5 93  Schulze, F.A, 1911 E 298,2 90 10 1 mm wire specimen obtained from Firma Heracus; electrical conductivity
16.14 x 104 Q-1 cm-! at 25 C.
6 110 Kemp, W.R.G., 1956 L 2,2~112 97.95 2.05 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
Kiemens, P.C., 610 C; residual electrical resistivity 0.89 g cm; electrical resistivity
Sreedhar, A.K. and 2.52 uQ cm at 293 K,
White, G.K.
7 110 Kemp, W.R.C., et al. 1956 L 1.8-128 The above specimen; strained; residual electrical resistivity 0.94 uQ cm;
electrical resistivity 2.54 uQ cm at 293 K.
8 110 Kemp, W.R.G., et al. 1956 L 1.9-147 95.01 4.99 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
610 C; residual electrical resistivity 2.20 pQ cm; electrical resistivity
3.91 u§ cm at 293 K.
9 110 Kemp, W,.R.G., et al, 1956 L 2.0-150 90,22 9,78 Rod specimen supplied by Johnson, Matthey an¢ Co., Ltd,; annealed at
650 C; residual electrical resistivity 4.15 . Q cm; electrical resistivity.
6.0 uQ cm at 293 K.
10 110 Kemp, W.R.G., et al. 1956 L 2.83-157 80.14 19.86 Rod specimen supplied by Johnson, Matthey ard Co., Ltd.; annealed at
650 C. .
11 110 Kemp, W.R.G., et al. 1956 L 2.1-147 80.14 19.86 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
800 C; residual electrical resistivity 8.45 yQ2 cm; electrical resistivity
10.0 ) em at 293 K,
12 110 Kemp, W.R.G., et al. 1956 L 2.2-145 70.67 29.33 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
800 C; residual electrical resistivity 12,78 u) em; electrical resistivity
14.66 uQ cm at 293 K.
13 110 Kemp, W.R.G., et al, 1956 L 1.9-151 60.33 39.67 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
880 C; residual electrical resistivity 18,10 u) cm; electrical resistivity
21.1 uf) cm at 293 K.
14 110 Kemp, W.R.G., et al. 1956 L 1.8-117 50.34 49.66 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
880 C; residual electrical resistivity 27.7 uQ cm; electrical resistivity
. 27.7 uQ cm at 293 K.
15 112  Zolotukhin, G.E. 1956 L 448.2 50.34 49.66 0.66 cm? in cross-section and 1.35 cm long.

0Ll

“iv 13 OH



861 '€ ON 'L |OA '040Q "1oy ‘way) “shud 7

TABLE 29.

THERMAL CONDUCTIVITY OF SILVER + PALLADIUM ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION (continued)

X Name and Composition
C.ul' R,ef' Author (s) Ve Method _Temp. Specimen (weight percent) Composition (continued), Specifications, and Remarks
No. No. Used Range,K Designation Ag Pd
16% 111  Tainsh, R.J. and 1962 L 2.2-7.9 97.95 2.05 The specimen for curve no, 6 has been reannealed at 940 C in an effort to
White, G.K. ensure that dislocation density is reduced to a minimum; rod specimen
of about 6 cm long and 3 to 5 mm in diameter; electrical resistivity
reportedas 0.962, 1.372, and 2. 612 §£2 cm at 0, 90, and 293 K,
respectively,
7% 111 Tainsh, R.J. and 1962 L 2.1-8.3 95.01 4,99 The specimen for curve no. 8 has been reannealed at 940 C in an effort to
White, G.K. ensure that dislocation density is reduced to a minimum; rod specimen
of about 6 cm long and 3 to 5 mm in diameter; electrical resistivity
reportedas 2,28, 2.68, and 3.87 u) cm at 0, 90, and 293 K,
respectively.
18% 111  Tainsh, R.J. and 1962 L 2.3-7.9 90.22 9.78 The specimen for curve no. 9 has been reannealed to 940 C in an effort to

White, G.K.

# Not shown in figure.

ensure that dislocation density is reduced to a minimum; rod specimen
of about 6 cm long and 3 to 5 mm in diameter; electrical resistivity
reported as 4. 37, 4.78, and 6. 01 uQ2 cm at 0, 90, and 293 K,
respectively.
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TABLE 30. THERMAL CONDUCTIVITY OF PALLADIUM + SILVER ALLOYS -~ SPECIMEN CHARACTERIZATION AND MEASUREMENT INFORMATION
Name and Composition ]
Cur. Ref. Author (s) Yesr Ml? thzd RTemp.K Specimen (weight percent) Compesition (con:inued), Specifications, and Remarks
No. No. se ange, Designation Pd Ag )
1 93 Schulze, F.A. 1911 E 298.2 90 10 1 mm thick wire specimen obtained from Heracus Co. ; electrical conductivity
4,71 x100 Q" emtat 25 C.
2 93 Schulze, F.A. 181t E 298.2 80 20 1 mm thick wire specimen obtained from Heracus Co. ; electrical conductivity
3.21x100 Q~tem1at 25 C.
3 93  Schulze, F.A. 1911 E 298.2 70 30 1 mm thick wire specimen obtained from Heracus Co.; electrical conductivity
2.56 x 102 Q-1 em=t at 25 C.
4 93  Schulze, F.A. 1911 E 298.2 60 40 1 mm thick wire specimen obtained from Heracus Co.; electrical conductivity
2.38 x 104 -1 em~1 at 25 C.
5 93  Schulze, F.A. 1911 E 298.2 50 50 1 mm thick wire specimen obtained from Heracus Co. ; electrical conductivity
3.03x 101 Q-1 cm~1 at 25 C.
6 110 Kemp, W.R.G., 1956 L 2,1~92 95 5 Rod specimen supplied by Johnson, Matthey and Co., Ltd.; annealed at
Klemens, P.G., 880.C; residual electrical resistivity 5.81 uQ cm; electrical resistivity
Sreedhar, A.K. 16.8 uQ cm at 293 K.
and White, G.K. .
7 110  Kemp, W.R.G., et al, 1956 L 2.2-152 70 30 Similar to the above specimen except residual electrical resistivity 35.6
. 4§ cm and electrical resistivity 40.9 uQ cm at 293 K,
8 110 Kemp, W.R.G., et al. 1956 L 1.8-117 50 50 Similar to the above specimen except residual electrical resistivity 27.7
4§ cm and electrical resistivity 30.5 4§ em at 293 K.
9 112  Zolotukhin, G.E. 1956 L 486.7 75 25 Cylindrical specimen,
10 112  Zolotukhin, G.E. 1956 L 448.2 50 50 Cylindrical specimen,
11 84  Fletcher, R. and 1967 L 1. 7-117 4.84 Calculated compositon from atomic percent; specimen lent by International
Greig, D. Nickel Ltd.; annealed at 700 C for 24 hrs previously; outgassed at 500 C
for 4-5 hrs; residual electrical resistivity reported as 5. 92 p&¥ original
data obtained through private communication with author.
12 84  Fletcher, R. and 1967 L~ 4.3-118 9.85 Similar to the above specimen except the residual electrical resistivity re-
Greig, D. ported as 12.18 uQem.,
13 84 Fletcher, R. and 1967 L 1.7-115 15.05 Similar to the above spec:men except the residual electrical resistivity re-
Greig, D. ported as 13.0 uQ cm,
14 84  Fletcher, R. and 1967 L 2.1-116 20. 53 Similar to the above specimen except the residual electrical resistivity re-

Greig, D.

ported as 24. 5 uQem.
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5. Conclusions and Recommendations

As evidenced by the exhaustively compiled experimental
thermal conductivity data presented in this work for the ten
selected binary alloy systems which are among those investi-
gated most extensively, it is clear that even for these alloy
systems serious gaps still exist in the thermal conductivity
data for both the temperature and composition dependences
and that most of the available data are widely divergent and
subject to large uncertainty. Thc resulting recommended
self-consistent thermal conductivity values that cover the full
range ‘of composition and temperature, therefore, go far
beyond the limited experimental data.

In addition to the total thermal conductivity, recom-
mended. values are given also separately for the electronic
and lattice components, for the very procedure used in the
present study is bascd on the existence of the two components
of thermal conductivity and the need to trace the dependence
of each component separately on temperature and composi-
tion. If there is a dispute about the separation of the con-
ductivity into components, the present work will help to
clarify the matter, for it looks, for the first time, at the totality
of the existing data, and points out what is necessary to
reconcile it. By giving thc. scparate componcnts, this work
makes it possible for the reader to trace the procedure used
to generate the recommended values, and makes it possible
to estimate the effects on thermal conductivity of changes in
electrical resistivity and changes due to imperfections which
primarily affect the lattice component. Furthermore, by
pointing out the relative contribution of each component,
this work allows the reader to judge how critical some of the
approximations are in different temperature regions.

The recommended values are for alloys which are not or-
dered and have not been cold worked severely; the values
would be higher for ordered alloys and lower at low tempera-
tures for cold-worked alloys. For each of the alloy systems ex-
cept two, the recommended values are given for 25 alloy com-
positions, which greatly facilitates interpolation for alloys
with intermediate compositions.

The recommended values are based upon both the critical-
ly evaluated, analyzed, and synthesized experimental data
and the calculated values generated by using the methods
developed in this study for the calculation of the thermal con-
ductivity of alloys. The methods developed are essentially
semi-empirical since they require experimental information
as input for calculations and adjustments. The reliability of
the methods has been extensively tested using selected key
sets of experimental data, which are considered reliable
through critical evaluation and analysis, on alloys in the
various binary alloy systems.

The method for the calculation of the electronic thermal
conductivity is applicable for all temperatures to all types of
binary alloys: non-transition, transition, solid solution, mech-
anical mixture, ordered, and disordered. The method for the
calculation of the lattice thermal conductivity is applicable
only to disordered solid-solution alloys at moderate and high
temperatures. For ordered alloys, alloys of mechanical mix-
ture, and for solid-solution alloys at low temperatures in the
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region of the lattice conductivity maximum and below, there
is no adequate method available for the calculation of the lat-
tice thermal conductivity, and at present the lattice thermal
conductivity must be derived from experimental data.

In the course of this study, a number of areas where further
theoretical and experimental research is needed are identi-
fied. These areas of further research are recommended and
listed below: '

(1) Experimental and theoretical work on band structure
effects in binary alloys of transition elements and noble
elements—in particular measurements on Cu+Pd and Pd +
Cu alloys to determine the validity of large Lorenz ratios
reported for this system.

(2) Development of quantitative theory of impurity en-
hancement of phonon-electron interactions at low
temperatures.

(3) Measurements of alloy thermal conductivity down to
liquid *He temperatures to determine the extent to which
residual dislocations cause the cusp-like behavior of the com-
position dependence of the low-temperature lattice thermal
conductivity.

(4) Development of a theory of low-temperature lattice con-
duction in transition elements and high-residual-resistivity
alloys.

(5) Experimental and theoretical efforts on the lattice con-
ductivity outside the region of solid solubility.
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